
FATIGUE LIFE ESTIMATION OF NOTCHED ALUMINUM SHEET SPECIMENS 

SUBJECTED TO PERIODIC TENSILE OVERLOADS 

 

 

 

A Thesis by 

Floyd Caiado 

B.S., University of Madras, 2004 

 

 

 

 

Submitted to the Department of Aerospace Engineering 

and the faculty of the Graduate School of 

Wichita State University 

in partial fulfillment of  

the requirements for the degree of  

Master of Science 

 

 

 

 

 

 

 

 

 

 

 

August 2010



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© Copyright 2010 by Floyd Caiado 

All Rights Reserved 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



iii 

 

FATIGUE LIFE ESTIMATION OF NOTCHED ALUMINUM SHEET SPECIMENS 

SUBJECTED TO PERIODIC TENSILE OVERLOADS 

 

The following faculty members have examined the final copy of this thesis for form and content, 

and recommend that it be accepted in partial fulfillment of the requirement for the degree of 

Master of Science with a major in Aerospace Engineering 

 

 

 

 

Suresh Raju Keshavanarayana, Committee Chair 

 

 

 

 

 

 

Charles Yang, Committee Member 

 

 

 

Bob Minaie, Committee Member



iv 

 

 

DEDICATION 

 

 

 

 

To my parents, grandparents and friends 

 

 

 

 

 

 

 

 

 



v 

 

ACKNOWLEDGMENTS 

 I would like to express my sincere gratitude to my graduate advisor and committee chair, 

Dr. K. S. Raju for his patience, support, guidance and for providing material for my research 

work. I would like to thank Dr. Charles Yang and Dr. Bob Minaie for being my committee 

members. I would like to thank Chaminda Gomes for his help to conduct all the testing involved. 

I would also like to thank my friends, especially Krishna Prasad Bangalore, Manoj Thotakuri, 

Damitha Abeywardene, Ruchira Walimunige, Stephen Horn, and Mohan Ghimire for their 

timely support.  



vi 

 

ABSTRACT 

Structural elements are subjected to variable amplitude/spectrum fatigue loading where 

tensile overloads and compressive underloads may occur randomly. Depending on the magnitude 

of these loads, localized plastic deformation may occur at notches leading to residual stresses. 

These residual stresses have been known to significantly alter the fatigue life. In a spectrum, 

overloads may seldom occur in blocks and the effects of single overload cycles on the fatigue life 

must be investigated. In the present investigation, 2024-T3 clad aluminum sheet specimens with 

a gage width of 0.75” and circular hole diameter of 0.161” were subjected to constant amplitude 

fatigue loading with periodic overloads. The theoretical net stress concentration factor based on 

net section stress for each of the specimens is 2.48. Constant amplitude fatigue tests were 

conducted to determine SN  curves at mean remote stress levels of 3ksi and 6ksi. Periodic tensile 

overloads of 44ksi, 35ksi and 20ksi were applied to constant amplitude loading blocks of 40ksi, 

30ksi, 20ksi and 15ksi, each with a mean stress of 6ksi. The overload cycles reached the 

compressive load level prior to transitioning to the constant amplitude portion of the loading. 

The period between the overloads was varied at 10 cycles, 50 cycles, 100 cycles, 1,000 cycles 

and 5,000 cycles of constant amplitude loading.  

The experimental results showed an increase in the number of cycles to failure when the 

periodic tensile overloads were applied after every 100 cycles, 1,000 cycles and 5,000 cycles, 

and if frequent reverse yielding did not occur, as compared to the number of cycles to failure in 

the case of constant amplitude loading without overloads. In the analytical approach, Miner‟s 

rule was first used to estimate the cycles to failure. The study incorporated notch residual stresses 

into the Miner‟s rule in an effort to improve the life estimation. Neuber‟s rule was used to 

estimate residual stresses due to overloads. Two ideal conditions of strain hardening were 
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considered – isotropic hardening and kinematic hardening – to establish a stress-strain curve for 

one cycle of loading.  

The results showed improved estimation of cycles to failure, when residual stresses were 

included in Miner‟s rule and if no reverse yielding occurred at the notch while fatigue loading.   

The loading that showed such a trend was maximum constant amplitude stress of 15ksi and a 

mean stress of 6ksi on which an overload of 20ksi was periodically applied. An improvement of 

17% - 19% was obtained for a periodicity of 50 cycles or greater. In other cases of loading, if 

reverse yielding occurred at every cycle or frequently between cycles (periodicity of 10 cycles to 

100 cycles) during fatigue then this caused detrimental damage and the specimen experienced a 

reduction in life. 
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CHAPTER 1 

INTRODUCTION 

An aircraft experiences varying loads during a flight, which includes taxiing, take off, 

climb, level flight, banking and landing. Loads can be classified [1] into four categories – static 

loads, working loads, vibratory loads and accidental loads. Static loads are those loads that can 

be considered to be continuously applied. The working loads are a result of the function 

performed by the part or component. The vibratory loads arise due to the secondary effect of the 

function of the component or are high frequency loads that occur due to the environmental 

effects. Accidental loads are loads that are unexpectedly high and can severely hamper the 

functionality of a component. Generally, working loads or vibratory loads, or a combination of 

both, are responsible for cyclic loading and the consequent fatigue failure [1]. For many decades, 

estimation of the cycles that would eventually cause a failure of a component has been an 

engineering challenge. Estimation of cycles to failure is associated with the damage that the 

structure or component has experienced. Many theories [2,3] have been developed on the basis 

of different damage quantifying parameters, which have been reviewed in this investigation.  

Most metallic structures have discontinuities to accommodate for joints in interfacing 

parts that give rise to stress raisers. A notched specimen that replicates such a metallic structure 

is the object of study in this investigation. Airframes experience varying loads during various 

stages in flight, due to working loads during maneuvers and vibratory loads during wind gusts 

and storms.  The objective of this investigation is to experimentally investigate the effects of 

periodic tensile overloads on the constant amplitude life of notched specimens and to determine 

an approach to estimate the fatigue life.  An illustration of the notched specimen and the periodic 

tensile overload is shown in the Figure 1.1.  
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Figure 1.1(a) Illustration shows the notched specimen. 

     (b) Illustration shows periodic tensile overload. 

 

Descriptive illustrations are presented in subsequent chapters. The estimation of life 

prediction for a notched specimen may be given by an unnotched specimen as long as loading 

occurs within the elastic limit. In such a case, a companion specimen (unnotched) can be 

subjected to the loading experienced at the notch by the notched specimen and so, can be used to 

estimate the life of the notched specimen [4]. However, on the application of the periodic 

overloads, multilevel loading or constant amplitude fatigue loading that causes notch plasticity, 

the use of the same method may not be correct. This can be attributed to the notch residual 

stresses that are developed as a consequence of the loading beyond the elastic limit. The residual 

stresses affect the subsequent loading. In order to estimate the contribution by the residual 

stresses, it becomes necessary to estimate the notch stress.   
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In this study, the value of the notch stress is determined by using the Neuber‟s rule [5], 

which provides a relationship between stress concentration factor, strain concentration factor and 

theoretical stress concentration factor. Literature
 
[1]

 
provides an insight into the use of Neuber‟s 

rule to estimate the notch stress and notch strain in a thin sheet with a centrally placed hole, 

when subjected to an applied tensile load and also a cycle of loading. 

Miner‟s rule [6] provides an approach that estimates cycles to failure, and is based on 

cycle ratio as the damage quantifying parameter. Since Miner‟s rule, in its totality, is based on 

cycle ratio, it does not accommodate the effect of load sequences, residual stress, notch plasticity 

and other consequent effects. Therefore, the estimate by Miner‟s rule can either be very 

conservative or non-conservative.  

The study aims to first conduct experiments to determine cycles to failure for constant 

amplitude fatigue loading, then for simple variable amplitude fatigue loading (periodic 

overloads) and finally evaluate methods for fatigue life estimation including residual stresses and 

the constant amplitude loading fatigue data. One approach to account for the notch residual stress 

is by superimposing an equivalent remote stress due to residual stress, on the subsequent remote 

stress and then using Miner‟s rule to estimate cycles to failure.  
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CHAPTER 2 

BACKGROUND AND LITERATURE REVIEW 

 A brief review of the concept of fatigue and the challenges associated with metal fatigue 

life prediction are presented in this chapter. Constant amplitude fatigue is rarely an occurrence in 

reality because of stochastic nature of load levels. Literature provides work done by authors to 

understand variable amplitude fatigue damage and to quantify the fatigue damage. The relevant 

work is summarized in the chapter.  

2.1 Constant amplitude fatigue 

Failure is defined as the inability of a structure to carry load. The failure of a structure 

due to repeated loading or cyclic loading is called fatigue failure.  

When a component is subjected to periodic repeated loading, such that the maximum and 

minimum load remains the same during the course of repeated loading, then such loading is 

called constant amplitude fatigue. Basic definitions of parameters that are used to define fatigue 

loading are covered in this section. The time history of a typical constant amplitude fatigue 

loading is illustrated in Figure 2.1. The fatigue loading is characterized by parameters such as the 

stress range, stress amplitude, mean stress, stress ratio, etc. The definitions of these parameters 

are summarized in equations 2.1[1]. 

MINMAX     Ratio Stress  2.1a 

22
     Amplitude Stress MINMAX

A  
2.1b 

2
     StressMean MINMAX

MEAN  
2.1c 
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MAX

MINR     Ratio Stress  
2.1d 

M

AA     Ratio Amplitude  
2.1e 

 

Figure 2.1 shows three constant amplitude loading scenarios. Maximum and minimum 

stresses are represented by MAX and MIN  respectively. The term completely reversed loading is 

used to define a fatigue loading scenario, where the stress ratio is given by 1R .  

 

Figure 2.1(a) Figure shows fatigue loading scenario in which stress ratio, .0R  

(b) Figure shows fatigue loading scenario in which, .1,0R (c) Figure shows fatigue 

loading scenario in which, .1R  
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2.2 Variable amplitude fatigue 

Often, fatigue loading does not occur between two constant values of maximum and 

minimum stresses. In other words, the maximum and minimum stress values continuously vary 

with respect to time. An illustration of the variability in the stress values with respect to time is 

shown in Figure 2.2. Such type of fatigue loading is called variable amplitude fatigue loading or 

spectrum loading. 

                                                    

 

 

 

 

Figure 2.2 Spectrum loading or variable amplitude fatigue loading.  

2.3 Periodic overloads and underloads 

Periodic overloads are loads that are tensile and greater in magnitude than constant 

amplitude fatigue loading. The loading history for tensile overload occurring periodically is 

shown in Figure 2.3a. Periodic compressive underloads are compressive and also greater in 

magnitude (absolute) than the constant amplitude fatigue loading. The loading history for 

compressive underload occurring periodically is shown in Figure 2.3b. The number of cycles 

between the overloads, , is illustrated in Figure 2.3a. 
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Figure 2.3 (a) Figure shows loading history for periodic tensile overloads. (b) Figure 

shows loading history for periodic compressive underloads. 

 

2.4 Fatigue life estimation 

The ability of a structure to resist failure during fatigue loading is an important parameter 

that has to be known when designing a component. The ability is estimated in terms of cycles to 

failure. Therefore, fatigue life estimation is an estimation of the number of cycles to failure of the 

structure. During the course of literature research, it was found out that there are three 

approaches that are used to evaluate the fatigue life of specimens. The three approaches are 

categorized as [1]: 

1. Stress-based approach 

2. Strain-based approach 

3. Fracture mechanics (damage tolerance) based approach 

In the stress-based approach, mean stresses for cyclic loading and corrections to account for 

the presence of stress raisers like holes, grooves, fillets and keyways that may exist in the 

structure are taken into consideration to determine the nominal stress that can be resisted under 

cyclic loading. In strain-based approach, a greater detailed analysis of the localized yielding at 

the stress raiser, which occurs during cyclic loading, is carried out. The principles and methods 

of fracture mechanics are employed to determine the specimen life in the fracture mechanics 
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based approach [1,2,3 and 7]. If ia  is the initial crack length before the application of fatigue 

loading and fa  is the final crack length after fatigue loading of N cycles, then the rate at which 

crack has propagated from ia  to fa  is given by 
dN

da
. The definition of initial and final crack 

length are illustrated by Figure 2.4. A fatigue life estimation theory that uses the parameter
dN

da
, 

is based on fracture mechanics or damage tolerance.  An initial crack needs to be defined in order 

to use a fatigue life estimation theory based on damage tolerance or fracture mechanics. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4 Illustration shows the initial crack length ( ia ) before the application of fatigue 

loading and the final crack length ( fa ) after the application of N cycles of fatigue 

loading. 

 

 The current investigation deals with a notch and does not consider any study on crack 

growth. The reason being that in the instance of a fastener that is installed in the hole, the 

origination of the crack is not visible. Therefore, the crack growth approach cannot be used to 

address the challenge of life prediction without sophisticated instrumentation to measure cracks. 

ia  

fa  

Loading Direction 
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Hence, a stress-based approach or a strain-based approach would be appropriate to determine 

cycles to failure.  

2.5 Cumulative Fatigue Damage  

Damage that accumulates in a specimen when it is subjected to fatigue is termed as 

cumulative fatigue damage [7]. There have been many attempts [2,3] to satisfactorily predict the 

fatigue life of a specimen subjected to variable amplitude loading provided the constant 

amplitude fatigue data is known. The earliest and still frequently used method is the Palmgren-

Miner rule [6,7]. This section develops an understanding of the Miner‟s rule. Yang and Fatemi 

[2,3] have made a comprehensive study of all the different contributions that researchers have 

made to improve the estimation of cycles to failure. Of these, selected work was chosen to 

explain the different approaches that researchers have taken to overcome the disadvantages of 

Miner‟s rule. 

 Palmgren introduced the concept of linear summation of fatigue damage. Based on it, 

Miner developed the „Linear Damage rule‟ [6,7]. It is defined in equation 2.2 below. 

k

i fi

i

N

n

1

1 (2.2) 

where, in is the number of cycles in the spectrum at stress level iL   

fiN is the number of cycles to failure of the specimen at stress level iL , under constant 

amplitude loading 

 i is an integer that denotes the stress level 

 k is the final 
thi value (or total number of stress levels in the spectrum) 

The damage quantifying factor in this rule is the cycle ratio. Spectrum or variable 

amplitude loading cycles are broken down into blocks of constant amplitude loading. It is 
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assumed that each of the blocks contribute to the damage. The contribution is based on the ratio 

of cycles as shown in equation 2.2. The damage is complete when the damage quantifying factor 

becomes equal to 1.There are other damage quantifying factors which will be discussed later. 

The main deficiencies of the Miner‟s rule are explained in the subsequent paragraphs. 

Miner‟s rule is independent of the stress levels. The Miner‟s rule depends on the cycle 

ratio at different stress levels as a damage quantifying factor. It does not consider the different 

stresses during the course of its use.  

Miner‟s rule is independent of the load sequence effects. Load sequence effects are 

defined as changes in the fatigue life due to reordering of the spectrum [21]. In order to 

overcome the deficiency of load sequence effects, Marco and Starkey [2] proposed the first non-

linear damage theory in 1954. This theory took into account the loading sequence. According to 

this theory, damage is related to the cycle ratio by equation 2.3 below. 

1
1

ix
k

i fi

i

N

n
D  (2.3) 

where, 

 ix  is a variable quantity related to the 
thi loading level 

 The plot of damage, D , with cycle ratio, 
fi

i

N

n
, yields a straight line in the case of Miner‟s 

rule. Specimen failure occurs when D equals to unity. Miner‟s rule indicates that a constant 

slope of 1 exists as D changes from a minimum value of zero to unity, which is the entire life of 

the specimen. It was speculated that the damage-cycle ratio curves (or slopes) should be different 

at different stress levels. Based on this concept and based on load sequence experiments, Marco 

and Starkey proposed the first nonlinear load-dependent damage theory (equation 2.3). They 
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proposed that a variable ix be applied as the power of the cycle ratio. The variable is dependent 

on the stress level that was applied. The lower the stress level, the higher the value of the 

variable.  The lower stress level will cause lower damage and so the damage-cycle ratio curves 

would be farther away from slope value of 1. When ix has a value of one, a diagonal straight line 

on the damage-cycle ratio curve is obtained, which is the Miner‟s rule. Miner‟s rule is a special 

case of Marco-Starkey theory.   

The loading scenarios addressed by the investigators are illustrated in Figures 2.5 (a) and 

(b). 
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(b) 

  

 

Figure 2.5 (a) Figure shows low to high stress level fatigue loading with 1R .  (b) 

Figure shows high to low stress level fatigue loading with 1R .  

 

It was found out that for a low-to-high loading sequence ( 1R ) at a two stress level 

loading scenario, the summation over the cycle damage ratio resulted in a value greater than 

unity, while for a high-to-low loading sequence, the summation resulted in a value less than 

unity [2]. `There was no comparative study done with the experimentally determined cycles to 

failure. 

Subramanyam [8] developed a cumulative fatigue damage rule, which was based on the 

knee point of the S-N curve plotted on a semi-log scale. This approach is a modifying life-curve 
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approach. Using constant amplitude fatigue data, the basic SN  curve was first generated. Figure 

2.6 shows the basic SN  curve and the constant damage lines on a SN  plot [8]. Knee point is the 

point „K‟ in the Figure 2.6. The endurance limit of the unnotched specimen being tested is given 

by eS . If a specimen has run for n cycles at stress level, S , then the line joining ( n , S ) to the 

knee point K is the isodamage line associated with the stress level, S and cycles, n . The slope of 

the line, given by tan , is the measure of the damage caused by the constant amplitude fatigue 

until n cycles. The isodamage lines at different stress levels on a SN  plot are linear and 

converge to a single point, which corresponds to the endurance limit of the specimen. He 

postulated that the isodamage lines are lines that can be accounted to consider the damage that 

occurs when transition occurs from one stress level to another.  

 

Figure 2.6 Constant damage (isodamage) lines [Reproduced from Ref.8] 

If k is the angle that the basic SN  curve makes with the horizontal line through K 

)0(D , then damage D  is given by equation 2.4 [8]. 

nN

NN
D

k

k

k loglog

 log log

tan

tan 
 (2.4) 
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When constant amplitude fatigue loading occurs first at stress level 1S and then at 2S , then 

the isodamage line that connects 1S  and 2S , as shown in the Figure 2.6, is used to account for 

damage. If a specimen is run for 1n cycles at 1S and it is required to estimate the remaining life 

(number of cycles, 2n ) of the specimen at 2S  then damage, D , caused by the first 1n cycles is 

equated with 12n , which is equivalent number of cycles at 2S . This is given by using the 

equation 2.4, as shown in equation 2.5. 

12

2

1

1

loglog

loglog

loglog

 log log

nN

NN

nN

NN
D

k

k

k

k  (2.5) 

 

Subramanyam conducted experiments on unnotched cylindrical C-35 steel specimens 

(diameter=7mm) subjected to two level fully reversed )1(R  loading. For high-low sequence 

of loading, the work provided closer estimates to the experiments as compared to low-high 

sequence of loading, if the high stress loading was continued for 75% of the specimen‟s life. The 

results from the analytical work varied between 3%-12% of the experimental work if high level 

of stress (373 N/mm
2
 or  353 N/mm

2
) was applied for 75% of the specimen‟s life before the 

application of the  lower stress level (275 N/mm
2
 or 294 N/mm

2
). In the case of low-high loading 

sequence, the analytical work produced results that varied between 4%-14% of the experimental 

work. The results were not compared with estimates using Miner‟s rule. The method depended 

on the stress levels and the sequence of stress levels and did not require any extensive 

experimental work to determine any constants. The estimates of life provided better agreement 

with experimental data, in the case of high-low sequencing than in the case of low-high 

sequencing. One of the drawbacks is that the estimation method requires a well-defined knee 



14 

 

point. For materials, which do not have a well-defined endurance limit (like Aluminum), this 

method cannot be used.    

Miner‟s rule is independent of the load interaction effects. Load interaction effect is 

defined as changes in the fatigue life due to the elimination or inclusion of one or relatively few 

cycles of a spectrum [21]. An important cause for sequence of loading to cause the results to 

deviate from the estimate provided by Miner‟s rule is the interactive damage that occurs due to 

change in the stress amplitudes. The effect of load interaction in variable amplitude fatigue is 

documented by Skorupa [9,10].  

More recently, loading scenarios where two-block loading is repeated until failure was 

studied. Topper et. al.,
 
[11] characterized the fatigue damage accumulation in 2024-T351 

aluminum cylindrical specimens, which were 5.08mm in diameter and 7.62mm long, and were 

subjected to periodic overloads. The main objective was to determine the interactive damage 

caused due to the periodic overloads and utilize the interactive damage parameter to develop a 

function to estimate cycles to failure. Two types of overloads were studied, tension-compression 

overload and compression-tension overload. As compared to the fully reversed constant 

amplitude loading fatigue life, both the overloads caused detrimental effects to the specimen. 

The specimens subjected to periodic tension-compression overload had a lower life as compared 

to the specimens subjected to periodic compression-tension overload. This is attributed to the 

compressive overload at the end of tension-compressive overload that causes sharpening of the 

crack tip. There were two assumptions made for this study. The first is that damage accumulates 

during the portion of the cycle for which the crack is open and secondly, overloads have an effect 

on the fatigue behavior of the smaller cycles however the reverse does not apply. Complete 
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failure or separation of a coupon or component into two parts occurs when the sum of all the 

damage involved in the loading is unity. This is shown in the equation 2.6. 

 

issol DDD1  (2.6) 

where,  

olD is damage due to the overloads 

ssD is damage due to steady state fatigue or constant amplitude fatigue 

iD is the interactive damage 

The damage that is not accounted for by the overload cycles or the constant amplitude 

cycles individually is accounted for by the interactive damage. The interactive damage provides 

a measure of the pronounced fatigue effect of the overload cycles on the subsequent smaller 

cycles.  

 The authors determined that interactive damage per block for all the tests conducted had a 

value greater than 0. On plotting interactive damage per block against the maximum applied 

stress for all the values of on a log-log scale, all the curves had approximately equal slopes, 

which was approximately equal to the slope of the constant amplitude damage caused by the 

periodic overloads alone.  This showed that the interactive damage done by each of the 

subsequent smaller constant amplitude cycles amount to a constant fraction of the damage done 

by the constant amplitude fatigue.  

 The interaction damage, cD , for a specific cycle is given by the equation 2.7. 
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NDD oc  (2.7) 

where, 

oD is the interactive damage by the first small constant amplitude cycle following the 

overload 

cD is the interactive damage by the 
thN small constant amplitude cycle following the 

overload 

N is the number of small constant amplitude cycles following the overload 

is the rate of decay in the interactive damage per cycle   

The normalized interactive damage per cycle, oc DD , is plotted against the number of 

cycles after the overload, N , as shown in Figure 2.7.  

 

Figure 2.7 Figure shows the Normalized damage per cycle plotted against number of 

cycles following an overload [Reproduced from Ref.11]. 

 

The rate of the interactive damage was expected to change from 0, for approximately the 

first 450 cycles after the overload, to about -0.7 for at least 50,000 cycles following the overload. 

The graph also shows the results of rate of decay of interactive damage per cycle, , in the case 
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of intermittent tensile-only and compressive-only peaks, which was a part of a previous similar 

study [12] conducted by Pompetzki et. al. In the case of tensile-only peaks and compression-only 

peaks, averaged to -0.66.  

The interactive damage per block determined in the equation was then used to estimate 

the cycles to failure. The percentage variation of the estimated number of cycles to failure from 

the experimentally determined number of cycles to failure is not mentioned. An important 

requirement for this method is that the cycles to failure from the periodic overload cycles need to 

be known, in order to determine and therefore estimate the cycles to failure. This is a 

drawback in a way because the data from the periodic overload tests is used in the analytical 

estimation of cycles to failure. In all the work that is done by the authors [11, 12], namely the 

cases of intermittent periodic tensile-only overloads, compression-only overloads, tension-

compression overloads and compression-tension overloads, there was only one instance of a 

periodic tensile overload of yield strength that was applied after every 30,000 cycles, which 

caused an increase in fatigue life of the specimen as compared to the specimen life when a 

similar specimen was subjected to only constant amplitude fatigue.  The authors credit it to the 

phenomenon of crack arrest until a steady rate of crack growth resumes.  The objective of the 

study [11, 12] was to characterize the interactive damage and so the increase in fatigue life 

periodic tensile overload has not been discussed in detail.  The authors considered cylindrical 

specimens without notches. The absence of notches does not impose the requirement of 

considering any notch plastic zone and associated residual stresses.  

Other improvements to Miner‟s rule to estimate the cycles to failure have been 

summarized in literature [2, 3]. The different methods use different damage quantifying 

parameters that are explained in the next subsection. There are limitations on the different 
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methods that have been developed to improve Miner‟s rule. Some methods do not require a large 

number of specimens to be tested while not providing sufficient accuracy, while the other 

methods require a large number of specimens to be tested.  

2.6 Damage quantifying parameters 

In all the improvements summarized in section 2.5, a common factor is the use of cycle 

ratio to measure the damage. Cycle ratio is not the only damage measure that has been studied 

and developed. The different damage quantifying parameters are categorized as metallurgical 

parameters, mechanical parameters, physical parameters and parameters for crack quantification. 

The different parameters are explained in the subsequent paragraphs [3]. 

Metallurgical parameters – Damage parameters such as number of dislocations, size of 

dislocation cells, persistent slipband spacing and intensity of slipbands are categorized as 

Metallurgical parameters. The physical nature of the fatigue damage is explicitly studied. The 

quantification processes are destructive as the cracked surface has to be studied on a microscopic 

level. Machlin‟s dislocation theory is an example [3].  

Mechanical parameters – Changes in properties like hardness, stress, strain, strain energy 

and stiffness as the material degrades during fatigue are damage quantifying parameters that are 

categorized as mechanical parameters. An example is Henry‟s theory [3] based on change in 

endurance limit. A reduction in fatigue life is correlated to the change in endurance limit.  

Physical parameters – Nondestructive techniques such as ultrasonic techniques, potential 

drop, acoustic emission, magnetic field methods, X-radiography and eddy current techniques 

indicate the existence of a crack, crack growth and therefore aids to quantify the fatigue damage.  

 Parameters for Crack quantification – Crack population, crack length and weighted crack 

length are quantified as damage parameters in many theories.  
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Literature [2,3] shows a large number of theories that have been developed since the 

Miner‟s rule. But literature [7] also states that the most common measure of damage is the cycle 

ratio. The rule used more importantly, due to its simplicity, is Miner‟s rule. 

2.7 Life estimation of sheet specimens with a center circular notch subjected to periodic 

overloads 

The presence of notches, grooves, fillets, keyways are regions of discontinuity in a 

material that are necessary due to design requirements. The traditional Miner‟s rule does not 

have sufficient provision to account for notches and mean stress effects.  

The specific case of fatigue life estimation of periodic overloads on notched members has 

been studied by DuQuesnay et. al.[4]. The authors had used the phenomenon of crack closure to 

explain the effect of loading sequence in variable-amplitude fatigue in the case of smooth 

specimens [11,12]. In the case of notched specimens, the authors emphasize that along with the 

phenomenon of crack closure, the stress gradient at the notch, the multiaxial stress states at the 

notch root and the size of notch relative to the microstructural features (like grain size) have an 

influence on the crack growth. The results from the study show that periodic overloads along 

with the notch size act simultaneously to reduce the fatigue life of the notched specimen. The 

results have also shown that if the periodic overload is a load of near yield strength of the 

material and a fully reversed cycle of loading then the effect of the small notches can be as 

damaging as the large notches. The study ultimately developed a crack growth model which 

accounts for crack closure, short crack behavior and material plasticity to predict the fatigue 

behavior of notched specimens under variable amplitude loading conditions.  

The authors had previously developed a modified fracture mechanics model to predict the 

fatigue strengths of smooth and notched specimens under constant amplitude loading [13,14], 
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which was further developed to account for variable-amplitude loading in this study [4].  The 

approach uses a crack growth rate curve for the material as the design reference curve. The 

fatigue life of a component is determined by integrating this design reference curve between the 

initial and final crack lengths, assuming that a similitude exists between the crack growth rate at 

the crack tip for a crack at a notch root and for a crack in an unnotched specimen. The material 

used in this study was Aluminum alloy 2024-T351. Many parameters such as F (factor to 

account for finite specimen size and crack front shape), eQ (surface strain concentration factor) 

and (factor that represents ease of cross-slip in the material) were developed from previous 

studies [15] and used for life estimation purposes.  

The experimental work involved centre-notched specimens. Three notch diameters of 

0.24, 1.0 and 3.0 mm ( tK of 2.96, 2.85 and 2.60 respectively) were selected for the study. 

Smooth polished cylindrical specimens of diameter of 6 mm were used to determine the fatigue 

life. The crack growth data were obtained on edge-cracked plate specimens that were 19 mm 

wide and 2.5 mm thick. All the tests were conducted on uniaxial, electrohydraulic testing 

machine operating in load control. Both the specimen types, smooth and notched, were subjected 

to a loading sequence consisting of a fully reversed, )1(R , compression-tension overload 

followed by 1,000 smaller cycles. The smaller cycles had a stress ratio always greater than 0. 

The constant amplitude loading between the periodic overloads did not involve any compression 

loading segment. The maximum remote stress of the small cycles was equal to that of the 

overloads. The magnitude of the overloads was selected such that the maximum notch stress, or 

the maximum nominal stress in the case of smooth specimens, was 350 MPa. This was close to 

the yield stress of the material (380 MPa). The minimum stress of the small cycles was changed 

from test to test to obtain a variation in the stress range in the case of the small cycles. The 
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frequency of the overload was held constant at 1,000 cycles. The magnitude of the overload was 

also held constant at notch stress of 350 MPa with stress ratio held at -1. The parameters that 

were varied were the minimum stress value of the small cycles between the overloads and the 

tK  values of the specimens. 

It was noted that for a particular tK , as the stress range of the small cycles decreases, the 

fraction of damage caused by the small cycles decreases as well. When small cycles cause no 

damage, the overloads still caused failure of the specimens. The experiments showed that 

smallest notch can be as severe as the largest notch tested. This was attributed to the reduction in 

the crack closure due to periodic yield-magnitude overloads which reduces the notch-size effect 

found in constant-amplitude loading.  

The experimental results showed that fatigue strength reduction due to overloads and the 

strength reduction due to notches are cumulative. Notch size effect which is pronounced under 

constant amplitude loading is absent in the case of periodic overload loading, provided that the 

overload stress is close to the yield stress magnitude and stress ratio, 1R . The work states 

that the model solutions for the total fatigue life of the notched specimens in the case of periodic 

overload tests were in good agreement with the experimental data.  

The drawbacks of this approach are that a value has to be assumed for the factor, F  based 

on the cycles to failure obtained from smooth specimen testing. Empirical testing that has to be 

conducted to determine the value of eQ . The type of periodic overload studied is a compressive-

tensile overload. The study is specific to this type of overload of yield magnitude and cannot be 

extended to a loading where only tensile or only compressive types of overload are applied 

periodically. The study also does not include a variation in change of frequency of overload.  It 

should be noted that the authors specifically address the problem of a periodic tensile-
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compressive overloads of yield magnitude at the notch and that the small range intermittent 

constant amplitude loading cycles have a stress ratio which is always greater than 0. 

There are experimental studies conducted on center circular notched sheet specimens 

subjected to periodic tensile overloads which does not involve any fatigue life estimation. These 

studies are covered in the next subsection.   

Khan et. al. [17] conducted a study on fatigue crack propagation life in edge notched 

members under variable amplitude loading conditions. The objective of the study was to 

understand the effect of single overload, multiple overloads and periodicity of the multiple 

overloads on the fatigue crack growth in an edge notched specimen and then use existing linear 

elastic fracture mechanics crack growth models to estimate cycles to failure. Specimens were 

edge notched AISI 304 stainless steel specimens. All the fatigue tests were conducted on 

servohydraulic material test systems. All the specimens were precracked to 0.001 m before any 

tests were conducted. Two types of loading histories were studied. In one, a single overload was 

applied followed by constant amplitude fatigue and in the other, a periodic overload was applied 

on baseline constant amplitude loading. The periodic overload was applied at a frequency of 0.1 

Hz, while the constant amplitude fatigue occurred at 1 Hz. Maximum and minimum loads were 

7kN and 1kN respectively. The overloads were 9kN, 11kN and 13kN, which were applied after 

every 5,000 cycles, 1,000 cycles and 100 cycles of baseline constant amplitude loading. The 

specimen was 1.5 mm thick, 120 mm long and 38 mm wide. The notch had a depth of 10 mm 

and height of 2 mm. Three models were used to predict the cycles to failure. The Wheeler 

retardation model [18] with Paris equation for crack growth [19], the Wheeler model with a 

modified Paris equation and and Elber crack closure model [20] were used to predict the crack 

growth to failure. The authors conclude that of the three models used to predict the fatigue lives, 
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the Wheeler‟s model with modified Paris equation gives the most reasonable estimate. The 

numerical results are not provided and the graphs show a scatter for all the three models used in 

the estimate. It is not clearly conclusive from the graphs which of the three models best matches 

the experimental work. In the case of a single overload, the increase of the overload load from 

9kN to 13kN caused a decrease in the fatigue. The highest fatigue life was obtained if the 

number of cycles between the overloads was 100 cycles and 9kN overload load was applied.  

2.8 Response of ductile materials under periodic overloads 

Potter [21] investigated the effect of sequence of loading and the effect of load interaction 

on the fatigue behavior of notched coupons from a residual stress viewpoint. In notched coupons, 

overloads cause notch residual stress due the onset of a plastic region at the notch. Authors prior 

to him (Heywood, Morfin, Halsey) [21] determined that if preloading increased the fatigue life or 

had a beneficial effect, then periodic overloading had an even more beneficial effect. Similarly, 

if preloading had a detrimental effect, then periodic overloading also had a detrimental effect. 

These works confirmed that the residual stresses at the notch changes with cycling following the 

peak load. He stated that if a tensile overload is applied followed by constant amplitude loading 

where stress ratio is greater than zero, the overload leaves a residual stress at the notch, which 

reduces the mean stress level of the constant amplitude loading. The reduced stress level implies 

an increase in the fatigue life if the residual stress level remains unchanged during continued 

cycling following the overload. Periodic overload tests were conducted to study load interaction 

effects, but no fatigue life estimation for periodic overload tests were done. The stress ratio was 

always greater than zero for the loading considered. The work provides an understanding of 

cycle-dependent residual stress behavior. Potter stated that after the overload, the residual stress 

at the notch can either remain constant or change with every cycle to zero or a stable value 
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depending on the constant amplitude fatigue that follows the overload. A notch compressive 

residual stress which is present because of the positive residual strain will either remain the same 

or increase to zero or a stable value as cycling continues based on the constant amplitude loading 

that follows the overload.   The converse is applicable for a tensile residual stress which occurs 

after the overload.   

The material used in the study was Al2024-T4. The sheet specimens had a thickness of 

3/8 inch and stress concentration factor equal to 2.56. The results from the tests are tabulated in 

Table 2.1. The column of notch stress is a product of the net section stress and the tK value. 

Without the periodic overloads, at a stress ratio of zero and maximum notch stresses of 80ksi and 

60ksi, the fatigue lives were 29,760 cycles and 120,010 cycles respectively. For a stress ratio of 

0.5 and at maximum notch stresses of 110ksi and 90ksi, the fatigue lives were 41,950 cycles and 

99,780 cycles respectively. 

An important result that Potter highlighted was that the number of cycles to failure 

increase when the period between the overloads was increased, and on further increasing the 

period between the overload cycles, the number of cycles to failure decreased. This reinforces 

that the residual stresses (whether tensile or compressive) wear off after continuous cycling at 

constant amplitude loading and it also depends on the stress values at which the constant 

amplitude cycling occurs. Potter investigated the response under conditions when the stress ratio 

was either zero or greater than zero. 
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Table 2.1 Table shows the experimental results for the periodic tensile overload tests 

[Reproduced from Ref.21]. 

 

 Topper et al. [11,12] had conducted periodic overload tests on cylindrical specimens of 

Al 2024-T351. The effects of two types of overloads compressive-tensile and tensile-

compressive were discussed. The tensile-compressive overloads caused greater damage than the 

compressive-tensile overloads. This was attributed to the sharpening of the crack tip at the end of 

the compressive segment of the overload cycle. The reduction in fatigue strength is explained in 

terms of reduction in effective stress range to cause crack closure. The crack is propped open due 

to the plastic wake caused by the overload. Consequently, a lower effective stress level is 

required to open the crack and cause the crack propagation.  

Dawicke [22] conducted periodic overload and underload tests on Al 2024 T3 to 

determine the effects of overloads and underloads on fatigue crack propagation. Middle crack 

tension specimen was used in the study. The specimens were 0.09″ thick and 3″ wide and had a 
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center notch of 0.6″ long and 0.125″ wide. The specimens were fatigue precracked to a crack 

length of 1″, using maximum stress value of 10ksi and a stress ratio of 0.02.  After the constant 

amplitude fatigue loading, periodic overloads or underloads were applied. The tests included two 

level block loading until failure of the specimen. The first level was 2,500 cycles of constant 

amplitude loading followed by an overload or underload. The overload ratio ranged from 1.125 

to 3.4 and the overload was followed by a single spike underload at a stress value that ranged 

from 0 to -3 times the maximum stress value. A total of 41 tests were conducted. Under constant 

amplitude loading to failure where maximum stress was 10ksi and minimum stress was 0.2ksi, 

the number of cycles to failure was 30,700 cycles. If an overload stress of 11.25ksi was applied 

after every 2,500 cycles, the life increased to 52,800 cycles, which is an increase of 70%. In the 

case of an overload stress of 20ksi applied after every 2,500 cycles, the increase in life was 60 

times the life in the case of constant amplitude fatigue without the overload. However, with 

further increase of overload stress (greater than 20ksi or overload ratio greater than 2), the life 

decreased. This was attributed to the damage accumulation during the spike overload cycles.  

In the case of application of the underload following the overload, a shorter fatigue life 

than those from the tests with just the spike overload was obtained. This was attributed to the 

crack surfaces yielding in compression, thereby reducing the tensile plastic deformation caused 

by the overload, thus decreasing the subsequent crack opening stress and assisting in the crack 

propagation.  There was no fatigue life estimation done as a part of the study. The data from the 

testing is graphed in Figure 2.8.  
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Figure 2.8 Plot of all the periodic overload and the underload test results 

[Reproduced from Ref. 22]. 

 

 In the figure, the overload far-field stress is given by olS . The maximum far-field stress in 

baseline intermittent cycles is given by maxS and is equal to 10ksi. The minimum far-field stress 

in baseline intermittent cycles is given by minS  and is equal to 0.2ksi. The underload stress is 

given by ulS . 

 Tur et. al. [23] studied the effect of periodic tensile overloads on center cracked panel 

made of 2024-T3 aluminum alloy. The specimen had a length of 300mm, width of 90mm and an 

initial center crack length of 14mm. The cracks were propagated to 20mm before the overloads 

tests were conducted. This was done to avoid any notch effects. The study aimed to determine 

the effect of crack retardation due to a single overload and the interaction between the overloads 

as controlled by the periodicity of the overloads. The periodicity was varied between 3 and 

10,000 cycles. The study determined that as the periodicity of the overloads was varied, the 

interaction between the overloads leading to retardation changed. The interaction effect was 

found to be greatest if the overload was spaced at half the number of cycles of retardation due to 
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a single overload. There was no fatigue life estimation conducted as a part of the study. The 

different overload ratios used in the study were 1.3, 1.5 and 1.65. Two stress ratios of 0.1 and 0.3 

were considered for the constant amplitude fatigue between the overloads.  Celik et. al. [24] 

compared the crack retardation behavior between aluminum alloys 2024-T3 and 7075-T6. 

Periodic overload tests were conducted on center cracked M (T) specimens. The intermittent 

baseline cycles had a stress ratio of 0.1, and the overload ratios were varied between 1.3 and 

1.65. The overload spacing ranged from 20 to 10,000 cycles of baseline cycles. The dimensions 

of the specimens were 5mm thick, 90mm wide and 300mm long with a center notch length of 

15mm. Constant amplitude tests were conducted. Single overload tests were conducted to 

determine the effect of retardation of one overload cycle on subsequent baseline cycles. If the 

number of cycles of retardation due to a single overload is given by RN , then it was determined 

that the maximum retardation of the crack will occur if the next overload is applied at 
2

RN
cycles 

following the overload.  They determined that the retardation of crack in 2024-T3 alloy was 10 

times greater than that in the case of 7075-T6 alloy if the periodic overload occurred at half the 

number of cycles of retardation due to a single overload
2

RN
. 

Skorupa [9] provided a concise report on the various factors that affect variable 

amplitude loading. One of the simple variable amplitude loading considered in the study was the 

periodic overload fatigue loading. The study emphasizes on the effect of load interaction in 

variable amplitude loading. He concluded from different literature work that load interaction 

effect depends on loading variables, environment, microstructure, specimen geometry and 

material properties. Based on a particular combination of parameters related to the five 

mentioned factors, the load sequences of the same type can either produce retardation or 
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acceleration in the crack growth. Accordingly, the threshold stress levels at which fatigue crack 

grows in the case of variable amplitude loading can be different than in the case of constant 

amplitude loading. Skorupa [10] also provided a qualitative study of the different mechanisms 

that are said to contribute to the load interaction effects – crack tip blunting, residual stress ahead 

of crack tip, strain hardening of the material ahead of the crack tip, irregular crack front, 

plasticity induced crack closure, occurrence of specific stress or strain conditions ahead of the 

crack tip. He further concluded that the conditions under which interactions between various 

mechanisms can occur are not clearly recognized. The load interaction phenomena for different 

groups of metals were different. 

Heidemann et. al. [25] experimentally investigated the effects of periodically applied 

single tensile overloads on fatigue crack propagation in aluminum alloys. They studied the 

effects of grain size dimensions and the number of intermittent baseline cycles. One of the 

objectives was to determine if the overload effect can be linked to one single mechanism or if the 

mechanism depends on factors such as environment, material and microstructure, which was 

previously established by the study conducted by Skorupa [9,10]. Periodic overload tests were 

conducted in vacuum.  

Two sheet versions of the aluminum alloy 2024 (T3 and T351) were used in the study. 

Both sheets were aged at room temperature. Aluminum 2024 T351 alloy was stress relieved by 

stretching. The grain shape in both the materials was different. In the case of Al 2024 T3, the 

grains were equiaxed and in the case of Al 2024 T351, the grains were elongated. The thickness 

of the sheet was 3.2mm. All fatigue tests were conducted on center cracked middle tension M(T) 

specimens. The intermittent loads had a stress ratio of 0.1. The periodic overloads had an 

overload ratio of 1.5. The overload tests were carried out with two different intermittent baseline 
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cycles of 100 and 10,000. Both the alloys exhibited strong influence of the overload on the crack 

propagation rate. For Al 2024-T3 alloy, both the loading conditions of 100 intermittent cycles 

and 10,000 intermittent cycles showed retardation in crack growth rate. The effect of retardation 

was more pronounced in the case of 10,000 intermittent baseline cycles between the overloads. 

For Al 2024-T351, an accelerated crack growth rate was observed if intermittent baseline cycles 

were 100 cycles between the overloads and a retarded crack rate was observed if the cycles were 

10,000 cycles. They conducted crack closure measurement and concluded that the influence of 

crack closure on overload effects was minor. They determined that periodically applied tensile 

overloads change the slip distribution in front of the crack tip, thereby affecting the fatigue crack 

propagation. They observed variation in the intrinsic fracture behavior and the crack front 

geometry. Crack propagation rate also depends on grain dimension.  Borrego et. al. [26] 

conducted periodic tensile overload tests on Al Mg Si 1(6082) Aluminum alloy with T6 heat 

treatment. The specimens used for the study were middle tension M(T) specimens with a 

thickness of 3mm, and in agreement with ASTM E647. All tests were conducted in air, at room 

temperature. The overload ratio was 1.5. Two stress ratios were chosen for constant amplitude 

and the periodic overload tests, which were 0.4 and 0.05. The intermittent baseline cycles were 

varied at 10 cycles, 100 cycles, 1,000 cycles and 10,000 cycles. They concluded that 

reapplication of an overload after a period of baseline cycling causes fatigue crack growth 

retardation. But the retardation effect is reduced if the overload is reapplied in the phase of 

descending fatigue crack growth rate. This is because the overload interrupts the crack 

retardation process produced by the preceding overload. They determined that crack retardation 

decreases with stress ratio increase and increases with overload periodicity. The most effective 

retardation is obtained when the period between the overloads is long enough to cause the crack 
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propagation rate to reach a minimum. This period differs from material to material and intensity 

of loading. They concluded that plasticity-induced crack closure effects play an important role in 

load interaction.  

The literature review provided sufficient insight to understand the effects of residual 

stresses by overloads on notched sheet specimens and also the effects of overloads on unnotched 

cylindrical specimens. Different life estimation methods were also studied. Of all the methods 

that were examined, Miner‟s rule is still the simplest that can be used for life estimation. 

Therefore, a method that combines residual stresses and Miner‟s rule can be expected to provide 

better life estimation.  
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CHAPTER 3 

STATEMENT OF PROBLEM AND OBJECTIVE 

 

 

Structures experience variable amplitude fatigue loading. Periodic tensile overload during 

fatigue is one of the various types of variable amplitude fatigue loading. This chapter contains 

the description of the problem, the approach used to tackle the problem and the objectives that 

will be accomplished as part of the approach. Due to stress raisers like holes, grooves, keyways 

that exist as a necessity due to design requirements, the ability of the material to resist fracture 

during fatigue is greatly reduced. Notches cause the stress in the vicinity of the notch to be 

greater than the remote stress. The intensity of increase in the stress magnitude is based on the 

geometry of the notch and magnitude (if yielding occurs) and type of the remote stress. For 

example, in the case of a hole, the tangential stress in the vicinity of the hole (across the 

minimum section) is about three times the value of the applied remote stress. Within elastic 

limits, the stress concentration factor is a constant and depends on the type of loading and notch 

geometry. Figure 3.1 shows the definition of remote stress S and notch (local) stress . The 

notch stress is tangential to the hole and is in the same direction as the remote stress.  The 

Figure 3.1 shows tangential elements on either side of the notch. Both the elements are subjected 

to the same notch stress value. 

For the specimen shown in Figure 3.1, the relationship between S and σ is given by 

equation 3.1 [1]. 

SK tg  3.1 

where, 

tgK  is the stress concentration factor based on gross section stress 
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Figure 3.1 Illustration of the notched specimen subjected to a simple remote tensile 

stress.  

 

The equation 3.1 is true if notch stress, , is less than the yield stress. If the notch stress 

increases to a value greater than the yield stress, then the ratio of the notch stress to the remote 

stress will be reduced. This is due to the localized plasticity of the region near the hole [1]. The 

plasticized region maintains its strained state. Therefore, when the remote stress is removed, the 

material around the plasticized region tends to return to its initial unstressed state. This in turn 

causes the elastic material to exert a compressive stress on the plasticized region. The 

compressive stress is called residual stress because it exists without any far-field stress.  

Following the tensile segment of fatigue, if the second segment is compressive in magnitude, 

then the compressive segment contributes further to the compressive residual stress at the notch. 

At the end of the compressive segment of the first cycle of fatigue, the stress at the notch can 
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either be compressive or tensile. If the compressive segment contributes significantly to the 

compressive residual stress, then the yielding in compression occurs. This in turn causes residual 

stress at the notch to become tensile after the completion of the compression segment of loading. 

If the compressive segment does not contribute significantly to the compressive residual stress, 

then the yielding in compression does not occur and this in turn causes the stress at the notch to 

maintain its compressive nature till the end of the second segment of the first cycle.  

An illustration is provided in Figure 3.2. In the figure, for a remote stress, 'S , the 

associated maximum notch stress and strain  are given by 'and ' respectively. Similarly the 

notch residual stress and strain are given by r and r respectively.  

 

Figure 3.2 Figure shows residual stress and strain remaining after local yielding in a 

notched member caused by a tensile load [Reproduced from Ref. 1]. 

 

During loading of the specimen (given by (a)), there is no yielding. Yielding occurs at (b) 

in the figure. After unloading from the maximum stress level (given by (c)), compressive 
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residual stress and a tensile residual strain remain at the notch surface. The loading force is given 

by P .The residual stress in conjunction with the constant amplitude fatigue following the 

overload, accompanies the strain hardening of the material during cycle dependent creep. 

3.1 Statement of Problem  

In periodic overload loading scenario, if the overload is applied before the subsequent 

constant amplitude fatigue, then the residual stress affects the constant amplitude fatigue that 

occurs after the overload. The load interaction effects and sequence effects become an integral 

part of the fatigue loading [21]. The fatigue life of a specimen subjected to periodic overload 

does not depend only on the residual stress that exists after the overload but also on the constant 

amplitude fatigue that contributes significantly to the fatigue damage. Constant amplitude fatigue 

loading causes strain hardening or softening and the related cycle dependent creep [1]. 

Compressive residual stress at the notch accompanied by alternative compressive segments of 

constant amplitude fatigue (where R greater than or equal to zero), can either lead to an increase 

in life or a decrease in life (as compared to constant amplitude loading) based on the periodicity 

of the overloads [21]. The residual stresses tend to constantly decay to zero as the constant 

amplitude fatigue loading occurs. This shows that load interaction and load sequence are 

important aspects of fatigue loading where periodic overloads are imposed. If the stress ratio, R , 

is less than zero, then  reverse yielding at the notch following an overload is expected to occur. 

Reverse yielding results in tensile notch stress. This in turn is expected to cause an early failure. 

The study aims to investigate the effect of the periodicity and magnitude of the overload on the 

constant amplitude loading where the stress ratio R  of the loading is less than zero. The study 

also aims to utilize the notch residual stress due to the overload to estimate cycles to failure. 
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3.2 Approach 

The approach comprises of conducting constant amplitude and periodic overload fatigue 

tests to determine experimentally the cycles to failure. This is done to clearly determine the 

effect of the periodicity and the magnitude of the tensile periodic overload. An approach to 

estimate cycles to failure can be to include the notch residual stresses in the fatigue life 

estimation. Notch residual stress can either be tensile or compressive after the first overload 

depending if reverse yielding at the notch has or has not occurred. Notch residual stress after the 

first overload is first estimated using the Neuber‟s rule [5]. The stress is then superimposed on 

the subsequent constant amplitude stress values (remote stress). Finally, the Miner‟s rule [6] is 

used to estimate the cycles to failure.  

3.3 Objectives 

1. Investigate the tensile overload effects on constant amplitude fatigue life of open-hole 

specimens by conducting experiments. 

2. Estimate the error involved in direct application of Miner‟s rule. 

3. Investigate improvements to Miner‟s rule prediction by incorporating residual stresses due to 

overloads.  
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CHAPTER 4 

EXPERIMENTAL WORK 

 In order to determine the fatigue lives of the notched specimens subjected to constant 

amplitude fatigue loading and fatigue loading with periodic overloads, experiments were 

conducted at the National Institute for Aviation Research. Constant amplitude fatigue data were 

generated for remote mean stress values of 6ksi and 3ksi. Experimental SN  curves were 

generated at these two mean stress levels. The application of the Miner‟s rule utilizes the number 

of cycles to failure for constant amplitude fatigue, which are obtained from these experiments. 

This chapter presents the details of all the experimental work done including the static testing, 

constant amplitude fatigue testing and variable amplitude fatigue testing (periodic tensile 

overloads). All the tests were carried out at room temperature. 

 In order to use Miner‟s rule to estimate the cycles to failure in the case of periodic tensile 

overloads, the lives of the specimens at stress values which correspond to the periodic tensile 

overload stress values need to be known. Therefore, constant amplitude fatigue tests were also 

conducted on specimens, where the constant amplitude loading levels were equivalent to the 

periodic overload cycle load levels that were applied. The results are presented in this chapter.  

4.1 Test Specimen Geometry 

Except for the tensile test, which provides the mechanical properties of the material that 

is being studied, all the fatigue tests were conducted on a specimen that had a centrally placed 

hole. The loading for all the tests was along the grain direction of the specimen. The material 

used in this study is Aluminum 2024 T3 clad. The dimensions of the notched test specimen are 

shown in Figure 4.1. 
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Figure 4.1 Geometry of fatigue test specimens. All dimensions are in inches. 

 

 

4.2 Specimen preparation 

Sheets (144″×48″×0.09″) of Aluminum alloy 2024 T3 clad were cut into smaller 

rectangular blanks of size (15″×2.5″×0.09″). These blanks were then machined to the required 

dimensions by a computer numerically controlled machine. The dimensions of the specimen 

were shown in the Figure 4.1. The edges of the specimens were deburred using a deburring tool. 

The center hole was deburred using a drill bit. Six readings each were taken to measure the width 

and thickness, and two readings were taken to measure the diameter of the hole of the machined 

specimens. Thickness and width readings were determined using a (0″-1″) micrometer, while an 



39 

 

optical comparator was used to measure the diameter of the hole of the specimen. The specimen 

width to hole diameter ratio is 4.66.   

4.3 Tensile test  

A tensile test was conducted on an unnotched specimen in order to characterize the 

stress-strain behavior of the material. At the gage section, the unnotched specimen had a width of 

0.75″ and thickness of 0.09″. A strain gage (CEA-06-250UN-350, range of 0-50,000 

microstrains) mounted on the center of the specimen was used to measure strain during the 

tensile test. The tensile test was conducted on a 22kip MTS servo-hydraulic test machine. Basic 

Testware software [27] was used to control the test. The specimen was subjected to a tensile 

force in displacement control mode and the rate of test was 0.025 in/min. Data was collected at a 

rate of 4Hz. The stress-strain curve and the results are discussed in section 4.8.  

4.4 Test Set Up for fatigue tests 

Since the tests conducted in this study comprise of an alternate segment of compressive 

stress, an anti-buckling fixture was necessary to prevent buckling during the compressive 

segment of fatigue loading. Two plates of HDPE (high-density polyethylene) clamped together 

with 6 bolts and two C-clamps were used as the anti-buckling mechanism. A picture of the 

fixture is shown in Figure 4.2. The nuts on the 6 bolts were each tightened to an applied torque 

of 10 in-lbs. C-clamps were placed at the center of the fixture to further prevent the buckling of 

the specimen. 

The two plates of HDPE did not come in contact with the center hole of the specimen. A 

groove in the HDPE along the width of the HPDE was machined to prevent any contact of the 

plate with the center hole. This is shown in Figure 4.3. A thin layer of grease was applied to the 

surface of the anti-buckling fixture that was in continuous contact with the specimen during the 
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fatigue test. Any motion of the fixture was restricted by a steel plate that attached the fixture to 

the load frame. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2 Test set-up for fatigue tests. 
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Figure 4.3 Finer details of the test fixture. 

 

4.5 Constant amplitude fatigue tests 

Constant amplitude fatigue tests were conducted to characterize the SN  curve of the 

notched Aluminum specimen. The tests were conducted at maximum stress levels of 50ksi, 

48ksi, 44ksi, 40ksi, 30ksi, 20ksi and 15ksi, each with a mean stress level of 3ksi and 6ki. The test 

matrix for the constant amplitude fatigue tests are shown in the Table 4.1. 

 

Groove along the 

width of the HDPE 

specimen 
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TABLE 4.1 

TEST MATRIX FOR CONSTANT AMPLITUDE FATIGUE LOADING TESTS AT A MEAN 

OF 3KSI AND 6KSI 

 

  

Mean Remote 

Stress CAMEANS ,  

6ksi 3ksi 

Maximum 

Applied 

Remote 

Stress 

CAMAXS ,  

50ksi 3 3 

48ksi 3 3 

44ksi 3 3 

40ksi 6 6 

30ksi 6 6 

20ksi 6 6 

15ksi 6 6 

 

Multipurpose Testware [27] was the software used to control the tests. All tests were 

conducted on 22kip MTS servo-hydraulic test systems. The MPT (Multipurpose Testware) has a 

peak valley compensator (PVC) [27] option that operates in a feedback loop, which in turn 

optimizes the system performance to meet the required load levels. The PVC option was used for 

the constant amplitude fatigue tests. In all the tests conducted, the loads were met with 99% or 

better accuracy. Constant amplitude fatigue tests, where the maximum stress levels correspond to 

the maximum stress levels of the periodic overload that is applied, and minimum stress levels 

correspond to the minimum stress levels of the constant amplitude loading, were also conducted. 

The test matrix is shown in Table 4.2. All tests were conducted at a frequency of 20Hz. In some 

cases, the frequency was reduced to 10Hz when the difference between the tensile and 

compressive loads was greater than 4.5kips. If the difference between the loads was greater than 

5kips, the frequency was reduced to 5Hz. This was done in order to obtain optimum performance 

from the MTS machines. 
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TABLE 4.2 

TEST MATRIX FOR CONSTANT AMPLITUDE FATIGUE LOADING TESTS AT 

PERIODIC OVERLOAD STRESS LEVELS  

 

  

Minimum Applied Remote Stress MINS  

-3ksi -8ksi -18ksi -28ksi 

Maximum 

Applied 

Remote 

Stress 

CAMAXS ,  

44ksi 3 3 3 3 

35ksi 3 3 3 Not applicable 

20ksi 3 Not applicable Not applicable Not applicable 

 

In the subsequent chapters, a naming convention is consistently followed. The letter S is 

used to denote remote stress and the subscript letters following S  denotes the level of loading. 

For example, OLMAXS ,  denotes maximum remote overload stress. The symbol denotes local or 

notch stress, and the subscript letters following  denotes the level of notch stress. The Figure 

4.4 shows the location of S and . For example, MEAN  denotes mean value of notch stress 

determined by taking the average of maximum and minimum notch stress values. The symbol 

TFS  denotes true fracture strength of the material, which is given by the terminal point on a true 

stress-true strain curve. 



44 

 

 

Figure 4.4 Figure shows the location of S and . 

 

The following list provides a complete definition of all the symbols used in the current 

and the subsequent chapters. 

OLMAXS , – Maximum remote (applied) overload stress 

MINS – Minimum remote (applied) stress 

OLMEANS , – Mean remote (applied) overload stress 

CAMAXS , – Maximum remote (applied) constant amplitude stress 

CAMEANS , – Mean remote (applied) constant amplitude stress 

OLMAX , – Maximum notch stress due to maximum overload stress 
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MIN – Minimum notch stress 

MEAN – Mean notch stress 

CAMAX , – Maximum notch stress due to constant amplitude overload stress 

ULTIMATE – Ultimate tensile stress at the notch, based on stress-strain curve 

TFS – True fracture stress at the notch, based on true stress-true strain curve 

fN – Number of cycles to failure 

residualS – Remote stress equivalent to the notch residual stress 

residual – Notch residual stress after the overload 

4.6 Fatigue tests with periodic overloads 

The test matrix of the tests conducted with periodic overloads is shown in Table 4.3.  

TABLE 4.3 

TEST MATRIX FOR PERIODIC TENSILE OVERLOAD TESTS  

 

Overload Stress 

OLMAXS ,  
20ksi 35ksi 44ksi 

CAMAXS ,  with 

CAMEANS , of 6ksi 
15ksi 15ksi 20ksi 30ksi 15ksi 20ksi 30ksi 40ksi 

N
u

m
b
er

 o
f 

cy
cl

es
 b

et
w

ee
n
 

o
v
er

lo
ad

s 
 

10 

cycles 
1 1 1 1 1 1 1 1 

50 

cycles 
1 1 1 1 1 1 1 1 

100 

cycles 
1 1 1 1 1 1 1 1 

1,000 

cycles 
1 1 1 1 1 1 1 1 

5,000 

cycles 
1 1 1 1 1 1 1 1 
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The highlighted cell in the matrix shows that 1 specimen is subjected to a constant 

amplitude loading where CAMAXS , is 15ksi, CAMEANS ,  is 6ksi (therefore, MINS is -3ksi) and a 

periodic overload ( OLMAXS , ) of 20ksi is applied after every 10 cycles. Similar analogy is applied 

to the other cells in the table. All the tests were conducted on 22kip MTS servo-hydraulic test 

systems. The MPT (Multipurpose testware) software [27] was used to conduct the tests. The 

ALC (arbitrary end level compensator) option in MPT [27] was used to assist the system to meet 

the required load levels. Fine tuning of the system allowed a load accuracy of 98% or better to be 

achieved during the tests. All tests were conducted at a frequency of 20Hz. Testing at lower 

frequency (10Hz) was conducted when the difference between the tensile and compressive loads 

was greater than 4.5 kips. The accuracy of the application of loads was better if the frequency 

was reduced at higher stress and stress range levels. 

4.7 Tensile test results 

The stress-strain plot of the tensile test of the unnotched specimen is shown in Figure 4.5. 

The true stress-true strain plot is also shown in Figure 4.5. The tensile test was used to determine 

the material properties. The material properties are tabulated in Table 4.4. 
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Figure 4.5 Engineering stress-strain curve and true stress-true strain curve. 

TABLE 4.4 

MATERIAL PROPERTIES OF AL2024-T3 CLAD DETERMINED FROM TENSILE TEST 

 

Property 

Values from 

Experimental Test 
A-basis

1 
B-basis

2 

ksi ksi ksi 

Modulus of Elasticity 

( E ) 
10500.042 10500 

Ultimate tensile 

strength ( ULTIMATE ) 
62.817 62 63 

Yield stress ( YS ) 48.504 45 47 

 

 

                                                 
1
 A-basis values from Ref. 28 for Aluminum 2024-T3 Clad (sheet thickness of 0.063in to 

0.128in). 
2
 B-basis values from Ref. 28 for Aluminum 2024-T3 Clad (sheet thickness of 0.063in to 

0.128in). 
 



48 

 

4.8 Constant amplitude fatigue test results 

 The experimental results for constant amplitude fatigue tests conducted at mean stresses 

of 6ksi and 3ksi are tabulated in Appendix A. Figure 4.6 graphically shows the SN  curves 

generated by constant amplitude fatigue data of specimens subjected to mean stresses of 6ksi and 

3ksi.   

 
 

Figure 4.6 Graph shows )ln(, EXPfCAMAX NS  curves for two mean stresses (3ksi and 

6ksi). 

 

 From the Figure 4.6, it is determined that for a mean applied stress of 6ksi, the SN  curve 

is given by the equation 4.1 and for a mean applied stress of 3ksi, the SN  curve is given by the 

equation 4.2. 

7274.61)ln(9127.3, fCAMAX NS  (4.1) 

3786.59)ln(9102.3, fCAMAX NS  (4.2) 
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 Constant amplitude fatigue tests were conducted, where the maximum stress is equivalent 

to the tensile stress of periodic overload and the minimum stress is equivalent to the compressive 

stress of the constant amplitude fatigue on which the periodic overload is imposed. The results 

are tabulated in Appendix A. The results are plotted in the Figure 4.7.  

 

Figure 4.7 Graph shows test results for constant amplitude fatigue tests where the stress 

levels are equivalent to the periodic overload stress levels. 

 

4.9 Variable amplitude fatigue test results  

Periodic tensile overload test results are tabulated in Appendix A. Figures 4.8-4.11 

graphically show the lives of the specimens subjected to periodic tensile overloads and a 

comparison with the respective constant amplitude fatigue lives. In the four Figures (4.8-4.11), 

the positive and negative standard deviation (shown by the dashed line) is based on the six 

constant amplitude tests that were conducted per maximum applied stress levels of 40ksi, 30ksi, 

20ksi and 15ksi, each with a mean stress of 6ksi.  
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The Figures 4.8 and 4.9 show that if the periodic overload is applied after every 1,000 

cycles or greater then an extension in fatigue life occurs, contrary to application of overload after 

every 100 cycles or below. The two Figures 4.8 and 4.9 also provide a comparison with constant 

amplitude fatigue life for CAMAXS ,  of 15ksi and 20ksi respectively, each with CAMEANS ,  of 6ksi. 

The effects of application of a periodic overload where the maximum stresses for intermittent 

baseline cycles are 30ksi and 40ksi are shown in Figures 4.10 and 4.11 respectively.  The 

specimen lives under the application of periodic overloads in these two cases show a decreasing 

trend regardless of the period of the application of the overload. This implies that the overload 

cycle causes damage rather than assist in increasing the fatigue life. 

The detrimental effects of the periodic overloads when a compressive stress segment is 

applied during the constant amplitude fatigue, can be explained in terms of reverse yielding at 

the notch. Compressive notch residual stress at the end of the first overload segment, aided by 

the compressive stress during the second loading segment of the overload cycle results in an 

extensive reverse yielding, with a consequence of tensile residual stress at the notch vicinity. 

Therefore, instead of a compressive residual stress, that would increase fatigue life, a tensile 

residual stress prevails, which would reduce the fatigue life as a consequence. 

For CAMAXS , of 15ksi (and CAMEANS , of 6ksi) it was experimentally determined that the average 

cycles to failure was 165.959 cycles (Appendix A). The application of the periodic overloads 

showed that if the cycles between the overloads was large, such as: 

1.  > 50 cycles and OLMAXS , = 20ksi, or 

2.   > 100 cycles and OLMAXS , = 35ksi, or 

3.   > 1,000 cycles and OLMAXS , = 44ksi, 
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then an increase in fatigue life was observed (Appendix B; Figure 4.8). Such a trend was 

also observed for remote stress of 20ksi (with mean stress of 6ksi) subjected to periodic tensile 

overloads (Figure 4.9).   During constant amplitude fatigue when the mean stress is a non-zero 

value, there are two types of transient material behavior that are prevalent at the start of fatigue 

loading : stabilization of the hysteresis loop (cyclic strain hardening or softening) and cycle 

dependent creep [1].  Cycle dependent creep is defined as the continuous variation of the non-

zero mean strain on the application of non-zero mean stress. The mean strain shifts continuously 

to decrease its rate and stop, or approximately establish a constant rate or accelerate and lead to a 

failure. The two phenomena, cyclic strain hardening or softening and cycle dependent creep, may 

interact as they occur at the same time. In the current case, there is a periodic tensile overload 

that is applied at the start of the fatigue process, which further complicates the material transient 

behavior. Experiments show that a periodic overload applied more frequently is detrimental. The 

damaging effect of the frequent overload cycles prevail over the beneficial effect of residual 

stresses.  

In the case of loading where the intermittent baseline cycles have maximum remote stress  

values of 30ksi or 40ksi, each with mean stress of 6ksi, the material experiences a deterimental 

effect due to the overload rather than a beneficial effect, irrespective of the magnitude or the 

periodicity of the overload. The large remote compressive stress values (-18ksi or -28ksi)  at 

every alternate segment of constant amplitude loading causes reverse yeilding at the notch, 

which results in a tensile residual stress at the notch. The periodic overload further aids to 

increase the tensile residual stress, as the compressive segment of the overload is also of the 

same magnitude as the constant amplitude loading. The material experiences sufficient damage 

from which it cannot recover even if the period between the overloads is increased. The effects 
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of the periodicity and the magnitude of the overloads are shown in Figures 4.10 and 4.11 for the 

two cases of 30 ksi and 40 ksi remote stresses, respectively. The pictures of the tested specimens 

are provided in Appendix E. The measured length is the approximate length of slow crack 

growth in the specimen before the crack grows at a faster rate to ultimately cause the failure of 

the specimen [1]. The length is measured on either side of the notch. 

 

Figure 4.8 Comparison of experimental data for periodic overloads with CAMAXS ,  =15ksi. 

 



53 

 

 

Figure 4.9 Comparison of experimental data for periodic overloads with CAMAXS ,  =20ksi. 

 

 

 

Figure 4.10 Comparison of experimental data for periodic overloads with CAMAXS ,  =30ksi. 
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Figure 4.11 Comparison of experimental data for periodic overloads with CAMAXS ,  =40ksi. 

 

 

There are four high stress level instances ( CAMAX,S  = 48ksi, CAMEAN,S  = 3ksi; CAMAX,S  = 

48ksi, CAMEAN,S  = 6ksi; CAMAX,S  = 50ksi, CAMEAN,S  = 3ksi; CAMAX,S  = 50ksi, CAMEAN,S  = 3ksi) where 

no slow crack growth regions exist. For a given CAMEAN,S of 3ksi or 6ksi, as the CAMAX,S gradually 

increases the slow crack growth region decreases (Appendix E). This is attributed to a longer 

length having a slower crack propagation rate in the case of a lower maximum remote stress 

level as compared to a shorter length in the case of a higher maximum remote stress level.  

Another important observation is the slow crack growth region on either side of the notch 

is approximately the same for a given constant amplitude fatigue test. The photographic evidence 

suggests that the length of the region of slow crack growth on one side of a notch is 

approximately equal to the other side of the notch at lower remote stress levels (15ksi to 40ksi). 

However, in the case of the periodic tensile overload tests, the slower crack growth regions on 
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either side of the notch of a specimen do not necessarily have the same length values. A 

comparison is shown in Figures 4.12 and 4.13. Without a periodic overload of 35ksi, the length 

of the slower crack growth region on either side of the notch is approximately 0.152″. With a 

periodic overload applied after every 10 cycles, the length of the region is different on either side 

of the notch. 

 
 

(a) 

 
 

(b) 

Figure 4.12 (a) and (b) show the cross section view of the failed surfaces for specimen 

subjected to CAMAX,S  = 20ksi, MINS  = -8ksi, CAMEAN,S  = 6ksi. 

 

 
 

(a) 

 
 

(b) 

Figure 4.13 (a) and (b) show the cross section view of the failed surfaces for specimen 

subjected to OLMAX,S = 35ksi, CAMAX,S  = 20ksi, MINS  = -8ksi, = 10 cycles. 
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The Figures in Appendix E show in greater detail the reasons that cause such a difference 

in the case of periodic tensile overload tests. Based on the growth rate of the crack, the plasticity 

at the crack tip, residual stresses, and intensity of loading [9, 10], the crack tip on one side of the 

notch experiences different stress values and orientation of crack growth as compared to the 

other side of the notch of the same specimen. The dark regions indicate the regions of change in 

orientation of the slip planes. Beachmarks in Figure 4.13 clearly show the effect of the overloads. 
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CHAPTER 5 

ANALYSIS 

 The objective of this section is to use different methods to estimate the cycles to failure. 

Since Miner‟s rule is the simplest and most frequently used method [7], the first estimation is 

carried out using the same. The second method incorporates the residual stresses induced by the 

first overload into the Miner‟s rule, which is an approach that is evaluated in this study. 

Comparisons between the different estimation methods and the cycles to failure are made and the 

advantages and drawbacks of these methods are discussed.  

5.1 Prediction using Miner’s rule  

 The damage quantifying factor in this rule is the cycle ratio. The method directly employs 

the results of experimentally determined cycles to failure for constant amplitude fatigue at 

different mean stress levels (Appendix A). The results obtained by the application of the Miner‟s 

rule are tabulated in Appendix B for CAMAXS ,  =15ksi, 20ksi, 30ksi and 40ksi.  

 The ratio of estimation of the cycles to failure using Miner‟s rule to the cycles to failure 

determined experimentally, which is given by )( EXPfMINERf NN  are plotted against the cycles 

between overloads )( for CAMAXS ,  =15ksi, 20ksi, 30ksi and 40ksi in Figures 5.1, 5.2, 5.3 and 5.4 

respectively. Any value below 1 in the figures shows that Miner‟s rule is conservative for that 

particular loading condition. 

 The basic Miner‟s rule tends to underestimate the life for beneficial overloads and 

overestimate for detrimental overloads based on Figures 4.7 and 5.1. Figures 5.1 and 5.2 depict a 

transition from a non-conservative estimate by the Miner‟s rule to a conservative estimate by the 

Miner‟s rule. This is in direct contrast to the the Figures 5.3 and 5.4, where the trend of non-
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conservative estimate prevails without any effect of the block size )1( . In Figure 5.3, CAMAXS ,  

=30ksi, MINS =-18ksi, while in case of Figure 5.4, CAMAXS , =40ksi, MINS =-28ksi. The high 

compressive stress values cause reverse yielding at the notch, which inturn establishes a tensile 

residual stress at the end of the overload cycle. The tensile residual stress accompanied by 

constant amplitude fatigue at a high stress range and a periodic overload causes an early failure 

than the failure solely caused due to constant amplitude fatigue loading. 

 

 

Figure 5.1 Comparison of ( EXPfMINERf NN ) with cycles between overloads for different 

values of OLMAXS ,  (44ksi, 35ksi, 20ksi) and CAMAXS , of 15ksi. 
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Figure 5.2 Comparison of ( EXPfMINERf NN ) with cycles between overloads for different 

values of OLMAXS ,  (44ksi, 35ksi) and CAMAXS , of 20ksi. 

 

 

Figure 5.3 Comparison of ( EXPfMINERf NN ) with cycles between overloads for different 

values of OLMAXS ,  (44ksi, 35ksi) and CAMAXS , of 30ksi. 
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Figure 5.4 Comparison of ( EXPfMINERf NN ) with cycles between overloads for OLMAXS ,  

of 44ksi and CAMAXS ,  of 40ksi. 

 

 

 In Figures 5.1 and 5.2, there are three main contributing factors that affect the Miner‟s 

rule ability to estimate the cycles to failure – hysteresis loop stabilization, cyclic dependent creep 

and residual stresses due to the overload [1]. Miner‟s rule consists of a cycle ratio as damage 

quantifying parameter, where each cycle is expected to contribute equally to the damage of the 

material for constant amplitude fatigue loading. The tensile overload at the start of the fatigue 

loading leaves a residual stress (compressive or tensile) due to yielding at the notch. Miner‟s rule 

does not take into account such a compressive or tensile residual stress effect. Any interactive 

damage that may occur as a consequence is also left out of the damage summation.  

5.2 Prediction using Miner’s rule with correction for residual stresses 

 When the material at the notch is subjected to a stress value which is greater than the 

yield stress of the material, it remains in the plasticized state even after the removal of the load 
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that causes the localized yielding. After the removal of the load that causes the notch plasticity, 

the material surrounding the plasticized material tries to returns to its unstressed state, thereby 

exerting stress on the plasticized material. This stress is the residual notch stress. Notch residual 

stresses arise due to the overload. Since the residual stress is a direct consequence of the periodic 

overload and affects the subsequent constant amplitude fatigue, the incorporation of the residual 

stresses in Miner‟s rule can be expected to provide a better estimate. The procedure used to 

incorporate the residual stress, individually for each type of loading is shown in the flow chart, 

Figure 5.5.  The following subsections describe the use of Neuber‟s rule, and its subsequent 

application in the analytical process to estimate the cycles to failure by incorporating the residual 

stresses.  
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Figure 5.5 Figure shows the flow chart for application of Miner‟s rule with the correction 

for residual stresses. 

 

 

5.2.1 Use of Neuber’s Rule to determine residual Stresses 

The first step in the procedures is to experimentally determine the SN  curves for mean 

remote stress values of 3ksi and 6ksi (equations 4.1 and 4.2).  Neuber‟s rule [1,5,29,33] is then 

used to estimate the notch stress by a procedure detailed in literature [1,7].  The true stress-true 

strain curve generated from the the tensile test is utilized with Neuber‟s rule. For loading from a 

remote stress of 0ksi to a tensile far-field stress, Neuber‟s rule is given by equation  5.1. 

Use Neuber‟s rule to determine notch residual stress 

)( residual at the end of the first overload cycle. 

Determine residualS  from residual

tg

residual S
K

. 

 

Sum residualS  with CAMAXS , . 

 

Obtain new CAMAXS , , CAMINS ,  and MEANS . 

Use new CAMAXS , and CAMEANS ,  values and SN  curves to 

determine cycles to failure. 

Use Miner‟s rule with new stress levels. 

 

Generate SN  curves for mean stress levels of 

3ksi and 6ksi (equations 4.1 and 4.2) 

 



63 

 

NETMAXNETMAXtn eSK ,,

2  (5.1) 

  

 where, 

 is notch stress 

 is notch strain 

tnK  is theoretical stress concentration factor based on net section for the specimen 

configuration determined from [32] 

NETMAXS , is maximum nominal net section stress, which is caused by the gross section 

stress 

NETMAXe , is the maximum nominal net section strain associated with the maximum 

nominal net section stress 

For unloading from maximum tensile remote stress and loading into compression, or for 

loading from compressive remote stress to a tensile remote stress, Neuber‟s rule is given by 

equation 5.2. 

NETNETtn eSK 2  (5.2) 

 

 where, 

 is the change in notch stress 

 is the change in notch strain 

tnK is the theoretical stress concentration factor based on net section for the specimen 

configuration determined from [32] 

NETS is change in the nominal net section stress, which is caused by the change in the 

gross section stress 
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NETe is change in the nominal net section strain associated with the change in the 

nominal net section stress 

 The change of the compressive yield stress value depends on the extent of tensile stress 

that is applied to the material at the notch, after yielding has occurred. This is called as the 

Bauschinger effect [1]. The Bauschinger effect is explained in terms of material hardening. After 

the material yields in tension, if it is further loaded in tension, it hardens thereby causing a 

change in its compressive yield stress. The extent of hardening also depends on the type of 

material. Ideally the hardening property of the material on the first cycle of loading is required to 

exactly plot the unloading stress-strain curve and loading into compression stress-strain curve. In 

order to generate this data, more extensive testing has to be conducted. Therefore, as an 

alternative approach, two extreme, ideal cases of hardening were considered which are isotropic 

hardening and kinematic hardening. The difference between kinematic hardening and isotropic 

hardening is illustrated in Figure 5.6.  

 

Figure 5.6 Illustration shows the difference between stress-strain curves based on  

kinematic hardening and isotropic hardening properties [Reproduced from Ref. 1]. 
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In the Figure 5.6, yield stress is given by O  and the maximum tensile stress applied 

before unloading occurs is given by ' . The stress range at which reverse yielding in the case of 

kinematic hardening occurs is given by equation 5.3. 

O2   (5.3) 

 where, 

is the stress change from the unloading point  

 O  is the monotonic yield stress 

 The stress range at which reverse yielding in the case of isotropic hardening occurs is 

given by equation 5.4.  

'2   (5.4) 

 

 where, 

 '  is highest stress point reached prior to unloading 

A hysteresis loop based on isotropic hardening has different characteristics than one 

based on kinematic hardening. Equations 5.3 and 5.4 show that onset of yielding in the opposite 

direction changes if the material is stretched or compressed beyond its yield point in one 

direction. Generally, if yielding occurs in both tension and the compression segment following 

tension, the hysteresis loop for one cycle generated by consideration of isotropic hardening has a 

greater area under the curve than in the case of kinematic hardening.  

Application of Neuber‟s rule to the first cycle of overload is shown in the flowchart, 

Figure 5.7. For the first segment of loading from 0ksi applied stress to a tensile overload stress, 

equation 5.1 is used to determine the notch stress. 
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Figure 5.7 Flowchart shows the use of Neuber‟s rule to obtain the notch residual stress 

values. 

Use Neuber‟s rule (equation 5.1) to determine and 

 for given tnK , NETMAXS ,  and NETMAXe , . 

 

 

 Consider either one  

 Isotropic hardening 

 Kinematic hardening 

Determine yield stress in compression, based on the 

type of hardening considered in the previous step. 

Use Figure 5.6, equations 5.3 and 5.4. 

Determine and  for NETS  (equation 5.2) 

Does reverse 

yielding occur 

at the notch? 

Yes No 

Determine ( and ) for ( NETS  and NETe ) 

for change from compressive remote stress to 0ksi. 

Notch stress and strain values obtained in the previous 

step are the residual notch stress and strain. 

 

Determine the new tensile yield 

stress, based on the type of 

hardening considered. Figure 5.6 

and equation 5.3 or 5.4.   

The compressive and tensile 

yield stress values do not 

change. 
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Based on the type of hardening model assumed, either kinematic or isotropic, the yield 

stress in compression is then determined. Neuber‟s rule of the form of equation 5.2 is then used 

to determine the notch stress after the end of the compressive loading segment. If reverse 

yielding occurs at the notch, then by Bauschinger‟s effect, the tensile notch stress should change 

again. Based on the hardening assumed, again the yield stress in tension is determined. Equation 

5.2 is used to determine the notch stress when the remote stress is 0ksi, which is after the 

removal of the remote compressive stress of the overload cycle.  

Hardening in real materials closely resembles kinematic hardening behavior, but in order 

to evaluate the significance of  the other extreme of hardening, the ideal case of isotropic 

hardening is also considered. For different values of OLMAXS , , different values of NETMAXS ,  exist 

and consequently different values of notch stress and strain ( and ) are obtained. 

Rusk and Hoffman [30] and Trautwein [31] have presented a significant study of the 

validation of the Neuber‟s rule to estimate notch stress and notch strain. Rusk and Hoffman 

studied the Neuber‟s rule accuracy in predicting notch stress and notch strain for a notched flat 

plate, circumferential notched rod and lap splice joint. One of the findings, is that Neuber‟s rule 

significantly overpredicts the stress and strain when plasticity is encountered at the notch. They 

concluded that the plastic deformation causes a multiaxial stress state at the notch which 

significantly affects the Neuber prediction. But the significance varies for the different types of 

geometries that were considered. They recommended that Neuber‟s approximation for notch 

stress or strain should be evaluated on a case by case basis which depends on a combination of 

structural geometry and material properties. The results from the Neuber‟s approximation were 

compared with FEA simulation results. The work does not report any material testing that was 

conducted to be compared with the Neuber‟s approximation. 
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Trautwein [31] conducted tensile tests on open hole specimens made of two types of 

materials AlMgSi-1 and St-2 to determine the stress and strain at the notch. The specimens had a 

cross section of 8×40mm and the notch was a hole of 10mm diameter. He also used Neuber‟s 

approximation and FEA simulation to determine the notch stress. The deviation of the 

approximation method varied between 1.7% and 15.8% from the measured data, while the FEA 

simulation results varied between 3.5% and 10.4% from the measured data. The results obtained 

by FEA simulation and Neuber approximation were comparable. This can be attributed to the 

thickness of the specimens.  

The notch residual stresses determined for each of the loading conditions and considering 

isotropic hardening and kinematic hardening are shown in Tables 5.1 and 5.2. 

 

TABLE 5.1 

TABLE SHOWS GROSS SECTION STRESS VALUES ASSOCIATED WITH THE NOTCH 

RESIDUAL STRESS AFTER THE OVERLOAD (CONSIDERING ISOTROPIC 

HARDENING). 

 

Remote Stress (Overload) 

   
Stress 

Level 1 

(tensile) 

Stress Level 2 

(compressive) 

Stress 

Level 3 

(no stress) 

Residual 

notch stress 

( residual ) 
tgK  

Gross Stress 

(equivalent to 

residual notch 

stress) residualS  

ksi ksi ksi ksi   ksi 

20 -3 0 -13.7571 3.16 -4.354 

35 -3 0 -44.9007 3.16 -14.210 

35 -8 0 -30.1553 3.16 -9.543 

35 -18 0 -0.9795 3.16 -0.310 

44 -3 0 -55.4836 3.16 -17.559 

44 -8 0 -40.7752 3.16 -12.904 

44 -18 0 -11.5235 3.16 -3.647 

44 -28 0 17.6114 3.16 5.573 
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TABLE 5.2 

TABLE SHOWS GROSS SECTION STRESS VALUES ASSOCIATED WITH THE NOTCH 

RESIDUAL STRESS AFTER THE OVERLOAD (CONSIDERING KINEMATIC 

HARDENING). 

 

Remote Stress (Overload) 

   
Stress 

Level 1 

(tensile) 

Stress Level 2 

(compressive) 

Stress 

Level 3 

(no stress) 

Residual 

notch stress 

( residual ) 
tgK  

Gross Stress 

(equivalent to 

residual notch 

stress) residualS  

ksi ksi ksi ksi   ksi 

20 -3 0 -13.7571 3.16 -4.354 

35 -3 0 -35.3004 3.16 -11.171 

35 -8 0 -20.6669 3.16 -6.540 

35 -18 0 8.4115 3.16 2.662 

44 -3 0 -27.4118 3.16 -8.675 

44 -8 0 -12.8948 3.16 -4.081 

44 -18 0 16.0729 3.16 5.087 

44 -28 0 44.9710 3.16 14.232 

 

5.2.2 Determination of gross section stress associated with the notch residual stress  

 The third step in the flowchart, Figure 5.5, is the division of the notch residual stress, 

residual , by the stress concentration factor, tgK  (based on gross section stress),  which was 

determined to be 3.16 [32].  This is done to determine the equivalent gross section residual 

stress, residualS  . The elastic stress concentration factor remains the same for all the loading 

conditions, because the residual stresses for all the cases considered exists within the elastic 

limits of the material. This was determined using the analyses methods which also takes into 

account the extreme cases of material hardening characteristics. The equivalent gross section 

stresses determined for each type of loading considered are tabulated in Tables 5.1 and 5.2.  
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5.2.3 Superposition of equivalent gross section stress on subsequent loading and use of 

Miner’s rule 

This section deals with the last four steps in the flow chart shown in Figure 5.5. Since it is 

determined that residual stresses are produced as a result of the overload, an approach to estimate 

cycles to failure would be to incorporate the equivalent gross section stress determined for each 

of the residual stresses. This is done by summing the equivalent gross section residual stress, 

residualS   (Tables 5.1 and 5.2) with the subseqent remote constant amplitude loading levels, 

CAMAXS , and MINS . After superimposing, new CAMAXS , and CAMEANS , levels are obtained for the 

loading following the overload. Tables 5.3 and 5.4 show the new constant amplitude fatigue 

stress level after superposition. 

 

TABLE 5.3 

TABLE SHOWS NEW CAMAXS , , MINS  AND CAMEANS , STRESS VALUES AFTER 

SUPERPOSITION (CONSIDERING ISOROPIC HARDENING) 

 

      

 

  After Superpostion 

OLMAXS ,  
residualS  

Constant amplitude fatigue Constant amplitude fatigue 

CAMAXS ,  
MINS  CAMEANS ,  CAMAXS ,  

MINS  CAMEANS ,  

ksi ksi ksi ksi ksi ksi ksi ksi 

20 -4.35 15 -3 6 10.65 -7.35 1.65 

35 -14.21 15 -3 6 0.79 -17.21 -8.21 

35 -9.54 20 -8 6 10.46 -17.54 -3.54 

35 -0.31 30 -18 6 29.69 -18.31 5.69 

44 -17.56 15 -3 6 -2.56 -20.56 -11.56 

44 -12.90 20 -8 6 7.10 -20.90 -6.90 

44 -3.65 30 -18 6 26.35 -21.65 2.35 

44 5.57 40 -28 6 45.57 -22.43 11.57 
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TABLE 5.4 

TABLE SHOWS NEW CAMAXS , , MINS  AND CAMEANS , STRESS VALUES AFTER 

SUPERPOSITION (CONSIDERING KINEMATIC HARDENING) 

 

    

 

  

 

After Superpostion 

OLMAXS ,  
residualS  

Constant amplitude fatigue Constant amplitude fatigue 

CAMAXS ,  
MINS  CAMEANS ,  CAMAXS ,  

MINS  CAMEANS ,  

ksi ksi ksi ksi ksi ksi ksi ksi 

20 -4.35 15 -3 6 10.65 -7.35 1.65 

35 -11.17 15 -3 6 3.83 -14.17 -5.17 

35 -6.54 20 -8 6 13.46 -14.54 -0.54 

35 2.66 30 -18 6 32.66 -15.34 8.66 

44 -8.67 15 -3 6 6.33 -11.67 -2.67 

44 -4.08 20 -8 6 15.92 -12.08 1.92 

44 5.09 30 -18 6 35.09 -12.91 11.09 

44 14.23 40 -28 6 54.23 -13.77 20.23 

 

Figure 5.8 illustrates two examples of change in fN  as CAMAXS ,  and CAMEANS , changes.  In 

the case of a tensile residual stress, a tensile gross equivalent stress results. This increases 

CAMAXS , and CAMEANS , . In the case of a compressive residual stress, a compressive gross 

equivalent stress results. This decreases CAMAXS , and CAMEANS , . In the figure, for CAMEANS , of 6ksi 

and CAMAXS , of 2S , the cycles to failure is given by 2fN . 
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Figure 5.8 Diagram shows the change in cycles to failure due to the two types of residual 

stresses. 

 

In the presence of a tensile equivalent gross section stress, )( residualS , an increase in 

CAMEANS , with an increase in CAMAXS , is obtained. In the Figure 5.8, a value of 7.5 ksi 

for CAMEANS , was arbitrarily chosen. Maximum stress value of 2S increases to 3S and consequently 

2fN changes to a lower value of 1fN . On the other hand, the presence of a compressive 

equivalent gross section stress, )( residualS  results in a decrease in CAMEANS , and CAMAXS , after 

superposition. In the Figure 5.8, a value of 4.5 ksi for CAMEANS , was again arbitrarily chosen. The 

value of CAMEANS , decreases from 6ksi to 4.5ksi. The stress value of 2S decreases to 1S  and this 

results in an increase of life from 2fN to 3fN .  

0 
fN  

CAMAXS ,  

ksiS CAMEAN 3,  

ksiS CAMEAN 6,  

ksiS CAMEAN 5.4,  

ksiS CAMEAN 5.7,  

Effect of 

Tensile residual 

stress 

Effect of 

Compressive 

residual stress 

3S  

2S  

1S  

1fN  2fN  3fN  
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Equations 4.1 and 4.2 give the SN  curves for constant amplitude fatigue with CAMEANS ,  

=6ksi and CAMEANS , =3ksi respectively. Considering linear interpolation and considering constant 

variation of the slope of the SN curve from a mean stress of 6ksi to a mean stress of 3ksi, the 

cycles to failure for the different stress levels were determined. Miner‟s rule (equation 2.6) was 

used to compute the cycles to failure, by utilizing the new stress levels for constant amplitude 

fatigue loading and applied OLMAXS , for the periodic overload stress levels.  

The results are tabulated in Appendix C for isotropic and kinematic hardening conditions. 

The variability of such an approach with the experimentally determined cycles to failure is 

graphically shown in Figures 5.9-5.12 for isotropic hardening conditions and Figures 5.13-5.16 

for kinematic hardening conditions. The estimation of the cycles to failure using Miner‟s rule 

without any residual stress correction is given by the symbol, MINERfN , with residual stress 

correction based on kinematic hardening is given by KINRS

MINERfN and residual stress correction 

based on isotropic hardening is given by 
ISORS

MINERfN . In the Figures 5.9-5.16, a value of less than 1 

on the ordinate indicates conservative prediction.  
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Figure 5.9 Comparison of ( EXPf

ISORS

MINERf NN )
 
with cycles between overloads for different 

values of OLMAXS ,  (44ksi, 35ksi, 20ksi) and CAMAXS , value of 15ksi. 

 

 

Figure 5.10 Comparison of ( EXPf

ISORS

MINERf NN )
 
with cycles between overloads for 

different values of OLMAXS ,  (44ksi, 35ksi) and CAMAXS , value of 20ksi. 
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Figure 5.11 Comparison of ( EXPf

ISORS

MINERf NN )
 
with cycles between overloads for 

different values of OLMAXS ,  (44ksi, 35ksi) and CAMAXS , value of 30ksi. 

 

 
 

Figure 5.12 Comparison of ( EXPf

ISORS

MINERf NN )
 
with cycles between overloads for 

OLMAXS ,  value of 44ksi and CAMAXS , value of 40ksi. 
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Figure 5.13 Comparison of ( EXPf

KINRS

MINERf NN )
 
with cycles between overloads for 

different values of OLMAXS ,  (44ksi, 35ksi, 20ksi) and CAMAXS , value of 15ksi. 

 

 

Figure 5.14 Comparison of ( EXPf

KINRS

MINERf NN )
 
with cycles between overloads for 

different values of OLMAXS ,  (44ksi, 35ksi) and CAMAXS , value of 20ksi. 
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Figure 5.15 Comparison of ( EXPf

KINRS

MINERf NN )
 
with cycles between overloads for 

different values of OLMAXS ,  (44ksi, 35ksi) and CAMAXS , value of 30ksi. 

 

 

Figure 5.16 Comparison of ( EXPf

KINRS

MINERf NN )
 
with cycles between overloads for 

OLMAXS ,  value of 44ksi and CAMAXS , value of 40ksi. 
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5.2.4 CAMAXS , = 15ksi, MINS = -3ksi with periodic overloads ( OLMAXS , = 44ksi, 35ksi, 20ksi)  

A closer estimate than Miner‟s rule is obtained in the case of loading where 

OLMAXS , =20ksi, CAMAXS , =15ksi and MINS =-3ksi. The estimates obtained by considering the 

residual stresses provided results that were 17%-19% closer to the EXPfN than the estimates 

provided by the Miner‟s rule for the cases of greater than 50. When the overloads are more 

frequent (less periodicity or is small), then the  damage caused by the overloads appears to be 

more significant than the beneficial effect of the residual stresses. In the case of OLMAXS , =20ksi, 

CAMAXS , =15ksi and MINS =-3ksi , the periodicity at which the overloads were damaging was 10 

cycles. At 50 cycles and beyond, the residual stresses aid in increasing the fatigue life. Therefore, 

since a compressive residual stress was obtained after the overload stress of 20ksi, a reduction of 

the mean stress at the notch and the equivalent remote mean stress is expected. This lowers the 

cumulative mean stress value of the constant amplitude fatigue that occurs after the overload. 

Thus, the result by using Miner‟s rule with residual stress correction to estimate cycles to failure 

gives a closer estimate in the case of greater or equal to 50, but overpredicts in the case of 

equal to 10 cycles. This is also attributed to the non occurrence of reverse yielding at the notch 

during the overload cycle and during the constant amplitude cycles. In all the other cases of 

loading, reverse yielding occurs at the notch and in some cases extensive revserse yielding 

causes a change in the residual stress from compression to tension. This occurred for  

OLMAXS , =44ksi, CAMAXS , =40ksi, MINS =-28ksi in the case of isotropic hardening and for 

OLMAXS , =35ksi, CAMAXS , =30ksi, MINS =-18ksi; OLMAXS , =44ksi, CAMAXS , =30ksi, MINS =-18ksi and 

OLMAXS , =44ksi, CAMAXS , =40ksi, MINS =-28ksi in the case of kinematic hardening (Tables 5.1 and 
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5.2).  Since reverse yielding does not occur for OLMAXS , =20ksi and MINS =-3ksi overload, the 

results obtained by considering kinematic hardening and isotroipic hardening are the same.  

For loading conditions where OLMAXS , =35ksi, CAMAXS , =15ksi and MINS =-3ksi and 

OLMAXS , =44ksi, CAMAXS , =15ksi and MINS =-3ksi (Figures 5.9 and 5.13), a decreasing trend of is 

observed when plotted with ( EXPf

ISORS

MINERf NN )
 
and ( EXPf

KINRS

MINERf NN )
 
respectively. The 

diagrams signify that at a paticular periodicity or or cycles between overloads, the prediction 

by considering the residual stress would be equal to the cycles to failure determined 

experimentally. This happens when ( EXPf

ISORS

MINERf NN )
 
or

 
( EXPf

KINRS

MINERf NN ) becomes equal to 

unity in the two graphs. The trend of decreasing is similar to the trend observed in the case of 

use of Miner‟s rule (Figure 5.1) without residual stress correction.  

The high cycles to failure (1,370,284 cycles for OLMAXS , =44ksi, CAMAXS , =15ksi; and 

4,415,903 cycles for OLMAXS , =35ksi, CAMAXS , =15ksi) that were experimentally determined could 

not be estimated by use of Neuber‟s rule. In the case of large scale yielding followed by constant 

amplitude faituge at comparatively very low stress levels, the stress distribution across the net 

section can comprise of a compressive stress region away from the notch root. This compressive 

stress region is not captured by the Neuber‟s rule as Neuber‟s rule determines notch root stress. 

This compressive stress region can cause arrest of the crack, and thus increase the fatigue life. 

This occurred in the case of 5,000 cycles between the overloads (Appendix B).  

Comparing the results obtained by using Miner‟s rule with and without the correction for 

residual stresses, it is observed that the approach with the residual stress correction provides a 

better estimate if reverse yielding at the notch does not occur. The only loading scenario that did 

not show a trend of reverse yielding was when OLMAXS ,  =20ksi, CAMAXS ,  =15ksi and MINS  =-3ksi. 
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The residual stress at the notch after the overload of OLMAXS ,  =20ksi and MINS  =-3ksi is                

-13.757ksi (Tables 5.1 and 5.2), which is obtained irrespective of the hardening considered.   

5.2.5 CAMAXS , = 20ksi, MINS = -8ksi with periodic overloads ( OLMAXS , = 44ksi, 35ksi)  

 During the experiments it was observed that both the overloads (44ksi or 35ksi) caused a 

detrimental effect on the fatigue lives of the specimens if the periodicity was 100 cycles or less 

(Figure 4.9). Of the two types of hardening considered, kinematic hardening provided a better 

result for the estimation of the cycles to failure in the cases of greater than or equal to 1,000 

cycles (Figure 5.10 and Figure 5.14). One reason can be that strain hardening in Aluminum 

2024-T3 clad is better captured by kinematic hardening. In both the cases of hardening, shows 

a decreasing trend with either  ( EXPf

ISORS

MINERf NN )
 
or

 
( EXPf

KINRS

MINERf NN ) as changes from 50 

cycles to 5,000 cycles. However, the trend is reversed in the case of from 10 cycles to 50 

cycles. The random trend of for the first three cases (10 cycles, 50 cycles and 100) can be 

explained in terms of the experiments. The experiments have shown that the overloads cause a 

deterimental effect irrespective of the magnitude of the overload (35ksi or 44ksi) for the first 

three cases of . The estimate 
KINRS

MINERfN  provides the closest estimate as compared to the 

estimate by MINERfN for equal to 1,000 (Figures 5.2 and 5.13). The ratio ( EXPf

KINRS

MINERf NN )
 

is 1.00 and 1.05 for 35ksi and 44ksi overload respectively (Appendix C). For equal 1,000 

cycles, ( EXPfMINERf NN )
 
has values of  0.70 and 0.85 for 35ksi and 44ksi respectively. 

The estimate 
ISORS

MINERfN provides a closer estimate than MINERfN for equal to 5,000 

(Figures 5.2 and 5.9). The ratio ( EXPf

ISORS

MINERf NN )
 
is 0.87 and 1.18 for 35ksi and 44ksi overload 

respectively. The ratio ( EXPfMINERf NN )
 
has values of  0.51 and 0.58 for 35ksi and 44ksi 
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overload respectively and equal 5,000 cycles. These are the two instances of improvement by 

using Miner‟s rule with the correction for residual stress. 

Thus, in the case of CAMAXS , =20ksi on which OLMAXS ,  of 35ksi or 44ksi is applied and if 

the periodicity is 1,000 cycles or greater, then ISORS

MINERfN  or KINRS

MINERfN  provided a closer estimate 

of the cycles to failure than MINERfN  (Figures 5.2, 5.10 and 5.14 and Appendix C). This can be 

attributed to the residual stresses that can sufficiently contribute to the fatigue life before the 

onset of the next overload cycle. When the periodicity is less than 1,000 cycles, the frequent 

overloads can be expected to eliminate any beneficial effects of residual stresses, thereby 

resulting in non-conservative predictions. 

5.2.6 CAMAXS , = 30ksi, MINS = -18ksi with periodic overloads ( OLMAXS , = 44ksi, 35ksi)  

 Experiments (Figure 4.10) showed  that irrespecitve of the overload applied (44ksi or 

35ksi) the specimens experienced a deterimental effect. The results from the tests indicate that 

the specimens undergo damage caused by the overloads and the periodicity does not matter. All 

the predictions by MINERfN  , 
KINRS

MINERfN and 
ISORS

MINERfN provide estimates that overpredict the 

cycles to failure (Figures 5.3, 5.11 and 5.15). Reverse yielding at every cycle eliminates the 

beneficial residual stress effect and further contributes to the damage. There is no particular trend 

observed for in this case.  

5.2.7 CAMAXS , = 40ksi, MINS = -28ksi with periodic overload, OLMAXS , = 44ksi 

 Experiments (Figure 4.11) showed  that irrespecitve of the intervals at which overload of 

44ksi was applied, the specimens experienced a deterimental effect. All the predictions 

by MINERfN  overpredict the cycles to failure, while preditions by  
KINRS

MINERfN and 

ISORS

MINERfN provide estimates that significantly fall short of prediction of the cycles to failure. Both 
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the analytical approaches provided positive notch residual stress values at the end of the overload 

(Tables 5.1 and 5.2). Inclusion of residual stresses resulted in a conservative prediction (Figures 

5.4, 5.12 and 5.16). The tensile residual stress accompanied by high notch stress values 

following the overload causes an early failure in each of the loading conditions. There is no 

particular trend observed for in this case. Though reverse yielding occurs more extensively, 

Neuber‟s rule over estimates the residual stress and thus provides a tensile residual stress 

obtained after the overload. This subsequently results in prediction of early failure of the 

specimen by application of Miner‟s rule and consequently results in a conservative life 

prediction. This trend is observed for both the types of hardening.    

5.3 Estimation by considering interactive damage 

        The previous two approaches to estimate the cycles to failure comprised of using data 

generated by the experimental tests of constant amplitude fatigue loading to determine the cycles 

to failure for variable amplitude loading. In the first case, the Miner‟s rule was used by 

considering the experimental data for constant amplitude fatigue at a mean stress level of 6ksi 

and the experimental data for constant amplitude fatigue at overload stress levels. In the second 

method, the approach comprised of determination of residual stresses, conversion of these 

residual stresses to remote equivalent gross stresses, superposition of these stresses on 

subsequent loading, followed by the application of Miner‟s rule.  

Topper et. al. [11,12] determined an approach that considered the interactive damage that 

is encountered during periodic overloading. The method is enumerated in the literature review 

section and will be used here. The different types of periodic overloads that have been 

investigated are periodic reversed overloads, compressive underloads, tensile overloads and 

compressive overloads. Testing involving periodic overloads or underloads caused extra damage 



83 

 

to the unnotched specimens in comparison to constant amplitude fatigue of similar specimens. 

This is attributed to the plastic wake that is formed as the crack propagates, which causes the 

threshold stress required to cause crack propagation to drop to a lesser value. As a reduction in 

life is observed in all the loading scenarios where a periodic overload is applied, it becomes quite 

clear that the material experiences extra damage, which is not accounted for by either the 

constant amplitude fatigue or the periodic overload cycles. Therefore, a damage component, 

called as the interactive damage, is said to be caused by the interaction of the damage caused by 

the constant amplitude fatigue and the damage caused by the periodic overloads or underloads.  

 The objective of this method is to determine a parameter α, that accounts for the 

variability in life of the unnotched specimen [11,12] when subjected to periodic tensile overloads 

during constant amplitude fatigue loading. In order to obtain α, the research work shows that 

positive ibD  (positive interactive damage per block) is a requirement. When interactive damage 

( iD ) was determined for all the loading scenarios, it was negative for some loading scenarios 

and positive for the others (Appendix D). In a couple of loading scenarios, completion of one 

block of loading was not achieved, as the specimens failed before the completion of a block of 

loading.  

 Tables in Appendix D show the results of the method. Interactive damage is determined 

for all the types of loading. Figures 5.17-5.20 graphically show interactive damage plotted 

against the cycles between overloads for different loading scenarios. Topper et. al. research work 

[11,12] show the interactive damage per block plotted against block size. However, since the 

completion of one block of loading in two cases was not accomplished, interactive damage per 

block could not be used as a parameter.  
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Figure 5.17 Variation of iD with cycles between overloads for different OLMAXS ,  (20ksi, 

35ksi, 44ksi) and CAMAXS ,  of 15ksi. 

 

 

Figure 5.18 Variation of iD with cycles between overloads for different OLMAXS ,  (35ksi, 

44ksi) and CAMAXS ,  of 20ksi. 
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Figure 5.19 Variation of iD with cycles between overloads for different OLMAXS ,  (35ksi 

and 44ksi) and CAMAXS ,  of 30ksi. 

 

 

Figure 5.20 Variation of iD with cycles between overloads for OLMAXS ,  of 44ksi and 

CAMAXS ,  of 40ksi. 
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5.3.1 Discussion 

 

 The interactive damage ( iD ) determined by Topper et. al. in the research work [11,12], is 

always greater than 0. This quantitatively ascertains the physical significance of the interactive 

damage as a contributing factor. However, the graphs in Figures 5.17 and 5.18 show that the 

different values of interactive damage become negative for certain loading conditions. The 

negative values of the interactive damage are due to the beneficial effects of the residual stresses 

and due to stress gradients that arise because of the specimen and notch geometry. Furthermore 

this indicates that the experimental results show a combined effect of notch residual stresses and 

interactive damage. The effect of interactive damage is more pronounced when iD  is greater 

than zero. If the value of iD  is less than zero, then the beneficial effect due to residual stress is 

more pronounced. Negative damage implies the opposite of damage, which means that the 

specimen in effect strengthened than experienced damage. This is in contrast to the results of the 

experiments and subsequent analysis of unnotched specimens [11,12], where the interactive 

damage was always positive, and based on it a parameter α was determined, which was then used 

as a power value to the interactive damage for better damage estimation.  

 Negative interactive damage is closely associated with the increase in fatigue life. But 

negative interactive damage does not physically have a meaning. Interactive damage was coined 

to account for any damage that could not be accounted for by either the periodic overload 

damage or the constant amplitude fatigue damage. But in this case, damage becomes negative. 

Further, in four loading scenarios,  

a. OLMAXS , =44ksi, CAMAXS , =40ksi, =1,000 cycles, EXPfN =177 cycles, 

b. OLMAXS , =44ksi, CAMAXS , =40ksi, =5,000 cycles, EXPfN =182 cycles, 
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c. OLMAXS , =44ksi, CAMAXS , =30ksi, =5,000 cycles, EXPfN =1,809 cycles, 

d. OLMAXS , =35ksi, CAMAXS , =30ksi, =5,000 cycles, EXPfN =2,007 cycles, 

the completion of one block of loading was not accomplished. The specimens failed before they 

experienced loading for an entire block. 

5.4 General Discussion 

 From the sections 5.2 and 5.3, the analyses have shown that inclusion of residual stresses 

are not sufficient to estimate cycles to failure, but a combination of residual stresses and the 

interactive damage should be used to estimate the cycles to failure. For the use of the method 

developed by Topper [11,12], an important trend that was observed was that if reverse yielding 

at the notch occurred for the first two cycles of loading, then the parameter as determined by 

the interactive damage method was always positive (Figures 5.19 and 5.20). This was observed 

for loading levels of  

a. OLMAXS , =44ksi, CAMAXS , =40ksi, MINS =-28ksi; 

b. OLMAXS , =44ksi, CAMAXS , =30ksi, MINS =-18ksi; 

c. OLMAXS , =35ksi, CAMAXS , =30ksi, MINS =-18ksi; 

If the reverse yielding stopped beyond the first cycle, then the material exhibited a tendency 

based on periodicity or frequency of the overload ( greater than 100 cycles) to retain residual 

stresses that gradually caused an increase in the life of the specimen. If the periodicity is less 

than 100 cycles and if reverse yielding occurs once during the overload cycle, then the 

interactive damage obtained is positive (Figure 5.18 and Appendix D).  
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CHAPTER 6 

CONCLUSIONS AND RECOMMENDATIONS 

 Based on the experimental work, theory and analysis, certain important results were 

obtained during the course of the study. These results are summarized in this chapter. Based on 

the observations and conclusions, recommendations are made for further study. 

6.1 Summary of results 

 The conclusions from the investigation are summarized in the following points: 

1. The lengths of the regions of slow crack growth on either side of the notch of a specimen 

subjected to constant amplitude fatigue loading (where CAMAXS , = 40ksi or less) were 

similar. The lengths of the regions of slow crack growth on either side of the hole in the 

case of specimens subjected to periodic tensile overloads were not necessarily similar. 

This is attributed to the notch tip plasticity, residual stress at the crack tip and the 

intensity of loading.  

2. Experimental tests showed that overloads that caused notch yielding and reverse yielding 

followed by constant amplitude fatigue at maximum stress levels which would also cause 

notch yielding and reverse yielding in the absence of the overload, caused damage to the 

specimen rather than provide a beneficial effect.  

3. Reverse yielding occurred in all cases of loading considered except for OLMAXS , =20ksi, 

CAMAXS , =15ksi and MINS =-3ksi. This was because the tensile stress did not cause 

sufficient notch yielding before the onset of the compressive segment. An improvement 

of 17%-19% in the life prediction was obtained for of 50 cycles and above. A decrease 

in fatigue life was observed in the case of =10 cycles, while increase in fatigue lives 
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was observed in other cases. This showed that periodicity should be greater than 50 

cycles for a beneficial effect of the periodic overloads.  

4. Experimental work and Miner‟s rule showed that estimation from Miner‟s rule was 

conservative when the overloads were beneficial and the estimation was non-conservative 

when the overloads were detrimental. 

5. In the case of CAMAXS , =20ksi on which OLMAXS ,  of 35ksi or 44ksi is applied and if the 

periodicity is 1,000 cycles or greater, then ISORS

MINERfN  or KINRS

MINERfN  gives a closer estimate 

of the cycles to failure than MINERfN . This can be attributed to the residual stresses that 

can sufficiently contribute to the fatigue life before the onset of the next overload cycle. 

When the periodicity is less than 1,000 cycles, the frequent overloads eliminate any 

beneficial effects of residual stresses.  

6. Over prediction that arises due to the inclusion of residual stress caused by the first 

overload is due to the decline of the residual stresses as the fatigue process continues. If 

constant amplitude fatigue loading with a high severity such that seen in the case of 

CAMAXS , =40ksi and MINS =-28ksi; and CAMAXS , =30ksi and MINS =-18ksi occurs, then the 

residual stress values and polarity are also affected severely.  This results in early failure 

of the specimens and overprediction of life.  

7. The periodicity at which beneficial effect occurs also depends on the loading levels. For 

CAMAXS , =15ksi and MINS =-3ksi and either OLMAXS , =35ksi or OLMAXS , =44ksi, the 

periodicity should be 1,000 cycles or greater. The same is observed for CAMAXS , =20ksi 

and MINS =-8ksi. But the trend changes for  CAMAXS , =30ksi,
 MINS =-18ksi;  and 
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CAMAXS , =40ksi,
 MINS =-28ksi. Irrespective of the periodicity, the fatigue lives were always 

less than that of constant amplitude fatigue lives for the aforementioned two cases.   

8. There is a combined effect of residual stresses and interactive damage that occurs during 

periodic tensile overload fatigue loading on notched specimens. Negative value for 

parameter  indicates that residual stresses and the stress gradient effectively cause an 

increase in the fatigue. However, interactive damage was obtained positive for conditions 

when reverse yielding occurred for two consecutive cycles at loading or if the periodicity 

between the overloads was 100 cycles or less. If frequent reverse yielding occurs, then 

the notched specimen depicts a similar pattern of the interactive damage as seen in the 

case of an unnotched cylindrical member in tests done by Topper et. al. [11,12]. Topper 

et. al. method of interactive damage can then be used if frequent notch reverse yielding 

occurs.  

9. For large scale yielding ( OLMAXS , =35ksi, 44ksi) followed by smaller constant amplitude 

fatigue cycles ( CAMAXS , =15ksi), Neuber‟s rule cannot be satisfactorily used. Neuber‟s rule 

only predicts the stress at the notch root only. In the event of large scale yielding, a 

region of compressive stress field across the minimum cross section (but away from the 

notch) can cause arrest of the crack growth when constant amplitude fatigue at low stress 

level occurs after a large scale yielding.  

6.2 Recommendations 

 The following recommendations are made for future study. 

1. A specimen with a different stress concentration factor, tgK , could yield different results 

under similar periodic overload test scenarios. A similar analysis could be conducted on 

specimens with a different tgK . 
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2. Periodic overloads, OLMAXS ,  of other magnitudes (other than 20ksi, 35ksi and 44ksi) can 

be applied and similar study be conducted. 

3. The variability of cycles between the overloads was stopped at = 5,000 cycles. In the 

cases of CAMAXS , = 15ksi, CAMAXS , = -3ksi and OLMAXS , =35ksi or 44ksi, the number of 

cycles to failure was in the 1 million cycles to 5 million cycles range. Potter [21] 

determined that as periodicity increased, the cycles to failure first increased and then 

decreased, but this was conducted for load level where the stress ratio was always greater 

than zero. In this study, the cycles to failure for these load levels have always increased. 

Therefore, in order to determine if the trend that was determined in the study conducted 

by Potter is consistent if the stress ratio becomes negative (which is the case in this study) 

can be further investigated. 

4. A similar study can be conducted with emphasis on quantifying the fatigue life associated 

with crack initiation (to some reference level) and subsequent crack growth to failure. 
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 APPENDIX A 

EXPERIMENTAL RESULTS 

 

 

Experimental results are tabulated in Tables A.1, A.2, A.3 and A.4. 

 

TABLE A.1 

EXPERIMENTAL RESULTS FOR CONSTANT AMPLITUDE TESTS CONDUCTED WITH 

A MEAN OF 6KSI 

  

Specimen 
CAMAXS ,  MINS  CAMEANS ,  

EXPfN  

(cycles) 

Average 

EXPfN  

(cycles) ksi ksi ksi 

specimen 1 50 -38 6 27 

19 specimen 2 50 -38 6 15 

specimen 3 50 -38 6 14 

specimen 4 48 -36 6 30 

31 specimen 5 48 -36 6 29 

specimen 6 48 -36 6 33 

specimen 7 44 -32 6 115 

116 specimen 8 44 -32 6 107 

specimen 9 44 -32 6 125 

specimen 10 40 -28 6 276 

294 

specimen 11 40 -28 6 274 

specimen 12 40 -28 6 307 

specimen 13 40 -28 6 273 

specimen 14 40 -28 6 339 

specimen 15 40 -28 6 296 

specimen 16 30 -18 6 2,323 

2,416 

specimen 17 30 -18 6 2,233 

specimen 18 30 -18 6 2,399 

specimen 19 30 -18 6 2,598 

specimen 20 30 -18 6 2,543 

specimen 21 30 -18 6 2,397 
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APPENDIX A (continued) 

TABLE A.1 (continued) 

Specimen 
CAMAXS ,  MINS  CAMEANS ,  

EXPfN  

(cycles) 

Average 

EXPfN  

(cycles) ksi ksi ksi 

specimen 22 20 -8 6 40,841 

43,497 

specimen 23 20 -8 6 42,009 

specimen 24 20 -8 6 44,571 

specimen 25 20 -8 6 40,388 

specimen 26 20 -8 6 47,144 

specimen 27 20 -8 6 46,026 

specimen 28 15 -3 6 158,345 

165,959 

specimen 29 15 -3 6 219,486 

specimen 30 15 -3 6 130,796 

specimen 31 15 -3 6 163,369 

specimen 32 15 -3 6 148,032 

specimen 33 15 -3 6 175,724 

 

TABLE A.2 

EXPERIMENTAL RESULTS FOR CONSTANT AMPLITUDE TESTS CONDUCTED WITH 

A MEAN OF 3KSI 

 

Specimen 
CAMAXS ,  MINS  CAMEANS ,  

EXPfN  

(cycles) 

Average 

EXPfN  

(cycles) ksi ksi ksi 

specimen 34 50 -44 3 11 

10 specimen 35 50 -44 3 10 

specimen 36 50 -44 3 9 

specimen 37 48 -42 3 17 

17 specimen 38 48 -42 3 18 

specimen 39 48 -42 3 16 

specimen 40 44 -38 3 60 

65 specimen 41 44 -38 3 61 

specimen 42 44 -38 3 73 
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APPENDIX A (continued) 

TABLE A.2 (continued) 

Specimen 
CAMAXS ,  MINS  CAMEANS ,  

EXPfN  

(cycles) 

Average 

EXPfN  

(cycles) ksi ksi ksi 

specimen 43 40 -34 3 158 

170 

specimen 44 40 -34 3 188 

specimen 45 40 -34 3 181 

specimen 46 40 -34 3 153 

specimen 47 40 -34 3 169 

specimen 48 40 -34 3 168 

specimen 49 30 -24 3 1,334 

1,333 

specimen 50 30 -24 3 1,265 

specimen 51 30 -24 3 1,420 

specimen 52 30 -24 3 1,366 

specimen 53 30 -24 3 1,302 

specimen 54 30 -24 3 1,312 

specimen 55 20 -14 3 27,642 

23,610 

specimen 56 20 -14 3 21,831 

specimen 57 20 -14 3 22,748 

specimen 58 20 -14 3 27,418 

specimen 59 20 -14 3 21,546 

specimen 60 20 -14 3 20,475 

specimen 61 15 -9 3 94,857 

91,156 

specimen 62 15 -9 3 97,931 

specimen 63 15 -9 3 92,595 

specimen 64 15 -9 3 88,111 

specimen 65 15 -9 3 79,097 

specimen 66 15 -9 3 94,343 
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APPENDIX A (continued) 

TABLE A.3 

EXPERIMENTAL RESULTS FOR CONSTANT AMPLITUDE TESTS CONDUCTED, 

WHERE MAXIMUM STRESS IS EQUAL TO THE PERIODIC OVERLOAD TENSILE 

STRESS AND MINIMUM STRESS IS EQUAL TO THE CONSTANT AMPLITUDE 

COMPRESSIVE STRESS 

 

Specimen 
CAMAXS ,  

MINS  CAMEANS ,  
EXPfN  

(cycles) 

Average 

EXPfN  

(cycles) ksi ksi ksi 

specimen 67 44 -28 8 152 

167 specimen 68 44 -28 8 178 

specimen 69 44 -28 8 172 

specimen 70 44 -18 13 372 

410 specimen 71 44 -18 13 413 

specimen 72 44 -18 13 445 

specimen 73 44 -8 18 1,125 

1,037 specimen 74 44 -8 18 968 

specimen 75 44 -8 18 1,018 

specimen 76 44 -3 20.5 1,422 

1,328 specimen 77 44 -3 20.5 1,255 

specimen 78 44 -3 20.5 1,306 

specimen 79 35 -18 8.5 894 

965 specimen 80 35 -18 8.5 936 

specimen 81 35 -18 8.5 1,065 

specimen 82 35 -8 13.5 2,601 

2,623 specimen 83 35 -8 13.5 2,890 

specimen 84 35 -8 13.5 2,377 

specimen 85 35 -3 16 4,541 

4,425 specimen 86 35 -3 16 4,390 

specimen 87 35 -3 16 4,345 

specimen 88 20 -3 8.5 59,151 

56,751 specimen 89 20 -3 8.5 59,386 

specimen 90 20 -3 8.5 51,717 
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APPENDIX A (continued) 

TABLE A.4 

EXPERIMENTAL RESULTS FOR PERIODIC TENSILE OVERLOAD TESTS 

Overload Stress 

OLMAXS ,  
20ksi 35ksi 44ksi 

CAMAXS ,  with 

CAMEANS , of 6ksi 
15ksi 15ksi 20ksi 30ksi 15ksi 20ksi 30ksi 40ksi 

N
u
m

b
er

 o
f 

cy
cl

es
 b

et
w

ee
n
 

o
v
er

lo
ad

s 
 

10 

cycles 
142,661 39,489 15,939 1,693 9,668 8,106 945 285 

50 

cycles 
189,782 141,076 29,794 1,650 45,706 15,717 1,081 147 

100 

cycles 
208,070 211,605 40,915 1,629 85,658 24,048 1,222 194 

1,000 

cycles 
234,109 941,951 61,071 1,707 471,481 49,059 1,744 182 

5,000 

cycles 
245,017 4,415,903 85,027 2,007 1,370,284 75,025 1,809 177 

 

 Note: The values in the tables are cycles to failure. 40 specimens were tested in total. 
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APPENDIX B 

 

ESTIMATION USING MINER‟S RULE 

 

 

 Estimation of cycles to failure using Miner‟s rule is tabulated in Tables B.1, B.2, B.3 and 

B.4.  

TABLE B.1 

ESTIMATION OF CYCLES TO FAILURE USING MINER‟S RULE FOR CAMAXS ,  =15KSI 

SUBJECTED TO PERIODIC TENSILE OVERLOAD OF OLMAXS ,  =20KSI, OLMAXS , =35KSI 

AND OLMAXS , =44KSI 

 

 

OLMAXS ,  CAMAXS ,   

Cycles to 

failure 

( EXPfN ) 

Prediction using 

Miner's rule 

( MINERfN ) 
( EXPfMINERf NN ) 

20 15 

10 142,661 141,249 0.99 

50 189,782 159,924 0.84 

100 208,070 162,856 0.78 

1000 234,109 165,640 0.71 

5000 245,017 165,895 0.68 

35 15 

10 39,489 38,431 0.97 

50 141,076 96,728 0.69 

100 211,605 121,903 0.58 

1000 941,951 160,120 0.17 

5000 4,415,903 164,756 0.04 

44 15 

10 9,668 13,523 1.40 

50 45,706 48,365 1.06 

100 85,658 74,497 0.87 

1000 471,481 147,666 0.31 

5000 1,370,284 161,943 0.12 

 

 

 

 

 

 

 



103 

 

APPENDIX B (continued) 

TABLE B.2 

ESTIMATION OF CYCLES TO FAILURE USING MINER‟S RULE FOR CAMAXS , =20KSI 

SUBJECTED TO PERIODIC TENSILE OVERLOAD OF OLMAXS , =35KSI AND  

OLMAXS , =44KSI 

 

OLMAXS ,  CAMAXS ,   

Cycles to 

failure 

( EXPfN ) 

Prediction using 

Miner's rule 

( MINERfN ) 
( EXPfMINERf NN ) 

35 20 

10 15,939 17,998 1.13 

50 29,794 33,316 1.12 

100 40,915 37,682 0.92 

1,000 61,071 42,830 0.70 

5,000 85,027 43,362 0.51 

44 20 

10 8,106 9,211 1.14 

50 15,717 24,127 1.54 

100 24,048 30,950 1.29 

1,000 49,059 41,787 0.85 

5,000 75,025 43,143 0.58 
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APPENDIX B (continued) 

TABLE B.3 

ESTIMATION OF CYCLES TO FAILURE USING MINER‟S RULE FOR CAMAXS , =30KSI 

SUBJECTED TO PERIODIC TENSILE OVERLOAD OF OLMAXS , =35KSI AND  

OLMAXS , =44KSI 

 

OLMAXS ,  CAMAXS ,   

Cycles to 

failure 

( EXPfN ) 

Prediction using 

Miner's rule 

( MINERfN ) 
( EXPfMINERf NN ) 

35 30 

10 1,693 2,125 1.26 

50 1,650 2,347 1.42 

100 1,629 2,381 1.46 

1000 1,707 2,412 1.41 

5000 2,007 2,415 1.20 

44 30 

10 945 1,672 1.77 

50 1,081 2,204 2.04 

100 1,222 2,304 1.89 

1000 1,744 2,404 1.38 

5000 1,809 2,413 1.33 

 

TABLE B.4 

ESTIMATION OF CYCLES TO FAILURE USING MINER‟S RULE FOR CAMAXS , =40KSI 

SUBJECTED TO PERIODIC TENSILE OVERLOAD OF OLMAXS , =44KSI 

 

OLMAXS ,  CAMAXS ,   

Cycles to 

failure 

( EXPfN ) 

Prediction using 

Miner's rule 

( MINERfN ) 
( EXPfMINERf NN ) 

44 40 

10 285 275 0.97 

50 147 290 1.97 

100 194 292 1.51 

1000 182 294 1.62 

5000 177 294 1.66 
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APPENDIX C 

 

ESTIMATION USING RESIDUAL STRESSES AND MINER‟S RULE 

 

 

 Tables C.1-C.4 show the estimation of cycles to failure using Miner‟s rule with residual 

stress correction (considering isotropic hardening). 

 

TABLE C.1 

ESTIMATION OF CYCLES TO FAILURE USING MINER‟S RULE FOR CAMAXS , =15KSI 

SUBJECTED TO PERIODIC TENSILE OVERLOAD OF OLMAXS , =20KSI, OLMAXS , =35KSI 

AND OLMAXS , =44KSI – CORRECTING FOR RESIDUAL STRESSES BY CONSIDERING 

ISOTROPIC HARDENING 

 

OLMAXS ,  CAMAXS ,   
EXPfN  ISORS

MINERfN  ( EXPf

ISORS

MINERf NN ) 

ksi ksi cycles cycles cycles ratio 

20 15 

10 142,661 161,372 1.13 

50 189,782 188,649 0.99 

100 208,070 193,092 0.93 

1,000 234,109 197,355 0.84 

5,000 245,017 197,747 0.81 

35 15 

10 39,489 43,232 1.09 

50 141,076 138,469 0.98 

100 211,605 197,786 0.93 

1,000 941,951 325,763 0.35 

5,000 4,415,903 345,850 0.08 

44 15 

10 9,668 14,164 1.47 

50 45,706 58,604 1.28 

100 85,658 102,300 1.19 

1,000 471,481 323,520 0.69 

5,000 1,370,284 401,441 0.29 
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APPENDIX C (continued) 

TABLE C.2 

ESTIMATION OF CYCLES TO FAILURE USING MINER‟S RULE FOR CAMAXS , =20KSI 

SUBJECTED TO PERIODIC TENSILE OVERLOAD OF OLMAXS , =35KSI AND 

OLMAXS , =44KSI – CORRECTING FOR RESIDUAL STRESSES BY CONSIDERING 

ISOTROPIC HARDENING 

 

OLMAXS ,  CAMAXS ,   
EXPfN  ISORS

MINERfN  ( EXPf

ISORS

MINERf NN ) 

ksi ksi cycles cycles cycles ratio 

35 20 

10 15,939 21,329 1.34 

50 29,794 48,410 1.62 

100 40,915 58,527 1.43 

1,000 61,071 72,403 1.19 

5,000 85,027 73,977 0.87 

44 20 

10 8,106 10,233 1.26 

50 15,717 33,609 2.14 

100 24,048 48,780 2.03 

1,000 49,059 83,233 1.70 

5,000 75,025 88,867 1.18 
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APPENDIX C (continued) 

TABLE C.3 

ESTIMATION OF CYCLES TO FAILURE USING MINER‟S RULE FOR CAMAXS , =30KSI 

SUBJECTED TO PERIODIC TENSILE OVERLOAD OF OLMAXS , =35KSI AND 

OLMAXS , =44KSI – CORRECTING FOR RESIDUAL STRESSES BY CONSIDERING 

ISOTROPIC HARDENING 

 

OLMAXS ,  CAMAXS ,   
EXPfN  ISORS

MINERfN  ( EXPf

ISORS

MINERf NN ) 

ksi ksi cycles cycles cycles ratio 

35 30 

10 1,693 2,755 1.63 

50 1,650 3,225 1.95 

100 1,629 3,301 2.03 

1,000 1,707 3,375 1.98 

5,000 2,007 3,381 1.68 

44 30 

10 945 2,254 2.39 

50 1,081 3,481 3.22 

100 1,222 3,760 3.08 

1,000 1,744 4,059 2.33 

5,000 1,809 4,088 2.26 

 

TABLE C.4 

ESTIMATION OF CYCLES TO FAILURE USING MINER‟S RULE FOR CAMAXS , =40KSI 

SUBJECTED TO PERIODIC TENSILE OVERLOAD OF OLMAXS , =44KSI – CORRECTING 

FOR RESIDUAL STRESSES BY CONSIDERING ISOTROPIC HARDENING 

 

OLMAXS ,  CAMAXS ,   
EXPfN  ISORS

MINERfN  ( EXPf

ISORS

MINERf NN ) 

ksi ksi cycles cycles cycles ratio 

44 40 

10 285 28 0.1 

50 147 26 0.18 

100 194 26 0.13 

1,000 182 26 0.14 

5,000 177 26 0.15 
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APPENDIX C (continued) 

 Tables C.5-C.8 show estimation of cycles to failure using Miner‟s rule by correcting for 

residual stresses (considering kinematic hardening). 

TABLE C.5 

ESTIMATION OF CYCLES TO FAILURE USING MINER‟S RULE FOR CAMAXS , =15KSI 

SUBJECTED TO PERIODIC TENSILE OVERLOAD OF OLMAXS , =20KSI, OLMAXS , =35KSI 

AND OLMAXS , =44KSI – CORRECTING FOR RESIDUAL STRESSES BY CONSIDERING 

KINEMATIC HARDENING 

 

OLMAXS ,  CAMAXS ,   
EXPfN  KINRS

MINERfN  ( EXPf

KINRS

MINERf NN ) 

ksi ksi cycles cycles cycles ratio 

20 15 

10 142,661 161,372 1.13 

50 189,782 188,649 0.99 

100 208,070 193,092 0.93 

1000 234,109 197,355 0.84 

5000 245,017 197,747 0.81 

35 15 

10 39,489 42,315 1.07 

50 141,076 128,821 0.91 

100 211,605 178,501 0.84 

1000 941,951 276,178 0.29 

5000 4,415,903 290,443 0.07 

44 15 

10 9,668 13,880 1.44 

50 45,706 53,699 1.17 

100 85,658 88,111 1.03 

1000 471,481 213,703 0.45 

5000 1,370,284 245,057 0.18 
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APPENDIX C (continued) 

TABLE C.6 

ESTIMATION OF CYCLES TO FAILURE USING MINER‟S RULE FOR CAMAXS , =20KSI 

SUBJECTED TO PERIODIC TENSILE OVERLOAD OF OLMAXS , =35KSI AND 

OLMAXS , =44KSI – CORRECTING FOR RESIDUAL STRESSES BY CONSIDERING 

KINEMATIC HARDENING 

 

OLMAXS ,  CAMAXS ,   
EXPfN  KINRS

MINERfN  ( EXPf

KINRS

MINERf NN ) 

ksi ksi cycles cycles cycles ratio 

35 20 

10 15,939 20,322 1.27 

50 29,794 43,174 1.45 

100 40,915 50,979 1.25 

1,000 61,071 61,109 1.00 

5,000 85,027 62,219 0.73 

44 20 

10 8,106 9,575 1.18 

50 15,717 27,030 1.72 

100 24,048 35,952 1.50 

1,000 49,059 51,561 1.05 

5,000 75,025 53,652 0.72 
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APPENDIX C (continued) 

TABLE C.7 

ESTIMATION OF CYCLES TO FAILURE USING MINER‟S RULE FOR CAMAXS , =30KSI 

SUBJECTED TO PERIODIC TENSILE OVERLOAD OF OLMAXS , =35KSI AND 

OLMAXS , =44KSI – CORRECTING FOR RESIDUAL STRESSES BY CONSIDERING 

KINEMATIC HARDENING 

 

OLMAXS ,  CAMAXS ,   
EXPfN  KINRS

MINERfN  ( EXPf

KINRS

MINERf NN ) 

ksi ksi cycles cycles cycles ratio 

35 30 

10 1,693 2,423 1.43 

50 1,650 2,749 1.67 

100 1,629 2,801 1.72 

1,000 1,707 2,849 1.67 

5,000 2,007 2,854 1.42 

44 30 

10 945 1,702 1.80 

50 1,081 2,261 2.09 

100 1,222 2,367 1.94 

1,000 1,744 2,473 1.42 

5,000 1,809 2,483 1.37 

 

TABLE C.8 

ESTIMATION OF CYCLES TO FAILURE USING MINER‟S RULE FOR CAMAXS , =40KSI 

SUBJECTED TO PERIODIC TENSILE OVERLOAD OF OLMAXS , =44KSI – CORRECTING 

FOR RESIDUAL STRESSES BY CONSIDERING KINEMATIC HARDENING 

 

OLMAXS ,  CAMAXS ,   
EXPfN  KINRS

MINERfN  ( EXPf

KINRS

MINERf NN ) 

ksi ksi cycles cycles cycles ratio 

44 40 

10 285 118 0.41 

50 147 116 0.79 

100 194 115 0.59 

1,000 182 115 0.63 

5,000 177 115 0.65 
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APPENDIX D 

  

INTERACTIVE DAMAGE FOR ALL LOADING LEVELS 

 

 

Tables D.1-D.4 show interactive damage values for different periodic tensile overload tests. 

TABLE D.1 

INTERACTIVE DAMAGE FOR CAMAXS , =15KSI SUBJECTED TO PERIODIC TENSILE 

OVERLOAD OF OLMAXS , =20KSI, OLMAXS , =35KSI AND OLMAXS , =44KSI 

 

OLMAXS ,  CAMAXS ,   
EXPfN  Interactive damage 

ksi ksi cycles cycles ratio 

20 15 

10 142,661 -0.01 

50 189,782 -0.19 

100 208,070 -0.28 

1,000 234,109 -0.41 

5,000 245,017 -0.48 

35 15 

10 39,489 -0.03 

50 141,076 -0.46 

100 211,605 -0.74 

1,000 941,951 -4.88 

5,000 4,415,903 -25.80 

44 15 

10 9,668 0.29 

50 45,706 0.06 

100 85,658 -0.15 

1,000 471,481 -2.19 

5,000 1,370,284 -7.46 
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APPENDIX D (continued) 

TABLE D.2 

INTERACTIVE DAMAGE FOR SMAX,CA=20KSI SUBJECTED TO PERIODIC TENSILE 

OVERLOAD OF OLMAXS , =35KSI AND OLMAXS , =44KSI 

 

OLMAXS ,  CAMAXS ,   
EXPfN  Interactive damage 

ksi ksi cycles cycles ratio 

35 20 

10 15,939 0.11 

50 29,794 0.11 

100 40,915 -0.09 

1,000 61,071 -0.43 

5,000 85,027 -0.96 

44 20 

10 8,106 0.12 

50 15,717 0.35 

100 24,048 0.22 

1,000 49,059 -0.17 

5,000 75,025 -0.74 

 

TABLE D.3 

INTERACTIVE DAMAGE FOR CAMAXS , =30KSI SUBJECTED TO PERIODIC TENSILE 

OVERLOAD OF OLMAXS , =35KSI AND OLMAXS , =44KSI 

 

OLMAXS ,  CAMAXS ,   
EXPfN  Interactive damage 

ksi ksi cycles cycles ratio 

35 30 

10 1,693 0.20 

50 1,650 0.30 

100 1,629 0.32 

1,000 1,707 0.29 

5,000 2,007 0.17 

44 30 

10 945 0.43 

50 1,081 0.51 

100 1,222 0.47 

1,000 1,744 0.27 

5,000 1,809 0.25 
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APPENDIX D (continued) 

TABLE D.4 

INTERACTIVE DAMAGE FOR CAMAXS , =40KSI SUBJECTED TO PERIODIC TENSILE 

OVERLOAD OF OLMAXS , =44KSI 

 

OLMAXS ,  CAMAXS ,   
EXPfN  Interactive damage 

ksi ksi cycles cycles ratio 

44 40 

10 285 -0.04 

50 147 0.49 

100 194 0.34 

1,000 182 0.38 

5,000 177 0.40 
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APPENDIX E 

 

PICTURES OF FAILED SPECIMENS 

 

 

 The Figures E.1 to E.7 show the cross section view of specimens subjected to remote 

mean stress of 3ksi. The Figures E.8 to E.14 show the cross section view of specimens subjected 

to remote mean stress of 6ksi. The Figures E.15 to E.22 show the cross section view of the 

specimens subjected to other constant amplitude fatigue. The Figures E.23 to E.62 show the 

images of the cross section of specimens subjected to periodic tensile overloads. The 

measurements are in inches and show the length of the region of slow crack growth. For high 

stress fatigue specimens, the length is non-existent and therefore, no measurements are shown. 
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APPENDIX E (continued) 

 
 

(a) 

 
 

(b) 

 

Figure E.1 (a) and (b) show the cross section view of the failed surfaces for specimen subjected 

to CAMAX,S  = 15ksi, MINS  = -9ksi, CAMEAN,S  = 3ksi. 

 

 

 
 

(a) 

 
 

(b) 

 

Figure E.2 (a) and (b) show the cross section view of the failed surfaces for specimen subjected 

to CAMAX,S  = 20ksi, MINS  = -14ksi, CAMEAN,S  = 3ksi. 
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APPENDIX E (continued) 

 
 

(a) 

 
 

(b) 

 

Figure E.3 (a) and (b) show the cross section view of the failed surfaces for specimen subjected 

to CAMAX,S  = 30ksi, MINS  = -24ksi, CAMEAN,S  = 3ksi. 

 

 

 
 

(a) 

 
 

(b) 

 

Figure E.4 (a) and (b) show the cross section view of the failed surfaces for specimen subjected 

to CAMAX,S  = 40ksi, MINS  = -34ksi, CAMEAN,S  = 3ksi. 
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APPENDIX E (continued) 

 
 

(a) 

 
 

(b) 

 

Figure E.5 (a) and (b) show the cross section view of the failed surfaces for specimen subjected 

to CAMAX,S  = 44ksi, MINS  = -38ksi, CAMEAN,S  = 3ksi. 

 

 

 
 

(a) 

 
 

(b) 

 

Figure E.6 (a) and (b) show the cross section view of the failed surfaces for specimen subjected 

to CAMAX,S  = 48ksi, MINS  = -42ksi, CAMEAN,S  = 3ksi. 
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APPENDIX E (continued) 

 
 

(a) 

 
 

(b) 

 

Figure E.7 (a) and (b) show the cross section view of the failed surfaces for specimen subjected 

to CAMAX,S  = 50ksi, MINS  = -44ksi, CAMEAN,S  = 3ksi. 

 

 

 
 

(a) 

 
 

(b) 

 

Figure E.8 (a) and (b) show the cross section view of the failed surfaces for specimen subjected 

to CAMAX,S  = 15ksi, MINS  = -3ksi, CAMEAN,S  = 6ksi. 
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APPENDIX E (continued) 

 
 

(a) 

 
 

(b) 

 

Figure E.9 (a) and (b) show the cross section view of the failed surfaces for specimen subjected 

to CAMAX,S  = 20ksi, MINS  = -8ksi, CAMEAN,S  = 6ksi. 

 

 

 
 

(a) 

 
 

(b) 

 

Figure E.10 (a) and (b) show the cross section view of the failed surfaces for specimen subjected 

to CAMAX,S  = 30ksi, MINS  = -18ksi, CAMEAN,S  = 6ksi. 
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APPENDIX E (continued) 

 
 

(a) 

 
 

(b) 

 

Figure E.11 (a) and (b) show the cross section view of the failed surfaces for specimen subjected 

to CAMAX,S  = 40ksi, MINS  = -28ksi, CAMEAN,S  = 6ksi. 

 

 

 
 

(a) 

 
 

(b) 

 

Figure E.12 (a) and (b) show the cross section view of the failed surfaces for specimen subjected 

to CAMAX,S  = 44ksi, MINS  = -32ksi, CAMEAN,S  = 6ksi. 

 

 

 

 

 

 

 



121 

 

APPENDIX E (continued) 

 
 

(a) 

 
 

(b) 

 

Figure E.13 (a) and (b) show the cross section view of the failed surfaces for specimen subjected 

to CAMAX,S  = 48ksi, MINS  = -36ksi, CAMEAN,S  = 6ksi. 

 

 

 
 

(a) 

 
 

(b) 

 

Figure E.14 (a) and (b) show the cross section view of the failed surfaces for specimen subjected 

to CAMAX,S  = 50ksi, MINS  = -38ksi, CAMEAN,S  = 6ksi. 
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APPENDIX E (continued) 

 
 

(a) 

 
 

(b) 

 

Figure E.15 (a) and (b) show the cross section view of the failed surfaces for specimen subjected 

to CAMAX,S  = 20ksi, MINS  = -3ksi, CAMEAN,S  = 8.5ksi. 

 

 

 
 

(a) 

 
 

(b) 

 

Figure E.16 (a) and (b) show the cross section view of the failed surfaces for specimen subjected 

to CAMAX,S  = 35ksi, MINS  = -18ksi, CAMEAN,S  = 8.5ksi. 
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APPENDIX E (continued) 

 
 

(a) 

 
 

(b) 

 

Figure E.17 (a) and (b) show the cross section view of the failed surfaces for specimen subjected 

to CAMAX,S  = 35ksi, MINS  = -8ksi, CAMEAN,S  = 13.5ksi. 

 

 

 
 

(a) 

 
 

(b) 

Figure E.18 (a) and (b) show the cross section view of the failed surfaces for specimen subjected 

to CAMAX,S  = 35ksi, MINS  = -3ksi, CAMEAN,S  = 16ksi. 
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APPENDIX E (continued) 

 
 

(a) 

 
 

(b) 

 

Figure E.19 (a) and (b) show the cross section view of the failed surfaces for specimen subjected 

to CAMAX,S  = 44ksi, MINS  = -28ksi, CAMEAN,S  = 8ksi. 

 

 

 
 

(a) 

 
 

(b) 

Figure E.20 (a) and (b) show the cross section view of the failed surfaces for specimen subjected 

to CAMAX,S  = 44ksi, MINS  = -18ksi, CAMEAN,S  = 13ksi. 
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APPENDIX E (continued) 

 
 

(a) 

 
 

(b) 

Figure E.21 (a) and (b) show the cross section view of the failed surfaces for specimen subjected 

to CAMAX,S  = 44ksi, MINS  = -8ksi, CAMEAN,S  = 18ksi. 

 

 

 
 

(a) 

 
 

(b) 

 

Figure E.22 (a) and (b) show the cross section view of the failed surfaces for specimen subjected 

to CAMAX,S  = 44ksi, MINS  = -3ksi, CAMEAN,S  = 20.5ksi. 
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APPENDIX E (continued) 

 
 

(a) 

 
 

(b) 

 

Figure E.23 (a) and (b) show the cross section view of the failed surfaces for specimen subjected 

to OLMAX,S = 20ksi, CAMAX,S  = 15ksi, MINS  = -3ksi, = 10 cycles. 

 

 

 
 

(a) 

 
 

(b) 

 

Figure E.24 (a) and (b) show the cross section view of the failed surfaces for specimen subjected 

to OLMAX,S = 20ksi, CAMAX,S  = 15ksi, MINS  = -3ksi, = 50 cycles. 
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APPENDIX E (continued) 

 
 

(a) 

 
 

(b) 

 

Figure E.25 (a) and (b) show the cross section view of the failed surfaces for specimen subjected 

to OLMAX,S = 20ksi, CAMAX,S  = 15ksi, MINS  = -3ksi, = 100 cycles. 

 

 

 
 

(a) 

 
 

(b) 

 

Figure E.26 (a) and (b) show the cross section view of the failed surfaces for specimen subjected 

to OLMAX,S = 20ksi, CAMAX,S  = 15ksi, MINS  = -3ksi, = 1,000 cycles. 
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APPENDIX E (continued) 

 
 

(a) 

 
 

(b) 

 

Figure E.27 (a) and (b) show the cross section view of the failed surfaces for specimen subjected 

to OLMAX,S = 20ksi, CAMAX,S  = 15ksi, MINS  = -3ksi, = 5,000 cycles. 

 

 

 
 

(a) 

 
 

(b) 

 

Figure E.28 (a) and (b) show the cross section view of the failed surfaces for specimen subjected 

to OLMAX,S = 35ksi, CAMAX,S  = 15ksi, MINS  = -3ksi, = 10 cycles. 

 

 

 

 

 

 

 



129 

 

APPENDIX E (continued) 

 
 

(a) 

 
 

(b) 

 

Figure E.29 (a) and (b) show the cross section view of the failed surfaces for specimen subjected 

to OLMAX,S = 35ksi, CAMAX,S  = 15ksi, MINS  = -3ksi, = 50 cycles. 

 

 

 
 

(a) 

 
 

(b) 

 

Figure E.30 (a) and (b) show the cross section view of the failed surfaces for specimen subjected 

to OLMAX,S = 35ksi, CAMAX,S  = 15ksi, MINS  = -3ksi, = 100 cycles. 
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APPENDIX E (continued) 

 
 

(a) 

 
 

(b) 

 

Figure E.31 (a) and (b) show the cross section view of the failed surfaces for specimen subjected 

to OLMAX,S = 35ksi, CAMAX,S  = 15ksi, MINS  = -3ksi, = 1,000 cycles. 

 

 

 
 

(a) 

 
 

(b) 

 

Figure E.32 (a) and (b) show the cross section view of the failed surfaces for specimen subjected 

to OLMAX,S = 35ksi, CAMAX,S  = 15ksi, MINS  = -3ksi, = 5,000 cycles. 
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APPENDIX E (continued) 

 
 

(a) 

 
 

(b) 

 

Figure E.33 (a) and (b) show the cross section view of the failed surfaces for specimen subjected 

to OLMAX,S = 35ksi, CAMAX,S  = 20ksi, MINS  = -8ksi, = 10 cycles. 

 

 

 
 

(a) 

 
 

(b) 

 

Figure E.34 (a) and (b) show the cross section view of the failed surfaces for specimen subjected 

to OLMAX,S = 35ksi, CAMAX,S  = 20ksi, MINS  = -8ksi, = 50 cycles. 
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APPENDIX E (continued) 

 
 

(a) 

 
 

(b) 

 

Figure E.35 (a) and (b) show the cross section view of the failed surfaces for specimen subjected 

to OLMAX,S = 35ksi, CAMAX,S  = 20ksi, MINS  = -8ksi, = 100 cycles. 

 

 

 
 

(a) 

 
 

(b) 

 

Figure E.36 (a) and (b) show the cross section view of the failed surfaces for specimen subjected 

to OLMAX,S = 35ksi, CAMAX,S  = 20ksi, MINS  = -8ksi, = 1,000 cycles. 
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APPENDIX E (continued) 

 
 

(a) 

 
 

(b) 

 

Figure E.37 (a) and (b) show the cross section view of the failed surfaces for specimen subjected 

to OLMAX,S = 35ksi, CAMAX,S  = 20ksi, MINS  = -8ksi, = 5,000 cycles. 

 

 

 
 

(a) 

 
 

(b) 

 

Figure E.38 (a) and (b) show the cross section view of the failed surfaces for specimen subjected 

to OLMAX,S = 35ksi, CAMAX,S  = 30ksi, MINS  = -18ksi, = 10 cycles. 
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APPENDIX E (continued) 

 
 

(a) 

 
 

(b) 

 

Figure E.39 (a) and (b) show the cross section view of the failed surfaces for specimen subjected 

to OLMAX,S = 35ksi, CAMAX,S  = 30ksi, MINS  = -18ksi, = 50 cycles. 

 

 

 
 

(a) 

 
 

(b) 

 

Figure E.40 (a) and (b) show the cross section view of the failed surfaces for specimen subjected 

to OLMAX,S = 35ksi, CAMAX,S  = 30ksi, MINS  = -18ksi, = 100 cycles. 
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APPENDIX E (continued) 

 
 

(a) 

 
 

(b) 

 

Figure E.41 (a) and (b) show the cross section view of the failed surfaces for specimen subjected 

to OLMAX,S = 35ksi, CAMAX,S  = 30ksi, MINS  = -18ksi, = 1,000 cycles. 

 

 

 
 

(a) 

 
 

(b) 

 

Figure E.42 (a) and (b) show the cross section view of the failed surfaces for specimen subjected 

to OLMAX,S = 35ksi, CAMAX,S  = 30ksi, MINS  = -18ksi, = 5,000 cycles. 

 

 

 

 

 

 

 



136 

 

APPENDIX E (continued) 

 
 

(a) 

 
 

(b) 

 

Figure E.43 (a) and (b) show the cross section view of the failed surfaces for specimen subjected 

to OLMAX,S = 44ksi, CAMAX,S  = 15ksi, MINS  = -3ksi, = 10 cycles. 

 

 

 
 

(a) 

 
 

(b) 

Figure E.44 (a) and (b) show the cross section view of the failed surfaces for specimen subjected 

to OLMAX,S = 44ksi, CAMAX,S  = 15ksi, MINS  = -3ksi, = 50 cycles. 
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APPENDIX E (continued) 

 
 

(a) 

 
 

(b) 

 

Figure E.45 (a) and (b) show the cross section view of the failed surfaces for specimen subjected 

to OLMAX,S = 44ksi, CAMAX,S  = 15ksi, MINS  = -3ksi, = 100 cycles. 

 

 

 
 

(a) 

 
 

(b) 

 

Figure E.46 (a) and (b) show the cross section view of the failed surfaces for specimen subjected 

to OLMAX,S = 44ksi, CAMAX,S  = 15ksi, MINS  = -3ksi, = 1,000 cycles. 
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APPENDIX E (continued) 

 
 

(a) 

 
 

(b) 

 

Figure E.47 (a) and (b) show the cross section view of the failed surfaces for specimen subjected 

to OLMAX,S = 44ksi, CAMAX,S  = 15ksi, MINS  = -3ksi, = 5,000 cycles. 

 

 

 
 

(a) 

 
 

(b) 

 

Figure E.48 (a) and (b) show the cross section view of the failed surfaces for specimen subjected 

to OLMAX,S = 44ksi, CAMAX,S  = 20ksi, MINS  = -8ksi, = 10 cycles. 
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APPENDIX E (continued) 

 
 

(a) 

 
 

(b) 

 

Figure E.49 (a) and (b) show the cross section view of the failed surfaces for specimen subjected 

to OLMAX,S = 44ksi, CAMAX,S  = 20ksi, MINS  = -8ksi, = 50 cycles. 

 

 

 
 

(a) 

 
 

(b) 

 

Figure E.50 (a) and (b) show the cross section view of the failed surfaces for specimen subjected 

to OLMAX,S = 44ksi, CAMAX,S  = 20ksi, MINS  = -8ksi, = 100 cycles. 
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APPENDIX E (continued) 

 
 

(a) 

 
 

(b) 

 

Figure E.51 (a) and (b) show the cross section view of the failed surfaces for specimen subjected 

to OLMAX,S = 44ksi, CAMAX,S  = 20ksi, MINS  = -8ksi, = 1,000 cycles. 

 

 

 
 

(a) 

 
 

(b) 

 

Figure E.52 (a) and (b) show the cross section view of the failed surfaces for specimen subjected 

to OLMAX,S = 44ksi, CAMAX,S  = 20ksi, MINS  = -8ksi, = 5,000 cycles. 
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APPENDIX E (continued) 

 
 

(a) 

 
 

(b) 

 

Figure E.53 (a) and (b) show the cross section view of the failed surfaces for specimen subjected 

to OLMAX,S = 44ksi, CAMAX,S  = 30ksi, MINS  = -18ksi, = 10 cycles. 
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(b) 

 

Figure E.54 (a) and (b) show the cross section view of the failed surfaces for specimen subjected 

to OLMAX,S = 44ksi, CAMAX,S  = 30ksi, MINS  = -18ksi, = 50 cycles. 
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APPENDIX E (continued) 

 
 

(a) 

 
 

(b) 

 

Figure E.55 (a) and (b) show the cross section view of the failed surfaces for specimen subjected 

to OLMAX,S = 44ksi, CAMAX,S  = 30ksi, MINS  = -18ksi, = 100 cycles. 
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(b) 

 

Figure E.56 (a) and (b) show the cross section view of the failed surfaces for specimen subjected 

to OLMAX,S = 44ksi, CAMAX,S  = 30ksi, MINS  = -18ksi, = 1,000 cycles. 
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APPENDIX E (continued) 

 
 

(a) 

 
 

(b) 

 

Figure E.57 (a) and (b) show the cross section view of the failed surfaces for specimen subjected 

to OLMAX,S = 44ksi, CAMAX,S  = 30ksi, MINS  = -18ksi, = 5,000 cycles. 

 

 

 
 

(a) 

 
 

(b) 

 

Figure E.58 (a) and (b) show the cross section view of the failed surfaces for specimen subjected 

to OLMAX,S = 44ksi, CAMAX,S  = 40ksi, MINS  = -28ksi, = 10 cycles. 
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APPENDIX E (continued) 

 
 

(a) 

 
 

(b) 

 

Figure E.59 (a) and (b) show the cross section view of the failed surfaces for specimen subjected 

to OLMAX,S = 44ksi, CAMAX,S  = 40ksi, MINS  = -28ksi, = 50 cycles. 
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(b) 

 

Figure E.60 (a) and (b) show the cross section view of the failed surfaces for specimen subjected 

to OLMAX,S = 44ksi, CAMAX,S  = 40ksi, MINS  = -28ksi, = 100 cycles. 
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APPENDIX E (continued) 

 
 

(a) 

 
 

(b) 

 

Figure E.61 (a) and (b) show the cross section view of the failed surfaces for specimen subjected 

to OLMAX,S = 44ksi, CAMAX,S  = 40ksi, MINS  = -28ksi, = 1,000 cycles. 
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(b) 

 

Figure E.62 (a) and (b) show the cross section view of the failed surfaces for specimen subjected 

to OLMAX,S = 44ksi, CAMAX,S  = 40ksi, MINS  = -28ksi, = 5,000 cycles. 
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