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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 life 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 efforts to date related to fatigue design technology, including 

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

evaluated.

The major tasks accomplished are:

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

application experience,

2) Assessment of application feasibility to railroad car design,

3) AAR specification enhancement and program implementation.

The general observations made were the following:

1) 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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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.

2) 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.

3) The strain-based life 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.



Recommendations for future enhancements 1n straln-Hfe 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

INTRODUCTION

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 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 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 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 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 life 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.
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The program plan executed to accomplish these tasks 1s shown 1n Figure 

1.1, which was developed 1n relation to the program objective and the 

scope of work established. .

Program accomplishments include the following:

1) Appraisal of Research Efforts to Date and Evaluation of Application 

Experience

Leading experts from the academic community, industrial-research, 

organizations and government agencies were invited to offer their 

views regarding the theoretical background and practical application 

experience of the strain-life fatigue analysis approach in general 

(Appendix A). The majority of responses received supported the use 

of the strain-life analysis technique. 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 analysis/design methods 

is presented and discussed in Section 2. A description of the 

fundamentals of the strain-life analysis method is documented and 

reviewed in.Section 3, including discussions of the related assump­

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

the fatigue life analysis and design of railroad cars in Appendix C. 

Furthermore, the analysis 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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Figure 1.1 PROGRAM PLAN
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2) Assessment of Application 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 reasonable conclusions 

regarding the potential benefits and pitfalls for utilization of 

strain-life analysis for railroad car design against fatigue failure.

3) Specification Enhancement and Program Implementation

A summary of the strain-life approach is also presented in a.simple, 

yet comprehensive, format that can be easily understood and used by 

engineers/designers of railroad cars and related equipment. The 

summary is presented in Section 4 together with a working example, 

as applied to a typical weld detail under a REPOS data furnished 

by the AAR in the current AAR fatigue guidelines, Chapter VII, AAR 

Specification M-1001. The result of the strain-life approach is 

compared with that obtained by the present AAR stress-life procedure. 

During the course of such study, a FORTRAN program was developed 

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-life 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.
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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 life), 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 association with S-N curves/endurance limits, 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 instance, the life of automobile components has been shortened because 

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 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 similar in 

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 straln/stress 

conditions locally 1n 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 straln/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 1s 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 1n 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:

°max = 0(1 + 2 ff  > I2 '1’

c 2
where p (tip radius) = —  (2.2)a

Furthermore, the stress concentration factor is defined such that

Kt = = ( 1 + 2 J - f )  (2.3)
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For a circular hole, when c * a, p ■ a, I
which is a well-known result.

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, K̂. which depends upon the 

geometric parameter of the discontinuity, p, for a given dimension of a. It 

implies that the higher the value of K̂. 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,

These results definitely indicate that the elastic continuum mechanics model 

fails to yield a realistic assessment of the stress distribution around crack­

like discontinuities.

Limit Kt -*• infinity (2.4)

Limit a infinity (2.5)
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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 J^rp) (2.6)
p -*■ 0 2 max

For a fine elliptical crack, as p -*■ 0,

K = Limit {--- a(1 + 2 I -|-) ip)
p -  0 2 J p

or K = aJn a (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, acr, 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 K£ (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.

Unfortunately, to many fracture mechanics analysts and designers, "a crack 

is a crack" with little concern about the limiting 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-like discontinuities, or are 

they moreappropriately regarded as notch-like discontinuities? Furthermore, 

one may. even argue that under such circumstances, both methods may have to be 

utilized-in order to describe the total material resistance to failure.

The previous discussions are not intended to dispute that each technique, 

either continuum or fracture mechanics, has its own place. However, one should 

nqt overlook the 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 life 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 developed along two major 

lines:

1) Safe-life concept,

2) Damage tolerant approach

2.6.1 Safe-Life Fatigue 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) 

level that is too low to propagate cracks from any crack-like discontinuities if 

they do exist. In other words, safe-life design indicates that no catastrophic 

fracture will occur prior to the design lifetime.

It is noted that the safe-life procedures have been developed in line with 

continuum mechanics considerations. The safe-life concept implies that at 

a given stress or strain range of operation, a component will not fail during 

its intended life 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-life 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 noted 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 limit could be eradicated by repeated, even 

though occasional, overloads, such as start-ups and impacts.
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Therefore, when the safe-Hfe design concept 1s 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-life 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.
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2.7 Measures of-Material Resistance to Fatigue.

Despite disagreements among researchers regarding the methodology appli­

cable to fatigue life prediction, the macro-fatigue failure process generally 

includes three periods (or regions), depicted in Figure 2.3:

1) Crack initiation in conjunction with early micro-crack growth,

2) Crack propagation after the formation of a finite crack-iike 

discontinuity,

3) Final rapid growth toward complete fracture.

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

between fatigue life governed by crack Initiation, and that controlled by crack 

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

such as crack-like imperfections, can be analyzed in terms of the material ’ 

strength to resist fatigue crack formation, and a continuum mechanics based ' 

approach, such as the strain-life method, is considered satisfactory for the. , 

determination of the fatigue life associated with crack initiation.(first period) 

On the other hand, for components containing severe stress risers or inherent 

crack-like imperfections, fatigue life is governed by the toughness against 

propagation, and a fracture mechanics approach is appropriate. In fact, the 

number of cycles 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 dealing with problems involving the effects of mean
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(residual) stresses and variable loadings. Moreover, presently, the three 

fatigue periods as described previously, cannot be distinctly seperated for 

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

For example, at an international symposium on fatigue held in Kansas City, in 

1978, at least 30 different definitions and concepts of fatigue crack initiation 

were presented. Furthermore, there are numerous definitions describing the 

critical stress-intensity factor range or fatigue crack growth threshold. 

Nevertheless, the physical fatigue behavior of metals can be generally described 

as follows:

1) Crack 1nt1ation in conjunction with early crack growth - crack 

nucleation through the persistent slip band mechanism, often 

emanating from the inherent micro-cracks within the micro-grains 

(Figure 2.4) that cannot be detected by conventional instrumen­

tation techniques,

2) Crack propagation - Stage I crack growth, a shear mode, slip- 

plane cracking which can be considered an extension of period (1),

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

mode crack propagation resulting from crack tip deformation and. 

often characterized by striations on the fracture surface.

These observations indicate that fatigue cracks growing through the 

material damaged by cyclic deformations, are substantially different from the 

brittle fracture propagating through a practically damage-free material. In 

addition, for most metals, the first period occupies nearly half of the total 

fatigue life and this cannot be determined from a simple extrapolation 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 24,800 psi. x 1000.

Same after 10,000 reversals, x 1000. Same after 40,000 reversals.

Figure 2.4 EARLY CRACK GROWTH IN CRACK INITIATION PERIOD

x 1000.
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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 1n1t1at1on/early growth phase represents a 

substantial portion of the material fatigue resistance.

Therefore, 1n 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 components, 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

•, Strain-life approaches assume the continuum concept.

• Materials are assumed to be homogeneous and isotropic.

• The material 1s treated on the basis of macroscopic observation, and 

less attention is paid to the behavior of molecules and/or crystals 

of which 1t is composed.

• Cyclic material properties differ from those under monotonic loadings

• The failure behavior at a notch is identical to that of a smooth 

specimen when subjected to the same strain history. Hence, the 

fatigue behavior of a notched specimen is closely correlated to that 

of unnotched component by a transfer function, designated as the 

"fatigue notch factor, K^"» 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

• 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 life of the materials. Thus, the 

fracture mechanics approach should be used.

• The strain-Hfe 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 life 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).

• The strain-life analysis, similar to the stress-life approach, is 

empirically based with little theoretical continuum mechanics 

considerations.

• 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.

• The local strain spectrum is independent of loading spectrums 

obtained individually for the vertical, lateral and longitudinal 

directions.

2-23



• The application of this technique in environments much removed 

from conditions under which life data are obtained (often in the 

laboratory), 1s 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-life 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 hardly be 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 all present fatigue models, including the 

strain-life method, lies 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 

multiaxial stress state is experienced.

• Simultaneous development of the equally important technologies 

related to load determination and structural analysis techniques 

are required for the needed load-strain conversion.
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• A very costly and long-term development effort and commitment is 

envisioned, 1f the straln-Hfe approach 1s to be used as a standard 

tool for structural fatigue design, since there is still a consid­

erable gap between the theory and practical applications.
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2.8.1.3 Basis for Justification

• Cyclic fa'tlgue material properties, Instead of monotonic, are used

for the characterization of material responses to fluctuating 

environments. s

• Plastic strains experienced at notches result mostly from a high 

degree of stress (or strain) concentration. However, the behavior 

of the local plastic zone 1s somewhat dictated by the elastic 

deformation of the surrounding materials. Hence, it is the strain 

controlled deformation at notches to which the strain-life assump­

tions apply.

• In general, most inherent discontinuities in structures are not 

Griffith's type of crack-like discontinuities, to which the theory 

of fracture mechanics applies, even though they may grow to become 

crack-like discontinuities later under cyclic loading. Hence, the 

initiation-propagation model should be. employed for most inherent 

flaws and defects.

• Most fatigue failures have been observed to start on material surfaces, 

particularly at the stress raisers such as the toes of welds or 

notches, where the maximum strain excursions due to cyclic loading 

would be experienced. Hence, a mere application of the fracture 

mechanics model appears inappropriate.

e The primary interest to railroad equipment design is the fatigue 

life associated with the crack initiation period. Thus the crack 

propagation phase becomes of secondary concern.
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• The use of Neuber's rule Is justifiable.

• Fatigue life prediction 1s more art than science. It Is an engineering - 

scientific art. Despite its imperfect basis for formulating the required 

methodology, the strain-life analysis approach has been accepted by many 

industries as a viable tool for fatigue design. It has been especially 

welcomed by the automobile industry in which periodic scheduled inspec­

tions are deemed impossible to enforce.
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2.8.2 Benefits and Limitations

The advantages of using straln-Hfe analysis, especially over stress-life 

analysis, Include:

• Use of physical quantity (strain) rather than non-measurable quantity 

(stress), and cyclic material properties in fatigue analysis.

• Accounting of notch effects, especially local plasticity, high stress 

(strain) gradient and strain-controlled deformations.

• Correct assessment of mean stress influences, if a sequential analysis 

is performed.

• No problems with eradication of endurance limit by occasional over­

loads.

e More accurate fatigue life estimates particularly for ductile metals. 

On the other hand, the disadvantages are:

• Requirement of on-road local strain data, or

• Accurate estimation of the "K^" factor to be used in conjunction 

with on-road nominal strain data, or

e Transfer function needed for the load-strain conversion from on-road 

load data.

Moreover, pitfalls are related to the predictions of fatigue life, which are 

only as accurate as the laboratory tests are in duplicating field conditions.
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• Composite materials,

• Long-life fatigue range, 1n which the effects of surface finish appear 

important.

• Environmental impacts, such as corrosion, temperature, 

a Multiaxial fatigue.

• Contact fatigue.

Finally, the applications of straln-Hfe analysis at this point exclude:
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Section 3

BASIC STRAIN-LIFE ANALYSIS FORMULATION

Four major steps are required to perform strain-life analysis:

1) Understanding of material behavior under cyclic loading,

2) Development of basic strain-fatigue life relationships,

3) Determination of the relationship between the applied loads 

and resulting strains at the local level,

4) Evaluation of fatigue damage incurred and prediction of fatigue

life.

At first, a simple, yet comprehensive, summary of the strain-life fatigue 

analysis formulation is presented in this section. The summary is prepared 

in a format which can be easily understood and used by engineers/designers 

who are unfamiliar with the strain-life analysis techniques. This format 

can also be incorporated into the current AAR specification to enhance the 

fatigue design guidelines.

The summary includes:

1) Basic cyclic stress-strain relation of material,

2) Strain-life fatigue analysis methods.

In addition, the fundamentals of strain-life analysis are presented in 

Appendix C, which contains the theoretical basis, in great detail,for the 

development of strain-life analysis.

In the subsequent subsection, data required to perform fatigue analysis 

using the strain-life approach are identified. A step-by-step procedure for 

performing strain-life analysis, depending on the availability of basic data 

in order to yield local strain history, is also given.

Various cyclic counting techniques, that can be utilised to assess 

fatigue damage associated with random loading input, are discussed,
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Finally, the methods for estimating fatigue life are presented.

3.1 Steady-

where

3.2 Straln- 

3.2.1

where

State Cyclic Stress-Strain Relation

e

e = True strain 

cQ = Elastic strain component 

£p = Plastic strain component 

a = True stress (psl)

K' = Cyclic strength coefficient (psi) 

n'= Cyclic strain hardening exponent 

= 0.10 ~ 0.20 (0.15 average)

E = Elastic modulus (psi)

(3.1)

1fe Analysis Methods

Local Strain-Fatigue Life Approach

- f -  * -f- (2 Nf)b + Ef' (-^-)c/b (2 Nf)c 

Elastic Region Plastic Region

Ac = Strain excursion
r 1

= Fatigue ductility coefficient = ff = 'n y R-A

RA = Area reduction percent ( ) 

c = <7f' -°o

o^'= Fatigue strength coefficient (psi)

= °f (True fracture strength) = (Su + 50,000) (psi) 

Su = Ultimate strength of material (psi) 

o0 = Mean stress (psi)
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b = Fatigue strength exponent

= — g- Log = - 0.05 ~-0.12 (- 0.085 average)

c = Fatigue ductility exponent = - 0.5 - - 0.7

{-0.6 for ef = 1.0 (ductile materials)

-0.5 for ef s 0.5 (strong materials)

Nf = No. of cycles to fatigue failure.

Moreover, the following relationship between the material data generally hold:

n' =

uff I _ TK' =
( y ) n

It should be noted that this method requires the local strain history data,
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3.2.2 Nominal Strain (or Stress) - Fatigue Life Approach in Conjun_ct_io_n 

with Neuber's Rule

a) Neuber's Rule

(KfAS)2 = (AoAcE)

where

= Fatigue notch factor 

Kt - 1
= 1 + — ----—  (by Peterson)« , a

( 3 . 3 )

Kt = Theoretical stress concentration factor

a 300 * 1 . 8  . .
Su (ks1) > x 10 - 3 (in.)

0 . 0 1

S (  0 . 0 0 1

0.0025

for normalized or annealed steels

for highly hardened steels

for quenched and tempered steels ,

r = Notch radius

AS = Nominal stress range

Aa = Notch stress range

A>: = Notch strain range

b) Cyclic Stress-Strain Relation

.1
~T 2E + t-Or)

■„ . /n1 (3.4)
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c) Nominal Stress - Notch Stress Relation

(KfAS)2 
~ 7 E —

A o
~T

( Aa \

d) Notch Stress - Fatigue Life Relation

Aa
T a(2 Nf)b

e) Notch Strain - Fatigue Life Relation

. . c/b
- y -  = ~ r  (2 Nf)b + ef' (^r) (2 Nf)C

f) Neuber's Rule - Fatigue Life Equation

(KfAS)2 = (KfAeE)2

= 4a2(2 Nf)2b + 4oEcf '(-^r)C/b (2 Nf)C+b

Elastic Region Plastic Region

where:

Ae = Ye (AP) = Nominal strain range

AS = y s (AP) = Nominal stress range

Ye
= Nominal strain-load conversion factor

Ys
= Nominal stress-load conversion faction

Ap = Load excursion history data

and 0 = of, - o0

(3.5)

(3.6)

(3.7)

(3.8)

3-5



For small nominal strain (stress) excursions,

Nf
1

~ r
KfAS

1
TT

(3.9)

It should be noted that this method can only be applied when

• AP and the appropriate values for or yg are available.

• AP is a single loading.

• The sequence effect on AS (Ae) is identical to that on AP, 

during the cycle counting process.
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3.3 Data Requirements and Strain-Life Analysis Step-by-Step Procedures

In general, the following steps are required for performing strain-life 

fatigue analysis:

1) Generation of cyclic material properties, including:

a) Fatigue strength coefficient and exponent, o^' and b

b) Fatigue ductility coefficient and exponent, ef ' and c

c) Cyclic hysteresis loops and stress-strain curve

d) Cyclic strength coefficient, K'

e) Cyclic strain hardening exponent, n'

f) Cyclic yielding strength,

g) Elastic modulus, E

If these material properties are unknown, they have to be determined 

by a series of fatigue tests or estimated from monotonic material 

data, such as hardness, ultimate strength, percentage area reduction, 

fracture strength and ductility, etc.

2) Determination of stress concentration factor, K̂.

The value of K̂ . can be determined either from Peterson's stress 

concentration tables for simple stress raisers, finite-element 

analysis for complex configurations, or from experimental stress 

analysis methods applied to actual components.

3) Determination of fatigue notch factor,

The value of can be found either experimentally or analytically 

with Peterson's formula. For weldments, it is recommended that 

Peterson's formula be exercised, in conjunction with a series of 

finite-element computations, for various notch sizes, r, to deter­

mine (K^) max.
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4 )  C o n s t r u c t i o n  o f  s t r a l n - H f e  r e l a t i o n  o f  E q .  ( 3 . 2  ) ,  o r  c u r v e  a s  sh o w n  

1 n  F i g u r e  C . 9  ,  o r  F i g u r e  C . l l  w h i c h  I n c l u d e s  t h e  e f f e c t s  o f  mean 

s t r e s s .

5) Establishment of Neuber's parameter-fatigue life relationship of 

Eq. (3.8 ) or curve as depicted in Figure D.12.

6) Creation of records of nominal, loading or nominal strain history.

7) Rainflow counting of loading, nominal strains, or notch strains, 

either including or excluding the mean stress determination.

8) Estimation of cumulative damage and fatigue life prediction.

Of course,, data requirements depend upon the method of approach employed. 

The most popular approaches are described as follows:

3.3.1 Smooth Specimen Nominal Strain-Life Approach

The nominal strain-life analysis is generally used to predict the crack 

initiation life, which is particularly suitable for low-stress/long-1ife 

prediction. This type of analysis uses smooth specimen material property data. 

The analysis procedure involves:

1) Smooth specimen material property data,

2) Theoretical strain/stress concentration factor, K^,

3) Nominal strain (e) history, recorded or obtained from field loading 

data if nominal strain data are not available,

4) Conversion of nominal strains to notch strains through

c = K. x e t

It is noted that the elastic behavior (the elastic branch of strain- 

life curve) is assumed in steps 2, 3, and 4, for the nominal far-field 

and also at the notch root,
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5) Rainflow counting of notch strains on a cycle-to-cycle basis or 

from a histogram of rainflow counted ranges,

6) Estimation of fatigue damage for each strain cycle, from the 

strain-life relation of Eq. (3.2 ).

7) Calculation of fatigue life from Miner's rule.

It is noted that the effects of mean stress are excluded in this approach. 

By assuming elastic behavior, the mean stress could be calculated from mean 

strain. However, it was found that the inclusion of a mean stress effect 

could lead to considerable error in some cases. Sequence effects are taken 

into account only in the rainflow counting procedure.

3.3.2 Direct Component Nominal Strain-Life Approach

An alternate approach to the smooth specimen approach is to determine 

the nominal strain-life curve directly for the individual component through 

a series of constant amplitude strain-controlled tests. Then this strain- 

life curve is used in place of the actual material properties, and the notch 

strains (stress concentrations) need not be determined. This method of 

approach is sometimes useful in evaluating the fatigue life of welded struc­

tures in which the stress concentration factor (the fatigue notch factor) and 

mean stresses are difficult to obtain.

3.3.3 Component Calibration (Load-Strain) Approach

Component calibration refers to a method in which applied loads are 

converted to notch root strains retaining all sequence effects. This method 

is applicable for both elastic and plastic strains and requires a relation­

ship between applied load and notch root strain. Such a relationship can be 

obtained experimentally by mounting a strain gage over the notch root, or
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theoretically through a finite element model Involving plastic analysis of 

notched plates. A piecewise linear solution is dbtained for each load 

increment. Cyclically stable properties for the cyclic strength coefficient 

and strain hardening exponent are used in the analysis.

The advantage of the component calibration technique is that it accounts 

for notch root plasticity if it exists, and it does not require the deter­

mination of .the stress concentration factor. The steps, as outlined below> 

do not include the effect of mean stress, which is discussed in the next 

method of approach (Section 3.3.4).

T) Material properties required are the same as those used in nominal 

strain-1ife analysis (Section 3.3.2),.

2) Generation of cyclically steady-state load-strain relations (curves)

3) Loading history,

4) Rainflow counting of loading history to obtain the load ranges,

,5) Conversion of load ranges, to strain amplitudes, first dividing.the

load range by two to obtain load amplitude, then determining the. 

corresponding notch root strain amplitude,

6) Calculation of fatigue damage.

It is noted that this approach is almost identical to the nominal strain 

life approach (Section 3.3.2), with the exception of the manner in which the 

notch strains are obtained, directly from applied loads, and that rainflow 

counting is exercised on loads, not strains.
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3.3.4 Load-Strain-Stress Conversion Method

This analysis is a refinement of the previous one by accounting for the 

mean stress of each load reversal. The strain-stress response of each reversal 

must be determined on a reversal-by-reversal basis retaining all sequence 

effects. The strain range and mean stress of each reversal in the load history 

is obtained from the material stress-strain model.

Computational requirements of the analysis are increased because of the 

material response calculation needed for mean stress determination. However, 

once the procedure is programmed for computer usage, the analysis can easily 

be performed. Fairly accurate life prediction can be obtained when notch root 

strain and mean stress effects are properly accounted for.
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3.4 Complex Loading History and Effects of Loading Sequence

3.4.1 Treatments of Complex Loading History

In order to,assess damage associated with random loading, 1t is necessary 

to reduce the random history to a series of discrete events by employing some 

kind of cycle counting procedure. A great number of such procedures have been 

devised, for example:

o Peak counting :

o Mean crossing peak .counting . .. ... • -

o Level crossing

o Time at level . ,,

o Range counting • v ■

o Rainflow counting (Ref. C.32)

To appreciate in more detail.the problems involved in cycle counting, 

these counting methods are illustrated in Figure 3.1 through Figure 3.6 

respectively. Furthermore, the following discussions will demonstrate the 

adoptability of rainflow counting to fatigue damage assessment.

Again, it is noted that the stress and strain spectra are quite different 

without a clear functional relationship. Thus, the nonlinear response evident 

in the strain-stress record reflects the importance of sequence effects in 

complex history analysis. This can be demonstrated with a simple example 

shown in Figure 3.7 with the following noteworthy observations of material 

stress-strain response behavior:

1) Following the elastic unloading b-c, the material exhibits a 

discontinuous accumulation of plastic strain upon deforming 

from c to d. Such behavior is unique to complex histories.
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Figure 3. 1 PEAK COUNTING EXAMPLE

Figure 3.2 MEAN CROSSING PEAK COUNTING EXAMPLE
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Figure.3.3 LEVEL CROSSING EXAMPLE

Figure 3.4 TIME AT LEVEL EXAMPLE
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Figure 3.5 RANGE COUNTING EXAMPLE

Figure 3.6 RAINFLOW COUNTING EXAMPLE
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2) A comparison of events c-d and e-d reveals that, although they appear 

identical on the strain-time record, they are not contributing equally 

to damaging of the material because of different amounts of plastic 

strain involved.

3) It is easy to recognize events similar in character to those observed

in constant amplitude cycling; namely those defined by closed hysteresis 

loops, such as a-d-a, e-d-e, b-c-b, and f-g-f.

Indeed these observations provide the basis for a counting procedure which 

has proven superior to others for a wide range of complex histories, and the 

rainflow counting method is one technique that accomplishes such reduction, as 

demonstrated in Figure 3.8 The flow lines, as determined in accordance with 

a set of simple rules, serve to identify strain ranges associated with closed 

hysteresis loops. The inevitable value of this technique is, then, that it 

identifies events in a complex sequence which are compatible with constant- 

amplitude fatigue data.

It should be noted that the precise mean stress associated with specific 

events cannot be directly computable from the histogram, the corresponding 

mean strain and the strain range. However, the stress corresponding to the 

largest (absolute magnitude) strain will always be on the cyclic stress-strain 

curve. A hysteresis loop is formed from the largest to smallest strain in the 

history, from which the mean stress for that particular event may be determined, 

as shown in Figure 3.9 .

3.4.2 Loading Sequence and Memory Effects

It has been shown in the previous example (Figures 3.7 and 3.8 ) that the 

stress response is dependent on the path of strain excursions. Additional illus­

trations will further reinforce this observation.

3-17



I

Figure 3.8 STRESS-STRAIN RESPONSE VS. RAINFLOW CYCLE COUNTING PROCEDURE
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Figure 3.9 MEAN STRESS EXAMPLE
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For example, as shown In Figure 3.10, 1t 1s postulated that a large strain 

amplitude 1s Imposed first and after several reversals 1s transferred to a 

smaller strain amplitude, from the compressive peak (at point no. 4). As a 

result, a self-imposed tensile mean stress 1s developed, as Indicated In 

Figure 3.10. On the other hand, a self-imposed compressive mean stress is 

created (Figure 3.11) when the strain transfer .takes place from the tensile 

peak (at point no; 3), instead of from" the compressive peak.

Similarly, it can be demonstrated that the high-low transfer sequence 

would result in a shorter life than the low-high sequence, because of the 

cyclic (path) dependent materiel-characteristic which results in a tensile 

mean stress after the strain transfer.

For a strain-time history as depicted in Figure 3.12, it is evident that 

the specimen is cyclically stressed.in tension, whereas the strains applied are 

compressive. Moreover, the magnitude of tensile stress increases at every 

start-up because of the memory effect associated with load sequencing. As a 

result, the specimen may experience fatigue failure even with application of 

cyclic compressive strains.
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Figure 3.10 DEVELOPMENT OF TENSILE MEAN STRESS 
BECAUSE OF SEQUENCE EFFECT

TIM(

Figure 3.11 DEVELOPMENT OF COMPRESSIVE MEAN STRESS 
BECAUSE OF SEQUENCE EFFECT
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(b) Stress-Response History

T/rr/t:

I
i
ii

I
11 j;

)

!

I

i

i

I

Figure 3.12 MEMORY EFFECT ASSOCIATED WITH REPEATED START-UPS
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3.5 Cumulative Damage/Fatigue Life Estimation

The final steps in arriving at a fatigue life estimate involve assigning 

damage to individual events in a history, accumulating this damage in some 

fashion, and calculating how much of the available life has been consumed. A 

large number of cumulative damage estimating methods have been suggested; how­

ever, the linear cumulative damage rule set forth by Palmgren (Ref.C.33 ) and 

Miner (Ref. C.34) remains the most widely used.

In the strain-life approach, the linear damage rule is defined in terms 

of the cycles to failure for each strain level, obtained from the material 

strain-life relation (or curve). For example, the damage incurred per cycle 

at a given strain range, Ae.., can be obtained directly from the strain-life 

relation of Eq. (3,2 ) for reciprocal life:

b
(Ac)i (of ')i (2Nf).

and
(Ac) 1*

which yields,

1
/. , 1 1/(b-c)

Damage/cycle (3.in)

By including a mean stress correction, Eq. (3.62) can be rewritten as

‘ 1 / (b - c)
Damage/cycle = f

f o (3.11)
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The corresponding damage incurred at each level is then taken as the ratio of

the accrued cycles to the total cycles to failure. Failure (often under

random loading) is assumed to occur when the sum of the cycle ratios equals

unity. These rules can be mathematically stated as . ..

(2 N)^ Reversals applied as (/y.,)j

î (2 N.p)/ "" "Reversals to failure at (Ail’.

where d. = damage ratio corresponding to -Af 1-

and failure' wil l - occur" when :1f r

_  (2 N).

Z h (2 Nf)'f
: (3.13)
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Section 4

APPLICATIONS OF STRAIN-LIFE ANALYSIS PROCEDURES

This section provides information needed for practical railroad 

engineers to make use of stain-life techniques in the design of railroad 

cars for long term service. An example problem is worked out to demon­

strate a typical application of strain-life methods, through which the 

fundamentals and application of strain-life analysis can be easily under­

stood, received and used by the railroad industry.

It has been clearly stated in Section 3 that the strain-life pro­

cedures deal with situations in which the local strain-time history is 

directly available for either smooth specimens or notched components at 

locations of great strain. However in practice, the local strain-time 

history is extremely difficult to obtain, particularly at notches (welds), 

under field conditions and may not be so readily available. Under such 

circumstances, the nominal (remote field) strain data should be used in 

conjunction with corrections for notch stress concentration and fatigue 

notch factor, before entering the strain-life computation.

Considering the fact that the current AAR manual of Standards and 

Recommended Practices furnishes the REPOS data (Road Environment Percent 

Occurence Spectrum) for the fatigue analysis, the use of such load data 

in conjunction with the nominal strain (stress) approach, associated with 

the fatigue notch factor, can be a feasible combination to complete the 

strain-life analysis. An outline of such an approach is described in 

the following:

1) Selection of appropriate load spectrum.
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2) Determination of the load-nominal strain (stress) relationship, 

most likely by means of finite element methods.

3) Determination of the fatigue notch factor, either analytically 

or by tests.

4) Selection of proper fatigue properties of materials.

5) Computation of fatigue life, utilizing the FORTRAN program 

developed to obtain solutions for the strain-life equation.

A sample problem of strain-life procedures is worked out by using 

the basic data provided for the example problem presented on p.-C-I1-146 

of the current AAR manual. This not Only demonstrates the application 

feasibility of the strain-life analysiis approach, but also allows a direct 

comparison of strain-life analysis with the stress-life approach which is 

currently in use by the AAR.

4.1 FEEST/REPOS Road Data

Over the past several years, the AAR has collected over-the-road load 

data for various categories of freight cars through the FEEST (Freight 

Equipment Environmental Sampling Test) program. This field data has been 

processed by means of the rainflow cycle counting procedures, to yield 

the REPOS (Road Environment Percent Spectra) data. These data are col­

lectively presented in Section 7.3, Chapter VII Fatigue Guidelines, AAR 

Specification M-1001, Part C which became effective in July, 1983.

One of these REPOS data sets will be used in a demonstrative example 

of strain-life analysis in a subsequent section.

4.2 Working Example

An application example of strain-life analysis is demonstrated in
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this subsection. The result of the strain-life analysis is compared with 

that obtained by the AAR stress-life method. Before entering into actual 

computation of the fatigue life prediction, the problem definition requires 

clarification:

1) This example problem involves only the case of a single loading 

condition. This is the vertical motion of the bolster for a 100 

ton auto part box car. The REPOS data for the example is shown 

in Figure 4.1, which is taken from p. C-II-150 of the AAR manual 

used for the stress-life analysis example (see Section 7.2.4 on

p. C-II-144 in the AAR manual). No attempt is made to investigate 

combined effects with other loading modes.

2) No change in the sequence effect is expected during the con­

version process from the load REPOS data to the strain REPOS 

data (which is not always true).

3) The base static stress due to dead and live loads is taken as 

10,000 psi, as in the case of the stress-rlife example.

4) The stress/load conversion factor is assumed to be 10 psi/kips, 

which is chosen to yield the same total static and dynamic stress 

obtained for the stress-life analysis example.

5) The material is A-411 with a yield strength of 50,000 psi. The 

associated fatigue material properties are estimated to be:

o [Fatigue strength coefficient, = 120,000 psi 

o Fatigue ductility coefficient, = 0.5 

o Fatigue strength exponent, b = -0.89 

o Fatigue ductility exponent, c = -0.6 

o Elastic modulus, E = 29,000,000 psi
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6 )  T h e  w e l d  d e t a i l  s e l e c t e d  f o r  t h e  a n a l y s i s  e x a m p l e  I s  a beam 

r e i n f o r c e d  w i t h  a p a r t i a l  c o v e r  p l a t e  a p p l i e d  w i t h  l o n g i t u d i n a l  

a n d  t r a n s v e r s e  f i l l e t  w e l d s ,  a s  s h o w n  i n  c a s e  n u m b e r  3 . i . 5 „ o f  

S e c t i o n ,  7 . 4 ,  p .  C - I I - 1 6 0 .  I t  i s  a s s u m e d  t o  h a v e  F a t i g u e  n o t c h  

f a c t o r ,  k.p = 3 . 0 .

7 )  T h e  r e s i d u a l  s t r e s s  d u e  t o  t h e  w e l d i n g  p r o c e s s  i s  a s s u m e d  t o  b e  

a t  t h e  y i e l d  l e v e l  o f  5 0 , 0 0 0  p s i .

B a s e d  o n  t h e s e  a b o v e  d a t a ,  t h e  c o m p u t e r  p r o g r a m ,  w h i c h  w i l l  b e  

d e s c r i b e d  i n  d e t a i l  l a t e r ,  s o l v e s  t h e  s t r a i n - l i f e  e q u a t i o n  t o  d e t e r m i n e  

t h e  e s t i m a t e d  f a t i g u e  l i f e  f o r  t h e  c o m p o n e n t  i n  q u e s t i o n .  T h e  i n p u t  a n d  

o u t p u t  f o r m a t s  a r e  p r e s e n t e d  i n  A p p e n d i x  D .  T h e  r e s u l t  s h o w n  i n  p .  D - 6  

i n d i c a t e s  t h a t :

F a t i g u e  l i f e  b y  m e a n s  o f  t h e  s t r a i n - l i f e  m e t h o d  i s  4 9 . 7 2  x  1 0 8 c y c l e s .

T h e  r e s u l t  o f  t h e  A A R  e x a m p l e ,  s h o w n  o n  p .  C - I I - 1 4 8  ( o r  p .  D - 8 )  s h o w s  

t h a t :

F a t i g u e  l i f e  b y  mean s o f  s t r e s s - l i f e  m e t h o d  i s  1 3 . 6 8  x  I Q 9 c y c l e s .

T h e  a b o v e  c o m p a r i s o n  o f  r e s u l t s  s u g g e s t s  t h a t  t h e  s t r a i n - l i f e  

a n a l y s i s  p r e d i c t s  a f a t i g u e  l i f e  l o n g e r  t h a n  t h a t  o b t a i n e d  b y  t h e  

s t r e s s - l i f e  m e t h o d .  H o w e v e r ,  i t  s h o u l d  be n o t e d  t h a t  s u c h  a n  o u t c o m e  

i s  n o t  g e n e r a l l y  t r u e ,  b u t  d e p e n d s  o n  t h e  s e t  o f  i n p u t  d a t a  u s e d .  T h e  

s e n s i t i v i t y  o f  i n p u t  d a t a  t o  t h e  f a t i g u e  l i f e  o u t p u t  w i l l  b e  d i s c u s s e d  

l a t e r ,  i n  S e c t i o n  4 . 4 .
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4 . 3  B r i e f  D e s c r i p t i o n  o f  S t r a i n - L i f e  E q u a t i o n  F O R T R A N  P r o g r a m

T h e  s t r a i n - l i f e  e q u a t i o n  F O R T R A N  p r o g r a m  s o l v e s  t h e  s t r a i n - l i f e  

e q u a t i o n  ( 3 . 8 ) ,  f o r  a s e r i e ?  o f  i n p u t  m i n i m u m  a n d  m a x i m u m  l o a d s  a n d  f r e ­

q u e n c i e s  o f  o c c u r r e n c e ,  s u c h  a s  A A R  R E P O S  d a t a ,  t o  e v a l u a t e  t h e  f a t i g u e  

l i f e  i n  c y c l e s .

T h e '  maximum a n d  m i n i m u m  s t r e s s e s  i n  a c y c l e  a r e  c a l c u l a t e d  f r o m  t h e  

max imum a n d  m i n i m u m  l o a d s ,  u s i n g

S max

S . nm i n

S + P ( £ )  + S 
s max ' P y

S s + p ml h  t  S

r e s

r e s

w h e r e

P m a v ,  P m.._ ■ ma x i m u m a n d  m i n i m u m  l o a d s  max mi n

S s “ = s t a t i c  b a s e  s t r e s s

, S r e s  = r e s i d u a l ,  s t r e s s  ,

p  = s t r e s s - t o - l o a d  r a t i o

= p  + f o r  l o a d  P > 0

= p  -  f o r  l o a d  P < 0

S max >  s mj n , = m a x i m u m  a n d  m i n i m u m  s t r e s s e s

( 4 . 1 )

F o r  e a c h  Pt o x . .  V n  P 4 " - - Sm i x  s m1 n  a r e  e q u a t e d ,  a n d  t h e .  m i n i m a . l  

s t r e s s  r a n g e  / . S ' a n d . m e a n  s t r e s s  a r e  c a l c u l a t e d

A S = S -  S .• max m i n

■ = i  ( S  + S . )o  8 ' m a x  m i n ' ( 4 . 2 )

4-6



E q u a t i o n  ( 4 . 8 )  1 s  u s e d  t o  d e t e r m i n e  t h e  c o r r e s p o n d i n g  l i f e  1 n  c y c l e s  N f .  

T h e  da ma ge  p e r  c y c l e  d u e  t o  a p a r t i c u l a r  P max -  P m^ n p a i r  I s

D = / Nf
( 4 . 3 )

Where f is the frequency of the pair in percent. Total damage for all 

pairs is

D+n+ = ? D.tO L i 1

and the overall effective life in cycles is

( 4 . 4 )

^tot 14.5)

4.3.1 Input Format

Input for the program is prompted by titles in the input file. An 

example is shown on page D-3. All input numbers are in free format and 

thus they need not be lined up to particular columns. The input lines 

are as follows:

Prompt line

One line with the number of cases, N - i.e., 

Pmax Pm.._ pairs, m m

the number of

Prompt line

N lines, each containing an integer (for convenience in counting cases),

the maximum load Pma%# in kips, the minimum load P . in kips, andmax min r

the frequency of occurrence in percent (i.e., total for all 

cases should be 100).
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P r o m p t  l i n e  

O n e  l i n e  w i t h

S t a t i c  b a s e  s t r e s s ,  S s ,  i n  p s i  

R e s i d u a l  s t r e s s ,  S r e s ,  i n  p s i  

.  S / p  r a t i o  f o r  p o s i t i v e  l o a d ,  i n  p s i / k i p  

S / p  r a t i o  f o r  n e g a t i v e  l o a d ,  i n  p s i / k i p  

F a t i g u e  s t r e n g t h  c o e f f i c i e n t ,  ,  i n  p s i  

F a t i g u e  d u c t i l i t y  c o e f f i c i e n t ,

P r o m p t  l i n e  

O n e  l i n e  w i t h

F a t i g u e  s t r e n g t h  e x p o n e n t ,  b 

F a t i g u e  d u c t i l i t y  e x p o n e n t ,  c 

Y o u n g ' s  m o d u l u s ,  E ,  i n  p s i  

F a t i g u e  n o t c h  f a c t o r ,

4 . 3 . 2  S o l u t i o n  P r o c e d u r e s

F o r  s o l u t i o n ,  e q u a t i o n  ( 3 . 8 1  i s  r e c a s t  i n t o  t h e  f o l l o w i n g  f o r m

A  = ( 2 N f ) 2 b  [  1 + B ( 2 N f ) c ~ b ]

where

KfAS

1
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T h e  f i r s t  e s t i m a t e  o f  2 N f  1 s

1

(2Nf)j -

T h e  s e c o n d  e s t i m a t e  1 s

(2Nf)2 = [
1+3 (2Nf ) j c-b

1_
2b

and succeeding estimates are computed from

<2 N f > m

i

L ---------- ttt: J
l+B (2Nf).c

This iterative procedure has converged when 

[ (2Nf)1+1 - (2Nf),] / (2Nf),+1

is less than the acceptable error which has been fixed at 0.000001. If 

a limit number of iterations (set at 100) has been made without satisfactory 

convergence, an error message

NO CONVERGENCE FOR ITEM NUMBER _________

ERROR FRACTION = ___________

is printed. The 'error fraction' is the convergence test value stated 

above.

4.3.3 Output Format

Sample program output is shown on pages D-4 and D-5. The input is 

echoed, followed by a listing of the Pmax - Pmin pairs together with the 

cycle fraction (the input frequency divided by 100), the mean stress Q ,
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t h e  f a i l u r e  l i f e  1 n  c y c l e s  N f  f o r  t h e  I n p u t  p a i r ,  a n d  t h e  d a ma g e  D f o r  t h e  

I n p u t  p a i r .  F o l l o w i n g  t h i s  1 1 s t  1 s  t h e  t o t a l  d a m a g e  D t o t  a n d  t *1e o v e r a ^  

e f f e c t i v e  l i f e  1 n  c y c l e s  L .

T h e  p r o g r a m ,  a s  l i s t e d  h e r e ,  i s  l i m i t e d  t o  1 0 0  i n p u t  -  P m,-_ p a i r s .max min

T h i s  l i m i t  c a n  r e a d i l y  b e  e x t e n d e d  b y  o b v i o u s  m e a n s .  S i m i l a r  t h e  a c c e p t a b l e  

e r r o r  a nd  t h e  i t e r a t i o n  l i m i t  c a n  be a l t e r e d  a s  d e s i r e d .

4 . 4  P a r a m e t r i c  S e n s i t i v i t y  S t u d y

T h e  r e s u l t s  o f  t h e  f o r e g o i n g  e x a m p l e  c o u l d  h a v e  m i s l e d  s o m e o n e  t o  

b e l i e v e  t h a t  t h e  s t r a i n - l i f e  m e t h o d s  w o u l d  y i e l d  a f a t i g u e  l i f e  l o n g e r  t h a n  

t h a t  w h i c h  c o u l d  h a v e  b e e n  o b t a i n e d  f r o m  t h e  s t r e s s - l i f e  m e t h o d .  T o  a s s i s t  

i n  u n d e r s t a n d i n g  t h e  s e n s i t i v i t y  o f  m a t e r i a l  c h a r a c t e r i s t i c s  t o  t h e  s t r a i n -  

l i f e  r e s u l t s ,  a p a r a m e t r i c  s t u d y  o f  v a r i o u s  i n f l u e n t i a l  f a c t o r s  o n  b o t h  

t h e  s t r e s s - l i f e  a n d  s t r a i n - l i f e  r e s u l t s  was c o n d u c t e d .  I n  g e n e r a l ,  t h e  

f a t i g u e  T i f e / m a t e r 1 a l  p a r a m e t e r  r e l a t i o n s h i p  c a n  be e x p r e s s e d  i n  t h e  

f o l l o w i n g  f o r m s :

1 )  S t r e s s - L i f e  A n a l y s i s

N f  = f  ( B ,  m ,  K ,  S s ,  A S )  ( 4 . 6 )

w h e r e  B = . MGD Y - I n t e r c e p t  

m = MGD s l o p e  

K = S - N  c u r v e  s l o p e  

S s = S t a t i c  b a s e  s t r e s s  

A S  = C y c l i c  s t r e s s  r a n g e
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2 )  S t r a i n - L i f e  A n a l y s i s

I f  ~ f  Cf, b,  c ,  S ^ »  S R ,  A e  , K ^ ,  E )

where Of *  F a t i g u e  s t r e n g t h  c o e f f i c i e n t

Cf  = F a t i g u e  d u c t i l i t y  c o e f f i c i e n t s

b *  F a t i g u e  s t r e n g t h  e x p o n e n t

c *  F a t i g u e  d u c t i l i t y  e x p o n e n t

S „  = S t a t i c  b a s e  s t r e s s  s
S R = R e s i d u a l  s t r e s s  

A e  = C y c l i c  s t r a i n  r a n g e  

= F a t i g u e  n o t c h  f a c t o r  

E  *  M o d u l e s  o f  e l a s t i c i t y

(4.7)

Obviously, the influence of some material parameters are extremely im­

portant, while others are not. To assess their relative significance, 

this sensitivity analysis was conducted with reference to the base data 

used for the previous working example.

It should be noted that the results of this analysis, as shown in 

the following figures, must not be regarded as indicative of the superiority 

of one method over the other. Rather, the comparisons of two methods should 

be strictly applied to this particular setting, e.g., the welding detail 

investigated, the material properties variations used and the loading 

condition selected. Nevertheless, the following general observations 

can be made:

1) The strain-life procedures are more sensitive, than the stress- 

life approach, to changes in the material fatigue properties.

2) With the exception of the fatigue ductility coefficient, cf , 

and the fatigue ductility exponent, c, a slight variation in
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a n y  o t h e r  p a r a m e t e r s  c o u l d  r e s u l t  1 n  a  g r e a t  d i f f e r e n c e  1 n  t h e  

f a t i g u e  l i f e  p r e d i c t e d  b y  m e a n s  o f  t h e  s t r a i n - l i f e  m e t h o d .

3 ) T h e  r e s i d u a l  s t r e s s e s  p l a y  a n  e x t r e m e l y  I m p o r t a n t  r o l e  1 n  t h e  

f a t i g u e  l i f e  o f  m a t e r i a l s  a n d  s h o u l d  b e  k e p t  a s  m i n i m a l  a s  

p o s s i b l e .

4 )  P o o r  w o r k m a n s h i p ,  r e p r e s e n t e d  b y  t h e  h i g h  v a l u e s  f o r  t h e  f a t i g u e  

n o t c h  f a c t o r ,  w o u l d  s h o r t e n  t h e  f a t i g u e  l i f e .  A  q u a l i t y  c o n t r o l  

p r o g r a m  m u s t  b e  r e q u i r e d  t o  a s s u r e  t h a t  h i g h  s t a n d a r d s  o f  w o r k ­

m a n s h i p  a r e  a t t a i n e d .
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Section 5

DISCUSSION AND RECOMMENDATIONS

5.1 Discussion

5.1.1 Application of Modern Fatigue Technology to the Railroad Industry

As presented in the previous discussion, trends in the design of 

mechanical or structural components in transportation equipment to prevent 

fatigue failure prior to their expected service life have led to more 

sophisticated procedures, both in analysis/design and in testing. There­

fore, it is not surprising to observe different emphasis expressed and 

pursued by various groups of researchers and engineers, as indicated in 

Section 2, who perform design/analysis and testing of components or full- 

scale structures.

It was also indicated in Section 2 that there are some problems 

associated with the use of fracture mechanics criteria in the design 

process for railroad cars. One problem deals with the definition of crack 

size, for example, applied to actual material defects, such as bad welds. 

Another problem is that a periodic inspection program is definitely required 

in order to monitor the growth of cracks before they reach the critical 

stage that would lead to a total failure.

On the other hand, the continuum mechanics considerations, such as 

stress-life or strain-life approaches, necesitate the collection of strain­

time history data at the local level so that a proper account of the 

cyclic damage due to plastic deformation can be registered through a 

reasonable cycle counting process, such as the rainflow counting method.



However, most engineers/designers 1n the railroad Industry express 

their preference for the component calibration approach (see the AAR 

Manual), because the strain data at critical locations, such as at the 

tips of welds, are not easily obtainable. This method permits a con­

version of applied loads to local notch strains or stresses if all sequence 

effects are identical and can be retained. A typical application example 

of such an approach is given in Appendix C. It is noted that one should 

not attempt to perform the load/stress conversion (the current AAR stress- 

life methods) when the material experiences plastic strains at the notch 

under certain load conditions that alter the sequence effect. The resulting 

stress spectra will not be identical to that of the loading even though 

both are subjected to the same cycle counting process. On the other hand, 

the strair.-load conversion used by the strain-life methods allows for the 

presence of plastic strains through the cyclic material characterization.

5.1.2 Random Variable Effects

In general, the method of approach employed in the analysis and design 

process.of structures depends upon what kind of information is available to 

the designer about the environment input and the material data. The analysi 

requires the environment input including the force (load) definition, the 

geometric configuration, and the physical constraints, whereas the design 

process is primarily dictated by the material characteristics including 

various strengths of materials and their degradation, failure behavior, and 

moreover by the predetermined safe performance requirement such as the 

service life.

It is generally recognized that most engineering problems, including 

those in structural design, are non-deterministic. Structures are often



designed in spite of insufficient information with regard to the environ­

ment and the response characteristics of the materials selected for use, 

and an inadequate methodology for analysis and design. Structures are, 

furthermore, (unintentionally) built with a certain degree of initial 

imperfection in shape and with flaws. The material strength deteriorates 

randomly with time as well in the case of corrosion and fatigue.

In short, problems of structural design must be resolved within the 

context of uncertainties. As a consequence, risk consideration involving 

the probability of adverse events (failure or malfunction) becomes virtually 

inevitable. Indeed, it is because of such uncertainties that factors of 

safety (or equivalent load factors) are traditionally required during the 

design process.

Moeover, there is considerable controversy over whether the deterministic 

safety factor should include adequate allowances for errors in the method 

of analysis, for insufficient knowledge of the environment expected, and 

for incomplete data about the material used.

5.1.2.1 Variations of Environmental Input

In general, environmental load spectra are given for specific types 

of cars by the AAR in relation to car motions (for instance, in terms of 

the longitudinal coupler force, or vertical acceleration, in g's), as if 

they were acting independently of each other. The stress or strain 

spectra resulting from the combination of such independent load spectra 

will definitely be substantially different from the spectra obtained from 

direct conversion of the load-time history data. In fact, the AAR 

approach completely ignores the time-phase relationship to local stress
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or strain effects. Consequently, the fatigue life prediction formula 

given by the M R  (p. C-II-141) under multlaxlal motion 1s a questionable 

approach. As a matter of fact, serious consideration should be given to 

efforts seeking to look Into design practices employed by construction 

engineers for treating comparable problems related to the design of 

buildings and nuclear power plants for multlaxlal seismic Input.

5.1.2.2 Variations of Material Characteristics 

For the case pf design involving long life service consideration, 

the fatigue performance of structural components may be significantly . 

altered due to the fabrication process, such as welding, even if the 

properties of materials could be properly characterized by.carefully 

conducted laboratory study. For instance, no laboratory welds can be 

repeatedly produced, in field operations. Therefore,.it is expected that 

some variations in the material characteristics will be observed from one 

car to another. .... '

In order to determine the impact of.material variations on the service 

life estimation, a sensitivity study of material parameters, influential 

to fatigue life prediction by means of both stress-life and strain-life 

approaches, was conducted. The results are presented in Appendix D. It 

can generally be observed from these results that:

1) The fatigue life prediction by both analysis methods is very 

sensitive to changes in the material parameters.

. 2) The strain-life approach is more prone to the scatter of the 

material data than its counter part, the stress-life approach.

3) The stress-life method gives no consideration to the quality 

control of car construction, such as the quality of welded
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joints, whereas the strain-life analysis uses the fatigue notch 

factor, Kjr, to characterize the weld detail, including defects.

5.1.3 Multiaxial Stress Fatigue

It is a well known fact that the results of uniaxial tests have been 

utilized to predict the failure of materials under monotonic static loading. 

Some useful failure criteria include:

1) Maximum stress theory,

2) Maximum strain theory,

3) Maximum shear stress theory,

4) Maximum strain energy theory,

5) Distortion energy theory, etc.

However, the application of such criteria to the prediction of fatigue 

failure of railroad equipment under multiaxial states of stress has not 

been established to be reasonable. The reason is that railroad cars 

experience a state of multiaxial stress which constantly changes with time 

on the roads. Of course, both the magnitude and direction of the principal 

stresses change with time as well.

Therefore, the real issue confronting engineers is the use of test 

data obtained with the application of uniaxial constant amplitude loading 

to predict the real life situation on the roads, when the cars are in 

fact continuously subjected to random multiaxial stress fatigue. This 

is another area, in addition to multiaxial motion fatigue, which requires 

a major effort to reach some reasonable resolution.
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In summary, reliability 1s the probability that a given product will 

perform as anticipated for a certain service life. Therefore; the real 

and significant role of probability 1n structural engineering He s 1n 

Its logical framework for uncertainty analysis and Its provision of a 

quantitative basis for risk and safety assessment. Unfortunately, at 

present, railroad engineers cannot effectively deal with, such design 

problems, due to the lack of fundamental information.

Undoubtedly, there are many very important areas of research to 

develop the needed basic fatigue design technology, iricluding proper 

treatment of environmental data, sufficient collection of material 

information related to fatigue behavior, and adequate'development of 

fatigue analysis/design methodology.

In conclusion, the strain-life analysis procedure has., been reviewed 

and evaluated. It has been found to be a viable tool that can be,used 

by the railroad industry without foreseeable difficulty. The method 

should yield results more reasonable than those .obtained by means of the 

.stress-based approach which does not account for local plastic strain, 

the real cause of fatigue damage. The potential pitfall is an attempt to 

oversimplify the,, procedure when treating problems involving multiaxial 

motion as well as multiaxial stress fatigue.
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5.2 Recommendations

The efforts to improve the reliability and safety of railroad cars and 

associated equipment, especially related to fatigue performance, should be 

focused on one er several of the following areas:

1) Improvement in fatigue (not monotonic) properties of materials,

2) Modification of component parts and fabrication processes, 

including the methods of their attachment, to reduce stress (strain) 

concentration,

3) Reduction or relief of residual stresses due to fabricating 

processes,

4) Improvement of the fatigue analysis methodology, including variable- 

amplitude spectra representative of actual environment conditions, 

especially the technique to be used for load/strain (or load/stress) 

conversions under simultaneous application of multiaxial motion,

5) Development of logical fatigue design procedures, particularly for 

equipment subjected to multiaxial stress fatigue.

Combination of efforts in these areas is definitely expected to yield 

products that are more reliable to the railroads and ultimately satisfy 

public safety requirements.

5-7



5.2 Recommendations

Strain-life analysis has been in use in many industries, including the 

railroad industry, as a tool to deal with fatigue problems. While this 

approach has enjoyed wide acceptance with engineers and designers, a major 

drawback continues to persist with the method, when used for design purposes. 

The resulting stress spectra differ from the loading spectra, after being 

subjected to the same cycle counting procedure (typically the rainflow 

counting method). This is especially evident, for instance, when railroad 

cars are subjected to start-up loads, .impacts in switch yards, etc., that 

generate,local plastic cyclic strains at critical notches, such as at welds. 

These local plastic strains are the real cause of fatigue damage.

The preceding appraisal, review and discussion concerning strain-life 

fatigue analysis indicates that strain-1 ife.methods overcome the above 

difficulties and can be readily adopted.for use by the railroad industry.

It is recommended that engineers be encouraged to utilize these methods in 

designing railroad cars and associated equipment to prevent premature fatigue 

failure.

For further enhancement in strain-life fatigue analysis, research in 

the following areas is strongly recommended:

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 variations resulting from random road 

environment input.
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jjATX GAHD, INC

7449 NORTH NATCHf /  A7f 
NILES, 11.60646 
312 647-9000

July 21, 1983

Attention:

Subject: Theoretical Background & Application Experience 
Related to Strain-Life Fatigue Analysis

Dear

Currently GARD is working for the Association of American Railroads (AAR) in 
conjunction with the Track/Train Dynamics (TTD) Fatigue Task Force to inves­
tigate the application feasibility of the strain-life analysis approach to the 
fatigue design of railroad cars and related equipment.

One of our major tasks is to invite the leading experts in the field of fatigue 
technology to offer their views regarding its theoretical background and 
practical applications. Your comments are regarded as one of the major factors 
in determining the utilization feasibility of the strain-life methodology by the 
railroad industry.

Some specific examples of pertinent commentary needed include, but are not 
limited to, the following:

1) Your opinion concerning the use of strain-life approach, with pertinent 
comments regarding its theoretical validity, assumptions, limitations, 
potential benefits and pitfalls.

2) Comparison of strain-life vs. stress-life analysis approach in terms of 
material characteristics, loading definition, analysis methodology, and 
design objectives including service life requirements.

3) Application experience, if any.

4) Information related to test design, including test procedures, load 
definition, material selection, failure observation, instrumentation, 
environmental description, and results.

We, GARD and AAR, hope that you will respond to this request by furnishing answers 
to the above questions, as much as possible. Your cooperation will be greatly 
appreciated and your contribution will be acknowledged.

cc: Mr. R. A. Allen (AAR); K. L. Hawthorne (AAR)
Dr. V. K. Garg (AAR)
Mr. R. D. Sims (TTD Fatigue Task Force)
Mr. S. Richmond (TTD Fatigue Task Force) A-l
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* Prof. George C. Sih - Institute of Fracture & Solid Mechanics 
Lehigh University 
Bethlehem, Pennsylvania 18015

* Prof. Drew V. Nelson - Dept, of Mechanical Engineering 
Stanford University 
Stanford, California 94305

Prof. Alfred Freudenthal - The George Washington University
Schoon of Engineering & Applied Science 
Dept, of Civil and Materials Engineering 
Washington, D.C. 20006

* Prof. D. Hoeppner - University of Toronto 
School of Engineering 
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Toronto, Ontario 
M5S 1A4 Canada

Prof. Christopher J. Beevers - University of Birmingham
Physical Metallurgy & Material Science 
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APPENDIX B

Letter to Members of AAR Car Construction Committee

Note: * Indicates reponse received.



CARD, INC.GADC 7449 NORTH NATCHEZ AVI. 
NILES, IL60648 
31? 847-9000

July.21, 1983

Attention:

Subject: Fatigue Failures Experienced by Railroad Industry

Dear

Presently GARD is working for the Association of American Railroads (AAR) in 
conjunction with the Track/Train Dynamics Fatigue Task Force to investigate 
the application feasibility of strain-life techniques to the fatigue design 
of railroad cars and equipment. r

There are several factors which will ultimately determine the utilization 
feasibility of the strain-life methodology to railroad industry applications. 
One of these influential factors is past experience of the industry as a whole, 
with fatigue failures. Some specific examples of pertinent information are:

a) General construction and detailed description (photograph if possible) 
of fatigue failures experienced, repeated failure if -any.

b) Vehicle road data and service life prior to failure.

c) Material characteristics (monotonic, cyclic or both) data.

d) Outline of fatigue design approach used.

e) Methods of stress analysis (including finite element methods);

It will be greatly appreciated if you can share your experience by responding 
to this request and providing answers to the above questions as much as 
possible. This information will be most helpful to determine the future use 
of such analysis methods in the railroad industry. Of course, information 
you provide will be treated with the utmost confidentiality.

cc: Mr. R. A. Allen (AAR); K. L. Hawthorne (AAR) 
Dr. V. K. Garg (AAR)
Mr. R. D. Sims (TTD Fatigue Task Force)
Mr. S. Richmond (TTD Fatigue Task Force)
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CAR CONSTRUCTION COMMITTEE

1. R. W. Carman (Chairman) (202) 383-4516 
Mgr. Equipment Research Engineering 
Southern Railway System
P. 0. Box 233
409 South Henry Street
Alexandria, VA 22313

2. L. A. McLean (Vice Chairman) (904) 359-1488 
Chief of Equipment Engineering
The Family Lines Rail System 
500 Water Street 
Jacksonville, FL 32202

3. M. F. Hengel (314). 622-2755
Mechanical Engineer
Missouri Pacific Railroad Company 
210 North 13th Street 
St. Louis, M0 63103

4. K. J. Arrey (514) 877-4450
System Mechanical Engineer - Car 
Canadian National Railways
Box 8100 ...
Montreal, Quebec PQ H3C 3N4, Canada

5. B. Terlecky (312)786-1200
Manager, Engineering
trailer Train: Company . '
101 North Wacker Drive '
Chicago, IL 60606

6. J. T. Wade (913) 235-0041 Ext. 7393
Mgr. Engineering - Mechanical
Atchison, Topeka & Santa Fe Railway 
1001 Northeast Atchison Street 
Topeka, KS 66616

7. K. J. Austill' / -v-. . .
Southern Pacific Transportation Co.
Southern Pacific Building
One Market Plaza
San Francisco, CA . 94105

8. R. A. Watson (412) 261-3201 Ext. 609
Mgr. Mechanical Engineering
Pittsburgh and Lake Erie Railroad 
B & LE Terminal Building 
Pittsburgh, PA 15219

9. W. F. Bugg (215) 893-6535
Mgr., Car Engineering
Consolidated Rail Corporation 
1528 Walnut St., 11th Floor 
Philadelphia, PA 19104



10. R. Pinsonnault (514) 395-6970 
Supervisor - Car Design
CP Rail, Room 507, Windsor Station 
Montreal, Canada PQ H3C 3E4

11. R. D. Curtis (312) 565-1600 Ext. 2106 
Mechanical Engineer
Illinois Central Gulf Railroad Company 
233 North Michigan Avenue 
Chicago, IL 60601

* 12. F. N. Swann (414) 271-6120 Ext. 404
Mechanical Eng. - Cars
Chicago, Milwaukee, St. Paul & Pacific Railroad Co. 
P. 0. Box 781 
Milwaukee, WI 53201

13. I. M. Kulbersh (312) 454-6608 
Chief Mech. Eng.
Chicago & Northwestern Transportation Co.
One North Western Center 
Chicago, IL 60606

14. P. J. Diaz Adame 547-73-59 
Ayte Subgerente General 
National Railways of Mexico 
Av. Central No. 140, 9th Floor 
Mexico of DF-3, Mexico

15. J. W. Clowers (703) 981-5451
Assit. Mgr., Motive Power & Equipment - Car 
Norfolk and Western Railway Co.
Motive Power Dept.
Roanoke, VA 24042

16. C. G. Breeding (612) 298-2725 
Director, Mech. Engineer 
Burlington Northern Railroad Co.
176 East 5th St.
St. Paul, MN 55101

* 17. T. G. Spatig (304) 522-5296
Assit. Chief. Mech. Officer - Engineering 
Chessie System 
801 Madison Ave.
Huntington, WV 25718

* 18. A. A. Chacon (402) 271-3692
General Mech. Engineer 
Union Pacific Railroad Co.
1416 Dodge Street 
Omaha, NE 68179

19. John W. Hutchison (215) 895-7183 
Mgr. Mech. Engineer
National Passenger Railroad Corp. (AMTRAK)
400 N. Capitol Street, N.W.
Washington, D.C. 20001
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Fundamentals of Strain-Life Analysis



Fundamentals of Strain-Life Analysis

C.l Theoretical Justification

*
Beacuse the nominal stresses in most structures are elastic, the zone 

of plasticly deformed metal in the vicinity of a stress concentration is 

surrounded by an elastic stress field. In other words, the material behavior 

of the plastic zone is constrained by the elastic displacements of the 

surrounding elastic stress field. Hence, even though the structure is stress- 

controlled, the localized plastic zone behavior is strain-controlled. Conse­

quently, to predict the effects of stress concentration on the fatigue crack 

initiation behavior of structures, it is considered appropriate that the 

fatigue behavior of the localized plastic zone should be simulated by smooth 

specimen tests under strain-controlled conditions (Figure C.l).

Four major steps are required to perform strain-life analysis:

1) Understanding of material behavior under cyclic loading,

2) Development of basic strain-fatigue life relationships,

3) Determination of the relationship between the applied loads 

and resulting strains at the local level,

4) Evaluation of fatigue damage incurred and prediction of fatigue

life.

C.2 Material Behavior Considerations

The lack of suitable material information under cyclic loading is one 

of the most serious deficiencies in fatigue analysis. The normally reported 

material fatigue (endurance) limits are often of little value in modern 

structural design when the geometric complexity and long-term random loading
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are of the major concern. Furthermore, it has been reported that such 

endurance limits may be greatly altered or eliminated by periodic over­

strains (start-up peaks or overloads) of the kind that often occur in 

service (Refs. C.l and C.2).

It has been observed that the mechanical properties of metals charac­

terized by stress-strain response, when subjected to repeated plastic 

deformation occurring at a microscopic level, can be drastically different 

from the monotonic behavior.

Many steels subjected to constant amplitude cyclic loading usually 

exhibit an initial transient behavior, but reach an essentially cyclically 

stabilized stage that corresponds to a constant hysteresis loop.

C.2.1 Transient Stress-Strain Behavior

Depending upon the initial state (quenched-and-tempered, normalized, 

annealed, cold-worked) and the test condition (load or displacement control), 

metals may undergo a process of

o Cyclic creeping, 

o Cyclic hardening, 

o Cyclic softening, 

o Cyclic relaxation, 

o Relatively stable behavior, or 

o Mixed behavior.

Schematic illustrations of typical transient phenomena are shown in Figure 

C.2. It is noted that the cases (a), (b), and (c) display the material 

behavior which could be observed under strain (displacement) control tests, 

whereas case (d) could be seen under stress (load) control tests. The
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cyclically stable behavior implies that the cyclic stress-strain response 

is identical to that of the monotonic stress-strain process. In the mixed 

mode, either cyclic softening or hardening could occur depending on stress 

(or strain) amplitude.

C.2.2 Steady-State Stress-Strain Behavior

After the transient period of adjustment, essentially the same size and 

shape of hyteresis loop will be produced cycle after cycle. Such a steady- 

state condition, represented by a steady-state stress-strain hysteresis loop, 

is usually achieved in about 20 to 40% of the total fatigue life in most 

hardening or softening materials. A typical steady-state hysteresis loop is 

depicted in Figure C.3. These characteristics are established by subjecting 

a smooth specimen to fully reversed cyclic strain of constant amplitude.

For a completely reversed hyteresis loop, under a strain-controlled 

condition with zero mean strain,

Ac = 2 ea (C.l)

(C.2)and Ac = 2 era

where Ac = Total strain range

Aa = Total stress range 

ea = Strain amplitude 

aa = Stress amplitude

Furthermore,

(C .3)

or ca (C .4)
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C.2.3 Cyclic Stress-Strain Curves

The stabilized steady-state loops can be obtained for various strain 

ranges. Enough specimens can be cycled at different strain ranges to provide 

stabilized stress-strain behavior over a sufficient range to fit a function 

in the form of Eq. (C.3). Subsequently, the cyclic stress-strain curve can 

be constructed by connecting the tips of these loops, as shown in Figure C.4.

In a manner similar to the monotonic stress-strain relation, a power-law 

function between the true stress and the plastic strain may be established 

(Figure C.5) in the form:

0 a  ■ K '  ( e p ) n ' ( C . 5 )

where a = Steady-state stress amplitudea

Ep = Plastic strain component of strain amplitude 

K' = Cyclic strength coefficient, measured at e = 1 

and n' = Cyclic strain hardening exponent (slope)

By combining Eq. (C.4) with Eq. (C.5) one obtains

ea
°a . / °a x1/n *
—  + K~*

Eq. (C.6) can also be rewritten in terms of ranges:

(C .6)

Ac _ Aa , / Ao xl/n'
2 - 2E 1 2K'; (C.7)

where n' = 0.10 - 0.20, with an average value very

close to 0.15.

(C .8)
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Figure C.4 STEADY-STATE STRESS-STRAIN LOOPS AND CONSTRUCTION 
OF CYCLIC STRESS-STRAIN CURVE

Figure C.5 TRUE STRESS VERSUS PLASTIC STRAIN FOR 
CYCLIC RESPONSE (LOG-LOG COORDINATES)
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The material cyclic properties can often be compared with the monotonic 

properties in order to qualitatively assess the cyclically induced changes in 

material behavior. As displayed in Figure C.6 for example, lower strength 

alloys are found to exhibit either stable or cyclic hardening behavior while 

a trend towards cyclic softening develops with increasing strength level. 

Aluminum alloys show a stable to hardening tendency while the titanium alloys 

all soften. Copper and nickel alloys may harden or soften depending pn condi­

tion. Steels display a range of responses from cyclic stability or hardening 

in low carbon grades to marked softening in the higher strength, heat treatable 

grades. Of significance is the observation that, at the highest strength 

levels, cyclic stability or even cyclic hardening can be achieved in ferrous 

systems through appropriate processing. Finally, austenitic stainless steels 

are seen to harden dramatically as a result of a deformation-induced phase 

transformation.

Figure C.6 also illustrates the fallacy of utilizing the monotonic yield 

strength, rather than the cyclic stress-strain curve, as the reference in 

designating structures to resist fatigue loading.
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C.3 Basic Strain-Fatigue Life Relationships

C.3.1 Development of Strain-Life Equations

Ever since Wohler's work on railroad axles subjected to rotating-bending 

stresses, fatigue data have been presented in the form of S-log(N) curves. 

Around 1900, Basquin showed that the S-log(N) plot could be linearized with 

log-log coordinates (Figure C.7) and thereby established the exponential law 

of fatigue life, which holds if true stress amplitudes are used instead of 

engineering stress. Thus, the fatigue life can be related to true stresses 

by:

amplitude test.

cx̂ ' = Fatigue strength (Basquin's) coefficient, intercept 

at (2 Nf) = 1

(2 Nf) = Reversals to failure (1 cycle = 2 reversals) 

b = Fatigue strength (Basquin's) exponent (slope)
„  r y..

Of' and b are fatigue properties of materials. For many metals, o^' is 

approximately equal to (monotonic true fracture strength). The value for 

b varies between approximately -0.05 and -0.12.

About 1955, Coffin (Ref. C.3) and Manson (Ref.C.4), who were working 

independently on thermal fatigue problems, established that plastic strain- 

life data could also be linearized with log-log coordinates (Figure C.8) 

and can be presented by the power-law function

af ' (2 Nf)b (C.9)

where = -^2—  = True stress amplitude in zero mean constant

c
Ae_ r= _ JL. = r ' N r

p 2 u  V
( C . 1 0 )
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where r.p = — - True plastic strain amplitude

Ejf1 = Fatigue ductility coefficient, intercept at (2 N^) * 1 

c = Fatigue ductility exponent (slope)

Cf' and c are also, fatigue properties of materials. For many metals 

e^' is approximately equal, to ĉ . (monotonic, true fracture ductility), and 

the value of c varies between -0.5 and -0.7.

It was mentioned previously that the total strain has two components 

(elastic and plastic), so that

or, as expressed in terms of the strain;ranges (amplitudes) from constant- 

amplitude, zero-mean-strain controlled tests:

Ac + ■ >  . ; . ( C  .  1 1 )2 , 2 2

S i n c e ■ v | 2  N f ) b
■ «.

a n d . . '■ ' A5 e '  _ a a ° f ' ( 2  N f j b \ ( C . 1 2 )‘ e 2 E E

V  , p -  - f -  .  c f ' < 2 N f ) ‘

the total

or

strain amplitude.can be rewritten as

(2 Nf)C

e l a s t i c  p l a s t i c

■ ' ( e . i 3 )
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It should be noted that Eq. (C.13) 1s the foundation for the strain-based 

approach and 1s referred to as the straln-Hfe relationship. It consists of 

two straight lines, one for the elastic and another for the plastic strain, 

as shown in Figure C.9.

Several conclusions may be made from the strain-life curve in Figure

C.9.

1) The two straight lines intersect at the transition fatigue 

life, (2 N^) where

By equating the elastic and plastic components of the total 

strain, one obtains

ef ' E l/(b-c)
(2 Nt) = ( 0f' ) (C.15)

2) At short life range, less than (2 N^), the plastic strain 

predominates and ductility controls material performance.

3) In the longer life range, greater than (2 N^), the elastic 

strain is more dominant than the plastic, and the strength 

of materials governs the fatigue behavior.

4) The strain-life relationships, as presented above, apply only 

to wrought metals. When internal defects control life (as is 

the case with cast metals, higher-hardness wrought steels, 

notches, weldments and so forth), these relationships are not 

directly applicable, and appropriate modifications to account 

for such "internal micronotches" must be made (Ref. C.5).
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Cyclic stress-strain material properties may be related to each 

other 1n the following manner:

C.3.2 Fatigue Property Data Relationships

K' = ----- V -
(ef ')n

(C.16)

Morrow (Ref. C.7) suggested that

k _ - n'
b " j n r w r (C.17)

and r - - 1
c " (1 + 5n1) (C.18)

Thus,
(C.19)

which allows a relationship between fatigue properties and cyclic stress-strain 

properties. If the average values of b and c (-0.09 and -0.6, respectively) 

are used in Eq. (C.19), then n' = 0.15. This agrees with the average value 

of n' observed for most metals. In the absence of adequate data from constant- 

strain-amplitude tests, it is often necessary to approximate the strain-life 

constants from the monotonic property constants. For example, the following 

approximate relationships are sometimes useful in estimating fatigue properties 

of ductile steels from tensile test data.

1) Fatigue Strength Coefficient, °f

of ' = of (corrected for necking) (C.20)

For many steels with hardness less than 500 HB, the fatigue 

limit at (2 x 10^) reversals can be approximated by:

S
Sf (ksi) = - j -  = 0.25 x (HB), for HB < 500
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or S » »u <r

where HB = Brlnell hardness number

Sf = Fatigue-strength limit 

Su = Engineering ultimate tensile strength

For steels to about 500 HB:

af (ksi) = (Su + 50)

For the intercept at (2 Nf) :
T t

Aeg _ af '  ̂ ^ su + 50

(C.21)

(C.22)

2) Fatigue Ductility Coefficient, £f 

For practical purposes,

cf ' = cf = ?-n (C.23)

3) Fatigue Strength Exponent, b

As mentioned previously, the value of b varies from -0.05 to -0.12 

and ;for most, metals has an average of -0.085. In approximating the 

fatigue strength at (2 x 10®) reversals with 1/2 Su , it may be shown 

that:

b 1
~e~ Log (- (C .24)

= - 0.10 for soft steels 

= - 0.05 for hardened steels
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The value of c has not been so well defined as the other constants. 

For instance:

c = - 0.5 (by Coffin) (C.25)

c = - 0.6 (by Manson)

c = - 0.5 to -0.7 or average of -0.6 (by Morrow)

= - 0.5 for soft steels 

= - 0.7 for hardened steels

It should be noted that the above crude approximations of the fatigue 

properties of steels should be used only for preliminary design estimates when 

proper laboratory data are not yet available.

4) Fatigue Ductility Exponent, c
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C.3.3 Effects of Mean Stresses

Mean stress effects may be Introduced 1n various forms as shown 1n Figure 

C.10 in which mean stress data are generally presented in terms of constant 

life diagrams-plots of all combinations of alternating and mean stresses 

resulting in the same finite life to failure. The equation for the lines 

illustrated in the figure are:

Soderberg:

Goodman:

Gerber:

Morrow:

°a 4» ao _
1.0 (a)

v . °y-

- v - + ao _ 1.0 ; (b)
°cr au

°a 0. 2
1.0 (c)

°cr

V 4. ao _ 1.0 (d)
acr. af

(C.26)

where

cr

Alternating stress amplitude

Completely reversed stress amplitude for a given life 

Ultimate tensile strength 

Mean stress.

In general, it can be stated that:

1) Soderberg's relation is conservative for most cases.

2) Goodman's correction is good for brittle metals, but conservative 

for ductile metals.

3) Gerber's equation is applicable to ductile metals.

4) No comment has been offered regarding Morrow's approach.
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4 Morrow

Figure C.10 MEAN STRESS CORRECTIONS
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Morrow (Ref. C.8) suggested that mean stress effects may be Incorporated 

as an equivalent change In the fatigue strength and ductility coefficients 1n 

the elastic and plastic portions of the straln-Hfe relation, respectively, 

Hence, Eq. (C,13) can be rewritten, to Include the mean stress, aQ , as

e -2-' (2 Nf)b

v~ ------------ —
Elastic Correction

♦ ef '  (- - - B-'- ^ - ) cb <2 V C '
----V - ------'

PIastic Correction;

(C.27)

It is commonly understood (or observed from Eq. (C.27)) that a tensile 

mean stress (positive aQ) is harmful and would reduce the fatigue life, whereas 

a compressive mean stress (negative aQ) is beneficial and would increase the 

fatigue life. Figure C.ll illustrates the effect of a .(tensile) mean stress 

upon the straln-Hfe curve. . It is consistent with expected.behavior that such 

an effect is most significant 1n the low-stress/high-cycle {long life) fatigue 

regime. It also can be readily observed that there is little or no effect of 

mean stress 1mthe high-s:tress/low*cycle fatigue range (N^ < N^). In this life 

region, the overriding effect of large amounts of plastic deformation will 

eradicate any detrimental (for tensile mean) or beneficial (for compressive 

mean) effect of mean stress.
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C.4 Local Strain-Life Analysis Procedures (Fatigue Analysis of Notched Components)

Since failures are likely to occur where notches, defects, or stress 

raisers are located, 1t becomes desirable to predict the fatigue life of a 

member with a notch directly, under a complex loading. This necessitates 

the determination of the cyclic history of the resulting strain and the stress 

at the notch root.

It should be clearly understood that the foregoing strain-life procedures 

deal with situations in which the local strain-time history is directly avail­

able for either smooth specimens or notched components at the location of the 

greatest strain. However, in practice, the local strain-time history is 

extremely difficult to obtain, particularly at the.notches (welds), under 

field conditions. Under such circumstances, the nominal (remote field) strain 

data should be used in conjunction with corrections for notch stress concentra­

tion and fatigue notch factor before entering the strain-life computation.. The 

subsequent sections contain discussions related to the methods which can.be t. 

employed to achieve such objectives.

C.4.1 Method 1: Experimental"Approach

One method is to attach.strain gage(s) to the notch* and then subject 

the part to the prescribed loading. During this process, the strain history 

is recorded at the notch. The fatigue behavior at the notch (localized plastic 

zone) is then simulated by testing smooth specimens under strain-controlled 

conditions using the recorded strain history data as input. However, as 

shown in Figure C.l, the minimum cross section of the smooth specimen should 

be some fraction of the plastic-zone size. Furthermore, suitable correction 

factors must be used to account for differences in stress state, size, and
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strain gradient between the smooth specimen and the actual plastic zone for 

the structural detail of interest (Ref. C.23).

C.4.2 Method 2; Applications of Neuber's Rule

In dealing with complex geometries, it is necessary to relate loads and 

nominal stresses to the local stress-strain response at the critical locations 

(notches). This can be conveniently accomplished by using the finite-element 

method with elastic elements. The resulting strains and stresses at the notch 

are used to determine the theoretical stress concentration factor, K^. One of 

the most popular means of determining Kt is the Neuber approach (Ref. C.24) in 

which is determined by the geometric mean value of the elastic stress and 

strain concentration factors Kq and K£ , respectively.

K 2 = K x K (C.28)t o e

For monotonic loading,

K _ a (notch stress)______  . *
a ~ S (nominal, unnotched stress)

K _ e (notched strain) 
e ” e (unnotched strain) (C.30)

Hence,

= ( - 2 M' Se '
1/2

(C.31)

or Se = oc (C.32)

For fatigue analysis, the stress concentration factor K^, is often replaced 

by the fatigue notch factor, K^, which can be similarly derived from the Neuber 

relationship in terms of the stress and strain ranges (Ref. C.25).

AS Ae AoAe (C.33)
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where Aa, Ac = Local stress and strain ranges.at notch root ,

AS, Ae = ■ Nominal stress and strain ranges remote from notch 

Kf = Fatigue notch factor for a particular material and 

geometry at a finite life, for example, 107 cycles

Again, in most cases, the far field is elastic and Eq. (C-33) can be 

rewritten as:

Values of Kf are either experimentally determined for various materials, by 

testing small notched specimens in the laboratory for all stress ranges of AS, 

or calculated from Peterson's formula. This subject will be discussed in the 

following section (0.5).

It 1s noted that Eq. (C.34) is of the form of a rectangular hyperbola, 

often referred to as "Neuber's hyperbola", and is only valid when the nominal 

stresses are elastic.

Three methods of solution in association with Neuber's rule are envisioned

AaAeE (C.34)

here.

C.4.2.1 Neuber's Rule with Strain-Life Relation

Recalling the stress-life and strain-life relationships from Eq. (C.9) 

and Eq. (C.13), respectively:

Ao = 2 Of' (2 ) (a)

AcE = 2 of ' (2 Nf)b + 2 (.f 'E (2 Nf)C . (b)
(C.35)

and
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Then, the strain-life relation of Eq. (3.53) can be rewritten as

(Kf AS)2 = (AoAeE)

• {4 of '2 (2 Nf)2b + 4 of 'ef 'E (2 Nf)b+C } (C.36)

This formula is particularly useful in relating Nueber's hyperbolic para­

meter with the strain-life relation, to predict the fatigue life of a notched 

specimen from nominal stresses. Such data can be generated from strain- 

controlled fatigue test data by plotting the product of the strain range and 

corresponding steady-state stress range as a function of fatigue life (2 N^)< • 

Figure C.12. By entering the appropriate value of nominal stress excursion,

AS together with K^, the life of a notched member can be predicted from either 

Eq. (C.36) or directly from Figure C.12. It is noted that mean stresses are 

ignored in this type of treatment.

C.4.2.2 Neuber's Hyperbola with Cyclic Stress-Strain Curve

An alternative method is to use Neuber's relation in conjunction with the 

cyclic stress-strain curve of the material mentioned earlier. For a given 

nominal stress excursion, AS, the local (notched) region undergoes deformation 

until the product of local stress and strain is equal to Neuber's constant, 

the left side of Eq. (C.34). This process is illustrated in Figure C . 13 (a), 

in which the local (notched) region is assumed to deform along the cyclic 

stress-strain curve until it intersects with Neuber's hyperbola defined by 

Eq. (C.34). This intersection point determines the value of the local stress 

and strain ranges resulting from the excursion stress, AS. Utilization of 

this technique in a step-by-step complex history analysis is described in 

Ref. C.26 through Ref. C.28 and is illustrated in Figure C.13 (b).
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(a)

(b)

Figure C.13 PROCEDURE FOR DETERMINING LOCAL STRESS AND STRAIN 
AT NOTCH ROOT DUE TO NOMINAL STRESS EXCURSION
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In lieu of the step-by-step operation, it is useful to employ a modification 

developed by Stadnick (Ref. C.29) in which the Neuber hyperbola is approximated 

by a straight line with slope, m, given by Figure C.14:

While some error is introduced with the straight line approximation, it has the 

advantage that it references all deformation to the original stress-strain 

origin. Hence, it will accumulate less total error than the Neuber method, 

which defines a new origin at each reversal point, as shown previously in 

Figure C.13 (b).

C.4.2.3 Direct Numerical Solution

Solution of notch analysis can also be obtained directly from the strain- 

life relation in conjunction with Neuber's rule. Application of this approach 

involves subjecting a nominal stress-time history to a cycle counting algorithm 

which identifies stress excursions, AS, associated with closed hysteresis loops. 

These stress ranges are then introduced with the appropriate fatigue notch 

factor, K^, to form the Neuber hyperbolic constant, the left side of Eq. (C.34). 

Eq. (C.36) is then solved (iteratively) for the fatigue life, N^, to determine 

the damage associated with each event.

Another method of solution is to determine the notch stress range by 

substituting the strain-stress relation

K* S,f smax " °maxm
S m — max

(C.37)

1/n'
1
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into Neuber's hyperbola (Eq. (C.34)), to yield

(Kf AS)2 

4E
(Ao)2
4E + Ao

T
l Ao i

1/n1
(C .38)

and - f -  = -ff- + (-^r)1/n' (C .39)

After the notch strain range has been determined, the fatigue life may be 

calculated from the strain-life relation of Eq. (C.35, b). Again, trial and 

error or iterative techniques must be employed to solve these equations, for 

which computerized analysis is appropriate.

C.4.3 Method 3: Elastic-Plastic Finite Element Procedure

A third method is to use an elastic-plastic finite element analysis which 

allows direct determination of true strains and stresses at the notch. However, 

this approach is expensive in addition to the iterations needed for solving the 

strain-life equation, as mentioned previously.
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K
C.5 Determination of Fatigue Notch Factor, f

C.5.1 Experimental Method

The fatigue notch factor can be experimentally determined from a series 

of strain controlled cyclic tests. A Neuber parameter-fatigue life curve can 

be constructed from either the cyclic stress-strain curve as shown in Figure 

C.15, or the Neuber parameter equation of Eq. (C.36).

Since the nominal stresses are assumed to be elastic, the Neuber parameter 

reduces to

which can be plotted on the same figure as the smooth specimen data. The 

fatigue notch factor is then the square root of the difference between these 

curves, as depicted in Figure C.15.

C.5.2 Analytical Solution

Many investigators have attempted to determine the value of analytically. 

One, which is considered more successful, is attributed to Peterson (Ref. C.30). 

It uses a fatigue notch factor determined from

2
(AS Ae) = (C.40)

Kf
(C.41)

where K Theoretical stress concentration factor o
t S

a = Material constant depending on strength and ductility 

r = Notch tip radius
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For ferrous-based wrought metals,

a = (
300 1.8

10"3 in.

or = 0.01 in. for normalized or annealed steels

= 0.001 in. for highly hardened steels 

= 0.0025 in. for quenched-and-tempered steels

Figure C.16 illustrates the effect of r dn for hard and soft metal. 

The figure indicates that:

o = 1: for small notch radius (r < 0.1a)

o = Kt: for large notch radius (r > 10a)

In addition it should be noted that in the elastic range

or

However, after yielding takes place, the strain concentration factor, Kf , 

begins to increase whereas the stress concentration factor, K , decreases. 

This is illustrated in Figure C.17.

In addition, a notch-sensitivity index is defined as

t

which varies from 0 (no notch effect) to 1 (full effect). It should be 

apparent that small notches (such as inclusions) are less effective than 

larger notches created by geometric discontinuities that reduce the fatigue 

resistance.

C-35



I

NOTCH R A D IU S  r 
IO C  SC ALE

Figure C.16 FATIGUE-NOTCH FACTOR VERSUS NOTCH RADIUS 
AS A FUNCTION OF RELATIVE HARDNESS

Figure C.17 SCHEMATIC OF CHANGE IN STRESS-CONCENTRATION AND 
STRAIN-CONCENTRATION FACTORS AS YIELDING OCCURS 
AT NOTCH ROOT
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C.5.3 Determination of Kf for Weld Joints

It is observed through microscopic examination of weld toes that the 

notch-root radius of discontinuities at weld toes is variable; practically

any value of radius can be observed. Thus, notches, such as weld toes, must
%

have all possible values of K^. To logically characterize the notch factor 

for a given weld configuration, the application of a maximum value of , 

(Kf)max» computed from Eq. (C.41) for various values of r, was suggested 

(Ref. C.31) in which the value of can be determined by finite element

computations for each value of notch radius examined. A typical application 

of this technique is demonstrated in Figure C.18, for a butt weld joint.
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APPENDIX D

FORTRAN Program Listing of Strain-Life Equation Solution



STRAIN-LIFE EQUATION FORTRAN PROGRAM

DIMENSION PNN(1 001 , P M X ( IO O )  . F R Q ( I O O ) i’ )')01 0 
PAT00020

100 FORMAT( 
3
*
3
3/
3/
3
3
3
3
3
3
3
3
3
S

T A B L E  OF C O N S T A N T S '/
S T A T I C  BASE S T R E S S ........................ . . . '  • FM.O , ' P S I ' /
R E S ID U A L  S T R E S S .......................................... ' , F « . 0  , ' P S I '  /
S/P R A T IO -N E A R  S I D E ............................... ' , F 8 . 2  ,  ' P S I / K T P

- F A R  S I D E .................................. ' , P 8 .2  ,  ' P S T / K I P
F A T I G U E  STRENGTH C O E F F I C I E N T . . . '  * F 8 . 0  ,  ' P S T ' /
F A T I G U E  D U C T I L I T Y  C O E F F I C I E N T . . '  ,  F 8 . 5  /
F A T I G U E  STRENGTH EXPONENT................' « F 8 . 3  /
F A T I G U E  D U C T I L I T Y  EXPONENT........... ' , P S . 3 /
YOUNGS MODULUS...........................................' ,  F 1 0 . 0  , ' P S I '
F A T I G U E  NOTCH FACTOR............................. ' , F « . 3  / /

CYCLE MAX LOAD MIN LOAD MAX STRESS MIN S T R E S S '
MEAN STRESS CYCLES TO ' /
FRA C TION ( K I P )  ( K I P )  ( P S I )  ( P S T )  '

( P S I )  FA IL UR E  DAMAGE ' /

F A T 0 0 0 7 O
F»T00040  
PATOOOSO 

* FA TO 00*50 
' FAT'30070 

FATOOOSO 
PAT00090  
PATOOIOO 
FATO01 1 0 

/ FAT00120 
FAT00130  

, FATO 0140 
PAT00150  

, PAT00160  
FATOO170

• , F A TO O 1qO
s •--------------------------------------------- • / / )

101 FORMAT( 2X , F 1 0 . B  , 3X , F 6 . 0  4X , F 6 . 0  , 3X , P 9 . 0  , 3X
3 F 9 . 0  , 4X ,  F 9 . 0  , 2X , E l l . 4 , 2X ,  E l l . 4 )

102 rOKMAT( / / ' DAMAGE H U M . . . . '  , E l l . 4 /
s ' L I F E ..........................• , E l l . 4 , ' C Y C L E S '  )

200 FORMAT( ' NO CONVERGENCE FOR ITEM NUMBER ' , 12 /
3 ' ERROR FRACTION -  ' , F I 2 . 5  )

201 FORMAT( ' PRESS ENTER TO  PROCEED* )

ERROR -  0 . 0 0 0 0 0 1  
L I M I T  -  100 
SJMD »  0 .
K E A D ( 2 , * )
R E A D (2 » ★  ) N
READ( 2 ,*)  v
DO 900 I  -  1 ,N

READ(2  , ★  ) J  , P M X ( I )  , P M N ( I )  , FRQ( I )
F R O ( I )  -  F R O ( I )  / 1 0 0 .

900 C O N T IN J E  
READ( 2 , * )
R E A D (2 , ★  ) SS » SRES . PSP ,  PSN , S I G  , EPS
READ(2  # * )
WEAD(2 , * ) R , C , E , AKF

CM!) -  C -  Ii 
CBM1 -  CMB / B

W R I T E ( 5 , 1 0 0 )  SS .  SRES ,  PSP , PSN ,  S IG  ,  EPS B ,  C .  B

I  -  1
DO 4000 ID L E  -  1 , 1 0 0

I F ( I  . G T .  N ) GO T O  4100

F A T  30190 
FAT0020O
FAT 00210 
F A T0 0 2 2 0  
F A T30 230 
PAT 3024 0 
FAT302 5 0 
FA TO 0260 
F A T0 0 2 7 0  
FAT002SO 
P A T 002 90 
F A T ) 0300 
F A T 3 0 3 ) O 
FAT007r  3 
FATOO 3 30 
FAT3034O 
F A T 30 7S0 
F A T0 0 7 6 0  
FATOO 77 o 
F A T 0 O 3 n 3
F A TO O 790 
F A T0 0 4 0 0  
F A T 3 0 4 10 
FATOO ■* 20 
FAT3043O 
PAT00440 
FAT004SO 

\KF F A T O 04AO 
FA TO O 47 0 
F A T O O 1^3 
FA T 3 O 4 i 0 
PATOOHO"1

PNIN -  P M N ( I )
PMAX -  P M X ( I )
PSMIN -  PSP
I F (  PMIN . L T .  0 .  ) PSMIN -  PSN

PATDOS 10 
F A T30 S 20 
FAT  JOS ) 3 
FAT  30-> 4 0 
FATOOA5 0
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S T R A I N - L I F E  E Q U A T I O N  FORTRAN PROGRAM

P S M A X  -  P S P F * T  > 3 5 6 0

c
I F <  P'1 A X  • L T • 0 .  )  P S M A X  -  P S N P A T 3 3 5 7 0  

< , . ;F A T 3 3 5 S 3

0

S M A X  -  S S  +  (  P M A X U r P S M A X  )  3 R B S  
f lHXff  -  US,  +  (  P M I N * P 3 M I N  > +  3 H B S

P A T O O S S " )
P A T 3 0 6 0 0
P A T O 0 6 1 O

0

D E L S  «... 3 MAX -  S . M IN  !
S IC 50  »  ( '  S M A X  ,SM IW  )  /  2 .  '

F A T  5 3 6  2 0 
F A T 3 0 6  <0 
P A T  I O S ' !  3

c

C A  •  A K F * A K F * D E L S * b E L S  /  (  4 . * (  3 1 0  -  3 1 3 0  > * (  S T O ,  -  S T 3 0  
. C b  «  ( B * B P S  / ’- - S I 0 -  . . ) * (  ( ( S I 3  -  S I 3 0  )  /  S I 3  > * * C f i F l  >

)  )  F A T 0 0 5 ‘> ')
P 4 T 0 0 s < ; o  
P A T  3 0 6 7  )

T N F l  »  C A * ★ ( ’ 0 . 5  7  U > , F A D  35

DO 1 0 0 0  I  O L E  1 -  1 , 5 0 0  • F A T ) 0 6 y o

I F (  I D L E 1  . O T . .  L I M I T  )  3 0  T O  1 0 1 0  . ; * * * F A T 3  0 ) 7 0  0

c f , ’ \ ■, \ 1 p . - • 1 - P A T  3 0 7 1 )

T E M P  -  C A  / (  1 .  +  C 3 * (  T X P l * * C M n  ) ' )  * * ’ > F A T  ) 0 7  2 >

T N F 2  *  T E l i P * * ( ’ 0 . 5  /  E  V - F A  f  3 3 7 " ' r

,  T E M P  -  .,< T . - I F 2  -  T N F 1  ) r  T M P 2  - F A T  > 3 7  \
I F (  A B S ( T F M P )  ‘ . L T .  E R R O R  )  3 0  T O  1 1 0 0  * ,r . F A T ' 3  3 7  > )

T N F l  »  T N F 2  = F A T )  0 7 6 ^

1 0 0 0 C O N T I N U E  *, F A T  3 37  7 0

1 0 1 0 ! C O N T I N U E  ■ ' F A T 7 3 7 N  ;

c
. W R I T r 3 (  .3 .  1:00 ) I  ,  T E M P  - F A T  3 0 7 * ' '  

F A T 3 3  ♦(. 1
1 1 0 0 C O N T I N U E * . F A T 3  0 3 ) ,

c . F A T 3 3 H 2 0

T N F  -  0 • 5 * (  T N F l  +  T N F 2  ) -  . . •> p n T  ) ) o  ). j

0  =  2 .  * F W O (  I ) /  T N P . F A T .3  3S4 - ' '
S U M O  a  S U M 0 +  r> FA  P *) 3r>‘>''

A K F  •- T N F  /  2. ^ : ■„ F A T  )  )*»60
c v , - ; -  F A  r  > 3 V ,  '

N R I T E ( 5 , I 0 l >  F R O ( I >  ,  P M A X  ,  P M I N  ,  S M A X  i S M I N  ,  3 1 3 0  ,  A *j,F. , n F A T  3 3 .no
0 , • t? / Y ** F A  T 3  3 * 9

I  -  I  +  l  - , - ■; ' V M '  t, ' . ; - . . / A ' T O O y ) ;
4 0 0 0 O M T I K J C  . ; f . A  « . ■ F A T  3 3  >1 '
1 1 0  3 C o n t i  n j f 2 ■ E A r 3 3 ! * 2  )

0 .

A L I F E  ■ 1 .  / F J M D  ’ ; >• ‘ . ' ?• V

;  ̂ • F A T 3 0 * J  3 '
* * , S;  P A T 3  3 S 4 ' -

- N N , I T K ( 5 ,  1 0 2 )  S U M O  ,  A L I F F , •; •, .• •pAT 33 y*> ' '
w - - .4-’  ̂  ̂ ^ : F A T  ) 7 ‘><>'

W < I T F (  }, 2 0 1 . ) F A T > 0 ‘i V
K , 3 A D ( 4 ,  * ) 0 J  1MY F A T  )  3*< ’  '

c , f a t  ) 3 ^  i  >
S T O P F A T 3 t 30
ENT )  • ' h f .. /; , -  ,, , , , v, . .  • P A . T 3 1 3 ) '
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STRAIN-LIFE ANALYSIS INPUT

NUMBER OF CAS 133
412

CASK NO. PMAX PM IN % FREQUENCY
1 100.0 0.0 1.415000
2 200.0 0.0 0.013000
3 300.0 0.0 0.001000
4 0.0 -100.0 49.842000
5 100.0 -100.0 38.179000
6 200.0 -100.0 0.775000
7 300.0 -100.0 0.018000
a 400.0 -100.0 0.001000
9 -100.0 -200.0 0 . 0 0 1 0 0 0

10 0.0 • -200.0 1.363000
11 100.0 -200.0 5.463000
12 200.0 -200.0 .. v : 1.629000
13 300.0 -200.0 0.116000
14 400.0 -200.0 0.006000
15 0 . 0 -300.0 0.007000
16 100.0 -300.0 0.252000
17 200.0 -300.0 0.453000
18 300.0 -300.0 0.174000
19 400.0 -300.0 0.014000
20 500.0 -300.0 0.002000
21 -200.0 -400.0 0.001000
22 -100.0 -400.0 0.001000
23 0 . 0 -400.0 0 . 0 0 1 0 0 0
24 100.0 -400.0 0.009000
25 .200.0 -400.0 0.047000
26 300.0 -400.0 0.067000
27 400.0 -400.0 0.026000
28 500.0 -400.0 0.004000
29 100.0 -500.0 0.001000
30 200.0 -500.0 0.003000
31 300.0 -500.0 0.017000
32 400.0 -500.0 0.019000

► 33 500.0 -500.0 0.002000
3 4 200.0 -600.0 0.001000

~ 35 300.0 -600.0 0 .002000
35 400.0 -600.0 0.003000
37 500.0 -600.0 0.004000
33 600.0 -600.0 0.002000

1 39 -200.0 -700.0 0.001000
1 40 200.0 -700.0 0.001000

41 400.0 -700.0 0.001000
42 500.0 -700.0 0.002000

<=>S SRES S/P+ S/P- STOP EF
loooo. 50000. 10.00 10.00 120000. C

B C E AKF
-0.0 39 —0.6 29000000 . 3.00
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r a mi b of c h e s t a n t s
STATIC BASF SfRfcSS..
s /p r a t i o -near smr.

•FAR SI OF.. 
NOMINAL YIFLD STRESS 
*GO Y INTERCEPT,,...
Pf.D SLOPE...........
YOUNGS MODULUS......
S«N CURVE SLOPE....

CYCLEFRACTION
MAX LOAD 
(KIP)

MIN LOAD 
(KIP)

0.01415000 100. 0.
0.00013000 200. 0.
0.00001000 300. 0.
0.49841994 0. • 100.
0.38178998 100. • 100.
0.00775000 200. • 100,
0.00018000 300. • 100.
0.00001000 400. • 100.
0.00001000 • 100. •200.
0.01343000 0. • 200.
0.05443000 100. • 200.
0.01428999 200. • 200.
0.00116000 300. •200,
0.00006000 400. • 200,
0.00007000 0. • 300.
0.00252000 100. •300.
0.00453000 200. • 300.
0.00174000 300. • 300.
0.00014000 400. • 300.
0.00002000 500. • 300.
0.00001000 -200. •400.
0.00001000 •100. •400.
0.00001000 0. •400.
0.00009000 100. •400,
0.00047000 200. •400,
0.00067000 300. •400,
0.00026000 400. -400.
0.00004000 500. •400,
0.00001000 100. •500.
0.00003000 200. •500.
0.00017000 300. ~ -500.
0.00019000 400. • 500.
0.00002000 500. • 500.
0.00001000 200. •600.
0.00002000 300. •600.
0.00003000 400. •600,
0.00004000 500. •400.
0.00002000 600. •600,01 0.00001000 •200. -700.

CD 0.00001000 200. •700,

STRESS-LIFE ANALYSIS OUTPUT

10000. PSI
10.00 PSI/KTP
10.00 PSI/KIP 

50000. PSI
f400,00 PSI 

1.00
?9O00000. PSI 

0.35

STRESS MIN STRESS REVERSAL ENDURANCE CYCLES TO
PS! > (PSD RATIO LIMIT f a i l u r e

11O00. 10O00. 0.909 50000. 0.20006*07
12000, 10O00. 0.833 44400. 0.20006*07
13000, 10000. 0.769 32067. 0.20006*07
10000. 9000, 0.900 50000, 0.20006*07
11000, 9000. 0.818 40700. 0.20006*07
12000, 9000, 0,750 29600. 0.20006*07
13000, 9000. 0,692 24050,~-0,20006*07
14000, 9000. 0.643 20720, 0.20006*07
9000,

lOOOO,
8000,
8000.

0.889
0.800

50000.
37000.

0.20006*07
0.20006*07

11000, 8000. 0.727 27133. 0.20006*07
12000, 8000, 0.667 22200. 0.20006*07
13000, 8000, 0.615 19240. 0.20006*07
14000, 8000. 0.571 17267. 0.20006*07
10000, 7000. 0.700 24667. 0.20006*07
11000, 7000, 0.636 20350. 0.20006*07
12000, 7000. 0.583 17760. 0.20006*07
13000. 7000, 0.538 16033. 0.20006*07
14000, 7000. 0.500 14800. 0.20006*07
15000, 7000. 0,467 13875. 0.16016*07
8000. 6000. 0,750 29600. 0.20006*07
9000, 6000. 0,667 22200, 0.20006*07

10000, 6000. 0.600 18500, 0.20006*07
11000. 6000. 0.545 16280, 0.20006*07
12000, 6000. 0,500 14800. 0.20006*07
13000, 6000. 0.462 13743, 0.20006*07
14000, 6000. 0.429 12950. 0.16016*07

0.11436*0715000. 6000. 0.400 12333,
11000, 5000. 0.455 13567, 0.20006*07

0.20006*0712000, 5000. 0.417 12686.
13000, 5000. 0.385 12025, 0.16016*07
14000. 5000. 0.357 11511. 0.11436*07
15000, 5000. 0.333 11100. 0.84616*06
12000, 4000. 0.333 11100. 0.16016*07
13000, 4000. 0.308 10689. 0.11436*07
14000, 4000. 0.286 10360, 0.84616*06
15000. 4000. 0.267 10091, 0.64446*06
16000, 4000. 0.250 9867. 0.50256*06
8000, 3000. 0.375 11840. 0.20006*07

12000. 3000. 0.250 9867. 0.11436*07
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O.OOOOIOOO
0.00002000

400. *700. 14000.
900. *700. 19000.

3000.
3000.

9418.

DAMAGf- SUM.. • . 
L 1 F F . ....................

0.7311F-09 
0.136ft€*10 CVCLFS
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