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EXECUTIVE SUMMARY

Trends in the design of mechanical or structural components in

transportation equipment to prevent fatigue failures prior to their

expected 1ife have led to more sophisticated procedures, both in

analysis/design and in testing. The major effort of this program

focused on the appraisal of strain-life fatigue analysis methodology

and its application feasibility to railroad equipment design. Moreover,

research

fracture

efforts to date related to fatigue design technology, including

mechanics, and stress-based or strain-based methods are also

evaluated.

The
1)

2)
3)
The
1)

major-tasks accomplished are:

Appraisal of research effprts to date, and evaluation of

application experience,

Assessment of application feasibility to railroad car design,

AAR specification enhancement and program implementation.

general observations made were the following:

The fracture mechanics approach utilizes the crack propagation

model to characterize crack growth from inherent material and -
manufacturing defects such as those related to welds. Unfortunately, -
one of the stumbling blocks to such an approach is the introduction
of a concept using flawed components which have no counterpart in con-
ventional railroad design practice; the primary interest in

railroad equipment design is the fatigue life associated with

the crack initiation period and the crack propagation phase

becomes of secondary concern. Another problem related to the
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2)

3)

use of this approach is that a periodic inspection program

must be executed in order to monitor the growth of cracks
before they reach the critical stage that would lead to a

total failure. The railroad industry does not exercise such

an inspection program.

Materials fail due to over-straining, not by over-stressing.
The material characteristics (typically, stress-strain data)
also exhibit a tendency for the stress not to follow the strain
once plastic strains, which are the real cause of fatigue damage,
are experienced. Thus, the use of stress-based techniques to
predict fatigue life could be somewhat over-simplified, since
the resulting stress spectra generated under a ramdom road
environment will not be identical to that of the loading. This
is a major drawback in terms of estimating the cumulative damage
incurred by fatigue.

The strain-based 1ife method allows for the presence of plastic
strains through cyclic material characterization. With an
appropriate cycle counting procedure, such as the rainflow
counting process, the strain-based method has become a vital
tool for fatigue life prediction and has been in extensive use
in the automobile industry. Adoption of this technique to
railroad equipment design poses no foreseeable difficulty.

This has been demonstrated by a working example. A FORTRAN
program to solve the complex strain-life relation has also

been prepared for implementation in order to further enhance

the AAR standards and specifications.
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Recommendations for future enhancements in strain-life fatigue

analysis are:

1) Procedures for dealing with simultaneous application of
multiaxial motion,

2) Methods of analysis to assess fatigue damage due to the
presence of multiaxial stress state variation resulting

from random road environment input.
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Section 1
INTRODUCT ION

1.1 Background

It has been understood that in general, the demonstration of basic
strength of appurtenances or structural components under static and/or
impact loading alone is insufficient for long-life service, when cars are
constantly subjected to fluctuating environments on the roads. Moreover,
the assurance of adequate fatigue performance in structural components of
railroad equipment is still one of the most difficult problems facing
engineers. Uncertainty involved in the analysis of complex service environ-
ments, complicated structural geometry and attachment details, coupled with
a lack of usable material data and inadequate design methodology, are prime
contributors to this problem.

Until recently, fatigue design and service life estimates of mechanical
and structural components have generally been made on the basis of the
nominal (far-field) stress concept in conjunction with uniaxial test data
and Goodman's diagrams. While this approach has enjoyed wide acceptance
as a useful tool to deal with fatigue problems, some of the fatigue
failures experienced have been quite contrary to expectation.

For instance, the life of automobile components has been shortened be-
cause of occasional impacts (bumps) which create local plastic strains. The
results of recent tests conducted at the U.S. Steel Laboratory also indicate
that the presence of an undercut (a cut generated at the toe of a weld during
cooling) could reduce the fatigue life of welded equipment as much as 80

from that of specimens without undercuts. These differences between the
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actual fatigue 1ife observed and those predicted by means of the nominal
stress method are attributed to the fact that, while load and strain histories
are observed to be similar in character, the stress history displays a con-
siderably different waveform; stresses are obviously not always proportional
to strains. Moreover, they may be of opposite sign for particular instances,
as a result of sudden startup, occasional impacts, or hysteresis behavior

of the material.

The primary reason for the continuous use of the nominal stress method
stems from a lack of analytical tools required to determine the strain/stress
conditions locally in the critical areas which actually control the fatigue/
fracture behavior. However, with the advent of the finite element method
(FEM), the differences encountered in determining the local strain/stress
response have been substantially reduced, if not eliminated. Since then,
the strain fatigue 1ife analysis has gained favor over the nominal stress
method, not only by the aircraft industry (dealing with high stress-low cycle
fatigue) and process equipment manufacturers (concerned with low stress-high A

cycle fatigue), but also by automobile manufacturers (involving both aspects).

1.2 Program Definition

The program effort is mainly in supporting the Track Train Dynamics
(TTD) program in the transformation of basic information related to the
strain 1ife fatigue analysis techniques into a simple, yet comprehensive,
format that can be easily understood and used by engineers/designers of
railroad cars. This format can then be incorporated into the AAR fatigue

design specifications.
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1.3 Program Objective and Scope of Work

The objective of the program is to review the strain life analysis
techniques, to evaluate the feasibility of using such techniques in the
fatigue design of railroad cars, and to identify its potential and its
limitations for enhancement of the AAR fatigue guidelines.

The scope of work involves the following:

1) General description of the background, theory, assumptions,
limitations, and procedures related to the subject method, as it
applies to railroad car structural analysis,

2) Identification of data required to perform fatigue analysis using
the strain-life approach, such as loadings, environment, material
characteristics, and analysis tools,

3) Enhancement of the AAR fatigue guidelines with the strain-life
analysis approach,

4) Documentation and reporting.

1.4 Program Tasks and Accomplishments

Four major tasks were defined as the following:

1) Appraisal of research efforts to date, and evaluation of application
experience,

2) Assessment of application feasibility to railroad car design,

3) Specification enhancement and program implementation,

4) Documentation and reporting.



The program plan executed to accomplish these tasks is shown in Figure
1.1, which was developed in relation to the program objective and the

scope of work established.

Programvaccombiishmehts include the following:

1) Appraisal of_Reeearch Efforts_to DatevandAEvaluation.of Application
Experience '. ' -
Leading experts from the academic community, ihduStriallresearch
h oroan%;ationS'and'government“agenciés Were‘invitéd to offer their
- views regarding the theoretical background and practical application
.exberienEe of the étrain-iife fatigue analysis approach in general
(Appendix A). The majority of responses received supported the use
of,the strain-life analysis teonnique. Others rejected the idea
because of its apparent theoretical simplicity as compared with
continuum mechanics considerations, and suggested different
approaches based on the fracture mechanics formulation. An over-
view of comparison of these current fatigue anaIysis/design methods
is presented and discussed in Section 2 A descr1ptlon of the .
fundamenta1s of the strain-life analys1s method is documented and
* reviewed in Section 3, including discussions of the-re1ated assump -

tions, limitations, potential benefits and pitfalls, aé applied to

“the fat1gue 11fe analys1s and des1gn of ra11road cars in Appendix C.
Furthermore the analys1s procedures for using such methods in a
step-by-step fashion, in association with the basic data require-

ments, are also demonstrated in Section 4.
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2) Assessment of App11Eat10n Feasibility to Railroad Industry

A letter was sent to each member of the Car Construction Committee
of the AAR (see Appendix B), requesting information regarding their
past experience‘with fatigue failures of railroad cars. The response
was rather disappointing. It appears that most of the failures
originated at weld joints. However, more feedback from the rail-
roads would be desirable in order to make reésonab]e conclusions
regarding the potential benefits and pitfalls for utilization of
strain-1ife analysis for railroad car design against fatigue failure.

Specification Enhancement and Program Implementatijon

A SUmmary of the strain-]ife approach is'also presented in a.simple,
yet compfehéns{ve, fofmat that can be easily understood and psed by
enginéérs)designers of raijroad cars and related equipmenf. The
summary 1is -presented in‘Section 4 together with a working example,
as applied fq.a typical weid detail under a.REPOS data furnjshed

by the AAR in the current AAR fatigue guidelines, Chaptef V;I,AAAR
Specification M-1001.. The result of the stréin-life approach j§ :
compared with that obtained py the present AAR stress-life pro;edure.
During the course of such study, a FORTRAN program was deve]obed

to solve the strain-life equation. The listing of the program,
related input requirements and output format are presented in

Appendix D.
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4) Documentation and Reporting

In addition to the background and theoretical basis for strain-life
analysis application, a sensitivity study of influential factors

that affect the fatigue life prediction by both stress-life and
strain-1ife approach was conducted. The results of the study

are presented as part of the technical discussions in Section 5.
Comments with regard to the current AAR fatigue guidelines, concerning
cars under multiaxial random motion or multiaxial stress fatigue

in particular, are given. The areas requiring future research are

also identified.



Section 2

OVERVIEW OF FATIGUE DESIGN METHODOLOGY
(Continuum Mechanics Vs Fracture Mechanics)

The object of this overview is not intended to review the "state-of-the-
art" or to evaluate the merit of modern methods employed in the treatment of
discontinuity problems in relation to fatigue failures and their prevention,
but rather to summarize the viewpoint, methodology, and scope of these analysis
methods, in conjunction with their inherent niceties and uncertainties of the
assumptions and approximations. Through the remarks which follow, it is hoped
to present a coherent picture of what each approach sets out to accomplish and

how each achieves those goals.

In addition, an evaluation of strain-life analysis methods in relation to
practical applications is presented in terms of theoretical considerations,

criticisms, and application justification and limitations.

2.1 Background

The assurance of adequate fatigue performance in structural components of
railroad equipment is still one of the most difficult problems facing engineers.
Uncertainty involved in the analysis of complex service environments, complicated
structural geometry and attachment details, coupled with a lack of usable
material data and inadequate design methodology, are prime contributors to this

problem.

Failure of transportation vehicle structures by fatigue has received the
attention of engineers for over a century. Because of the often serious conse-
quences associated with structural failures (not only damage to equipment and to

property but also the loss of 1ife), an immense amount of research effort has
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been undertaken. This has contributed to present fatigue technology and the
understanding of the failure processes, such as the stress control failure

mode in conjunction with the nominal (far field) stress application, and to

the development of design tools (such as the "safe" stress level design approach
in associatibn with S-N curves/endurance 1imits, Goodman's diagrams, Miner's

cumulative damage rule, etc.) for dealing with them in engineering design.

Until recently, fatigue design and service life estimates of mechanical and
structural components have generally been made on the basis of the nominal (far-
field) stress concept in conjunction with uniaxial test data and Goodman's
diagrams. While this approach has enjoyed wide acceptance as a useful tool to
deal with fatigue problems, some of the fatigue'failures experienced have been

quite contrary to expectation.

For instanée, the 1ife of automobile components has been shortened because
of occasional impacté (bumps) which create local plastic strains. The results
of recent tests conducted at the U.S. Steel Laboratory also indicate that the
presence of an undercut (a cut generated at the toe of a weld during cooling)
could reduce the fatigue 1ife of welds as much as 80% from that of specimens
without undercuts. These differences between the actual fatigue life observed
and those predicted by means of the nominal stress method are attributed to
the fact that, while load and strain histories are observed to be simi]arlin
character, the stress history displays a considerably different waveform; for
example, stresses are obviously not always proportional to strains. Moreover,
they may be of opposite sign for particular instances, as a result of sudden

startup, occasional impacts, or hysteresis behavior of the material.
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The primary reason for the continuous use of the nominal stress method
stems from a lack of analytical tools required to determine the strain/stress
conditions locally in the critical areas containing discontinuities such as
notches, weld defects, etc., which actually control the fatigue/fracture behavior.
However, with the advent of the finite element method (FEM), the difficulties
encountered in determining the local strain/stress response have been substanti-
ally reduced, if not eliminated. Since then, strain fatigue life analysis
has gained favor over the nominal stress method, not only by the aircraft
industry (dealing with high stress-low cycle fatigue) and process equipment
manufacturers (concerned with low stress-high cycle fatigue), but also by auto-

mobile manufacturers (involving both aspects).

In addition, the utilization of crack propagation models to characterize
fatigue crack growth from inherent discontinuities has also been presented to
engineers as a fatigue design tool which is an alternative to the use of stress
or strain-life methods. Basically, they distinctly differ by the approaches
taken in the treatment of discontinuities; continuum mechanics for the stress/
strain methods versus fracture mechanics for the crack propagation models.

Details are discussed in the following subsections.
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2.2 Definition of Discontinuities

"Discontinuities" are perturbations in the material that disrupt the
distribution of load transmission through the body. They cause a localized

intensification of strain (stress) and thus reduce the material resistance to

failure.

2.3 Discontinuity Analyses - Continuum Mechanics vs. Fracture Mechanics

2.3.1 Continuum Mechanics Model - Treatment of Finite-Size Discontinuities

In the theory of continuum mechanics, the material is assumed to be contin-
uous, even though the domain contains discontinuities, such as notches, inclu-
sions, defects, etc., inherent to the material as the result of manufacturing

or/and fabrication processes.

This can be easily illustrated by a stress analysis of a plate with an
elliptical hole, shown in Figure 2.1. The elliptical hole is treated as a
discontinuity with a finite width, c, and a finite length, a, such that the

maximum stress found at the tip of the hole (at the point A) is given by:

B o(l + 2 f_—%-) : D 12k}

2

where p (tip radius) -%— (2.2)

Furthermore, the stress concentration factor is defined such that
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Figure 2.1 TREATMENTS OF DISCONTINUITY PROBLEMS
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For a circular hole, when c = a, p = a,

K =3

which is a well-known Eesult.

It can also be observed from this example that the "strength" of materials
to resist the external loading against failure initiation is characteristically
represented by the stress concentration factor, Kt which‘depends upon the
geometric parameter of the discontinuity, p, for a given dimension of a. It
implies that the higher the value of Kt is, the weaker the material becomes in

terms of resisting failure.

Obviously, for an extremely narrow hole (or so called crack-like disconti-

nuity), the value of p (or c) approaches zero. -Consequently,

Limit - K, =+ infinity - W = (2:4)
p+0 :
Limit o =+ infinity (2.5)

These results definitely indicate that the elastic continuum mechanics model
fails to yield a realistic assessment of the stress distribution around crack-

1ike discontinuities.
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2.3.2 Fracture Mechanics Model - Treatment of Crack-Like Discontinuities

The concern here is not so much about the material "strength" to resist
the initiation of a crack which already exists, but with the material properties

that can characterize the material resistance to further growth of the crack.

A convenient and reasonably rigorous definition of fracture mechanics is
“the applied mechanics of crack growth". It supposes the pre-existance of a
significant crack-like defect that will advance under loading, leading towards
complete fracture. It has also helped to quantify the rather elusive concept
of "toughness" which can now be usefully defined as "resistance to crack growth".
For brittle fracture, it is "fracture toughness". On the other hand, for crack
propagation (crack growth at slower rate), it is "stress intensity factor",

which is defined as:

K=Limit {-*-o [} (2.6)
p+0 2 ma x

For a fine elliptical crack, as p + 0,

K =Limit {-2-0 (1 +2 J-E-) {0}
p+0 2 P
or K=ofra (2.7)

If a small crack-like defect is acceptable, then knowledge of its growth

rate (either by single loading or fatigue) will allow the logical definition of

a re-inspection time adequate to detect the larger crack before it reaches its

critical crack length, s after which a complete fracture occurs. The value
of K at the onset of rapid fracture is referred to as the critical stress

intensity factor, Kc’ the material toughness against crack propagation.
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2.4 Design Applications

Fracture mechanics has emerged as a new design concept, in addition to the
stress/strength based concept, because all engineering materials, to a certain
degree, have inherent imperfections, particularly those associated with manu-
facturing and fabrication, such as castings and weldments. Efforts are
continuously made by fracture mechanics experts to incorporate this approach
into standards and codes of design practice. In the example of (elliptical)
cracks, if the material toughness given by Kc (experimentally determined) is
available, then, Eq. (2.7) may be used to determine an allowable stress for safe

design when the crack size is known.

However, one of the stumbling blocks to such an effort is the introduction
of a concept using flawed components, which has no counterpart (in relation to
the stress/strength design method) in conventional design. The only way such a
relationship between stress level and resistance to crack growth can be used is
to know the specific flaw sizes, and this by its very nature forms no part in
the normal design process. In other words, continuity between the design method
for flawed components based on fracture mechanics, and unflawed parts based on

continuum mechanics, is definitely lacking.

The second major problem that has created a great deal of confusion among
engineers and designers, is related to a lack of a clear definition regarding

the ranges of the characteristic dimension, c, of flaw size.

Unfortunate]y, to many fracture mechanics analysts and designers, "a crack
is a crack" with 1ittle concern about the 1imiting values of flaw size c (other
than just being very small) within which the fracture mechanics approach is

valid. For example, should sizable casting flaws or weld defects, such as
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shown in Figure 2.2, be simply treated as crack-1ike discontinuities, or are
they more approprlately regarded as notch-1ike d1scont1nu1t1es? Furthermore,
one may. even argue that under such circumstances, both methods may have to:be

ut111zed;1n order to describe the total material res1stance to failure.

The'prévious discussions are not intended to diSpyte that each technique,
either contindum or fracture mechanics, has its own place. HoweVer, one shéu]d
not averlook Ehe fact that the proper application of these methods depends
heavily upon the definition of limiting values of the flaw size dimension, c,

which has not yet been clearly established.
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2.5 Definition of Fatigue Failures

Fatigue failures are physical damage to materials as a result of excessive
internal energy consumption by the materials caused by plastic strain excursions
under fluctuating environments. The evidence of internal energy dissipation can
be observed in the generation of hysteresis loops in the stress-strain responses

and the changes in the microstructure of the materials as the excursion cycle

increases.

In fact, the fatigue 1ife of metallic materials generally exhibits an
inverse proportionality to the range of strain (or stress) excursion, but in a
nonlinear fashion (often in the form of a power function), since the amount of
energy dissipation per hysteresis loop is not linearly proportional to the range

of the strain (stress) cycle.
In general, fatigue failures involve the following physical processes:

1) Localized deformation either in the form of localized plastic flow
or constrained plastic flow,

2) Continuous deformation and cumulative damage,

3) Crack initiation/early crack growth - irreversible damage,

4) Progressive damage towards final fracture.

Consequently, based on load and life requirements, it is the function and
responsibility of engineers to establish the analysis/design methodology to

provide for safety and durability in structural components.
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2.6 Fatigue Design Philosophy

Structural fatigue design philosophy has been deveToped along two major

lines:

1) Safe-life concept,

2) Damage tolerant approach

2.6.1 Safe-Life Fatique Design Concept in Line with Continuum Mechanics

Safe-life fatigue design is based on the assumption that the materials are
essentially free of flaws and defects or at least operated at a stress (or strain)
lTevel that is too low to propagate cracks from any crack-like discontinuities if
they do exist. In other words, safe¥1ife design indicates that no catastrophic

fracture will occur pridr to the design lifetime.

It is noted that the safe-life pfocedures have been developed in line with
continuum mechanics considerations. The safe-1ife concept implies that at
a given stress or strain range of operation, a component will not fail during
its intended 1ife cycles. However, it must be realized at the outset of any
fatigue design, that safe-life or safety are relative terms that must be quantified.
A designer may find that the finite safe-1ife approach may be used to obtain the
desired performance goal. However, if infinite-life is desirable, then the use

of fatigue endurance limit (in terms of stress or strain) may be preferable.

It should be notéd that a very limited number of materials have a true
fatigue stress limit designated for infinite life cycles of operation. Even
among those, the fatigue stress 1imit could be eradicated by repeated, even

though occasional, overloads, such as start-ups and impacts.
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Therefore, when the safe-1ife design concept is used, it generally becomes
necessary to rigorously analyze and test the component to establish that the
probability of failure is extremely remote for the intended life of the structure.
In the end, it is prudent to conduct fatigue tests of sample specimens. Never-

theless, both the stress-life and strain-1ife methods adopt such an approach.
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2.6.2 Damage Tolerant Approach in Conjunction with Fracture Mechanics

The damage tolerant design approach is based on the assumption that the
structure is considered "damaged", characteristically represented by inherent
flaws and defects, by some means, and it will continue to function with the
"damage" present. Thus, a structure that is designed to be damage tolerant
must sustain its load-carrying capability until the damage is detected and

remedial action is completed prior to reaching a complete fracture.

Generally, the damage tolerant design approach is based on the application
of fracture mechanics, assuming the existence of crack-like discontinuities in
the structure prior to load application. Then, during exposure to service
environments, the inherent discontinuity may either grow or not grow depending
upon the threshold condition defined for the discontinuity in question. If
growth occurs, then the rate of propagation is of interest. Therefore, in

addition to the stress (or strain), the following information is needed:

1) Description of inherent discontinuity, size, type and location,
2) Threshold values for fatigue crack growth,

3) Fracture toughness,

4) Crack propagation properties.

Obviously, these relate to the importance of the fatigue crack growth threshold.
In order to employ a damage tolerant design philosophy, a rational design method
must exist and a fatigue life estimation capability must be an integral part of
this procedure. This is where the application of the fatigue crack growth

threshold concept fits into the overall fatigue design challenge.
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In practice, analysts provide the threshold (or critical) values related
to material properties, often determined by experimental means, and designers
attempt to size the components to prevent the occurrence of prescribed failure
modes within a stated risk. In a sense, this approach is similar to the safe-
life concept and requires a great deal of laboratory testing to generate the

characteristic material property data and this data must still be subjected to

statistical scrutiny.



2.7 Measures of-Material Resistance. to- Fatigue. -

Despite disagreements among researchers regarding the methodoiogy app11-~ N
cable to'fatigue~11fe predict10n,~the macro-fatigue failure process generally
includes threé'periodS'(or regions), depicted in‘FigurefZ}B;A . :

1)? Crack 1nitiation in conJunction W1th eariy micro crack growth

2) Crack propagation after the formation of & finite crack 11ke "\-" c
discontinuity, L o

3) Final rapid growth toward‘comp]ete fracture.

Consequently, in fatigue analysis of structures, it is important to distinguish

“between fatigue 11fe governed by crack initiation, and that controlled by crack

. propagation. In general, “the components that do not contain severe stress risers

such as crack iike 1mperfections, can be anaiyzed in terms of the materiai

strength to resist fatigue crack formation and a continuum mechanics based v

approach, such as the strain 11fe method, is con51dered satisfactory for the ;f

_ determination of the fatigue 1ife assoc1ated with crack 1n1t1ation (first period) |
On the other hand for components containing severe stress risers or inherent

| crack-1ike imperfections, fatigue life is governed by the toughness against
propagation, and a.fracture mechanics approach is appropriate. In fact, the

‘number of»cycies required to sharpen and ‘initiate a fatigue crack from an
existing crack discontinuity is generally negligible in comparison to the total
number of cycles required for the crack to grow to a critical size and fail the

member (second period).

However, it is noted that the current state-of-the-art (fracture mechanics)

still has some difficulties'deaiing with problems involving the effects of mean
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Figure 2.3 SCHEMATIC ILLUSTRATION OF MACRO-FATIGUE FAILURE PROCESS
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(residual) stresses and variable loadings. Moreover, present]y, the three
fatigue periods as described previously, cannot be*disfinct1§ seperated for

a lack of clear definition of threshold points which divide these periods,

For example, at an international symposium on fatigue held iquansas City,7in
1978, at least 30 different definitions and concepts_df,fa;iéue ;radk initﬁation
were presented. Furthermore, there are numerous defin{tionéddegékiﬁing thé
cr%tica1 stress-intensity faétoh range or fatigue crack growth thresﬁo1d;x
Nevertheless, the phy;ica] fatique behaviqr of méta1s can be genghat1y described

as follows:

1) Craék intiation in conjunction with early crack growth - crack
nucleation through the persistent s1ip.bandhmechanism,'often
emanating’from ﬁhe inherent micro;érackS'wiﬁhig thélﬁicrd;grains ’
(Fiéure 2.4) that cannot be detected by ;onventiona] instrumen-
tation techniques, o . .“ |

12) Crack propégation - Stage [ crack gkowth; a shear,mode, sfip-
‘plane crackind which canlbe considered an extension of period (1),

3)  Final crack growth to fracture - Stage IT crack growth, a tensile

modé crack propagation resulting from_prack"tip deformat{db and

offen characterized by striations. on the fracture surface.}

‘ These observations indicate that fatigue cracks growing through‘the
material damaged by cyclic deformations, afe substantia]]y differenf from. the
brittle fracture p}opagating throﬁgh a practically damage-free material. In
addition, for most metals, the first period océupies néar1y hé]f oflfhe total
fatigue 1ife and this cannot be determined.from a,simple‘exfrapolation of the

results obtained for the crack propagation (second) period, shown in Figure 2.5
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Specimen after 1000 reversals of a stress Same after 2000 reversals. x 1000.
of 24,300 psi. x 1000.

Same after 10,000 reversals. x 1000. Same after 40,000 reversals. x 1000.
Fiqure 2.4 EARLY CRACK GROWTH IN CRACK INITIATION PERIOD
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as suggested by fracture mechanics experts. These observations are also true
for components containing sizable defects and notches, such as those found in
weldments, for which the crack initiation/early growth phase represents a
substantial portion of the material fatigue resistance.

Therefore, in these and similar cases, measurements of the fatigue
resistance of materials must be determined for each period, characterized by
parameters applicable to material performance and geometric configuration of
structural compcnents, and the use of a combined initiation-propagation (I-P)

model may become desirable for the determination of material total fatigue

resistance.
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2.8 Strain-Life Fatigue Analysis Methods

2.8.1 Theoretical Considerations

2.8.1.1 Theoretical Basis and Assumptions
e Strain-life approaches assume the continuum concept.
- @ Materials are assumed to be homogeneous and isotropic.

o The material is treated on the basis of macroscopic observation, and
]esé attention is paid to the behavior of molecules and/or crystals
"of which it is composed. ' '

e C(Cyclic méteria];propertiés differ from those under monotonic loadings.

o The failure behavior at a notch is identical to that of a smooth
spéc{menlwhén subjected to the same stfain history. Hence, the |
fatigué behavior of 5 notched specimen is closely correlated to that
of unnotched cdmpgnent by a transfer function, designated as the
"fat%gﬁe notch factor, Kf“, which depends upon the stress concentra- -

tion factor, Kt’ and the notch geometry.

® The strain at notches follows the extension of Neuber's rule which
states that the fatigue notch factor, Kf, is equal to the geometric

mean of the actual stress and strain concentration factors.

¢ The linear cumulative damage concept holds.
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2.8.1.2 Criticisms

e Materials have inherent geometric, material and manufacturing
discontinuities. This will shorten the crack initiation period
to a minimum, such that the propagation period can represent
practically the total fatigue 1ife of the materials. Thus, the

fracture mechanics approach should be used.

e The strain-life analysis essentially lumps all influential variables,
such as changes in microstructure, relief of stress concentration
caused by plastic flow at discontinuities, etc., into one single
quantity at a given strain excursion level. That quantity is often
represented by 1ife or cycles to failure or other related criteria.
While offering simplicity, this procedure has difficulties associated

with the physics of fatigue (or mechanism of failure).

e The strain-life analysis, similar to the stress-1ife approach, is
empirically based with 1ittle theoretical continuum mechanics

considerations.

e The methods may be useful, if the required data are available.
However, it is extremely difficult to generate strain history data,
either directly from on-road tests, or converted from on-road load

data.

e The local strain spectrum is independent of loading spectrums
obtained individually for the vertical, lateral and longitudinal

directions.
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The application of this technique in environments much.removed
from conditions under which 1ife data are obtained (often in the

laboratory), is questionable.

The formulation of the transfer function, Kf, is rather complex
and often inaccurate, either analytically or experimentally,
particularly under the conditions of complex 3-D stress states.
The strain-1ife analysis establishes such a transfer function
based on idealized continuum mechanics with very restrictive
boundary conditions, such as a uniform nominal stress field
assumption at the boundary, which can hard]yAbe realized in most

applications.

Strain at notches usually does not obey the Neuber relation.
Instead the Smith-Topper-Watson equation is recommended, which
implies that there can be no fatigue failures without alternating

tensile stresses and thus takes care of many non-propagating cracks.

A fundamental drawback of 511 present fatigue models, including the
strain-l1ife method, 1ies in their inability to translate the one-
dimensional test specimen data to nonhomogenous material and/or load
situations at the site of damage such as the crack front where a
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