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PREFACE 

This report presents tile results of the first phase of a program on 

Rail Material Failure Characterization. It has been prepared by Battelle's 
Columbus Laboratories (BCL) under Contract DOT-TSC-1076 for the Transportation 
Systems Center (TSC) of the Department of Transportation. The work was conducted 
under the technical direction of Mr. Roger Steele of TSC. 

The results of this phase of the program are the basis for the lay out 
of the second phase. The objective of the second phase is the development of a 
computational rail failure model. This model, in conjunction with the results 
of ongoing studies on Engineering Stress Analysis of Rails and on Wheel-Rail­
Loads when incorporated into a reliability analyses will enable establishment 

of safe inspection schedules. 

The cooperation of the American Association of Railroads (AAR) and 
the various railroads (Boston & Maine Railroad Company, Chessie System, Denver 
and Rio Grande Western Railroad Company, Penn Central Railroad Company, Southern 
Pacific Transportation Company, and Union Pacific Railroad Company) in acquiring 
rail samples is gratefully acknowledged. The cooperation and assistance of Mr. 
Roger Steele of TSC, Mr. Omar Deel and Mr. David Utah of BCL were of great value 
to the program. 
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EXPLANATORY NOTE 

This report conveys preliminary information on the crack growth behavior 

of a sample of rail steels (66 rails) taken from the population currently 

in use in the United States. Ultimately, this information will be used 

to predict the flaw growth behavior of actual rails in service under 

various loading and support conditions. A more comprehensive treatment 

of the subject, with additional test data, will be available later in 

1977. This interim report is being issued at this time to provide other 

investigators working in the field with the results which have been 

generated thus far. 

ix/x 





1. INTRODUCTION 

Fatigue cracks in railroad rails can be the cause of rail failures and 
subsequent derailments. Prevention of these failures relies on timely detection 
of fatigue cracks when they are still small and not likely to cause failures. In 
order to establish safe inspection periods, data are required on the available 
time for crack detection, i.e., the time it takes for a small detectable crack to 
grow to a critical size that can cause rail failure. Therefore, the rate of fatigue­
crack propagation has to be known. 

One portion of the Federal Railroad Administration's (FRA) Track Perfor­
mance Improvement Program is the development of a predictive rail failure model 
that enables a determination of optimal inspection periods through a calculation 
of fatigue-crack-propagation behavior. The research reported here concerns the 
first phase of a program to develop this rail failure model. 

In order to predict fatigue-crack growth and failures under a service 
load environment, fatigue-crack-rate data are required. These data should come 
from a sufficiently large sample of rails presently in service to properly evaluate 
the statistical variability of fatigue-crack-growth properties. The first phase of 
this program consisted of the generation and analysis of fatigue-crack-growth data 
of 66 rail samples of various age, make, and weight. The samples were taken from 
existing track from all sections of the United States. 

This report presents the crack-growth data for the 66 rail samples. Also 
presented are chemical compositions, mechanical properties, and some data on micro­
structure and fractographic features. A statistical analysis was performed to 
evaluate possible correlation between one or more of these parameters and the re­
sistance to fatigue-crack propagation. 

On the basis of the present results, the 66 samples were divided into 
three broad categories of rate behavior. Further characterization of the three 
categories will be conducted; i.e., the effect of parameters such as stress ratio, 
temperature, and microstructural orientation be experimentally evaluated. The be­
havior under variable amplitude loading also will be investigated. Subsequently, 
the computational failure model will be developed after which the results will be 
reported. 

1 



2. RAIL MATERIALS: SAMPLE SOURCE AND DESCRIPTION 

At the outset of this program, an effort was made to assemble a representa­

give sampling of rail materials which are presently, and will continue to be, in 

service on U. S. railroads. Variations of rail size, rail producer, and year of 

production were the primary selection criteria. Eleven of the major railroad 

organizations were contacted for contributions of rail samples. Directly or in­

directly samples were received from the following organizations: 

• Association of American Railroads 

• Boston and Maine Railroad Company 

• Chessie System 

• Denver and Rio Grande Western Railroad Company 

• Penn Central Railroad Company 

• Southern Pacific Transportation Company 

• Transportation Systems Center 

• Union Pacific Railroad Company. 

A total of 66 material samples were received representing sizes from 85 lb/yd to 

140 lb/yd, produced over a period from 1911 to 1975 in both U. S. and Japanese mills. 
The samples were given identification numbers from 001 to 066. Basic information on 

the samples is presented in Table 1. 

3. METALLOGRAPHIC CHARACTERIZATIONS 

3.1 CHEMICAL ANALYSES 

Specifications for the chemical composition of rail steels vary slightly 

with the rail size (expressed as the weight per yard of rail). The ASTM Standard 

Specification for Carbon-Steel Rails, ASTM Designation: Al-68a, states the fol­

lowing chemical requirements: 

Element, Nominal weisht, lb/;ld 
2ercent 61-80 81-90 91-120 121 and Over 

Carbon 0.55-0.68 0.64-0.77 0.67-0.80 0.69-0.82 

Manganese 0.60-0.90 0.60-0.90 0.70-1.00 0.70-1.00 

Phosphorus, max 0.04 0.04 0.04 0.04 

Silicon 0.10-0.23 0.10-0.23 0.10-0.23 0.10-0.23. 

2 



TABLE 1. RAIL MATERIALS INVENTORY 

BCL Wt. or 
Sequence Receipt Source Section Controlled Mill Year Month Sample 
~umber Date Source Number Number Type Cool Brand Rolled Rolled Length Remarks 

001 10/10/75 TSC 418 !30 BSCO 1929 !! 34-7/8 Steelton Open Hearth Med. :-tang. Ht. 83530 AREA 002 52! 85 1911 34 Maryland ASCE 
003 399 !30 1929 !! 37·1/8 Steelton Open Hearth ~ed. :iang. Ht. 81366 AREA . 004 100 85 BSCO 1920 36 Steelton Open Hearth ASCE 
005 398 !30 1929 35-3/8 Steelton Open Hearth "led. Mang. Ht. 81692 AREA 006 VD•l !15 RE 1974 35-l/2 Vacuum Degassed, Sydney VT Rail, New 115 lb A&.:i 007 vo-z !15 RE 1974 36-1/8 Vacuum Degassed, Sydney VT Rail, New 115 lb A&.'1 008 535 85 1924 35-5/8 Lackawanna Open Heanh ASCE 
009 442 !30 1929 36-t/8 Steelton Open Hearth !1ed. 'iang. Ht. 8354Q 
010 539 85 1919 36-1/4 La.ck&wanna Ht. 850 ASCE 
01! 10/14/75 AAR UP-3-4 1330 RE Ye• CF&I 1965 !! 63-1/2 
012 UP-1-1 1330 RE CF&I 1955 12 47~1/2 
013 PC~1~1 127DM Illinois 1954 1 60~1/2 
014 UP~1~14 1330 RE Yes CF&I 1955 !! 48 
015 UP~1~20 1330 RE Ye• CF&I 1949 2 47 ~ 1/2 
016 UP~2A·9 !33 Yes CF&I 1957 5 50~1/2 
017 UP·2A·8 !33 CF&I 1957 1 48 
018 L'P~2A·2 1330 RE Ye• CF&I 1953 4 40 
019 UP-3~5 1330 RE Yes CF&I 1965 !! 40~3/4 
020 SF~2~3 !19 CF&I 1957 !! 47 
021 UP·1~27 1330 RE Ye• CF&I 1955 !! 42-!14 
022 UP-2A~21 1330 RE Ye• CF&1 1956 3 51-1/2 
023 UP~2A·l7 !33 Yes CF&I 1957 1 52 
024 UP-2A-22 1330 RE y., CF&l 1956 1 51-1/2 
025 UP~3~1 1330 RE Ye• uss 1966 7 46-3/4 
026 UP·2A-15 1330 RE Ye• CF&I 1957 1 49-3/4 
027 UP~1~6 !33 CF&I 1956 12 46 
028 UP~2A·l8 1330 RE Ye• CF&I 1953 3! 50 
029 SF~2~2 !19 Ye• CF&I 1958 1! 39-3/4 
030 SF-2·6 !19 CF&I 1958 1! 48-!/4 
031 UP-1·7 !33 CF&I 1956 12 36-3/4 
032 UP·2A·20 13331 RE Ye• uss 1953 3 47-3/4 
033 UP-1-12 !33 CF&I 1955 !! 46-!/2 
034 SF-2·5 1190 y., 1957 1 46-3/4 

035 12/4!75 De>1ver & 165 1150 RE y., CF&I 1955 35-3/4 Heat CH 9332 03 Defect IDO S, Defect No. 165 
Rio Grande 

036 !43 !12 RE CF&I 1939 2 34-3/4 Heat 10053 F20CH Defect BHJ 2, Defect No. 143 
037 601 1155 Ye• CF&I 1943 12 40-1/4 Heat CC 2060 E5 Defect TDDS, Defect No. 601 
038 !58 1121 CF&I 1930 9 37-3/4 Heat 16422 E. 6 IM Defect TDDS, Defect No. !58 
039 215 90 CF&I 1924 4 36-1/4 Heat 2521 C, Defect TDDS, Defect No. 215 
040 499 !00 CF&I 1928 3 36 Heat 2996 B 19, Defect VSH 4 inch (sub for 

BH) Defect No. 499 
04! !55 1150 RE Yes CF&I 1953 36-1/4 Heat 15198 F) Defect HSH, Defect No. 155 
042 496 !00 CF&l 1928 36 Heat 3004 B1 Defect TDDS, Defect No. 496 
043 !79 90 CF&I 1921 36 Heat 1368, Defect BAJ2, Defect No. 179 
044 24 !10 RE CF&I 1936 36-1/4 Heat 13116 A10 Defect TDDS. Defect No. 24 
045 199 !10 RE CF&l 1930 35-1/2 Heat 11121 Defect HSH 5 inch (sub for BH) 

!36 
Defect No. 199 

046 RE Ye• CF&I 1966 36 Linde F1alllt!: Hardened Rai 1 
047 2/9/76 Chessie 130 RE Beth. 36 
048 !22 CB Ye• Beth. 1965 36 
049 !15 RE y., uss 1950 36 
050 !32 RE Yes uss 1948 36 
051 130 RE Inland 1931 36 
052 !00 ARAB uss 1916 36 
053 140 RE Yes uss 1956 36 
054 131 RE uss 1935 36 
055 131 RE Beth, 1947 36 Heat 86462 F-11 
056 132 RE Beth. 1949 36 Heat CH 81294 F-11 
057 140 RE Beth, 1953 36 Heat CH 83673 C-5 
058 !40 RE Beth. 1974 36 Fully Heat Treated. Hut 68674 2-19 
059 3/!/76 Cheuie !33 uss 1967 36 Sperry detected Defect Heat 95-P-134 B27 

l 
(Curvemaster) 

060 124 Beth. 1975 !! 36 Heat 162724-A-21 
061 !24 Beth. 1975 !! 36 Heat 162729-A-12 
062 124 Beth. 1975 12 36 Heat 187006-A-32 
063 !24 Beth. 1975 12 36 Keat 175105-A-6 
064 124 Nippon 1975 7 36 Heat A-39262 D-2 
065 124 Nippon 1975 7 36 Heat A-39780·0-5 
066 124 Nippon 1975 7 36 Heat A-39376 C-7 
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No specification for the sulfur content is given by the ASTM Standard, 

but it states "that thoroughly deoxidized steel will be furnished and that, in 

every stage of manufacture, strict adherence to the standards of best practice 

of the individual mill will be observe~'. On this basis, it is reasonable to 

assume that the sulfur content of rail steels should be controlled by the mill 

to a maximum of about 0.050 weight percent .. 

Chemical analyses of each of the 66 rail samples were made for total 

carbon, manganese, silicon, and sulfur in percent by weight, and for hydrogen and 

oxygen in parts per million (ppm). The results of the analyses are presented in 

Table 2. Duplicate and, in some instances, triplicate analyses were made for 

hydrogen and oxygen and these are shown individually in the table. 

Four rail steels, Samples 001, 003, 005, and 009, were designated by 

the suppliers as medium manganese steels. The manganese contents of three of 

these steels (Samples 001, 005, and 009) were within a range, 1.36 to 1.48 percent, 

normally associated with medium manganese steels. However, the manganese content 

of Sample 003, 0.76 weight percent, was within the standard chemical requirements 

for its rail size. A fourth rail steel, Sample 038, contained a manganese content 

of 1.48 weight percent, which means that it is a medium manganese steel also. 

Since the chemical requirements for the medium manganese steels were not 

available for rail steels, an assessment of these values in the total range of 

compositional variation cannot be made. 

An analysis of the composition data presented in Table 2 indicates that 

the compositions of several rail samples, excluding the medium manganese steels, 

do not meet the chemical requirements contained in the ASTM Standard and the assumed 

maximum sulfur content. Table 3 lists the samples which do not meet the require­

ments and the manner in which they deviate from the requirements. 

With the exception of Sample 053, the hydrogen content determined in 

each of the 66 rails was between 0.2 and 1.1 ppm. The hydrogen content of Sample 

053 was reported to be 6.1 and 6.5 ppm in two determinations. The concentration 

of hydrogen in all other rails was characteristic of residual levels of hydrogen 

concentrations present in steels. Since hydrogen will effuse from steel at 

ambient temperatures over a period of time, it would be expected that rails of 

eqrly vintage that may have had high hydrogen contents when placed into service 

would now contain only residual amounts. 

The oxygen contents of the 66 rails were generally well below 100 ppm. 

The only exceptions were rail Samples 004 and 045 which contained averages of 538 

and 333 ppm of oxygen, respectively. These oxygen contents are considerably 

higher than normal for silicon deoxidized rail steels. 

4 



TABLE 2. RESULTS OF CHEMICAL ANALYSES OF RAIL SAMPLES 001 THROUGH 066 

Elemental Content, 
Rail Size, weight Eercent Hydrogen, Oxygen, Sample lb/yd c Mn Si s ppm ppm 

001 130 0.63 1.48 0.21 0.022 0.8, 1.0 100, 96 002 85 0.74 0.61 0.07 0.154 0.8, 0.9 46, 48 003 130 0.77 0.76 0.20 0.036 0.4, 0.5 71, 69 004 85 0.67 0.62 0.30 0.052 0.7, 0.5 519' 435' 659 005 130 0.63 1.36 0.21 0.033 0.6, 0.8 52, 54 006 115 0.72 0.97 0.10 0.028 0.4, 0.4 23, 25 007 115 0.73 0.93 0.18 0.037 0.4, 0.3 24, 26 008 85 0.66 0.94 0.20 0.029 0.8, 0.8 57' 61 009 130 0.61 1.46 0.29 0.039 0.7, 0.7 56, 59 010 85 0.63 0.74 0.14 0.028 1.1, 0.9 132, 138 011 133 0.73 0.81 0.19 0.028 0.4, 0.4 57, 51, 56 012 133 0.79 0.84 0.18 0.029 0.8, 0.7 54, 58 013 127 0.74 0.89 0.24 0.028 0.8, 1.0 51, 47 014 133 0.78 0.74 0.17 0.014 0.8, 0.8 86, 84 015 133 0.76 0.82 0.19 0.033 0.6, 0.6 54, 54 016 133 0.81 0.93 0.17 0.044 0.6, 0.8 39, 43 017 133 0.79 0.85 0.26 0.048 0.9, 1.0 44, 43 018 133 0.75 0.89 0.17 0.046 o. 7' 0.6 45, 43 019 133 0.74 0.88 0.21 0.038 0.4, 0.4 38, 36 020 119 0.75 0.83 0.15 0.033 0.8, 0.7 34, 32 021 133 0.79 0.90 0.21 0.024 0.7, 0.6 41, 45 022 133 0.78 0.87 0.20 0.028 0.4, 0.5 46, 47 023 133 0.79 0.92 0.21 0.040 0.6, 0.7 39, 35, 46 024 133 0.81 0.83 0.12 0.030 1.0, 0.7 26, 28 025 133 0.80 0.91 0.23 0.016 0.7, 0.7 29, 27 026 133 0. 78 0.94 0.17 o. 050 0.5, 0.5 47, 46 027 133 0.78 0.87 0.23 0.022 0.7, 0.6 45, 45 028 133 0. 71 0.90 0.17 0.022 0.7, 1.0 79, 53, 69 029 119 0. 72 0.89 0.19 0.046 0.5, 0.6 45, 43 030 119 0.80 0.90 0.16 0.028 0.5, 0.7 52, 54 031 133 0.79 0.76 0.15 0.022 0.5, 0.4 53, 49 032 133 0.80 0.94 0.18 0.035 0.5, 0.5 63, 61 033 133 0.78 0.92 0.23 0.025 0.6, 0.5 37, 35 034 119 o. 77 1.04 0.17 0.023 0.5, 0.7 38, 38 035 115 0.76 0.80 0.23 0.028 0.5, 0.4 27' 27 036 112 0.75 0.81 0.18 0.016 0.4, 0.5 57, 54 037 115 0.72 0.93 0.25 0.017 0.4, 0.5 86, 67, 61 038 112 0.57 1.48 0.16 0.029 0.3, 0.3 78, 82 039 90 o. 71 0.81 0.17 0.028 0.3, 0.3 81, 107, 168 040 100 0.58 0.64 0.08 0.030 0.4, 0.4 39, 34 041 115 o. 77 0.81 0.21 0.043 0.4, 0.3 91, 93 042 100 0.63 0.71 0.08 0.026 0.3, 0.4 49, 36, 64 043 90 0.75 0.81 0.15 0.032 0.6, 0.4 84, 85 
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TABLE 2. (Continued) 

Elemental Content, 
Rail Size, weight 2ercent Hydrogen, Oxygen, 

Sample lb/yd c Mn Si s ppm ppm 
044 110 0.78 0.88 0.20 0.016 0.3, 0.3 84 86 
045 110 0.65 0.65 0.21 0.027 0.6, 0.5 342, 286, 372 
046 133 0.78 0.90 0.20 0.027 0.2, 0.3 49, 48 
047 130 0.76 0.46 0.11 0.044 1.1, 0.7 43, 41 
048 122 0.79 0.95 0.17 0.022 0.7, 0.6 58, 61 
049 115 0.80 0.89 0.11 0.040 0.9, 1.1 48, 50 
050 133 0.75 o .. 91 0.20 0.036 0.5, 0.6 56, 56 
051 130 0.84 0. 72 0.19 0.016 0.6, 0.5 47' 51 
052 100 o. 72 0.90 0.19 0.021 0.4, 0.4 52, 54 
053 140 0.85 0.91 0.18 0.032 6 .1, 6.5 44, 44 
054 131 0.78 0.76 0.20 0.021 1.0, 0.6 36, 32 
055 131 0.78 0.90 0.17 0.028 0.8, 0.8 33, 35 
056 132 0.80 0.90 0.19 0.039 0.7, 0.7 44, 46 
057 140 0.77 0.94 0.16 0.028 0.7, 0.9 58, 46, 50 
058 140 0.83 0.84 0.18 0.048 0.4, 0.5 47, 44 
059 133 0.83 0.98 0.14 0.024 0.4, 0.3 22, 25 
060 124 0.80 0.90 0.12 0.013 0.5, 0.4 56, 36, 47 
061 124 0.80 0.91 0.12 0.015 0.4, 0.7 46, 46 
062 124 0.79 0.84 0.08 0.017 0.3, 0.6 45, 51, 48 
063 124 0.79 0.86 0.12 0.033 0.3, 0.3 49, 59, 64 
064 124 0.76 0.85 0.18 0.018 0.6, 0.6 43, 49, 54 
065 124 0.82 0.90 0.17 0.016 0.3, 0.3 41, 42 
066 124 0.75 0.90 0.18 0.019 0.4, 0.7 37, 36 

TABLE 3. RAIL SAMPLES NOT WITHIN CHEMICAL REQUIREMENTS 

Rail High Low High Low High Low High 
Sample c c Mn Mn Si Si s 

002 X X X 
004 X X 
008 X 
010 X 
013 X 
017 X 
034 X 
037 X 
040 X X X 
042 X X 
045 X X 
047 X 
051 X 
053 X 
058 X 
059 X 
062 X 
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3.2 MACROSTRUCTURES 

Most of the 66 rail samples exhibited uniform macrostructures through­
out their full cross sections. The principle variances in the macrostructures 
among the rail samples were differences in fineness or coarseness. These dif­
ferences may be related to the prior austenite grain size and/or the pearlite 
colony size. Typical macrostructures observed are exemplified by the photomacro­
graphs in Figures 1 and 2, Samples 027 and 019, respectively. Figure 1 shows a 
typical coarse-textured macrostructure which was observed in 19 rail samples 
(Samples 007, 012, 014 through 018, 020 through 024, 027 through 032, and 042). 
Figure 2 shows a fine-textured macrostructure which was observed in the remaining 
47 rail samples, except for Sample 058. Sample 058 had a macrostructure which 
eXhibited very little of a structural pattern as shown in Figure 3. 

The macrostructures of Samples 046 and 059 showed that the running sur­
faces apparently had been heat treated. The heat-treated surface of Sample 059 
is evident in Figure 4. The surface heat treatment suggested that these two 
samples were from the ends of rails that were end-hardened, a process commonly 
used to reduce wheel batter at the rail joint. 

The macrostructure of Sample 002 showed that its running surface appar­
ently had been repaired by the mechanical removal of surface damage and subsequent 
deposition of weld metal. The repair weld in this sample is evident in Figure 5. 

The macrostructure of Sample 001 showed evidence of a high inclusion 
content and internal fissuring, both conditions being located primarily in the 
web section and at the bottom of the head section. These conditions can be seen 
in Figure 6. 

Cracks were observed in the macrostructures of Samples 061, 062, and 
063. The cracks in these three rails were located centrally in the web below the 
rail head. All three cracks extended through the entire thickness (1 inch) of 
the transverse cross sections. The cracks are believed to be the remains of 
shrinkage porosity formed in the steels during solidification of the original 
ingots. The cracks are visible in the photomacrographs of Samples 061, 062, and 
063 shown in Figures 7, 8, and 9, respectively. Sample 062 exhibited decarburi­
zation around the crack as indicated by the white zone in Figure 8. 

Some chemical segregation in the central zone of the web rail section 
was indicated by the macrostructures of Samples 003, 025, 040, 060, 061, 062, and 
063. An example of this condition is shown by the photomacrograph of Sample 003 
in Figure 10. Similar conditions of chemical segregation exist in Figures 7, 8, 
and 9. 
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IX 

FIGURE 1. TYPICAL COARSE-TEXTURED MACROSTRUCTURE OF RAILS- SAMPLE 027 
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lX 

FIGURE 2. TYPICAL FINE-TEXTURED MACROSTRUCTURE OF RAILS -SAMPLE 019 
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lX 

FIGURE 3. MACROSTRUCTURE OF RAIL SAMPLE 058 

Note lack of any structural pattern. 
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lX 

FIGURE 4. MACROSTRUCTURE OF A HEAT-TREATED RUNNING SURFACE- RAIL SAMPLE 059 
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lX 

FIGURE 5. MACROSTRUCTURE OF A REPAIRED RUNNING SURFACE,_ RAIL SAMPLE 002 
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lX 

FIGURE 6. MACROSTRUCTURE OF RAIL SAMPLE 001 

Note internal fissures. 
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lX 

FIGURE 7. MACROSTRUCTURE OF RAIL SAMPLE 061 
Note crack in the web. 
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lX 

FIGURE 8. MACROSTRUCTURE OF RAIL SAMPLE 062 

Note segregation and crack in the web. 
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FIGURE 9. MACROSTRUCTURE OF RAIL SAMPLE 063 

Note hairline crack in the central 
area of the web. 
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IX 

FIGURE 10. MACROSTRUCTURE OF RAIL SAMPLE 003 
Note segregation in the web. 
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3.3 MICROSTRUCTURES 

Microscopic examinations of longitudinal metallographic specimens of 
the rail samples showed that the microstructures of 48 rails consisted of essen­
tially 100 percent fine pearlite with very minor amounts of free ferrite occur­
ring adjacent to some manganese sulfide inclusions or along a few prior austenite 
grain boundaries. A typica1 microstructure is shown by the photomicrograph of 
Sample 051 in Figure 11. .The microstructures of Samples 004, 010, 013, 028, 038, 
041, 045, 047, and 052 consisted of 85 to 95 percent (visual estimates) fine 
pearlite with the remainder being free ferrite located primarily along prior 
austenite grain boundaries. Rail Samples 004 and 045 contained the most free 
ferrite in the form of a ferrite network along prior austenite grain boundaries. 
Figure 12 shows the microstructure .o·f Sample 004. The remaining Rail Samples, 
002, 036, 037, 043, 054, 058, 064, 065, and 066, had microstructures consisting 
of about 96 to 99 percent (visual estimates) fine pearlite with the remainder 
being free ferrite scattered along prior austenite grain boundaries and adjacent 
to some sulfide inclusions. The microstructure of Sample 058 (shown in Figure 
13) had much finer pearlite and considerably smaller pearlite colonies than any 
of the other rails. This type of microstructure was suggested already by its 
fine macrostructure. The very small pearlite colony size is obvious by compari­
son with the pearlite colony size in Figure 11. This fine structure suggests 
Sample 058 was heat treated following hot rolling. 

Internal cracks in Sample 001, which were evident during macroscopic 
observations, were clearly apparent during microscopic observations. Three prin­
cipal cracks running generally parallel to the longitudinal direction of the rail 
were observed in the longitudiqal metallographic .. specimen examined. An example 
of one of the cracks observed is shown in Fi~u·re 14. The crac-ks propagated pri­
marily across pearlite colonies, but also some.pr,opagationwas observed along 
pearlite colony interfaces •. In the specimen examined, the cracks were located 
below the running surface about ~ inch. and de'eper. The longest crack observed 
was approximately 200 mils. The cracks are believed to be the result of a high 
hydrogen content in the steel when the rail was manufactured. 
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100X 

FIGURE 11. PEARLITIC MICROSTRUCTURE TYPICAL OF THE 
MAJORITY OF RAILS - SAMPLE 0511 

lOOX 

FIGURE 12. FERRITE NETWORK IN A MATRIX OF PEARLITE­
SAMPLE 004 
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lOOX 

FIGURE 13. HEAT-TREATED PEARLITIC MICROSTRUCTu~E OF 
RAIL SAMPLE 058L 

lOOX 

FIGURE 14. INTERNAL C~ACK IN RAIL SAMPLE OOlL 
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4. EXPERIMENTAL DETAILS 

4.1 SPECIMENS 

One tensile specimen and one fatigue-crack-growth specimen were machined 
from each rail sample. The orientation of the specimens is shown in Figure 15. 
Charpy V specimens were taken from six rail samples - 023 and 030 which exhibited 
a high rate of fatigue-crack growth, 019 and 031 with medium crack-growth rates, 
and 001 and 036 with low growth rates. Forty-five Charpy specimens were made, 15 
from each of the three growth-rate categories. From each category, five specimens 
were taken in each of the three directions shown in Figure 15. The specimens were 
taken from the center of the rail head. 

The tensile specimens were standard ASTM 0.25-inch-diameter specimens. 
Charpy specimens were also of standard dimensions; i.e., 2.165-inch long, 0.394-
inch thick with a square cross section. 

Fatigue-crack-growth specimens were of the compact tension (CT) type. 
Their dimensions are shown in Figure 16. The specimens were provided with a 1.650-
inch deep chevron notch (0.900 inch from the load line). Details of the notch can 
best be observed in Figure 17 which shows two specimens, one before and one after 
testing. 

4.2 TESTING PROCEDURES 

Tensile and Charpy tests were performed in accordance with standard pro-
cedures. 

To expedite the crack-growth tests, specimens were precracked in a 
Krause fatigue machine. Crack-growth experiments were conducted in a 25-kip­
capacity electrohydraulic servocontrolled fatigue machine. Figure 18 shows a 
specimen mounted in the fatigue machine. The tests were performed at constant 
amplitude, the load cycling between 0 and 2500 pounds, resulting in a stress ratio 
of R = 0. Cycling frequency was 40 Hz, but was reduced to 4 Hz toward the end of 
a test to enable more accurate recording of the crack size giving final failure. 
The laboratory air was kept at 68 F and 50 percent relative humidity. 

Crack growth was measured visually, using a 30 power traveling micro­
scope. The cracks were allowed to grow in increments of 0.050 inch, after which 
the test was stopped for an accurate crack size measurements. Crack size was 
recorded as a function of the number of load cycles. 
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Crack growth specimen 

Charpy specimen 

j[ 

FIGURE 15. ORIENTATION OF SPECIMENS 
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I 0.750" dia 
1.80" 

0.825" 

i+~ 
1.80" 

Thickness: 0.5" 

1-4------3.00"-----..-..1 

14--------3.75"----------'---

FIGURE 16. COMPACT TENSION FATIGUE CRACK GROWTH SPECIMEN 

23 



FIGURE 17. COMPACT TENSION SPECIMENS BEFORE AND AFTER TESTING 
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FIGURE 18. COMPACT TENSION SPECIMEN IN FATIGUE MACHINE 
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5. TEST RESULTS 

The tensile properties of the 66 rail samples are presented in Table 4. 
With a few exceptions, the tensile ultimate strength (TUS) and the tensile yield 
strength (TYS) are in the order of 130 ksi and 75 ksi, respectively. One heat 
treated rail showed a high TUS of 188,3 ksi and a TYS of 127.3 ksi. Two tensile 
specimens (030 and 045) contained longitudinal cracks as became apparent after 
fracture, since the fracture path partly followed these cracks. This resulted 
in the strength of those samples being low. It should be noted that these samples 
were different from the ones reported cracked in Section 3.2. 

The Charpy data are presented in Tables 5, 6, and 7. They show that in 
the range of ambient temperatures the Charpy energy is essentially the same for 
all these steels. Transition temperatures and upper shelf behavior show some 
variation, but these are of limited interest under operational conditions. 

Some typical fatigue-crack-propagation curves are given in Figure 19. 
The curves show that the number of cycles to grow a l-inch crack to failure showed 
a wide variation for the rails from which the specimens were taken. This will be re­
flected in the rate of growth, which is the basis on which the materials will be com­
pared in the next section. Also the final crack size at failure showed quite a wide 
variation which will be reflected in the toughness number. The raw test data (crack 
size versus cycle number) of all specimens are given in Appendix A. 

6. DATA ANALYSIS 

In order to develop a failure model for track rail, one must identify 
and quantify the damage processes, couple them appropriately, provide a means for 
accumulating the damage (i.e., compile the crack growth), and establish the 
criterion for failure or fracture. The first step in implementing these tasks is 
the baseline effort of crack-growth characterization and metallurgical studies 
previously described. In the following sections, the approach to interpretation, 
quantification, and correlation of these data is discussed. In the next phase, 
this will be broadened to consider additional variables. 
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TABLE 4. TENSION TEST RESULTS FOR 66 RAIL SAMPLES 

True True Ramberg- Work 
Elongation Reduction Fracture Fracture Osgood Hardening Rail TUS, TYS, in 1 Inch, in Area, E, Stress, Strain, Exponent, Exponent, Number ksi ksi percent percent lOS ksi ksi e:t n 1/n --

001 136.4 76.5 13.5 28.0 34.0 171.2 .1266 7.8 . 128 
002 134.4 74.7 12.0 20.6 30.8 159.4 .1133 7.7 .130 
003 137.4 73.6 12.0 17.7 30.3 160.1 .1133 13.1 .076 
004 116.0 59.9 15.0 24.0 28.6 144.6 .1397 10.4 .096 
005 134.8 76.4 13.5 26.0 31.8 154.9 .1266 11.5 .081 
006 135.0 71.2 11.0 21.2 30.2 161.9 .1043 11.5 .087 
007 135.8 70.0 12.0 17.6 30.3 156.9 .1133 12.5 .080 
008 125.1 67.0 14.0 25.0 30.1 155.9 .1310 10.8 .093 

N 
009 139.8 81.8 14.0 29.4 32.0 180.0 .1310 12.0 .083 

-....! 
010 111.5 58.7 17.0 27.2 29.3 143.1 .1570 9.8 .102 
011 126.9 73.2 12.5 20.8 33.8 144.3 .1177 10.3 .097 
012 134.7 78.3 10.5 17.0 32.4 153.1 .0998 8.4 .119 
013 129.3 72.8 12.5 29.1 29.1 160.8 .1177 7.9 .126 
014 135.4 75.9 12.0 18.0 33.1 158.7 .1133 7.5 .133 
015 131.6 71.5 11.0 16.5 30.6 150.0 .1043 6.0 .167 
016 138.6 75.6 9.5 15.0 28.8 154.4 .0907 6.3 .159 
017 137.1 74.4 10.0 19.5 28.2 163.6 .0953 6.4 .156 
018 133.2 70.6 11.0 19.9 27.5 .1043 
019 131.2 73.4 12.0 19.2 34.5 152.8 .1133 8.5 .118 
020 131.4 72.0 11.0 18.4 30.4 152.6 .1043 6.5 .154 
021 132.3 77.2 12.0 18.4 32.6 153.9 .1133 9.8 .102 
022 130.7 76.0 13.0 22.7 31.7 157.9 .1222 8.2 .122 
023 135.1 77.3 10.5 17.9 32.2 155.7 .0998 7.7 .130 



TABLE 4. (Continued) 

True True Ramberg- I.Jork 
Elongation Reduction Fracture Fracture Osgood Hardening 

Rail TUS, TYS, in 1 Inch, in Area, E, Stress, Strain, Exponent, Exponent, 
Number ksi ksi percent percent 103 ksi ksi e;t n 1/n 

024 136.7 74.6 10.0 16.2 32.4 158.7 .0953 6.3 .159 
025 141.1 . 75.7 9.5 18.8 26.5 164.9 .0907 6.3 .159 
026 135.0 74.4 11.0 17.5 29.9 153.1 .1043 8.2 .122 
027 136.4 69.4 10.0 13.6 29.0 150.1 .0953 6.2 .161 
028 129.1 70.5 ll.5 18.9 31.8 119.8 .1088 7.5 .133 
029 125.5 61.7 12.0 19.9 29.4 146.6 .1133 6.8 .147 
030 110.0(a) 76.8 -- -- 28.2 -- -- 7.1 . 140 
031 133.4 75.6 11.0 17.6 31.6 14"9.4 .1043 8.6 .116 

N 032 00 139.5 80.0 12.0 19.5 34.8 165.3 .1133 8.0 .125 
033 135.0 73.3 10.0 13.9 28.6 -- .0953 
034 137.3 77.3 10.5 20.7 30.2 164.3 .0998 6.0 . 167 
035 128.1 69.3 12.5 19.6 33.6 154.1 .1177 7.2 .139 
036 132.1 74.6 12.0 21.4 31.1 155.3 .1133 10.0 .100 

037 127.7 68.6 16.0 25.9 32.6 156.8 .1484 9.4 .106 
038 124.2 74.9 17.0 42.3 33.7 185.3 .1570 11.5 .087 
039 130.7 75,0 14.5 21.6 30.9 155.9 .1354 7.5 .133 
040 138.8 83.3 9.5 15.0 26.9 156.5 .0907 7.7 .130 
041 132.0 73.6 11.5 22.0 28.6 156.1 .1088 7.7 .l30 
042 133.0 74.7 10.5 15.9 29.6 151.1 .0998 6.8 .147 
043 133.2 75.6 13.0 20.5 32.8 156.9 .1222 6.9 .145 
044 139.7 80.0 10.0 15.3 29.3 158.7 .0953 11.5 .087 
045 96.8(a) 66.0 8.0 16.3 33.8 98.0 .0769 10.2 .098 

046 130.6 75.9 14.5 20.6 28.9 160.'> .1354 25.0 .040 



TABLE 4. (Continued) 

True True Ramberg- Work Elongation Reduction Fracture Fracture Osgood Hardening Rail TUS, TYS, in 1 Inch, in Area, E, Stress, Strain, Exponent, Exponent, Number ksi ksi percent percent lcF ksi ksi St n 1/n 
047 123.8 60.4 14.0 21.0 29.2 15(). 1 .1310 24.0 .041 
048 132.4 75.5 ll.5 17.5 29.9 152.9 .1088 10.5 .095 
049 132.0 72.4 11.5 20.1 30.5 157.8 .1088 7.2 .139 
050 132.4 73.8 12.0 21.0 29.9 157.5 .l133 7.8 .128 
051 141.5 81.2 9.5 13.3 31.2 159.1 .0907 . 11.8 .085 
052 126.0 64.0 13.5 21.3 29.7 151.0 .1266 14.0 .071 
053 140.2 75.8 9.5 13.3 30.3 159.4 .0907 8.9 .112 
054 135.9 76.5 12.0 18.8 30.9 159.5 .1133 9.2 .109 N 
055 137.4 77.9 9.0 14.2 29.5 156.1 .0861 7.7 .130 

'-0 

056 136.0 72. 6· 9.5 13.2 29.6 149.6 .0907 9.2 .109 
057 136.6 72.9 10.5 18.2 27.1 158.9 • 099.8 8.2 .122 
058 188.7(b) 127.3 11.5 31.7 29.6 239.4 .1088 30. .033 
059 137.2 7 9.1 11.0 15.4 2 8.3 .1043 
060 135.3 74.2 12.0 16.5 30.9 153.4 .ll33 13.0 .077 
061 132.5 70.7 11.5 17.1 31.2 154.4 .1088 17.5 .057 
062 141.3 76.9 11.0 19.3 32.0 167.5 .1043 13.5 . 074 
063 135.6 73.5 11.0 18.8 29.6 155.3 .1043 14.0 .071 
064 133.1 69.1 13.0 21.1 30.5 159.4 .1222 14.8 .067 
065 131.3 73.3 11.0 17.7 31.0 157.5 .1043 4.4 .227 
066 134.2 70.0 12.0 20.7 30.5 159.9 .1133 13.0 . 077 

(a) Longitudinal cracks in specimen, 

(b) Heat treated rail. 



TABLE 5. CHARPY lMPACT TEST RESULTS FOR CATEGORY l RAILS 
(HIGH GROWTH RATE) 

Specimen temperature, Energy, Shear Area, Orientation F ft/lb percent 

L 32 5 0 

L RT 4 0 
L RT 5 0 
L 212 5.5 20 

L 300 18.5 99 

T 32 2 0 
T RT 2 0 
T rn 2 0 
T 212 2 40 
T 300 3 98 

ST 32 3 0 
ST RT 4 0 
ST RT 4 0 
ST 212 5 20 
ST 300 ll.5 95 
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TABLE 6. CHARPY IMPACT TEST RESULTS FOR CATEGORY 2 
RAILS (MEDIUM GROWTH RATE.) 

o::>pecimen Temperature, Energy, Shear Area, Orientation F ft/1b percent 

L 32 3.5 0 
L RT 4 0 
L RT 4 0 
L 212 10 10 
L 300 13 45 

T 32 2 0 
T RT 2 0 
T RT 2 0 
T 212 3.5 5 
T 300 6.5 45 

ST 32 3.5 0 
ST RT 3 0 
ST RT 4 0 
ST 212 7 25 
ST 300 12 95 
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TABLE 7. CHARPY IMPACT TEST RESULTS FOR CATEGORY 3 
RAILS (LOW GROWTH RATE) 

Specimen Temperature, Energy, Shear Area, 
Orientation F ft/1b percent 

L 32 3 0 

l. RT 4 0 

l. R'l' 5.5 0 

L 212 11 45 

L 300 14 70 

T 32 3 0 

T RT 2 0 

T RT 2 0 

T 212 4.5 0 

T 300 10.5 65 

ST 32 2 0 

ST RT 3 0 

ST RT 3 0 

ST 212 5.5 15 

ST 300 13 95 
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FIGURE 19. TYPICAL FATIGUE CRACK PROPAGATION CURVES 
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6.1 ANALYSIS OF RATE DATA 

The rate of fatigue-crack propagation can be expressed as a function of 

the stress-intensity factor K. The stress-intensity factor (unit ks4{in.) is a 

measure for the stress singularity at the crack tip. If two cracks in the same 

material but under entirely different circumstances are subjected to the same 

stress intensity, their behavior will be the same. For the CT specimen used in 

this investigation, the stress intensity can be given as 

p 

K = 2Bwl/a (l+a/W)(l-a/W)-3 12 [7.000-7.050(a/W)+4.275(a/W)8
] 

in which P is the load on the specimen, B is the specimen thickness, W is 

the specimen width, and a is the crack size. 

The rate of crack growth is related to K through 

da 
dN 

f(l'IK,R) 

(1) 

(2) 

where N is the cycle number, R is the ratio between minimum and maximum load in 

a cycle, and l'IK is the range through which K varies during the cycle. Thus, l'IK 

is found by substituting the load range l'IP into Equation (1). In the present 

tests, the load varied between 0 and 2500 pounds so that l'IP = 2500 pounds and 

R = 0. 

Over a wide range of growth rates in steels and for fixed R, Equation 

(2) can be approximated by 

da = C(l'IK)n (3) 
dN 

where C and n are constants for a given material. Hence, the various rail steels 

can be compared on the basis of their C and n values. 

Equation (3) implies that a plot of da/dN versus ~K on double-log paper 

is a straight line. In reality there will be an upswing in the rate of crack 

growth towards the end of the test, because the failure conditions are being ap­

proached. This is reflected in the following equation: 

(4) 

Not only does this equation take into account the effect of the stress ratio R, 

it also shows that the crack-growth rate becomes infinite if the stress intensity 
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at maximum load becomes equal to Krc· The quantity ~c is the fracture toughness 
of the material, which is the value of K at which fracture occurs. For the 
special case of R = 0, the equation reduces to 

da 
dN (5) 

Both Equations (3) and (5) were evaluated for their applicability to 
the present data base. For this purpose, da/dN was calculated from the measured 
crack-growth data through the weighted average incremental slope approximation, 

(6) 

The results were plotted as a function of ~K as determined by Equation (1). Subse-
quently, curves were fitted through the data to give values for C and n. A special 
computer program was used to find the best fit. 

Examples of the resulting plots of da/dN versus ~K are given in Figure 
20. An example of a computer printout giving the basic crack-growth data, crack­
growth rate, and the stress-intensity factor, is shown in Table 8. The variability 
of crack-growth rates in the 66 samples can be appreciated from Figure 20. The 
heat-treated rail appeared to have the lowest crack-growth rates. It did fall to 
the right of the scatter band containing all other samples. All the curve fitting 
data, in terms of C, n, and the correlation parameter, R2, are presented in Table 9. 
The correlation parameter is generally close to unity which is an indication of the 
goodness of the fits. These results have been derived from the basic crack-growth 
data listed in Appendix A. 

Also presented in this table are the apparent toughness, defined as 
the stress-intensity factor, determined by Expression (1), for the last recorded 
crack measurement, and a life parameter, 

r-( \ 
L ~-1) 

·-1 

J 
which is a coupled function of C and n used to rank the growth rates. 

Very few crack-growth data for rail steels have been reported in the 
literature. The data reported in References 1 and 2* are useful for a comparison 
with the present results. The British rail steel tested contained 0.56 percent C, 
1.02 percent Mn, 0.13 percent Si, and less than 0.05 of P and S each. The steel 
had a 0.1 percent yield strength of 67 ksi and an ultimate tensile strength of 121 
ksi. Test results for center cracked panels showed a value of 4 for the exponent 
n in Equation (3) for the case of R = 0 (Reference 1). Experiments at various R-

,., References are listed on page 70. 
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TABLE 8. SAMPLE OF COMPUTER PRINTOUT OF BASIC DATA ALONG WITH 
FIRST STAGE OF RATE ANALYSIS 

SPECIMEN IDENTIFlC~TION •0~9 
GRAIN DikECTlON =LT 
SPECIM~N CUN~I~UhATIUN •CT 
THICKNESS • .~~2 INCH OVERALL WIDTH • 3,75 INCH ~IOTH • 3.~~ INCH 
MAXIMUM LOAD a 2,~0 KIPS 
LOAD ~AT!O • .~~ 
TEST FHEUU~NCY = 4A.0~ HZ. 
TEST TtMPERATU~E • 70.~0 OEG~EE F 
CATE 0~ ANALYSIS = 2 21 ~ 

HEIGHT • 3,2~ INCH 

BASIC UATA RATE CALCULATIONS 
------------------ ----------------------------------CRACI\ 

LENGTH, 
A, INCh 

tvcu: 
COLJNT, 
~~,I< c 

THREE 
POINT 
SLOPE 

DAMAGE PARA. 

K(M.lX) Ot::.LTA 
I( 

KSI•SQ~T(INCH) 

--------------------------------------------------~---------------------------

1,fl169 

1,2211 

1.369 

1,!)6o 

1,61117 

1,6414 

.)20.00 

460,00 

oJ6,1"0 

636,74 

,739E•0b 

,187E•05 

,336E•0o 

,b26E·~~ 

,53~E·04 

,417E•04 

,235E•03 

18.10 

,l06E•05 

21.43 

27,85 27.c5 

,156E•04 31,08 3l.ill8 

33.26 

41.12 41.12 
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w 
00 

P-ail 
Sl:-.p!.e 
~l..!.~ber 

001 

002 

o:n 
004 

CJ5 

:ii)Q 

007 

008 

00S. 

011 

Oll 
o;z 
013 

014 

0 .. 5 

i"lb 

Oli 

Coefficient, 
c 

• 21t.J X lQ- 16 

.2.56 X 10-lO 

.580 X 10•1> 

.340 X 10-ll 

.927 :-::lO-u 

• 654 X 10-13 

.911 x w- 13 

,1,87 ;.::: l0- 11 

.154 X 10-14 

.18] X 10-10 

.15& X 10- 13 

,!.63 X 10-ll 

.148 x w-• 

.266 X 10-ll 

.112 X !()>1 

• 4~5 X 10-10 

.:H3(. :< l0- 4 .;. 

OlS .lOS X 10- 13 

o:9 .293 x 10_,., 

O..!G .373 :( IQ- 15 

0:!!. .218 h Io- 11 

0:.!2 .6::2 x l.O-:a 

C·i~ .C!.5 x 10-;.o 

02!.. .211 :< 1')-0. 4 

o2s .'3a4 x v:-::. 1 

o2o .14!. x 1~r: 1 

021 (a) .319 Y. l0- 1 .2 

027.!.. .:W!. X 10-l:;. 

02G .lJi x 10-11 

029A .111 X 10-14 

TABLE 9. SUMMARY OF CRACK BEHAVIOR PARAMETERS FOR BASELINE RAIL MATERIAL SPECIMENS 

Linear Hodel 

Exponent, 
n 

7.09 

3. 70 

5.7) 

4.27 

4.77 

5.44 

5.23 

4.21 

6. 76 

3.78 

6.08 

4.39 

3.21 

'•.43 

4.58 

3.69 

5 .Sl 

&.10 

4.99 

6.83 

l;,J) 

5.23 

3.48 

6.58 

4.23 

4.63 

5. 76 

5. 65 

~.47 

6.50 

Corre!ation 
Coefficient, 

a• 

.785 

.978 

.954 

.986 

.983 

.966 

.976 

.984 

.551 

.987 

.922 

.993 

.985 

.976 

.870 

.907 

.857 

.949 

.no 

.971 

.926 

.864 

.911 

.915 

.838 

.• 978 

.993 

.973 

.991 

.987 

Computed 
Life 

Margin 

-.321 

+.020 

-.111 

+.012 

-.074 

-.056 

-.019 

-.040 

-.128 

-.057 

-.145 

-.046 

-.058 

-.052 

-.125 

-.083 

-.106 

-.070 

-.144 

+.041 

-.059 

-.246 

-.084 

-.071 

•.1~4 

+.100 

-.045 

-. 087 

+.196 

-.085 

Coefficient, 
c' 

.121 x w-u 

.459 x w-• 

.489 x w·• 
, 913 X 10•7 

.138 x w- 7 

.13o x w-• 

.389 x w-• 
,177 X 10-? 

,148 X 10"10 

.15o x w-• 

.938 x w-10 

• 965 x w-• 
,415 X 10-0 

.218 X 10-7 

.385 x 10-• 

.143 x to·• 

.422 x w·• 
,106 X 1(}9 

,628 X 10•& 

.138 x w-11 

.41.:'~ X 10-7 

, 768 X 10-0 

• 768 x w·• 
,435 X 10-ll 

.313 x w·• 

.112 x w- 7 

.274 X 10-0 

.159 x w-• 

.979 x to-• 

.298 " to-
10 

Mcd 1 fied L:'. ,_ne"'a"-'r';;-"M"'o"-d"";lL..-;---.,.----,--:--; 
• . Correlation Co.nputed 

Expon;nt, 
n 

5.63 

1.63 

3.08 

2.14 

2.72 

3. 32 

2.89 

2.66 

4.73 

2.o8 
4.41 

2.18 

1.84 

2.38 

3. 05 

0.58 

3.84 

4.12 

2.80 

5.29 

2.29 

3.3~ 

0.856 

5.11 

1.97 

2.48 

3.68 

3.78 

3.55 

4.26 

Coeff!iient, 

• 797. 

.895 

.969 

.921 

.936 

.97d 

• 926 

• 992 

.967 

.950 

.945 

.968 

.958 

• 988 

.926 

• 967 

.921 

.985 

.960 

.945 

.991 

.970 

• 756 

.955 

.946 

.892 

.972 

.977 

.981 

.981 

Life 
1-targin 

-.176 

+.123 

+.039 

+.264 

+.037 

+.127 

+.153 

+.006 

-.054 

+.047 

-.010 

+.101 

-.017 

+.029 

-.059 

+.037 

-.050 

+.056 

-.044 

+.227 

+.044 

-.114 

+.048 

-.034 

-.028 

+.!81 

+.094 

+.001 

+.267 

+.021 

Apparent 
Toughness, 

k•Kt!'lC:.'J 
69.4 

50.8 

44.0 

54.7 

48.6 

49.5 

52.5 

52.7 

41.1 

62.3 

55.4 

43.7 

62.4 

49.4 

52.2 

42.3 

47.8 

46.8 

46.9 

53.8 

54.2 

56.8 

47.0 

46.8 

55.0 

39.1 

39.3 

46.7 

65.3 

49.6 

Life 
Parameter, 
NL" cycles 

8.40 X 1rf' 

7.01 X lrf' 

3.24 X lit 

7.21 " lrf' 

4.85 " 1~ 

7.44 " 10" 
1.07 X lOS 

6.19 X W' 

4.38 X 1()5 

7.42 X 1~ 

3.82 X ~~ 

3.51 X ~~ 

7.44 X ~~ 

5.33 X !rf' 

7,6! X lrf' 

4.41 X lCP 
3.7oxllf 

5.38 x lrf' 

7.34 X to" 
1.44 X lf!' 
9.16 x Hf' 

1.42 x ro• 
4. 74 x w• 
5.69 x Hf 

3.50 X lcJ' 

5.00 X Hf' 

5.35 X !Ci' 
1.20" to' 
9.45 " lo" 

1.40 X lcJ' 

Crack Grol;th Life 
From l""in. t.J Failure, 

bilocycles 

736 

270 

211 

348 

271 

490 

796 

294 

3Sl 

277 

262 

172 

216 

269 

3'J5 

150 

288 

38!,. 

435 

!302 

4L9 

8C3 

155 

495 

153 

233 

890 

536 

1256 



w 
1.0 

Rail 
Sample 
Numb~r 

030 

OJ! 

032 

OJJ 

034 

035 

036 

037 

038 

039 

040 

041 

Coefficient, 
c 

.168 X 10-!0 

.214 X 10- 12 

• 732 X 10- 13 

.113 X 10-ll 

.166 x ro- 11 

, 380 X 10- 13 

.1J8 X 10-1-1 

.812 X 10-J.a 

.J4s x w-u 
.161 X }Q-lZ 

,)87 X 10-ll 

.805 X 10-t:· 

042 .t25 X 10- 1 ~' 

043 .218 X lQ-JO 

044 o 789 X lQ-H 

045 o44t X 10-l:J 

046(b) ,)35 X 10-::<\ 

047 

048 

049 

050 

051 

052 

053 

054 

055 

056 

057 

.294 X 10- 13 

.127 X 10-l) 

,168 X 10-ll 

.369 X 10- 1 :; 

.,.~ ..... 10- 1 & 

,508 X 10- 1 :.. 

o881 X 10-H 

.517 X 10-l<\ 

.260 X 10-l· 

,288 X 10-l ;'; 

.854 X 10-l:· 

058 (c) .801 )( 10-t·· 

059 

060 

.291 x w- 1 ~ 

, t44 X 10- 1 
I 

L1 near Mode 1 

Exponent, 

3.91 

5.02 

5.45 

4.67 

4.61 

5.32 

6. 37 

4-54 

3.90 

4.90 

4.20 

4.45 

5.92 

3.64 

6.11 

4.57 

11.4 

5.39 

3.91 

4.43 

5.46 

7.12 

5.49 

5.99 

6.05 

4. 78 

5,45 

5.25 

7 .:n 
5 .L7 

4,64 

Carre la t ion 
Coeff~gient, 

.927 

.895 

.957 

.956 

.976 

.962 

.933 

.933 

.838 

.874 

.909 

.993 

.926 

.941 

.985 

.988 

.942 

.984 

.941 

.989 

.986 

.951 

.957 

.951 

.855 

.861 

.995 

.963 

.948 

.872 

.971 

Computed 
Life 

Margin 

+.045 

-.088 

-.021 

-.2J6 

-.098 

-.131 

-.164 

-.136 

-.132 

·.243 

-.137 

-.058 

-.086 

-.058 

-.114 

-.045 

+.313 

-.018 

-.061 

-.077 

+.021 

+.OJJ 

-.189 

+.008 

-.198 

-.142 

-.010 

-.009 

+.085 

-.OJ7 

-.069 

TABLE 9. (CONTINUED) 

Coefficient, 
c' 

, )61 X }0- 7 

. 208 x 10-a 

.lOB X 10-.~ 

, 2)) X 10-ll 

, 747 X 10_., 

,254 X 10-·• 

.678 X 10-ll 

.104 x 10-a 

o 38t x 10-a 

ol73 x 10-a 

o 287 X 10-e 

o211 X: 10-6 

otn x: w-·J 
o692 X 10- 7 

.to8 x w-" 
o106 X lQ-S 

ot03 X: 10- 17 

• 169 X 10-:.< 

,9t6 X 10-'/ 

. 101 x w-e 

.132 X 10-:J 

,187 X 10- 1
'" 

.412 x w-· 

.588 x w-"' 
.t09 X 10- 11 

.9t9 X 10-' 

. 763 X 10-I ' 

.n9x10-' 

.792 X 10- 1
' 

.116 X 10-' 

, 67J X JO-B 

Modified Linear Model 

Expo
0

n
1
ent, 

3.53 

3.15 

4.12 

1.8t 

2,t4 

3.61 

4. 72 

3.42 

2.86 

3.06 

1.67 

3.19 

3.91 

2.19 

4o 10 

3oL6 

8.17 

3.66 

2. ~:t 

2.ll6 

3.91 

5.95 

J. 73 

3.40 

4.74 

3.27 

4.01 

3.80 

3.58 

], 74 

2.95 

Carre la t i.on 
Coefficient, 

If 

.962 

. 961 

.970 

.846 

.966 

. 986 

.967 

.965 

.895 

.967 

.978 

.969 

.969 

.981 

.961 

.996 

.934 

. 973 

.956 

.977 

.989 

.958 

.991 

.901 

.917 

.938 

.986 

.979 

.963 

.925 

.993 

Computed 
Life 

Margin 

+.130 

+.004 

+.Ot9 

+.014 

-.001 

-.006 

-.096 

-.097 

-.092 

-.tn 

-.047 

+;062 

+.053 

-.004 

+.035 

+.032 

+. 334 

+.056 

+.053 • 

-.004 

+.lt8 

+.064 

-.059 

+.145 

-.129 

-.072 

+.070 

+.04t 

+. 233 

i .077 

-.006 

Apparent 
Toughness, 

ksKt'?fn".% 

53.7 

52.4 

48.3 

47 0 7 

42.6 

54.3 

52.0 

63.0 

66.2 

55.7 

49.1 

72.1 

48.9 

56.9 

48.6 

62.7 

61.4 

51.0 

58.9 

54.6 

51.3 

51.4 

57.2 

44.7 

58.7 

55.2 

52.6 

53. J 

56.3 

56.5 

46.9 

Life 
Par arne ter, 
N1 , eye les 

5.10 X: to'" 
9.llxl06 

6o43 X 10 6 

5.57 X 105 

4.64 X tQ"' 

1. 90 x to" 
1.7lx108 

1.20 X tQ8 

2.5] X 10° 

1.81 X 106 

8,()6 X 105 

1.65 x to" 
8.11 X 106 

1.03 X 106 

6.93 X lOG 

2.oo x w• 
9.36 x 108 

1.95 X lCJ" 

6,75 X lOG -l 

8.4_!+ X 1()6 

1.23 x 106 

1. 18 X 1(11 

8.12 X 11J' 

9.16 X 1()"''· 

1.29 x toe 
1.67 X 108 

1.6) X !o' 
1.07 X !o' 
1.87 X 107 

2, 9] X l£f-" 

4.8) X 111 

Crack Growth Life 
From l·in. to Failure, 

hilocycles 

19,7 

596 

404 

261 

221 

1218 

1269 

617 

1047 

910 

323 

867 

546 

380 

525 

1a19 

1424 

2!14 

MO 
~0 

1047 

~0 

7U 

Ul 

OJ 

1150 

7U 

2317 

247 



.p.. 
0 

Rail 
Sample Coefficient, 
Numbel' c 

061 .154 X 10-ll 

062 ,)27 X 10""12 

063 .243 x to- 11 

064 .862 X 10""14 

065 .578 X 10""16 

066 .105 X 10"" 13 

(a) 2 kip CT. 
(b) 5 kip C'T. 
(c) 4.5 kir CT. 

Lineae Hode 1 
Correlation Computed 

Exponent, Coefficient, Life 
n r Hargin 

4.67 .937 -.097 

5.14 .935 -.135 

4.50 .933 -.152 

5.89 .986 -.114 

6.76 .991 +.092 

5.12 .986 +.104 

TABLE 9. (CONTINUED) 

----
Hod if led L1 nea c Hode 1 App~~rent 

Co[' relation COQapUted Toughneea, LUe Crack Growth LHe Coeffictent, Expon:nt. Coefficient, Life 
kaKt-;fn".\ 

Pal'a .. ter, Froa l•in. to hJtlure, c' n •• Margin NL• cycles htlocydea 
.455 x w-• 3.19 .985 -.032 52.8 4.09 X 1fi' 211 
•. 115 x 10""8 

3.40 .982 -.053 46.7 4.00 X 106 
211 

.656 x 10"" 8 3.10 .960 -.085 56.1 5.0) X 105 
217 

,554 X 10"" 10 4.16 .977 +.010 52.3 1.10 x to• 1005 
,))6 X 10"" 11 5.01 .986 +.203 48.9 1.11 x to' 1118 
,1)4 X 10"" 10 4.56 .981 +.158 59.1 1.85 x to• 1661 



ratios indicated that n = 2.69 in Equation (4) gave the best fit. It appears that 
the material compares with the materials showing the lower growth rates in the 
present investigation. 

6.2 SYNTHESIS OF CRACK-GROWTH DATA 

As validation of the rate analysis, the crack-growth curves were recon­
structed by integrating the rate data according to both the linear (Equation (3)) 
and the modified-linear (Equation (5)) fatigue-crack-propagation models. In 
simple terms the integration can be expressed as 

Jda 
a = dN dN 

d -l 
N = s~ da dN 

(7) 

(8) 

Since the crack-growth model cannot generally be integrated in closed 
form, the solution of the above expressions is accomplished by a numerical inte­
gration or summation procedure wherein the computational steps must be defined 
in detail. Basic sources of error include experimental error, material anomalies, 
and simplicity of the model. 

An incremental definition of Equation (8) can be expressed as 
k 

N=;_, (darl !':,a (9) 
i=l dN 

where da/dN 

!':,a 

k 

f(C, n, &) 

(af - a 0 )/k 

number of increments, arbitarily set at 100. 
Two alternative schemes of crack-growth prediction are being adopted 

in the basic data analysis computer program. One scheme predicts the number of 
cycles to grow the crack from a precrack length, a

0
, to a final crack length, af; 

the other predicts the final crack length, af, which results from cycling the 
precrack, a 0 , Nf times. If the analysis as well as the data models provided a 
perfect correlation, the results would, of course, agree perfectly with the 
experiment. In reality, however, perfect correlation will not be achieved due 
to experimental error, material variation and mere oversimplicity (i.e., inade­
quacy) of the analysis. The contrast in the results of the two computational 
schemes will provide further insight to the source and degree of errors. 

The measure of the effectiveness of these two schemes of analysis is 
expressed in the "cyclic life margin of safety" which is expressed as 

M. S.life 
Nactual 

N 
computed 
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and in the cyclic crack growth margin, which is expressed as 

M.S. 
a 

a actual 

a computed 
- 1 (11) 

Positive values of either of these margins infer that the computed value is less 
than the actual and, hence, conservative. The degree of conservatism (+) or 
unconservatism (-) is reflected in the variation of margin from unity (1.0). 
(Note at the present time, only the life margin, Expression (10), has been tabu­
lated in Table 9.) 

Synthesis Results 

The preceding crack~growth-synthesis procedure was applied to the 66 
baseline data sets to obtain a set of life margins which in turn were analyzed 
statistically. These results are presented in Table 10. 

Model 

Linear 

Modified Linear 
(Forman) 

TABLE 10. RESULTS OF CRACK-GROWTH SYNTHESIS 

Predicted Predicted Life Margin Statistics 
Mean Life 

0.936 

1.035 

Mean Life Margin 

-0.064 

+0.035 

Variance 

0.010 

0.011 

Standard Deviation 

0.100 

0.104 

From these results, several interesting observations can be made. First, 
it appears that the linear model tends to be unconservative in that it predicts, on 
the average, a larger crack lifetime than was encountered in the test. This is 
evidenced by the negative value of the mean life margin. In contrast, the modified 
linear model provides a conservative estimate of life and for that reason may be a 
more preferable model to use. Second, since the variance and standard deviation 
are nearly equivalent for each model, it is judged that lifetime scatter about the 
mean is not particularly affected by the model. 

6.3 CORRELATION OF RATE DATA WITH OTHER PROPERTIES 

6.3.1. General Approach 

One of the basic objectives of this research program is to discern whether 
the crack behavior of rail materials can be linked to more fundamental mechanical, 
metallurgical, and processing variables. As a result, a key activity in data 
analysis is the broad scale assessment and evaluation of rate data with respect to 
other material properties. The following sections describe the initial efforts 
which have been undertaken and the results which have been ascertained to date. 
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The detection and isolation of primary variables affecting crack be­

havior would be a straightforward procedure if all of the variables were truly 

independent. In reality, however, most of the mechanical, metallurgical, and 

processing variables are not mutually independent and interact in a very complex 

manner. As a result, the discrimination of the dominant factors and the deter-

mination of their order of precedence requires a deliberate search and involves 
considerable trial-and-error data scanning. 

For the baseline fatigue-crack-propagation specimens of this program, 

a broad matrix of data was assembled. This consisted of the background, mechani­

cal property, metallurgical and derived crack-behavior variables determined for 

each material sample. These were extensively examined by computerized analysis 

as well as by more intuitive technical review (i.e., engineering judgments). 

While some general trends were discerned, more in-depth probing, analysis, and 

data generation will be necessary to strength and more positively identify the 

trends. It appears that the broad scatter of the data will require more diligent 

screening and examination of individual tests. The following discussion of pro­
cedures and resul~ presents the current status of this effort. 

6.3.2 Automatic Interaction Detector (AID) Analysis 

The AID computer program is a statistical tool for assessing the rela­

tive influence of a set of independent variables (termed predictors) on the 

behavior of a specified dependent variable. The correlation (or lack thereof) 

between the dependent variable and any given predictor is established by decom­

posing the total variance of the dependent variable (fixed for a given body of 

data) into a within-subset and a between-subset variance of successive splits 

(i.e., two-part divisions) of the set of values of the dependent variable. 

For each predictor, the set of values of the dependent variable are 

ordered by either the order of the predictor (if a monotonic predictor) or the 
order of the dependent variable (if a free predictor). The set of values of the 

dependent variable is then divided (or split) successively into two subsets 

along the domain of the predictor. At each split, the within-subset variance 

and between-subset variance is computed. The split which produces the largest 

ratio of between-subset variance to within-subset variance (i.e., F ratio or 
signal-to-noise ratio) is considered the optimum split for that predictor. The 

predictor which exhibits the largest ratio of between-subsets variance to total 

variance is the dominant or primary predictor for the dependent variable. 
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The computational scheme is semiquantitative in that the independent 

variables are linearly scaled and coded to integral values from 0 to 63. However, 

since known correlations do not exist, a method that compares data on such a 

normalized basis can provide a clearer discrimination of the dominance (if such 

exists) of the primary independent variables. 

Once the optimum split of the primary variable has been defined, the 

procedure is repeated for the two groups at each side of the split and so on. The 

resulting cascade of splits which is generated in this repetitin~ procedure can be 

graphically displayed in the AID "tree", a sample of which is shown in Figure 21. 

Only the salient features of the analysis are included in this pictorial summary. 

In this particular illustration, the influence of a range of composi­

tional variables--the carbon equivalents (CE), later discussed--on the logarithm 

of crack life (the dependent variable or criterion scale) is evaluated. The body 

of data consisted of 57 specimens (selectively called from a total data set of 67 

specimens). The primary variable, CEl, revealed an optimum split into two groups 

of 37 and 20 at a life value of 5.90. These two resulting groups subsequently 

split on predictors CE4 and CE6. The mean and standard deviation values are given 

along with the coded predictor values. Subsequent splits and their related numer­

ical details are also given. Note that the dependent variable is noted as the 

common logarithm of the life parameter. 

At the outset of this task, the widest variety of independent variables 

was chosen and put into the AID "hopper" to see what would be sorted out. These 

variables included 

• Rail weight 

• Year produced 
l Background 

• Tensile ultimate strength 

• Tensile yield strength 

• Elongation 
Mechanical Properties 

• Reduction of area 

• Elastic modulus 

• Hardness 

• Carbon 

• Manganese 

• Silicon 

• Sulfur Me tallurgica 1 

• Oxygen 

• Hydrogen 

• Pearlite. 

These were then related to the life parameter, NL, as a dependent variable. 
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6.3.3. Process of Analysis 

The AID analysis proceeded through several stages. It became obvious at 
the outset that the variables were not mutually independent. An interspersion of 
various metallurgical and mechanical variables became apparent when all the vari­
ables were considered. This inferred that the mechanical property variables were, 
in essence, a restatement of the compositional variables (or vice-versa)--a not 
too surprising result. This led to selective regrouping and fitting of the vari­
ables to discern those that were most dominant. 

6.3.4. Results of Analysis 

The dominance of a particular independent variable may be expressed as 
the percentage contribution of its BSS to the TSS of the dependent variable. 
The results of the AID analysis of independent variables for leading contenders 
can be summarized as follows: 

Category Variable 

l Tensile Ultimate 

Hardness 
Mechanical Property 

% Pearlite 

% Carbon 
Metallurgical % Oxygen 

% Sulfur 

% Manganese 

Strength 

Contribution 
to Variance, 

percent 

13 

14 

19 

8 

8 

5 

4. 

For the mechanical property category, the nearly equivalent dominance 
of strength and hardness is not surprising because of their well-documented inter­
relationship. However, the statistical impact is lessened when one then views 
the graphical relatiooship of strength and life as shown in Figure 22(a). 

A similar disillusionment is encountered when one observes the display 
of percent pearlite versus life in Figure 22(b). The latter part of the above 
tabulation suggested the consideration of a carbon equivalent (CE) which was 
expressed as 

% CE =% C +a [% Mn-1.7 (% S)] 

The factor 1.7 is the ratio between the atomic weights of Mn and S. As a result, 
the term between brackets is the percentage of free Mn, i.e., total Mn minus the 
fraction tied up in the compound MnS. The free Mn is in solid solution where it 
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h~s a similar, but less effective, strengthening effect as Carbon. This is re­

flected by the factor a. An AID analysis for incremental values of a was con­

ducted from which a value of a= 0.1 was obtained as providing a 21 percent con­

tribution to variances. Again, however, the statistical analysis was poorly 

supported with the "shotgun" pattern of Figure 22(c). 

6.3.5. Correlation Analysis 

The contrast between the statistical AID analysis and the weak evidence 

of the graphical displays suggests that any numerical correlation is a coincidence 

of "noise" in the data. At the same time, however, the complexity of a carbon or 

other equivalent as suggested by other investigators( 3) requires that other micro­

structural details be included. In Reference (3), correlation functions were 

derived between the TUS, TYS, and 20 ft-lb Charpy impact temperature for ferrite­

pearlite steels. The functions are complex equations containing the percentage 

of the various chemical constituents, volume fraction of pearlite, interlamellar 

spacing and cementite plate thickness. At the present time, a positive conclusion 

is not tendered. The analysis will be advanced as additional metallurgical 

details are generated. However, the complex correlation functions as derived in 

Reference (3) suggest that any correlation function may be very artificial. 

Consequently, the generality of such functions is doubtful. 

7. CATEGORIES FOR FURTHER RESEARCH 

7.1 SELECTION OF CATEGORIES 

The present test data provide the baseline information for the computa­

tional failure model to be developed during the second phase of this research 

program. However, for a complete failure model, more information is needed con­

cerning crack growth under various circumstances. The effect of the following 

parameters will have to be evaluated: 

(a) Stress ratio, R 

(b) Cycling frequency, F 

(c) Temperature, T 

(d) Specimen orientation. 

In addition, the behavior of elliptical flaws and the behavior under mixed-mode 

loading and variable-amplitude loading should be studied. 
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It is prohibitive to perform all this experimentation on all 66 rail 
materials. Therefore, it is necessary to make a selection of a few materials to 
be studied in more detail, under the assumption that the results obtained can be 
generalized relative to the baseline behavior as observed in the present tests. 
Although various possibilities exist to select the materials, the most obvious 
criterion for selection is the rate of crack growth, because the differences in 
crack-growth rates were so large. 

Therefore, three categories were selected for further characterization, 
consisting of materials with high (I), medium (II), and low (III) growth rates, 
respectively. The basis for categorization was the crack propagation life from 
a l-inch crack size to failure. This reflects the combined effects of n, C, and 
K in a natural way. app As a practical concern, the length of the sample avail-
able for specimen manufacture was also a consideration. 

The materials selected for Category I have crack growth lives (from 
1 inch to failure) varying from 150 to 270 kilocycles. In Category II the lives 
vary from 380-600 kilocycles, and in Category III the lives are 700 kilocycles 
and higher. An appreciation of the crack growth behavior of the materials in 
the three categories can be obtained from Figure 20. Specimen 3 in Figure 20 
had a life of 211 kilocycles which is typical for Category I. The life of 
Specimen 42 was 546 kilocycles, typical for Category II, and the life of Specimen 
45 was 1,018 kilocycles, which is typical for Category III. 

The samples selected for each category are listed in Table 11. Subse­
quent testing will be done primarily on those materials. A more detailed metal­
lographic and fractographic characterization of these materials will be required. 
This effort is already under way and some preliminary results are presented in 
the following sections. 

Some additional samples will be used for more detailed characterization 
and testing. These samples will be selected on the basis of the AID analysis. 
The criteria for selection will be discussed in Section 7.4. A test matrix and 
experimental plan for the second phase of this program is presented in Section 7.5. 
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Ti\BLE 11. THE TI!REE Ct\TECORIES FOR PHASE li 

Crack Growth Life 
Rail Sample From 1 Inch to Failure, 

Category Number c Mn kilocycles 

I 002 .74 .61 270 

013 . 74 . 89 216 

014 .78 . 74 269 

016 . 81 .93 150 

023 .79 .92 155 

025 .80 .91 153 

030 .80 .90 197 

II 006 .72 . 97 490 

009 .61 1.46 381 

018 . 75 .89 384 

019 .74 .88 435 

024 .81 .83 495 

031 .79 .76 596 

032 .80 .94 404 

III 001 .63 1.48 736 

007 .73 .93 796 

020 .75 .83 1302 

022 .78 .87 803 

029 .72 .89 1256 

035 .76 .80 1218 

036 .75 .80 1269 
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7.2 MICROSTRUCTURAL ANALYSIS OF THREE CATEGORIES 

7.2.1. Rail Samples Used 

From the three categories of rails established on the basis of crack­
growth rate, five rail samples were chosen for more detailed microstructural 
analyses. They were Samples 002 and 030 from Group I, Samples 006 and 024 from 
Group II, and Sample 001 from Group III. The selection of the two samples from 
Groups I and III was based primarily on major differences in their chemistry. 
Sample 001 was selected because of the presence of internal fissures. Sample 004, 
which was not categorized, was selected for further microstructural analysis, 
since its microstructure consisted of a relatively high percentage (~ 15%) of 
ferrite in a network morphology. 

7.2.2. Grain-Size Measurements 

Since standard metallographic preparation techniques do not reveal 
prior austenite grain boundaries in pearlitic steels, an attempt was made to heat 
treat the samples in such a way that the grain sizes could be measured. The heat 
treatment employed was a partial isothermal transformation at approximately 1100 F, 
designed to develop a structure consisting of a network of fine pearlite nodules 
at austenite grain boundaries in a martensitic matrix. Partial isothermal trans­
formation was successful using very small specimens, but the nucleation sites of 
pearlite nodules were too random to discern a grain-boundary network. Attempts 
to reveal prior austenite grains were made also using special etching reagents 
on quenched and tempered specimens of rail samples. The reagents used were 
(1) Vilella's reagent, an alcoholic solution of 1% picric - 5% hydrochloric acids, 
(2) a saturated aqueous solution of picric acid containing 1 gram of sodium 
triolecyl benzene sulfonate per 100 ml of solution, (3) a saturated aqueous solu­
tion of picric acid containing 2 ml of Teepol (sodium alkyl sulfonate) per 100 ml 
of solution, and (4) a solution of 1 gram of potassium metabisulfite and 2 drops 
of Teepol in 100 ml of water. None of these etchants revealed prior austenite 
grains satisfactorily for grain size measurements. Special etching techniques 
were also used on quenched and tempered specimens of rail samples in attempts to 
reveal the prior austenite grains, but these too were unsuccessful. 

The prior austenite grains were revealed in Sample 004 by the ferrite 
network present in its microstructure. A similar network was present in the 
other five samples at the rail surfaces where decarburization occurred during hot 
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rolling. The depth of decarburization was sufficient to produce a ferrite network 
zone below the surface. The width of the zone generally encompassed several prior 
austenite grains. Therefore, grain-size determinations on the other five rails 
were made in the decarburized surface zones. 

Grain sizes were determined by the line intercept method. The number of 
grains at lOOX magnification intersected by a test line 10 em long was obtained 
three times on each specimen. The ASTM grain size, G, was calculated from 
Hilliard's equation: 

G = 10.00 - 6.64 log L3 (12) 

where La 
Total length of test lines 

Total no. intersections x magnification 

The results of prior austenite grain size measurements of the six rail 
samples, and values computed from the grain-size measurements for average grain 
diameters and average number of grains per unit volume also are given in Table 12. 

TABLE 12. PRIOR AUSTENITE GRAIN-SIZE MEASURE~ffiNTS 

Rail Group Calculated Average No. 
and/or ASTM Grain Diameter of of Grains 

Sample No. Size No. Average Grain, mm per mm3 

Group I 
002 4.3 0.081 1880 
030 4.7 0.071 2850 

Group II 
006 3.5 0.107 820 
024 4.9 0.066 3500 

Group III 
001 4.4 0.078 2100 

004 3.2 0.12 600 

7.2.3. Pearlite Interlamellar Spacing 

True interlamellar spacing, S0 , is the perpendicular distan~e between 
the planes of a single pair of contiguous lamellae. Because true spacing is diffi­
cult to measure directly on metallographically prepared cross sections, the mean 
random spacing, o, of the pearlite lamellae observed in the six samples was meas­
ured. The mean random spacing is defined as the reciprocal of NL, where NL is 
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the number of alternate lamellae intersected per unit length of random test lines. 
True spacing was then calculated using S = ~ the validity of which has been 0 2 
confirmed experimentally. 

The mean random spacing of pearlite lamellae was measured on scanning 
electron microscope (SEM) micrographs of the pearlite structures photographed at 
SOOOX. No unresolved pearlite lamellae were observed at this magnification. Ex-
amples of the pearlite, as revealed by the SEM micrographs, are shown in Figure 23. 

Thirteen random fields on each specimen were photographed using the SEM. 
Intercept measurements were made along six different test lines on each micro­
graph. Each test line was 10 em long. Thus, a total of 78 (6 x 13) test-line 
measurements were made on each rail sample. A statistical analysis of the data 
for each sample indicated the accuracy of the interlammelar spacings obtained to 
be ±10 to 14 percent. 

The results of interlamellar spacing measurements are presented in 
Table 13. 

TABLE 13. PEARLITE INTERLAMELLAR SPACING 

Rail Group Number of 
and/or Intersections True Spacing, 

Accuracy, - 0 . 

Sample No. per mm, NL S0 , A ± percent 

Group I 
002 1705 2932 10.2 
030 1385.5 3608 10.6 

Group II 
006 1861.5 2686 10.9 
024 1464.5 3414 13.8 

Group III 
001 2025 2470 10.4 

004 1202 4159 12.2 

7.2.4. Other Microstructural Parameters 

Determinations of the pearlite colony size and characterizations of 
the nonmetallic inclusions in the six rail samples are planned but, as yet, have 
not been made. Visual estimates of the volume fraction of free ferrite in the 
samples are reported elsewhere. More precise determinations of volume fractions of 
ferrite using established quantitative metallographic techniques also are planned. 
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5000X 

(a) Sample 002L, Field 7 

(b) Sample 006L, Field 13 

FIGURE 23. TYPICAL SCANNING ELECTRON ~ITCROSCOPE 
VIEWS OF PEARLITE IN RAIL SAMPLES 
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7.3 FRACTOGRAPHY 

A photomacrograph of the fatigue-test fracture surfaces of the six 
rails is shown in Figure 24. The encircled areas on the fracture surfaces denote 
the fracture surface locations along the direction of fatigue-crack propagation 
where fractographic studies are being made. The locations were selected from the 
plots of crack lengths versus the number of load cycles and correspond to the 
approximate midpoints of significant changes in the slopes (crack-growth rates) 
of the curves. In addition to these locations, the following fracture surface 
locations also are being examined: (1) the precrack fatigue origin, (2) the 
approximate midpoint of the length of precrack propagation, (3) the approximate 
beginning of constant cyclic load crack propagation, (4) a location approximately 
midway between the point where the load frequency was lowered and the point of 
unstable crack propagation, and (5) an area of unstable crack propagation. The 
locations in terms of distance from the tip (origin of the precrack) of the notch 
on the test specimen are given in Table 14. 

TABLE 14. LOCATIONS OF FRACTOGRAPHIC STUDIES 

Sequence of Sam2le Identification 
Location 004 002 030 006 001 024 

1st 0 0 0 0 0 0 
2nd 0.18 0.17 0.17 0.17 0.18 0.18 
3rd 0.31 0.33 0.30 0.26 0.31 0.27 
4th 0.41 0.43 0.58 0.32 0.46 0.37 
5th 0.86 0.79 1.15 0.47 0.64 0.56 
6th 1.26 1.25 1.41 0.81 0.96 0.82 
7th 1.22 1.36 1. 20 
8th 1.38 

NOTE: Numbers shown represent distance from notch root in 
inches. 
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Some general fracture surface characteristics are apparent in the frac­
ture surfaces shown in Figure 24. Significant observations made at magnifications 
up to lOOX using optical microscopy are described in Table 15. 

Rail 
Sample 
Number 

TABLE 15. GENERAL FRACTURE-SURFACE CHARACTERISTICS 

Low-Magnification Observations 

004 • The length of the fatigue crack zone was ~30 mm. 

• A cleavage facet was located very near the tip (precrack ori­
gin area) of the notch. 

• Some scattered cleavage facets were located throughout the 
fatigue-crack zone. 

• The fatigue-crack zone terminated abruptly and was followed by 
unstable cleavage fracture. 

• Final rupture, about 2 - 3 mm in length, was ductile. 

002 • The length of the fatigue-crack zone was ~28 mm. 

• A cleavage facet was located a little below, and on one side 
of, the notch tip. 

• Some scattered cleavage facets were located throughout the fa­
tigue-crack zone to a crack length of ~20 mm. Several cleav­
age facets were located from 20 mm to the end of the fatigue­
crack zone. 

• The fatigue-crack zone terminated fairly abruptly and was fol­
lowed by unstable cleavage fracture. 

• Final rupture, about 1- 2 mm in length, was ductile. 

030 • The length of the fatigue-crack zone was ~30 mm. 

• Cleavage fracture was predominant at the tip of the notch. 
• Some scattered cleavage facets were located throughout the 

fatigue-crack zone to a crack length of ~15 mm. At approxi­
mately 18, 23, 25, and 27 mm of crack length, there appeared 
to be arrest zones containing increasing amounts of cleavage 
fracture in each successive zone. 

• The fatigue-crack zone terminated fairly abruptly and was fol­
lowed by unstable cleavage fracture. 

• Final rupture, about 2 mm in length, was ductile. 
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Rail 
Sample 
Number 

TABLE 15. (Continued) 

Low-Magnification Observations 

006 • The length of the fatigue-crack zone was ~25 mm. 

• Several cleavage facets were located a short distance from the 
notch tip. 

• Some scattered cleavage facets were located throughout the fa­
tigue-crack zone to a crack length of ~12 mm. Beyond 12 mm, 
the amount of cleavage fracture increased rapidly to more than 
50 percent at the termination of the fatigue-crack zone. From 
17 to 25 mm of crack length there was some tendency for cleav­
age to concentrate in apparent arrest zones. 

• The fatigue-crack zone seemed to terminate by a gradual tran­
sition from fatigue to cleavage fracture over the last 13 mm 
of fatigue-crack length and was followed by unstable cleavage 
fracture. 

• Final rupture, about 0.5 mm or less in length, was ductile. 

001 • The length of the fatigue-crack zone was ~21 mm. 

• Some cleavage facets were located in the area of the notch tip. 
However, fracture-surface features were partially obliterated 
by corrosion. 

• Some scattered cleavage facets were located throughout the fa­
tigue-crack zone to a crack length of ~10 mm. The amount of 
cleavage increased between 10 and 21 mm of crack length. 
Cleavage tended to be concentrated in ~3 arrest zones between 
15 and 19 mm of crack length. 

• The fatigue-crack zone terminated in a rapid transition from 
fatigue to cleavage over the last 6 mm of fatigue-crack length. 

• Final rupture, less than 0.5 mm in length, was ductile. 

024 • The length of the fatigue-crack zone was ~25 mm. 

• Very little cleavage was located in or near the notch tip. 
• Some scattered cleavage facets were located throughout the fa­

tigue-crack zone to a crack length of ~13 mm. Beyond 13 mm, 
cleavage occurred in increasing amounts. 

• The fatigue-crack zone terminated in a rapid transition from 
fatigue to cleavage over the last 7 - 8 mm of crack length. 

• Final rupture, ~1.5 mm in length, was ductile. 
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Fractographic studies of the six rails using electron microscopy are 
incomplete. Initial scanning electron microscopic (SEM) examinations resulted in 
some confusion with respect to the interpretation of detailed fracture features. 
Similar difficulties were encountered during replication transmission electron 
microscopic (RTEM) examinations. However, it is anticipated that continued exam­
inations by both-techniques will bring clarification. 

Observations of the fracture surface at the tip of the notch (the fatigue 
precrack origin) made during SEM examinations of the six rails are shown in Figures 
25 through 30. Cleavage facets, indicated by the letter "C" in the figures, are 
apparent in some cases. Fatigue striations do not seem to be discernible at the 
lower magnifications. The features which appear to be bubbles at the top and to 
the right in most of the micrographs are globules of molten metal on the electri­
cal discharge machined surface of each test specimen. The globules are most 
evident in Figure 30. 

Two SEM views of an area of the fracture surface located 0.17 inch from 
the notch tip of Sample 002 are shown in Figure 31. The views are considered to 
be typical of the appearance of the fracture surface areas of most of the samples 
when using the SEM. Note the fibrous striated brittle appearance of the crack 
surface. The lines in Figure 31 appear to be fatigue striations but they are 
actually pearlite lamellae on the fracture surface. Note the similarity between 
the pearlite interlamellar spacing shown in Figure 23(a) at 5000X magnification 
and the spacing of the lines in Figure 31 at 5000X magnification. 

Some random RTEM views of fracture surfaces are shown in Figures 32 
through 35. The RTEM micrograph in Figure 32 has an appearance similar to the 
SEM micrograph in Figure 31; however, the magnifications differ by a factor of 
4. Some striations observed in Sample 004 which appear to be clearly fatigue 
striations are shown in Figure 33(a). These striations may be located in ferrite, 
since Sample 004 contained a high percentage of ferrite in the microstructure. On 
the other hand, similar striations in Figure 33(b) were observed on the fracture 
surface of Sample 030 which contained essentially no ferrite. 

Occasionally, cross-hatched lines were observed as shown in Figure 34. 
Since the replicas were shadowed in a direction toward the crack origin, the lines 
in Figure 34 most nearly perpendicular to the direction of shadowing are likely to 
be fatigue striations. (These are the striations running approximately up and 
down in Figure 34.) The other lines, those that are parallel to the direction of 
shadowing, are likely to be pearlite lamellae. 

The RTEM view presented in Figure 35 shows primarily cleavage fracturing. 
No evidence of ductile overload cracking has been observed in any of the fatigue 
fracture zones. 
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lOOX 

50 0X 

FIGURE 25. FRACTURE SURFACE OF SAMPLE 004 AT 
THE NOTCH TIP 

"C" denotes cleavage fracture. 
Tip of notch is at upper right. 
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50 0X 

FIGURE 26. FRACTURE SURFACE OF SAMPLE 002 AT 
THE NOTCH TIP 

·~·· denotes cleavage fracture. 
Tip of notch is at upper right. 
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FIGURE 27. FRACTURE SURFACE OF SAMPLE 030 AT 
THE NOTCH TIP 

"C" denotes cleavage fracture. 
Tip of notch is at upper right. 
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soox 

FIGURE 28. FRACTURE SURFACE OF SAMPLE 006 AT 
THE NOTCH TIP 

"C" denotes cleavagefracture. 
Tip of notch is at upper right. 
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50 0X 

FIGURE 29. FRACTURE SURFACE OF SAMPLE 001 AT 
THE NOTCH TIP 

Tip of notch is at upper right. 
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lOOX 

500X 

FIGURE 30. FRACTURE SURFACE OF SAMPLE 024 AT 
THE NOTCH TIP 

Tip of notch is at upper right. 
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lOOOX 

5000X 

FIGURE 31. FRACTURE SURFACE OF SAMPLE 002 0.17 INCH 
FROM THE NOTCH TIP, ~K~ 17 ksi-in.~ 
Compare lines at 5000X with Figure 23(a). 
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4000X 

FIGURE 32. FRACTURE SURFACE OF SAMPLE 024 
0.56 INCH FROM THE NOTCH TIP, 
I:::.K ~ 22 KSI-IN.~ 

Sample 004, 0.86 inch 
From Notch Tip, I:::.K ~ 
29 ksi-in. ~ 

9500X 

(b) Sample 030, 1.15 inches 
From Notch Tip, !:::.K ~ 43 
ksi-in.~ 

FIGURE 33. EXAMPLES OF FRACTURE SURFACE STRIATIONS 
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9500X 

FIGURE 34. CROSS-HATCHED LINE PATTERN -
SAMPLE 024, 1.21 INCHES FROM 
NOTCH TIP, Ll.K ~ 45 KSI-IN.~ 

2800X 

FIGURE 35. CLEAVAGE FRACTURE -
SAMPLE 024, 1.21 INCHES 
FROM NOTCH.!: TIP, Ll.K ~ 
45 KSI-IN, 2 
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The fractographic results obtained so far are in agreement with those 
reported in references 1 and 2. The two referenced publications indicate that 
the topography of the examined fatigue fractures is as complex with an irregular 
occurrence of striations, transgranular pearlite cracking, and some cleavage. 

The observation of a gradual increase in the amount of cleavage fracture 
is in agreement with other reports.(4 ,S) During Phase II of the program, quanti­
tative estimates will be made of the amount of cleavage encountered during the 
fatigue crack growth in various rail steels. 

The scattered cleavage facets observed close to the notch tip in various 
specimens will also be a point of further examination. A two-component mechanism 
for crack extension at very low growth rates was proposed in reference 6. This 
mechanism accounts for planar fracture damage (controlled by 6K) in favorably 
oriented grains, followed by failure of the unbroken grains (controlled by K ). max It is expected that the tests at different R-ratios and the threshold experiments 
may shed some further light on this matter. 

7.4. PROJECTED EXPERIMENTS FOR PHASE II 

The objective of Phase II is to obtain the more detailed information 
on fatigue-crack propagation necessary for the development of the failure model. 
As pointed out in the foregoing sections, this information will be generated for 
a limited number of rail samples. For this purpose, three groups of samples were 
selected with low, medium, and high crack propagation rates. It was attempted to 
compose each group of rail samples with nearly the same carbon and manganese 
content (Table 11). 

In addition to these three groups, other samples were to be selected 
for further testing on the basis of the data analysis. However, no clear-cut 
correlations with other properties as might appear from between fatigue-crack 
growth rates and metallurgical variables emerged. Therefore, the selection of the 
additional samples were somewhat arbitrary. The weak correlations found with 
carbon and manganese content, carbon equivalent, and fraction of pearlite were 
used as a starting point for the selection. 

The 10 samples chosen are listed in Table 16. Reasons for selection are 
indicated, and it is also shown in which growth rate category each sam~le would 
belong. Two additional experiments will be performed on each sample in order to 
obtain further information for the AID analysis. In addition, detailed metall­
ography and fractography will be performed on 20 samples used in Phase II. This 
work involved the determination of pearlite lamella size, pearlite colony size, 
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TABLE 16. SAMPLES SELECTED FOR .ADDITIONAL TESTING 

Rail 
Sample 
Number Category c Mn Reason for Selection 

004 I-II .61 .62 85% pearlite, high sulfur 
010 I .63 .74 90% pearlite, low sulfur 
014 I • 78 .74 low sulfur 
026 I .78 .94 low sulfur 
027 III .78 .87 low ratio, TYS/TUS 
037 II .72 .93 low sulfur 
038 III .57 1.48 93% pearlite, low c, high Mn 
040 I-II .58 .64 99/'o pearlite, low c, low Mn 
045 III . 65 .65 85% pearlite, low sulfur 
058 III .83 .84 heat treated 

TABLE 17. EXPERIMENTS IN PHASE III 

Number of 
Specimen Tests per 

Test Type Parameters Types Category 

Orientation 

Stress Ratio 

Temperature 

Surface Flaw 

Mixed Mode 

Threshold 

Variable Amplitude 

Orientations 

R = -1. 0, 0.5 

-40, +140 F 

R = 0, 0.5 

Frequency 2' 
R = 0, 75 F 

I-II, I-III 

R = -1. 0, 0, 

TL, SL 

20 Hz 

0.5 

CT 

CT, SEN 

CT 

SF 

Bend 

CT, SEN 

2 

8 

11 

2 

8 

2 

CT, SEN 10 

Total 43 

Total for 3 Categories 129 
Check tests on 10 additional samples listed in table 
R = 0, Orientation LT and TL 20 

Total Number of Tests 149 
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prior austenite grain size, inclusion content and fraction of various fracture 
mechanisms. This will permit an exercise of complex correlation functions as 
presented in reference 3. 

The test matrix for Phase II is presented in Table 17. The top part 
shows the detail testing to be performed on the three categories. The parameters 
for investigation are indicated. All this information will be used in the devel­
opment of the failure model. It requires 129 crack growth tests. 

The bottom part of Table 17 shows the experiments to be performed on 
the 10 additional samples listed in Table 16. ijence, a total of 149 experiments 
will be performed in Phase II. All experimental data will be used for a further 
evaluation with the AID program. 
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APPENDIX A 

BASELINE CRACK-GROWTH DATA 

The following tabulations present the crack length measurements and 
associated cycle count for the 66 material samples received for evaluation in 
this program. A total of 67 data sets are presented with a reproducibility 
demonstration provided in duplicate testing of Specimen Nos. 027 and 027A. Speci­
men No. 029A replaced Specimen No. 029 for which unanticipated crack growth to 
failure occurred during an untended cycling period. 

These crack growth data sets are presented sequentially in ascending 
order of sample number. The first measurement point represents the precrack length 
on the specimen surface after crack initiation and generation out of the chevron 
notch. The final crack length represents the last crack length that could be mon­
itored by visual following with a traveling microscope. 

Note: Specimen 27 was cycled at 2 kips, Specimen 46 at 5 kips, Specime:~ 

58 at 4.5 kips. All other specimens were cycled at 2.5 kips. R = 0 for all tests. 

A-1 



CRACK 
LENGTH, 
A, INCH 

CYCL.t 
COUNT, 

N, KC 

---------··------
----------·--·-·· 

,910 
,Q47 

1.~21 
1.~ol2l 
1,1ftl5 
1,1.35 
1,11:J6 
1,238 
1,31{19 
1,347 
1,394 
1,476 
1,532 
1,!'192 
1,622 
1,648 
1,713 
1,745 
1,769 
1,843 
?..137 
2,162 

470,1i'ili:l 
!540.~0 
,1121.00 
672,11!0 
7~111.00 
800,0!0 
9~~.~~ 

100!11, (~0 
1102,(1!0 
11511!,tl!0 
12~lli'l,QI0 
12b0,0~ 
128~,1i10 

131d~.~ftl 
1306,t11~ 

1312,'1~ 

132~.~0 
1323.~0 
1326.~"-l 
1327,31d 
1327.35 
1327,57 

CRACK 
Lt:N~TH, 
A, INCH 

CVCLt: 
CUUNT, 

N, KC 

-----------------SI-'EC!MEN 0Vl2 __ R _____________ _ 

,Y3b 
,Y81d 

1. ~21 
1.11182 
1.122 
1.17111 
1,224 
1,29b 
1,..)5o 
1,43:;, 
1,492 
l.b2ti 
1. b61fJ 
1,oe-1o 
1,b54 
1.1111~ 

1.75J 
1,78Y 
1.1:!04 
l.l:!?.b 
l.t:l5~ 
1 • YliH; 
1,!:164 
1,~811 

A-2 

3511.1.!10 
39V1.011l 
431(1,1.10 
47111 .. 00 
bllllr'.~0 
b31tl,00 
!:>6~.~-ll~ 

!)9~.1:.'10 

6111.1.1111 
b3i11,1{l(;1 
b411,11'-' 
645,i£10 
650.110 
o55.VI~ 
6tiV!,i111l 
o64,~0 
o6/,1:Hl 
o69.~~ 
b7111.0!11 
671.00 
67J.VI0 
67~.1.10 
677.00 
677,19 

CRACK 
LENGTH, 
A, INCH 

CYCLE 
COUNT, 

N, I< C 

~----------------

-----------------
,974 

1.~45 
1.11189 
1 • 1 J 1 
1,118 
1.254 
1.324 
1,3Y5 
1,462 
l • 515 
1.588 
1,,;28 
1. 681 
1. 594 
1.741 
1,77?J 
1.807 
1.869 
1. 885 

265,00 
310100 
3411!,00 
37111,00 
400,00 
430,1210 
4b0,013 
465,00 
475,00 
480,010 
4b!5 ,IIJ0 
4!:!7,rllf0 
489,00 
490!,00 
491,36 
492,00 
492,50 
493,0(0 
493,05 



C:RACK 
LFNGTH, 
A, I NCI-4 

CYCLE 
COUNT, 

N, 1\ C 

·---·------------SPE.C!Mt:.N 0\(.'14 

---------··-·---· 
.933 

1.~19 
1.1~7 
1,171i'J 
1.~!>2 
1,316 
1. 4 45 
l 0 521 
i,5!>3 
t,!'itS3 
1,b~IA 

t.~o8 

1 • 7 14 
1,737 
!,7HVI 
1,A27 
1,8::,1 
l.Cil8 
2 ,l?li.:16 
2, V'I<UA 

2b0,1iH:1 
4i10,00 
5~~.1i'lel 
55Cll,t:llll 
61ll0,01ll 
631'1,~1-l 
571l!,li'JII) 
68!5.~0 
690,01ll 
65i!5,1?10 
70~,01.1 

71.?l5,1i'J¥'J 
71CI!.~k1 
71~.(1!0 

71~.1i'lk1 
717,P!eJ 
71A.~el 

72(1!,1-l'-1 
722,H1 
7~2.21 

CRACK 
Lt:NGTH, 
A, INCH 

CYCLt. 
COUNT, 

N, K C 

-----------------SPEC I MEN 1!:H1!> · 

·----------~-----
.!100 
.9811 

1.~41 
1,1(.1711'1 
1.~9~ 

1. 13/ 
1,197 
1,230 
1,28" 
1.J2·' 
1,J6j 
1.424 
1.46\1 
1.5?4 
1.b11!! 
1,o'l<!!! 
1,o9b 
1./~:J 
1,790 
l.<;lil 
l.b84 
1.~11:i 
l.fJ54 

A-3 

22b,v1PI 
Jt1'1!1,v1~ 

J51!),"'~ 
J75,0VI 
40~.Vlld 

43~.i:'10 
41'}kf • i-HI 
48t1,itH'I 
!>~ld.~H'I 

oto.e~~ 
!';)31(1. ~10 

o4o,lt1VI 
o55.~1Ll 
5 1'i ':>, M1 
o7:,.~H~ 

o8v'J,k1C'i 
!>82 oillt'1 

o8·4,,1V'I 
!';)H:).~H~ 

o~o.~t~lA 

!>8b,t)~ 

oHl.L1~ 

5"7.o2 

CI'(AI,;I< 
LENGTH, 
A, INCH 

CYCLE 
COUNT, 

N, K C 

---------------·G 
----------------~ 

,8!:16 
.QJ8 
.998 

1.0l55 
1 .117 
1,152 
1.212 
1.2!:11 
1,41.14 
1,54C'l 
1,5/~ 

1,6118 
1.638 
1.6~fi 

l,ri7? 
1,6<18 
1.7166 
1,7J3 
1.7~7 
1,8.2(!1 
1,875 
1. Q l7 
1.945 
1.tio3 

2blil,t:l0 
40Q!,Vllt'l 
51o11i!.li'l!t 
6k)P!,Iil~ 

litH~.~~~~ 
760,00 
82P!,00 
BdOI,('i)b 
QJOI,Pi!(l 
965,00 
97t'l,VI!tl 
975,0i6 
978.~W 
9~~. \h; 
9tl(l,(ill{! 

984.~0 
91:16. 0~j 
9tHI 0 0fl\ 
9!ll1.Vl\Cl 
9Y2,0f0 
993,3b 
9!:14,01 
9SI4Q22 
9!:14. ;?•: 



r:IHCK 
Lt:NGTH, 
J\, INC1'1 

CYCLE 
COUN1', 

N, KC 

--~---------···-· 5PE:CIMi:.N 007 

--~-------------~ 
,918 
,9b5 
,986 

1,0'111!4 
1,eltlA 
1,0'198 
1.1~3 
1.210 
1,2f:lA 
1.3C!3 
t,392 
!,443 
1.4~5 
1.~59 
1,6105 
1,632 
t,6b6 
1.722 
t.7e3 
1.821 
t,B82 
1,921 
1,9::>1 
1,9i'I(J 
1.9~4 
2,~H12 

4110,00 
460,Vl0 
520."0 
50~,1110 
7~0,Vl~ 
8iil!;,,0f(J 
900,0~ 

1000,C!Iill 
11i21r!!,012l 
1160,011 
1~40,121ft:l 

1270,1211.1 
1290,li'lfll 
13lli'l,lil~ 
1320.1i'lfll 
1325,riH1 
133111,li'IIO 
1335,01() 
1338,111~ 

1341,0!10 
1343,V1~ 
1344,0~ 

1344,5~ 
1345,1/1~ 

1~4!5,!:110 
1345,55 

CRACK 
Lt:.NGTH, 
A, INCH 

CYCLt:. 
COUNT, 

N, K C 

-----------------SPECIMEN v1elo 

------·----··----
,94((.) 
,!JB~ 

1.~3:> 
1.~6d 
1.104 
1.134 
1.17 d 
1.2'-B 
1.267 
l.Jhl 
1.JtH1 
1.42!:> 
1.4~d 
l,bV!J 
1. bl'ivJ 
1.t>6d 
1.734 
1,171 
l,H1t) 
l.d44 
1.i:l9o 
1.!:i3v1 
" • 1.-l ~;:) 

A-4 

l30.~(1l 

175 ,1.11.1 
21"'.~'1(., 

235.110 
260.!/.Jel 
28(;,100 
JlVJ.I!l0 
34~,. VJ0 
J61tl,~VI 
381!3. ilJ(}I 

4~Vl,liH~ 

420,v.llli 
43(!i,l.11li 
44vJ,I!10 
45loiaVl 
46tl.~H'i 
47ill.ill(JI 
472.i1H~ 
474,00 
47J,i(JV'I 
47o.lllf11 
477.11H1 
477.78 

CRACK 
LENGTH, 
A, INCH 

CYCI.E 
COUNT, 

N, t< C 

-----------·-----
-----------·---·-

,913 
l.~lil2 
1,0t:i9 
1.143 
1.220 
1.369 
1,5~4 
1,566 
1.607 
1,644 
1,667 
1,720 
1.733 
1,8.;6 

32t11,00 
460,0!ll 
5t;~,01a 
640,00 
700,00 
78o.!,fiHl 
82QI,010 
830,010 
834,00 
836,0111 
837,0kl 
838,1i.1"' 
838,31a 
838,74 



Cf\At.K 
LfNGiH 1 

A, INCH 

CYCLE 
COUNT, 

N, J(.C 

-----------------
-----------------

,919 
,972 
,9:t3 

1,17132 
1.Pib5 
1 • 11'.1 4 
1,143 
1.1~~ 
1.~29 
1.()~3 
1 • 36 1 
1 • 4Jfl 
!,4tl2 
1,!SJ7 
1,!'57171 
1.6~6 
1,643 
1,69VI 
1,727 
1,717 
1,83!; 
1,869 
l • 9it.1 f; 

1 • g 61 
2.V'I~7 

2,i'192 

::>.' il'l4 

175,0~ 
215,0~ 
24!5,rli0 
275,0(:1 
:300,0(:1 
325.~11) 
351ll,0!ll 
375,011l 
40tl1,0!ll 
425,1Z0 
45PI ,liH' 
47PI,C'll1 
48111,00 
49171,1?!~ 

49!5,111el 
tlitlV'!,Ii!IO 
51:?!5,0!ll 
512!.li'll.1 
!514,1lH1 
!'518,1:1lfc1 
521,1?!(,1 
522,51.1 
524,0v) 
52!5,50 
527.~fc1 
527,6.) 
527,69 

CR.AC" 
Lt::.Nt;TH, 
A, lNCH 

L.:Y CLt 
COUNT, 

N, KC 

--~~-------------SPECIMEN illll 

--~--------------
,!,i21t.l 
.~54 
,981 

1,r.13o 
1 • 111 
1.19d 
1.~30 
1.~8/ 
1,334 
l.J9i:! 
1,43!,i 
1 0 464 
1,494 
1,::>31 
1.::>74 
l.n2o 
1,b6itl 
1.7fi.lJ 
1.o1J 
1,1:)6!) 
"·Vl04 
2, vL~b 

A-5 

205,1.10 
25ftl.llllll 
.. HH", rMII 
.335.~111 
41i'1~ 0 ~HII 

46VI.~H'I 

48~. ~lVl 
!)O!VI,Vt111 
b1b,l!llil 
b31/1,0111 
54lil,00 
54!),0111 
!::lbV!,vH~ 

!:>50,itH~ 

!)6~."'~ 
o6o.rt1~ 
!:>68.1..10 
!:>71.11lfa 
!>74,\iHl 
574,65 
tl74,135 
o74.~9 

CRAI,.K 
LENGTH, 
A, INCH 

CYCLE 
COUNT, 

N, K C 

--~--------·--··· SPt.C!"1E::.N li'l12 

-----------------
,923 

l,V12V'I 
1,0!94 
1.199 
1,341 
1,392 
1,423 
1,4b4 
1,513 
1,545 
1 • 58 6 
1,6 .. )1 

1.6~6 
1,736 
1. 776 
1,818 
1,878 

165,00 
221'1!,01'.1 
2cl'!,0~ 
305,0Vl 
34~.£llltl 
3otll.~~ 
3!::>5,011 
36CII,Vlb 
3o5,0~ 

3b8,010 
371,0i-:J 
374,1i!fll 
377,0VJ 
379,0[6 
31H'I,01t 
38t,~H1 
3tst.8C1 



CRACI< 
LENGTH, 
A, iNCH 

CVCL.f. 
COUNT, 

N, KC 

--··-------······ SPECIMtN 01:5 

~-------·-···-··· 
,927 
.9!15 

1,0:C4 
1,005 
1.~75 
1,100 
1,121 
t,148 
1,21(13 
1.252 
1.316 
t.~nrl! 
1,4211! 
1.470 
1.530 
1.61:11 
t.6o4 
1.710 
1. 734 
t,77'A 
1. 810 
t.858 
1,915 
t,SHi7 
2,P14 
~.0bP! 
2,U6 

13!5.00 
16!5,00 
18DJ, PH:l 
200,00 
210. 0~ 
220,00 
230,1210 
24121,0111 
260,11l10 
281!1,00 
300,00 
31!'5.~~ 
33111,00 
:54111,11'0 
3!50,00 
361'J,r.?J(cj 
36!5,20 
370,1110 
37;,,00 
375,00 
371.00 
379,DJ~ 
381,1!10 
382,50 
383,510 
384,41tl 
384.90 

CRACK 
Lt.NbTH, 
;. r INCH 

CYCLE 
COUNT, 

N, KC 

------------~---· SPECIMEN 1014 

·----~---------~-
.~to 

l,laQI1 
lald5M 
1.12J 
1.201~ 
1.J47 
1.521 
1.b14 
1.o9.) 
1.117 
1.7!57 
l.l7'd 
1,79~ 
l,ti41 
1,ij7!) 
1,914 
l.Y64 

A-6 

2710.110 
3511.1.00 
40~.00 
451d.~0 

0011:!.1110 
o5b.00 
!)91-!.~Vl 
bDI2,110 
61ft1.1ilrll 
ot2.1cllil 
bl4.k'O! 
61!l,0PI 
bl0,0DI 
b17.k10 
bl!:f,00 
bl8,!>7 
blS.~6 

Clo(ACK 
LENGTH, 
A, INCH 

CYCLE 
COUNT, 

N, K C: 

-~---------··---· SPE:.CIMEN 015 

-----------------
,92~ 
,974 

1.014 
1,009 
1.11d5 
1,143 
1,190 
1.246 
1. 216 
1,318 
1,372 
1,433 
1,465 
1,5io\l2 
1.5J9 
1,5H8 
1.642 
1.7169 
1,737 
1. 796 
1.838 
1,872 
1,930 
2,0~Hl 

160,00 
220,0~ 
26111,0"' 
300,010 
34tll.l1llo 
3tH~,0fll 
420,01d 
460.00 
4!10,010 
520,01d 
5501,010 
570,00 
58~.00 
590 • IHl 
t:illl0.00 
610,00 
620,00 
64:!8,010 
632,00 
636,00 
638,00 
64111.00 
641,50 
641.68 



r:kACK 
LENr.TH, 
A, I r~ C h 

CYCL.E 
COUNT, 

N, "c 
-----------------

t,V'il-:1~ 

l • 1 ~ 2 
1.tt:2 
1. 1 9 2 
1~247 
1.~19 
1. 3 !:l7 
1,442 
1 • 5 ~ 1 
1,5;)7 
1,5!;1~ 

1,£1.:15 
t,fl!.l5 
1,728 
t , 7 I~ 
l,RV!7 
1. 8J 5 
1.~!)5 

16til,lil0 
21:1~,VIIt1 

2 HI, til Ill 
~20.010 
2J5,vH1 
250J.V'I0 
26!5,011 
275.~1i.l 
2B5,0k'! 
2!.11:'1,0i1 
295,01t1 
3~1.1'111() 
3~4.Qt0 
3~6. ~11!1 

31tlA,t?!i.l 
311:'1,(11~ 

31r?l,51c:) 
310.74 

CRACI\ 
Lt:.NGTH, 
A, INCH 

CVC.:LE 
CUUNT, 

N, KC 

-·--------~-----· SPECIMEN ~17 

----------------· 
,!J4/ 
,Y97 

l,lll2J 
l,v15J 
1,11)80: 
1.11\1? 
1.154 
1,2111!.> 
1,25o 
l,J2(! 

11,J~Y 

1 0 47 4 
1,';)71 
l,o4/ 
1.7lil4 
l,/3b 
1.79d 
l.b2/ 
l,tl4Y 
l,of:ib 
1.M9ti 
1. 1:14 4 

A-7 

155,11Vl 
1AV1,\1CA 
2VlV1.v1lil 
22~1.0k~ 

24t-1,1(}Vl 
C!Fi0,0£'1 
~:90,1!1£'1 

J 2 V1,11H'l 
J5\ll,\IICII 
38ia ,IH'l 
4111!),0£'1 
431/.l,~VI 
4 !:hl ,lt'JV! 
46L·l ,1110 
465,1111il 
467,101il 
46!:1,Wt)l 
4Fibi,J~ 
469,6V1 
47VJ,It1~ 

471'1.16 
471c1.lb 

CRACK 
LENGTH, 
A, INCH 

CYCLE:. 
COUNT, 

N, KC 

-----------·-----
-----------------

,811)1 
,8J5 
• 871 
,91!11 
,9Jii 
,9/f. 

l.OJ24 
l.el~4 
1,2~a7 
1.3~13 

1 • 3 i:! 7 
1,4;:2 
1,4b3 
1. 4~ 2 
1 • 51:i 2 
t,5o5 
1. 617 
1.~61 
1,722 
1,7tlY 
1,8J2 
1,9LQ3 
1,9;23 

41:15.~~ 
611)~.0ill 
7iiH/I, 0~; 
Bill~,l:'llt:l 
Yli.l~ 1 f..Hl 

10~l'l,011l 
111lJ[IJ,01!) 
1 :?~H'I. 0W:J 
l~h:10.0~ 
13!:ll'l.li:l~ 
13!:Hll,ltl~ 
13SiPI,01i:l 
141llPI.0~ 

14~5.111 
14lli'l,lillr1 
1416,01tl 
1421.\llltl 
1425,010 
14JO!,Il!lt:l 
14J2.!)1i:1 
1433,71£1 
1434,60 
1434,67 



C:RAC:I< 
LENGTH, 
A, INCH 

C:YC:L.E 
COUNT. 

N, KC 
--~--·-········--
SP~CIMEN 01g 
--·-----······--· 

,Q27 
,9&1:1 

1,0J4 
1.~1:12 
1,12~ 
1,171 
1,230 
t,28C'I 
1,326 
1,363 
1,430 
1. 511 
1.15~5 
1,633 
1,870 
1,710 
t,7b2 
1,847 
1,904 
1,t'IJ0 

270,00 
320,0fd 
371,00 
42Cll,00 
470,00 
520,00 
!570,PI0 
tH0, 00 
1540,00 
670,011) 
70('1,00 
730,1710 
7!50,0!c1 
75!5,QJIO 
760,Pifd 
7~!5,00 
769,f'Jitl 
772,C'I0 
772,58 
772' 86 

CRACK 
LENGTH, 
A, INCH 

LVCLE. 
COUNT, 

N, KC 

---~--------·-~--SPECIMEN 102~ 

------------·---· 
.81~ 
• 8.4k'l 
,883 
.!J21 
,!:179 

1.071 
1.22~ 
1.28b 
t.J34 
1.381 
1,39!> 
1,.4C'I~ 

1,471 
1.~2~ 
1,!>77 
1.b01() 
1.b21) 
1.657 
1.b9J 
1.73:C 
1.776 
l,b32 
1.984 
2.VJ14 

874t.Vi0 
9200,00 
9740,100 

11-'14(.1,00 
106~f!l.011l 

11230.00 
11720,00 
11830,00 
111:190.""" 
11930,0121 
1194(l),(d"' 
11951i1.1i10 
1198~.00 
1200Lil,l()~ 
12(l)1~.1i10 

121i121i1,00 
12025,00 
121030.00 
12103~.1i10 
t2L141.!1.vH'I 
121i143,1i1~ 
12f.:l45,!1l0 
12045,70 
12V14b,00 

A-8 

CRACK 
LENGTH, 
A, INCH 

CYCLE 
COUNT, 

N, K C: 

--~---~--------·-SPtClMEN 12121 

----···--·-·---~-
,980 
,997 

1,025 
1. 060 
t .102 
t.1~0 
1.194 
1,3116 
1,342 
1,398 
1,443 
1.497 
1,!501 
1,592 
1.618 
1,642 
1,682 
1.718 
1,7ti1 
1,822 
1,859 
1,898 
1,962 
2,010 
2,0126 

21tl8,00 
230,00 
260,00 
300,00 
350,00 
4fd0,1'110 
450,00 
!520,01t1 
540,00 
560,011:1 
576,00 
593,00 
6icH! ,00 
fi1!5,011J 
620,01/J 
62!5,00 
630,010 
635,010 
640. vHIJ 
645,0kl 
648,0kl 
650,010 
652,CI!IO 
652,70 
652,74 



Eio~Al..K 

LFI'Jr.lH, 
A, I NOi 

CYCLE 
COUNT, 

N, KC 

-----------------
-------~-----··--

,938 
,9ts7 

1.~42 
1,Vlb4 
1.~~8 

1. 122 
1. 171 
1.~44 

1,30tl 
1,375 
1,4509 
1,4!i5 
'. !ib 4 
1,63~ 
1.6~4 
1,7i-13 
1,722 
1,74~ 
1,764 
1,7B3 
t,7!J7 
1.8~9 
1,8Y1 
1.9~9 
2,Cil41 
2.~5i?l 

305. (i'tl/l 
3~HI,0~ 

460l,ti'l~ 

5~0.~0 
560,00 
560. ~J0 
77~.0Cd 
8~01.111~ 
93!7!,!:Hl 

10011J,Iil0 
1l'l50.~0 
1110,l'l0 
1140.~0 
116tll,l'l~ 
1170,V11£l 
1174.~0 
1178,(11/l 
1182,CIII£l 
1166.~0 
119t'!,tllld 
11!~2.1211.1 
1196,V11£l 
l20ti1,V!I!J 
1201.7~ 
1202,3J 
1202,34 

L.RACK 
L,tNf,Trl, 
A, lNCH 

CYCLt:. 
Cli!JNT, 

t-J, KC 

-----------------
·-----------·---~ 

,93o 
1,"-li111 
1.~15(; 

1.121 
1.191<1 
l.~!lv.J 
1.33d 
l,44b 
l.tl""J 
l.b"'l1 
l,o2o 
1,o61 
1,/V'l2 
1,73~ 
1 ,/4 4 
1,767 
1,/91 
l.dlJ 
1.d5~ 
1. ~):):;, 
1 • ~3~1 

A-9 

131i.l.~0 
15(1,vJV1 
t711.01!J 

,191i.l,li.lPI 
21vl,0C'! 
eJv1, it.HII 
e5i1,vH1 
27~.1i'li'l 

2811l.l10 
;.(91tl,lt'J0 
29J,vH!I 
<dH> ,1/lV'I 
29d,0Vl 
3~111.00 

J ~ 1 • lilt!) 
.)02.1110 
jV1J.~~ 

;)014.~iel 

31il4.7111 
Jltl!>.43 
J'1o.49 

Cf.<ACK 
!..ENG1H, 
A, INCH 

CYCLE 
COUNT, 

N, KC 

------------~----SPtCIMI:.N V'l~4 

--~---~----------
,7!12 
.812 
,840 
,8b5 
,8lj7 
,916 
,965 

t,t'll9 
1,070 
1,127 
1.218 
1,289 
1.426 
1,547 
1 • 572 
1,601 
1.626 
1.6:>~ 
1,697 
1. 7 02 
1,800 
1. 924 

322.4[0 
400.01{1 
srae~.01.1 
t51!)C,. ()!~, 

711V'1.0v.J 
8(('JCII.Qlf.1 
9blil,.0VJ 

lhJr?J,(ll~ 

1211)0."'1li 
13~1?1.t'llt1 
14icHIJ,.Ci'l[t) 
14b0.~~ 
15110.V'IVJ 
1520.010 
15e!4,.0i1 
1528.Pif.1 
15J2.V'IVJ 
15J~.V'III) 
15J8.V'Ii6 
1541.00 
1542,60 
1542,65 



CRACK 
LENGTH, 
A, lNCFi 

CVCLE 
COUNT, 

N, K t 

---~---···----··· SPtCIMEN 025 
-----·--········-

,942 
1,058 
1,0!94 
1, U!9 
1,166 
1.2111 
f 1239 
1,2d1 
1,:523 
1,372 
1,423 
t,4b4 
1,548 
1,625 
1,668 
1,7;)9 
2,11111 

133,0~ 
170,00 
180,00 
190,0~ 
2111A,L'H'l 
21"",00 
220,0kl 
23PI,00 
24(1),01'/l 
250,00 
260,00 
270,01'/l 
280,00 
290,00 
29S,""0 
300.00 
304,0~ 

CRACK 
Lk:NGTH, 
A., iNCH 

CYCLE: 
COUNT, 

N, KC 

·---------------· SPECIMEN 112b 

-----------------
,791 
,831 
.~81 
,91~ 
.~79 

1.~3J 
1.~94 
1,145 
1.21J 
1.271d 
1,J3o 
1.382 
1.43:) 
1.466 
1,497 
1.:l5J 
1,::182 
1.ti1::i 
lob4(! 
1,b901 
1,751 
1.794 

A-10 

24~.(1!0 

34~oi,01i1 
440,1'il0 
5C/!~.~11l 
61l.!(il,k'0 
o5~olr:H1 
7010,vHJ 
730."0 
76~.~:Hl 
lBVJ.~~ 
8CIIV1,l1Cll 
b11{1,00 
b2~.~0 
825,il!rll 
b30,0CII 
b3o,ll!0 
b38,11:10 
841.1!10 
!;44,011'1 
b47,VJCI! 
dbV),(llli! 
852,1110 

C~ACK 
LENGTH, 
A, INCH 

CYCLE 
COUNT, 

N, KC 

SPtClMt:N C/!27 

~-----------·----
,921 
,970 

1.019 
1,054 
1,liii6 
1 1 1d4 
1. 2 4 5 
1,297 
1,362 
1.451 
1.511 
1.555 
1.615 
1,657 
1.714 
1,7o3 
1,7b9 
1,886 
1,922 

3250,010 
3485,00 
3775,00 
3975,0113 
42ill0,010 
4475.0~ 
46!)0,01.1 
4750,016 
4860,00 
4940,00 
4970,00 
4990,00 
5010!,00 
!)Q!2C11,0Ill 
olil30,01il 
5035,0[1) 
!)040,01d 
5045,00 
5046,016 



CRACI( 
I.E NGTH, 
A, I~,;CH 

CYCLE 
COUNT, 

N, KC 

·-------·--······ SPEClMEN 0~7A 

--------···-····~ 
,928 
,98~ 

1,1112~ 

1,07& 
1,139 
t,21c'llil 
t,249 
1,2&9 
1,343 
1,421 
1,542 
1,!578 
1,'51()9 
1,b311 
1,668 
1.7~2 
1,763 
1,811J2 
1,833 
1.8~8 
1,9((16 
1,925 

450,00 
550,00 
65f'll,0~ 

8~0,00 
9e;0,0~ 

1U:Hll,0~ 
1200,00 
1280,0f.ll 
1350,t'H1 
1400,00 
145Ql,00 
1460,00 
14ts!5,00 
1470,11.10 
147!5,t'llt1 
1480,00 
148!5,0lc1 
1487,00 
1488,00 
1489,00 
1490,00 
1490,17 

CRACK 
Lt.Nl>TH, 
A, INCH 

CVCLI:. 
CuUNT, 

N, KC 

-----------------SPECIMEN kl2b 

-----------------
• 911'1 
~Y4d 
,Y8Y 

1.142 
1.220 
1.267 
1.J31 
1,361) 
1,4filJ 
1,441) 
1,48~ 

1.!>1!il 
1.541 
1.564 
1.59v.l 
1,62J 
l.o6i1J 
l.l~J 
1,731 
1,75o 
1.79d 
1.ts21 
l,t;77 
1.~04 
1,934 
:.!,1311 

A-ll 

o61,r110 
7~1c1.k10 
791(J,~H'l 

1070,00 
1160,00 
121i11c1,1(J~ 

1~35,100 
1251£'1,1{)0 
1265,00 
1.C80~~1?.1 
12911'.~0 
LHl0,tl0 
1Jitl5.0l!l 
1J1V1,(,if.1 
1J1o.t"' 
13210,11~ 

132ti,IOCIJ 
1.33~.11'11 
1332.t>0 
1.33!>.~0 
tJ3ts,oli1 
1J4lll,\1t'l 
1J42,0L'I 
1343.1()0 
lJ44.kl0 
1;)46.!>#::> 

CJ.<ALK 
LfNGTH, 
A, iNCH 

CYCLE 
COUNT, 

N, KC 

-----------··----~Pt::.ClMtN 17129A 

-----------·-----
.914 
,9t>8 

1,0Jit::l8 
1,"142 
1,1'180 
1,1iH~9 

1,1b1 
1,214 
1,27~ 

1,3!>9 
1,458 
1,61.18 
1,744 
1.7113 
1,820 
1,8J5 
1,8!>8 
1,887 
1,920 
1,9!>1 
1. 9o5 

731'!,00 
900,PIIiJ 

111PI,00 
1270.~10 
14:lC11,11!0 
15J0,00 
1730,00 
1880,1iHl 
2000,00 
2150,01d 
22ti0,0k? 
23id5,01il 
2325,01i! 
2327.50 
2329,00 
233CII,0k! 
233C!I,B0 
2331.10 
2331.5kl 
2332,lll0 
i233~.07 



CRACK 
LFNGTH, 
A, INCH 

C:YC:L.E 
(.OUNT, 

N, KC 

····---······-··· 
ilPt':CIM~N 030 

-------·········· 
,794 
,854 
,Q23 
,Q70 

t,PIIt17 
t,V'\42 
1,L'!86 
1,13~ 
1,179 
1,239 
t,2b~ 
1,321 
1,38~ 
1,435 
1,5(1(.11 
1.534 
1,!§b8 
t.e~7 
1,1532 
1,15b2 
1.694 
1,741 
t,77fi 
t.8~4 
1,841 
1.858 
1,88~ 
1,94!5 
2,014 

30!5,0~ 
4fll!5,0fll 
480,00 
!520,00 
!540,1110 
!560,1iH1 
!58111,00 
lH10, 0ill 
e20,rH1 
640,00 
5!)0,00 
66!5,00 
580,0111 
!HHI, ~~: 
71110,PH1 
70!5,111111 
71~.00 

71!5,0111 
718,1111d 
721,00 
7241,1110 
727.11H1 
72g,00 
730,0111 
731,01d 
732,0.1111 
733,00 
733,!50 
733,?7 

Cj:UC~ 

LENuTrl, 
A, lNl,H 

CYCLE:. 
COIJNT, 

N 1 KC 

----------·------SPECIMEN 1.131 

------------·----
,11122 
,Q8!) 

1,1112J 
~.04ij 

l.ld7c 
1,11'199 
1. U?d 
1,153 
1.177 
1,236 
1,35d 
1,43/ 
1,493 
1,!)2~ 

1,!>7.., 
l,b27 
l.bao 
1.711 
1,160 
1,8CIIID 
l,b2Y 
1,tH'i1 
1.~4c 
1,Y7/ 
2,~HI1 

A-12 

250,1110 
3213,11l0 
35~.0V'I 
38~.00 
411c:l.ltl0 
450.1111'1 
tl~i11.0QI 

tl51t1,0tll 
b~ll!.lll"' 
701ll.Vlel 
tH~It1 1 00 
85~.~QI 
87~.0~ 
8811,1.111 
t:!9VJ,00 
!J02,k'J0 
!111,111'1 
91f>.~Hl 
612Vloi110 
92.3.~tll 

!:12!:>.00 
!:1?7.ell?! 
!:12d,!)l'l 
92t;.ts7 
1:12~.!.12 

CRAI,;K 
LENGTH, 
A 1' fii..I,..U 
"", J.l.,\-4fl 

cyc~E 
COUNT, 

f'~ I I( c 
----·------------!)Pt.ClMt.N 0J2 

---------·----··-
,7b5 
• 71:J7 
• B 11 
,8.33 
,BbQI 
,91o1Q! 
,941 
,984 

1,1'149 
1.125 
1,241 
1. 3:0 
1,381 
1,412 
1.448 
t,4c7 
1,539 
1 • 57 1 
1,598 
1,642 
1,6!:12 
1,7b1 
1,812 
1,8!:>9 
1 0 949 

300.00 
4(d0,00 
50CII,f.IJ0 
61t10,11lk1 
71tH11,k'rt.l 
800,010 
9(1)111,00 

1(llftlLli,0((J 
111r:l111,1'10 
12~PI,OIIO 
131.10.00 
1341'1,013 
13Mll,010 
137(ll,l'!~ 

13t!0,00 
t3Y0,ftH1 
14ftl111,P.!Io1 
14~6.00 
1410,0k! 
1415.0~ 
1420.00 
1425,0(1) 
1427,it1ltl 
1439.0(1) 
1429.35 



CRAC" 
LENGTH, 
A, !NCI-t 

CYCL.E 
COUNT, 

N, K C 

----------~----~-

-----------------
.9~3 

1,17!66 
1.1341 
1,169 
1.2~3 
1.226 
1.274 
1,326 
1,35117! 
t. 477 
1,523 
1,565 
1,6"-15 
1. 636 
1,6!:14 
1,676 
t,7[cl5 
1,738 
1,778 
1,82Q 
\. 8b5 
t,Q35 
1,94~ 

21!5,00 
3~0.0[,:) 
340,00 
3611!,01.1 
380,010 
400,11!0 
420,fiH1 
440,121[,:) 
460,011 
480.01/J 
4!i0.00 
4SH5 1 1i'!liJ 
502,010 
51H5 I 00 
508,00 
!5 u' 010 
512,CH:l 
514.01.1 
516,01t:l 
518,01.1 
519,011J 
!519,44 
!519,48 

CRACK 
Lt::Nl.TH, 
A, IN(.;H 

CYCLE 
COUNT, 

N, KC 

-----------------SPECIMEN lt134 

-----------------
,Y9!J 

l,vJ70 
1 • 11 k:l 
1.151 
1.19!:> 
1.24k1 
1.286 
1,J4'::1 
1.43J 
1.494 
1,::>4.) 
1.!;7!:> 
l.o~J 
1.o2i.1 
1.o51 
l.b8~ 
1.711 
1.141 
1,77'J 
1,b3Vl 
1.~62 

A-13 

18!'>,11)0 
231ll,l.11il 
250,110 
275.V10 
295,110 
,j15,0L'l 
33b,00 
.)5tl,IIJ0 
;)7!'>,11!0 
385,1110 
:.H~1.00 
_,q:;,0t-l 
398,100 
4l'l0,11!0 
402,!110 
41-14,r.H'I 
4"'~o.ttllll 

407,\i!CIJ 
408,00 
40!;1,1?0 
409,53 

CIH(.;K 
LtNGTH, 
A, INCH 

CYCl.E 
COUNT, 

N, KC 

-----------------!:iPt:.ClMEN 035 

~----------------
.940 

t,li'!IIJ3 
1,04!:1 
1,084 
1.138 
1. 1 b 7 
1 • 2 41 
1,311J6 
1,31::14 
1,4/9 
1.5~7 
1,5~4 

1,615 
1.654 
1. 677 
1,697 
1,719 
1,743 
1,7d2 
1,8;.15 
1,91()7 
1,944 
1. 9tH'! 
2.0121 

450J,rill£l 
601,00 
720,010 
850.00 
HHH~, !'ll0 
1150,010 
1300.ril0 
145111,00 
1600J.00 
1700,00 
17 .. H'I,0Ii:l 
1755,00 
1765. riHil 
1775,00 
17b0,0~ 
178!5,1i10 
1790J,I7lltl 
1795,~:'111l 
18[£)0,0~ 

180!5.00 
tB10! 1 VIIcl 
1811,0VJ 
1812,00 
1812,31 



CRACK 
LENGTH, 
A, It"CH 

CYCL.E 
COUNT, 

N, KC 

-------··-···-··-SPE.ClMt:.N 036 

·-·-----··-······ 
,964 

1,014 
1,055 
1, 'Hi5 
1. 121 
1,146 
1.1!.14 
1,235 
1. 296 
1, 353 
1,434 
1,!506 
1,564 
1,624 
1,6b8 
1,749 
1,7Q9 
1,843 
1,879 
1,932 
1,9Q4 

430 ,lUI 
!5 50, L'Hr) 
670,00 
80!5,00 
900,00 

1000,0iti 
1160,00 
1300,00 
1450,00 
1!550,00 
1650,00 
1700,!5(!1 
1730,00 
1750,00 
1761,11Htl 
177!5,0111 
1780,1iH! 
1783,1i'10 
178!5,00 
178!5,50 
1785,71 

CRACK 
LENGTH, 
A I INCH 

CYCLE 
COUNT, 

ill, KC 

--------~····----SPECIMEN ~37 

-·--------------· 
.~3lil 

1.~91!) 
l,rt13Y 
1,~6Y 
l.llil!:l 
1.141t1 
1.172 
1,207 
1,25!) 
l,lr!9b 
1,J54 
1,43111 
1,tl2~ 
1.~98 
l,o61 
l,b84 
1,70.,) 
1.77J 
1,d:?ld 
l.ts51 
1,Yli.IJ 
1,Y49 
:.I,~!H'll 

C! I HHj 

A-14 

245,0~ 

315,fll"' 
J6V',!O~ 

4~0.0111 
450,00 
501d,00 
551G1.~~ 
t>r.'l2,01!1 
titlil),fd0 
711().~0 
i'6fti,VJ~ 

b10,L'l0 
855,1.10 
t;8ftl,tc10 
895,1!10 
900,1110 
Y0(),[t10 
915.0111 
!:1211,W:H'I 
92J.~~ 
92tl,l(i0 
926.1/l~ 

927.~~ 
927.!:13 

CRACK 
LENGTH, 
A, INCH 

CYCL.E 
COUNT, 

N, I< C 

-----~~--------·· SPcC!MtN 038 

·-------------··-
,934 
,9!;16 

1. 036 
1,1'169 
1,11113 
1,145 
1,1li7 
1,204 
1,314 
1,365 
1,411)8 
1.446 
1.5~1 
1,572 
1,t5J7 
1.6~6 
1,745 
1,7/2 
1,811)6 
1, 8!:>6 
1, 8b5 
1,926 
1,9b2 
2,QI20 
2,1J5 

3fcl0,0fll 
385.010 
450,00 
515,00 
580,011:1 
660,00 
7501,00 
8:>0,01£1 
950,00 

1030,00 
11011'1,010 
117111,00 
1240,1110 
1301?1,00 
1345,00 
1375,0111 
13!H5,!l!0 
14~5.1110 
1415,11H1 
1425,00 
1430,011) 
1435,0[cl 
1437,51.!1 
1438,62 
1439,5~ 



CRACK 
LENGTH, 
A, INCH 

cvr.L.E 
COUNT, 

N, KC 
-~------·······-~ 
SPt:.CIMEN 039 

----------·-····· 
,938 

1.025 
1 1 CII64 
1,083 
1,128 
1. 1 b 1 
1.215 
1. 270 
1,344 
1,384 
1,429 
1,478 
1,!538 
1,6~4 
1,633 
1,661 
1,15&17 
1.742 
1. 7flt 
1. 877 
1,915 
1,9:55 
2,012 
?,036 

280,00 
400,11!0 
47!'1,0iil 
!520,00 
620,00 
700,11!0 
800,00 
900,00 

1000,00 
1050. 0~ 
1UH'I,0121 
114111,00 
1180,00 
1210.00 
12211!,00 
1230,00 
1240,00 
1250,00 
1260,1110 
127111,00 
1273,00 
127!5,00 
1276,85 
1276,90 

CRACK 
LI:.NGTH, 
A, INCH 

CYCLE 
COUNT, 

N, KC 

SPECIMEN ~4Vi 

-----------------
,98!> 

1.~84 
1.122 
1.15~ 
1,1R!:I 
1.4:!21 
1.25J 
1e286 
1.J22 
1.J9ij 
1~!)7!1 
1.b23 
1.656 
1.t>9J 
1.747 
1.t:i12 
1.875 
1,!J46 
1.957 

A-15 

174.fdfd 
230.001 
255,00 
27b.li:l0 
30fll.00 
32~.1111i'l 
341.1,00 
3611.00 
380,011.1 
415,li!llll 
470.~0 
478.00 
484.00 
490,00 
497,1110 
502,1cl0 
!)015,fr:l0 
506,50 
5~6.58 

ClUCK 
LENGTH, 
A, INCH 

CVCL.E 
COUNT, 

N, KC 

-------~-------·· 5Pf:.C1MEN 041 

·-·--·---·-------
,9215 
,979 

1,026 
1,066 
1.110 
1,148 
1,11Hi 
1,253 
1,322 
1,386 
1,434 
1,487 
1,540 
1,5o9 
1,5Q3 
1,631 
1,672 
1.733 
1,782 
1,825 
1,8o9 
1,911.)6 
1,950 
2,011 
2,1'!71 
2,147 
2,1bt'l 

31.!12,0k:l 
40"1,00 
5!ll2,011:1 
600,00 
70111,0kl 
Blil111,00 
9fc:1PI,0k> 

10~H'!,00 
10801,010 
1151,00 
11!iH~,11il 
1220,01.1 
1241,00 
12:)2,00 
1260,0~ 
1270,0~ 
1280,00 
12g0,00 
12g7,01tl 
1302,0kl 
1311:15,00 
13k'!7,1110 
1309,00 
1311.00 
1312.2fr:l 
1313,20 
1~H3,47 



Cf(ACK 
LF.NGTH, 
A., INCH 

CYCL.E 
COUNT, 

N; KC 

~------··-·····--SPt:.CIMtN 042 

---------·-··----
,942 
,975 

1.013 
t,0b5 
1.120 
1.1~9 
1,264 
1,338 
1,397 
1,456 
1,493 
t,514 
1,537 
1,570 
1,6~4 
1,6()5 
1,728 
1,764 
1,81d8 
1,842 
1,929 
1,955 

212,00 
3~4.01d 
40A,01i' 
50!5,010 
eu ,1110 
700,00 
760,00 
810 1 A0 
840,00 
861l1,0!a 
871,00 
876,00 
881,00 
887,00 
8~4,00 

90111, I!Hl 
90!5,00 
908,00 
911,0!a 
913,00 
913,61tl 
913,67 

CRACK 
L.ENGTH, 
A, INCH 

CYCLE. 
COUNT, 

N, KC 

-----------------Sio'ECIMEN ~43 

-----------------
.~51 

1.000 
1.~3~ 
1.~71d 
1,fti97 
1.1511) 
l,;HH! 
1.~4~ 
1,294 
1,34~ 

1,407 
1,467 
1,551 
1.59:il 
l,b21(.l 
1.b4:) 
l,b7~ 

1,70d 
1,74!.1 
1,79J 
1,856 
1,891 
1.~44 

1,9910 
2,id51ll 

A-16 

145,1:'l0 
1AeJ,00 
2Cll5,00 
230.~0 
255,1.10 
3v.l0,itH" 
345,1(10 
380,11l0 
411!.1.00 
441.1,11!0 
465,1!1171 
485,01,1 
o12.~0 
~20.0fll 
b25,V,10 
530,1110 
!:>35.~0 
54111,00 
545,1.117.1 
o5~.~" 
!>5!),00 
557,1110 
!>!58,b1 
559,5\ 
o60,52 

CkACK 
Lf:t~GIIi, 
A, INCH 

CYCL.E 
COUNT, 

N, KC 

-----~-----·-··-· SPI:.ClMtN 044 

-~---------·-···· 
,949 

1 • "'l 1 
1,17.167 
1.122 
1,182 
1,229 
1,266 
1.319 
1,356 
1,394 
1,455 
1,4SHI'I 
1.~43 
1,51;6 
1,6;;7 
1,684 
1,721 
l. 7 42 
1,779 
1,824 
1 I ~H 9 
1.951 

211/1,00 
300,00 
4~111,0~ 

4!Hl!,00 
581?1,00 
640,0111 
680,1110 
710. 0{1! 
730,00 
7!>0,1/Jkl 
7701,01a 
780,1110 
7917J,C!lla 
795,0(0 
81d0,0{1l 
802,51D 
804,00 
81d!5,00 
81iH:!,5kl 
808,00 
809,00 
809,23 



CRACK 
L.ENGTH, 
A, tNCH 

C:YCL.E 
COUNT, 

N1 KC 

---------······-· SPECIMEN 04~ 

--·------···-···· 
,946 
,987 

1. 029 
1,0b2 
1.115 
1,161 
1,211l7 
1,264 
1,32~ 
1,3!17 
1. 4 71 
1. 522 
1,!574 
t,f.H18 
1. 6b5 
1, 6B6 
1. 73~ 
1. 778 
1. 848 
1.9~2 
1. 969 
~.0b1 
2,U6 

250,00 
400,P.I0 
550,00 
650,00 
800,00 
900,t'lel 

1000,00 
1100,0~ 

1180,00 
1270,010 
1330,011! 
1360,0111 
138!5,00 
140tll,[ill0 
1415,00 
142~.00 
143f5,0rtJ 
144!5,00 
1455,00 
14bA 1 0fll 
1463,1?10 
146!5,01£'1 
146!'5,157 

CRACK 
Lf:.NGTH, 
A, INCH 

CYCLE: 
COUNT, 

N, KC 

-----------------SPE(;IMEN 1.146 

------------·-·--
,88!) 
,~;8:) 

,893 
,902 
,92/ 
,984 

1. rtHH 
1,14~ 

1,181 
1,263 
1.361 
1.410 
1,451 
1,47~ 

l,b"'/ 
1,55!> 
1,595 

900.00 
to50,0P~ 

18(!1(!1,0" 
190!0.00 
211iH1,1:1tll 
230(d,0QI 
2b01.1.00 
26Cll0. 001 
26511!,1.10 
270(11,0~ 

2731/l,llll?l 
2736,~0 
2742,1l!0 
U44,o0 
274b,40 
2747.11?1 
2747,62 

A-17 

CRACK 
LENGTH, 
A, lNCn 

CYCLE 
COUNT, 

N 1 KC 

------~----·--·-· SPt::C:lMI:.N 047 

·----~-----·----· 
,909 
,946 
, 9tH'! 

1,018 
1,035 
1,071 
1 • 1\:l 2 
1.138 
l,lf.lt'l 
1,274 
1,329 
1,432 
1,486 
1,519 
1.5b2 
1.6ld9 
1,649 
1,695 
1,709 
1,81.11 
1,8!:>3 
1~895 
1.939 
1,981 

37~.00 
525,00 
7011!,00 
9k10.11'1~ 

1000,00 
120tll,00 
1350,00 
15~t.HlJ,00 
17160,00 
190111,0kl 
2000,00 
211.10.11!~ 
4:!1.S5,00 
21b!11,0~ 
2170,00 
218!5.0(0 
21!15,010 
2205,00 
2215,0t'J 
:222t'1,010 
:.:!22!5,01{1 
2228,00 
2230,1~ 
22.)0,73 



CRACK 
LFIIIGTI-I, 
A, !NCH 

CYCL.E 
COUNT, 

N; KC 

--~--------······ SPEClMt.N 048 

--------~-·-···--
,891 
,914 
,Q43 
,979 

1,033 
1,0194 
1,10~ 

1.212 
1,2b3 
1.3~1 
1,408 
1,4ti4 
1,541 
t,5n 
1,61d4 
1,641 
1,6b2 
1.7~0 
1.7~8 
1,7tl3 
t,811l9 
t.~J5 
1.A~2 
1,948 
2.~o1 
2,M1 

18!5,00 
21~.00 
2~1.01tl 
2!1111,00 
340,010 
31:1111, 01d 
41111,00 
440,01il 
46!5,11!0 
48!5,010 
5f!1111 1 1H1 
!5HJ,00 
!52!5,010 
!530,(1)1!1 
!5~5,0"' 
!541!1,01i' 
54!5,00 
!5:50,01!1 
!552,51d 
!5~!5.01.:1 
!557,0~ 
5o9,~w 

!561,01!1 
5o2,0111 
5bJ,6!tl 
!5b3,64 

CRACK 
l,.t:.NGTH, 
A, l NCH 

CYCI,.t. 
COUNT, 

-----------------SPECIMEN VJ4Sf 

··---------------
.• !:11 .) 
.~84 

1,kl2!ll 
l,i'l!!id 
1,\19~ 
1.135 
1.17~ 
l.~:H 
1,271 
1 • .,)1t:i 
l,J8~ 
1,46i:l 
1,!:11~ 
1,!>6.) 
1,b2C! 
1,o6.) 
1.1~!1 
1,77!::) 
l,bll 
1,o6:> 
1.~~1 
1,93~ 

l.S~64 
:.::.~'l2:> 

A-18 

2611).~0 

J314.00 
39~,00 
43td,l!l0 
4711,[1)1{) 
!>31{),11)~ 

b71ll,l(l0 
o20.i00 
o5v.J,ft10 
o8v.l,0(11 
71'1.1:1~ 
741-'.~1.1 
/51t1,1tl~ 

76~J.i£10! 
171£l,it)C/I 
77 5. Vl0 
781l!,ld~ 

785.~H" 
787.~it'l 
789,1110 
791tl.~Ci! 

7 91.00 
792,111~ 

7q2,!>9 

CRACK 
LENGTH, 
A, INCH 

CYCL.E 
COUNT, 

N; KC 

---·--~----------SPt:.ClMEN 050 

---------------·· 
,926 
,979 

1,023 
1,0!Y4 
1,1e>4 
1,2112 
1.2::>7 
1.3J5 
1,392 
1,4!::13 
1,4Y3 
1,5J8 
1,5/6 
1,624 
t.otsa 
1,731 
1,7c3 
1,811l2 
1,8~0 

1.912 
1,9i:l7 

2ij5,010 
510.00 
7ft!J0,00 
910. 0~ 

112!50,0!0 
1125,01cl 
1200!,00 
1275,0~ 
1~H5,0k! 
134!5,00 
1360,0~ 
137!5,00 
1385,01£1 
13615,1110 
141(}!5,0~ 
1410!,0[.1 
1413,010 
141ti,VJI() 
1419,010 
1421,01tl 
1421.76 



CRACK 
L.ENGTI-1, 
A, INC:t1 

CVC:L.E 
COUNT, 

N, KC 

---------····-·-· SPt:.CIMt:.N 051 

-----------------
,921 
,945 
,Q73 
,Q!.I2 

1.~.)3 

1,CII92 
1,178 
1,259 
1,313 
t.3b2 
1.39" 
1,41:>2 
1,516 
1,5b6 
1. 641(! 
1,674 
1.72~ 
1.7bf5 
1,R12 
1,9d7 

~6!5,00 
66~,01r1 
8tH5,01cl 

1ellll0. Ci'lltl 
1272,010 
1!50(1.1,00 
1730,0(d 
1880,0lfll 
1Q4G'I,0i.1 
197Q!,00 
201!li2!,0VI 
204A,~kl 
21!160,01cl 
2076.~1cl 
2085,01o1 
~090,0((1 

2095,0~ 
2098,!111() 
2Uii1,01o1 
~11i!lil,6B 

CRACK 
LeNGTH, 
A, INCH 

CYCLE. 
COUNT, 

---------------~-SPECHIF.N ~52 

----------------· 
.881:! 
,94!:) 
.~BY 

1.1o14~ 
1,080:! 
1.117 
1. t3o 
1,170 
1.~3J 
1,27!:1 
1.~2() 
l.JB4 
1,43J 
l.481ll 
l,tJ31 
1,!:>8J 
1.65!) 
1.719 
1,77VJ 
l.t:i2J 
1,b9~ 

1.954 
~.~!34 
;(,t-1~J 

A-19 

~75,(d0 

37!>,"0 
45~.1t10 
tl41(J,(d0 
ortlli.), vHII 
b55.00 
7~0.~0 
760,00 
b2L1 0 ~;H11 

!:!fH:J,k'J0 
b90,00 
!:120,11!0 
94k'l,lll0 
f.J5o.i!ifll 
!:17~.11'1 
Y81:1,t?JV'l 
991!1.00 
!i;97,1tlV.'I 

HJPl~.llll)l 

1~1i15.V-10 

1~iilo.lt:H~ 
1i109.1ll0 
lvJ~~.o3 
11/J!'l ~ • 0 5 

CRACK 
LENGTH, 
A, l NCH 

CYCL.E 
COUNT, 

~~, K C 

-----------------SPt:.ClMEN 121o3 

·-------------·--
,9.j7 
,9!110 

1,019 
1,007 
1,~Y8 

1,113 
1,149 
1,216 
1, 2/[!1 
1,361 
1,4b7 
1.540 
1. 57 0 
1.5Y5 
1,6j7 
1. 677 
1,7J1 
1.772 
1,818 
1.8()3 
1.8~3 

415,01d 
5¥l5,0kl 
61d0.1'10 
700,00 
800,0~ 
9!)111.00 

105PI,0~ 

1160,1h:l 
12UJ,00 
12o2,eHl 
1285,00 
12§15,111~ 
1311l0,0~ 
13r.:l5,0~ 
131C'!,0~ 
1315,010 
132PI,011 
13C!3,011 
1325.0r.:l 
1326,511 
1326.~b 



CkAL.t< 
LEI'lGTH, 
A, !N(H 

CYCi..E 
COUNT, 

N, !l.C 

---------·-----·-SPHLHt:.N 054 

---------········ 
,9ii!4 
,9!>1 
, 9tH 

1 • 011 
1,0J9 
1.~'!71 
1.1~5 
1. 17 ~ 
t,2b3 
1,32! 
1,3b5 
1,4J1 
1.!1"'"' 
1,5b7 
1,60:!~ 
1,fi!l4 
1.7~1 
1. 73~ 
t,7bl 
\,8.,7 
1,872 
1,936 
2. O'll!i9 
?,Vlb8 

17!5,0111 
3~0.0~ 

440. "'~' 
!537,00 
610,0id 
7fr10,00 
82~.0[.1 

93~.~0 
1075,01ll 
1155,illr.1 
1205,..,~ 
12tHl,010 
1300'1,01l) 
133~.1llkl 
134111,01£1 
13~0'1."'111 
13o0.~ki 
1365,1110 
137111,011) 
l375,01c1 
1380,0ir1 
13c2,"'1ll 
1382,48 
1382,4!.1 

CRACI'. 
LtNGTH, 
A; INLH 

CYCLt 
CUIJNT, 

"'_ ocr . ~ , ........ 

----~------------SPEtlMEN ~5!:> 

-----------------
,!:121 
,$)bb 

lok1~4 

l,illAo 
l.V~So 
1,1311 
1ol9id 
1.0:!34 
1.~Yo 

t.Jo-1 
l,JRd 
1.45.) 
1.49J 
1.!>57 
1.tlfl./ 
1.o71 
1.7V'I4 
1.74~ 

1.b~O 

l,t$410 
1,06.) 
1.~·1/ 
1.~7':J 
~.lll31 

l64,~VI 

~511,11111 

J2b,lll~ 

424,11~ 

!l~H.0111 

bli.1,1l)~ 

i'1 d ,IIHl 
dvl-1.~0 
~1iil,[dlil 

!:J8..1,v:1f..i 
1v•3lll. k• ~ 
l~cJ91(1,1t)0 

1121.1,1111-1 
111'1V1,io111 
1181-1,110 
1~VIVl.VlV1 

1C:::ll'l.i1fill 
1 ~ ~ V:lo ~1 ~ 

1~30.111~ 

1 £3 4. <1 ~ 
1£37,'£)0 
1 C:' 4 ;..1. 11 ~ 
U4t,o8 
1~41,!il 

A-20 

CRALl< 
L.f::.r..GlH, 
A; !I'ICH 

CYCLE 
COuNT, 

N; 1'-,C 

-----------------
-----------------

,914 
,9b4 

1,tllk:i7 
1,1{146 
t,c;,y8 
1 • 1 J 5 
1 • 1 c 8 
1.2.37 
1,2Y3 
1,3!11 
1,41£)'# 
1,4/9 
1,514 
1,541 
1 • 511 
1,6id9 
1. 657 
1. 715 
1. 7 ofll 
1,81~ 
1,Ao4 
1.921 
2.~k:i2 

4~~.0[/l 

610.~~ 
8101,1l!kl 

10212!,0el 
122~.01() 
1340,0~ 
l4b5,0~ 
157121.~'Hil 

1675·""' 
17ot'1,~0 
181C~,0fll 
1845,00 
1800,flllll 
1870,0~ 
18cH'I,011l 
18!iltll,010 
19~(11,011) 

1&110,010 
1915,010 
192Pt,0ki 
19~3,0~ 
19215,0k:l 
1~27,43 



CRACK 
LENGTH, 
A, INCh 

CYCL.E 
COUNT, 

N, KC 

------·--···-----:)PECIMt:.N 057 

---------··-·----
,9~1 
,9~8 
,9o3 
,999 

1,1?148 
1.CI!~9 
1. 1 ~ 5 
1,203 
1,21:>2 
1,3:1!~ 
1,4106 
1 • 4 7 t 
1,537 
1,!'5133 
1. 6J9 
1.6~1 
1,726 
1,7b1 
1,AJ4 
1,902 
1,9J6 
:?,1"111 

2tl~,01() 

33!5,01.1 
4~!5,t:JI~ 

~H:'lQ!,00 
6211!,PJII1 
7~5.~k.l 
846.~10 
9211!,01() 

1P.Iili~.PJ0 
lCHH'I, CIIVJ 
1120,010 
1150,t'JII1 
1170,0k.l 
118111,0~ 
11Yiil,l-11r:1 
11Sll5,0~ 
121()1il,P.IIi'J 
1205,0111 
1210,00 
121~.0~ 
1214,0!d 
1:?14,34 

r.;RACr<. 
Lt:.NGTM, 
A., !NCH 

CYCLE:: 
CuUNT, 

"-· W' r~ ,, ' ~'"" 

-----------------SPELIMEN ~5b 

-----------------
,!1110 
.~3~ 
,994 

1 I 114 
1.17.,) 
1.19!::> 
l.t!3vJ 
1.~4/ 
1.2810 
1. :.H 7 
1.360 
1,421() 
1,45J 
1,49J 
1.~72 
l.ol~ 

A-21 

olillt1,~0 
b~ 5. ~10 
700.~itl 
816.0111 
85itl,0Vl 
tH3QI,(IJ~ 

871(),1i10 
d810 0 1ilVI 
890.~1il 
9~1r:l.lr:1itl 
911(),1()0 
921d.00 
Y2o.lll0 
931!!.10~ 
!134,Vlt.-l 
934,71il 

Ci-IACK 
LENGTH, 
;;.., INCH 

CYCLE 
COUNT, 

N, KC 

-----------------SPt.CIMt.N 0o9 

-----------------
,924 
,972 

1,1il39 
1,£"189 
1,142 
1 • 191 
1,243 
1. 289 
1. 346 
1,3~1 
1. 445 
1,5ia7 
1,569 
1,5!.14 
1,6J9 
1,6d9 
1,7/0 
1,7!.17 
1,847 
1. 898 
1.94VI 
1,991 
2,046 

410~,00 
500,1i'!kl 
665,2k1 
861,70 

1004,9k1 
12ij5,41o1 
191:16.00 
2246,8(c:l 
2413,0ft:l 
25~7.1~ 
2619,81.1 
2692,710 
27!>3.910 
2778,310 
28!1l9,21cl 
28J3,8kl 
2863,50 
2811'11,10 
2877. 6(d 

281;2,7~ 
281;5.11() 
28ts5.8fl) 
2886,31lJ 



CRACK 
LFNGTH, 
A, !1\IC~i 

CYCL.E 
COUNT, 

N, I< C 

SPE.C l Ht::~J 0b0 

------------·----
,9b8 

1,t1112 
1."'tl7 
1.125 
1.178 
1.224 
1. 277 
1.343 
1.37ti 
1.414 
1.467 
1.498 
1.51:!6 
1. 512 
1. 617 
1,673 
1.7~2 
l. 7 46 
1,7!cl4 
1,824 
1,9(!8 

141'1,00 
175,00 
231l1,01d 
260.~0 
2!1~.0kl 
31('1,01~1 

330,1¥i 
35\:'1,0~ 
3601,0l1 
37t-1.01i:l 
38~.0~ 
3ti!5,01il 
3QPJ,0fll 
395.~1(,1 

4i101,00 
40~.01V1 
411l7,00 
4~9,1iH:1 

4101,9VJ 
411,5~ 
412,47 

CRACI\ 
Ll:.NGTH, 
A, INCH 

CYCLt. 
COUNT, 

IIi, KC 

SPEC I r1EN .1151 

-----------------
,Y2v.l 
,f/51 
,99!:S 

lo115!l 
1.11.5 
1.181 
1,22J 
1.:&!71' 
1 •• ~411) 
1 • ..3715 
1o411b 
1.46() 
1.!.>2ij 
l,071ll 
l.b1J 
lob87 
1.721 
1.17~J 

1.~44 

1.~3~ 
2,~H1j 

A-22 

150.~0 
180,0PI 
2lklo00 
240,0~ 

27~.~0 
30~.11l0 
J20.0ill 
34~,(10 

J6~.d~ 
370.0~ 
J8v.J.~HI 

~90,1t!Vl 
4vlv1 olilk'l 
4~!>.~((! 

41.-.l.~fll 
41tl,!iH~ 
417.1{10 
41Y,Iclt.:'l 
421,1(10 
422.(,1111 
421:!.22 

CkACK 
LENGTH, 
A, INCH 

CYCLE 
COUNT, 

N, KC 

------------·----SPI::C!Mt:N t1b2 

----------------~ 
.9~7 
,9.38 
,990 

1,(1164 
1.~1i4 

t,tY2 
1. 277 
1 • 321 
1.3:56 
1,395 
1,441 
1,469 
1,51tlk'! 
1,5J? 
1,514 
1,613 
1,668 
l.lltl 
1,AIIl8 
1,8!:>2 
1.924 

170,ftHl 
205,11!10 
25!5,010 
3kl!5,0k1 
325, ~·Hl 
372,0k) 
400,01!::) 
41!5,~0 
42!5,010 
435.~~ 
445,11!0 
4!>QI,QIIll 
4!>5,110 
460,00 
46!5,00 
471?1,0k) 
47!5,0fd 
477,00 
479,01tJ 
479,50 
479,8~ 



C~ACK 

LFNGTH 1 

A, !NCM 

CYCLE 
COUNT, 

N, !<.C 

-----~---···---~-~Pt:.CIMtN 0b3 

---------···---·· 
,9J8 

1,013 
1.~59 
1,097 
1,1J3 
l ,17fi 
1.221 
1.27"/ 
1,343 
1.378 
' • 421 
1.4/V) 
1,!5:2f5 
1,!'lo9 
1,6114 
t,6o:~ 

1,71H 
1,741) 
1.8~1 
1,872 
1,969 
?,042 

140,011 
175,111111 
21.1",0111 
22l'l!,0f0 
24~.(}11£1 
260,00 
281'11,00 
31t.l0,0~ 
320,510 
330,0111 
34CII,QI0 
350,0ia 
36111,010 
36!5,00 
37CII,01.1 
37!5,01.1 
31:1C/1,11lk:l 
382.tlll!l 
31i14.011;1 
38!5,12Jf0 
385~51:1 
386,20 

(.;RACK 
Lt. N [; T H, 
A; IN~H 

CYCLt:. 
COUNT, 

N, KC 

SPECIMEN ~64 

-------------·--· 
.!.110 
,991 

1,1.144 
1,1t?9J 
1.14J 
1,190 
1.~43 
1,29t; 
l.J4~ 
1 • .)9!:1 
l.!>v.l.,) 
1~54b 
1.~90 
1,o4ti 
l,b9:l 
1.7511 
1,1;H.,7 
l,b4d 
1.~9/ 
1,951 
1,~9Y 

Ml!(e} 1 00 
t!ll4.01il 
994.~!il 

1149.4121 
1J12oll1 
145b,ld0 
1566,bli' 
1659.1~ 
11'-'3.8~ 
174J.blll 
1791.90 
1tH~4.b0 
tb1o.~V1 
1825,2QI 
1M3lot10 
lb3l.llil 
1t!41.71il 
184J,7~ 
1b4!>.30 
1d4!:>,SH'I 
1t!46.7fil 

A-23 

rl-< AU, 
LFNGTH, 
;.., INCH 

cvc:..E 
COUNT, 

N, 1'\ C 

SPt:.ClMt:.r~ 0o5 

---------·---·---
,9c1 
.95::? 
,996 

1,0J7 
1 • 12HHi 
1.1J5 
1.lb7 
1,2j5 
1. 285 
1.3Jo 
1,387 
1,448 
1,4d8 
1,544 
1,5b5 
1.6!:>7 
1. 711 
1.7~5 
1,8!)8 
1,8Y1 
1,9!)5 

28171.111~ 
416.0~ 
8011!.(1)!(1 

1083.30 
133!5.00 
1475.~10 
1616.00 
17~H'I.00 
1770.00 
1820.~0 
tBo4.01ll 
1882.50 
1897.0i' 
1912.80 
1920.5(() 
1931.40 
1938.11a 
1943.3~ 
1945.31{) 
1945.75 
1946.22 



CRACK CYCLE 
I.ENGTH, COUNT, 
A, INCH N, KC 

~ 

~----------------SPECif'li:.N 066 _____ " ___________ 

.912 l16Ci!,00 

.934 127"'.00 

.970 14t!OJ.00 
1.0fc17 17~0.01::1 
1.045 i!hJ0.0(d 
1.07fil 2.1 ~"'. 00 
1.097 2200.00 
1.125 2300.00 
1.169 260&1, 00 
1.224 283~,1210 

1,274 300~.00 
1,365 J145,00 
1.415 3191.0t1 
1,473 3232,00 
1.5~8 3250.00 
1.549 32o5,0121 
1.61::11 328'1 11 l!HI 
1,651 3290."0 
1.706 JJ00,00 
1.745 33~!5.00 
1.7Y7 3310.00 
1,84" 331~.00 
1.874 3315.10 
1.904 3316.5(d 
1,972 3318.00 
2,12173 3319,40 

A-24 



APPENDIX B 

REPORT OF INVENTIONS 

After a diligent review of the work performed to generate the 
aforementioned information, it is believed that no patentable innovation, 
or invention was made. 

However, this report does contain data on static strength and 
fatigue-crack-propagation properties of rail steels presently in use in 
the United States -data which is not widely available. Therefore, it is 
considered that the data base generated here, although still limited, is 
a unique compilation of importance for the improvement of safety and 
performance of railroads in the USA. 

220 copies 
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