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Based on a literature review, the author provides a historical outline of the fatigue analysis
and describes the current trends aiming at comprehension of the fatigue life of engineering
structures under service loading. Next, an algorithm for multiaxial fatigue life prediction
is identiﬁed, describing steps of calculation. Classiﬁcation criteria of fatigue failure and
components of the stress state in multiaxial loading conditions are also presented, recognising
the importance of the so-called Standarised Load Histories (SLH) used in the comparative
analysis of fatigue life of ﬁnished products.
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1.

Introduction

The phenomenon of mechanical damage of structural materials of machine components, technical
appliances, constructions and other systems, causes, in the course of their normal operation,
local decohesion of a material. It is the reason for many failures and even accidents. The term
structural material is used deliberately because, as Kocańda (1985) presents in the preface to
his book, it is not the material that is damaged but an element made from it. Both, the eﬀects
and costs of this phenomenon can be unpredictable. They range from a temporary exclusion of a
machine until it is mended, through serious and costly repairs of complex machines or processing
lines, and ﬁnally, to the loss of health or even the loss of life of the users. As described by Stephens
et al.. (2000), the estimated costs of mechanical damage in the United States in 1978 amounted
to $119 billions, i.e. 4% of the country’s Gross Domestic Producs.
Mechanical decohesion of materials (cracking) is a very complex issue, and it occurs as a
result of interaction of many diﬀerent factors, such as:
• loads: external (forces and moments aﬀecting the element under loading) and internal
(residual, assembly and technological stresses), which may be static, monotonic, percussive
or changing in time ﬁxed with a constant or variable amplitudes, mean value and frequency.
The loads may be simple, i.e. uniaxial (e.g. axis under rotary bending) or multiaxial (e.g.
transmission shafts under bending and torsion),
• time of loads duration: may vary from a fraction of a second – percussive (e.g. ﬁre from a
gunshot) to centuries (e.g. bridges),
• temperature: from cryogenic (rocket liquid fuel tanks) to hundreds of degrees (rocket engine
turbines). Temperature can be constant or variable in an element,
• corrosion: it occurrs due to the direct inﬂuence of aggressive environments on the material,
such as fumes from a vehicle engine or salt water.
These factors may interact with each other, which often intensiﬁes their destructive eﬀects,
and in connection with the element structure, (e.g. notches, joints,), manufacturing technology
(e.g. quality of a surface, heterogeneity of the metallographic structure, grain structure, grain
size, defects of materials), mechanical properties of materials (e.g. anisotropy), etc., give an evidence on the complexity of this phenomenon and the diversity of mechanical damage. However,
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70-90% of all mechanical damages of structural elements occur due to material fatigue during
its normal operation (Billy, 1988; Stephens et al., 2000). At the same time, this type of damage is considered to be the most dangerous one – the crack initiation in structural elements is
diﬃcult to predict, and it leads to damage of the elements. Cracks commonly occur in simple,
every-day use devices. Far more problematic is the occurence of fatigue cracks in more complex
structural objects that must be reliable. Examples are huge constructions subjected to variable
winds, tectonic movements, sea waves (e.g. bridges, chimneys, sea oil rigs), vehicles, where the
load comes from vibrating masses moving on uneven roads or ground, or variable driving speed
(e.g. vehicle suspension components, steering systems, wheel hub drives, bolt joints, connecting
rods), vessels aﬀected by sea waves (e.g. rooﬁng, ship propeller shafts) or air ﬂeet subjected
to changeable air movements, turbulences during take-oﬀ and landing (e.g. chassis, suspension,
aircraft wings, engine casings, electronic and hydraulic components).
Since the 80s of the last century, computer-aided engineering methods (CAD, CAM, CAE)
have been intensively developed. Their integration with modern materials science made constructions relatively safe and optimally designed in terms of their lifetime characteristics as well
as production and maintenace costs reduction.
At present, therefore, a signiﬁcant issue in terms of technological and mainenance safety and
cost reduction (Jakubczak and Sobczykiewicz, 1999; Kuropatnicki and Jakubczak, 2004) is to
recognize a phenomenon of damage of structural materials under loading changing in time with a
complex character corresponding to service loading conditions, i.e. problems of multiaxial fatigue
of materials in the most general aspect, namely – macroscopic approach. Such an approach might
oﬀer a possibility of practical fatigue life prediction of designed elements already at the early
stage of the design process.

2.

A brief historical review on the research fatigue phenomenon

Time histories of service loadings usually have variable amplitudes with diﬀerent frequencies and
with a complex generating system giving multiaxial, non-synchronic loadings. They are diﬃcult
to determine in terms of types and time histories. It is recognized that the nature of these
charges is stochastic, i.e. random in the time domain (Bagci, 1980; Będkowski, 2005a,b; Billy,
1988; Kocańda and Szala, 1985) with deﬁned mean values and with diﬀerent cross-correlations
of loads and their probability distributions. With a simpliﬁed approach, it is assumed that these
sequences are stationary, i.e. their statistic parameters can be determined on the basis of a
registered for a suﬃciently long time observation.
Globalization and global market competitiveness, adaptability of products to ﬁt user needs
and high requirements imposed by global standards force designers to quickly develop new
equipment solutions for the enhanced durability, reliability and safety and being capable of
operating under random multiaxial load, while reducing their technology and operating costs.
This requires developing of eﬀective methods for fatigue life prediction of structure elements for
given operational conditions.
Fundamental researches on fatigue life estimation have been carried out for over 170 years.
Historically, it dates back to the 40s of the 19th century, when repetitive damage of rails was
observed in the rail industry. At that time, in order to reduce the occurrence of this unwanted
phenomenon, the elimination of the existing sharp edges in rails was proposed.
The precursor of systematic fatigue studies and research was, in the 50s and 60s of the
19th century, Wöhler who performed many laboratory tests under uniaxial variable sinusoidal
loading. He elaborated solid foundations for further analysis (Wöhler curve, σa − Nf , or S-N)
and gave possibility to compare fatigue properties of diﬀerent materials. Until present, Wöhler’s
curve, is regarded as a standard characteristic of materials for a given type of loading. It is used
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for fatigue lifetime assessment as a number of cycles to failure versus the stress amplitude for a
high cycle fatigue (HCF) range, i.e. under disregarded nominal plastic strains. He also observed
that for the tested materials there is a certain stress amplitude value below which the fatigue
failure of the material does not occur; the value of the amplitude is currently called the fatigue
limit.
In 1910, Busquin demonstrated that the dependency of the stress amplitude vs. the number
of cycles to failure in the range of HCF (σa − Nf ) is linear in the log-log scale, Fig. 1. Therefore,
the fatigue characteristics of the material can be described using Eq. (2.1)1 or (2.1)2
log Nf = −m log σa + A

1

σa = σf′ (2Nf )− m

(2.1)

where
A = m log σaf + log N0 = const

σf′ = 10

A+log 2
m

and m, σaf , N0 and σf′ denote material constants for a given type of loading determined on the
basis of standard fatigue test specimens.

Fig. 1. Ranges of fatigue lifetime of structural steel in an exemplary diagram

To describe the fatigue limit of materials in the LCF range, the Manson-Coﬃn (Manson,
1960) characteristics are used. Equation (2.2) describes the fatigue test results in form of the
amplitude of plastic strain εap against the number of reversals of the load to failure 2Nf
εap = ε′f (2Nf )c

(2.2)

or dependencies of the total strain εac of 2Nf given by Morrow (1965) and described as
εac = εae + εap =

σf′
(2Nf )b + ε′f (2Nf )c
E

(2.3)

These are experimentally generated dependencies, where the material constants σf′ and b are determined on the basis of standard high-cycle fatigue tests under the controlled stress amplitude,
while ε′f and c are determined under the controlled strain in the low-cycle fatigue (LCF).
A full fatigue characteristic of material is presented schematically in Fig. 1, depending on
the kind of the material and the type of loading, and comprises 4 areas of lifetime:
1) quasi-static, from 0.25 to 100-500 cycles,
2) Low Cycle Fatigue (LCF), from 100-500 to 10000-50000 cycles, strain ﬁeld is used, Eqs.
(2.2) and (2.3),
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3) High Cycle Fatigue (HCF) from 104 -5 · 104 to 106 -108 cycles, stress ﬁeld is used, Eqs.
(2.1),
4) inﬁnite (below fatigue limit), more than 106 -108 cycles, in which it is assumed that the
material does not undergo fatigue damage. In this area, the methods of fatigue endurance
estimation are formulated.
Nowadays, the research is carried out to formulate the mathematical description of processes leading to initiation and development of fatigue cracks in structural materials. There are
many scientiﬁc papers concerning sinusoidal loading in phase (Achtelik et al., 1983; Dietman
et al., 1989; Nishihara and Kawamoto, 1945; Troschenko and Sestopal, 1975) or with a phase
shift between the components of the stress state (Dietman et al., 1989; Kanazawa et al., 1977;
McDiarmid, 1985; Nishihara and Kawamoto, 1945; Rotvel, 1970; Simburger, 1975; Susmel et
al., 2003; Zamrik and Frishmuth, 1973) or taking into account the impact of load mean values
(Bardenheier and Rogers, 2004; McDiarmid, 1985; Pawliczek, 2004; Susmel et al., 2003). These
models for fatigue life assessment have a limited range of applicability and cannot be used under
random or service loading conditions.
From the beginning of the 1980s, owing to the widespread computer access, software development and implementation of digital microprocessor technology in the control systems of fatigue
test machines, scientiﬁc analyses have been intensely developed in the subject of multiaxial
fatigue under random loading.
In general, as was found by Leese and Mullin (1991), at present, the multiaxial fatigue
research is being realized in the following three ways:
1) computer modelling with the use of numerical methods in mechanical engineering and
CAD, CAM, CAE, or a specialised commercial software in connection with the state-ofthe-art and commonly accepted standards (Chen et al., 2001; Dannbauer et al., 2004),
2) tests of ﬁnished components and equipment in laboratory or polygon conditions, or in
the simulated load supplies, or monitoring facilities during their normal use by users
(Bächström et al., 2004; Kocańda et al., 2004; Sonsino, 2003),
3) fundamental fatigue research under multiaxial loading conditions, veriﬁcation of the proposed mathematical models based on fatigue tests of specimens under complex, variable
amplitude loading conditions (Bardenheier and Rogers, 2004; Będkowski, 2005; Saathoﬀ
et al., 2004).
The ﬁrst group of activities concerns design and technological oﬃces with engineers working
on development of new structures with the use of commercial programmes oﬀered by well known
engineering software producers.
The second group – the tests are conducted primarily in large laboratories, mainly for the
automotive, aviation and space industries with cooperation with scientiﬁc centres. Due to their
commercial nature, the obtained results are not disseminated. An example of such type of
research is testing of the horizontal ﬂight stabilizer of Airbus A320 using 17 hydropulses at the
Spanish CASA company in the aerospace laboratory presented by Cabralles and Diez (1990).
The third group of the research aims to recognize and to describe fatigue cracks in materials.
The goal is to formulate general calculating methods which allow one to eﬀectively evaluate
lifetime of a given type of structural material under any selected loading conditions. In this
group, two main approaches can be distinguished:
• Analytical methods, which rely on the assumption that the fatigue life is a function of
the spectral characteristic of load histories (Będkowski et al., 2004; Grinienko and Szefer,
1976; Lachowicz et al., 1996; Moril et al., 1998; Wirshing and Haugen, 1974). The basis for
assessing the lifetime is the comparison of the spectral characteristics of random loading in
structural elements under service conditions with some characteristics obtained in experimental tests carried out under similar loading conditions for the specimens. Methods that
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belong to this group are most commonly used at the designing stage, assuming a priori
the expected lifetime of a device based on the known spectrum of loading.
• Algorithmic methods are based on realisation of instantaneous values of stress or strain
state components (Będkowski and Macha, 1987; Szala, 1979; Wirshing and Shekata, 1977).
An important issue in these models is the transformation of a random course of stress or
strain on the equivalent factor in terms of fatigue life, i.e. a number of cycles with given
amplitudes. For this purpose, methods for schematisation of random histories called the
cycle counting methods are used.
Loading histories, stress or strain components are obtained by measurements on real objects
or calculations with the use of numerical methods. Thus, the calculated results are used in the
algorithms which take into account the proposed mathematical models of the fatigue life assessment and for accurate reconstruction or generation of loadings for given statistical parameters
on test stands – in order to obtain fatigue test results which can be used for veriﬁcation of the
proposed theoretical models (Heuler and Klätschke, 2003; Xie and Hobbs, 1999).
Another comprehensive approach to the problem of fatigue design of structural elements
subjected to fatigue loading is the concept of Sobczykiewicz (1974), which relies on ”dimensioning fatigue” of bearing structures for objects produced at least in small series. This method
is implemented within the process as research, development, implementation (RDI) of a new
product. It is based on a sequential lifetime assessment, in which as further information in the
range of lifetime and loading is obtained, as the results realising the RDI process. Then, decisions
are made about the general size of the overall and local structural nodes, connections, also in
intensity, types, location and size of allowable defects (for example in weld joints) provide the
required information about fatigue properties of the materials and production technologies. The
results of it should lead to the fulﬁllment of the required fatigue life conditions determined at the
initial stage of the RDI process with the total manufacturing and exploitation costs established
as the lowest. Such a determined dimensioning concept is introduced into the algorithms which
include sets of carefully selected, interrelated, fatigue life estimation methods.
3.

General algorithm for fatigue life evaluation under multiaxial service loadings

The general algorithm of the fatigue life assessment in the third group of investigations has already been presented by Będkowski and Macha (1987). For multiaxial random loading conditions,
the procedure does not diﬀer from the one used in the complex cyclic loading conditions, and
it is composed of several calculation blocks as shown in Fig. 2. Each block of this algorithm
requires selection of a suitable mathematic model for the existing loading conditions, material
used, geometry of the element, computational capabilities, technical experience, etc.
Block 1 is based on the information about damage and failures that occured during machine
operation or as a result of a real object testing in ﬁeld. An analysis of the critical spots in
the structure is performed, where the cracks appeared, which determines the endurance of the
component. This process of obtaining a suﬃciently large database is time-consuming and costly.
Another method is to use numerical methods in mechanical engineering. They enable one to
determine stress or strain distribution on a virtual object for given conditions, and then to
identify the most strained spots in the structure. However, there is a need for proper identiﬁcation
of the component external loads and a thorough knowledge of structural properties of the tested
material. This method is much faster and cheaper, especially at the stage of designing new
constructions. It requires a high level of engineering experience, though.
Block 2 is realised through measurements of the dynamic strain state or digital simulation
by generating time courses with given parameters, representative measurement lengths in time
of strain state components. Also, by using an appropriate mathematical model, distribution
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Fig. 2. Algorithm for fatigue life assessment of machine components under multiaxial service loading

components of the stress state in critical spots of the structure are indirectly received. It should
be noted that the length of the observation To cannot aﬀect the calculated fatigue life, so
this algorithm can only refer to stationary time courses. In addition, it has to be assured that
the selection of the optimal length of measurement should be chosen together with a proper
frequency sampling. This will allow for correct assessment of the damage degree D, and at the
same time, minimization of its calculation time (Macha and Stężała, 1985).
In Block 3 there is a reduction of the multiaxial stress or strain state to the equivalent one
in terms of fatigue life in the uniaxial state. Selection of the appropriate for the used material
and loading conditions strength criterion, is the most important and diﬃcult element in the
presented algorithm. For over 100 years, a number of fatigue failure criteria with various scopes
of application, which often gave results diﬀerent from the actual ones, have been formulated.
Classiﬁcation of the fatigue failure criteria, sometimes referred to as strength hypotheses, is very
complex and depends on the nature of loading, the fatigue strength range, the period of the
fatigue process (initiation or crack propagation) and the state of the material.
The most general division of these criteria is the following:
• In the stress ﬁeld, mostly used in the range of long-term (HCF) and unlimited fatigue
strength, based on components of the stress state.
• In the strain ﬁeld, used for the short-term (LCF) fatigue strength formulated by components of deformation.
• In the energy ﬁeld, based on the strain density or stress-strain, where components of stress
and strain states occur as dimensions deciding about lifetime. They are used in a wide
range of the fatigue strength.
Several of these criteria, most widely used nowadays, rely on the assumption that what
decides about the fatigue life is the parameter speciﬁed in the criterion. It acts on a certain
critical plane which is related to the analysed point in the structure. The orientation of this
critical plane depends on material properties, the load history and nature of the stress- or strainstate that acts in it. An overview of the most commonly applied theories on the background
of factors aﬀecting the orientation of the critical plane was presented by Będkowski and Macha
(1987), Brown and Miller (1992), Garud (1981), Sines and Ohgi (1981), You and Lee (1989),
Zenner (2004), among others. An exhaustive analysis of the fatigue critical planes was described
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by Będkowski et al. (1989, 1995), where the following methods of prediction of the critical plane
direction were presented: the method of weight function, method of damage accumulation and
method of variance of the equivalent stress. The last one, based on fatigue tests carried out
under multiaxial random loading for diﬀerent kinds of materials, gives the best accuracy in the
fatigue life prediction (Będkowski et al., 1986, 1988, 1989, 1995, 1999).
Block 4 – here the time course of the equivalent stress or strain formulated according to the
previously adopted criterion is replaced by the distribution of amplitudes and frequency in the
measured observation time. Many methods of cycle counting have been developed (Wirshing and
Haugen, 1974), among which the most common are: full cycles, range pairs, hysteresis loop and
rain ﬂow. These well known methods have been widely described, among others, by Dmitricenko
(1967), Dowling et al. (1972, 1982), Kocańda and Szala (1985), Okamura et al., (1079), Szala
(1979). The rain-ﬂow method is characterised by clarity, easiness of programming and by giving
the best results. It is the most widely used and refered to the world standards (AFNOR A03-406,
1993, BS 5400, 1980, E 1049-85, ASTM, 1991).
Block 5 – here the linear or non-linear hypothesis of damage accumulation is used. It is
assumed in them that each fatigue cycle (whose amplitude is above a certain level, determined
in the hypothesis) causes a certain degree of damage. It depends on the strength of the material
for a given value of the amplitude of the cycle. Once all degrees of damage for all amplitudes
included in the observation time are added according to the method speciﬁed in the hypothesis,
the cumulative damage is obtained. The most widely applied fatigue damage accumulation
hypotheses are: linear hypothesis of Palmgren-Miner (Palmgren, 1924; Miner, 1945) by Haibach
(1970), Serensen et al. (1975) and non-linear hypotesis of Corten-Dolan (1956). These hypotheses
were presented also by Fatemi and Yang (1988), Yono (2003), Szala (1979).
Block 6 is used to estimate the predicted fatigue life based on the degree of damage calculated
in block 5 for given measurements and observation time.
An interesting, comparative analysis of seven diﬀerent commercial computer codes for prediction of fatigue life was made by Sonsino et al. (2004). By comparing the results of calculations
and fatigue tests, it was shown that there is a very large scatter and uncertainty of the calculated
fatigue lives. It was also indicated that these calculating codes require a lot of experience of the
user and, in order to achieve a better compliance of the calculated results with the real ones,
they need continuous upgrading with new mathematical models.
A valuable synthesis concerning the foundations of multiaxial fatigue, both theoretically
and practically was made by Zenner (2004). He pointed out the direction and scope of the
future work on the multiaxial fatigue: “...collection and evaluation of experimental data on the
fatigue strength of samples and components..., analysis of methods for calculation in simple and
complex load cases..., comparision between calculation and experiment on a broad basis, and
thus validation and elimination of the ﬁeld of application, ...development and improvement of
methods for calculation; designing of software for general access...”. On the basis of analysis
of wear and damage of motor vehicle elements, he concluded how signiﬁcant for a correct life
prediction a proper classiﬁcation of the observed loads is. Moreover, he also proved that even
uniaxial loading can cause the multiaxial stress state in a structural material.

4.

Classification of stress state histories under multiaxial loadings

The classiﬁcation of time loading histories of stress at the critical spot is very important owing to
range of use of the proposed stress/strain criteria and fatigue damage accumulation hypothesis.
This classiﬁcation distinguishes:
1) the shape of wave form of loading: sinusoidal (harmonic), triangular, rectangular, trapezoid;
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Fig. 3. Classiﬁcation of load histories and fatigue failure criteria

2) the nature of amplitude:
a) constant-amplitude (cyclic) or
b) variable-amplitude:
block (programmed), which are blocks of stress or strain courses with a speciﬁc number of cycles at a given amplitude level, mean value and frequency, (Kocańda and
Szala, 1985; Szala 1979),
random (stochastic – variables indexed in time):
– stationary, i.e. their probabilistic relationships do not change with a shift in time,
– ergodic, there are stationary, in which all realisations are ”typical”, i.e. the knowledge of a single implementation for a suﬃciently long time observation allows one
to determine the probability distribution and other parameters, while in other,
hypotetically identical (governed by the same probabilistic relationships), or for
a diﬀerent time segment of the same process. This means that by determining
the eﬀect of action of the course within an inﬁnite time interval, one can estimate
the eﬀect of action of the entire course,
– service time course of the components of the stress state occurring in real structural elements during their normal operation. It is generally assumed that they
are variable-amplitude, random, with diﬀerent character and type of correlation
relationships, however in the case of long-term fatigue or unlimited strength they
can be assumed stationary and ergodic;
3) the relationships between histories of the stress state:
a) proportional, with a constant ratio of instantaneous values of components for random
loading, called correlated, or with a reciprocal correlation coeﬃcient rXi,j close to 1
or −1, where Xi, j are the components of stress or strain state,
b) non-proportional or non-correlated,
c) synchronous, compatible according to the shape, direction of change and frequency,
where proportional waveforms are always synchronous, but not all of those synchronized are proportional,
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d) non-synchronic,
e) with a phase shift between components of the stress/strain state for sinusoidal runs
– with a non-zero angle of phase shift ϕf , for variable amplitude courses, time interval τf specifying the time oﬀset of the courses;
4) the mean value:
a) with the zero mean value σm = 0 for cyclic loads, called the symmetrical load,
b) with a non-zero mean value σm 6= 0, for sinusoidal histories with the characteristic
parameters used: the stress ratio R = σmin /σmax or stability of load κ = σm /σa .
The above described classiﬁcation of loading histories, together with the classiﬁcation of
fatigue failure criteria according to the range of liftime is shown in Fig. 3. It is seen quite
complex as its particular types often occur at the same time, for example, the histories may be
sinusoidal with a constant amplitude, non-zero mean value, and synchronic. In this digram, the
paths, which are the author’s research ﬁeld concerning the fatigue life assessment of machine
components are marked in bold.

5.

Standarized load histories

As previously highlighted, the fatigue life of a stuctural component signiﬁcantly depends on the
loading. Standard fatigue tests under constant-amplitude loadings are valuable for determination
of fatigue characteristics of materials. They also allow to initial selection of appropriate materials
for a structure and are used in the algorithms to evaluate fatigue lifetime or endurance as material
constants. It is also known that the obtained test results and proposed models under a constantamplitude loading may be inadequate or unsatisfactory for accurate prediction of the fatigue life
under the real operation with multiaxial loading of changeable amplitudes. Therefore, tests of
components or whole constructions under loading in the conditions approximate close to the real
ones are performed in industrial laboratories. The tests aim at developing the optimal design or
at obtaining fatigue endurance certiﬁcates for the already existing solutions of constructions. In
order to obtain comparable tests results of diﬀerent structural elements or subsequent versions
of engineering solutions or machines of similar types, but produced by diﬀerent manufacturers,
standard time variable-amplitude histories have been developed and applied giving beneﬁts
both in terms of general knowledge of the phenomenon as well as the practical application.
These load histories are obtained through their recording on respective groups of devices in real
service conditions, which are then processed in order to obtain the maximum reduction of the
test time while maintaining relevant in terms of fatigue strenght conditions. An example of such
a method of transforming a waveform load was proposed by Palin-Luc et al. (2004). It consists
in the fact that the extremes of waveforms are ﬁltered below a certain limit for loads that do not
result in the initiation of micro-cracks and their development, thus they do not aﬀect fatigue
durability. As shown by the authors, the use of such a compressed time course gives 6-10 times
shorter time of testing.
Standarised Load Histories (called SLH) are now available, which oﬀer a choice of possible
types of loads appropriate for given constructions, components or elements as well as loading
conditions. An extensive list of such waveforms, currently used in industrial laboratories and
research centers together with their characteristics and the range of application were presented
by Heuler and Klätschke (2003). Table 1 presents a list of the currently used SLH in Europe, and
Table 2 presents a list of the currently used SLH in USA. According to Heuler and Klätschke,
the use of standard loading histories is recommended because of the following reasons:
• determination of fatigue lifetime of specimens or elements made of diﬀerent materials, or
based on diﬀerent technologies,
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• optimisation of machine components or structures,
• determination of acceptable stress limits in the preliminary stage of fatigue design of
machine parts,
• analysis of methods increasing the fatigue life,
• veriﬁcation of models for fatigue life prediction and crack propagation,
• investigation of the scatter band in fatigue test results,
• development of joined research programs in cooperation with a number of laboratories on
the general problem of fatigue and crack propagation,
• generation of the database for comparison of measurements with the actual results,
• fatigue tests of prototypes until detailed loading conditions are made available.
Table 1. Standarised load histories used in Europe, according to Heuler and Klätschke (2003)

No.

Name

1

WASH 1

2

WAWESTA

3

CARLOS

4

CARLOS
multi

5

CARLOS
PTM

6

CARLOS
PTA

7

CARLOS
TC

Range
Components
Description
of
or
of load
application
machines
history
sea oﬀshore components narrow-band loadings
platform
of platforms with 6 sates of sea
intensity
drive rolls set of drive
sequences of 10000 rolls
components
standard
forces acting random with fragments
loads of
on suspension of deviation of the mean
car (3-axis parts:
value, combination of
sequences) a) vertical
5 types of road
b) transverse
c) longitudinal
standard
4 channels
time courses, sampling
loads of car loads of
period 0.005 s, correlation
(multiaxial) the front
functions of loaded
suspensions
items based on directing
components functions
vehicle
parts of
loading histories and
drive
gearbox, i.e. torque moment sequences
system
clutches,
and speed, separately for
(manual
gears, shafts, 5 gears, variants of test
gearbox)
bearings,
optimized for diﬀerent
universal
groups
connections
vehicle
similar
to similar to CARLOS PTM
drive
CARLOS
system
PTM
(automatic
gearbox)
connection connection
load courses (longituof the
components dinal, transverse, vertitrailer with
cal), optimized in terms
car
of time and test comfort

Block
velocity
[cycles]
5 · 105

Relevant Year
service
of
lifetime issue
1 year
1989

28200

1 month 1990

a) 136000 40000
b) 95200 km
c) 84000

1990

such as
40000
CARLOS km
uniaxial

1994

depends
on
transmission
gear

6000 km 1997

depends 6000 km 2002
on transmission
gear
3 short
blocks

veriﬁ2003
cation
of total
endurance
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8

TWIST

transport
airplanes

9

Mini TWIST short
version of
TWIST
10 GAUSSIAN general
used,
random
sequences
11 FALSTAFF

ﬁghter
aircraft

12 HELIX,
FELIX

bending
moment of
wing root

constant, positive mean
value for loading from
blow winds, cycles of
overload at takeoﬀ and
landing (GAG – ground-air-ground)
skipping small cycles of
blast of wind

402000

4000
ﬂights

1973

62000

4000
ﬂights

1979

I = 0.99 –constant σm
I = 0.70 – small changes
of σm
I = 0.33 – signiﬁcant
change of σm
spectrum of the
maneuvers, moderate
changeability of mean
value, GAG
blocks of cycles with
diﬀerent amplitudes and
mean values

10 · 106
1.4 · 106
3.3 · 106

—

1974

18000

200
ﬂights

1975

2.3 · 106
2.1 · 106

140
ﬂights

1984

bending of
rotor blade

blocks of cycles with
diﬀerent amplitudes and
mean values

2.9 · 105
3.2 · 105

140
ﬂights

1984

components
with holes

extremes of cycles with
a high mean value and
without compression of
loading
like Cold TURBISTAN,
with controlled periods
(in total 8 hours/100
ﬂights) with diﬀerent
mean values of stress
like FALSTAFF with
additional 6 levels of
temperature
blocks of loading histories
from blast of winds with
constant mean value

7700
3200
1000

100
ﬂights

1985

8200

100
ﬂights

1989

18000

200
ﬂights

1987

132700/
12800

2
months

1988

bending
moment of
wing root
random,
narrow to
wide band,
(3 levels of
irregularity)
wing root

helicopter
joints and
ﬁxings of
rotors
13 HELIX/32, shortened
FELIX/28
versions
HELIX,
FELIX
14 Cold
tactical
TURBISTAN aviation

bending of
rotor blade

15 Hot
tactical
TURBISTAN aviation

rims

16 ENSTAFF

wing root

17 WISPER/
WISPERX

FALSTAFF
+
temperature
wind
turbines
(X-short
version)
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anti-plane
bending of
blade

The beneﬁts of using loadings similar to service loadings are as follows:
• availability at each stage of development,
• reduction in the number of test parameters,
• comparability of test results,
• relative reliability of lifetime estimation for currently ongoing projects and selected loads
based on fatigue properties determined under comparable conditions,
• possibility of using as a certiﬁcate of fatigue reliability under service loading.
More examples regarding practical application of standard loadings in fatigue analysis and
design of machine elements such as parts of vehicles, railways, pipelines and their welded or
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Table 2. Standarised load histories used in USA, according to Heuler and Klätschke (2003)
No.
1
2
3
4

5

Name

Range of application

TRANSMISSION gear boxes of tractors
SUSPENSION
suspension of vehicle
BRACKET
bearing brackets of vehicle,
frames (rough road)
AGRICULTURE agricultural tractors, drive
TRACTOR
half-axle, several typical
operations
LOG SKIDDER drive half-axle, operations
in forests

Type of load
torque moment
bending moment
bending moment
torque moment
bending moment
torque moment
bending moment
torque moment

Block size Year
No. of
of
cycles)
issue
854
1977
1253
1977
2968
1977
31800

1989

3.1 · 105
3.1 · 105

1989

threaded joints, as well as the methodology and theoretical basis of the fatigue life analysis is
given by various authors in the book Fatigue Design of Components, 1997.
The range of usage of most of these histories is clearly deﬁned since 1984 when the multiaxial
loads have been introduced and corresponded more closely to real loading conditions of tested
objects. Merely, the GAUSSIAN history, Table 1 item No. 10, has a general scope of application
and seems to be the most appropriate for veriﬁcation of experimental models for the assessment
of fatigue life under multiaxial loading. Such a type of time courses is used by the author in his
multiaxial fatigue test carried out on cruciform and tubular specimens made of diﬀerent kinds
of structural materials (Będkowski et al., 1999, 2004, 2007). Implementation of standard loading
histories which must be speciﬁcally reproduced on a test stand the process of fatigue testing,
was possible only after using servo-hydraulic fatigue machines equipped with control systems
working in a closed-loop. Examples of suitable stands for random biaxial tension-compression of
cruciform specimens and for axial with torsion of tubular specimens, was described by Będkowski
et al. (2005, 2007).
6.

Summary

The paper presents an overview of the assessment of fatigue life of machine parts and structures
under service loads. At the same time, the complexity of the problem and its multithreading is
shown. In the author’s opinion, the main problem is to formulate an appropriate fatigue criterion
based on a load parameter (stress, strain, energy or other) which should allow including as many
factors determining fatigue life of machine components and structures under operating conditions
as it is necessary to determine the extent of applicability to a wide range of diﬀerent structure
materials. Such an accepted hypothesis, as a part of the overall assessment of the fatigue life
algorithm, must be veriﬁed on the basis of results of fatigue tests carried out, in the ﬁrst place,
on samples subject to random multiaxial loadings and then on the real construction components.
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