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PREFACE

This report presents the results of a prqgram on rail steel fatigue crack ini- tiatipn characterization. It has been prepared by.Battelle1s Cpiumbus Laboratories (BCh) under Task 3 of Contract DOT-TSG-1426 for the Transportation Systems Center (TSC) of the Department of Transportation, Work was begun under the technical direction of Roger Steele of TSC and subsequently completed under the supervision of Qsqqr Orringer of T£C.
The experimental worjc was performed in the Fatigue Laboratory of Battelle's Columbus Laboratories by Norman Frey, whpse care and concern are gratefully 

acknowledged. The development of nondestructive crack initiation monitoring techniques was handled by Ms, Karen Pfister. Her efforts are also appreciated. Some assistance 
on ^ata analysis was also gratefully received frpm Ronald Gallijier.
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EXECUTIVE SUMMARY

This report presents part of the results of a study on rail material characterization for the correlation of rail defect growth and failure properties to better define rail defect mechanisms. The work was conducted as part of the Track Structures Research Program under the direction of the Transportation Systems Center and sponsored by the Federal Railroad Administration. The results are presented in two volumes entitled!
Determination of Residual Stresses in Rails
Fatigue Crack Initiation Properties of Rail Steels.
This report describes an experimental study in which the objective was to determine fatigue crack initiation properties of standard American Railway Engineering Association (AREA) rail steel. The fatigue life of structural components is determined by the sum of the loads and stress cycles required to initiate a fatigue crack and to propagate that crack from subcritical dimensions to a critical crack size. Thus, knowledge of fatigue crack initiation properties, which crack propagation models do not address, is necessary for a complete assessment of rail life.
One new and four used rail steels were investigated. The influence on crack initiation behavior of stress ratio, control mode, orientation within the rail and periodic overstrain were investigated. Both constant and variable amplitude experiments were performed. An analytical model was developed, employing an equivalent strain parameter, which allowed prediction of variable amplitude (service load) fatigue crack initiation from constant amplitude material characterization data.
From this study it can be concluded that periodic overstrains above the constant amplitude fatigue limit will substantially increase the damage caused by strain ranges below the limit, and a periodic overstrain fatigue curve should be used in life predictions on such spectra. Accordingly the entire range of traffic loads must be considered, not just isolated overloads. Transverse rail head cracks were found to initiate more rapidly than longitudinal rail head cracks, and the relative susceptibility of various head locations to rail fatigue failure was identified. Also, it was demonstrated that linear damage accumulation models can be used effectively to provide reasonable crack initiation life predictions.
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1. INTRODUCTION

A typical failure in a rail is the culmination of a progressive damage process that begins with the initiation of a fatigue crack, followed by the growth of that crack to a critical size. If the reliability of a rail system is to be assessed, it i$ quite important to develop data on the crack initiation and propagation behavior of rail materials and to develop a damage accumulation model which relates constant amplitude laboratory fatigue data with variable amplitude and service simulation fatigue behavior.
Crack propagation data, both constant and variable amplitude, were developed in a previous DOT/TSC program (1)* (Contract No. DOT-TSC-1076). A predictive model for crack growth was also developed. (2)
In task 3 of this program, the problems of crack initiation were assessed, both in terms of the development of critical data and the formulation of a damage model. This report contains the results of the Task 3 efforts.

w ' --References are listed on page 56.
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2. RAIL MATERIALS

Two 39-foot sections of new 100-pound/yard rail steel were purchased from the Fritz Rumer Cooke Company for this program. In addition, four shorter sections of used rail material were obtained to provide a cross-section of used rails for a comparison with presently produced standard rail. Background data on the used rail materials are presented in Table 1. Further information on chemistry is included in Reference 3 and an inclusion content in Reference 4.

TABLE 1. USED RAIL MATERIAL BACKGROUND DATA

BCL Rail Number SourceNumber
Rail Weight 
(lbs) Year Rolled Characteristics

3 TOO 85 1920 Low Sulfur/Oxygen Ratio High Inclusion
4 418 130 1929 Low S/0 Ratio Low Inclusion
5 VD-2 115 1974 High S/0 Ratio Intermediate Inclusion
6 398 130 1929 Intermediate S/0 Ratio Intermediate Inclusion

4



3. EXPERIMENTAL DETAILS

3.1 SPECIMENS
Two specimen geometries were used for the majority of experiments in this program. Both specimen geometries were designed with a 0.25-inch diameter reduced section. The specimens tested at BCL were designed with threaded ends as shown in Figure 1, while the specimens tested at Boeing Commercial Airplane Company (BCAC) were designed with longer smooth ends as shown in Figure 2, to accommodate hydraulic grips. A small number of reduced-size, threaded-end specimens of the type shown in Figure 3 were also designed for transverse rail orientation specimens.
The longitudinal rail specimens were removed from three different locations within the rail cross-section. The center head specimens were taken from 3/4-inch square blanks of material centered on the midplane on the rail head (see Figure 4). The intermediate head specimens were taken from blanks centered 1/2-inch from the rail midplane and one-inch from the upper rail surface (see Figure 5). The surface head specimens were taken from blanks taken as near the side surfaces of the rail as possible centered in a plane one-inch from the upper rail surface (see Figure 6). The transverse rail head specimen blanks were taken.from the rail centered in a plane one- inch from the upper rail surface. Because of the location and orientation within the rail, the transverse specimens were only about 2-1 / 2 inches long, as previously shown in Figure 3.
The number of each type of specimen produced is detailed in Table 2. An overall total of 254 specimens were produced; 156 of those for testing by BCAC, including 64 used rail specimens.

TABLE 2. RAIL SPECIMEN INVENTORY

Specimen BCL BCAC
Rail Type Specimens Specimens

Unused Center 78 42
Intermediate — 20

Surface 12 30
Transverse 8 —

Used Center
Total 98 156
OVERALL TOTAL.... ....  254

(a) 16 specimens from each of 4 used rails.

3.2 TESTING PROCEDURES
The BCL fatigue crack initiation experiments were conducted in a 20,000-pound capacity electrohydraulic servocontrolled fatigue machine. All BCL tests were performed in strain control at cycling frequencies ranging from 5 to 20 Hz, depending on strain amplitude. Environmental conditions were maintained at 70F and 50-percent relative humidity. Load as a function of time was recorded continuously for most experiments and stress - strain hysteresis loops were recorded at frequent intervals.
The BCAC crack initiation experiments were conducted on an Amsler Vibraphone in load control at a frequency of about 105 Hz. In selected cases, the specimen temperature during testing was monitored; temperatures approaching 150 F were found in short
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FIGURE 1. BCL UNIAXIAL FATIGUE TEST SPECIMEN

TIR: 0.001" 
All surface

FIGURE 2. BCAC UNIAXIAL FATIGUE TEST SPECIMEN
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FIGURE 3. TRANSVERSE RAIL UNIAXIAL FATIGUE TEST SPECIMEN
<L

FIGURE 4. CENTER-HEAD SPECIMEN LOCATION
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FIGURE 5. INTERMEDIATE SPECIMEN LOCATION
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FIGURE 6. SURFACE SPECIMEN LOCATION
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life tests (N̂  - 100,000 cycles) while temperatures did not exceed 100 F for the long life tests (N̂  > 1 ,0 0 0 ,0 0 0 cycles).

3.3 CRACK INITIATION DETECTION
It was a primary objective in the BCL tests performed in this program to develop some technique for detection of small fatigue cracks in the laboratory specimens tested under constant amplitude conditions. Detection of cracks less than 0.04 inch (1 mm) deep was considered possible and desirable. This would provide a less ambiguous definition of crack initiation, necessary for a smooth transition from crack initiation analysis to crack propagation analysis in the reliability study.
Originally, it was considered likely that either ultrasonics or eddy-currents could be used to detect these small fatigue cracks. Ultrasonics in the pulse echo mode was at first thought to be the best approach because it was easily adaptable to automated testing. One of the anticipated difficulties with pulse-echo ultrasonics, however, was that the reflection from the interface might obscure the reflection from the crack. By using a frequency above 10 MHz, it was thought the beam spread would be negligible and the wave length small enough to detect the crack. Although a higher frequency means a more directive beam according to the formula for beam spread, sin 

0 / 2 = 1 .2 2A, there is a tradeoff involved because the higher frequency pulses are more easily scattered by the material, resulting in loss of resolution.
The adequacy of the ultrasonics approach was evaluated experimentally in the laboratory using a 0.25-inch-diameter Aerotech (Alpha) transducer at frequencies of 5, 10, 25, and 43 MHz. The ultrasonic pulse generators were the Sperry 72.1 Reflectoscope, Sonic Mark I, and the Matec Pulse Modulator and Receiver Model 6600. A Lucite holder grip was machined to support the transducers longitudinal to the axis of the specimen and maintain a specific free gap between the end of the specimen and the transducer crystal, as in Figure 7. In the gap between transducer and specimen was an oil couplet basin acting as a cushion for the crystal face during fatigue cycling.
The results of the ultrasonic pulse-echo testing proved to be negative at all frequencies and with all instruments. It was concluded that the filleted end of the gauge section caused mode conversions (change from longitudinal waves to shear waves) and extensive back reflections of such high amplitide that the signal to noise ratio was very low and that any reflection from the EDM notch was obscured, and virtually hidden in the noise (Figure 7). The high frequencies used also caused scattering and loss of resolution. This result was disappointing in view of previous positive results obtained by NASA Lewis. (5) This earlier work was done on an unfilleted, notched specimen, however, and the negative effect of the fillet on the signal to noise ratio was substantial.
Since ultrasonics proved to lack the sensitivity required, eddy-current detection was evaluated. An NDT 15 Eddyscope was used with two different Nortec surface frequency probes (500 KHz and 2 MHz models). These probes were 1/4-inch in diameter, enclosed within a casing and spring loaded for uniform contact on the specimen.
The NDT 15 Eddyscope in combination with the 500 KHz surface probe proved successful in the laboratory for detection of fatigue cracks as shallow as 0.015 inch. Its major drawback was that it could not be used as a continuous monitor of crack initiation. Every time a check was made with the eddy current system, the machine had to be shut down and the strain control extensometry had to be removed from the specimen.This proved to be very time-consuming and inefficient.
Because of problems with both the ultrasonic and eddy current techniques, a third crack detection method was investigated. This method was based purely on the detection of a change in specimen compliance that occurs when a crack forms. One significant problem was found in differentiating between an apparent compliance change caused by cyclic hardening or softening of the material and an actual compliance change caused by crack formation. It was found, however, through some trial and error experimentation, that nearly all specimens developed a stable stress response to constant amplitude strain cycling by the time each specimen has been subjected to about half the expected cycles to failure. At this point, it was possible to monitor the maximum cyclic stress (actually load was measured but for a constant specimen area on an unnotched specimen, stress can be considered directly proportional to load) and to note small increases or decreases in that maximum stress. If such changes occurred, it was nearly always an indicator that a crack had developed and that failure of the
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FIGURE 7. ULTRASONIC TRANSDUCER SETUP

Heat-Tinted Crack Zone

FIGURE 8. HEAT TINTED CRACK INITIATION ZONE ON SPECIMEN 2-U-E
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specimen was soon to follow. A decrease in max. stress indicated cracking in the specimen between the clip gauge probes because the compliance of a specimen reduces in the region of a crack which lowers the load for a given strain limit. An increase in max. stress indicated a crack outside the probes of the clip gauge. The large majority of specimens developed cracks between the clip gauge probes.
The specimen compliance method of crack detection was verified on a series of specimens at different strain ranges. The limit detectors on maximum stress were set to shut off the machine when the maximum stress (after stabilization) varied by 2 to 4 percent. After the machine shut down, the specimen was removed and placed in a small furnace at about 700 F for 45 minutes. This heating process caused a tinting of the crack which was visible on the fracture surface after the specimen was reinstalled in the test system and cycled to failure. Figure 8 shows the heat tinted crack initiation on one of the test specimens cycled at a strain range of 0.80 percent.
Through the above procedures, it was possible to record cycles to initiation, the crack depth at initiation, and cycles to failure for a number of the constant strain amplitude tests performed at BCL. There was considerable scatter in the final results (see Figure 9) but the expected trend was evident-— an increasing ratio of initiation cycles to propagation cycles (N̂ /Nf) for increasing size of the initiated crack.Crack depths below 0.010-inch were not plotted because of measurement uncertainties. Observed scatter is the result of several factors — (1) multiple cracks in some instances (2) strain control cycling which allows cracks to propagate in a semistable manner (especially under low strain amplitudes), and (3) inherent scatter in material behavior. In the extreme, if the load drops enough with a ductile material, it is possible for the crack to act essentially as an elastic hinge which results in unrealistically high N-̂ /Nf ratios. For these reasons, the experimental results did not permit establishment of a clearly defined relationship between N^/N^ and crack depth.
In summary, the specimen compliance technique could not be used to precisely identify the point when a small crack of some specific depth has been reached. Too many variables influenced the accuracy of the technique. It could be used, however, to identify an approximate relationship between N^/Nf and crack depth that could be used to approximate what portion of the total cycles to failure was involved in the initiation of a crack of a given depth. It also was a method of crack initiation monitoring that could be used both by BCL and BCAC. It was, therefore, adopted by both laboratories in this study.

12



4. TEST RESULTS

4.1 CONSTANT AMPLITUDE EXPERIMENTS
A total of 191 constant amplitude crack initiation experiments were completed in this program. Of this total, 42 were strain-controlled experiments conducted at BCL, while the others were, load-controlled experiments conducted at BCAC. All of the BCL experiments were completed on new rail material, while 57 of the BCAC specimens were taken from used rail material. The program involved extensive laboratory testing — approximately 200 million fatigue cycles were applied to generate just the unused rail data.

4.1.1 Unused Rail Data
A direct comparison of data generated in both laboratories was desirable, but that comparison was complicated by the differences in control parameters.^ In the BCL strain control tests, cyclic softening of the new rail material from its initial monotonic stress-strain response was observed. This behavior is shown in Figures 10, 11, and 12 for center, surface, and transverse rail specimens, respectively. In other words, for a given strain amplitude, the observed maximum stress in individual hysteresis loops decreased from a higher initial monotonic response to a lower, stable maximum stress.A corresponding increase in plastic strain was, of course, seen with the decreasing maximum stress in each specimen. This trend is clearly visible in a series of hysteresis loops reproduced in Figure 13.
In the BCAC load control tests, strain was not monitored, but it is evident from Figures 10 and 11 that some cyclic softening (under constant stress) should be expected at the stress levels evaluated. With small plastic strains, as were seen in the long-life BCAC tests, this softening behavior remained stable and controlled; but load control tests at higher stress amplitudes would likely have resulted in unconstrained cyclic strain softening (or ratcheting) of the specimen, leading to tensile failures rather than fatigue failures. Since only medium to long life tests were performed at BCAC, this ratcheting phenomenon did not occur.
From the cyclic stress-strain data developed in the BCL tests, it was possible to predict the stable strain response of the BCAC tests and to equate test results from the two sources. This was done through calculation of an equivalent strain parameter previously analyzed at BCL. (6) This parameter is similar in form to that originally developed by Walker, (7) but it was modified along the lines suggested by Smith, et al(8) to define e as follows: eq

e = (Ae)m(a )1'm eq v J K max' CD
where Ae = stable strain range

cr v = maximum stable stress max
E = elastic modulus
m = constant for a material

In order to compute equivalent strains using Equation (1), it is obviously necessary to know the correct values for each constituent term in the expression. In the BCL strain control tests Ae was controlled, amax was measured (at the point of stable stress response), and an average E was computed from a series of monotonic stress-strain curves. In the BCAC load control tests amax was controlled, but Ae and E had to be estimated from monotonic and cyclic stress - strain data. Values of Ae were computed by using the following equations which approximated the cyclically stable stress-strain response of the longitudinally oriented rail specimens:

Ae

0 < Ae < Ae(l) ,

, Ae (1) < Ae < Ae(2)

(2a)

(2b)

13



percent

Crack Depth, inch

FIGURE 9. RATIO OF INITIATION CYCLES TO TOTAL FAILURE CYCLES AS A FUNCTION OF CRACK DEPTH

FIGURE 10. MONOTONIC AND CYCLIC STRESS-STRAIN BEHAVIOROF CENTER-HEAD RAIL SPECIMENS
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FIGURE 11. MONOTONIC AND CYCLIC STRESS-STRAIN BEHAVIOROF SURFACE-HEAD RAIL SPECIMENS
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FIGURE 12. MONOTONIC AND CYCLIC STRESS-STRAIN BEHAVIORON TRANSVERSE-HEAD RAIL SPECIMENS
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FIGURE 13. STRESS-STRAIN HYSTERESIS LOOPS FOR SPECIMEN 1-6-E THROUGH FIRST FIVE CYCLES AT? 0.8-PERCENT STRAIN RANGE



, Ae(2) < Ae , (2c)Ae 2

where and = strength coefficients
n̂  and n2 = strain hardening exponents

Ae(l) and Ae(2) = specific values of Ae that denote break points in the tri-log-linear stress-strain curve approximation.
The approximate values for the constants in the Equation (2) series were found as follows for the new rail material:

E = 29 x 103 ksi
K1 = 3.43 x 103 ksi K2 = 8.05 x 10

Ae(1) = 2.7 x 10"3 Ae(2) = 4.0 x 1 0"
nl = 0.677 n 2 = 0 .443

SaCD = 39.1 ksi S (2) a J = 51.3 ksi
A value for the material constant, m, in Equation (1) was found through an examination of the BCAC data generated at three stress ratios. By comparing the stress conditions which provided nearly identical fatigue lives at different stress ratios, it was possible to iteratively solve Equation (1) to find a value of m which provided equal equivalent strain values for conditions where equal fatigue performance had been found. A value of m = 0.6 gave the best overall consolidation of the data.
All of the crack initiation test data developed on unused rail samples in this program are listed in Table 3. The data include specimen type, source, stress ratio, maximum stress, computed or measured total strain, computed equivalent strain and specimen identification. The fatigue lives are also listed in increasing order of cycles to failure for each condition, and appropriate group statistics are presented including average fatigue life (based on the antilog of the average of the log lives), and the coefficient of variation. The coefficient of variation is defined as the ratio of sample standard deviation to the mean (in percent); it provides an indication of the relative variability within a data set. It should be noted that the cycles to initiation for the BCL tests were adjusted to 94 percent of total cycles to failure because that ratio of Ni to Nf compared approximately with a crack initiation crack depth of 0.030 to 0.040 inch, which is the approximate crack initiation crack size chosen for the reliability analysis. The number of non-runouts and total specimens tested in each category are listed in the last two columns of Table 3.
The fully reversed (R = -1.0) results presented in Table 3 are displayed graphically in Figures 14 and 15 for center head specimens and other specimen locations, respectively. Good agreement between BCL and BCAC test results is evident. There is also close agreement between fatigue data from center head specimens and surface and intermediate specimens; data for transverse specimens fall well below those for other orientations. Both the longitudinal and transverse orientation crack initiation fatigue test results compare favorably with data generated in an earlier program at BCL (9) on a hot rolled rail material. Substantial differences are evident between the data developed in this program and those developed by Fowler, (10) however. For example, his indicated endurance limit stresses (R = -1.0) range from about 52 to 62 ksi for six different rail materials. The BCL and BCAC results indicated endurance limit stresses below 50 ksi. It is likely that Fowler data fall higher because of the rotating beam test equipment which he used. Rotating beam tests inherently apply maximum stresses to a small volume of material at the surface of the material, which commonly leads to the infamous size effect in fatigue. (11)

4.1.2 Used Rail Data
The crack initiation tests on the used rail materials were conducted at BCAC. Including specimens used to set stress levels, there were 57 tests completed on four different used rails. The tests were performed in load control at a stress ratio of 0.10 with maximum stress levels ranging from 65 ksi to 105 ksi. Five to seven tests
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TABLE 3. COMPLETE LISTING OF ALL BCL AND BCAC CONSTANT AMPLITUDE CRACK INITIATION TEST DATA ON UNUSED RAILS

SpecimenType Source
StressRatio,R

MaximumStress,
omax

Computer or Measured Total Strain,Ae%

ComputedEquivalentStraine „ x 10“3 eq
SpecimenIdentification

RankedFatigueLife
ni

Average Life Based on Log,
ni

Coefficientof Number of Tests
Variation,

%
Non-Runout Total

Center BCL -1.00 66.8 0.80 4.86 1-6-E 10775 11,260 0.7 2 22-11-E 11770
BCL 67.0 0.70 4.49 2-3-C 14330 14,330 - 1 1
BCL 56.3 0.50 3.42 2-2-C 49710 60,595 2.1 3 31-12-C 576102-12-E 77690
BCAC 54.0 0.448 3.15 2-11-D 60000 103,982 5.7 5 51-6-D 650002-10-B 880002-13-B 1150002-5-B 308000
BCAC 52.0 0.412 2.95 1-7-B 104000 104,000 - 1 1
BCL 51.4 0.40 2.89 1-2-A 92850 223,615 5.7 7 71-11-C 1638001-10-A 1833001-2-E 1878001-5-E 2347001-5-A 2468002-3-E 924600
BCAC 50.0 0.388 2.80 1-10-B 256000 601,446 6.3 7 82-11-B 3280002-24-D 4310001 -3-D 4380001-6-B 6100002-3-B 9730001-7-D 30260002-8-D 5087000R



TABLE 3. (Continued)

SpecimenType Source
StressRatio,R

MaximumStress,
omax

Computer or Measured Total Strain,Ae%

ComputedEquivalentStraine x  10-3 eq
SpecimenIdentification

RankedFatigueLife
ni

Average Life Based on Log,
ni

CoefficientofVariation,
%

Number of Tests
Non-Runout Total

BCL 49.2 0.375 2.73 2-9-C 286300 657,367 5.6 6 131-1-C 3227001-1 -E 3987001-5-C 12410001-1-A 12600001-12-A 14010002-7-C 5000000R1-11-E 5000000R2-9-E 5000000R2-5-A 5000000R2-7-A 5870000R2-4-A 7060000R1-2-C 8100000R
BCAC 49.0 0.376 2.73 2-4-B 5078000R — — 0 1
BCL 45.3 0.35 2.53 1-10-E 1680000R __ _ 0 32-2-A 4100000R1-8-E 14200000R
BCAC 46.0 0.343 2.52 2-7-D 5187000R — — 0 1
BCL 44.2 0.33 2.42 1-4-E 5870000R — — 0 1
BCL 42.5 0.30 2.25 2-12-C 7250000R — — 0 1

Surface BCAC -1.00 54.0 0.448 3.15 1-6-D 91000 116,784 2.3 4 42-3-B 1020001-6-B 1200001-10-B 167000
BCAC 52.0 0.412 2.95 2-7-B 334000 334,000 — 1 1
BCL 51.6 0.40 2.89 2-8-C 127870 158,577 1.6 3 32-10-E 1739402-10-C 179290



TABLE 3. (Continued)

S p e c im e n
T y p e S o u r c e

S t r e s s
R a t i o ,

R

Maxim um
S t r e s s

a
max

C o m p u t e r  o r  
M e a s u r e d  

T o t a l  
S t r a i n ,

Ae%

C o m p u te d

E q u i v a l e n t
S t r a i n

£ X 1 0 "  3 
eq

S p e c im e n
I d e n t i 

f i c a t i o n

R a n k e d
F a t i g u e

L i f e
n .

i

A v e r a g e  

L i f e  
B a s e d  

o n  L o g ,

n i '

C o e f f i c i e n t
o f

V a r i a t i o n ,
%

N um b er o f  T e s t s

N o n -
R u n o u t T o t a l

BCAC 5 0 . 0 0 . 3 8 8 2 . 8 0 1 - 8 - E 3 0 3 0 0 0 3 9 3 , 0 4 4 3 . 1 4 6
1 - 1 0 - D 3 0 9 0 0 0

2 - 8 - D 3 5 8 0 0 0
2 - 1 1 -D 7 1 2 0 0 0

1 - 5 - D 5 0 8 0 0 0 0 R
2 - 1 3 - B 5 1 0 0 0 0 0 R

BCL 4 9 . 1 0 . 3 7 5 2 . 7 3 2 - 8 - A 5 2 8 1 0 0 9 3 7 , 3 6 5 5 . 9 2 3
2 - 1 0 - A 1 6 6 3 8 0 0

2 - 7 - D 1 5 2 0 0 0 0 R

BCAC 4 8 . 0 0 . 3 6 5 2 . 6 6 1 - 5 - B 5 1 1 6 0 0 0 R — — 0 1

I n t e r  BCAC - 1 . 0 0 5 4 . 0 0 . 4 4 8 3 . 1 5 2 - 1 2 - D 1 7 9 0 0 0 9 1 , 9 4 0 1 . 9 2 2
m e d i a t e 2 - 1 3 - D 1 1 0 7 0 0 0

BCAC 5 0 . 0 0 . 3 8 8 2 . 8 0 1 - 1 3 - B 2 5 8 9 0 0 0 9 0 1 , 6 5 3 3 . 2 4 4
1 - 1 3 - B 1 6 4 5 0 0 0
1 - 1 3 - D 2 1 3 1 4 0 0 0
2 - 1 2 - B 1 1 3 2 4 0 0 0

BCAC 4 9 . 0 0 . 3 7 6 2 . 7 3 2 - 1 2 - B 2 2 8 1 6 0 0 0 2 8 1 6 , 0 0 0 - - - 1 1

T r a n s  BCL - 1 . 0 0 5 0 . 1 0 . 4 0 2 . 8 6 1 - 3 - T 3 6 8 4 8 4 4 , 7 2 5 2 . 6 2 2
v e r s e 1 - 1 - T 5 4 2 8 5

BCL 4 8 . 7 0 . 3 7 5 2 . 7 2 2 - 4 - T 4 2 7 7 0 5 7 , 5 2 6 4 . 0 3 3
1 - 2 - T 4 6 5 6 8
2 - 3 - T 9 5 5 7 9

C e n t e r BCAC 0 . 1 0 1 0 0 . 0 0 . 3 3 2 3 . 3 7 2 - 6 - B 5 7 0 0 0 5 7 , 0 0 0 — 1 1

BCAC 9 5 . 0 0 . 3 0 8 3 . 1 5 1 - 3 - B 6 6 0 0 0 1 2 2 , 6 1 9 3 . 3 5 5
2 - 9 - D 1 0 7 0 0 0

1 - 1 1 -D 1 4 4 0 0 0
2 - 1  -D 1 5 4 0 0 0
2 - 6 - D 1 7 7 0 0 0

BCAC 9 0 . 0 0 . 2 8 4 2 . 9 4 1 - 2 - B 2 9 4 0 0 0 2 9 4 , 0 0 0 - - - 1 1



TABLE 3. (Continued)

S p e c im e n

T y p e S o u r c e

S t r e s s
R a t i o ,

R

M axim um

S t r e s s ,
a

max

C o m p u t e r  o r  
M e a s u r e d  

T o t a l  
S t r a i n ,

Ae%

C o m p u te d

E q u i v a l e n t
S t r a i n

e x  1 0 - 3  
eq

S p e c im e n
I d e n t i 

f i c a t i o n

R a n k e d
F a t i g u e

L i f e

n i

A v e r a g e  
L i f e  

B a s e d  
o n  L o g ,

n i

C o e f f i c i e n t

o f
V a r i a t i o n ,

%

N um b er  o f  T e s t s

N o n -
R u n o u t T o t a l

BCAC 8 5 . 0 0 . 2 6 4 2 . 7 5 1 - 4 - D 2 2 0 0 0 0 4 8 4 , 6 0 8 4 . 1 6 6
1 - 4 - B 2 7 4 0 0 0
2 - 3 - D 4 9 5 0 0 0
2 - 1  -B 6 5 1 0 0 0
2 - 7 - B 7 7 1 0 0 0

2 - 1 0 - D 8 0 6 0 0 0

BCAC 8 3 . 0 0 . 2 5 8 2 . 6 9 2 - 9 - B 3 3 8 4 0 0 0 3 3 8 4 , 0 0 0 — 1 1

BCAC 6 9 . 0 0 . 2 1 4 2 . 2 3 1 - 1 0 - D 5 0 6 8 0 0 0 R — — 0 1

S u r f a c e BCAC 0 . 1 0 1 0 0 . 0 0 . 3 3 2 3 . 3 7 1 - 9 - D 6 2 0 0 0 6 2 , 0 0 0 — 1 1

BCAC 9 5 . 0 0 . 3 0 8 3 . 1 5 2 - 6 - D 1 0 8 0 0 0 1 2 2 , 0 8 7 1 . 2 4 4
1 - 8 - D 1 1 7 0 0 0

2 - 1 1 -B 1 1 8 0 0 0
2 - 8 - B 1 4 9 0 0 0

BCAC 8 5 . 0 0 . 2 6 4 2 . 7 5 1 - 1 1  —D 4 2 3 0 0 0 8 3 9 , 1 0 2 5 . 4 4 4

1 - 3 - B 5 8 9 0 0 0
2 - 3 - D 8 6 1 0 0 0
1 - 9 - B 2 3 1 1 0 0 0

BCAC 7 5 . 0 0 . 2 3 3 2 . 4 3 2 - 9 - D 5 0 2 6 0 0 0 R — — 0 1

I n t e r  BCAC 0 . 1 0 9 5 . 0 0 . 3 0 8 3 . 1 5 1 - 1 - B 1 5 1 0 0 0 6 0 , 5 9 7 2 . 2 2 2

m e d i a t e 2 - 1 3 - D 2 7 2 0 0 0

BCAC 8 5 . 0 0 . 2 6 4 2 . 7 5 2 - 1 2 - D 2 1 1 2 0 0 0 4 6 9 , 7 1 5 1 1 .1 4 4

1 - 1 0 - 1 1 7 7 0 0 0
1 - 1 - B 2 9 9 9 0 0 0
2 - 2 - D 1 2 4 5 8 0 0 0

BCAC 8 0 . 0 0 . 2 4 8 2 . 5 9 1 - 1 1 - B 1 5 0 4 8 0 0 0 R — — 0 1

C e n t e r BCAC 0 . 5 0 1 2 5 . 0 0 . 2 1 6 2 . 8 4 2 - 5 - D 1 0 2 0 0 0 1 6 0 , 6 2 1 2 . 5 5 5

1 - 9 - D 1 4 3 0 0 0
1 - 1 2 - D 1 6 7 0 0 0

1 - 9 - B 2 0 9 0 0 0
1 - 1 2 - B 2 1 0 0 0 0



TABLE 3. (Continued)

S p e c im e n
T y p e S o u r c e

S t r e s s
R a t i o ,

R

M axim um
S t r e s s ,

a
max

C o m p u t e r  o r  
M e a s u r e d  

T o t a l  
S t r a i n ,

Ae%

C o m p u te d
E q u i v a l e n t

S t r a i n
e „  x  1 0 - 3  

eq

S p e c im e n
I d e n t i 

f i c a t i o n

R a n k e d
F a t i g u e

L i f e

n i

A v e r a g e  
L i f e  

B a s e d  
o n  L o g ,

n i

C o e f f i c i e n t
o f

V a r i a t i o n ,
%

N um b er o f  T e s t s

N o n -
R u n o u t T o t a l

BCAC 1 1 5 . 0 0 . 1 9 8 2 . 6 2 1 - 5 - D 3 3 8 0 0 0 1 0 8 2 , 6 2 1 7 . 0 6 6
1 - 8 - B 6 8 5 0 0 0
1 - 8 - D 1 7 1 6 0 0 0
1 - 2 - D 2 3 7 1 0 0 0
1 - 5 - B 3 8 0 0 0 0 0
2 - 8 - B 4 4 9 8 0 0 0

S u r f a c e BCAC 0 . 5 0 1 2 5 . 0 0 . 2 1 6 2 . 8 4 2 - 1 0 - B 8 1 0 0 0 1 6 4 , 5 4 6 4 . 7 4 4
2 - 6 - B 1 5 7 0 0 0
2 - 7 - D 1 8 3 0 0 0
1 - 7 - D 3 1 5 0 0 0

BCAC 1 1 5 . 0 0 . 1 9 8 2 . 6 2 1 - 3 - D 3 5 5 0 0 0 7 3 9 , 4 3 2 6 . 8 4 4
2 - 1 0 - D 3 9 1 0 0 0

1 - 7 - B 8 3 9 0 0 0
2 - 9 - B 2 5 6 7 0 0 0

I n t e r  BCAC 0 . 5 0 1 2 5 . 0 0 . 2 1 6 2 . 8 4 1 - 1 - D 2 2 5 4 0 0 0 2 8 7 , 7 5 7 1 . 4 2 2
m e d i a t e 2 - 2 - B 1 3 2 6 0 0 0

BCAC 1 1 5 . 0 0 . 1 9 8 2 . 6 2 1 - 1 3 - D 1 9 8 4 0 0 0 1 3 4 2 , 6 4 2 3 .1 2 3
1 - 1 1 - B 2 1 8 3 2 0 0 0

2 - 2 - D 2 5 0 5 9 0 0 0 R

BCAC 1 1 0 . 0 0 . 1 9 0 2 . 5 0 2 - 2 - B 2 5 0 5 8 0 0 0 R — — 0 1



F I G U R E  1 4 .  F A T I G U E  L I F E  V S .  E Q U I V A L E N T  S T R A I N  FO R  C E N T E R - H E A D  R A I L  S P E C I M E N S

F I G U R E  1 5 .  F A T I G U E  L I F E  V S .  E Q U I V A L E N T  S T R A I N  F O R  S U R F A C E - ,  I N T E R M E D I A T E - ,  
A N D  T R A N S V E R S E - H E A D  R A I L  S P E C I M E N S ,  R = 1 . 0
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w e r e  c o m p l e t e d  a t  e a c h  o f  t w o  s t r e s s  l e v e l s  f o r  e a c h  r a i l  m a t e r i a l .  T h e  r e d u c e d  d a t a  
a r e  p r e s e n t e d  i n  T a b l e  4 .  T h e  v a r i a b i l i t y  i n  f a t i g u e  p e r f o r m a n c e  c o m p a r e d  t o  t h e  
b a s e l i n e  d a t a  o n  u n u s e d  r a i l  m a t e r i a l  i s  s h o w n  i n  F i g u r e  1 6 .  T h e  d a t a  a r e  p l o t t e d  i n  
t e r m s  o f  m a x i m u m  s t r e s s  r a t h e r  t h a n  e q u i v a l e n t  s t r a i n  s i n c e  c y c l i c  s t r e s s  -  s t r a i n  d a t a  
o n  t h e  u s e d  r a i l  m a t e r i a l s  w e r e  n o t  g e n e r a t e d .

T w o  u s e d  r a i l  m a t e r i a l s  p e r f o r m e d  f a r  b e l o w  c r a c k  i n i t i a t i o n  f a t i g u e  l i f e  t r e n d s  
p r e v i o u s l y  e s t a b l i s h e d  f o r  t h e  u n u s e d  r a i l .  T h e s e  w e r e  r a i l s  p r o d u c e d  i n  t h e  1 9 2 0 ! s .  
O n e  r a i l  p e r f o r m e d  s i m i l a r l y  t o  t h e  n e w ,  u n u s e d  r a i l ;  i t  w a s  a  v a c u u m - d e g a s s e d  r a i l  
p r o d u c e d  s i n c e  1 9 7 0 .  T h e  f o u r t h  r a i l ,  w h i c h  p e r f o r m e d  s o m e w h a t  b e t t e r  t h a n  t h e  
u n u s e d  r a i l ,  w a s  a l s o  p r o d u c e d  i n  t h e  1 9 2 0 ' s .  N o  c o r r e l a t i o n  w a s  e v i d e n t  b e t w e e n  
f a t i g u e  p e r f o r m a n c e  a n d  e i t h e r  s u l f u r  t o  o x y g e n  r a t i o  o r  i n c l u s i o n  c o n t e n t  o f  t h e  r a i l  
m a t e r i a l .

4 . 2  P E R I O D I C  O V E R S T R A I N  E X P E R I M E N T S

T h e  o b j e c t i v e  o f  t h e s e  e x p e r i m e n t s  w a s  t o  d e t e r m i n e  t h e  e x t e n t  t o  w h i c h  p e r i o d i c  
o v e r s t r a i n s  w o u l d  a f f e c t  t h e  f a t i g u e  r e s i s t a n c e  o f  t h e  r a i l  s t e e l  i n  t h e  r e g i m e  o f  t h e  
c o n s t a n t  a m p l i t u d e  f a t i g u e  l i m i t  a n d  b e l o w .  I f  i t  w e r e  a s s u m e d  t h a t  a l l  c y c l e s  
e x p e r i e n c e d  b y  a  r a i l  m a t e r i a l  b e l o w  i t s  c o n s t a n t  a m p l i t u d e  f a t i g u e  l i m i t  a r e  n o n 

d a m a g i n g ,  a  p e r i o d i c  o v e r s t r a i n  s h o u l d  n o t  c a u s e  f a i l u r e  u n t i l  t h e  t o t a l  n u m b e r  o f  
o v e r s t r a i n  c y c l e s  i s  e q u a l  t o  t h e  c y c l i c  l i f e  o f  a  v i r g i n  s p e c i m e n  s u b j e c t e d  t o  c o n 
s t a n t  a m p l i t u d e  c y c l i n g  a t  t h e  o v e r s t r a i n  l e v e l .  A  c o m p a r i s o n  o f  a c t u a l  c y c l e s  t o  
f a i l u r e  a n d  t h i s  h y p o t h e t i c a l  f a t i g u e  l i f e  i s  m a d e  i n  T a b l e  5 .  I t  i s  o b v i o u s  t h a t  t h e  
s m a l l  a m p l i t u d e  c y c l e s  b e l o w  t h e  c o n s t a n t  a m p l i t u d e  e n d u r a n c e  l i m i t  w e r e  a c t u a l l y  
q u i t e  d a m a g i n g  w h e n  c o m b i n e d  w i t h  p e r i o d i c  o v e r s t r a i n s .  I n  f a c t ,  i f  t h e  s m a l l  
a m p l i t u d e  c y c l e s  t o  f a i l u r e  a r e  p l o t t e d  o n  a n  e q u i v a l e n t  s t r a i n  b a s i s ,  e x c l u d i n g  t h e  

o v e r l o a d  c y c l e ,  t h e  e n d u r a n c e  l i m i t  e s s e n t i a l l y  v a n i s h e s  ( o r  i s  r e d u c e d  a p p r e c i a b l y ) ,  
T h i s  i s  s h o w n  i n  F i g u r e  1 7  w h e r e  t h e  o v e r s t r a i n  d a t a  a r e  p l o t t e d  r e l a t i v e  t o  t h e  c o n 
s t a n t  a m p l i t u d e  b a s e l i n e  c r a c k  i n i t i a t i o n  c u r v e .  E l i m i n a t i o n  o f  t h e  c o n s t a n t  a m p l i t u d e  
e n d u r a n c e  l i m i t  t h r o u g h  p e r i o d i c  o v e r s t r a i n s  h a s  b e e n  o b s e r v e d  p r e v i o u s l y  b y  B r o s e . ( 1 3 )

F i g u r e  1 7  d o e s  n o t  c l e a r l y  i l l u s t r a t e  t h e  r e l a t i v e  d a m a g e  c a u s e d  b y  t h e  o v e r s t r a i n  
a n d  s m a l l  a m p l i t u d e  c y c l e s .  T a b l e  6 w a s  c o n s t r u c t e d  i n  a n  e f f o r t  t o  e v a l u a t e  t h e  
e x t e n t  o f  d a m a g e  c a u s e d  b y  t h e  l a r g e  a n d  s m a l l  a m p l i t u d e  s t r a i n  c y c l e s ;  c y c l e s  t o  
f a i l u r e  a r e  n o t e d ,  a l o n g  w i t h  t h e  n u m b e r  o f  o v e r s t r a i n  c y c l e s  e n d u r e d .  T h e  n u m b e r  o f  
o v e r s t r a i n  c y c l e s  w e r e  d i v i d e d  b y  t h e  a v e r a g e  c y c l e s  t o  f a i l u r e  u n d e r  a  c o n s t a n t  s t r a i n  
r a n g e  o f  0 . 8 0  p e r c e n t  ( 1 1 9 8 0  c y c l e s ) ,  t o  c o m p u t e  a  p e r c e n t  o f  d a m a g e  c a u s e d  b y  t h e  
l a r g e  c y c l e s  ( a s s u m i n g  t h e  l i n e a r  d a m a g e  t h e o r y  a s  d e v e l o p e d  b y  M i n e r  i s  v a l i d ) . ( 1 2 )
T h e  n u m b e r  o f  s m a l l  a m p l i t u d e  c y c l e s  a r e  a l s o  l i s t e d .  T h e o r e t i c a l l y ,  a c c o r d i n g  t o  t h e  
l i n e a r  d a m a g e  h y p o t h e s i s ,  t h e  b a l a n c e  o f  d a m a g e  n o t  c a u s e d  b y  t h e  l a r g e  o v e r s t r a i n  
c y c l e s  ( 1 0 0  p e r c e n t  = t o t a l  d a m a g e  o f  f a i l u r e )  s h o u l d  h a v e  b e e n  c a u s e d  b y  t h e  s m a l l  
s t r a i n  c y c l e s .  I f  t h i s  w e r e  t r u e ,  t h e  d a m a g e  p e r  s m a l l  c y c l e  c o u l d  b e  c o m p u t e d  a s  
f o l l o w s :

AD
s m a l l

1 0 0  -  AD

AD
s m a l l

c y c l e

AD
s m a l lr

l a r g e ’

, % / c y c l e
s m a l l

w h e r e  ^ s m a n  = p e r c e n t  o f  d a m a g e  c a u s e d  b y  s m a l l  c y c l e s  

A D i a r g e  =  P e r c e n t  ° f  d a m a g e  c a u s e d  b y  l a r g e  c y c l e s  

N s m a l l  =  n u m ^ e r  s m a H  c y c l e s .

V a l u e s  f o r  E q u a t i o n  ( 4 )  a r e  p r e s e n t e d  i n  t h e  l a s t  c o l u m n  o f  T a b l e  6 f o r  e a c h  o v e r 
s t r a i n  s p e c i m e n .

(3)

(4)

I f  t h e  d a m a g e  p r o c e s s  w e r e  i n d e e d  l i n e a r ,  i t  w o u l d  h a v e  b e e n  e x p e c t e d  t h a t  t h e  
d a m a g e / c y c l e  f o r  a l l  f o u r  t e s t s  a t  t h e  t w o  d i f f e r e n t  s m a l l  s t r a i n  c y c l e  l e v e l s  w o u l d  
h a v e  b e e n  e q u a l ,  o r  n e a r l y  s o  ( t a k i n g  i n t o  a c c o u n t  n o r m a l  f a t i g u e  d a t a  v a r i a b i l i t y ) .  
D i f f e r e n c e s  d o  e x i s t ,  h o w e v e r ,  w h i c h  s u g g e s t  s o m e  h i s t o r y  d e p e n d e n c e  w i t h i n  t h e  
d a m a g e  p r o c e s s .  T h e  h i s t o r y  d e p e n d e n c e  i s  m o s t  e v i d e n t  f o r  t h e  v e r y  s m a l l  s t r a i n  r a n g e  
t e s t s  ( 0 . 3  p e r c e n t ) .  T h e r e  a r e  t w o  r e a d i l y  i d e n t i f i a b l e  e x p l a n a t i o n s  o f  t h i s  
p h e n o m e n o n ,  n e i t h e r  o f  w h i c h  a p p e a r  t o  b e  c o m p l e t e l y  s a t i s f a c t o r y ,  o r  r e a d i l y  a p p l i e d  
t o  a  c o m p l e x  s t r e s s  h i s t o r y .
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TABLE 4 SUMMARY OF USED RAIL FATIGUE TEST RESULTS

BCL R a i l  Number and S o u r c e  Number

MAXIMUM
STRESS,

k s i

3 ( 1 0 0 )

AVERAGE
FATIGUE

L I F E ,
CYCLES

COEFFICIENT
OF

VARIATIO N,
CYCLES

MAXIMUM
STRESS,

k s i

4 (4 1 8 )

AVERAGE
FATIGUE

L I F E ,
CYCLES

COEFFICIENT
OF

VARIATION,
CYCLES

MAXIMUM
STRESS,

k s i

5 (V D -2 )

AVERAGE
FATIGUE

L I F E ,
CYCLES

COEFFICIENT
OF

VARIATION,
CYCLES

MAXIMUM
STRESS,

k s i

6 (3 9 8 )

AVERAGE
FATIGUE

L IF E ,
CYCLES

COEFFICIENT
OF

VARIATION,
CYCLES

S t r e s s  L e v e l  1 
N i i  105 

(5  t e s t s / r a i l )

85 1 2 8 ,8 0 0 1 .9 85 5 6 ,2 3 0 2 . 3 95 1 0 2 ,3 0 0 4 . 2 105 8 5 ,1 1 0 1 . 3

S t r e s s  L e v e l  2 
N, l  106 

( 7  t e s t s / r a i l )

75 6 1 6 ,6 0 0 2 . 2 65 4 8 9 ,8 0 0 1 2 .5 85 4 7 8 ,6 0 0 8 .1 95 3 5 4 ,8 0 0 a 3 . 4 a

( a )  One v e r y  lo w  t e s t  v a l u e  e x c l u d e d  w i t h  N^ = 1 0 ,0 0 0  c y c l e s .
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TABLE 5. PERIODIC OVERSTRAIN TEST RESULTS ON NEW RAIL MATERIAL

TOTAL
CYCLES TO FAILURE

CONDITION
STR AIN  RANGE, 

PERCENT STRAIN RANGE,
STABLE
STRESS

Ex p e CTe d  I F  
NO DAMAGE

NUMBER SMALL OVERSTRAIN FREQUENCY OF PERCENT RANGE, ASSUMED FROM SPECIMEN
CYCLE CYCLE OVERSTRAIN ELASTIC P LAST IC k s i ACTUAL SMALL CYCLE ID E N T IF IC A T IO N

1 0 . 3 7 5 0 . 8 0 0 10 e v e r y  1 , 0 0 0 0 . 3 3 8
0 . 3 4 2

0 . 0 3 7
0 . 0 3 3

9 3 . 8
9 1 . 2

2 0 9 , 2 4 0
2 1 7 , 6 0 0

1 , 1 2 5 , 0 0 0 2 - 5 - C
2 - 1 0 - E

2 0 . 3 7 5 0 . 8 0 0 10 e v e r y  1 0 , 0 0 0 0 . 3 4 5
0 . 3 4 6

0 . 0 3 0
0 . 0 2 9

9 8 . 0
9 3 . 5

2 7 0 , 2 0 0
2 8 9 , 4 0 0

11 , 2 5 0 , 0 0 0 2 - 1 -A  
2 - 1 2 - A

3 0 . 3 0 0 0 . 8 0 0 10 e v e r y  1 , 0 0 0 0 . 2 8 9
0 . 2 9 6

0 . 0 1 1
0 . 0 0 4

7 9 . 2
7 9 . 0

4 2 2 , 8 2 0
4 0 1 , 2 7 0

1 , 1 2 5 , 0 0 0 2 - 1 0 - C
2 - 8 - E

4 0 . 3 0 0 0 . 8 0 0 10 e v e r y  1 0 , 0 0 0 0 . 2 6 8
0 . 2 7 1

o . o 3 2 ( ® }  
0 . 0 2 9  a '

7 6 . 2
7 4 . 9

9 0 0 , 7 0 0
9 3 0 , 7 8 5

1 1 , 2 5 0 , 0 0 0 2 - 3 - A
2 - 7 - E

( a ) P l a s t i c  s t r a i n  v a l u e s  m e a s u r e d  s h o r t l y  a f t e r  o v e r s t r a i n  c y c l e s  w e r e  a p p l i e d .



TABLE 6. COMPUTATION OF RELATIVE DAMAGE CAUSED BY LARGEAND SMALL CYCLES IN PERIODIC OVERSTRAIN

CONDITION

CYCLES TO 
F A IL U R E ,

Nf

OVERSTRAIN
CYCLES,
a d ,

L a r g e

OVERSTRAIN
CYCLES,'3 '

AD,L a r g e

AMPLITUDE
CYCLES,

N
Smal 1

COMPUTED 
INCREMENT 
OF DAMAGE 
PER SMALL

c y c l e ( d )
x 1 0 “ 4 , % 

ADS m a l l

C y c l e

1 2 0 9 , 2 4 0 2 , 0 9 0 17 .4% 2 0 7 , 1 4 0 3 . 9 9

2 1 7 , 6 0 0 2 , 1 7 0 18 .1% 2 1 5 , 4 3 0 3 . 8 0

2 2 7 0 , 2 0 0 270 2 .2 5 % 2 6 9 , 9 3 0 3 . 6 2

2 8 9 , 4 0 0 289 2 .4 1 % 2 8 9 , 1 1 1 3 . 3 8

3 4 2 2 , 8 2 0 4 , 2 2 0 3 5 .2 % 4 1 8 , 6 0 0 1 . 5 5

4 0 1 , 2 7 0 4 , 0 1 0 3 3 .5 % 3 9 7 , 2 6 0 1 . 6 7

4 9 0 0 , 7 0 0 9 0 0 7 .5 1 % 8 9 9 , 8 0 0 1 . 0 3

9 3 0 , 7 8 5 93 0 7 .7 6% 9 2 9 , 8 5 0 0 . 9 9

( a )  Nf  = 1 1 , 9 8 0  a t  Ae = .80%

( b )  100% dam age e q u a l s  f a i l u r e .

T h e  f i r s t  e x p l a n a t i o n  i s  b a s e d  o n  a  p l a s t i c  s t r a i n  a c c u m u l a t i o n  d a m a g e  h y p o t h e s i s  
a s  i n v e s t i g a t e d  b y  a  n u m b e r  o f  r e s e a r c h e r s .  ( 1 4 , 1 5 )  A l o n g  t h i s  v e i n ,  i t  c o u l d  b e  
h y p o t h e s i z e d  t h a t  a c e r t a i n  n u m b e r  o f  l a r g e  s t r a i n  c y c l e s  w e r e  r e q u i r e d  t o  c y c l i c a l l y  
s o f t e n  t h e  m a t e r i a l  t o  t h e  p o i n t  w h e r e  p l a s t i c  s t r a i n  d a m a g e  b e g a n  t o  d e v e l o p  a t  t h e  
l o w e r  s t r a i n  r a n g e  a s  w e l l .  S o m e  s i m p l e  c a l c u l a t i o n s  s u g g e s t  t h a t  t h i s  i s  a t  l e a s t  
p l a u s i b l e ,  a s  i s  d e m o n s t r a t e d  i n  T a b l e  7 .  S i n c e  t h e  m a t e r i a l  d o e s  u n d e r g o  a  g r a d u a l  
s o f t e n i n g  w h e n  s u b j e c t e d  t o  c y c l i c  p l a s t i c  d e f o r m a t i o n ,  i t  i s  n o t  u n r e a s o n a b l e  t o  
a s s u m e  t h a t  i t  w o u l d  t a k e  l o n g e r  t o  s o f t e n  t o  a l e v e l  w h e r e  s i g n i f i c a n t  p l a s t i c i t y  
w a s  e x p e r i e n c e d  a t  0 . 3  p e r c e n t  s t r a i n  r a n g e ,  t h a n  a t  0 . 3 7 5  p e r c e n t .  T a b l e  7 s u g g e s t s  
t h a t  t h i s  d i f f e r e n c e  i n  t h e  r e q u i r e d  n u m b e r  o f  l a r g e  c y c l e s  c o u l d  h a v e  b e e n  a s  g r e a t  a s  
a f a c t o r  o f  t e n ,  f r o m  4 0  l a r g e  c y c l e s  t o  4 0 0 .

T h e  s e c o n d  e x p l a n a t i o n  f o r  t h e  a p p a r e n t  h i s t o r y  e f f e c t s  i n  t h e  o v e r s t r a i n  e x p e r i 
m e n t s  i s  b a s e d  o n  a n  i n i t i a t i o n - p r o p a g a t i o n  d a m a g e  c o n c e p t .  W i t h  t h i s  c o n c e p t ,  i t  c a n  
b e  a s s u m e d  t h a t  o n l y  c y c l e s  a b o v e  t h e  c o n s t a n t  a m p l i t u d e  e n d u r a n c e  l i m i t  c o n t r i b u t e  
t o  t h e  f o r m a t i o n  a n d  i n i t i a t i o n  o f  a  f a t i g u e  c r a c k ;  b u t  a l l  c y c l e s ,  i n c l u d i n g  t h e  
s m a l l  o n e s ,  a r e  e f f e c t i v e  i n  p r o p a g a t i n g  t h a t  c r a c k  b e y o n d  s o m e  " e q u i v a l e n t  i n i t i a l  
f l a w . "  I f  t h i s  c o n c e p t  h a s  p h y s i c a l  m e a n i n g ,  i t  s u g g e s t s  t h a t  v e r y  s m a l l  f l a w s  a r e  
s u b j e c t  t o  p r o p a g a t i o n  b y  s u b - e n d u r a n c e  l i m i t  s t r a i n  r a n g e s .  F o r  e x a m p l e ,  i f  i t  i s  
a s s u m e d  t h a t  t h e  s m a l l  c y c l e s  l i s t e d  i n  C o l u m n  4 o f  T a b l e  7 e f f e c t i v e l y  r e p r e s e n t  i n i 

t i a t i o n  c y c l e s ,  i t  i s  e v i d e n t  t h a t  N ^ / N f  r a t i o s  w o u l d  b e  e x t r e m e l y  s m a l l  f o r  a  . 3 7 5  

p e r c e n t  s t r a i n  r a n g e  ( f r o m  1 t o  1 1  p e r c e n t ) . I f  F i g u r e  9 i s  e x t r a p o l a t e d  b a c k  t o  s u c h  
s m a l l  N ^ / N f  v a l u e s ,  i t  s u g g e s t s  i n i t i a t i o n  c r a c k  d e p t h s  w e l l  b e l o w  0 . 0 0 1  i n c h .  A t  
p r e s e n t  t h e r e  i s  v e r y  l i t t l e  e x p e r i m e n t a l  e v i d e n c e  t o  s u p p o r t  t h i s  c o n c e p t ;  t h e r e f o r e ,  
i t  i s  n o t  a  p r a c t i c a l  m e t h o d  t o  a c c o u n t  f o r  s t r e s s  h i s t o r y  e f f e c t s .

4 . 3  V A R I A B L E  S T R A I N  A M P L I T U D E  E X P E R I M E N T S

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

T h r e e  d i f f e r e n t  s p e c t r a  w e r e  u s e d  i n  t h e  v a r i a b l e  a m p l i t u d e  e x p e r i m e n t s .  T h e s e  
s p e c t r a  w e r e  d e r i v e d  f r o m  c u m u l a t i v e  p r o b a b i l i t y  c u r v e s  o f  w h e e l  r a i l  l o a d s  m e a s u r e d  
f o r  f o u r  d i f f e r e n t  r a i l r o a d s .  T h e s e  c u r v e s  a r e  s h o w n  i n  F i g u r e  1 8 .  T h e  m o s t  s e v e r e
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TABLE 7. COMPARISON IN NUMBER OF NONDAMAGING SMALL CYCLES IN PERIODIC OVERLOAD EXPERIMENTS

CONDITION

LOWER
STRAIN

LOAD,

%

NUMBER OF LARGE CYCLtS  
REQUIRED TO SOFTEN MATERIAL 

TO LEVEL WHERE PLASTIC  STRAIN 
OCCURS AT LOWER STRAIN  LEVEL

NUMBER OF 
SMALL CYCLES 
PAST DURING 

SOFTENING PROCESS

AVERAGE 
NUMBER OF 

DAMAGING SMALL 
CYCLES

AVERAGE 
DAMAGE PER 
SMALL CYCLE 

x  1 0 " 4 , %

1 0 . 3 7 5 40 3 , 0 0 0 2 1 0 , 4 2 0 3 .9 1

2 0 . 3 7 5 40 3 0 , 0 0 0 2 4 9 , 8 0 0 3 .9 1

3 0 . 3 0 0 4 0 0 3 9 , 0 0 0 3 6 8 , 9 3 0 1 . 7 8

4 0 . 3 0 0 40 0 3 9 0 , 0 0 0 5 2 4 , 8 3 0 1 . 7 6

i f

A b l o c k  o f  t e n  l a r g e  o v e r s t r a i n  c y c l e s  b e g a n  e a c h  t e s t ,  t h e r e f o r e  s m a l l  c y c l e s  e n d u r e d  a f t e r  x  o v e r s t r a i n  

c y c l e s  = • (R ) / w h e r e  R i s  t h e  r a t i o  o f  s m a l l  t o  l a r g e  c y c l e s .
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s p e c t r u m  u s e d  i n  t h i s  p r o g r a m  w a s  b a s e d  o n  t h e  N E C  w h e e l  r a i l  l o a d s ,  w h i l e  t h e  l e a s t  
s e V e r e  w a s  b a s e d  o n  t h e  SP  w h e e l  r a i l  l o a d s .  T h e  t h i r d  s p e c t r u m  u s e d  i n  t h i s  p r o g r a m  
w a s  b a s e d  o n  a  c o m b i n a t i o n  o f  t h e  UP a n d  F E C  w h e e l  r a i l  l o a d  d i s t r i b u t i o n s ;  i t  f e l l  
i n t e r m e d i a t e  t o  t h e  N E C  a n d  SP  s p e c t r a .

E a c h  o f  t h e  t h r e e  b a s i c  s p e c t r a  w a s  c o n v e r t e d  f r o m  c u m u l a t i v e  p r o b a b i l i t y  c u r v e s  
t o  l o a d  e x c e e d a n c e  d i a g r a m s  f o r  1 - m i l l i o n  g r o s s  t o n s  ( M G T )  o f  t r a f f i c .  F o r  e s t i m a t i n g  
p u r p o s e s ,  3 7 0 0  a x l e  p a s s e s  ( p e a k  l o a d  o c c u r r e n c e s )  p e r  d a y  w e r e  c o n s i d e r e d  t o  r e p r e s e n t  
a n  a n n u a l  t r a f f i c  l o a d  o f  a b o u t  2 0  M G T .  T h i s  m e a n t  t h a t  3 6 5  x  3 7 0 0 / 2 0  =  6 7 , 0 0 0  a x l e  
p a s s e s  r e p r e s e n t e d  1 MGT o f  t r a f f i c .  I n  t h e  e a r l i e r  c r a c k  g r o w t h  w o r k  d o n e  b y  B C L  o n  
r a i l  s t e e l ,  (1  § 2 )  t h e  w h e e l  r a i l  l o a d  d a t a  w e r e  c o n v e r t e d  t o  r a i l  s t r e s s  s p e c t r a  w h i c h  
w e r e  s u b s e q u e n t l y  c o n v e r t e d  t o  l o a d  h i s t o r i e s  u s e d  t o  c o n t r o l  t h e  f a t i g u e  m a c h i n e  
d u r i n g  t h e  c r a c k  g r o w t h  e x p e r i m e n t s .  I n  t h i s  p r o g r a m ,  t h e  p r e v i o u s l y  c o m p u t e d  s t r e s s  
r a n g e s  w e r e  c o n v e r t e d  l i n e a r l y  t o  s t r a i n  r a n g e s .  A l l  s t r a i n  r a n g e s  i n  e a c h  s p e c t r u m  
w e r e  p r o g r a m m e d  t o  b e  p r o p o r t i o n a l  t o  t h e  s t r e s s  r a n g e s  p r e v i o u s l y  c o m p u t e d .  T h e  
m a x i m u m  s t r a i n  l e v e l s  i n  e a c h  t e s t  w e r e  h e l d  c o n s t a n t  t o  s i m u l a t e  a  r e s i d u a l  t e n s i l e  
s t r a i n  w i t h i n  t h e  r a i l  h e a d ,  w h i l e  t h e  m a g n i t u d e s  o f  t h e  n e g a t i v e  s t r a i n  e x c u r s i o n s  
f r o m  t h a t  m a x i m u m  s t r a i n  w e r e  s e l e c t e d  t o  a c h i e v e  l o n g  l i f e ,  b u t  n o n r u n o u t  f a t i g u e  
c r a c k  i n i t i a t i o n  c o n d i t i o n s .

T h r e e  d i f f e r e n t  r e p r e s e n t a t i o n s  ( h i s t o r i e s )  o f  t h e  1 / 2 F E C  +  1 / 2 U P  s p e c t r u m  w e r e  
t e s t e d .  O n l y  t h e  s i m p l e s t  ( u n i t  t r a i n )  h i s t o r y  r e p r e s e n t a t i o n  w a s  u s e d  f o r  t h e  N E C  a n d  
SP s p e c t r a .  T h e  u n i t  t r a i n  h i s t o r y  w a s  a n  8 - l e v e l  h i g h - t o - l o w ,  b l o c k  l o a d i n g  h i s t o r y  
( a p p l i e d  u n d e r  s t r a i n  c o n t r o l ) , r e p r e s e n t i n g  a  s i n g l e  t r a i n  w h i c h  w a s  r e p e a t e d  c o n 

t i n u o u s l y .  I t  w a s  d e s i g n e d  t o  r e p r e s e n t  a n  a v e r a g e  o r  u n i t  t r a i n .  A  t o t a l  o f  1 7 0  
u n i t  t r a i n s  ( 1  M G T )  c o n t a i n e d  t h e  s a m e  n u m b e r  o f  c y c l e s  a t  e a c h  s t r a i n  l e v e l  a s  t h e  

s a m e  n u m b e r  o f  t r a i n s  o f  t h e  m o r e  c o m p l e x  s p e c t r a .

T h e  n e x t  h i s t o r y  o f  i n t e r m e d i a t e  c o m p l e x i t y  w a s  t h e  t r a i n - b y - t r a i n  l o a d i n g  p a t t e r n ,  
w h i c h  c o n s i s t e d  o f  a n  1 1 - l e v e l  s e r i e s  o f  h i g h - t o - l o w  b l o c k  l o a d i n g  ( u n d e r  s t r a i n  
c o n t r o l ) .  T h i s  h i s t o r y  w a s  m a d e  u p  o f  s i x  d i f f e r e n t  t r a i n s ,  a s  s h o w n  i n  F i g u r e  1 9 .
T h e  c o m p o s i t i o n  o f  e a c h  o f  t h e  s i x  t r a i n s  w a s  s e l e c t e d  m o r e  o r  l e s s  a r b i t r a r i l y ,  
h o w e v e r ,  t h e y  r e s e m b l e d  a c t u a l  t r a i n s  i n  s i z e  a n d  l o a d  c o n t e n t .  A  m i x t u r e  o f  2 t r a i n s  
A 1 , 6  t r a i n s  A 2 , 1 2  t r a i n s  A 3 ,  1 2 0  t r a i n s  B ,  2 0  t r a i n s  C ,  a n d  1 0  t r a i n s  D w e r e  m i x e d  
i n  s u c h  a  w a y  t h a t  t h e  h e a v y  a n d  l i g h t  t r a i n s  w e r e  n o t  g r o u p e d  t o g e t h e r .  T h e  m i x t u r e  
o f  1 7 0  t r a i n s  w a s  r e p e a t e d  d u r i n g  t h e  t e s t s .

T h e  m o s t  c o m p l e x  h i s t o r y  w a s  r a n d o m  i n  n a t u r e  w i t h  t h e  1 1  s t r a i n  r a n g e  l e v e l s  
w i t h i n  e a c h  t r a i n  r a n d o m i z e d  a n d  t h e  s i x  d i f f e r e n t  t r a i n  t y p e s  w i t h i n  t h e  h i s t o r y  a l s o  
r a n d o m i z e d .  A n  e x a m p l e  o f  a  r a n d o m  s e q u e n c e  o f  l o a d s  i s  s h o w n  i n  F i g u r e  2 0 .

A  t o t a l  o f  1 7  v a r i a b l e  a m p l i t u d e  s t r a i n  c o n t r o l  e x p e r i m e n t s  w e r e  p e r f o r m e d  a s  
l i s t e d  i n  T a b l e  8 .  F a t i g u e  l i v e s  r a n g i n g  f r o m  1 2 7 , 0 0 0  t o  6 , 4 8 0 , 0 0 0  c y c l e s  t o  f a i l u r e  
w e r e  o b t a i n e d .  D a t a  o n  s t a b l e  s t r e s s  ,l e v e l s  f o r  t h e  v a r i o u s  s t r a i n  l e v e l s  i m p o s e d  i n  
t h e  u n i t  t r a i n  e x p e r i m e n t s  a r e  p r e s e n t e d  i n  T a b l e  9 .
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V-1 Train A, (extremely heavy, 100 cars, 1.18 percent)
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Vi Train A2 (very heavy, 50 cars, 3.53 percent)
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Train D (light, 50 cars, 5.88 percent)
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F I G U R E  1 9 .  T R A I N  C O M P O S I T I O N S  FO R T R A I N - B Y - T R A I N  A N D  R A N D O M  H I S T O R I E S

r0.10%
------H  (■*— 5 sec

T

F I G U R E  2 0 .  P A R T  O F  T H E  S T R A I N  H I S T O R Y  O F  T H E  1 1 - L O A D  R A N D O M  S E R V I C E  
S I M U L A T I O N  E X P E R I M E N T S
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TABLE 8. VARIABLE STRAIN AMPLITUDE FATIGUE TEST RESULTS

S p e c t r u m
D e s c r i p t i o n

S p e c im e n
N u m b e r

Maxim um
S t r a i n ,

emax> 
x  1 0 - 3

S t a b l e
M axim um
S t r e s s ,

a max>
k s i

M axim um
S t r a i n
R ang e

A emax> 
x  1 0 - 3

C y c l e s  
t o

F a i l u r e

C o m p u te d
C y c l e s

t o
C r a c k

I n i t i a t i o n ( a )

U n i t  T r a i n

iF E C  +  iU P 2 - 1 0 - A 3 . 9 0 6 0 . 3 4 . 7 0 5 5 1 , 0 0 0 5 1 8 , 0 0 0

2 - 8 - C 3 . 9 0 5 9 . 1 4 . 7 0 2 , 5 0 0 , 0 0 0 2 , 3 5 0 , 0 0 0
1 - 3 - C 2 . 5 0 5 2 . 4 4 . 7 0 4 2 8 , 9 1 0 4 0 3 , 0 0 0
1 - 3 - E 2 . 5 0 5 0 . 4 4 . 7 0 2 , 0 7 0 , 0 0 0 1 , 9 5 0 , 0 0 0

NEC 1 - 1 0 - C 4 . 7 0 5 9 . 8 6 . 1 5 1 2 7 , 5 7 0 1 2 0 , 0 0 0
2 - 1 1 - A 3 . 8 0 5 9 . 2 4 . 9 7 4 1 3 , 3 6 0 3 8 9 , 0 0 0

2 - 1 3 - A 2 . 5 0 4 8 . 9 5 . 1 0 4 2 0 , 1 1 0 3 9 5 , 0 0 0
1 - 9 - A 2 . 5 0 5 1 . 8 5 . 1 0 7 1 7 , 6 5 0 6 7 5 , 0 0 0

SP 1 - 9 - C 3 . 8 0 5 6 . 7 3 . 8 0 4 , 0 8 0 , 0 0 0 ( b ) 3 , 8 4 0 , 0 0 0 ( b )

1 - 8 - A 3 . 1 0 5 9 . 5 3 . 1 0 6 , 4 8 0 , 0 0 0 ( c ) > 6 , 4 8 0 , 0 0 0 ( c )

1 - 4 - C 2 . 5 0 5 5 . 9 3 . 9 0 2 , 1 4 0 , 0 0 0 2 , 0 1 0 , 0 0 0

T r a i n  b y  T r a i n

iF E C  +  iU P 2 - 4 - C 3 . 2 0 6 5 . 2 4 . 5 0 3 , 6 3 0 , 0 0 0 3 , 4 1 0 , 0 0 0

Random

2 - 8 - A 2 . 8 0 -  ( d ) 3 . 9 4 1 , 6 2 0 , 0 0 0 ( b ) 1 , 5 2 0 , 0 0 0 ( b )

iFE C  + iU P 1 - 6 - C 3 . 9 0 5 8 . 4 5 . 4 9 4 0 2 , 0 0 0 3 7 8 , 0 0 0

2 - 1 - E 3 . 9 0 5 9 . 6 5 . 4 9 7 5 9 , 0 0 0 7 1 3 , 0 0 0

1 - 1 3 - E 3 . 2 0 5 9 . 4 4 . 5 0 4 , 3 7 0 , 0 0 0 4 , 1 1 0 , 0 0 0

2 - 6 - C 3 . 2 0 6 3 . 3 4 . 5 0 2 , 2 2 0 , 0 0 0 2 , 0 9 0 , 0 0 0

( a )  B ased  on  N.. = 94 p e r c e n t  o f  N^..

( b )  F i l l e t  f a i l u r e .

( c )  D i d  n o t  f a i l ,  r u n o u t .

( d )  I n f o r m a t i o n  n o t  a v a i l a b l e .



TABLE 9. STABLE STRESS RESPONSE OF UNIT TRAIN TEST SPECIMENS

S p e c t r u m
D e s c r i p t i o n

S p e c im e n

I d e n t i f i c a t i o n

M axim um

S t r e s s ,

a m a x 5
k s i

1 2
S t r e s s  L e v e l  

3 4 
M in im u m  S t r e s s ,

5
k s i

6 7 8

iF E C  + iU P 2 - 1 0 - A 6 0 . 3 - 4 8 . 1 - 3 6 . 4 - 3 0 . 8 - 2 4 . 3 - 1 4 . 3 - 1 . 8 1 5 . 3 3 0 . 3
2 - 8 - C 5 9 . 1 - 4 8 . 9 - 3 6 . 7 - 3 0 . 8 - 2 3 . 2 - 1 3 . 0 - 1 . 6 1 5 . 3 3 0 . 0

A v g .  5 9 . 7 - 4 8 . 5 - 3 6 . 5 - 3 0 . 8 - 2 3 . 6 - 1 3 . 6 - 1 . 7 1 5 . 3 3 0 .1

1 - 3 - C 5 2 . 4 - 5 5 . 0 - 4 2 . 0 - 3 7 . 4 - 2 9 . 4 - 2 0 . 1 - 8 . 4 8 . 4 2 3 .1
1 - 3 - E 5 0 . 4 - 5 3 . 3 - 4 0 . 1 - 3 4 . 6 - 2 7 . 3 - 1 7 . 5 - 7 . 3 8 . 5 2 2 . 2

A v g .  5 1 . 4 - 5 4 . 1 - 4 1 . 0 - 3 6 . 0 - 2 8 . 3 - 1 8 . 8 - 7 . 8 8 . 4 2 2 . 7

NEC 1 - 1 0 - C 5 9 . 8 - 6 0 . 4 - 4 9 . 1 - 4 3 . 0 - 3 7 . 9 - 3 0 . 7 - 2 0 . 4 - 1 0 . 3 7 . 2
2 - n - A 5 9 . 2 - 5 1 . 9 - 3 8 . 6 - 3 1 . 0 - 2 4 . 4 - 1 6 . 3 - 4 . 5 5 . 3 1 9 . 2

2 - 1 3 - A 4 8 . 9 - 5 4 . 2 - 4 5 . 2 - 3 8 . 6 - 3 2 . 9 - 2 5 . 5 - 1 6 . 4 - 7 . 4 6 . 6
1 - 9 - A 5 1 . 8 - 5 6 . 4 - 4 4 . 8 - 3 7 . 0 - 2 9 . 5 - 2 1 . 6 - 1 1 . 6 - 2 . 1 1 2 . 0

A v g .  5 0 . 4 - 5 5 . 3 - 4 5 . 0 - 3 7 . 8 - 3 1 . 2 - 2 3 . 6 - 1 3 . 0 - 4 . 7 9 . 3

SP 1 - 9 - C 5 6 . 7 - 3 7 . 8 - 3 3 . 3 - 2 5 . 5 - 1 7 . 2 - 7 . 0 4 . 1 1 8 .1 3 2 . 9
1 - 4 - C 5 5 . 9 - 4 3 . 1 - 3 8 . 0 - 2 9 . 8 - 2 1 . 3 - 8 . 7 3 . 4 1 8 .1 3 2 . 8
1 - 8 - A 5 9 . 5 - 2 6 . 9 - 2 2 . 4 - 1 4 . 2 - 6 . 2 4 . 1 1 4 . 4 2 6 . 7 3 9 .1



5 .  DAMAGE A C C U M U L A T I O N  MO DEL

T h e  d e v e l o p m e n t  o f  a  d a m a g e  a c c u m u l a t i o n  m o d e l  f o r  c r a c k  i n i t i a t i o n  t h a t  w o u l d  
b e  u s e f u l  i n  t h e  r e l i a b i l i t y  a n a l y s i s  o f  r a i l r o a d  r a i l s  i n v o l v e d  s e v e r a l  i n t e r r e l a t e d  
t a s k s ,  i n c l u d i n g  1 )  t h e  d e f i n i t i o n  o f  a n  i n i t i a t i o n  c r a c k  s i z e ,  2 )  t h e  s t a t i s t i c a l  
d e f i n i t i o n  o f  t h e  c o n s t a n t  a m p l i t u d e  c r a c k  i n i t i a t i o n  d a t a  o n  n e w  a n d  u s e d  r a i l  
m a t e r i a l ,  a n d  3 )  t h e  d e v e l o p m e n t  o f  a  d a m a g e  m o d e l  w h i c h  c o u l d  b e  u s e d  t o  p r e d i c t  

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

5 . 1  D E F I N I T I O N  O F I N I T I A T I O N  C R A C K  S I Z E

I t  w a s  s h o w n  e a r l i e r  i n  F i g u r e  9 t h a t  8 5  t o  9 5  p e r c e n t  o f  t h e  t o t a l  c y c l e s  t o  
f a i l u r e  w e r e  i n v o l v e d  i n  i n i t i a t i n g  a  c r a c k  a b o u t  0 . 3 - i n c h  d e e p  i n  t h e  B C L  s p e c i m e n  
t e s t e d  a t  R = - 1 . 0 .  T h e  w o r k  p r e s e n t e d  i n  t h i s  s e c t i o n  w a s  d o n e  t o  a n s w e r  t h e  f o l l o w 
i n g  q u e s t i o n s  : ( 1 )  h o w  i s  t h e  t r a n s i t i o n  c r a c k  s i z e  a f f e c t e d  b y  s t r e s s  r a t i o ,  a n d  ( 2 )  a t  

w h a t  i n i t i a t i o n  c r a c k  d e p t h  a r e  s t r e s s e s  n e a r  t h e  e n d u r a n c e  l i m i t  s u f f i c i e n t  t o  g i v e
c r a c k  t i p  s t r e s s  i n t e n s i t i e s  n e a r  t h e  t h r e s h o l d  f o r  c r a c k  p r o p a g a t i o n ?  ( N o t e  t h a t  a  
c r a c k  i n i t i a t e d  a t  a  s t r e s s  j u s t  a b o v e  t h e  e n d u r a n c e  l i m i t  m u s t  b e  o f  s u f f i c i e n t  s i z e  
t o  b e  p r o p a g a t e d  a t  t h a t  s a m e  s t r e s s .  S i n c e  t h e  s t r e s s  i n t e n s i t y  d e p e n d s  o n  s t r e s s  

a n d  c r a c k  s i z e ,  t h e  t h r e s h o l d  s t r e s s  i n t e n s i t y  f o r  c r a c k  g r o w t h  c a n  b e  e x c e e d e d  o n l y  
i f  t h e  c r a c k  i s  l a r g e  e n o u g h  a t  a  g i v e n  s t r e s s . )

I n  r e v i e w i n g  p a s t  B C L  w o r k ,  
s t r e s s  i n t e n s i t y  l e v e l s  f o r  r a i l

( 1 )  i t  i s  p o s s i b l e  t o  d e t e r m i n e  t h a t  l i k e l y  t h r e s h o l d  
s t e e l  a t  d i f f e r e n t  s t r e s s  r a t i o s  w e r e  a s  f o l l o w s :

S t r e s s  R a t i o

S t r e s s  I n t e n s i t y  R a n g e  
a t  T h r e s h o l d  
A K ,  k s i - i n . 2

- 1 . 0 1 4  -  1 8

0 . 1 0 1 2  -  1 6

0 . 5 0 7 -  9

I n  o r d e r  t o  u s e  t h i s  i n f o r m a t i o n  e f f e c t i v e l y ,  i t  w a s  n e c e s s a r y  t o  k n o w  t h e  
r e l a t i o n s h i p  b e t w e e n  c r a c k  d e p t h  a n d  s t r e s s  i n t e n s i t y  f o r  t h e  t e s t  s p e c i m e n  b e i n g  u s e d  
i n  a l l  f a t i g u e  t e s t s .  A  r e c e n t  p u b l i c a t i o n  b y  D a u o d ,  e t  a l ,  ( 1 6 )  s h o w s  t h a t  t h e  
e f f e c t s  o f  g e o m e t r y  o n  s t r e s s  i n t e n s i t y  a r e  s m a l l  ( < 3  p e r c e n t )  f o r  c r a c k  d e p t h s  l e s s  
t h a n  0 . 0 5 0 - i n c h  i n  t h e  B C L  a n d  B C A C  s p e c i m e n  o f  0 . 2 5 0 - i n c h  d i a m e t e r .  I n  o t h e r  w o r d s ,  
t h e  g e n e r a l  f o r m u l a  f o r  s t r e s s  i n t e n s i t y  c o u l d  b e  u s e d  w i t h o u t  a  g e o m e t r y  f a c t o r  a s  
f o l l o w s :

A K  = A a / i r a  , k s i - i n . 1 ^ 2 ( 5 )

W h e r e  A a  = s t r e s s  r a n g e ,  k s i  

a  = c r a c k  d e p t h ,  i n c h  

tt = P i  ( 3 . 1 4 1 6 )  .

U s i n g  t h e  a b o v e  e x p r e s s i o n ,  i t  w a s  p o s s i b l e  t o  d e v e l o p  c o n s t a n t  s t r e s s  -  i n t e n s i t y - r a n g e  
l i n e s  o n  a  p l o t  o f  m a x i m u m  s t r e s s  v e r s u s  c r a c k  d e p t h .  T h e s e  c u r v e s  a r e  s h o w n  i n  
F i g u r e s  2 1  t h r o u g h  2 3  f o r  t h e  t e s t  s t r e s s  r a t i o s  o f  - 1 . 0 ,  0 . 1  a n d  0 . 5 .  T h e  a p p r o x i m a t e  
e n d u r a n c e  l i m i t s  o b t a i n e d  f r o m  c o n s t a n t  a m p l i t u d e  f a t i g u e  e x p e r i m e n t s  a r e  a l s o  
i n d i c a t e d .  T h e  i n t e r s e c t i o n  o f  t h e  t h r e s h o l d  s t r e s s - i n t e n s i t y  l i n e s  w i t h  t h e  e n d u r a n c e  
l i m i t  b a n d  c r e a t e s  a  z o n e  o f  p a r t i c u l a r  i n t e r e s t .  I t  i s  w i t h i n  t h i s  z o n e  t h a t  
s t r e s s e s  n e a r  t h e  e n d u r a n c e  l i m i t  a l s o  c a u s e  s t r e s s  i n t e n s i t i e s  n e a r  t h e  t h r e s h o l d  
f o r  c r a c k  p r o p a g a t i o n .  T h e  c r a c k  d e p t h s  a s s o c i a t e d  w i t h  t h i s  z o n e  a r e  l o g i c a l l y  
a s s o c i a t e d  w i t h  t h e  t r a n s i t i o n  c r a c k  s i z e  b e t w e e n  c r a c k  i n i t i a t i o n  a n d  p r o p a g a t i o n .
T h e  r e l a t i o n s h i p  b e t w e e n  t r a n s i t i o n  c r a c k  s i z e  a n d  s t r e s s  r a t i o  i s  s h o w n  i n  F i g u r e  2 4 .  
O b v i o u s l y ,  t h e  a p p a r e n t  e q u i v a l e n t  i n i t i a l  f l a w  s i z e  d e c r e a s e s  w i t h  i n c r e a s i n g  s t r e s s  
r a t i o .  A t  a n  R = - 1 . 0 ,  a  c r a c k  d e p t h  o f  0 . 0 3 - i n c h  i s  r e p r e s e n t a t i v e ,  b u t  c r a c k  d e p t h s  

a s  s m a l l  a s  0 . 0 0 6 - i n c h  a r e  r e p r e s e n t a t i v e  a t  a n  R = 0 . 5 .  T h e  v a r i a b l e  s i z e  o f  t h e  
t r a n s i t i o n  f l a w  s i z e  s h o w s  i t s  n o n - u n i q u e ,  e m p i r i c a l  n a t u r e .  I t  a l s o  i l l u s t r a t e s
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F I G U R E  2 1 .  T H R E S H O L D  V S .  E N D U R A N C E  L I M I T  F O R  R = - 1 . 0

F I G U R E  2 2 .  T H R E S H O L D  V S .  E N D U R A N C E  L I M I T  F O R  R = 0 . 1 0
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F I G U R E  2 3 .  T H R E S H O L D  V S .  E N D U R A N C E  L I M I T  F O R  R = 0 . 5 0

F I G U R E  2 4 .  A P P A R E N T  OR E Q U I V A L E N T  I N I T I A L  FLAW T R A N S I T I O N  C R A C K  L E N G T H  ( E I F )
B E T W E E N  I N I T I A T I O N  A N D  P R O P A G A T I O N  F O R  R A I L  S T E E L  F A T I G U E  S P E C I M E N S
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t h e  p r o b l e m  i n  t h e  s e l e c t i o n  o f  a  m e a n i n g f u l  t r a n s i t i o n  f l a w  s i z e  f o r  a  r a i l  r e l i a b i l 
i t y  a n a l y s i s .  A  0 . 0 3 - i n c h  f l a w  s i z e  w a s  s e l e c t e d  m o r e  o r  l e s s  a r b i t r a r i l y ,  b e c a u s e  
c r a c k  p r o p a g a t i o n  i s  e x p e c t e d  a t  t h i s  c r a c k  s i z e  f o r  a l l  s t r e s s  r a t i o s  a b o v e  - 1 . 0 .

5 . 2  S T A T I S T I C A L  D E F I N I T I O N  O F  C O N S T A N T  A M P L I T U D E  F A T I G U E  D A T A

T h e  v a r i a b i l i t y  i n  f a t i g u e  d a t a  i s  o f  p r i m e  i m p o r t a n c e  i n  a  r a i l  r e l i a b i l i t y  
a n a l y s i s .  F o r  t h i s  r e a s o n ,  a l l  o f  t h e  u n u s e d  a n d  u s e d  r a i l  c r a c k  i n i t i a t i o n  d a t a  w e r e  
r e v i e w e d  t o  p r o v i d e  a  s t a t i s t i c a l  d e f i n i t i o n  o f  t h o s e  d a t a .

5 . 2 . 1  U n u s e d  R a i l  C r a c k  I n i t i a t i o n  D a t a

T h r o u g h  t h e  u s e  o f  t h e  e q u i v a l e n t  s t r a i n  f a c t o r  ( E q u a t i o n  ( 1 ) ) ,  i t  w a s  p o s s i b l e  
t o  c o m b i n e  a l l  o f  t h e  u n u s e d  r a i l  c r a c k  i n i t i a t i o n  d a t a  i n t o  a  s i n g l e  f a t i g u e  c u r v e ,  

w i t h  t h e  e x c e p t i o n  o f  t h o s e  f o r  t r a n s v e r s e  s p e c i m e n s .  G r o u p e d  d a t a  o f  a l l  t h e  
l o n g i t u d i n a l  o r i e n t a t i o n s  a r e  s h o w n  i n  F i g u r e  2 5 .  S o m e  s c a t t e r  i s  e v i d e n t ,  b u t  t h e r e  
i s  n o  c o n s i s t e n t  t r e n d  o r  l a y e r i n g  o f  t h e  d a t a  w i t h  e i t h e r  s t r e s s  r a t i o  o r  s p e c i m e n  
l o c a t i o n  w i t h i n  t h e  r a i l  h e a d .  T w o  o t h e r  t h i n g s  a r e  a l s o  n o t e d .  F i r s t ,  t h e  l i m i t e d  
d a t a  f o r  p e r i o d i c  o v e r s t r a i n s  s h o w n  a l s o  i l l u s t r a t e  t h e  d r a m a t i c  e f f e c t  o f  o v e r s t r a i n s  
o n  h i g h  c y c l e  f a t i g u e  p e r f o r m a n c e .  S e c o n d ,  t h e  p e r c e n t  o f  r u n o u t s  ( s h o w n  f o r  l o g  e e q  
v a l u e  o f  - 2 . 5 5  a n d  b e l o w )  i n d i c a t e s  t h a t  t h e  r a t e  o f  i n c r e a s e  i n  p e r c e n t  o f  r u n o u t s  
d e p e n d s  u p o n  t h e  s t r e s s  r a t i o .  T h e s e  d a t a  a r e  n o t  c o n c l u s i v e  b u t  p e r h a p s  s h o u l d  b e  
t a k e n  i n t o  a c c o u n t  i n  r e l i a b i l i t y  a n a l y s e s  i n v o l v i n g  c o n s t a n t  a m p l i t u d e  f a t i g u e  d a t a  
n e a r  t h e  s o - c a l l e d  e n d u r a n c e  l i m i t .  T h e  p e r i o d i c  o v e r s t r a i n  d a t a  s e e m  t o  i n d i c a t e  
t h a t  t h e  e n d u r a n c e  l i m i t  f o u n d  i n  t h e  c o n s t a n t  a m p l i t u d e  t e s t s  m a y  n o t  a p p l y  f o r  
v a r i a b l e  a m p l i t u d e  l o a d i n g  c o n d i t i o n s .

I n  o r d e r  t o  a s s e s s  t h e  v a r i a b i l i t y  o f  t h e  d a t a  f o r  d i f f e r e n t  l i f e  r a n g e s ,  t h e  
d a t a  w e r e  s u b d i v i d e d  i n t o  f o u r  g r o u p s  a s  f o l l o w s :

E q u i v a l e n t  S t r a i n

1
£ e q  <

4 . 4 0  x 1 0 " 3

2 3 . 2 0 x  1 0 ' 3 < 0 < 
-  e q

3 . 6 0 X I Q ' 3

3 3 . 0 0 x  1 0 " 3 < e < 
-  e q

3 . 2 0 X 1 0 ‘ 3

4 2 . 8 0 x  1 0 ' 3 < e < 
-  e q

3 . 0 0 X 1 0 - 3

b e l o w  a n  

L y s i s .
e e q  o f  2 . 8 0  x  1 0

-  3
w e r e r u n o u t s a n d

T h e  d a t a  w i t h i n  e a c h  g r o u p  w e r e  r a n k e d  a n d  t h e  s t a t i s t i c a l  p a r a m e t e r s  s h o w n  i n  
T a b l e  1 0  w e r e  c a l c u l a t e d .  T h e s e  s t a t i s t i c s  i n c l u d e  a n  a v e r a g e  l i f e  1 0  l o g  N ^ ,  a 
c o e f f i c i e n t  o f  v a r i a t i o n ,  m e d i a n  r a n k s  ( f o r  p l o t t i n g  o n  l o g - n o r m a l  p a p e r )  a n d  f r a c t i o n  
f a i l e d  ( f o r  p l o t t i n g  o n  W e i b u l l  p a p e r ) .  T h e  a v e r a g e  l i f e ,  o f  c o u r s e ,  g o e s  u p  w i t h  
d e c r e a s i n g  e q u i v a l e n t  s t r a i n .  T h e  c o e f f i c i e n t  o f  v a r i a t i o n  a l s o  i n c r e a s e s  s o m e w h a t  
w i t h  i n c r e a s i n g  l i f e  w h i c h  h a s  b e e n  n o t e d  e l s e w h e r e  w i t h  s o m e  s t e e l  a l l o y s .  T h i s  
i n c r e a s e  i n  s c a t t e r  i s  e v i d e n t  i n  F i g u r e  2 6  w h e r e  t h e  f o u r  g r o u p s  o f  d a t a  a r e  d i s 
p l a y e d  o n  l o g - n o r m a l  p r o b a b i l i t y  p a p e r .  T h e  i n c r e a s e  i n  s l o p e  o f  t h e  d a t a  t r e n d s  w i t h  
i n c r e a s i n g  c r a c k  i n i t i a t i o n  l i f e  i n d i c a t e s  i n c r e a s e d  v a r i a b i l i t y .  S e v e r a l  o b s e r v a 
t i o n s  c a n  b e  m a d e  h e r e .  F i r s t ,  i n  t h e  a r e a  o f  p r i n c i p a l  i n t e r e s t  ( e a r l y  f a i l u r e s  i n  
t h e  l o n g  l i f e  r e g i m e )  t h e  d i s t r i b u t i o n  o f  f a i l u r e s  f o l l o w s  a  l o g - n o r m a l  t r e n d  r e a s o n 
a b l y  w e l l .  S e c o n d ,  t h e  b r e a k p o i n t  i n  t h e  c u r v e  f o r  t h e  l o n g e s t  l i f e  t e s t  s e r i e s  
s e e m s  t o  b e  i n d i c a t i v e  o f  a  t r a n s i t i o n  i n  t h e  f a i l u r e  m e c h a n i s m .  I t  i s  a t  l e a s t  
p l a u s i b l e  t h a t  t h e  e a r l y  f a i l u r e s  p r e c e d i n g  t h e  t r a n s i t i o n  a r e  r e p r e s e n t a t i v e  o f  
s p e c i m e n s  a l r e a d y  c o n t a i n i n g  m i c r o c r a c k s ,  a n d  t h e  l a t e  f a i l u r e s  ( a n d  r u n o u t s )  
f o l l o w i n g  t h e  t r a n s i t i o n  a r e  r e p r e s e n t a t i v e  o f  e s s e n t i a l l y  d e f e c t - f r e e  r a i l  s p e c i m e n s .  
W h a t e v e r  t h e  e x p l a n a t i o n ,  t h e  a r e a  o f  p r i m e  i n t e r e s t  i n v o l v i n g  e a r l y  f a i l u r e s  f o l l o w s  
l o g - n o r m a l  t r e n d s .

T h e  d a t a  w e r e  a l s o  p l o t t e d  o n  t w o - p a r a m e t e r  W e i b u l l  p a p e r  a s  s h o w n  i n  F i g u r e  2 7 .  
A t  t h e  s h o r t e r  l i v e s  ( G r o u p s  1 a n d  2 ) ,  t h e r e  a r e  t o o  f e w  d a t a  t o  v e r i f y  t r e n d s ,  b u t  
f o r  G r o u p s  3 a n d  4 ,  t h e  d a t a  f a i r l y  c l e a r l y  d o  n o t  f o l l o w  a  t w o - p a r a m e t e r  W e i b u l l ,  
u n l e s s  o n e  r e s o r t s  t o  a  t w o  o r  t h r e e  p i e c e  l i n e a r  r e p r e s e n t a t i o n  o f  t h e  d a t a .
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FIGURE 27. TWO-PARAMETER WEI BULL OF UNUSED RAIL CRACK INITIATION DATA
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TABLE 10. GROUPED AND RANKED CRACK INITIATION DATA ON UNUSED RAIL MATERIAL

GROUP RANK'
FATIGUE

LIFE

AVERAGE
LIFE
(LOG)

COEFFICIENT
OF

VARIATION, %
MEDIAN 
, RANK

FRACTION
FAILED

1 1 10775 12203 1.5 0.2063 0.33
2 11770 0.5000 0.67
3 14330 0.7937 1 .0 0

2 1 49710 60133 1.5 0.1294 0 .2

2 57000 0.3147 0.4
3 57610 0.5000 0 .6

4 62000 0.6853 0 .8

5 77690 0.8706 1.0
3 1 51000 128653 5.3 0.0277 0.04

2 . 60000 0.0670 0.08
3 65000 0.1064 0 .1 2

4 ' 66000 0.1457 0.16 -
5 72000 0.1851 0 .2 0

6 79000 0.2245 0.24
7 88000 0.2638 0.28
8 ■ 91000 0.3032 0.32
9 92580 0.3425 0.36

10 102000 0.3819 0.40
n 107000 0.4212 0.44
12 107000 0.4606 0.48
13 115000 0.5000 0.52
14 120000 0.5393 0.56
15 144000 * 0.5787 0.60
16 154000 0.6180 0.64
17 163800 0.6574 0 .6 8
18 167000 0.6967 0.72
19 177000 0.7361 0.76
20 183300 0.7754 0.80
21 187800 0.8148 0.84
22 234700 0.8542 0 .8 8
23 246800 0.8935 0.92
24 308000 0.9329 0.96
25 924600 0.9722 1 .0 0

4 1 81000 317924 6.5 0.0198 0.029
2 102000 0.0480 0.057
3 104000 0.0763 0.086
4 127870 0.1043 0.114
5 143000 0.1327 0.143
6 157000 0.1610 0.171
7 167000 0.1892 0 .2 0 0
8 173940 , 0.2175 0.229
9 179290 0.2457 ; 0.257

10 183000 0.2740 0.286
11 209000 0.3022 0.314
12 210000  ’ 0.3305 0.343
13 254000 0.3587 0.371
14 256000 0.3870 0.400
15 294000 0.4152 0.429
16 303000 . 0.4435 0.457
17 309000 0.4717 0.486
18 315000 0.5000 0.514
19 326000 0.5282 0.543
20 328000 0.5564 0.571
21 334000 0.5847 0.600
22 358000 0.6129 0.629
23 431000 0.6412 0.657
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T A B L E  1 0 .  ( C o n c l u d e d )

GROUP RANK
FATIGUE

L IF E

AVERAGE
L IF E

(LOG)

COEFFIC IENT
OF

v a r i a t i o n ,  %
MEDIAN

RANK
FRACTION

FAILED

24 4 3 8 0 0 0 0 . 6 6 9 4 0 . 6 8 6
25 5 8 9 0 0 0 0 . 6 9 7 7 0 , 7 1 4
26 6 1 0 0 0 0 0 . 7 2 5 9 0 . 7 4 3
27 6 4 5 0 0 0 0 . 7 5 4 2 0 . 7 7 1
28 7 1 2 0 0 0 0 . 7 8 2 4 0 * 8 0 0
29 9 7 3 0 0 0 0 . 8 1 0 7 0 . 8 2 9
30 1 3 1 4 0 0 0 0 . 8 3 8 9 0 * 8 5 7
31 1 3 2 4 0 0 0 0 . 8 6 7 2 0 , 8 8 6
32 3 0 2 6 0 0 0 0 . 8 9 5 4 0 , 9 1 4
33 50 8000 0R 0 . 9 2 3 7 0 . 9 4 3
34 5 0 8700 0R 0 . 9 5 1 9 0 .9 7 1
35 5 1 0000 0R 0 . 9 8 0 1 1 . 0 0 0

44



I n  s u m m a r y ,  i t  a p p e a r s  t h a t  a  l o g - n o r m a l  o r  a  t w o - p a r a m e t e r  W e i b u l l  r e p r e s e n t a 
t i o n  o f  t h e  e a r l y  f a i l u r e  d a t a  i s  u s e f u l  o n l y  i f  t h e  l a t e  f a i l u r e  n o n l i n e a r i t i e s  c a n  
b e  i g n o r e d .  T h i s  m a y  w e l l  b e  t h e  m o s t  r e a s o n a b l e  a p p r o a c h ,  e s p e c i a l l y  i n  v i e w  o f  t h e  
l a c k  o f  r e a d y  a l t e r n a t i v e s .  A n  a s s u m p t i o n  o f  h o m o s c e d a s t i c i t y  i s  a l s o  q u e s t i o n a b l e ,  
i f  s u c h  a n  a s s u m p t i o n  i s  u s e d ,  i t  s h o u l d  b e  b a s e d  o n  t h e  s l o p e  o f  t h e  l o w  e q u i v a l e n t  
s t r a i n  d a t a  g r o u p s  i n  t h e  e a r l y  f a i l u r e  r e g i o n  ( s e e  F i g u r e  2 6 ,  d a t a  g r o u p s  3 a n d  4 
b e l o w  a b o u t  a  6 0  p e r c e n t  m e d i a n  r a n k ) .

5 . 2 . 2  U S E D  R A I L  C R A C K  I N I T I A T I O N  D A T A

M o s t  o f  t h e  u s e d  r a i l  i n i t i a t i o n  d a t a  w e r e  g e n e r a t e d  a t  m a x i m u m  s t r e s s  l e v e l s  
o f  8 5  a n d  9 5  k s i  ( R  = 0 . 1 0 ) .  A t  t h e  o t h e r  t h r e e  s t r e s s  l e v e l s  ( o f  1 0 5 ,  7 5 ,  a n d  6 5  
k s i ) , d a t a  o n  o n l y  o n e  o r  t w o  o f  t h e  f o u r  u s e d  r a i l  m a t e r i a l s  w e r e  g e n e r a t e d  —  t h e  
f a t i g u e  l i v e s  o b t a i n e d  a t  t h e s e  l e v e l s  w e r e ,  t h e r e f o r e ,  n o t  r e p r e s e n t a t i v e  o f  t h e  
o v e r a l l  c o l l e c t i o n  o f  u s e d  r a i l  m a t e r i a l s  a n d  w e r e  o m i t t e d  f r o m  t h i s  a n a l y s i s .

T h e  d a t a  g e n e r a t e d  a t  t h e  t w o  p r i m a r y  s t r e s s  l e v e l s  w e r e  r a n k e d  f o r  s t a t i s t i c a l  
a n a l y s i s  i n  t h e  m a n n e r  s h o w n  i n  T a b l e  1 1 .  T h e  r a n k e d  d a t a  w e r e  p l o t t e d  o n  n o r m a l  
p r o b a b i l i t y  p a p e r  i n  F i g u r e  2 8  t o  e v a l u a t e  t h e i r  t r e n d s .  D i s t i n c t l y  n o n l i n e a r  
p a t t e r n s  a r e  e v i d e n t  a t  b o t h  s t r e s s  l e v e l s .  S i n c e  t h i s  r e s u l t  w a s  c o n s i d e r e d  u n s a t 
i s f a c t o r y ,  t h e  d a t a  w e r e  e x a m i n e d  j o i n t l y ,  i n  a n  e f f o r t  t o  b e t t e r  r e p r e s e n t  o v e r a l l  
u s e d  r a i l  f a t i g u e  d a t a  t r e n d s .  F i g u r e  2 9  s h o w s  t h e  r e s u l t  o f  t h e  d a t a  c o m b i n a t i o n .
A  v e r y  n e a r l y  l i n e a r  p a t t e r n  i s  e v i d e n t .  T h e  a v e r a g e  f a t i g u e  l i f e  o f  t h i s  c o m b i n e d  

g r o u p  w a s  1 4 7 , 9 0 0  w i t h  a  c o e f f i c i e n t  o f  v a r i a t i o n  o f  1 0 . 0 .

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

t h e  u n u s e d  r a i l  d a t a  ( a t  l o g  e e q  = ‘ 2 . 5 3  N ^  = 1 4 7 , 9 0 0  f o r  u s e d  r a i l ,  1 8 0 , 0 0 0  f o r  
u n u s e d  r a i l ) .  T h e  c o e f f i c i e n t  o f  v a r i a t i o n  o f  1 0 . 0  f o r  t h e  u s e d  r a i l  d a t a  i s  n e a r l y  
d o u b l e  t h a t  f o u n d  f o r  u n u s e d  r a i l  m a t e r i a l ,  h o w e v e r ,  a n d  s h o u l d  b e  t a k e n  i n t o  a c c o u n t  
i n  t h e  r e l i a b i l i t y  a n a l y s i s .

5 . 3  V A R I A B L E  S T R A I N  A M P L I T U D E  C R A C K  I N I T I A T I O N  P R E D I C T I O N

T h r e e  d i f f e r e n t  m e t h o d s  o f  p r e d i c t i n g  f a t i g u e  l i v e s  f o r  t h e  v a r i a b l e  s t r a i n  
a m p l i t u d e  e x p e r i m e n t s  w e r e  a t t e m p t e d .  T h e  b a s i c  e l e m e n t  i n  e a c h  c a l c u l a t i o n  w a s  t h e  
e q u i v a l e n t  s t r a i n  f a c t o r ,  p r e v i o u s l y  p r e s e n t e d  i n  E q u a t i o n  ( 1 ) .  S i n c e  s t r a i n  w a s  
c o n t r o l l e d  i n  t h e s e  s p e c t r u m  t e s t s ,  t h e  v a r i o u s  l e v e l s  o f  s t r a i n  r a n g e ,  A c ,  w e r e  k n o w n  
a n d  t h e  m a x i m u m  s t a b l e  s t r e s s ,  crm a x , w a s  n e c e s s a r i l y  m e a s u r e d  o r  c a l c u l a t e d .  W h e r e  

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

D a m a g e  c a l c u l a t i o n s  f o r  t h e  t h r e e - u n i t  t r a i n  s p e c t r a  a r e  s h o w n  i n  T a b l e s  1 2  
t h r o u g h  1 4 .  S i m i l a r  c a l c u l a t i o n s  f o r  t h e  t r a i n - b y - t r a i n  a n d  r a n d o m  s p e c t r a  a r e  s h o w n  
i n  T a b l e  1 5 .  T h e  i n d i v i d u a l  m e t h o d s  o f  l i n e a r  d a m a g e  c a l c u l a t i o n s  i n v o l v e d  t h e
f o l l o w i n g  v a r i a b l e s :

M e t h o d F a t i g u e  C u r v e M a x i m u m  S t r e s s

1 C o n s t a n t  A m p l i t u d e A c t u a l

2 P e r i o d i c  O v e r s t r a i n A c t u a l

3 P e r i o d i c  O v e r s t r a i n C o m p u t e d

T h e  r e s u l t s  o f  t h e s e  t h r e e  d a m a g e  c a l c u l a t i o n s  f o r  a l l  t h e  s p e c t r a  a r e  s u m m a r i z e d  i n  
T a b l e  1 6 .  T h e  r e s u l t s  a r e  p r e s e n t e d  g r a p h i c a l l y  i n  F i g u r e s  3 0 ,  3 1 ,  a n d  3 2  f o r  M e t h o d s  
1 ,  2 ,  a n d  3 ,  r e s p e c t i v e l y .  I t  i s  e v i d e n t  i n  F i g u r e  3 0  t h a t  M e t h o d  1 o v e r e s t i m a t e d  
a c t u a l  c r a c k  i n i t i a t i o n  l i v e s  i n  n e a r l y  e v e r y  c a s e ,  i n  a n  u n c o n s e r v a t i v e  m a n n e r .  I n  
F i g u r e  3 1 ,  i t  i s  e v i d e n t  t h a t  M e t h o d  2 p r o v i d e s  a  s u b s t a n t i a l l y  i m p r o v e d  p r e d i c t i o n  
o f  a c t u a l  c r a c k  i n i t i a t i o n  l i v e s .  F o r  r e f e r e n c e  p u r p o s e s ,  1 a n d  2 s t a n d a r d  d e v i a t i o n  
l i n e s  a r e  c o n s t r u c t e d  ( b a s e d  o n  a  c o n s t a n t  c o e f f i c i e n t  o f  v a r i a t i o n  o f  5 p e r c e n t ) .
A l l  d a t a  a r e  c o n t a i n e d  w i t h i n  t w o  s t a n d a r d  d e v i a t i o n s .
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TABLE 11. GROUPED AND RANKED CRACK INITIATION DATA ON USED RAIL MATERIAL

MAXIMUM STRESS LE V E L , C O E FF IC IEN T
ESTIMATED STRAIN  RANGE FATIGUE AVERAGE OF V A R IA T IO N , MEDIAN FRACTION
AND EQUIVALENT STRAIN RANK L IF E L IF E PERCENT RANK FAILED

1 45 1 7 3 , 4 0 0 9 . 6 0 . 0 3 3 0 . 0 4 8
85 k s i 2 46 0 . 0 8 0 0 . 0 9 5

3 53 0 . 1 2 6 0 . 1 4 3

Ac = 2 . 7 5  x  1 0 " 3 4 62 0 . 1 7 3 0 . 1 9 0

e = 2 . 7 5  x  1 0 " 3 
eq

5
6

83
99

0 . 2 2 0
0 . 2 2 6

0 . 2 3 8
0 . 2 8 6

l o g  ePQ = -  2 . 5 6 7 121 0 . 3 1 3 0 . 3 3 3
eq

8 12 4 0 . 3 6 0 0 .3 8 1
9 1 2 4 0 . 4 0 7 0 . 4 2 9

10 1 4 9 0 . 4 5 3 0 . 4 7 6
11 1 8 0 0 . 5 0 0 0 . 5 2 4
12 1 8 3 0 . 5 4 7 0 .5 7 1
13 3 5 9 0 . 5 9 3 0 . 6 1 9
14 3 7 9 0 . 6 4 0 0 . 6 6 7
15 4 9 5 0 . 6 8 7 0 . 7 1 4
16 1 0 6 4 0 . 7 3 3 0 . 7 6 2
17 3 1 7 0 0 . 7 8 0 0 . 8 1 0

1 8 - 2 1 5000R

1 10 0 . 0 4 8 0 .0 7 1
95 k s i 2 , 3 2 3 , 2 9 0 . 1 1 8 - 0 . 0 1 8 7 0 . 1 4 3 - 0 . 2 1 4

4 64 1 2 1 , 9 0 0 1 0 . 6 0 . 2 5 7 0 . 2 8 6
5 69 0 . 3 2 6 0 . 3 5 7

Ae = 0 . 3 0 8 6 97 0 . 3 9 6 0 . 4 2 9

e = 3 . 1 6  x  1 0 " 3 
eq

7 1 3 9 0 . 4 6 5 0 . 5 0 0

l o g  e pn = -  2 . 5 0 8 1 9 9 0 . 5 3 5 0 .5 7 1
eq

9 2 1 2 0 . 6 0 4 0 . 6 4 3
10 26 7 0 . 6 7 4 0 . 7 1 4
11 2 7 8 0 . 7 4 3 0 . 7 8 6
12 3 7 5 0 . 8 1 3 0 . 8 5 7
13 5 0 2 0 . 8 8 2 0 . 9 2 9
14 6 8 9 0 . 9 5 2 1 . 0 0

c »



Fati
gue 

Life

r

FIG UR E 2 8 .  USED R A I L  D A T A ,  STRESS LEVELS COMBINED
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TABLE 12. ONE-HALF FEC PLUS ONE-HALF UP UNIT TRAIN FATIGUE DAMAGE CALCULATIONS

SPECIMEN
NUMBER

MAXIMUM
S T R A IN ,  ~

£mav X 1 0 “ J 
max

STRAIN 
RANGE, ~ 

Ae x  1 0 " J

STABLE 
MAXIMUM 
STRESS,

a max
k s i

STABLE
STRESS
RANGE,

A a ,  s k i

CYCLE
PER

BLOCKS, 

Ci

EQUIVALENT 
STRAIN  ,W 3 X 10

METHOD I METHOD 2 METHOD 3
DAMAGE , . x  

IN C R EM EN T '0 '  
D . X l O ' 5

DAMAGE / x 
IN CREM ENT'0 '  

D j  x  1 0 ‘ 5

DAMAGE , , ,  
INCREMENT^0 ’ 0 '  

D . x  l O - 5

2 - 1 0 - A 3 . 9 0 4 . 7 1 5 9 . 7 1 0 8 . 2 1 3 . 4 8 2 . 2 1 2 . 1 7 3 . 2 6
2 - 8 - C 3 . 9 2 9 6 . 2 5 3 . 1 2 4 . 8 1 5 . 0 5 7 . 6 3

3 . 6 1 9 0 . 5 6 2 . 9 7 3 . 2 6 4 . 2 9 6 . 4 8
3 . 2 2 8 3 . 3 18 2 . 7 7 3 . 5 4 7 .9 1 1 2 . 0 0
2 . 7 5 7 3 . 3 30 2 . 5 2 1 . 1 6 6 . 8 1 1 0 . 4 7
2 . 2 8 6 1 . 4 60 2 . 2 5 0 . 2 9 6 . 1 6 9 . 4 0
1 . 6 5 4 4 . 4 60 1 . 8 5 0 . 0 1 1 . 5 7 2 . 4 4
1 . 1 0 2 9 . 6 120 1 . 4 5 — 0 . 5 7 0 . 8 7

1 5 . 2 8 3 4 . 5 3 5 2 . 5 5

Nf = 1 . 9 6 x 1 0 6 Nf = 8 . 6 9 x l 0 5 Nf = 5 . 7 1 x l 0 5

1 - 3 - C 2 . 5 0 4 . 7 1 5 1 . 4 1 0 5 . 5 1 3 . 2 8 1 . 5 0 1 . 4 3 1 . 5 9
1 - 3 - E 3 . 9 2 9 2 . 4 5 2 . 9 4 2 . 3 8 3 . 3 3 3 . 6 6

3 .6 1 8 7 . 4 6 2 . 7 9 1 . 3 2 2 . 7 7 3 . 1 4
3 . 2 2 7 9 . 7 18 2 . 6 1 1 . 3 0 5 . 2 2 5 . 8 0
2 . 7 5 7 0 . 2 30 2 . 3 7 0 . 3 8 4 . 4 3 4 . 9 8
2 . 2 8 5 9 . 2 6 0 2 . 1 2 0 . 1 0 4 . 0 7 4 . 6 3
1 . 6 5 4 3 . 0 60 1 . 7 5 — 1 . 0 6 1 . 2 0
1 . 1 0 2 8 . 7 12 0 1 . 3 7 — 0 . 3 8 0 . 4 3

6 . 9 8

Nf = 4 . 3 0 x l 0 6

2 2 . 6 9

Nf = 1 . 3 2 x l 0 6

2 5 . 4 3

Nf = 1 . 1 8 x l 0 6

( a )  e eq = ( A e ) m ( a m a x / E ) 1 _m , m = 0 . 6 0 ;  E = 2 9 . 0  x  1 0 3 k s i .

( b )  D . = C . / N .  w h e r e  N . = 2 . 2 4 9  x  TO- 5  e e q ~ 3 - 7 6  +  4 . 3 6 5  x  1 0 " 43  e e q ~ 1 8 ’ 7 6 '

( c )  D. = C . / N .  w h e r e  N . = 3 . 0 2  x  T O " 13 e e q " 6 , 9 9 .

( d )  a max i s  c o m p u te d  f r o m  c y c l i c  a - e  c u r v e .



TABLE 13. NEC UNIT TRAIN FATIGUE DAMAGE CALCULATIONS

SPECIMEN

MAXIMUM

S T R A IN ,

w  *  ’ ° ' 3

STRAIN

RANGE,

Ae x  1 0 " 3

MAXIMUM
STABLE STRESS.

a max>

k s i

STABLE STRESS 
RANGE,

A G, 
k s i

CYCLES

PER
BLOCK,

EQUIVALENT
S T R A IN ,

e <a > X , " ) ' 3eq »

METHOD 1 METHOD 2 METHOD 3

DAMAGE(b) 
INCREMENT 

D .  x  1 0 - 5

DAMAGE(c) 

INCREMEN1 

D. x  1 0 ~ 5

D A M A G E (c ,d )  

INCREMENTv 
D . x  1 0 - 5

1 - 1 0 - C 4 . 7 0 6 . 1 5 5 9 . 8 1 2 0 . 2 1 4 . 0 9 4 . 6 0 1 3 . 2 1 7 . 2 0
5 . 1 1 1 0 8 . 9 5 3 . 6 6 1 4 . 3 5 1 5 .4 1 2 4 . 9 7
4 . 5 4 1 0 2 . 8 6 3 .4 1 1 1 . 7 7 1 1 . 2 7 2 2 . 7 4
4 . 0 7 9 7 . 7 18 3 . 1 9 2 1 . 4 0 2 1 . 2 2 4 3 . 0 7
3 . 6 0 9 0 . 5 30 2 . 9 6 1 5 . 6 0 2 0 . 9 6 4 2 . 9 6
3 . 0 3 8 0 . 2 60 2 . 6 7 6 . 4 1 2 0 . 3 9 4 1 . 9 3
2 . 5 6 7 0 . 1 60 2 . 4 2 1 . 1 1 1 0 . 2 6 2 0 . 9 3
1 . 9 0 5 2 . 6 120 2 . 0 2 0 . 0 8 5 . 8 0 1 1 . 9 5

7 5 . 3 2 1 1 8 . 5 2 1 5 . 7 5

Nf = 3 . 9 8 x 1 0 5 Nf = 2 . 5 3 x l 0 5 Nf = 1 . 3 9 x l 0 5

2 - 1 1 - A 3 . 8 0 4 . 9 7 5 9 . 2 1 1 1 . 7 1 3 . 5 8 2 . 5 8 2 . 6 4 3 . 9 3
4 . 1 3 9 8 . 4 5 3 .2 1 6 . 2 8 6 . 1 6 9 . 0 2
3 . 6 7 9 0 . 8 6 2 . 9 9 3 . 5 5 4 . 5 0 6 . 6 2
3 . 2 9 8 4 . 2 18 2 . 8 0 4 . 1 9 8 . 5 3 1 2 . 5 8
2 . 9 1 7 6 . 1 30 2 . 6 0 2 . 0 2 8 . 4 7 1 2 . 5 3
2 . 4 5 6 4 . 3 60 2 . 3 4 0 . 6 0 8 . 1 1 1 2 . 1 7
2 . 0 7 5 4 . 5 60 2 . 1 2 0 . 1 0 4 . 0 7 5 . 9 8
1 . 5 4 4 0 . 6 1 2 0 1 . 7 7 0 . 0 1 2 . 3 0 3 . 5 1

1 9 . 3 3 4 4 . 7 8 6 6 . 3 4

Nf = 1 . 5 5 x l 0 6 Nf = 6 . 7 0 x l 0 5 Nf = 4 . 5 2 x l 0 5

2 - 1 3 - A 2 . 5 0 5 . 1 0 5 0 . 4 1 0 5 . 7 1 3 .4 1 1 . 9 6 3 . 9 2 2 . 2 1
1 - 9 - A 4 . 2 4 9 5 . 4 5 3 . 0 5 3 . 7 6 4 . 3 1 5 . 1 6

3 . 7 7 8 8 . 2 6 2 . 8 5 1 . 8 3 3 . 2 2 3 . 7 2
3 . 3 8 8 1 . 6 18 2 . 6 7 1 . 9 2 6 . 1 2 7 . 1 5

2 . 9 9 7 4 . 0 30 2 . 4 8 0 . 8 7 6 . 0 9 7 . 1 9

2 .5 1 6 3 . 4 60 2 . 2 3 0 . 2 5 5 . 7 9 6 . 7 6

2 . 1 2 5 5 . 1 60 2 .0 1 0 . 0 4 2 . 8 0 3 . 3 3

1 . 5 8 4 1 . 1 120 1 . 6 9 — 1 . 6 7 1 . 9 6

1 0 . 6 3 3 3 . 9 2 3 7 . 4 8

( a )  e eq = ( A e ) m ( o m a x / E ) 1_ ,n , m = 0 . 6 0 ;  E = 2 9 . 0  x  1 0 3 k s i .

( b )  D. = C . / N .  w h e r e  N . = 2 . 2 4 9  x  1 0 ‘ 5 e e q ‘ 3 , 7 6  +  4 . 3 6 5  x  1 0 " 4 3  e e q '

( c )  D . = C . / N .  w h e r e  N. = 3 . 0 2  x  1 0 ‘ 1 3  e e q ‘ 6 ' " .

( d )  a  i s  c o m p u t e r  f r o m  c y c l i c  a - e  c u r v e .



TABLE 14. SP UNIT TRAIN FATIGUE DAMAGE CALCULATIONS

SPECIMEN

MAXIMUM

S T R A IN ,

e x  1 0 " 3 
max

STRAIN

RANGE,

Ae x  1 0 " 3

MAXIMUM 
STALE STRESS.

a max
k s i

STABLE STRESS 
RAN6E,

Act

k s i

CYCLE
PER

BLOCK

EQUIVALENT

S T R A IN ,

e ( a )  x  1 0 " 3 
eq

METHOD 1 METHOD 2 METHOD 3~BAMA6E(b)
INCREMENT. 

D .  x  1 0 " 5

(bAMAlitlC) 
INCREMENT 

D . x  I Q " 5

D A M A G E (c ,d )  

INCREMENT 
D . x  l O ’ 5

1 - 9 - C 3 . 8 0 3 . 8 2 5 6 . 7 9 4 . 5 1 3 .0 1 0 . 2 8 0 . 7 9 1 .3 1
3 . 5 9 9 0 . 0 5 2 . 9 0 1 . 9 7 3 . 0 3 5 . 0 5
3 . 2 1 8 2 . 2 6 2 .7 1 0 . 8 2 2 . 2 6 3 .8 1
2 . 8 3 7 3 . 9 18 2 .5 1 0 . 6 5 3 . 9 7 6 . 6 2
2 . 3 7 6 3 . 7 30 2 . 2 6 0 . 1 6 3 . 1 8 5 . 2 8
1 . 9 2 5 2 . 6 60 1 . 9 9 0 . 0 3 2 .6 1 4 . 3 4
1 . 3 8 3 8 . 6 60 1 . 6 3 0 . 6 5 1 . 1 1
0 . 8 4 2 3 . 8 1 2 0 1 .2 1 — 0 . 1 6 0 . 2 7

3 . 9 1 1 6 . 6 5 2 7 . 7 9

Nf = 7 . 6 7 x l 0 6
V

:1 . 8 0 x l 0 6 Nf = 1 . 0 8 x l 0 6

1 - 8 - A 3 . 1 0 3 . 1 2 5 9 . 5 8 6 . 4 1 2 . 7 1 0 . 1 4 0 . 3 8 0 . 4 0
2 . 9 3 8 1 . 9 5 2 . 6 1 0 . 3 6 1 . 4 5 1 . 5 3
2 . 6 2 7 3 . 7 6 2 . 4 4 0 . 1 3 1 . 0 9 1 . 1 5
2 . 3 1 6 5 . 7 18 2 . 2 7 0 . 1 0 1 . 9 7 2 . 0 3
1 . 9 3 5 5 . 4 30 2 . 0 4 0 . 0 2 1 . 5 5 1 .6 1
1 . 5 6 4 5 . 1 60 1 . 7 9 — 1 . 2 5 1 . 3 0
1 . 1 3 3 2 . 8 60 1 . 4 8 — 0 . 3 3 0 . 3 5
0 . 6 9 2 0 . 4 1 2 0 1 . 1 0 — 0 . 0 8 0 . 0 9

0 . 7 5 8 . 0 9 8 . 4 6

Nf = 3 . 9 7 x l 0 7
Nf=

= 3 . 7 1 x l 0 6 Nf = 3 . 5 5 x l 0 6

1 - 4 - C 2 . 5 0 3 . 8 2 5 5 . 9 9 9 . 0 1 2 . 9 9 0 . 5 9 0 . 7 5 0 . 6 7
3 . 5 9 9 3 , 9 5 2 . 8 8 1 . 7 8 2 . 8 8 2 . 5 5
3 . 2 1 8 5 , 7 6 2 . 6 9 0 . 7 3 2 . 1 5 1 . 9 4
2 . 8 3 7 7 . 2 18 2 . 5 0 0 . 6 0 3 . 8 6 3 . 3 5
2 . 3 7 6 4 . 6 30 2 . 2 5 0 . 1 4 3 . 0 8 2 . 7 2
1 . 9 2 5 2 . 5 60 1 . 9 8 0 . 0 3 2 . 5 2 2 . 1 9
1 . 3 8 3 7 . 8 60 1 . 6 2 — 0 . 6 2 0 . 5 4
0 . 8 4 2 3 . 1 12 0 1 . 2 0 — 0 . 1 5 0 . 1 3

3 . 8 7

Nf = 7 . 7 4 x l 0 6
Nf

1 6 .0 1

= 1 . 8 7 x l 0 6

1 4 . 0 9

Nf = 2 . 1 3 x l 0 6

( a )  e eq = ( A e ) " 1 ( a ^ / E ) 1 " " 1, m = 0 . 6 0 ;  E = 2 9 . 0  x  1 0 3 k s i .

( b )  D . = C . / N .  w h e r e  N . = 2 . 2 4 9  x  1 0 " 5 e e q ' 3 - 7 6  + 4 . 3 6 5  x  1 0 " 4 3  e e q " 1 8 - 76

( c )  D . = C . /N . .  w h e r e  N.-  = 3 . 0 2  x  1 0 " 1 3  e e q ‘ 6 ‘ " -

( d )  a max i s  c o m p u te d  f r o m  c y c l i c  c r-e  c u r v e .



TABLE 15. FATIG U E DAMAGE CALCULATIONS FOR RANDOM AND TR A IN -B Y -TR A IN  SPECTRA (METHOD 3)

MAXIMUM STRAIN , STABLE M A X I - STRAIN STRAIN EQUIVALENT S T R A IN , CYCLE DAMAGE , , 
INCREMENTS'0 '

Di

SPECIMEN
ID E N T IF IC A T IO N e s v  x  1 0 " 3

MUM STREpij  , RANGE
M U L T IP L IE R

RANGE,
e  x  1 0 " ^

PER MGT, 

Cimax max A e  x  1 0 eq

1 - 6 - C  a nd  2 - 1 -E 3 . 9 6 8 . 9 1 . 4 0 7 5 . 4 9 4 . 0 4 2 0 . 1 0  x  1 0 " 3
1 . 3 2 0 5 . 1 5 3 . 8 8 8 0 . 3 5  x  1 0 " ,
1 . 2 2 3 4 . 7 7 3 . 7 1 4 0 1 . 3 6  x  1 0 " ,
1 . 1 2 7 4 . 4 0 3 . 5 4 15 0 3 . 6 6  x  1 0 ,
1 . 0 5 5 4 . 1 1 3 . 4 0 8 0 0 1 4 . 7 3  x  1 0 ,
0 . 9 2 2 3 . 6 0 3 . 1 4 1 0 0 0 1 0 . 5 6  x  1 0 " ,
0 . 8 2 5 3 . 2 2 2 . 9 3 3 0 0 0 1 9 . 5 2  x  1 0 " ,
0 . 7 0 3 2 . 7 4 2 . 6 6 5 0 0 0 1 6 . 5 5  x  1 0 " ,
0 . 5 6 3 2 . 2 0 2 . 3 3 1 0 , 0 0 0 1 3 . 1 2  x  1 0 " ,
0 . 4 2 2 1 . 6 5 1 . 9 6 1 0 , 0 0 0 3 . 9 2  x  1 0 ' =
0 . 2 9 0 1 . 1 3 1 . 5 7 2 0 , 0 0 0 1 . 6 6  x  1 0 " ,  

£ 8 5 . 5 3  x  1 0 ' =

1 - 1 3 - E , 2 - 6 - C 3 . 2 6 1 . 7 1 . 4 0 7 4 . 5 0 3 . 4 3 2 2 . 0  x  1 0 l
and  2 - 4 -C 1 . 3 2 0 4 . 2 2 3 . 3 0 8 1 2 . 0  x  1 0 " =

1 . 2 2 3 3 .9 1 3 . 1 5 4 0 4 3 . 2  x  1 0 " =
1 . 1 2 7 3 .6 1 3 .0 1 150 1 1 7 . 8  x  1 0 " =
1 . 0 5 5 3 . 3 8 2 . 8 9 8 0 0 4 7 2 . 9  x  1 0 " =
0 . 9 2 2 2 . 9 5 2 . 6 6 1 0 0 0 3 3 1 .1  x  1 0 ' =
0 . 8 2 5 2 . 6 4 2 . 4 9 3 0 0 0 6 2 6 . 0  x  1 0 " =
0 . 7 0 3 2 . 2 5 2 . 2 6 5 0 0 0 5 2 9 . 9  x  1 0 " =
0 . 5 6 3 1 . 8 0 1 . 9 8 1 0 , 0 0 0 4 2 0 . 4  x  1 0 ' =
0 . 4 2 2 1 . 3 5 1 . 6 7 1 0 , 0 0 0 1 2 7 . 9  x  1 0 ' =
0 . 2 9 0 0 . 9 3 1 . 3 3 2 0 , 0 0 0 5 2 .1  x  1 0 " =  

£ 2 7 3 5 . 3  x  1 0 ' =

2 - 8 - A 2 . 8 5 7 . 1 1 . 4 0 7 3 . 9 4 3 . 0 7 2 1 . 8 0  x  1 0 l
1 . 3 2 0 3 . 7 0 2 . 9 6 8 5 . 5 9  x  1 0 ' =
1 . 2 2 3 3 . 4 2 2 . 8 2 40 1 9 . 9 2  x  1 0 " c
1 . 1 2 7 3 . 1 6 2 . 6 9 15 0 5 3 .7 1  x  1 0 " =
1 . 0 5 5 2 . 9 5 2 . 5 8 8 0 0 2 1 3 . 9 5  x  1 0 ' =
0 . 9 2 2 2 . 5 8 2 . 3 8 10 0 0 1 5 2 . 1 5  x  1 0 ' c
0 . 8 2 5 2 .3 1 2 . 2 3 3 0 0 0 2 8 9 . 5 8  x  1 0 " =
0 . 7 0 3 1 . 9 7 2 . 0 3 5 0 0 0 2 5 0 . 2 4  x  1 0 ' =
0 . 5 6 3 1 . 5 8 1 . 7 8 1 0 , 0 0 0 1 9 9 . 7 2  x  1 0 ' =
0 . 4 2 2 1 . 1 8 1 . 4 9 1 0 , 0 0 0 5 7 . 6 2  x  1 0 " c
0 . 2 9 0 0 . 8 1 1 . 1 9 2 0 , 0 0 0 2 3 . 9 4  x  1 0 " =  

£ 1 2 6 8 . 2 2  x  1 0 ' =

<»> °m a x  '  > - 7 5 8  *  l o 3  e . ° ' 5 8 3  f ° r  £ . - S » x  i  1 ' 3 4 4  »  ’ » ‘ 3 -

( b )  e on = ( A e ) m ( a rn, v / E ) 1_m w h e r e  m = 0 . 6 0 ,  E -  2 7 . 0  x  1 0 6 .ctj max
( c )  D . = C . / N .  w h e r e  C. = 3 . 0 9 0  x  1 0 " 4  e e q ' 3 ' 2 6 5  f o r  e > 3 . 8 0 2  x  1 0 ' 3 .

i



TABLE 1 6 .  EST IM A T E D  AND ACTUAL SPECIMEN CYCLES TO F A IL U R E  FOR V A R IA B L E  AM PLITU D E TESTS

SPECTRUM DESCRIPTION
SPECIMEN

NUMBER

N - j , BASED ON 
CONSTANT 

AMPLITUDE 
CURVE AND

A CTAUL’  a max

N,«, BASED ON 
PERIO DIC 

OVERSTRAINS 
CURVE AND 

ACTUAL.

N - : , BASED ON 

PERIO DIC 
OVERSTRAIN 
CURVE AND 

CALCULATED, 

a
max

N . ,  ACTUAL( a )

U n i t  T r a i n 2 - 1 0 - A 1 . 9 6  x  10® 8 . 6 9  x  10® 5 . 7 1  X 1 On 5 . 1 8  x  1 0 c
JFEC +  iU P 2 - 8 - C 1 . 9 6  x  1 0 ° 8 . 6 9  x  1 0 ° 5 . 7 1  x  1 0 ° 2 . 3 5  x  1 0 °

1 - 3 - C 4 . 3 0  x  1 0 b 1 . 3 2  x  1 0 ° 1 . 1 8  x  1 0 ° 4 . 0 3  x  1 0 °
1 - 3 - E 4 . 3 0  x  1 0 b 1 . 3 2  x  1 0 ° 1 . 1 8  x  1 0 ° 1 . 9 5  x  1 0 °

U n i t  T r a i n 1 - 1 0 - C 3 . 9 8  x  10;? 2 . 5 3  x  10® 1 . 3 9  x  10® 1 . 2 0  x  10c
NEC 2 - 1 1 - A 1 . 5 5  x  102 6 . 7 0  x  1 On 4 . 5 2  x  1 0 ° 3 . 8 8  x  10c

2 - 1 3 - A 2 . 8 2  x  1 0 * 8 . 8 4  x  1 0 ° 8 . 0 0  x  1 0 ° 3 . 9 5  x  10c
1 - 9 - A 2 . 8 2  x  1 0 b 8 . 8 4  x  1 0 ° 8 . 0 0  x  1 0 ° 6 . 7 5  x  1 0 °

U n i t  T r a i n 1 - 8 - A 3 . 9 7  x  1 0 * 3 . 7 1  x  l o f 3 . 5 5  x  10® > 6 . 4 8  x  1 0 ® ( b )
SP 1 - 9 - C 7 . 6 7  x  1 0 b 1 . 8 0  x  1 0 ° 1 . 0 8  x  1 0 ° 3 . 8 4  x  1 0 c

1 - 4 - C 7 . 7 4  x  1 0 b 1 . 8 7  x  1 0 ° 2 . 1 3  x  1 0 ° 2 . 0 1  x  1 0 °

Random 1 - 6 - C _____ ___ _ 5 . 8 5  x  l o ! 3 . 7 8  x  10®
iF E C +  iU P 2 - 1  - E — — 5 . 8 5  x  1 0 ° 7 . 1 3  x  1 0 °

1 - 1 3 - E — — 1 . 8 3  x  1 0 ° 4 . 1 1  x  1 0 °
2 - 6 - C — — 1 . 8 3  x  1 0 ° 2 . 0 9  x  1 0 °

T r a i n - b y - T r a i n 2 - 4 - C _____ _____ 1 . 8 3  x  10® 3 .4 1  x  10®
iF E C  + JUP 2 - 8 - A — — 3 . 9 4  x  1 0 ° 1 . 5 2  x  1 0 °

( a )  C o m p u te d  a s  94% o f  a c t u a l  Nf .
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T h e  p r e d i c t i o n s  b a s e d  o n  M e t h o d  3 a r e  s h o w n  i n  F i g u r e  3 2 .  A s i m i l a r  p r e d i c t i v e  
c a p a b i l i t y  i s  e v i d e n t  f o r  M e t h o d  3 , as  w a s  s h o w n  f o r  M e t h o d  2 ,  a l t h o u g h  i t  d o e s  t e n d  
t o  be  s o m e w h a t  m o r e  c o n s e r v a t i v e  i n  t h e  l o n g - l i f e  r e g i m e .  B o t h  M e t h o d s  2 a n d  3 p r o v i d e  
p r e d i c t i o n s  n e a r l y  as  g o o d  as t h e  b a s i c  s c a t t e r  i n  t h e  d a t a .

N e i t h e r  o f  t h e  t w o  s a t i s f a c t o r y  m e t h o d s  i n c l u d e d  a n y  h i s t o r y  o r  s e q u e n c e  a c c o u n t 
a b i l i t y ;  t h e y  r e p r e s e n t e d  s i m p l e ,  M i n e r ’ s r u l e ,  l i n e a r  da m ag e  m o d e l s  b a s e d  o n  s t r a i n -  
l i f e  f a t i g u e  c u r v e s  f o r  t e s t  w i t h  o v e r s t r a i n  c y c l e s .  I n t e r e s t i n g l y ,  i t  d o e s  n o t  
a p p e a r  t h a t  h i s t o r y  e f f e c t s  w e r e  p a r t i c u l a r l y  s i g n i f i c a n t .  I t  i s  a l s o  e v i d e n t ,  h o w 
e v e r ,  t h a t  t h e  s e c o n d  a n d  t h i r d  da m ag e  m o d e l s  w e r e  s o m e w h a t  c o n s e r v a t i v e  i n  t h e  l o n g 
l i f e  t e s t s  w h i c h  s u g g e s t s  t h a t  s m a l l e r  c y c l e s  i n  t h e s e  h i s t o r i e s  m a y  h a v e  b e e n  n o n 
d a m a g in g  e a r l y  i n  t h e  h i s t o r y ,  t h e r e b y  p r o l o n g i n g  l i f e  i n  t h e  m a n n e r  d i s c u s s e d  p r e 
v i o u s l y  f o r  t h e  p e r i o d i c  o v e r s t r a i n  d a t a .  L a c k i n g  a s i m p l e  a n d  j u s t i f i a b l e  m e t h o d  
f o r  i n t r o d u c i n g  a h i s t o r y  d e p e n d e n c e  i n  t h e  d a m a g e  m o d e ls  i n v e s t i g a t e d ,  i t  i s  r e c o m 
m e n d e d  t h a t  t h e  t h i r d  l i n e a r  da m age m e t h o d  b e  u s e d  i n  a r e l i a b i l i t y  a n a l y s i s .  T he  
t h i r d  m e t h o d  i s  s u g g e s t e d  o v e r  t h e  s e c o n d  s i m p l y  b e c a u s e  a c t u a l  s t a b l e  m ax im um  
s t r e s s e s  i n  a h i s t o r y  a r e  s e l d o m  k n o w n .  I t  s h o u l d  b e  n o t e d ,  h o w e v e r ,  t h a t  i t s  
a d e q u a c y  h a s  b e e n  p r o v e d  o n l y  f o r  t h e  l i f e  r a n g e s  c o v e r e d  b y  t h e  t e s t s .  T h e r e f o r e ,  
g e n e r a l i z a t i o n  i s  s t i l l  s p e c u l a t i v e .

5 . 4  IM PLEM ENTATIO N OF DAMAGE MODEL I N  A R E L I A B I L I T Y  A N A L Y S IS

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

1 . Sum a l l  c y c l e s  a t  l i k e  v a l u e s  o f  l o c a l  s t r e s s  r a n g e  a n d  m a x im u m  s t r e s s  w i t h i n  
t h e  s p e c t r u m .

2 . C o m p u te  a s t r a i n  r a n g e  f o r  e a c h  s t r e s s  r a n g e  u s i n g  t h e  f o l l o w i n g  d e f i n i t i o n  
o f  t h e  c y c l i c  s t r e s s - s t r a i n  c u r v e

e
a

29  x  10
3 ’ Sa <

3 9 . 1

ea
3 . 4 3  x  10 ’) 1.48

3 9 . 1  < S < 5 1 . 3  
a -

/  S a \ 2 . 2 6  , Sa > 5 1 . 3  

£a  y 8 . 0 5  x  10

3 .  U s i n g  t h e  c o m p u t e d  v a l u e s  o f  s t r a i n  r a n g e  a n d  k n o w n  v a l u e s  o f  m a x im u m  s t r e s s ,  
c o m p u t e  e q u i v a l e n t  s t r a i n s .  I f  m a x im u m  s t r e s s  i s  n e g a t i v e ,  c h a n g e  t h e  s i g n  
o f  m in im u m  a n d  m ax im um  s t r e s s e s  b e f o r e  c o m p u t i n g  e q u i v a l e n t  s t r a i n s .

4 .  U s i n g  t h e  n u m b e r  o f  c y c l e s  o f  e a c h  s t r e s s  m a g n i t u d e ,  c o m p u t e  d a m a g e  i n c r e 
m e n t s  u s i n g  M e t h o d  3 ,  i . e . ,  s t r a i n - l i f e  c u r v e  c o r r e c t e d  f o r  e f f e c t  o f  
p e r i o d i c  o v e r s t r a i n .

5 .  Sum t h e  da m ag e  i n c r e m e n t s  f o r  t h e  s p e c t r u m .

6 . C o n s i d e r  t h e  i n v e r s e  o f  t h e  t o t a l  d a m a g e  i n c r e m e n t  as  t h e  p r e d i c t e d  a v e r a g e  
n u m b e r  o f  s p e c t r a  t o  f a t i g u e  c r a c k  i n i t i a t i o n .
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6. CONCLUSIONS

F ro m  t h i s  e x p e r i m e n t a l  a n d  a n a l y t i c a l  i n v e s t i g a t i o n  o f  t h e  c r a c k  i n i t i a t i o n  
behavior o f  r a i l  s t e e l s ,  t h e  f o l l o w i n g  c o n c l u s i o n s  h a v e  b e e n  m a d e :

1 .  P e r i o d i c  o v e r s t r a i n s  a b o v e  t h e  c o n s t a n t  a m p l i t u d e  e n d u r a n c e  l i m i t  w i l l  s u b 
s t a n t i a l l y  i n c r e a s e  t h e  dam age c a u s e d  b y  s t r a i n  r a n g e s  b e l o w  t h a t  l i m i t ,  a n d  
a p e r i o d i c  o v e r s t r a i n  f a t i g u e  c u r v e  s h o u l d  be  u s e d  i n  l i f e  p r e d i c t i o n s  o n  
s u c h  s p e c t r a .

2 . T r a n s v e r s e  r a i l  h e a d  c r a c k  i n i t i a t i o n  p r o p e r t i e s  c a n  be  e x p e c t e d  t o  f a l l  
w e l l  b e l o w  l o n g i t u d i n a l  r a i l  h e a d  p r o p e r t i e s .

3 .  L i n e a r  d a m a g e  a c c u m u l a t i o n  m o d e ls  c a n  be  e x p e c t e d  t o  p r o v i d e  r e a s o n a b l e  l i f e  
p r e d i c t i o n s ,  a l t h o u g h  s u c h  l i f e  e s t i m a t e s  m ay b e c o m e  c o n s e r v a t i v e  i n  t h e  v e r y  
l o n g  l i f e  h i s t o r i e s .

4 .  T h e r e  i s  n o  d e f i n i t i v e  t r a n s i t i o n  f l a w  s i z e ,  b u t  a f l a w  o f  0 . 0 3 0 - i n c h  m ay 
s e r v e  as  a u s e f u l  t r a n s i t i o n  f l a w  b e t w e e n  c r a c k  i n i t i a t i o n  a n d  p r o p a g a t i o n .
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