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ABSTRACT. Traditionally, the assessment of durability and reliability in the ground vehicle industry has been
relatively ad hoc with end-users often being the first to discover durability problems and so, inadvertently, becoming
an integral part of the development process. Over time the industry has devel oped both field and laboratory based
procedures that aimto simulate typical or severe customer usage. These procedures have been used to develop
products by means of prototypes that are used to demonstrate the durability of the final product prior toitsrelease.
Varying durability objectives have often led to similar but different testing methods and procedures.

Today, increasing commercial pressuresto develop and deliver reliable productsin a timely manner necessitate
mor e intelligent testing to be coupled with CAE procedur es such as multi-body dynamics (MBD)), finite element
analysis (FEA), and fatigue life analysis, (FLA) into a coherent durability engineering process. In the future, as
engineering processes come to rely even more heavily on CAE methods, engineering requirementswill drive the
development of predictive methods and systems that are more efficient and robust and can address a wider variety
of applicationsthan are currently possible.

This paper presents the methods for obtaining improved customer usage information and how that can be
included within a durability process to refine and accel erate vehicle devel opment through both physical and virtual
methods.

Keywords. Fatigue, Durability, Data Acquisition, Multi Body Dynamics, Finite Element Analysis, Rig Testing,
Fatigue Life Analysis, Correlation.

INTRODUCTION

The scde of the chdlenge facing the durability engineer is put into perspective when considering the following
Satement,

“Wesgther prediction has atarget of 65% accuracy for the next 3 to 5 day period. Fatigue prediction is expected to
be 95% accurate for the next 10 years of product life.” [H.P.H. Tabardli, Head of Testing Department, Transporters,
DamlerChryder.]

This statement provides useful indgght into the perception of the accuracy of fatigue prediction by people outsde
the fatigue community. The challenge facing the durability engineer is not confined just to the accurate assessment
of life. It dso includes requirements to establish where, when and for what reason fatigue failureswill and in fact do
occur. This paper describes why answers to these chalenges are more likely to come from recent advancesin
telecommunications and the Internet, within the context of adurability process, rather than from improvementsin
fatigue modeling techniques where advances might be expected to improve accuracy rather than usability and
gpplicability. The need for durability assessment will be discussed and an outline of basic fatigue methodologies
presented. The application of these technologiesto differing industries and processes will dso be discussed.

THE NEED FOR FATIGUE ANALYSIS

Fatigue andysisis primarily used to help obviate undesirable mechanicd failures and thereby to ensure public
and consumer safety. The pendtiesfor getting it wrong are severe. In addition, repested catastrophic failures can



severely impact the perception of product reliability and so influence business performance through costly product
recals.

Safety | ssues

A good example of failure to meet stringent safety requirements can be found, some 150 years ago, inthe
fledgling railroad industry where some of the first mass-produced products, axles and rails, were proneto failures
with accompanyingloss of life. In many casesthis led to litigation and bankruptcy. More recently amulti-billion
dollar Company cdled Railtrack with responghility for the entire rail infrastructure within the United Kingdom was
declared bankrupt as adirect result of unwarranted fetigue failures of railroad track.

A more contemporary example from adifferent industry relates to the De Haviland Comet; one of thefirst
passenger jet arliners (1949 to 1980) to enter production. In 1954 these aircraft suffered anumber of tragic
accidents during service as aresult of mid-air structurd failures of the airframe arising from the initiation of fatigue
cracks at the corners of rectangular windows. As aresult of theloss of life, series production was held up for a
number of years alowing competing products, such asthe Boeing 707, to be brought to market first and so to
establish unassailable market share. Mechanicd fatigue testing repeated the same failure mode in the same location
after amere 1830 smulated flights.

Economic Considerations

Fatigue failure of non-safety-critical components can Ao affect financia performance adversdy through costly
warranty related recals. According to independent studies carried out by the Batelle group in 1982, between 80-90%
of dl sructurd failures occur through afatigue mechanism and the estimated annua cost of such failuresto the
United States was estimated to be 4.4% of GDP. The Batelle study further concluded that this cost could be reduced
by up to 29% through the application of current fatigue analysis technologies.

A common methodology used to avoid fetigue failuresis conservative over design or design for infinite life.
However, present day demands for optimized products that need to meet stringent weight and fudl efficiency
requirements preclude the luxury of this approach. On the other hand, red costs are associated with up-front
durability assessment. Test tracks, smulation laboratories and CAE technologies can only be acquired at aprice.
These costs, however, are considerably lower than those likely to be incurred as aresult of recalsand in-service
fixes. Further, whileit isaso true that overall costs decrease as assessments migrate from the physical to the virtud,
the scope for errors can increase. One way of mitigating these errorsis through adherence to a framework for
andysis and assessment — the durability process.

The components that constitute a durability process, their connectivity and utilization will be dedlt with in much
more detall later on. For the moment, it is sufficient to note that a durability processis the compendium of required
inputs, analytica procedures and correlation tools required to conduct adurability assessment at an appropriatetime
within the design cycle.

AN INTRODUCTION TO FATIGUE

THE PHYSICSOF FATIGUE

Fatigueis defined as ‘failure under arepeated or otherwise varying load, which never reachesaleve sufficient
to causefailurein asingle gpplication.” Fatigue cracks dways develop as aresult of cyclic plagtic deformationina
localized area. This plagtic deformation often arises, not due to theoretical stressesin aperfect part, but rather dueto
the presence of asmall crack or pre-existing defect or notch on the surface of acomponent.

August Wohler was one of the firgt engineersto study the fatigue phenomenon asit related to railway axles. He
redlized that knowledge of cyclic loading conditions was crucid and so he measured them on actud vehicles and
subsequently congtructed atest rig that subjected two axles to the measured loads Smultaneoudy. Thistest
procedure later became known as the roteting bending test. He varied the maximum load and found that asit
decreased S0 the life increased until finaly alower limit load was reached at which point no further failureswere
observed. It took about thirty years for other workersto present his tabular resultsin the form of the now familiar
stress-lifeplat (fig. 1).
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Figure 1. Wohler's Stress Life Data.

During his experiments, Wohler also observed that when geometric discontinuities such as agroove or notch
were introduced into the test samples the stress required for a given life was significantly reduced. These early
observationslaid the groundwork for our understanding of the fatigue damage process.

Typicaly afatigue crack initiates a a free surface and grows in two stages. During the first stage it propagates at
approximately 45° to the direction of gpplied load following the line of maximum shear stress. After traversing a
number of grainsit changes direction to propagate at approximately 90° to the direction of the gpplied load. Cracks
growing through these stages are often referred to as Stage | and Stage 11 cracks respectivey (fig. 2).
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Figure 2. Illustration of Stage | and Stage Il Crack Growth.
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A Stage| crack undergoing aternating stress leeds to persistent dip bands forming aong the planes of maximum
shear. These bands dip back and forth, much like adeck of cards, and give rise to surface extrusions and intrusions.
The surface intrusions form an ‘embryonic’ crack (fig. 3). The Stage | crack propagatesin this mode until it
encounters agrain boundary, a which point it briefly stops until sufficient energy has been applied to the adjacent
grain and the process continues.
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Figure 3. Illustration of persistant slip bands.

After traversng two or three grain boundaries the direction of crack propagation now changesinto a Stage 11
mode. In this stage the physical neture of the crack growth changes. The crack itsalf now forms amacrascopic
obstruction to the flow of stressthat gives riseto a high plastic stress concentration at the crack tip. It should be
noted that not dl Stage | cracks evolveto Stagell.

The Stage Il crack grows by aratcheting mechaniam. Asthe tensile stressincreases the crack tip opens giving
riseto loca plagtic shear deformation. As the tensile stress now decreases the crack tip closes and the permanent
plagtic deformation gives rise to a ditinctive saw tooth profile known as a gtriation. On completion of the cyclethe
micro crack has advanced asmal distance and has formed an additiond dtriation. The extent of crack growth is
proportiond to the range of eagtic-plagtic crack tip strain applied. Many repetitions of these cycleswill resultin
fatiguefailure, and the distinctive ‘ beach marks on the fracture surface.

This understanding of the Stage 11 crack growth ratcheting mechanism forms the basis of the linear dagtic
fracture mechanics crack propagation fatigue methodology.
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Figure 4. Beach marks (striations) on a fatigue fracture surface.



FACTORS AFFECTING FATIGUE DURABILITY

Fatigue durability isinfluenced by anumber of factors some of which are detailed below.
Stressor Strain Range
Mean Stress
Surface Finish and Qudity
Surface Treatments
Sequence effects
Stressor Strain Range

In both Stage | and Stage 11 growth, crack development arises through plagtic shear train on amicroscopic scae.
Condder, the plagtic shear strain forming dong the Stage | dip planes or at thetip of aStege I1 crack asaresult of
the nomina stresstime history shown in figure 5.
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Figure 5. Elastic-plastic stress and strain along a slip plane and at the root of a crack.

Figure 5a shows the nomind stressrise with time. On amicroscopic leve, in the presence of acrack or pre-
exigting defect, the stress and strain become plastic and can be plotted in the stress vs. strain diagram shown.

Figure 5b shows what hgppens when the nomina stressis reduced and then raised again by asmaller amount.
Againtheloca stressvs. strain can be plotted showing the effect of local yielding.

Figure 5¢c shows another reduction in the nomind stress. The stressvs. strain plot showsthe formation of a
hysteresisloop. A loop in the stress vs. strain plot indicates release of strain energy where the tota energy released
isequd to the area of theloop. This has released a quantity of shear strain energy and this has been expended in
diding the dip planes or advancing the Stage |1 crack.

Thisillustrates that a‘ quantum’ of shear strain energy is released when the nomina stressis cycled into tension
and then back again. Also, the larger the stress cydle, the grester the energy released. From the stresslife curve
showninfigure 1, we see that fatigue life drops exponentialy as the stress ¢yde range increases.

This understanding of the elagtic-plagtic stress and strain behavior &t the root of acrack isthe basis of the strain-
lifeor loca drain fatigue methodology.



Mean Stress

A non-zero mean stress influences the rate a which fatigue damage accrues. A tensil e stress applied to a Stage 1|
crack forcesit to open and any stress cycles applied will have amore damaging affect. Conversdly, compressive
mean stress forces the crack to close thereby reducing the effectiveness of any gpplied stresscycle.

Surfacefinish

Sincefatigue cracks usudly initiate from a pre-existing defect at the surface of acomponent, the qudity of the
surface will greetly influence the chance of acrack initiating. Most materid test specimens have amirror finish and
therefore achieve the best fatigue lives. In practice most components are seldom as good and so it is necessary to
modify the fatigue properties accordingly. Surface finish has a more significant effect on the fatigue of components
subjected to low amplitude stress cycles. The effect of surface finish can be modeed by multiplying the stresslife
curve by the surface correction parameter at the endurance limit.

Surface Treatments

Surface trestments can be applied to improve the fatigue resistance of a component. These usually work by
inducing aresidua compressive stress at the surface. Under low amplitude cycles the stresses at the surface are
sgnificantly lower or even remain compressive. Therefore the fetigue lifeis greatly improved. This effect is only
true for components subjected to low amplitude stress cycles. If large amplitude cycles are applied then these start to
overcome the pre-compression and the benefit islost.

The effect of surface treatments can be modeed in the same way as surface quality.
Sequence effects

The sequence in which cycles are ordered can influence the fatigue life. Consider the two time histories shown in
figure 6. Both appear to consst of two cycles having the same range and mean stresses. A plot of their elagtic-plastic
strain response shows that the smaller cycle has atensile mean in the first example and a compressive mean inthe
second. Therefore the first example will creste more damage than the second.

For most practicd analyses, sequence effects are insignificant because the probability of one sequence occurring
isequa to that of the other. However, it isworth noting when planning some simplified and idealized loading
Sequences.
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Figure 6. Illustration showing the effect of cycle sequence.

THE COMPONENTSOF A FATIGUE ANALYSIS

Thefatigue life of acomponent is governed by the loading environment to which it is subject, the distribution of
stresses and srains arising from that environment, and the response of the materia from which it is manufactured.
Asareault, the mgor inputs to any fatigue andys's are component geometry, service loading, and cyclic materia
properties. These deta are combined in the fatigue analysis process to estimeate life as shown in figure 7. Subsequent
sections of this paper describe each of these inputsin more detail and provide a description of some common fatigue
andyds methods.
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Geometry

In the context of fatigue andysis the term geometry is often used to describe how loads are transformed into
stresses and strains a aparticular point in acomponent. The geometry is the function between the externaly applied
load(s) and the locdl stress. The effect of geometry may be determined in either one of two ways. Firgtly, by means
of an elagtic stress concentration factor, K and secondly, by means of finite dement andysis.

Stress concentration factors are used to caculate local stresses and strains at specific locations from their
nomina counterparts or from the applied loading. Stress concentration factors for specific geometries are usudly
obtained from handbooks, experimental stress anayses, or finite  ement methods.

Since the process needs to be repeated for every potential critical location within the component this gpproach
becomes very cumbersome, particularly in Situations where alarge number of externd |oads are gpplied and
multiple critica locations need to be consdered. Subsequent sections of this paper describe how thisis overcome
with the use of multi body dynamics and finite el ement anaysis within adurability process.

Loading

Loading information can be obtained using a number of different methods. Loca or nomind strains can be
measured by means of strain gages. Nomind |oads can be measured through the use of load cells or, more recently,
they can be derived externdly by multi body dynamic anayss.

Since early methodologies relied on measurement from physica components, the gpplication of fatigue andyss
methods has been confined to the andysis of service failures or, a beg, to the latter stages of the design cycle where
components and systems first become available.

The &hility to predict component loads anadyticaly meansthat physical components are no longer a prerequisite
for durability analysis and so analysis can proceed much earlier in the design cycle. It isimportant to note that, in
this context, loading environment is defined as the set of phaserelated loading sequences (time higtories) that
uniquely map the cydlic loads to each externd input location on the component.

Material

Another mgjor input to fatigue andysisis adefinition of how amateria behaves under cyclic loading conditions.
Cyclic materid properties are used to ca culate e astic-plastic stress-strain response and the rate a which fatigue
damage accrues due to each fatigue cycle. The materid parameters required depend on the analysis methodology
being usad. Normally, these parameters are measured experimentally and may dso be availablein various
handbooks and other publications. In situations where specific data are not readily available, gpproximate vaues
may be deduced from tatic tensile properties such as ultimate tensile strength and ductility.

Fatigue Analysis

Fatigue analyses can be undertaken by using of one of three basic methodologies, i.e. the stress-life method, the
grain-life method, and linear eadtic fracture mechanics.
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The stress-life approach consders nomina datic stresses and how they are rlated to life particularly in
Situations where large numbers of cydles (grester than 10°) areinvolved. Lifeis usualy associated with catastrophic
falure

The gtrain-life methodol ogy considers dagtic-plastic local stresses and strains. It represents amore fundamental
gpproach and is used to determine the number of cycdesrequired to initiate an engineering crack.

Linear dadtic fracture mechanicsis used to predict how quickly pre-exigting cracks grow and dso to estimate
how many cycles are required for them to reach acritica sze.

Details of these methods are beyond the scope of this paper, however, more information is available in numerous
publications including the first and second reference in the reference ligting.

Fatigue Results

Fatigue results are usualy expressed in terms of the numbers of cycles, or repeats of particular loading
sequences, required to reach a pecified falure criterion at alocation. Sometimes these val ues are associated with
physica quantities such as hours, miles or fractions of a durability route. These results are, of course, ssnsitive to
each of the mgor inputs: loading, geometry and material.

Sengitivity to variation in loading magnitude is particularly acute due to the logarithmic relationship between
load and life. A 10% changein load, for example, can dter predicted life by afactor of two. From the designer’s
point of view, variationsin loading conditions are largely the result of variability in customer usage. To alarge

extent this variability is beyond the control of the designer, other than through the provision of adequate safety
factors.

Materid behavior and theimpact of geometry, on the other hand, can usualy be defined more precisely and
variability isusualy much less than that associated with applied load.

THE COMPONENTS OF A DURABILITY PROCESS

A gtructura durability process will make use of one or more of the functions shown in figure 8. Subsequent

sectionswill illustrate how different industries exploit specific sub-processes depending on their durability
requirements and congraints.
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Figure 8. A Durability Process.
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Physical Measurement

Figure 9. Physical M easurement.

Data acquired by physical messurement isamajor source of information in the ground vehicle and aerospace
indudtries. Figure 9 illugtrates a vehicle under test a a proving ground designed to Smulate various aspects of
customer usage. Using prototype or similar vehicles, non-intrusive transducers such as accel erometers and strain
gages are used to measure vehicdle behavior. Loads are measured using either off-the-shelf or custom-built load cdlls.
More recently, to provide the inputs required by multi-body dynamic smulation, whed force transducers are being
used to measure the six load components at the whed spindle

Physica measurements are generaly divided into two groups. Those that acquire synchronoustime history data
and those that acquire reduced data over much longer periods of time.

Synchronous time history data are acquired and stored on some local mass storage device insde the vehicle for
the duration of the test. After completion of the test(s) the gathered information is viewed and vaidated to ensure
transducer integrity and consstent results. Thistype of acquisition can generate large quantities of information very
quickly. For example, 2100 channels sampled at 512 Hz will generate 12 MBytes of data per minute or 720 MBytes
per hour of recording. Automotive data acquisition can easily exceed 100 channels per vehicle, while aerospace and
marine shipping can exceed 500 smultaneous channds.

Reduced data are generally collected for fewer channels but usualy over much longer times; weeks, months or
even years. These dataare generdly collected in some form of histogram or matrix in order to classify theincoming
information, typicaly time a leve, leve crossing, rainflow, or frequency spectra. Storage requirements, in this case
are much lower, for example rainflow matrices are usualy characterized by 128 x 128 histograms, and for 20
channels this represents about ¥2MByte of storage requirement.

Magjor disadvantages of on-line data reduction include the fact that synchronicity between channelsislost and
aso that “wild-points’ or spikes appear asindividua vaues within extreme matrix e ements making them difficult
to digtinguish from vaid entries. However, modern acquisition systems can at |east address the second issue by
acquiring short bursts of time seriesinformation pre and post suspicious events thus alowing them to be put into
context and eliminated as appropriate.

Thetrend in physical measurement isincressingly towards the use of longer-term reduced data acquisition assa
means of characterizing redl customer usage. Furthermore, recent advances in on-board storage capecity, globa
positioning technology and Internet access make these devices increasingly useful for long term monitoring of
product performance and usage.

The characterization of the loading environment to which acomponent or subsystem is subjected by means of
physica measurement provides the durability engineer with access to an essentia dement of the durability process.
However, physica measurement requires physical components from which the measurements are to be made and
this precludes the adoption of anaytica durability methodologies early in the development cycle when parts are not
yet avalable



Multi Body Dynamics

Figure 10. Multi Body Dynamics.

A multi body dynamic model can be used to smulate vehicle behavior; an automotive front suspension systemis
illugtrated in figure 10 above. Such models are commonly used very early in adevelopment program for initia
package work of the mgjor massesto ddliver some key aspects of the vehicle dynamic behavior. Within the
automotive industry these models are most often used to predict ride and handling characterigtics.

Most recently, dynamic modeling has been used in conjunction with afinite dement andysis (FEA) aspart of a
CAE durability processfor either semi-anayticd or fully andytica modeling of load histories for combination by
either liner or moda superposition with FEA results as part of afatigue andyss.

Sami-andytica methodsinclude physical measurement of alimited data set in order to support anaytical
determination of dl the remaining required loads. The six component loads provided by wheel force transducers are
particularly suitable for this method. Fully analyticaly derived loads require full vehicle moddsthat require adigita
representation of the surface profile to be smulated and an adequate durability tire moddl. Current durability tire
modds are not ided, further development is required before this gpproach recelves generd use.

The loads derived using fully anaytical methods are mostly used for reletive durability caculations to select
design dternatives or investigate component change effects. Many companies are striving to devel op these methods
to replace the sami -analytic ones and thus diminate the need for any measured data and hence any physica vehicles
or parts. However, the need for physically measured information will remain for the foreseegble future. The useto
whichitisput is, however, is evolving towards cdibration and vaidation of anaytica methodologies.
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Figure 11. Data Processing.
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The one common thread, integral to al components of adurability processis ‘time histories,” an example report
isshown in figure 11. They are what are acquired by physica measurement. They are the input to and the output
from multi body dynamics. They aretheinput to test rig based test durability and to CAE durability, and are an
output from both. ‘ Time histories' are viewed, manipulated and processed in many different forms throughout the
whole durability process.

Because ‘time histories’ are 0 integrd to the process, speed and flexibility of data processng are essential.
Speed isredlized in two ways, by the speed of individual operations and the ability to create macros of sequential
andysesfor batch processing. A macro facility aso addresses the flexihbility requirements.

Itisused for visud validation of datafrom physical measurements. The trend is towards automated anomaly
detection techniques of which some of these are suitable for autometic correction.

Measured time histories need to be modified before use as inputs to amulti body dynamic mode. They may
require polarity and/or units conversion from the measurement co-ordinate system and units to those required by the
modd, filtering to remove high frequencies and offset remova to remove astatic mean.

Finite Element Analysis

Figure 12. Finite Element Analysis.

Finite dement anadlysisisalong established CAE andysistool, and iswidely used in dl engineering industries.
An examplefinite dement mode showing the boundary conditions and resulting stress digtribution is shown in
figure 12.

Finite dement analysisis used to caculate the stress distribution for an entire component or structure and so
provides an ided precursor to fatigue andlyss. By combining the linear eadtic finite dement methodology with
fetigue andysis, the life at each node or element can be cal culated. Complex multi-axial loading scenarios can be
taken into account easily by linear eagtic or modal superposition.

Transient time step FEA caculation is required when the structure exhibits anon-linear stressand strain
response. Loading histories are not required here, they are calculated explicitly within each time step. This
methodol ogy, while useful for handling non-linearities, is very time consuming because a complete finite dement
andysisisrequired for each step.

Theincreesing number of modd variants built on each platform calsfor alarge number of FE modelsto be
built. In addition, the reduction in the number of possible physica prototype stages necessitates an increasing
number of ‘virtual test’ loops for each variant. In these conditions, it isimportant to minimize the number of moddls
that are developed. In the case of the modeling and andysis of car bodies for instance, it is common to develop
severa models of the car body in order to meet the differing anayss requirements for crash, NVH, and durability.
Critica requirementsfor NVH include accurate prediction of globd gtiffness and modd characterigtics, wheressfor
durability the main requirement isfor accurate local stressesin critica aress.
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Test Durability

Figure 13. Test Durability.

Test durahility refersto any physicd testing, either at aproving ground or on atest rig in asimulation laboratory;
atypicd test rig fixtureisillugtrated in figure 13.

Test based durability assessment includes predictive fatigue life analysis from measured strain gage deta
acquired during proving ground or rig testing. It is common to apply large numbers of strain gages, typicaly more
than fifty, to chassis structures and measure the strain due to smple single axis frame tests or during field operation
of full vehicles. Highly integrated data acquisition and fatigue analysis software systems are required to automate
andysis of many strain gagesin combination with multiple vehicle operations and events that together represent
typica customer usage.

A proving ground based durability test is often used as part of fina vehicle sign off. These tests are intended to
simulate alifetime of product usagein areatively short time. An automotive vehicle sign off procedure, for
example, may reduce a 150,000 mile customer target to 20,000 miles on the proving ground, and may take 2 months
to complete.

Laboratory based durability testing isintended to reproduce failure modes and locations similar to those
observed on the proving ground, but in ashorter and more controlled and reproducible environment. The complexity
and configuration of the testing fixtures required for valid smulation depends on the complexity of the components
under investigation and can range from single up to as many as Sixteen channels of synchronous actuation. The most
complex tests require a considerable amount of computationa time to develop the signas required to drive the
multi-channd test rigsin aredigtic manner.

Itisusua for laboratory testing to take less time to complete than equivaent proving ground tests. This
acceleration stems primarily from the twenty-four hour uninterrupted operation possible on atest rig. Further
acceleration of laboratory tests can be achieved through the use of andyticd fatigue editing techniquesin which
non-damaging events are excluded from drive sgndswhile at the same time maintaining synchronicity between
channds. Typicaly, ninety five percent of damage can be retained during atest that might require only ten percent
of redl timeto execute. In spite of this acceleration, and the need for find Sign-off, testing remains areeively
inefficient and costly method for optimizing designs.



CAE Durability

2748 e
repeats

789 repeats

Figure 14. CAE Durability, Fatigue Life Analysis.

CAE durability refersto multiple fatigue life analyses for nodes or dements within afinite e ement modd.
Figure 14 illugrates the results from agtrain life analysis of an automotive steering knuckle.

Three CAE durability methodologies are currently available. Thefirst relieson linear static superposition of
eladtic finite dement stress or strain results scaled according to appropriate loading histories, the second on modal
superposition combining multi body dynamic moda stress and modal response time hitories and the third on a
trandent time step analysiswith al inputs coming directly from the finite e ement resullts.

Thefatigue andysis methodologies available to the CAE durability andyst are the same asthose available to the
test engineer the only difference being that the former processes |oads from which stresses and strains are computed
by means of finite dement analysis and the latter measured strain histories. The fully analytica approach can,
however, export loca strain histories from which magnitudes and stress states can be compared with those obtained
by measurement.

Large modds, in excess of 100,000 eements, can be easily processed, however, when taken together with large
numbers of load cases, greater than 50, long time higtaries, in excess of 100,000 vaues, and the requirement to
process multiple events, analysis times can become inordinately long. For example, alinear Satic andysis of alight
truck frame can take in excess of 24 hoursto complete. However, fatigue-editing techniques similar to those used in
test durability and nodd elimination methods that automaticaly exclude non or dightly damaged nodes from
detailed andysis can be used to accel erate the computationa process. Using auto-elimination techniques for the
andysis of the above truck frame so asto process only the top 1% of the structure with the highest stressed nodes
reduced computation time down to 15 minutes while andyzing the top 10% took 2 hours. Notethat it isunlikely that
astructure could sustain significant fatigue damage at more than 10% of nodes without being subject to gross
yidding.

The chalenge for CAE durability remains how to acceerate the andysis process. The minimum acceptable
andysis period for a‘full’ analysisis about twelve hours, equivaent to running the analysis overnight.

Digtributed computing together with paralel processing areidedly suited to meet these computationa
challenges because fatigue life calculations are usudly Smilar at each node or dement. Sdlectingwhich nodes areto
be analyzed more intelligently and optimizing time history reduction methods will go along way towards meeting
the chdlenge

Adaptive fatigue methods will add intelligence to the fatigue life andyds, taking expert knowledge and
implementing it within a software gpplication. The software will choose the most appropriate fatigue method for
each location with regard to its sarvice environment, and keep arecord explaining why it made those choices.

The changeto avirtua development process has been driven by anumber of factors, particularly reduced
development times, increased model diversity, increased complexity and the need to optimize performance and cost.
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Thisisdriving theintroduction of new methods that address the actua durakility problems encountered during
development; for example spot welds, thin sheet seam welds.

Thereis now aso increased focus on fatigue of other types of structurd joints, high temperature fatigue and
thermo-mechanica faigue, and fatigue of astomers, plastics and composites.

The gpplication of CAE durability within adurability process enables components and systemsto be designed to
meet their desired durakility criteria. However there are many varigbles that analytica durability analyses cannot
adequately consder; such as wear, manufacturing processes, assembly, materia non-homogeneity and residud
stresses. Therefore, laboratory durability tests and vehicle proving grounds will continue to be necessary for design
verification and system or full vehicle Sgn-off.

Correlation
Correlation takes many forms at different stages of adurability process.
Someexamplesare
Corrdation of time higtories, where one time history should overlay another

Corrdation of data characterigtics, where frequency spectra, Rainflow cycles, level crossing, fatigue
damage should be the same as ancther

Corrdation of falure; where the predicted location and failure mode should compare with physica
observaion

Corrdation of customer usage with proving ground; what combination of proving ground surfacesare
equivaent to acustomer usage profile

Correlation between proving grounds; what combination of proving ground ‘A’ surfaces are equivaent to
proving ground ‘B’ surfaces

Correation of proving ground to physical testing; is an acce erated test schedule equivaent to the proving
ground

All anaytica components of adurakility process require correlation with something physicd to vaidate the
andytica mode. The actua correlation method used is dependent on the paticular process.

A multi body dynamics modd is correlated with physical measurements by comparing representative response
time histories with those mesasured on the vehicle,

Within adurability process afinite dement anaysis can calculate unit oad case stressfor linear static
superposition, moda stress contributions for modal superposition or transient time step stress. Detailed stresses are
difficult to corrdlate independently. However, it is possible to correate the mode shapes from amoda analydswith
modal responsetesting.

Severd results from CAE durability analysis can be correlated. A fatigue life contour plot is correlated with
physical componentsin three ways: to identify the failure locations, to rank them in order of severity and to predict
the fatigue life. Extracting corresponding strain time histories from the CAE durability modd can corrdate strain
gage rosette measurements from physical testing.

How DIFFERENT DESIGN PHILOSOPHIESINFLUENCE THE DURABILITY PROCESS

Thefollowing design philosophies are not an either or option. Thereis usudly abit of both in every product
development process, however the emphasis does shift depending on both the industry or particular products within
that industry.

Typica philosophies that influence the durability process are;
Regulated and Unregulated
Corporate Owners and Consumers
Product Development and Product Monitoring
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Durability Performance and Other Performance Targets
Production Numbers
Manufacturing Methods
Test Durability and CAE Durability
Regulated and Unregulated

There are regulations of someformin al industries. The differences are redly down to how prescriptive those
regulations are for durability.

A very precriptive regulated industry is civil aerospace. The appropriate governing bodies define regulations
covering dl aspects of the aircraft and their durability requirements, even prescribing the fatigue methods that are
gpproved for use. Full documentation of al durability calculations must be maintained during the whole life of the
arcraft that can easily exceed 30 years. In the aerospace industry the certifying authorities require the durability and
damage tolerance of vehidesto be demondrated andyticaly or experimentaly

Durability cdculationsin the commercid arcraft industry are driven by the need to meet legd safety
requirements and to satisfy the requirements of the certifying authority. This hasled to someinertiain adopting new
methods; once amethod has proved acceptable to the certifying authorities, there islittle motivation to adopt new
and possibly less conservative methods.

In comparison durability anaysswithin the automotive indudtry is unregulated. The legal requirements for
durability in the automotive industry are darmingly vague, even for safety critical parts. Currently there are no
effective standards regarding fatigue durability that apply to the automotive industry, either in respect of methods or
of targets. Each manufacturer setstheir own durability targets and defines the methods that are to be used to attain
those targets.

This situation has certain advantages — it permits aflexibility of approach and promotesinnovation, because the
main factor motivating an improved gpproach to durability is commercid advantage. The find verification of
product durability within the automotive industry is normally afairly severe Sgn-off test.

An interesting reflection on the issue of regulaion isthat consumer driven industries tend to be unregulated
while corporate owner industries tend to be regulated. Consumer driven industries tend to become sdlf-regulaing
due to consumer pressure.

Corporate Owners and Consumers
The end customer of the product influences the durability process during development.

For example military aircraft are not required to adhere to the same regulations as civil aircraft. Thisis because
the durability driversfor safety and legd requirements for acommercia airliner with several hundred fare-paying
passengers are very different to those for amilitary pilot involved in aconflict.

The commercid airliner must have very high confidencein aircraft safety. The service environment for the
arcraft will be rdatively stable and well known. Conversdly amilitary fighter jet needs every ounce of performance,
and when used in anger will be pushed to the extremes and even beyond its service envelope.

Within an automotive environment there can be differences that will impact the durability process. If the end
customer isavehicle leasing company with alarge fleet of vehiclesthey may agree to have on-board data
acquisition in the vehicle during the service life of the vehicle, For the leasing company it enables them to exert
some control over their leasing customers who abuse the vehicle, and for the manufacturersit is asource of valugble
information about red customer usage.

However, amember of the generd public who purchasestheir own vehicleis unlikely to agree to data
acquisition from their vehicle, asit could be an infringement on their civil liberties. They may agreetoiit if, for
example, thiswas ameansto reduce their insurance premiums.

Product Development and Product Monitoring

A safe design product devel opment philosophy aims to produce a product where no fatigue failures occur within
itsservicelife. In redlity the service environment of the product forms part of adistribution of different customers.
For example durability targets for non-safety critical components could be set to the 90th percentile customer. The



durability target for safety critica componentsisthen set to the 90th percentile of the non-safety critical distribution.

Thisisillustrated in figure 15.This safe design philosophy istypicaly employed within the automotive, truck and
agriculturd industries.

90% of 10% of No
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Service Life in Use hours, rotations ...)
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Figure 15. Durability Targetsfor 90th Percentile Customer.

Product monitoring aims to continually monitor the performance of the product and its service environment.
From the results of this continuous feedback maintenance schedules are planned to exchange componentsthet are
nearing the end of their durability life. If the product experiences excessive conditions then immediate preventative
maintenance action can be taken.

This philosophy istypically employed within rail and aerospace vehicle industries, and for large civil structures
such as power gtations and railway infrastructure.

Durability Targets and Other Performance Targets
This considers the importance of durability targets within the overal targets for the vehicle,

A good example of this can be seen when comparing the agricultural and automotive indugtries. The agricultura
industry, especialy tractors, is agood example where durability and reliability isthe most important vehicle
performance target. Within the automotive industry durability requirements are ranked below those of crash and
NVH.

The effect of these different performance targets can be seen by how the durability processis different within
these different industries. Within the automotive industry durability targets are mainly to reduce weight, which
improves overdl vehicle performance. They are not usudly acustomer driver; who will expect vehiclesto last over
150,000 miles (a.common sign off target). Leasing companies and new purchaserswill have replaced with a newer
vehicle long before then.

For automoative vehiclesthe primary performance criteriaare (in priority order).
Crash — must meet government regultions
Noise Vibration Harshness (NVH) — to minimize noise within the vehicle
Ride & Handling — driving fed and performance
Durability — safety critica / non-critical components— reduce weight.

These performance criteria, and others, are aso gpplicableto other vehidles, light trucks, heavy trucks,
agriculturd, etc. but their priority order is different corresponding to their different customer types and customer
expectations.
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Production Numbers
The number of vehicle or structures to be produced has abig effect on the durability process options available.

Off structures, for example, power generation plants, offshore platforms, space vehicles, etc. it isimpracticd to
build full-scale prototype structures for development purposes.

Ground vehicleindugtriesin genera have high production numbers. The automotive industry is mass production,
but relatively low vaue per unit. To achieve efficient manufacturing the industry employs highly automated
production lines. Making changes to this production line are very expensve. To prevent thisthey invest
considerable effort in product development to diminate durability problems.

Therailway and off-highway industries have much lower production runs but higher unit values. The production
lines tend to be less automated, and tend to have moreflexibility for late changesto be introduced. If anissueis
identified in a current production modd, their lower volumes dso mean it is possible to sockpile vehicles and
rel ease them after retrofitting the solution.

Aircraft production fals some where between these two extremes. All aircraft fleets have at least one aircraft
congtantly in atest rig throughout the servicelife of the aircraft that dways has more ‘flight time' than any serving
arcraft.

Manufacturing Methods
This shows the effect different manufacturing methods can have on the durability process.
A good example of this can be seen when comparing the agricultura and automotive industries.

During aconsultancy project for an agricultura OEM, CAE durability techniques were used in pardld with the
OEM using atest durahility gpproach. There were two components being studied; a pivoting rear axle and the
chassisframe. Therear axle was arectangular tube fabricated from thick plate with pivot attachment and drops for
the whed spindles. For asingle design iteration the OEM was able to build a prototype, apply strain gages, measure
dataand analyze this data fagter than CAE techniques could be applied.

Even with the vehicle frame, amuch larger fabricated sructure, with amore complicated geometry. The CAE
approach was only just asfast astheir ability to build and test anew frame. However, the CAE approach did justify
itsalf by identifying asmall number of critica locations that were not found from testing.

The point of thisexampleisthat because these components were relatively smple fabrications it was possible to
follow atest durability strategy quicker than a CAE durability strategy.

Within the automotive industry, when dealing with complex stamped and spot welded vehicle body structures, or
cast/forged suspension componentsit is not possible to make something very quickly and test it.

It isthe influence of manufacturing methods which goes part of the way to explaining why the automotive
industry tendsto follow a predominantly CAE durability strategy while the agriculturd industry tendsto follow a
test durability strategy.

Test Durability and CAE Durability
Their definition and their place within a durability process have been discussed in some detail earlier.

A test durability philosophy isbased on physica measurements and physical testing of components/products.
Some form of test based durability, whether on thetest rig or the proving ground, will dways remain for find
vehicdle sign off.

This philosophy istypically dominant within Tier 2 and Tier 3 suppliers, who may have very little CAE
durability capability. As OEM’ s push more design responsibility to their suppliers then these lower level suppliers
are having to increase both their test and CAE durability capabilitiesto meet the OEM’ s requirements.

Toimplement asolely CAE durability strategy is very difficult. At some stage physicd messurementsare
needed to input into a CAE durability process. Thisisthe primary means of enabling multiple design optionsto be
assessed and for progressive iteration of adesign.

For ground vehide indugtries thisis seen as the means by which they can reduce development costs and
timescales. For aerogpace industries CAE durability may be the only option.



How DIFFERENT INDUSTRIESIMPLEMENT FATIGUE ANALYSISWITHIN A
DURABILITY PROCESS

The following assumes avery simplistic breakdown of industry sectors, and discusses how they consider
durability. Out of necessity it has to make generdizations, and examples are used for illustration where possible.

Itis noted that the appropriate tools used within a durability process are mostly driven by the engineering sector
and what drives that sector. However & the component levd it is the fatigue mechanism that drives the actud
fetigue analysis methods used.

Thefollowing paragraphsillustrate this by means of asimple breakdown of industry sectors.
Static Structures

Predominantly use a product monitoring approach to ensure fatigue failure is not an issue during the servicelife
of the structure.

Mobile Structures

Predominantly use a product development approach to ensure fatigue failure is not an issue during the service
life of the structure.

Within mobile structures the main durability driverswill be considered for aircraft, ground vehicles, marine
vessds and space vehicles,

Mobile Structures/ Aircraft

Predominantly CAE durability during development. After product release make significant use of test durability
with an aircraft constantly in atest rig throughout the service life of the aircraft which dways has more “flight time”
than any serving aircraft.

This sector isvery heavily regulated, especialy for civil aircraft.

Military aircraft are often fitted with arudimentary ‘fatigue meter’ based on cumulative* g’ levelsto record
sverity of maneuvers. The next generation of military arcraft are aming to have amuch more advanced form of
“fatigue meter,” with many loads and strains being constantly measured and using on-board fatigue analysis
software to caculate accumulated fatigue damage.

From afatigue methods perspective aircraft can be divided into
Fusdlage (crack growth, rivets)

Gas Turbine Engines (locd strain crack initiation, high temperature, isothermal, creep, very specialized
materias)

Undercarriage (stress life, multiple mean stress)

Mobile Structures/ Ground Vehicles

Off-highway vehicles (agricultural, congtruction and industria) are predominantly test durability during
development. Thisismainly because of their manufacturing methods, where workshop fabrication of plate materia
enablesavery quick ‘build it, test it, fix it" iteration loop. CAE durability methods are being increasingly used to
reduce development times for complex structures. The most important performance parameter for these vehiclesis
durability.

On-highway vehicles (automotive, light truck, heavy truck and buses) are evenly split between test durability and
CAE durability. Prototypes are much more expensive to build, so far grester emphasisis placed on CAE durability.
Find vehide sgn-off is il test based. The automotive industry is the most eager to take up afully CAE durability
approach and it is seen as the means to provide competitive advantage where weight reduction reduces cost and
improves performance.

On-rails vehicdles (locomoatives, passenger and freight rolling stock) employ a combination of both CAE and test
durability strategies during product development. However, during service they use a product monitoring approach
to prevent fatigue failure during the life of the vehicle.



The service environments for these three vehicle types are significant and are very different. The on-rails
vehicdles have the most defined service environment; the major variables here are the vehicle speed and the surface
condition of therailsthemsalves. The off-highway service environment isthe most undefined, and any fatigue
andysis must consider the many different abuse operations that can and will occur.

The on-highway service environment is somewhere between the other two. Luckily those vehiclestraveling the
most miles are those doing so under non-damaging smooth road conditions on a highway. However, high-speed
smooth roads that are non-damaging for the vehicle suspension system can be very damaging for the engine and
powertrain components.

Interestingly the recent advancesin telecommunications for mobile data acquisition are likely to befirst seenin
off-highway and on-rails vehicles, though for different reasons.

To start with, much agricultural equipment, for example combine harvesters, dready have equipment build into
them to identify their location and map the yied within afield. Large and specidized off-highway vehidesare
relatively expensive; the additiond cost of an in-build data acquisition unit is smal in comparison. The added vaue
to the manufacturer and the end customer to be able to schedule preventative maintenance from a durability
perspective when it is needed means reduced down time and greater equipment availability.

For on-rails vehicles the reasons include those for public safety for accident prevention, together with the ability
to schedule preventative maintenance.

From afatigue methods perspective ground based vehicles can be divided into

Body (stress life based thin sheet spot welds and seam welds, residua stresses and thinning introduced
during forming)

Suspension (loca drain crack initiation, uniaxia and multiaxid, elastomers)
Chassis (locd dtrain crack initiation, uniaxia and multiaxid, thick sheet seam welds)
Reciprocating Engines (sresslife, factor of safety, uniaxia and multiaxia, high temperature, isothermd)

Exhaugt (locd grain crack initiation, uniaxia and multiaxiad, high temperature, isothermal, corrosion,
elastomers)

Powertrain (loca strain crack initiation, stresslife, factor of safety, uniaxid and multiaxia)
Mobile Structures/ Marine Vessels

These structures can be divided into marine shipping (merchant and Naval) and offshore platforms. In genera
fatigue and durability is not amgor design criterion. They generally employ a product monitoring approach to
prevent fatigue failure of critical systlems. They have more in common with stetic structures such as power
generation and chemica processing plants than they do with mobile structures.

The most important ships system is the prime mover (power pack), usudly either adiesd eectric or direct drive.
These can be onethird of the cost of the vessdl, and the vessd is build around the power pack.

No one builds multi body dynamics models of ship structures. Finite lement andysisis used for the overal
structurd integrity of ashipshull. Using static stress andysis and transent analysis of extreme wave conditions.

Merchant vessals have no commercid incentive to change. Weight is not an issue. For an 8,000 ton ship, the
additiona weight incurred to prevent fatigue by ‘meaking it bigger’ isnegligible.

Nava vessdswill consder durability if thereis any prospect of fatigue failure reducing the combet effectiveness
of the vessdl. The primary design criteriafor these vessels are redundancy of systemsto retain combat bility.

The cruiseliner industry follows the Nava strategy of redundant systems but for commercia ressons of aservice
industry.

Durability isbecoming very important for offshore platforms. Many were origindly built, in the 1970s, for a25
year servicelife, and et the time fatigue was not the most important criterion. These platforms are nearing the end of
their servicelife and are now seeking ‘life extenson’ to 35 years. These require adetailed risk assessment,
ultrasonic crack detection and fatigue based safety caseson all thewelds.

From afatigue methods perspective marine vessals can be divided into



Large welded structures (crack growth)
Engines (stresslife, factor of safety, high temperature, isothermal)
Processing Plant: Compressors, Purifiers (stresslife)

Mobile Structures/ Space Vehicles

Space vehides (launchers, satdllites, probes) are dmost wholly CAE durability during development. After
deployment there is very little opportunity to repair or maintain these structures. Everything must be designed to the
target life of the whole vehicle. These structures make considerable use of multi body dynamics because thereisno
opportunity to perform physical measurementsin service conditions.

CONCLUSIONS

This paper has described the need for durability assessment and presented an outline of basic fatigue anaysisand
durability process methodologies. It has discussed the application of these technologiesto differing industries.

A dear digtinction has been made between afatigue anadysis and adurability process.
The appropriate implementation of a durability processis necessary to develop adurable product.

Improvementsin telecommunications and Internet access will help durability engineers predict when and where
fatigue failureswill occur. Thiswill be through increased accessto alarger quantity of long-term reduced data
acquisition, to better characterize red customer usage.

Improvements in fatigue modeing techniques will improve the accuracy of afatigue life prediction.
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