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PREFACE

This report presents the results of the second 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 compu-
tational rail failure model described in part II of the final report. This
model, in conjunction with the results of ongoing studies on Engineering Stress
Analysis of Rails an@ 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 Railtroad Company, Chessie System, Denver
and Rio Grande Western Railroad Company, Penn Central Railroad Company, Southern
Pacific Transportation Company, an& Union Pacific Railroad Company) in acquiring
rail samples is gratefully acknowledged. The cooperation and assistance of

Mr. Roger Steele of TISC was of greét'value to the program.
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EXECUTIVE SUMMARY

This report fresents part of the results of a study om rail material
failure properties to better deflne fatlgue crack growth mechanisms in rail .
steel. This work was conducted as part of the Improved Track Structures
Research Program sponsored by the Federal Railroad Administration. ' The

results are presented in five: volumes entitled:

Fatigue Crack Propagation In Rail Steels - Interim Report
No. FRA/ORD-77-14,

f

Fatigue Crack Growth Properties of Rail Steels - Final Report -
" DOT-TSC-FRA-80-29

Prediction of Fatigue Crack Growth in Rail Steels - Fimal
Report - DOT-TSC-FRA-80-30

Cyclic Inelastic Deformation and Fatigue Resistance of a Rail
Steel: Experimental Results and Mathematical Models - Interim
Report DOT-TSC-FRA-80-28

Fracture and Crack Growth Behavior of Rail steels Under Mixed Mode

Loadings - Interim Report (in preparation)

The objective of the work described in this report was to obtain the

- experimental data to be used as input to the development of a predictive rail
ffailure model. Results of a total of 119 experiments are reported. Three

' categories of rdil steel, which exhlblted high, medium and low crack growth

rates, were evaluated for the effect of:

- Stress Ratio R (ratio of minimum to maximum stress in a loading

cycle).

- Pycling,frequency

- Specimen temperature

~ Specimen orientation

— Elliptical surface cracks

- Crack growth threshold value

- Mixed mode loading (combined tension and shear)

xi



Test specimens were horizontal and vertical sectiomns cut from the heéd of
the rails and were representative of transverse fissures in rail, horizontal
split heads and vertical split heads. Crack propagation lives up to 300 x 103
cycles were classified as Category I, high growth rates, lives of 300 - 700
X 103 cycles were classified as Category II, medium growth rates, and lives

greater than 700 x 103 cycles were classified as Category III, low growth rates.

The'effects of stress ratio R were determined in a series of constant‘
amplitude fatigue crack gfowth expériments at 30 Hz on single-edge notch’
specimens for R = -10.0, 0.0, and 0.5, and on compact tension specimens at’

2 Hz for R = 0.0.. The potential effect of cyeclic frequency was evaluated on
compact tension specimens cycled at 2 Hz and R = 0.0. This rate of cycling wééﬁ”
more than an order of magnitude lower than the other tests which were cycled

at 36 - 56 Hz. Temperature effects were determined under constant amplitude
loading at 40 Hz, at R = 0.0 and 0.5 at - 40°F, 68°F. Crack growth in'tﬁe
longitudinal and transverse directions was evaluated at 40 Hz, at 68°F for
R=0.0 and R = 0.5. Threshold experiments were conducted at three stress
'ratios (R =>—1.0, 0.0 and 0.5) to develop estimates of threshold stress
intensity levels, below which crack growth rates would asympototically approach
zero. Surface flaw crack-propagation experiments were performed to evaluate

~ the complex 2-dimensional cracking behavior typical of many in-service

embedded flaws. A series of mixed mode (Mode I-tension, Mode II-shear)

experiments were performed at ratio of KII/KI»= 0, 0.34, 0.73 and 00.

Based on the data bbtéined,-the folloﬁiﬁg'obserﬁéfibns_were made,
i) The stress ratio R has a significant effect on crack growth and AKth.
2) Temperature (through the range of rail service temperatures) has a
pronounced effect on crack growth. Generally, the effects of increased
temperature appear to reduce the slope of the da/dN vs. AK curve and
to increase the critical stress intensiﬁy limit at high crack growth
rates. ‘

- 3) The short transverse loaded specimens with the crack growing in the
longitudinal direction, representative of a vertical split head, grew
faster than the orientations for transverse fissure and horizontal
split head éamples for flaws subjected to equal crack.tip stress

intensities.

xii



4) The effect of frequency appeared to be insignificant in view of the
largé'inherent‘scatter in'crack-growth properties. _

5) In the_éurface flaw experiments, crack growth rates sideﬁisé across the
rail ﬁead through the width were higher than those through the thick-
ness or down through the head toward the web. '

6) The threshold asymptote,'under the test conditions described in this

- : -8
report, was reached at crack growth rates of 10  in/cycle.

7) Mixed mode (I/II) crack érowth could not be sustained under the ex-
perimental conditions used since the crack turned immediately to a
plane of pure mode I. Analytical models for mixed mode loading are
presented. These models show that the effect of model II loading is

iikely to be small for the mode I/II ratios expected during service.

These data were generated in view of a computationél crack-growth pre-
diction model for crack growth under rail service loading to be developed
later in this program. The results of this effort provided the data base to
develop the prediction model which is described in DOT-TSC-FRA-80-29
Prediction of Fatigue Crack Growth Properties In Rail Steels.

xiii.



" 1. INTRODUCTION

Prevention of failures of railroad rails relies on timely detection
of fatigue cracks. In order to establish safe inspection intervals, informa-
tion is required on the rate of growth of fatigue cracks in service. The

growth of cracks under service circumstances can be obtained from a predictive

" model, which in turn has to be based on fatigue crack growth data obtained in

the- laboratory. ,

" One portion of the Federal Railroad Administration's (FRA) Track
Performance Improvement Program is the development of a predictive‘rail failﬁre
model that‘enables a‘dete;mination of.oﬁtimal inspection periods through a
calculation of fatigue-crack—prbpagatioﬁ.behaviOrr The research reported here
concerns the second -phase of a prograﬁ to develop thé rail failure model.

The laboratory fatigue—crack—growth data used as an input to the pre-
dictive model should be obtaihed from a sufficiently large sample of rails in
order to manifest the statistical variability. 1In the first phase of the pro-
gram, data were generatea for 66 railfsamples of various ages, suﬁpliers,»and"
weights. The samples were taken from existing track from. all sections of the
United Stétes. Fatigue crack growth tests were performed under constant ampli-
tude loading with. zero minimum load (R=0); R is the ratio of minimum to maximum
stréss in a cycle). These results were reﬁorted in an Interim Report, Refer-
ence 1. A summary of the Phase L data is presented in Appendix B of this re-
port and also in Reference 2, .

( Actual cracks in rails develop under more compléx conditions than con-
stant amplitﬁde tension loading at R=0. They are subjected to stress histories
with varying amplitudes of combined tension and éhear (mixed mode), covering a
wide range of R ratios. Cracks can initiate in different sections of the rail
and have different orientations; they are internal flaws of predominantly
quasi-elliptical shape. WMoreover, the rail experiences varying temperatures,
which may affect the behavior of cracks. A predictive failure model should be
cognizant of these complex circumst;nces. Therefore, data are required on the.
influence of the various parameters on crack growth. Such data were generated
during the second phase'of the program, and they are combiled in the present

report.



Since it was prohibitive to perform all the experimentation on all
66 rail_materials of the first phase, three categories were selected for further

(1)

characterization , consisting of materials that exhibited high, medium and
low growth rates in the intial baseline crack growth experiments. These three
categories were evaluated for the effect of

- Stress ratio (R)

- Cyeling frequency

- Temperature

~ Specimen ofientation in the rail

~ Mixed mode loading

- Low stress cycling in the regime of the threshold for crack

growth

- Crack front curvature'(elliptical cracks) . .

Results of a total of 119 experiments are reported here.

In the third phase of the program the predictive failure model will be
developed. For this purpose, experiments will be performed under service-
simulation loading. On the basis of those exper iments, a crack growtﬁ integra-
tion model will be established that accounts for the variability of crack growth

as observed in the first and second phase of the program.

2. RAIL MATERTALS

4

A detailed description of tﬁe sample sources is presented in Appendix
B and Reference 1. The 66 samples were identified by numbers 001 through 066.
A summary will be preseﬁted here of the informaﬁion relevant to this phase of
the program. The same rail sample identification as in Reference 1 will be
used throughout this report, to facilitate acceés to the more detailed infor-

mation in Reference 1.

All rail samples used for the present experiments are listed in
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Table 1 in ascending order of crack propagation life- as determined in Phase 1.

' The crack propagation life is defined as the number of cycles required to

extend a crack in a compact temnsion specimen from l-inch to failure. - The

crack propagatlon life was- the basis for the categorlzatlon of the samples

d lives up to 300 x ].03 cycles were c1a551fied as Category I, (hlgh growth rates),

11ves of 300 - 700 X 103 were claSSlfled as Category II (medium growth rates),
and lives above 700 X 103 were classified as Category III (low growth rates).
1t should be noted that the selection of categories was arbltrary and that the
classification was based on only one test result per sample. _

The top three groups of samples in Table 1 for Categories'l, II, and
III were the samples used for the main ‘body of experiments. The fourth group
lists some samples of each category that were used for additional experiments
in a further attempt to evaluate the effect of other properties on the varia-
bility of fatlgue crack growth. The reasons for their selectlon is given in
the column, "Remarks". - The experlments performed on these materials were
simply a duplication of Phase I experiments on these samples for two orientations
of cracking, . |

Table'ltpresents the most important details for all samples. First

are given the weight and thevyeaf of production. Then follows the Carbon,

' Manganese, Sulfur and Oxygen content. 4lso, the primarytprocessing variables

are indicated, i.e., Control Cooled (CC) and Vacuum Degassed (Vac. Deg.).
Finally, the most important mechanical properties are given, vie Tensile
Ultimate Strength (TUS), Tensile Yield Strength (TYS), and the elongation for
a l-inch gage length. L

3, EXPERIMENTAL DETAILS

3.1 Specimens

The majority ofvthe-specimens were of the Compact Tension (CT) type.

Their dimensions are shown in Figure 1. The specimens were provided with a

1.650-inch deep chevron notch (0.900 inch from the load line). These specimens «

" were precracked in a Krause fatigue machine until a crack of about 0.1 inch

had formed. At this point the specimens contained a simulated fatigue crack

of about 1 inch (as measured from the load line, see Figure 1).



TABLE 1, CHARACTERISTICS OF RAIL SAMPLES USED FOR PRESENT EXPERIMENTS

Crack

growth

life .

1-inch Chemical g_qmpn“mn- . Processing Mechanical Processing

to : ’ . Vac. " Elonga- :

Sample failure Category Weight Year [H Mn S (1] cC Deg. TUS TYS tion . Remarks

10%- ’ - no - no % in

cycles 1ba/yd- wt % wt % wt %  ppm - + yes + yes ksi ksl 1-inch
016 150 1 133 1957 .81 .93 044 41 + - 138, 6 15.6 9.5
025 153 I 133 1966 .80 91 .016 28 + - 141.1 15.7 9.5
023 155 1 133 1957 .79 .92 .040 40 + - 135,1 77.3  10.5
030 197 1 119 1958 .80 .90 .028 53 - - - 76.8 -
013 216 1 127 1954 4 .89 .028 49 - - 129.3 72.8  12.5
002 270 B 85 1911 W74 .61 .134 47 - - 134.4 4.1 12,0
009 381 I 130 1929 .61 - 1.46 .039 57 - - 139.8 81.8 14.0
018 384 11 13 1953 5 .89 046 44 + ~ ~133.2 70,6 11,0
032 404 11 13 1953 .80 94 0,035 62 + - 139.5 80.0 12.0
021 419 1L . 133 1955 .79 .90 .024 43 + ~ 132.3 77.2 - 12,0
019 435 11 - 133 1965 74 .88 .038 37 + - 131,2 13.4 12,0
006 490 II 115 1974 Jd2 .97 ,028 24 - + 135.0 ‘71,2 11.0
024 495 11 133 1956 .81 .83 .030 27 + - 136.7 4.6 10.0
031 596 Il 13 1956 .79 +76 .022 51 - - 133.4 75,6 11.0

.
001 736 111 130 1929 .63 1.48 .022 98 - - 136.4 76.5 13,5
007 796 1§ 01 115 . 1974 .73 .93 .037 25 - + 135.8 20,0 12,0
022 803 11X 133 1956 .28 .87 .028 41 + - 130.7 76.0 13.0-
056 1150 111 132 1949 .80 .90 ,039 45 - - 136.0 72.6 9.5
035 1218 11X 115 1953 .76 .80 .028 27 + - 128.1 69.3 12.5
029 1256 9 0 SEEN 119 1958 JJ2 .89 .046 44 + - 125.5 61.7 12.0
036 1269 ) 494 112 1939 .75, .81 .016 56 - - 132.1 4.6 12,0
020 1302 111 119 1957 .15 .83 .033 kX - - 131.4 .72.0 11,0
Additignal Tescing

026 233 1 133 1957 .78 .94 .050 47 + - 135.0 4.4 11,0 Righ 8
060 247 1 124 1975 .80 .90 .013 48 o+ - 135.3 74.2 12,0 Low §
005 271 P £ 130° 1929 .63 1.36 L0313 53 - - 134.8 76.4 13.5 Low €, High Mn
017 288 1 133 1957 19 .85 048 44 + - 137.1 4.4 10.0 High §
040 323 141 100 1928 .58 .64 .030 37 - - 138.8 83.3 9.5 997% pearlite, Low C, Ma
028 " 536 11 ' 113 1953 .71 .90 022 68 + - 129,1 70.5 1l.5 95% pearlite, Low S
037 617 11 115 1943 .72 193 017 n + - 127.7 68.6 16.0 97% pearlite, Low §
0217 890 1 133 1956 .78 .87 .022 45 - - 136.4 69.4 10,0 Low Ratio TYS/TUS
045 1019 1284 110 1930 .65 .65 .027 330 - - - 66.0 -

35% pearlite, Low §
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FIGURE 1. COMPACT TENSION FATIGUE CRACK GROWTH SPECIMEN




CT specimens are not suitable for experiments with negative R-ratios,
(i.e., in cases where the minimum load in a‘cycle is compressive), since the
stress distribution in a CT specimen in compression bears no straightforward

relation to compressi&e stress distributions in rail. Therefore, the experi-
ments with negative R ratios were performed on Single Edge Notch (SEN) specimens,
itllustrated in Figure 2. In order to establish a basis of comparisom between.

* SEN specimens and CT specimens, a few experiments with zero R-ratio were also
run with SEN specimens. The SEN specimens were precracked in the same fatigue
machine they were subsequently tested in.

Figure 3 shows the Surface Flaw (SF) specimen. The starter notch
in these specimens was a semi-elliptical slot cut by means of Electric Dis-
charge Machining (EDM). The SF specimens were also precracked in the same
fatigue machine they were tested in. .

Specimens for Mixed-Mode (MM) loading were of the type shown in
Figure 4. .The location of the crack was varied in order to achieve different
combinations of temnsion and shear. Figure 5 shows the MM specimen in the
fatigue machine. Precracking was done prior to testing in the same machine.

' The orientations of the various specimen types within the rail are
shown in Figure 6. Three orientations were used for the CT specimens, namely,
LT, TL and SL. The first letter in these designations gives the direction of
loading with respect to the rail, i.e., Lomngitudinal (L), Transverse (T) and
Short Transverse (S). The second letter is the direction of crack growth, also
with respect to the rail. (Note that crack growth in LT specimens is repre-
sentative of a transverse fissure in a rail, crack growth in TL specimens is
representative of a horizontal split head crack growth, whereas the SL specimens
represent crack growth for a vertical split head). The orientation of the SEN
and MM specimens was LT, the orientation of the SF specimen was LS, as shown

_in Figure 6. ’

A matrix of all specimens tested is presented in Table 2. Rail
sample numbers are also indicated. Different specimens cut from one rail
sample are designated by sequential numbers after the sample identification,
i.e., Specimens 032-1, 032-2, 032-3 are three specimens from Sample 032.

Table 2 lists a total number of 99 experiments. Not included in Table 2 are
the additional tests on the last group of samples listed in Table 1. Those

samples were all tested in both LT and TL direction at R=0, which accounts
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~ FIGURE 4. MIXED MODE SPECIMEN
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TABLE 2. TEST MATRIX (SPECIMEN NUMBERS)

Type of :
Experiment Temp. Freq. Specimen Lategary 1 Category II Cat:gggry 48t
Or Orientation (°F) (Ilg) iz Type Re= -1 R=10 R = 0.5 R= -1 R=0 R = 0.5 R= -1 R=0 R= 0.5
TL =40 ' 40 33 © 016-1 016-2 8%2-% 0242 023-2 022-2
68 - 40 Ccr . 023-2 023-1 009-1 006-1 007-1 001-1
002-1 009-2 007-2
+140 40 CT 013-1 002-2 019-1 024-1 ‘020-2 022-1
SL 68 40 CT 016 029 022
LT -40 2 ct 002-2 . 031-1 | ' 029-2
40 CcT 013-2 023-2 - 006-2 009-2 . 001-2
030-2 .. 019-1 007-2
68 2 T ’ 002-1 035-1
036-1
4-30 SEN 016 030 013-1 013-2 009 019 035 029 036 020-1
023-1 016~1 031 006 020 022 007
024
-140 2 CT 030-1 031-2 029-1 020-1
40 cr 013-1 023-3 006-1 001-1 022-2
TL 30-50 030-1 030-1 031-1 031-1 029-1 029-1
Threshold &8 30-50 cr 016 016 ' 009 009 022 022
LT 68 30-50 SEN 013-1 018 024
Surface Flaw 68 20-30 SF 025-5 ' 021-5 : 056-1
025-6 021-6 056-2
Mixed Mode
KIIIK[ = 0 68 9 MM 013-1 018-1
. 024-1
KII/KI = 0.34 ' 016-1 018-2 001-1
l(]..lll(1 = 0.72 013-2 018-3 029-1
KII,KI = ® 013-3 018-4

009-1




for 20 experiments. This brings the grand total of experiments in Phase II

to 119 experiments.

. 3.2 Testing Procedures

Crack growth experiments on CT specimens were conducted in a 25-kip
capacity’electrohydfaulic servécontfoiléd fatigue machine. The testS'wefe
performed under constant. amplitude cyciic loading. The maximum load for the
experiments was 2500 pounds for all R-values. Cycling frequency was as indi-
cated in Table 2.

_All tests at room temperature were conducted in laboratory air kept
B at 68 F and 50 percent relative humidity. For the tests conducted at 140 F,
the specimen was surrounded by a closed chamber through which hot air was
circulated. For the tests at -40 F cold air (cooled by dry ice) was circu-
lated through the chamber. The nonambient temperatures were automatically
controlled to within + 3 F. The environmental chamber was provided with a
glass window to enable observation of the specimen and the crack.

' SEN and SF specimens were teéted in a 25-kip eléctrohydraulic fatigue
machine. The maximum load during constant amplitude cycling was 9000 pounds
for all R-ratios.: o

Threshold tests were performed in the same machine. Starting at
crack growth rates of about lO-6 inches per cycle, the load was reduced in
sters untii growth rates had decreased to approximately 10_9 inches per cycle.
SuBsequently, the load was increased stepwise to accelerate crack growth‘to
lO_6 inches per cycle. This procedure was repeated several times. The number
and sizes of the load steps will be given in the section on tests results.

Mixed mode experiments were conducted in a 23-kip fatigue machine of
the same type as described above. The loading principle is shown in Figures
4 and 5. ' ' '

- Two meth&ds of crack-length measurement were used. For about half
of the experiments, crack growth was megsured visually, using a 30 power
traveling microscope. The cracks were allowed to grow in increments of approxi--
mately 0.05 inch after which the test was stopped for an accurate crack size
measurement. Crack size was recorded as a function of the number of load

cycles.

13



In the other experiments crack size was recorded automatically by
means of a crack growth gage. The gage consisted of 20 parallel strands of
copper foil, adhesively bonded to the specimen, as illustrated in Figure 7.
The strands ran perpendicular to the crack at a spacing of 0.05-inch. When
the crack tip reached a strand, failure of the strand occurred, so that the
successive breakage of strands was a measure for crack growth.

Electric éurrent through the gage was affected by the failure of a
strand. This was detected by an electronic decoder and stored in the process
computer -in line with the fatigue machines. At the end of the test, the
- growth data could be retrieved from the computer for processing and analysis.
On several occasions the automatic crack growth records were compared with
visual crack size measurements and found satisfactory. Use of the crack gage

permitted continuation of experiments during off-work hours.

4. DATA PROCESSING AND DATA PRESENTATION

4.1 Crack Growth Rates

The crack growth records of CT and SEN specimens are not directly
comparable, nor are they directly applicable to the case of a crack in a rail.
The correlation between cracks of different types can only be made if crack
growth data can be expressed in a unique way, independent of the crack size,
the geometry and loa%i;g system. This can be done on the basis of the stress-

- (3 ' '

intensity factor, K.

The stresses at the tip of a crack can always be described as

_ K
cij = _/E;.fij(e) (4.1).

where oij (i = %x,y,2; jJ = %,y,2) represents the stregs in any direction, r
and 6 are polar coordinates originating at the crack tip. The_functions fij(e)
are known functions. Thus, Equation (4.1) shows that the stress field at the
tip is completely descriﬁed by the stress intensity factor, XK.

As shown in Figure 8, a crack can be subjected to three different
loading cases (modes). Tension loading is denoted as Mode I, in-plane shear

is Mode I1I, and out of plane shear is Mode III. Equation (4.1) is wvalid for

14
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FIGURE §. THREE MODES OF LOADING
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all three modes, except that the functions fij(e) are different for each mode,
but apart from that they are independent of geometry. Naturally, the stress

intensity factors for the three modes are different, yielding

o1 _ 11 _ IIr / ' ‘
%13 T Vo fip 1<9>’ %13 /2?? 13 11‘9% %3 T amr fyy 1@ 2

The general leadiﬁg case is a combination of Modes I, II, and TII;
the seresses can simply be,added. Mode I is technically the most important.
For this reason the subscript I is usually omitted for applications to fatigue
crack propagation. Thus, K without subscript is always referring to Mode I
loading.. , _ ' .

Stress intensity factors can be calculated for various types of cracks.

The general form for the expression of K is

= go/na } _ (4.3)

where a is the crack size, ¢ is the remote stress, and 8 is a geometry funcﬁion

Since the stress 1nten51ty factor describes the whole stress field by
_ Equatlon (4.1), the stress distribution at the tips of two different cracks will
be equal if the stress intensities have the same value. For example, for a case
where 8 = 1, two cracks differing by a factor of 4 in size woeld have the same
stress intensity if the remote stress for the large crack was half the remote
stress intensity of the small crack, and the two crack tips would carfy equal
stress fields. This suggests that the cracks would also behave in the same way,
i.e., show the same rate of growth. As a consequence fatigue crack growth rates
associated with different geometries can be compared on the basis of the stress
intensgity factor; equal K means equal growth rates, within the raﬁge of varia-
bility of crack growth rates of a given material.

The rate of crack growth per cycle is demoted by the derivative da/dN,

which is related to K by

€2 = £(AK) . ' : (4.4)

»

In this equation AK is the range of the stress intensity factor, obtained by

substituting Ao in Equation (4.3). In turn, Ac is the range over which the

17



remote stress varies during a load cycle.
If da/dN data are plotted as a functiom of AK on a double-logarithmic
graph paper the result is often a straight line. This suggests that

da _ o \g"

& : (4.5)

a commonly used expression in which C and n are constants. TFigure 9 presents
an illustration of this equation, using the data of 66 rail steel samples
tested at R = 0 in the first phase of this program(lz).

It is generally recognized that da/dN is dependent not only on the
range of stress, but also on the maximum stress in a cycle or the stress ratio
R (which-is equivalent). Also, there is generally an upswing of the rate of
crack growth towards the end of the test, because the failure conditions are
approached. Failure occurs when the stress intensity factor approaches a

critical value, K This is reflected in the following equation:

Ic*

_ n
da _ c AK

E (1-R)K 0K . (4.6)

Equation (4.6) accounts for the effect of R-ratio, and it shows that

Qa/dN becomes infinite when the stress intensity at maximum load becomes equal

to KI . It does not yet reflect the fact that crack growth rates approach zero

when the stress intensity is below a certain threshold level AK An equation

th*
that accounts for the threshold can be wrltten(4) as:

da (1-R)AK } 4.7

~ 2
ay - C(aK-4K, ) { +(1-R)KIC—AK

According to Equation (4.7) the relation da/dN-AK has two asymptotes, one at

AK = AKX

ch’ the other at AK/(1-R) = KIc’ as shown schematically in Figure 10.

In the following sectioms crack propagation dataz will be presented
as da/dN = £(AK). The applicability of Equatiomns (4.5) - (4.7) will be dis-
cussed. As for mixed mode crack propagation a generally accepted correlation
equation does not yet exist. This problem will be discussed in more detail in

-

a later section.
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4.2 Stress Intensity Factors

The stressiintensity factor for the CT specimen used in this inves-

tigation is given as:

. 3 . . - :
L2 A , ~§" ‘ a, 2 .
1/2 (l + ) (l - ) {ZJOOO - 7.050 w‘+ 4.275 (W) } (4.8)
in which P is the applied load, and a, B and W are as defined in Figure 1.
It is not immediately clear that Equatidn,(4.8) has the character of
Equation (4.3). This is more evident in the stress intensity factor for the
SEN specimen, which is given as: "
P . a a 2 ; 3 a 0
| K =7 /;{1.99 - 0.41 W + 18.7 (-ﬁ) - 38.4§ (ﬁ_) + 53.85 (jﬁ) } (4.9)
with a,'B and W as defined in Figure 2. Obviously P/BW is the remote stress.
- The stress intensity factor for an elliptical surface flaw varies -
along the crack front. If the semi-major axes of the ellipse is c, and the
semi-minor axis is a (see Figure 3), the stress intensity factor for the SF

specimen is:

. e ) ko= 119 kP
Point A (Figure 3) g 1 12.¢ B yra
Point C (Figure 3) K = 1.12 %‘B% /ra?/e
. vIroa2 ,7
with ¢ = f - 23 sin“y | dy .
E C
(e v

In these.equations ¢ is a completely defined elliptical integral of the second

klnd values for which can be found in mathematical tables, Mk is a factor

(5,6)

dependlng upon a/B.and a/c derived by Kobayashi et al. and also to be

 found in textbooks( ). Since the stress intensity is higher at Point A thanm
at Point C, the surface flaw will have a tendency to grow faster in depth than

in length.
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The bending moment and shear force'distribution in the MM specimen
are shown in Fiéure 11. 'The relative magnitude of bending moment and shear
force depends u@on the loéation.' Thus, the ratio between KI (due to bending
moment) and KII~(due to shear) can be varied by varying the location of the
crack. Stress intensity solutioms for this specimen did not exist. Therefore,
'avfinite element model was ‘made of the specimen with a crack and stress inten-—
sity facﬁoré were célculated numerically*. The specimen dimensions and crack
locations were taken in ‘such a.way that the ratio KII/KI coveredlthe desired
range. The stress intensity factors for the four cases considered are given
in Figure 1l. The change of the stress intensity factors as a function of

crack size will be discussed later.

* This work was done by E. F. Rybicki -
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0.5 2 2 3.5 x 107° 0 0
0.5 2 1 1.74 x 1078 0.6 x 107° 0.34
0.5 0.75 | 0.25 0.78 x 1072 0.57 x 10~ 0.72
0.5 0.75 0 0 1.16 x 107° @
{
FIGURE 11. BENDING MOMENT AND SHEAR FORCE

DISTRIBUTION IN MM SPECIMENS
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5. TEST RESULTS

5.1 1Introduction

The results of the fatigue-crack growth experiments to determine
the effect of stress ratio, cycling frequency, test temperature, and specimen
orientation are presented in this section. The threshold and.surface flaw
results are also presenped and discussed; however, the mixed-mode results
will be presented in Section 6. Actual tabulated érack length-cycle readings
for the various specimens are reported in Appendix A. The specific test con-
ditions for each specimen are cited in Table 2. Experimeﬁtal procedures were

as discussed in Section 2.

5.2. Effects of Stress Ratio

To evaluate theAeffects of stress ratio on the crack-growth behavior
of rail-steels in the LT orientation, a series of constant amplitude fatigue-
crack growth experiments at R = 0.0, -1.0, and 0.50 were performed on 18 SEN-
type specimens. In additiom, to verify that specimen geometry did not influence
test results, three experiments at R = 0.0 were performed on the CT-type specimen.

The results of these ‘experiments are displayed in Figures 12 through
14 for R = 0.0, -1.0, and 0.50, respectively. Individual specimens are ident-
ified by a unique symbol so that the crack-growth behavior of a specific sample
(or heat or category) can be compared and contrasted with other data. The rate
data displayed are based on 3-point divided difference calculations of crack
growth rate. To facilitate illustration, only alternate points for a given
specimen are shown where there are more than 10 crack growth readings on a
specimen.

Several observations can be made regarding the R = 0.0 data in
Figure 12. First the effect of specimen geometry on crack-growth behavior
appears to be negligible, with SEN and CT specimens displaying nearly ident-
ical crack-growth trends. Second the behavior of gpecimens from different
crack-growth rate categofies (as specified in Table 1) are really indisting-

uishable. In fact, specimen 023-1 which displayed particularly low crack-
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P

growth rates came from a rail that was identified as Category I (high raté),
The reason for this disparity appears to be that the original rate

categories were assigned on the basis of individual test results that could
not be statistically analyzed for variability. Subsequent tests have shown
that the crack-growth behavior of different test speciﬁens from the same rail
may vary nearly as much as specimens taken from totally different rails. This
problem of data variability will be addressed in more detail in Section 8.

The R = -1.0 data shown in Figure 13 displayed a similar variability
in rate behavior to the R = 0.0vexperimentsg while the R = 0.50 data shown in
Figure 14 exhibited substantially greater scatter, especially af the highestv
crack-growth rates. The increased scatter for the latter case is not fully
understood{ but may be partially due to differences in fracture toughness of
the rail samples. ‘ \ . o

The overall data trends fbr the room temperature crack—growth'experiJ
ments on LT orientation specimens are shown in Figure 15. Three distinct
bands are formed for each stress ratio when the data are plotted versus the
stress intensity range, AK. Each band has an average slope of approximately.
4 in the logarithmically-linear range of the data. This simply implies that a
two-fold increase iIn stress intensit& would result in a new average crack
growth rate 16 times (24) that of the initial rate.

Iﬁe effects of_R-ratio}diéplayeﬁ in Fiéure 15 are partially accounted

for by simply considering crack-growth rate as a function of maximum stress
intensity, Kmax.rather than AK. Figure 16 illustrates the result of that
simple transformation. The R = 0.0 and -1.0 data bands nearly overlap for alll
values of Kmax’ which effectively means that negative loads are insignificant
factors in the propagation of cracks in rail .steels (at least for constant
amplitude loading conditions). The R = 0.5 data band does not coincide with
the lower R ratio bands, which indicates that some combination of Kmax_and AK
is necessary to accurately represent the effects of positive R-ratios on
crack-growth rates. \

The analytical representation of observed R-ratio effecté_is givén

in Section 7 of this report.

5.3 Specimen Orientation Effects
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Twelve CT specimens were tested at room temperature to evaluate the
effect of crack orientation on Mode I crack-gro&th rates. Nine specimens were
TL orientation samplés, and three were SL orientation. Half of the gxpériments
were completed at R = 0.50 (all TL orientation) and the other half were rum at

.R = 0.0. The results of those experiménts are shown in Figures 17 thfough 19.
for the different Rerétio and orientations. | A

Ffom’Figuﬁes-l7 and 18 it is evident that the crack—gro&th behavior
of the TL oriéntation specimens was ﬁdﬁ“grossly different from tﬁat of the LT
orientation daté shown in Figures 12 and l4. For purposes of comparison, the
upper and lower limits of variability om the LT orientation sbecimeﬁs are
shown with the basic TL ﬁrientation data. The TL data tend to fall to. the
high side of the LT data band at high crack-growth rates for R = 0.0, and at
lbw crack-growth rates for R = 0.5. The differences are sufficiently small,
however, that the TL’orientation>data could be used to represent a conservative
(high~-growth rate) LT orientation sample.

The same conclusion cannot bé made for the SL orientation crack-growth
data shown in Figﬁre 19. TFor all stress intensities, the SL data fall above the
LT orientation data bands. The definite indication is that. SL-orientation flaws
would grow faster tham LT- or TL-orientation flaws subjected to equal crack tip
stress intensities.

The comparative crack-growth trend lines for the three épecimen orien-

tations are shown in Figure 20.

5.4 Temperature Effects

A rather extensive series of crack-growth experiments was cgmpleted
‘at high and low extremes in expected réil service temperatures to.evaluate the
effect of temperature on crack-growth rates. A ‘total of 20 LT and 13 TL orien-
tation'specimené were fatigue cycled under constant-amplitude loading conditions
at R = 0.0 and 0.50 and at temperatures of +140 F and -40 F.

The LT orientation crack-growth results at +140 F are showﬁ in Figures
21 and 22 for R-ratios of 0.0 and 0.50, respectively, while the comparable data -
generated at -40 F are shown in Figufes 23 and 24. Generally, the effects of
increased temperature on crack-growth rates appears to be to reduce the slope

of the da/dN-AK function and to increase the critical stress intensity limit
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at high crack-growth rates. This trend is especially evident in Figure 22
for the R = 0.50 data. Conversely, the effects of decreased temperature omn
crack-growth rates appears to be to increase the slope of the da/dN-AK function
and to decrease the critical stress intemsity. These conclusions are most
clearly illustrated in Figure 25 where the trend lines for LT orientation sam-
‘ples are shown for all test temperatures and stress ratios.

The same general effect of temperature on crack-growth rates was
- found for the TL orientation samples that were tested. These data are pre-
sented in Figures'26 and 27 for the +140 F experiments and in Figures 28 and
29 for the =40 F tests. The composite results of the TL oriemtation experi-
ments are shown in Figure.30 for R = 0.0 and R = 0.50. A

It is also importént to note that the superior crack—growth charact-~
eristics of LT-orientation specimens are-maintained at both high and low tem-
perature, regardless of stress ratio. This trend is best observed through

comparison of composite Figures 25 and 30.

3.5 Frequency Effects

The poetential effect of cyclic frequency on crack-growth rates

wés evaluated throﬁgh completion of nine CT-type specimen tests on LT
ofientation samples cycled at 2 cycles/second (Hz) and an R-ratio of zero.
This rate of cycling was more than an order of magnitude slower than most of
the tests completed under otherwise identical test conditionms. Laboratory-air’
environmental conditions weré maintained for these experiments, as they had
been for all other crack-growth tests in this program.

o The results of those expériments are included in Figures 12, 21,
and 23 for test temperatures of +68 F, +140 F, and -40 F. As these plots
illustrate, there was no diécernable effect of the reduced cyclic frequency

on crack-growth trends at any of the test temperatures.

5.6 Threshold Experiments

wf

Experiments were completed at three stress ratios (R = -1.0, 0.0,

and 0.50) to develop estimates of threshold stress intensity levels, below
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which crack—groﬁtb rates would asymptotically approach zero. The R = 0.0
-and 0.50 stress ratios were evaluated using CT specimens; both LT and TL
orientation samples,were tested. The R = -1.0 stress ratio ccnditicn was
evaluated using an LT oriemtation, SEN specimen.
» ' Each experlment was Started by ch0051ng a cyclic load that would
- produce a. stress 1nten51ty range that was expected to cause initial erack- '
growth rates of about 10 6'J.n /eyele. After crack growth had stablllzed at
this 1n1t1al 1eve1 (beyond the precrack) the load range was reduced by 5 to
10 percent of ‘the precedlng level, while maintaining the same stress ratio.
Then after crack growth had again stabilized at this reduced load level (usually ¢
involving crack growth of 0. 030 to 0.050 in.), the load range was again reduced
by 5 to 10° percent of the previous level. After the crack—growth rates had been
reduced to a mlnlmum‘of about 10 =9 in./eycle, the load range was again increased
in steps of about ld percent of the previocs load range, allowing crack growth
" to stabilize at each level until a rate of approximateiy 10-6 in./cycle was
again achieved. The total process usually involved 5 to 8-steps_d0wn in load
; range and 4 to‘7 steps back up to the maximum load. As the crack grew longer
for a particular spec1men, the. stress intensities 1ncreased so that the load
range required to cause crack—growth rates of approximately 10 -6 in./cycle
décreased with each series of. descending and ascendlng loads. '
| For most of the experiments three series of decreasing and 1ncreas—
1ng load levels were applied to each stress ratio, so that some replication
of near-threshold crack-growth rates could be achieved. The repetition of
this step—down—loadlng process also made it p0551ble to check the consistency
of crack—growth trends in this cracklng regime.

A cyclic frequency of 30 to 50 Hz was employed for the threshold
experiments. Most of the specimens received from 50 to lOO-ﬁillion cyclesvof
loading during the course of a threshold experiment. An example-ot the
sequential steps and the reeulting crack growth rates is.presented in Figure 31.

The. results. of all threshold experiments-are shown-in.Figures 32, 33, °
and 34 for the various conditions tested. In Figure 32 the LT orientation
specimen data are displayed and compared with the high rate crack-growth experi-

- ments that were completed in other phases of this program. Data below 10-8
in./cycle are not shown because they do not shift the actual threshold level
from what is apparent at 10—8 in./cycle. In other words, the threshold

asymptote is virtually reached (for the test conditions and materials considered)

at crack growth rates of 1078 in./cycle.
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Figure 33 displays the threshold data for the TL orientation speci-
mens. Comparing the TL and LT orientation threshold data, it is apparent
that for similar stress ratios the TL orientation results in slightly higher
crack-growth rates and lower threshold stress inteﬁsities. For the LT orien-
tation samples tested, threshold stress intensity ranges varied from 6.5 to 9
and 12 to 15 for R = 0.50 and 0.00, respectively; while the TL orientation
samples exhibited threshold stress intensity ranges of 5 to 6 and 8 to 11 for
the same stress fatios.

Figure 34 presents the threshold data generated on LT orientation,
SEN-type specimens. These data do not correspond as well to the high-rate
crack-growth experiments as might have been expected based on the LT orientation
results presented in Figure 32 for R = 0.0 and 0.50. On the average, however,
the data do match the high growth-rate side of the data-variability band gener-
ated earlier using SEN specimens tested at R-= -1.00. Apparent threshold

values for the R = ~1.00 stress ratio condition vary from about 12 to 19.

5.7 Surface Flaw Experiments

In addition to the large number of SEN and CT»type specimen tests
performed in this program, six surface flaw crack-propagation experiments were
also performed to evaluate the more complex 2-dimensional cracking behavior
typical of many in-service embedded flaws.

' The surface flaw specimens were machined from the rail head (Figure
6) so that a flaw machined in its side surface would propagate in a manner -
similar to a transverse fissure. The cracking orientation of this specimen
is properly described as LT for through-the~thickness crack growth and LS for
through-the-width crack extemsion. In reality, since the crack surface is
curved, a combination of LT and LS matérial properties would be expected to
control the surface flaw-cracking process.

An initial.semicircular flaw, 0.50-in. long and approximately 0.010
in. wide was EDM machined in the side surface of each specimen as shown in
Figure 3. This relatively large, 0.250-in. deep flaw was required to achieve
initial stress intensities sufficiently high to reach specimen failure in 1

to 2 million cycles.
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Thée tesults of the surface flaw experiments are shown in Figures 35
a and b. The first figure presents crack-growth trends in the LS orientation
of the surface flaw and the second figure presents approximate crack-growth
trends in the LT orientation. The method fér‘computing LT growth rates is
described later in.this,sgctiOn-: Two specimens were tested from each of the
thrge,crédkégréwth categories ;iéted in Table 1. All of the experiments, were
conducted at. a streés‘rétio of 0.0. As can be seeﬁ from the test results, the
crack—growth'behavibr‘of'all specimens were relatively consistent and the be-
havior of ome crack-growth categofy compared to another was not significantly’
different. ' _

An attempt was madé in the course of these experiments to identify
the curvature of the crack ffont as‘fhe crack extended by inserting "marker
bands'" (a series of low-load cycles fﬁat cause a small crack extension and may
be visible on the fracture surface as dark conchoidol bands). These attempts
were- unsuccessful, however, so the crack aspect ratio (the ratio of crack depth.
to surface crack length) could only be determined at the point where each speci-
men failed or__at.the point where the surface flaw broke through the.back surface
of .the specimen and became a through crack. The ratio of crack depth (specimen
thickness) to surface crack length was known at these points and they served as
approximations of the ratio of secondary and primary akes of each crack surface
ellipse. From these measurements, it was concluded that the ihitiallj semi-~
circular shape of the surface flaw pfogréssed toward an elliptical flaw whose
depth stabilized from 0.30 to 0.34’of its surface 1ength. This crack-aspect
ratio of 0.30 to 0.34 was reached on most of the specimens at a surface crack
. length of about 1.30 inches. Assuming an exponentially decaying rate of change
in crack aspectbratio from the initial ratio of 0.50 to the avefage final ratio
of‘0432, it was calculated that the initial thfough—the-thickneés crack growth
rates (da/dN) were about 25'percent of the surface crack growth rates (dec/dN).
As the surface crack became more elliptiéal, the surface crack tip stress
intensity decreased relative to the intermal crack tip stress intemsity. -This
condition progressed until the poorer growth characteristics (dc/dN) in the LS
orientation at the lower relative stress intéensities matched the through-the-
. thickness crack growth rates at the higher internal stress intemsities. This
equilibrium crack-growth rate condition along the surface crack front was evidenced

by the stabilized crack aspect ratio values. In the ideal case where edge effects
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are negligible, Equation (4.10) predicts that an elliptical flaw with a crack
aspect ratio of 0.32 has a stress intensity'lO percent lower at its major
axis tip than it does at the minor axis tip. In this actual case, results
indicate that crack tip stress intensities in the LS orientation need be only
90 percent of those in the LT orientation to cause equal crack growth rates.
From this 6bservétion,‘it became apparent that through-~the-width craék—grpwth
rates (LS,orienﬁation) were highér-than through?the-thickness crack-growth
rates (LT~orientation)."This behavior was consistent with. the previously' '

observed effects of orientation on crack growth.
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6. MIXED MODE

6.1 Test Results

The mixed mode specimens contained a chevron edge notch'pérpendicular
to the specimen's lgngth direction. "The specimens were precracked in thfee— ‘
point bending, giving a straight crack, a 0.5-inch (see Figure 4). Under ﬁhe
loading conditions used, these straight initial cracks resulted in the stress-
intensity factors for Modes I and II as given in Figure 1l. While the specimens
were ;estéd under mixed mode loading according to the principle shown in Figure
11, the cracks extended by following a curved path. The crack paths were
similar for different specimens tested under the same conditions, but different
crack paths occurred when the testing conditions were changed. Thus, four basic

crack types were observed for the four initial ratios of KII/K » as illustrated

I
in Figure 36.

Finite element analyses were run for the two cases with initial ratios

KII/Ki of 0.34 and Of72. The cracks in the finite element models were extended

in accordance with the curved crack paths observed in the experiments. Thus,

the stress intensities KI and KII could be calculated as a function of crack

size*. The results are presented in Figure 37. According to Figure 37 the
value of KII reduced to zero, almost immediately after the .crack started to grow.
This means that the crack turned into 4 direction that would reduce Mode II
loading to zero, and subsequently followed a path for which KII = 0. As a con-
sequence, crack growth was basically under Mode I conditions only, apart from
the very first crack increment. .

| Since the cracks were'growing in Mode I, the test results were plotted
as da/dN versus AKI. (da/dN was based on the developed crack length, i.e., not
on projected length.) The results are given in Figures 38, 39, and 40. Unpro-

cessed test records are given in the appendix.

* This work was performed.by E. F. Rybicki.
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6.2 The Principal Stress Criterion

. According to Figure 37 the Modé 1T stress-intensity factor almost
immediately dfopped to zero after very little crack extension. Apparently,
the crack followed é pathvthat eliﬁinates Mode II loading, i.e., it grows in
a direction perpendicular to the maximum principal stress. This éppears to
confirm the criterion for mixed mode loading proposed by Erdogan and Sih(z),
 as shown below. ‘ ‘ |

Consider a crack subjected to combined Mode I and II loading. Po;ar
coordinates r and 6 are taken with the crack tip as the origin. The stresses

% and Teg C31 be written as:

e L BTk w28 _3 . ]
% N3 cos 3 [KI cos® 3 - 3 Kyr sin 6
' (6.1)
Top = L cos rK sin 6 + Ky1 (3 cos 8§ - 1)]
6 2 /7Tt 2 101 IT )
For § = @, the shear stress Teg = 0. Im that particular case Jg
is the principal stress. The angle ém follows from equating the second
Equation (6.1) to zero. Obviously, cos 7;-= 0 or By = 7 is the case for which
oy = 0. The only other possibility is
K1 sin @y + (3 cos8y -1 =0 ‘ (6.2)
Equation (6.2) can be solved indirectly by writing
K11 sin 6p 6.3
K1 T 1 - 3 cos Om (6.3)
and by determihing the ratio of Kyy/Ky for various values of Gm.' It can be
solved directly by writing
._6m . ©m 2 Sm . 2 6m . 2 Om 2 8p
2K; sin 5 €08 + 3K11 (cos 3 - sin® 5 ) - Kyr (sin 5 + cos > Y=0 (6.4)
which yields
8 8 -
2 °n o =
ZKII tan T-KI tan—Z—-KII—O . . (6.5)
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So that,

b

8 K1 . - Kr\2 |
m =3 / ___I)
(tén 2 )1 2 “Kig % (KII +8 (6.6)

' The principal stress o; = oy (6 = 8p), hence

0 = féﬁf'9°s'?? EKI eosz--ilE -3 Kyt sin em]. | (6.7)
or : _ ' .
1 8 N C)
_ 2 ¥m ‘m . m .
o1 >Te cos 3 [KI cos > SKII sin 2‘] (6.8)

. It can now be postulated that the rate of growth of the fatigue crack would
be the same as in an equivalent pure Mode I case with equal principal stress.

For the Mode I case the stresses are given by

Ty = - cos‘g <1 + sin s sin 22)
y J2Ur 2 2 2
S (6.9)
1. .
Tov = cos-Q sin S cos ég
Xy A 2Tr 2 72 2
Apparently Txy = 0 for 6 = 0, hence for the case of 6 = 0, the stress Iy is
the principal stress: .
Ky . _ .
o1 = TE ' . (6.10)

Mode I créckS'grow along 6 = 0, thus Equation'(6.10) is also the relevant
’principal stress.

. If the rate of growth in mixed mode can be anaiyzed as if an equiva-
lent Mode I was operating at Kqu, the magnitude of Kqu follows from'equating
Equations (6.8) and (6.10):

3 6m 2 8m EE
2

Kqu = KI cos _2" - 3KII cos T sin (6.11)

- where Ky and Kyp are the acting stress intensity factors. The rate of crack

propagation would. be:

da

35 = fAKpeg) ‘ - (6.12)
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where f(AKqu) is the same as f(AK) for the pure Mode I case. Thus, the
mixed mode results,if processed according to Equations (6.6), (6.11) and (6.12),
would fall on the same curve as pure Mode I data.

Equation (6.6) was evaluated to give 8 as a function of Krp/K;. The
results are shown in Fiéure 41. (The dash-dot lines in Figure 41 are for the
strain energy density criterion, which will be discussed in the next section.)
For the four test casés considered, the following crack extension angles are

predicted (Figure 41).

KI/KII Predicted Angle Actual Angle (tests)
o 0 0

0.34 . -31.8 -29
0.73 -47.7 -45

= (2L - o) -70.5 -56

The predicted angleé agree very well with the actual angles observed in the
tests (Figure 36), except in the case KII/KI = 0. The discrepancy could Be a
result of the féct that a slight misalignment of the .specimen would introduce
a finite Ky, because the crack would be out of the plane of zero bending moment
(Figure 11). However, this would imply that the three specimens tested at
nominal pure shear were likely to show largely different crack angles. Yet,
the three angles were the same within one degree,
Using 6, and the corresponding ratio KI/KII, Equation (6.11) can
be evaluated. The result is shown in Figure 42. It appears that the equivalent
Mode I case would be a Kqu of 1.5 times the applied K; for Kyy/Ky = 0.73, and
of 1.15 times the applied Ky for KII/KI = 0.34, 1If this result were applied to
the test data in, e.g., Figure 38, the lowest data point for KII/KI = 0.73
would move from AK = 11 ksi JGET to 16.54/1in . This would indeed bring it in
line with the baseline data. However, after some cfack extension, the Kyp
contribution rapidly decreases to zero (Figure 37), which means that other data
points.would move much less. X
Taking the ratios Kyy/Ky following from Figure 37, some of the data
were replotted on the basis of AKqu in Figure 43. This confirms the statement
made in the previous paragraph that only the lowest data points move far enough

to fall in line with baseline data.
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6.3 Energy Related Criteria

Another mixed mode fracture criterion was proposed by Sih(s),
based on elastic strain energy density. The strain energy dW in a unit

volume 4V is given by
L/ 2.2, 2Y_y 1/ 2 2
dw = {ZE (cx + o, + g, ) " (ox0y f oyOz + ozoyx) F o ( Tay + T;; + T, )}-dv (6.13)

where E is Young's modulus and p is the shear modulus. ~The strain enetgy can
be determined for the mixed mode stress field at a crack tip, by noting that
Oy = OxT 4+ OkII; etc., where Opl and Oyry 2Te the stresses in X-direction due to
the Mode I and Mode II loading, respectively.

In accordance with Equation (4.2) all stresses can be expressed as:

Ky Kip

Therefore fhe strain energy density dW/dV can be evaluated as

5(8) Z
G R ZalzKIKII * 2kfy)
1 = —1_. r - = !
117 gy (B cos ) b - cos o |
(6.15)
1 . .
312_m51n6(zcose‘4+l)
322 = 16 L(u + 1) (1 - cos 8) + (1 +cos 8) (3 cos B - 1)1

where x = (3 - 4v) for plane straim, and # = (3-v)/(1l+v) for plane Stress,
v being Poisson's ratio.

The mixed mode fracture criterion now states that crack propagation
© will take place in the direction where the strain energy density is minimum,

i.e., em’follows from

2 .
ds 4”3
— = 3 — >0 - .
= pv; (6.16)
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The value of (Smin)e==em at which the crack starts propagaéing is considered to
be a material property Scr

The crack propagation angle is a function of the ratio of Kyp/Kg.
Values of 6 following . from Equations (6.15) and (6.16) were given already in
Figure 41 for v =1/3. U to KII/KI = 1 the angle is practically the same as
,‘fbr-thevprincipal stress eriterion. For larger KII/KI ratios the angle is
larger than for the principal stress criterion. Thus, the observed crack
angles agree equally well with the strain energy density critérion, although
“the discrepancy is somewhat larger for the pure Mode II case.

As in the case of the principal stress criterion an equivalent Mode I
case can be defined that would cause the same rate of.crack'growth as the mixed
mode loading. For Mode I loading ' ‘ .

{5, O} gin = S7@=8y) = a &2 . (6.1D)

With 8 for Mode I loading equal to zero, Equation (6.17) reduces to

s;(8=0) L2mb 2 T . S (619

16

Equal cfack growth rateévwould occur if SI II(e Yy =25 (9 0). Thus, the
equivalent Mode I follows from equating Equation (6.18) to the first of Equationms
(6.15) with @ = ’ " '

lop 2 | 2, 1

Kleg = 1T oD CCrifr + zaIZKIKII + 3 X0 _ o - (6.19)
=vm . . .

This equivalent Mode I stress intemsity factor was given in Figure 42

as a function of KII/KI. It appears that K_,, is lower for the strain energy

eq
density‘criterion than for the prihcipal stress criterion. For the expefimental
case OE'KII/KI = 0.73, the equivalent Mode I stress intensity is only 1.3 times
the active KI, as compared to a factor of 1.5 for the principal stress criterion’.
~As a result the data points in‘Figure,43 would not move as close to the baseline
Vdata as they do when the principal stress criterion applies.

‘Other energy related criteria have been proposed. The simplest
criterion states that the strain energy release rate G for fracture (or

for equal crack growth rates) is the same for all modes of loading, including
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mixed mode loading. This means thét (e.g., Reference 3).

Since GI is proportional to Kf /E and Gr1 is proportional to Kf&/E,;it follows
that ‘ ' ' ‘
' 2 _ 2 2 : _ ;

For the experimental case of K;,/Ky = 0.73, this equation predicts that K, = 1.24
times the active Kp. Obviously, this leads to an even smaller shift of the
data points (Figure 43) than with the strain energy demsity criterion. |

The criterion of Equations (6.20) and (6.21) tacitly assumes that
crack extension is self-similar, i.e., crack growth takes placeAip the length
direction of the crack. Thus, a value for 8p is not predicted, since it is
assumed to be zero, which is in obvious contradiction with experimental evidence.
Also, GI and Gyp Would be different for a different angle of crack .extension.

The more realistic energy release rate criterion is that crack growth
occurs in the direction producing the largest energy release rate. It can be
shown(®) that this criterion is equivalent to the principal stress criterionm.

Henceforth, it opens no new avenues.

6.4 Adequacy of Criteria

All criteria are éompargd in Figure 44, in the type of diagram gener-
ally used to display mixed mode criteria. For each criterion the locus is given
for all combined mode loadlng cases that produce equal Kqu For example, for
‘the principal stress criterion a K; of 0.8 ksi VEE combined with a Kyt of
0.35 ksleln would be equivalent to Mode I loading at 1 ksi vin. Obviously,
the prinecipal stress criterion is the most severe in that it attributes a
larger influence to Kpg than the other criteria. In the above example a Ky of
0.8 ksi Jin can be combined with a K1 of 0.5 ksi VEE (strain energy density)
or with Kyy of 0.6 ksi,JI; (self similar energy release) to be equivalent to a
Mode I case with 1 ksi ME;,

Two publications on mixed mode fatigue crack propagation exist. Iida

and Kobayashi<10)

conducted experiments on tension panels with oblique cracks,
but the cracks turned immediately to a Mode I plane as in the present lnvestl-
gation. Roberts and Klbler(ll) performed experlments in Mode II with a statlc

Mode I load, but they do not present the Mode I data necessary for comparison.
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Several invéstigators published data of mixed mode residual strength

(toughness) tests (7’12’13’14’15).

In most cases the data are presented in a
diagram like in Figure 44. TheAapplied Ky is ﬁlptted along the abscissa, the
applied Kyy along the ordinate. The data points then fall on a curve that
représents Kqu = Kies which intersects the abscissa at Ky = Kj.. Most of these
data fall somewhere in between the curves for the principal stress criterion

and the strain enefgy density critefion. Some data are reported(14315) that

fall on the straight line also shown in Figure 44, representing

Ke

and suggesting an even stronger influencg of KII than predictedvby the princ¢ipal
Stress critérion. Liu's(13) test data on shear panels with oblique cracks obey
. Equation (6.22). Therefore, Liu suggested that mixed mode results are not only
dependent upon the magnitudes of,KI and Kyy, but also on loading conditions.

The present test data indicate that the crack extension angle is best
predicted by the‘principal stress criterion. Also, the initial crack growth

rates show the best agreement with the Mode I data if Koq 1s determined by

Equation (6.11) following from the principal stress critZrion. Therefore, it is
concluded for the time being that the primcipal stress criterion is the most
appropriate for fatigue crack propagation. .

- The problem of mixed mode eracking can certainly not be dismissed
because the experiments show that the cracks turn into a direction with pure
Mode I. Roberts and Kibler(ll) have shown already that Mode II cracks can
grow in a self-similar manner if the loading changes sign in every cycie. This
happens also in service but the experiments did not reproduce this condition.

Figure 45 shows various possibilities for mixed mode loading. The
top part.shows Ky and Ky7 as a function of time. Case a, at the left represents
the situation of the present experiments and of those of Iida and Kobayashi(lo).
Ky and Kyy are in phase and Kyp never reverses sign. The bottom left of Figure
45 shows an oversimplified version of what happens in a rail which is adequate
for the present discussion. When a wheel load P travels over the rail the bending
moment (at a fixed Point A) changes with time from zero to a maximum and back ‘
to zero. The other force, however, changes sign when P passes over A. Thué,
Ky goes through a cycle of reversed loading when K1 rises from zero to a
maximum and decreases to.zero, which is shown in the top diagrém (Case b)

of Figure 45.
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If the crack wants to turn into a direction of pure Mode I, it will
try to turn one way during the positive KII applications, and the other way
during the negative Kip applications. As a result, the crack will grow in a
self-similar manner, so that the K;; contribution is not eliminated,

. It can easily be seen that Case b loading can be reproduced in an
experiment oniy if two directions of loading are available. This will be
accomplished in the present program under a subcontract to the Boeing Airplane
Company. Experiments in this subcontract will be of the type shown at the bottoﬁ
right of Figure 45.. Compact tension specimens wili be loaded in two directionms,
and the load will change direction after every application. This results in
the loading shown at the top right of Figure 45 (Case c). Since K11 will be

changing sign, the cracks are expected to grow straight.
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7.  THE CRACK GROWTH EQUATION

As was discussed already in Section 4.1, fatigue crack propagation
data from laboratory specimens are not directly applicab1e for crack growth
pfedictions, unless they can be epressed in a unique way, independent of crack
siée,and geometry. -It,was shown Ehat the data can be described uniquely on /
Ehé basis of the stfessvintensitj factor. Thus, a.crack in a fail'subjécfed to
the same stress intensity as a crack in a specimen, will exhibit the -same rate
of growth. - _

. Unfortunately, the sﬁress intensity range AK, is not the only parameter
that affects the rate of growth. A different R-ratio (or equivalently a different
Kmax) fesultS‘in a different relation between da/dN and AK.» Moreover,,the
ciitical stress intensity for failure{ Kie o Ko and the threshold stress inten-
sity, K¢, have an overriding effect at high and low AK's, respectively. When
making cragk growth predictions, it is often useful to have a formula for the
crack growth rate that accounts for the composite effects of AK, R, K. and Ko
A formula, applicable to the rail.steels as tested in this investigation will"
be derived below. '

o V'An equation accounting for the effects of R-ratio amd K. is thg

Forman equation given already in Section 4.

da _ N
an - ® TR K. 7.1)
When writing this equation as
A ‘ , | da n ’ :
(1-R) K - 0K $ 3= = C &K (7.2)

dN
it follows that all data should condenée to one straight line of slope nif
{(1- R) Kc-AK }da/dN is plotted as a function of AK on double-logarithmic
" paper. This was done for points taken from the tremd line data in Figure 15
(LT direction and room temperature). The result is shown in Figuré 46. Obviously,
the data do not condense to a lingle line, which means that Equation (7.1) does ’

not adequately account for the effect of R (or Kpax) -
By noting that AK = (1-R) Kmax’ Equation (7.1) can be rewritten as

n-1 :
i‘-.—-c——————KmaxAK : (7.3)
dN Kc - Kmax ) . )

75



10”2

da

S

[1I~R)K .~ AK]

Stress Intensity, AK, ksi-in.

FIGURE 46. INAPPLICABILITY OF FORMAN EQUATION,
ORIENTATION LT, ROOM TEMPERATURE

76

T
1073
C
10 20 30 40 50 860 70 80
/2



- The effect of R-ratio stems from having both Kmax;and AK in the above equation.

A stronger R-ratio effect would. be obtained by modifying Equation (7.3) to

- ' o . n. 2 _ :
: . E=cM_ .(74)
dN .Kc - Kmax« : ‘ 4 '

‘which can be'writtenain terms of KMax and R as -

- ) ‘ . . .‘”~'.‘ ;t ( 3 . K "-1_‘ - . o o e §+2' . . - . .
o . da ax . : '
‘dN C»-'Kmax !

Equation (7.5) .implies that all data should condense to one straight
line on double-logarithmic papef'if%Ké-Kmax)/(l-R)z}.da/dN is plotted versus
K ax Results for*the same data as in Figure 46 are plotted in Figure 47. One
straight line is now obtained reasonably well, whlch means that Equation (7.35)
adequately accounts for the R-ratio effect.

Not included in Figure 46 are the data for R = -1. It can readily
be seen in Figure 15 that the data for R = -1 are displaced by a factor of 2
along the AK axis with respect to the data at Rq= 0. This means that. only -the
positive.part of the cycle is active, i.e., the data sﬁould be treated as if"

= 0 with MKggge = MK = Kpax- This was pointed out in more detail in Section 5.

Equation (7.5) does not yet account for threshold behavior. This

can be accomplzshed by introducing a factor (Kmax' th) to give

-1

-ca-n? (Kflax Kop) Kmax}émax | 7.6

da
an
If R< 0 it should be taken as zero. The threshold values were only slightly
dependent upon R, if based on Koax®
7 ksi v&n for R = 0. 5 13.5 ksi /in for R = O and 28 ksi J/in for R = -1. Thus,

were 14, 13.5 and 14 ksi in, respectively. Therefore,

For example in Figure 15, the MR, is

- the values for Kma th
Equatlon (7.6) will be based on a single threshold value, namely the one found
at R = 0.

* The above equatiéon can be written as
Kc -1
m

(1-Rr)> {1 - (;::Xf} o

When plotting the left side of the equation versus the right side on double

(7.7

77



1073

dN -

Ke—Kmax da

(-R?

1 | L l

10~%

o 20 30 40 50
/2 ’

Stress Intensity, -Kmax, ksi=in.'

FIGURE 47. CRACK GROWTH EQUATION NOT ACCOUNTING FOR THRESHOLD,
ORIENTATION LT, ROOM TEMPERATURE

78

60 70



logarithmic paper a single straight line should result. Of course, rnow the

data in the threshold region should be'included (they were not in Figures 46 and
47). This plot is shown in Figure 48, 1t appears that Equation (7.7) is reason-
 ably- satisfied. B

- In order to show the adequacy of Equatlon (7 7) 1t was rewrltten in
"_terms of AK to glve’ ' '

| . _m-1

da

. (7.8) -

N R A e
It should be noted now that R=R for R>0, and R = 0 for R <0, The trend
lines for the LT orientation and room temperature are replotted in Figure 49.
. Also plotted are p01nts predlcted by Equation (7 8). Obviously, the effects
of R, Kc and Kth are adequately accounted for. The generality of Equation (7.8)
is shown by similar plots fér different cases in Figures 50 through 53.
Apparently, Equation (7.8) can be used geﬁerally to describe the crack
growth behavior of the rail steels used in the present experiments. - Since '
Equations (7.6) and (7.8) are equivalent, Equation (7.6) is fecommended for use.
Not only is Equation (7.6) much simpler, it also is more appropriate for service
. cracks in rails, since it is ekpressed in K ... The maximum stress intensity in
rails is likely to be determined by the residual stress level. Cyclic stresses-
are mostly from the (tension) residual stress level down. Thus, all stress
~cycles at a given size of crack would have a common Kméx. Therefore, it is more

useful to have a crack growth equation expréssed in Kmax'
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8. VARIABILITY IN CRACK~-GROWTH BEHAVIOR

8.1 Basis for Statistical Analysis

Early in this experimental program it became apparent that the
crack-growth behavior of the investigatedlrail steels was subject to substantial
variability and that it ﬁouid.ﬁot be possible to éxactly define the cracking
characteristics of even, a single rail heat. ' o

This observation was not really surprising though, since all material
properties are subject to some degree of uncertainty and even the simplest
physical characteristics of a material (e.g., hardness, tensile strength, and
elastic modulus) display variability..

Because of this uncertainty or variability, a material property caﬁ 4
often be best described by performing repetitive experiments and determining the
mean property value along with a measure of the observed variability in property
values. Many physiéal properties of materials display a statistical variability
which is nearly normal or logarithmically normal. In these cases a single paraméte;f
the standard devia;ion - can be computed to quantify the variability in a collection
of material property test results. . '

This approach was taken to evaluate the variability in crack-growth .
behavior of the various subgroups of rail tests, Before these data could be
statistically analyzed, however, it was necessary to translate the overall crack-
growth rate curves into singlé-valued quantities that would reflect the material's
resistance to fatigue-cracking under constant amplitude cyclic load conditions.
This was done by a numerical integréiion of the da/dN-AK curve for each
specimen from a stress-intensity level of 20 ksi ,/in to the apparent fracture
toughness level for the material. The integration was performed on a ficticious
compact-tension type- specimen (W = 3.00 inches) so that crack lengths ranged
from an'initial'value of about 1.00 inch to around 2.00 inches at specimen
failure. The result of this integratioh was an analytical prediction of the
number of cycles required to grow a crack in a CT type specimen (like the one
used in>this program) from a length of 1.00 inch to failure. By evaluating
the various crack-growth curves in this hanner, it was possible to quantitatively
compare crack-growth resistance of all the different specimen geometries tested

under a variety of loading conditions.
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8.2 Baseline Crack-Growth Data

In Phase 1 of this program, one constant amplitude FCP ‘test was
completed on each of the 66 heats of rail material. It was obvious at the time
the testing was underway that the-cracklng behavior from one specimen to the.next -
wa5~;éther<variable, in fact it was observed that the actual number of cycles fo
grow a crack from 1;00 inch to féilure ranged. from 150,000 to more\than“Z,OO0,000
cycles for the various material heats. . It waé presumed initially that the rail
'samples diéplaying the lowest fatigue lives were inherently inferior in crack
propagation resistance to the other’maté;ial heats. This point had not been
verified, however, so‘it was decided that a statistical review of the data would
| be heipful. ‘ _ . |
‘ Employing Ehe procedures described earlier, each da/dN versus AK
curve was numerically integrated from a stress intensity oﬁ 20 ksi VE; to

the apparent fracture toughness, K., and the resultant cycles to failure were

c?
recorded. These computed fatigue lives were then statistically analyzed to attempt
to identify superior and inferior crack-growth matérial groupings.

The first observation was that the analytically determined and éptual
" experimental crack propagatlon lives were quite similar. This was as expected
since the same specimen geometrles were assumed and the same initial stress in-
tensity levels were chosen. The second observation was substantially more sig-
nificant. A statistical check (Chi-Squared test) on the total collection of. 66
data poinﬁs indicated that the entire collection of &ata could be described. .-
by a single normal distribution, which in turn, implied that the low test results
from the baseline experiments merely represented the low side of the variability
band in crack-growth resistance for the rail steels investigated. Figure 54 dis-
plays the ranking of fatigue lives versus the predicted failure percentages for
a 1og-normal distribution. If the data corresponded exactly with log- normallty
they would all fall upon the straight line drawn through the data.  Some minor
variations from log-normallty are evident but the.-general trend of the data is
toward log-ndrmality. _
‘ From the ranking of fatiguevlives presented in Figure 54 it is evident
that the avéragellogarithmetic fatigue life was 5.68 (50 percent failures).
This'tianslates to an average number of cycles to failure of'478,630. The
standard deviation of this collection of_logarithmic fatigue lives was found

to be 0.30. According to the statistics of normal distributions, the mean value
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of a data population plus-pr minus 1 standard deviation, should contain approx-’
imately 58.percent of the total data population. In this case there were 66
total test results, which meant that 58 percent of 66 data points (x~38) should
’ lie- between the logarlthmlc fatlgue llves of 5.38 and 5.98 (239 880 and 954,990
‘cycles, respectlvely) In actuallty ‘40 speclmens out of 66 failed within those _
cycle 11m1ts whlch represents 61 percent of the total populatlon.' The comparlson'
between the theoretlcal statlstlcs and actual statistics is good. B

 As an additional comment on the variability in crack- propagatlon lives
of the basellne experiments it is interesting to compare the ratio of the logar-
ithmic standard deviation of the 66 data points to the logarithmic mean value A
of the population. ' That ratiov(0,30/5{68)<is a value of about 0.053 (5.3 percent).
This: is commonly‘called“the'coefficient of variation in a collection of data,
and ‘the lower the ratio, the lower the data variability. Simple tensile tests
commonly display coefficients of variation of 3 percent or greater, while it is
" not uncommon for high-cycle fatigue data to show coefficients of variation from
5 to 10 percent. The main point to be made is that the scatter in crack-propa-
gation lives. evident in the collection of 66 rail heats was not large compared
to other similar types of data. _ _

The statistical analysis can be extended to other crackvlength‘and
loading conditions as well. This is important because it allows prediction of
constant amplitude crack-propagation lives for various initial crack sizes.

For example, by using a power law relation between da/dN and AK, and assuming

an initial AK level of 10 ksi VE; a sefies of crack propagapion lives were
calculated for each rail heat. The distribution of cemputed crack-propagation
cycles to failure is shown in Figure 55. It is readily apparent from this figure
that the slope of the probability line (coefficient of variation) is nearly
identical to that in Figure 54 even though the ranking of individual heat fatigue
1ives=changed in numerous cases (due to crossing of da/dN-AK function lines).
The computed logarithmic~mean'fatigue life for all of the rail heats was 6.787
(6,123,500 cycles). A standard deviation of 0.357 was found for the logarithmic
fatigue lives; Chi ‘'squared check of the data indicated normality with 95 per-
cent confidence. Other curves can easily be generated for other crack sizes,

load levels and specimen geometries.

‘
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8.3 Phase 2 Crack-Growth Data for R = 0

It was a natural extension of the baseline data analysis to doAa‘
similar review of the Phasé 2 test data generated on other specimen types, crack- .
ing orientatlons, test temperatures, ‘and frequencies.

- The computed statlst1cs for all of the R = 0 subsets of FCP data are
‘shown in Table 3. Some of the data collectlons are small but they do provide
reasonable indications of the comparative crack-propagation lives for the differ-
ent test con&itions. As an additional illustrative aid, these same data are
presented in Figure 56. The data points denote mean qrack-propagation Llives
and the solid and dashed bounds indicate plus and minﬁé one and two standard.
deviation limits from the mean. '

Standard statistical checks (F and t tests) were made on the various
categories of data to determine whether any of the data sets could be combined,
i.e., showed no significant differences in either mean value or standard
deviation. If 2 groups of data could be combined it meant that, for the test
conditions studied in this program, the variable or combiqation of variables
differentiating those groups-had an insignificant éffect-on the crack propagation
life. .

Through this analysis it was determined that data groups 2, 5, 9 and
10 were statistically similar and could be combined with 95 percent confidence.
Groups 3, 7, 6 and 11 could also be combined. - These are all LT specimens. One
conclusion drawn from this was that the -40 F and room temperaﬁure test conditions
pfoduced similar crack-growth lives, while the +140 F temperatures produced sig-
nificantly lower lives. Another conclusion was that the TL aﬁd SL orientations of
.cracking produced significantly lower crack-growth lives than the LT orientation,
with the SL orientation displaying the lowest overall crack-growth lives,

.The only minor surprise in these findings was that the -40F and -
room temperature data displayed no sigﬂificant differences, even though it was
evident from the individual data displays that these test conditions produced
da/dN versus AK curves with different slopes and different critical toughness
_asymptotes. Apparently the load levels were such that the 2 differing factors
tended to offset each other. This overlap of data for the 2 different tempera-

. tures must, therefore, be considered somewhat fortuitous and does not indicate
a total absence of low temperature effect on cracking behavior. Specimens tested
at lower load levels would probably have shown higher crack-propagation lives

at the -40F temperature than at room temperature and conversely, specimens
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COMPARISON OF R = 0 FCP DATA GENERATED AT

Data(_1

4.59

“TABLE 3.
VARIOUS TEMPERATURES IN SEVERAL ORIENTATIONS
(MAX, INITIAL STRESS INTENSITY = 20 KSI ./IN)
I Logarithmic Logarithmic
Data - Temperature, No. of Mean Life, Std. Dev,.,
Group Description Orientation F Data X .S
Baseline “
1 CT Data LT 68 66 5.68 9,30‘
SEN Data LT 68 5.73 ©0.28
CT Data L 68 5.59 0.08
4 CT Data SL 68. 5.21 0.04
Temperature » _ '
> Effect CT LT 40 5 5.74 0.24
‘ Temperature '
6 Effect CT LT 140 3 5.38 0.17
Tewmperature : . '
7 Effect CT TL -40 4 5.58 0.13
Temperature _ v
8 Effect CT TL - 140 3 5.34 0.11
_ Frequency _ :
9 Effect CT LT 40 3 5.76 0.12
Frequency . .
10 Effect CT LT 68 3 | 5.66 _‘0.16
Frequency ‘ '
11 Effect CT LT 140 3 ‘ 5.67 0.08
J '
12 Fowler s LS 68 6 0.04
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O‘rfi'emaﬁon
and ~ Data
Description Temperature  Group
Baseline data LT,68F | o
SEN data LT, 68F 2
- TL,68F 3
CT data {SL, 68 F 4
LT, -40F 5
Temperature effect | LT, +l40F . 6
CT data TL,-40F 7
TL, +140F 8
Frequency effect LT, -40F °
u Y 1 ' ‘
CT data LT, 68F 10
' LT, 140 F 1

FIGURE 56.
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tested at higher loads woﬁld almost surely have displayed lower crack-propagation
lives at the.réduced temperature level. ]

Some limited crack growth data generated by Fowler(ls) is included
as the last entry in Table 3. The mean log 1ife of these data is substantially
smaller than of the data of the present progfam. The most likely reason for
the discrepancy is the different orientation. Fowler's data are for the LS
onientafioﬁ. LS. and ‘LT are growing in-the same plané but in different directions.
It isﬂéomewhat-surﬁrisigg though that Fowler's‘déta have a~lowéi mean log life
than the‘pfesent SL data (Table 3). However, indirectly the same results were
obtained here with the surface flaw specimens. At the specimen surface, the
surface flaws were growing in LS. According to Figure 35a, the’growth in that
direction was substantially faster than in the SL direction, by a factor of 3
on the average. The mean log life for SL was'5.21v(Tab1e 3). Hence, the LS
surface flaw results suggest a mean log 1life of 5.21 ~ log 3 = 4.74, which is
much closer to Fowler's results. .

In accordance with the higher growth rates, Fowler also found lower -
threshbld values (MK s 7 =8 ksi VE;). An extrapolation of the LS surface flaw
data in Figure 35a to the threshold regime, suggests a threshold value on the
order of 7 ksi VEE. Thus, the two data sets are in good agreement.

‘These observations emphasize the anisotropy of rails with regard to
crack growﬁh properties. In particular, the results indicate that a transverse
fissure in a rail head will have a tendency to develop into an elliptical flaw
with the major axis in horizontal direction and the minor axis in the vertical

direction. This is in agreement with service experience. Naturally, the stress
 distribution in the rail head will have a strong influence on the flaw shape

also. Therefore, the above conclusion is only of a qualitative nature.

8.4 Phase 2 Crack-~Growth Data for R = Q.SO

A somewhat more limited collection of data was generated at a stress
ratio of 0.50, but there was sufficient data to observe the effects of tempera-~
ture and orientation on crack-érowth resistance. Table 4 provides a tabulation.
of the statistically analyzed data subgroups generated at R = 0.50. Figure 57
displays those data for each category.

As with the R = 0 data, the -40F and room temperature data groups
could be combined, but the +140F data fell significantly below the other temper-
atures. Orientation'was again found to be a significant factor on crack-growth
life.
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"~ TABLE 4. COMPARISON OF R = 0.50 FCP DATA GENERATED AT
VARIOUS TEMPERATURES IN SEVERAL ORIENTATIONS
(MAX. INITIAL STRESS INTENSITY = 20 KSI 4/IN)

Ldgarithmic

_ _ Logarithmié‘ :
Data - *  Temperature, No. of" Mean Life, Std. Dev.,
Group . - Description Orientation - F : Data X . s S
1 . SEN Data LT 68 6 T 6.27 0.09
2 CT Data - TL 68 6 - 6.04 0.01
3 Temperature I -40 3 6.26 10.04
Effect CT - ) o
Temperature . ' : .
4 Effect OT LT 140 3 6.10 . 0.03
5 Temperature TL -40 3 6.23 0010
Effect CT . . Ve
6 Temperature T 140 3 6.10 0.04 -

Effect CT




+140 68, -40

g ' 8 . #I} Meah volueé)
IOrien.tcﬁon‘ : . Cycles to Failure, Ng¢
: : and Data o5 e
Description Temperature  Group T T T TTTTT T
SEN data - | LT,68F ' | _ | p-.!__g_{-.!
CTdata TL,68F 2 b A-O—f=-1
| LT,-40F 3 HOH
Temperature effect ) LT, +I40F 4 M
CT data TL, -40F 5 bt~
: : TL, #l40F 6 Fietd
| | 1
50 55 60 - 65

Cycles to Failure, log,o N¢

FIGURE 57. COMPARISON OF R = 0,50 FCP DATA GENERATED AT
_ VARIOUS TEMPERATURES IN THREE ORIENTATIONS
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. On the basis of a statistical combination of the appropriate data
subgroups a condensed tabulation of crack-growth resistance data was formed as .
shown in Table 5. .The effects of temperature, orientation, and stress. ratio
are evident from this data display. It is also interestiné to note that the
‘coefficient of variation for these various groups is quite small — in many
cases 1t is less than 3 percent - Whlch 1nd1cates excellent repeatablllty in.

‘the’ test data.'

8.5 Correlation with Other Material Properties

In Phase I of this research program an attempt was made(;) to correlate
crack growth behav1or with other mechanical propertles chemical composition
.and mlcrostructural parameters. No correlations were found,'apart from a weak
correlation with hardness. The statistical analysis in the previous subsections
indicated that crack growth properties behave more or less as a random variable.
Yet 9 rail samples were selected for addltlonal testing in this phase
of the program to further examine the effect of various material parameters on
crack growth. These samples were listed in Table 1. The test data are presented
in Figure 58 for the LT direction and in Figure 59 for the TL direction. The
band of other data (Figure 15) is also shown in these figures. »
The crack growth lives for these specimens are compared in Table 6
with the crack growth lives of other specimens from the same rail samples}teeted-
in Phase I (LT results only). It turns out that the results of the first and |
second test on the same sample are very close in some cases, but appreciably
different in other cases. Mean log lives and standard deviations are also com-
pared, showing the same statistical sample properties.
The average data of the two specimens of edch sample were taken for a
comparison with other material parameters in Table 7. The results are listed
in the order of increasing life. Chemical composition, mechanical propertles
and pearlite content are listed and yalued by 0, + or —. - The parameter
is given as zero if it was within one standard deviation of the mean of all
66 samples. If it was more than one standard deviation above the mean, a +
is indicated, and if it was more than one standard deviation below the.mean,va
~ is indicated. 1In the case of pearlite, a zero means 100 percent pearlite and
a- meaﬁs less than 100% pearlite. The mean log life of ell 66 samples was
5.68 with a standard deviation of 0.30. Thus, all 9 sample lives were within

one standard deviation of the mean (see Table 7).
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TABLE 5. OVERALL FCP STATISTICS FOR THE VARIOUS STRESS RATIOS,
TEMPERATURES, FREQUENCIES AND SPECIMEN ORIENTATIONS

. Logarithmic Logarithmic -
Temperature, Stress ¥o. of Mean Life, Std. Dev.,

Orientation _ F Ratio Data ] X S
0.00 17 5.73 0.23
68 and -40 0.50 9 621 0.08
LT -1.00 6 5.71 0.27
( 0.00 6 5.50 " 0.13
140 '
©0.50 3 6.10 0.03
0.00 7 5.5 0.12
68 and =40 ,
0.50 . 9 6.10 0.10
TL . N . .
0.00 3 5.3% 0.12
140
0.50 3 6.10 0.04

SL » - 68 0.00 3 5.21 0.04

98



Crack Growth Rate, da/dN, In./cycle

— O 005
sl 1026
0 " A 027
— ¢ 028
— v 037 .
| Q 040
| O 045
07— O oe0
IO-G:—
10T - :Bcnd. of LT data from Figure i5
— B
ol 1] 1 L 11 Lo
6 7 8 910 20 20 40 %0 60 70 8090I00

Stress Intensity, AK, ksi~in'/2

FIGURE 58. ADDITIONAL BASELINE DATA, ROOM TEMPERATURE AT
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TABLE 6. ADDITIONAL CRACK GROWTH TEST RESULTS

101

Kilocycles
to Cycles to Cycles from . Percent
Heat Failure, a= 1.0 in., a= 1,0 in, Baseline - Differerice
No. Orientation Ng "N to ag, AN Results in Log Life
017 LT . 556 278 278 288 -0.3
: TL 504 267 237 - - —
028 LT S 1,291 607 684 536 418
TL ' 936 443 493, — --
060 LT 411 213 198 ' 247 -1.8
TL ‘ 376 , 181 . 195 - -- -
026 LT 659 260 - 399 233 S 442
TL 626 311 315 -- -
027 oLT 311 155 ' 156 g0 -12.7
: TL s34 - 280 254 - --
037 LT | 494 225 269 617 . -6.2
TL 521 225 . 296 - S
005 LT 1,091 440 : ' 651 271 47,0
TL 785 350 : 435 -- _ --
040 LT 625 : 296 329 323 . 40,1
TL : 462 219 ‘ 243 - --
045 LT ' 792 338 454 1,019 5.8
. TL 678 295 383 - : -
Original’9 New Tests on 66 Baseline
Samples 9 Samples- Samples
Average of Logarithmic )

Crack Growth Lives 5.53 5.63 . 5.68
Standard Deviation of Logafithmic

Crack Growth Lives .22 .25 .30




TABLE 7. RANKING OF EXPERIMENTAL RESULIS OF
' ADDITIONAL BASELINE TESTS

Average .
Sample Life, Chemical Composition Log
Number kilocycles c Mn S 0 UTs TYS Pearlite Life
060 222 ' 0 0 - 0 0 0 0. 5.35
017 - 283 0 0 + - 0 0 0 5.45
026 316 6" 0 + 0 o 0 0 5.50
040 326 - - 0 4+ + + - 5.51
037 | 443 0 0 - 0 - 0 - | 5.65
005 461 - + 0 0 0 0 ‘ 0 5.66
027 523 0 0 0 0 0 0 0 5.72
028 610 . .0 0 0 + 0 0 Lo- 5.79
045 736 - - 0 + - - 5.87
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For Sample No. 027, all naterielﬂparameters are zero, while this

~ sample had a life of 523,000 cycles. Samples 040 and 045 have mostly nonzero
entrees, and all deviations are to the same side, except the yield strees.
Yet Sample No. 040 has a life of 326,000 cycles and Sample No. 045 has a life
of 736 000 cycles, which spreads the results to both sides of Sample 027.

The fact that crack growth properties do not show obvious correlations
ﬁith any other mate;ialipafaneters may not be as surprising as it seems. All
parameters listed in Taﬁle>7 are bulk properties;~i;e., they are an a&erage’for
a large conglomerate of‘grains, pearlitercolonies, an& inclusions. However,
fatigue crack propegation is not .a bulk property but a very local property.

Every cycle the crack propagates over a small distance varying from 1077 to 1074
inches. For every cycle, then, only an extremely small amount of material comes
into piay.v Ihns,.the veriability'in crack growth is much more a function of the
lecal,variations in structural and chemical composition. Most of the crack
propagation life is spent when the crack is still very small. If in that part
of iife material is encountered where the local properties are poor, the crack
will grow quickly through this regiom, thus cauéing a drastic reduction in

total crack growth life., If in a later stage of crack gronth, material is
encountered with much better properties, some of the loss is made up for,

but since crack growth rates are already hlgh due to the high K, the total 11fe
Stlll remains low. .

Thus, crack growthlis much more dependent upon local variatioms in
- the material than other material properties. As a consequence, any correlations
"~ with bulk material properties are mot observed, obvious, or easily assessible. *
Another‘consequence is that variability of crack growth properties within a
material can be almost as large as the variability among materials of the same
type (i.e., variability within one raillas opposed to variability among rails).
Only if the bulk_properties show very drastic changes can a general trend in
craek’growth properties be observed. This is the case if the effect of orienta-
tion is considered, where the SL direction nas consistently worse properties
than the LT direction.

The variability of all parameters for 66 fail samples is giﬁen in Table
8. Despite the large variations in chemical composition the bulk properties
of tensile strength and yield stress do not vary much. The standard deviation
as a percent of the mean for the chemical composition is on the order of 10 percent

or more. This number isvonly a few percent for the mechanical properties, and
.more important, also for the log life. Apparently, the large variations in chem-
ical and structural parameters are not reflected in the variability of the crack

growth life.
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TABLE 8. VARIABILITY OF RAIL PROPERTIES

Standaxd

: _ - Deviation
Low - High _ ' Standard in Percent
Variable " Value ~ Value Mean Deviation of Mean
%C .57 .85 .76 .06 8
%Mo 61 . 1.48 .88 a7 20
%S .014 . .052 .029 .010 34
Grain ' ' | _ ' '
Diameter, .066 .120 .087 . .021 25
mm ) B
Pearlite : ,

Interlamellar 2,470 4,160 3,211 632 20
Spacing, - S
TUS; ksi 111 142 133 5.5 4
TYS, ksi 60 82 73 5 7.

Crack Growth :
Life, 5.18 6.22 : 5.68 .30 ‘5
log cycles '
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9.. IMELICATIONS FOR THE FAILURE MODEL

The present results and those of Phase (L) are a unique and complete
representation of fatigue crack growth properties of rail Steels. The effects
" of R-ratlo, orientation and some other parameters were lnvestlgated to an-ex-
‘tent that parallels can be drawn for all rail materials with a high degree of
confldence. In. order to predict crack growth under service loadlng from constant
amplitude loadlng, an -adequate description of da/dN data is required. Such
a descrlptlon is now avallable by means of the crack growth equation derived
in section 7. ) _ ’

Therefore,xall baseline information for the subsequent development of
a. rail fallure model is available.  In ‘the last phase of this program fatigue
crack propagatlon under variable amplltude service loadlng will be lnvestlgated.
A rationale will berdeveloped to predict the behavior under service loading on
the basis of constant amplitude data. Such a rationale will not predict a
particular test result under a particular random sequence of loads,‘because
the varlablllty within one material will not be accounted for, as dlscussed
above. However, the rationale will predict the behavior of the famlly of rail
steels. A rellablllty analy51s, or some sort of statistical analysis will
then be required to account for the varlablllty 1n service,

It is of great interest to know how the varlablllty in crack growth
propertles will affect reliability analysis. Some appreciation for this .can be
Vobtalned from Table 9. The first line in this table shows the variability
parameters of crack grcwthf If the entire variability in crack growth was due
to a difference in general stress levels, the variability in stress levels |
would be as in the 3 lower lines of Table 9, assuming a 4th, 5th and 6th power
dependence between da/dN and AK. »

On the. average the rail materials showed da/dN to be depending on AK
to the 5th power. According to Table 9, a standard deviation of 15 percent in
stress then gives the same variability in crack growth as observed in the
experiments. A 15 percent error in stress seems to be a possible cumulative
error, if the following contributors would have a 5 percent error each:

(a) load spectrum,

(b) stress analysis,

(c) stress intensity analysis.

The accuracy of these contributors cannot be expected to be much better than

5 percent. In additiom, there will be errors introduced by the assumptions
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TABLE 9. = VARIABILITY IN STRESS FOR EQUIVALENT
" VARIABILITY IN CRACK GROWTH LIFE

Standard

. Deviation
Low High Standard - in Percent
Variable Value Value Mean Deviation of Mean
Crack Growth - . _
Life, Co 5.18 6.22 5.68 .30 5
~ log cycles
Equivalent - ‘
Variability ’
in Stress, ksi .75 - 1.36 1 .19 19
(4th Power)
Equivalent
Variability ‘ -
in Stress, ksi .79 - 1.28 1 .15 15
(5th Power) ’
Equivalent _
Variability .83 1.23 1 12 12

in Stress, ksi
(6th Power)
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on flaw location and flaw shape. Therefore, it is concluded that the variability
in crack growth properties is of the order of magnitude of the variability

(error) of predictions due to accuracy limitations.
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APPENDIX A

BASIC CRACK LENGTH CYCLES DATA FOR PHASE II
CONSTANT AMPLITUDE EXPERIMENTS

The following tabulations present the crack length measurements and
associated cycle count for the experiments discussed in this report. The
first measurement point-in each tabulation represents the precrack length on
the specimen surface after crack initiation out of the cpevron notch. The

final crack length represents the last crack size that could be monitored

before fracture.

Specimen coding is in accordance with the text and figures.
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TABLE A-1. BASIC CRACK LENGTH-CYCLES- DATA FOR FIGURE 12

Specimen 006 | -__-_S_pssi;ule:x_gl;il_-__ Specimen 019
TeRACK  CYCLE CHACK LYCLE “CRACK  CYCLE
LENGTH, COUNT, LENGTH, COUNT, LENGTH, COUNT,
A, INCH N,KC Ay INCH N,KC A, INCH N,KC
Tl baz.aa 923 120,00 TTTleta 2az.e5
,948 600,02 «957 150,00 972 d4u.u0
982 699,02 - 1,045 280,69 - . b.@54 . 426,09
1,031 785,00 1,094 220,98 1,112 465,09
1,079 843,09 . 1,156 241,00 1.143 489,00
1,116 903,00 1,224 260,00 1,188 521,00
1,227 985,00 1,279 272,09 1,245 516,60
1,261 14na,6e 1;§16 280,00 1,321 530,00
1,338 102,00 1,374 29,00 1,428 - 539,29
1,438 1036,4d . 1,444 300,09 1,480 541,00
1,600 1044,78 1,501 307,00 1,500 541,50
1.550 - 310,00 1,530 542,10
1,602 312,58 1,578 542,50
1,654 313,64 . 1,562 542,76
1,698 314,24
1,739 315,00
1,784 T 316,080
1,818 316,40



Specimen 029

CRACK
LENGTH,
A, INCH

.920
,942
,980
1,020
1.059
1,102
1,143
1,168
{1,249
1,300
1,344
1,388
1,418
1,447
1,472
1,801
{.521
1,568
1,611
1.711

1,806

CYCLE

COUNT,
N,KC

334,91

398,00

460,09

523,00
570,60
616,00
650,00
685,40
707,64
725,08
735,49
743,00
748,09
752,00
755,40
758,00
766,00
763,00
765,08
769,25

770.12

TABLE A-1.

(Continued)

Specimen 020

CRACK

LENGTH,

A, INCH

CYCLE
COUNT,
N, KC

B!
0922

L0947

972

1,008
1,037
1,078
1,135
1.182
1,237
1,269
1,307
1,352
1,396
1,434
1,462

1,487

1,529 -

1,574
1,643
1,768

{1,918

A-3

325,00
372,00
415,09
474,00
525,00
565,80
612,089
566,00
697,00
727,48 .
737,00
752,40
765,920
775,00
732,00
787,00
791,68
796,00
8@, 09
803,00
610,00

811,25

Specimen 023-1

CRACK
LENGTH,
Ay INCH

CYCLE
COUNT,
N,KC

L9806
1,029
1,063
1,190
1,165

1,228

715,00

839,282

952,082
1060,09
1225,00
1335,00
1430,09
1502, 09
1545,69
1571 ,09
1584, 0@
1584, 00
1587 60
1587, 40

{588,102



TABLE A-1. (Concluded)

Specimen 11002-1 '~ Specimen LT035-1 Specimen LT036-1
TERack  cvcle TCRACK | CYOLE TeRACK  CveLE
LENGTH, COUNT, LENGTH, COuUNT, LENGTH, COUNT,
Ay INCH N,KC Ay INCH N, KC A, INCH Ny KC
T e e e en e
,943 384,00 ,936 426,28 | ,963 331,50
1,080 495,00 ,973 515,30 1,032 381,59
1,094 554,60 .. .996 572,38 1,056 421,50
1,150 595,30 1,046 686,00 1,092 484,00
1,216~ 630,00 T l.it4 813,15 . 1,142 © 536,50
1,251 es;.sé_ | 1,153 673, a0 1,320 649,10
1,313 6§77 .00 ;.237' $82,10 . 1,351 661,00
1,376 CETIY ~ 1,28¢ 1830,u0 1,383 672,49
1,414 709,80 1,341 1108,08 '1;421 ‘, 684,50
1,469 722,76 1,377 1142,00 1,457 695,u0
1,521 734,00 1,487  1163,80 1,509 705,00
1,602 746,89 1,452 1187 ,48 1,541 711,19
1,653 753,00 1,491 1204 ,50 1,573 715.50
1,694 . 756,58 1,526 1217,40 1,615 720,50
1,734 760,10 1,572 123z,00 1,659 725,60
1.766 762,30 1,626 1243,00 1;714 ' 729,00
1,832 766,00 1,674 1251.@@ ' 1;743 . 734,50
1,889 768,50 1,719 1257 .09 1,793 732,50
1,935 770,00 1.771  1262,00 1,842 733,50
1,994 774,40 1.817 1265,40 1,884 734,09
1,875 1268,20
1,934 1271 ,00
1,998 1272.00
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TABLE A-2. BASIC CRACK LENGTH-CYCLES DATA FOR FIGIRE 13

Specimen 009 ‘ Specimen 016 Specimen 024
Temack TTTGYGLE. cRACK  CYCLE TeRicK | CYCLE
LENGTH, - COUNT, - LENGTH, COUNT, LENGTH, COUNT,
Ay INCH MyKC . Aj) INCH N,KC AyINCH . Moke
PR P PR T
979 11347 | ,944  2pa,ua 936 '1733;Qz
'g1g. 117'47 - 1,028 300,00 .945 176829
9143 127,47 i.851 32e,0m 956 181800
‘918 137447 1,107 360,00 {'gng 197850
w922 147,47 1.161‘ 393,00 1,049 1945, 42
,956 185,292 | 1,207 . 415,40 1.g87 - .198p,00
1,222 205,99 . 1,256 435,04 S 1124 2:A5,un
1,649 263,09 - 1,312 452,00 1,242 2046,30
1,298 293,002 1,369 465,00 1,264  20852,080
1.146  318.¢0 1,421 475,00 1'283  2055.04
1,198 342,07 1,492 485,00 1,311 215854
1,243 358,00 §,549 489,60 1,347  2¢62,a0
1,284 . 368,55 i.exx 492,09 1,366 2065, 040
1,324 378,00 {.727 494,07 1,383 2067.59
1,368 386,00 1,816 494,47 1,436 2069 ,59
1,416 393,09 | » 1,478 '2571;sq
1,478 sgg;um5 - ‘ j 1.519 21473.99
1,549 403,60 : 1,584 2074,59
1,602 485,02 o 1628  2075.00
1,668 495,96 | | 1,662 2075,25

1742 275,33
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TABLE A-2. (Continued)

Specimen 030 , Specimen 031 ) Specimen 035

TeRACK | CYele  cRack  cYCLE TeRack  CYCLE
LENGTH, COUNT, LENGTH, COUNT, LENGTH, . COUNT,
A, INCH CNGKC - AJINCH  N,KC Ay INCH - N,KC

TTTete | 19s.8@  Ls2z  dte.e  .e23 120,00

;bsa ' zsé;uwll | .964 560 ,04d : :,gaa' 150,00
'.036 v'azx.we o Le97 679,02 979 200.0@
1,091 350,00 1,042 781,20 1.027 242,00
1,137 $70,00 1,086 869,21 1;@53_‘ 260,80
1,176 ’  333.@u o 1,132 'QAQ.BG 1,099 4 éas.w@
1,224 394,40 1,164 983,00 1,140 305,00
1,272 485.p0 1,208 1024,33 .20t 325,00
1,350 416,00 1.243 10163,35 1,270 347 .44
1,384 éam.aa , 1,283 1499,78 1,292 352,00
1,439 425,09 1,349 1128,50 1,331 361,09
1,6m4  43g,00 1,395  1135,89 1,362 366,50

1,575 433,50 1,459 1148,40 1,396 372,00

1,642 435,70 1,531  1156,75 1,448 377,09
1,686 436,30 1,616  1163.,00 1,469 380,00
1,745 436,78 1,698 1166,09 1,499 382,00
1,791 436,96 1,856 11648,00 - 1,520 385,00
{,847 437,13 1,902 1168,22 1,568 388,00
1,983 437 .27 | 1,624 391,49

1,691 393,40
1,744 394,60
1,908 394,81



TABLE A-3. BASIC CRACK LENGTH-CYCLES DATA FOR FIGURE 14 .

Specimen 007

CRACK CYCLE
LENGTH, COUNT,
AsINCH N, KC
T
1,100 43840
1.151 461;10-'YV
1,201 477.80
1,251 483.50
1,304 487.00
1,351 490.30

Specimen 013-2

A-T7

CRACK CYCLE
LENGTH, - COUNT,
AyINCH N, KC
TRy
1937 1017.29
965 {16729
1. 206 134729
1,054 146729
1,108 1620,09
1,157 1756.42
1,221 1666,49
1,282 196629
1,328 2@16,30
1,364 207400
1,413 2123,09
1,447  2150,p0
1.478 2175,29
1,510 2200,40
1,558 222500
1.595 2249, 09
1,633 2255,82
1,663 2279,08
1,702 2285,00
1,758 2309, 40
11825  2315.a7
1,9m1 233a,09
1,959 2338154

Specimen 016-1

cRACK CYCLE
LENGTH, CayHT,
27 INCH NeKE

R TOT
1,114 ’3168;u3:
1,364 333302
11414 334923
1,464 3361,85
1,514 336780

| 1,564 3371.30



TABLE A-3. (Continued)

Specimen OZO-i ’ Specimen 022 Specimen 036
Toxrck griie "CRACK  CYCLE TCRACK  CYOLE
LENGTH, LUUNT, - LENGTH, COUNT, LENGTH, CAUNT,
ApInCnt Ny KL A, INCH N,KC As INCH N,KC
TTliean | eme.ma 1.e56  o4l.e0  1.068  1489.60

Le 9y 075,74 1,196 980.10 1,118 1570.80
1,149 10,07 1,156 © 1009.80 1,168 1629.70
1,199 741,u9 1,206 1035.50 1,218 1680.20
1,24y 167,17 1,256 1056.20 1,268 1721.10
1,299 /87,06 1,306 1072.90 1,318 1753.50
1,94y 0ua, 95 1,356 1086.40 1,368 1778.10
1,40% elo,u6 1,406 1096. 60 1.418 1795.30
1,44y 528,22 1,456 1103.80 1,468 1811.50
1,499 | 092,95 1,576 1109.80 1.518 1825.40

1,04y sdc,02 1,556 1111.70 1,568 1837.40

1,59y 033,25 1,606 1115.20 1.618 1837.60

1,04y cdu./7 1,656 1115.50 1,668 1840. 60

1.09y odz,u’



TABLE A-4. BASIC CRACK LENGTH-CYCLES DATA FOR FIGURE 17

Specimen TL007-1 Specimen TLO09-1 Specimen TLO23-2
TeRaCK  CYCLE TCRACK | CYCLE TCRACK | CYCLE
LENGTH, COUNT, - LENGTH, COuUNT, LENGTH, COUNT,
Ay INCH N,KC . ApINCH N,KC APINCH N, KL
TSt Ties.gm o .83 tsa.a@ - .913  Saw,ea
.954 ' 525;b@ ’1.mwg a 215.éz - ',sss‘A | sgq.uw
1,011 Sé@.aw - 1,259 261,00 1,022 ) 700,069
1,872 - 765,00 1,107 305,09 1,073 600,00
1,121 40,08 1.159 349,10 1,141 883,00
1,165 soe.za . 1.299 385, 0@ 1,195 938,00
1.220 940,09 1,264 413,040 1.272 975,00
1,266 YL 1,308 . 435,08 1.322 995,80
1,325 967,00 1,363 457 .00 1.365  1410,00
1,364 113,00 . 1,419 474,49 1,398 1820,08
1,424 iasm.m@ 1,459 488,009 1,435 1e3e,09
1,468 1049 ,90 1.525 5ap.,89 . 1,484 1@4@.@@
1,515 1049 .09 1.571 527,50 1,547  1u¥5p,04
1,569 1657 .40 1,609 §13,48 - 1,581  1054,03
1.624 1862 ,00 1,630 515,90 1,622 1058 ,47
1,872 | 1666,00 1,715 520,00 1,669 162,00
1,741 106904 - 14748 521,50 1.716  1066,@0
1,818 . 1w7¢,.50 - 1.818 523-29,. 1,771 1068 ,00
| 1,635  1e7d.00
1,893 1971,16
1,973 1074,48
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Specimen TLOOI-1

CRACK
LENGTH,
ArINCH

CL YT L AR Ry T

917

,936

1,972
1,010
1,085

1,143
1,197
1,251
1,294
1,336
1,378
1,44y
1,481
1,526

1,985

1,698

1,748
1,788
1,817
1,845

1,936

CYCLE
COUNT,
N,KC
200,00
45¢,00
869,80

1060,09

1369,00

1800 ,02

1940,94
2¢650,00

212¢,09

2250 ,00

2322,09
2370,60
2425,00

2475 ,u0

2530,00

2549, 09
2544,00
2550 ,00
2552,00

2552,58

Specimen TL002-1

CRACK

LENGTH,

ApINCH

CycLe
COuNT,
N, KL

w951

1,002
{1,034
1,089
1,123
1,163
1.214
1,269
1,326
1,388
1,454
1,581

1,569

1,622

260,40
'31@.3dl
500,00
620,00
72009
810,00
919,149
1000, 20
1090, 02
1170,00
1244,00
1284,20
133¢,00
1362, 00
1399 ,u0
{41p,un
1420,09
1434, 09
1444,09
1450 ,00
1455,4@
1460 ,09
1462,74

1464 ,63

TABLE A-5. BASIC CRACK LENGTH-CYCLES. DATA FOR FIGURE 18

Specimen_TLOO6-1

CRACK
LENGTH,
Ay INCH

.927
980
1,016
1,068
1,118
1,145
‘l;lﬁl
1,251
1,297
1,354
1,402
1,457
1,5@1
1.55;
1,599
1,646
1,685
1,729
1,785
1,813
1,836
1,857
1,982
1,933

1,98¢

CYCLE
COUNT,
N, KE
130,00
339,40
410,99
559,00
6790.20
75@ .00
850;@%
960,00
1040, 20
113@.@@7
118g,u0
{239,009

1265,ua

130510

133,40
1952 ,¢0

1365,n9

138¢,60

1392, 50
1400,00
485,40
14190,97
1412,50
1415,00

1420,61



Specimen TL0O07-2

CRACK
LENGTH,
A, INCH

P oy T L R L L LB

.918
28970
1,083

1,047

1,299 .

1,150
1,208
1,277
1,328

1,373

1;412A

1,464
1.520
1,638
1,663
1,690
1,725
1,760

1,821

1,868

1,902

CYCLE
COUNT,
N, KC
338,69
aew.éw
480,00
550,00
640,09
720,002
816,00
916,08
965,00
1Y15,00
1855,002
1101,00
1146,20
1200 ,00
121,20
1220,00
123,00
1235,029
1245,00
1248 ,00

1248,85

TABLE A-5. (Continued)

Specimen TL009-2

CRACK
LENGTH,
Ay INCH

9608
1,019
1,084
1,148
1,207
1.251
1,286
1,331
1,972
1,408
1,454
1,503
1,555
1,587

41,624
1,644
1.662
1,684
1,729
1,801
1,845

1,860

CYLLE
COUNT,
N, KC
286,50
482,00
659,00
810,60
24,44
tote,09
1480,640
1159,49
1200,¢0
1250,49
13de,co
134¢,592
1980,00
1409,00
1424,00
1430 .09
144p,09
1450,40

1460,09

1470 ,09

A-11

472,09

1472,02

Specimen TL023-1

CRACK
LENGTH,
A'INCH

l.nia

1.uds

LYCLE
LUUNT,
NyKL

286,04
4luenv
i+ Re 7R

0dd.6Y

/71,060

e7u,ub
Ydu,ud
ludu.w@
1l ,0d
11b0u.01
11%6,04
L2y,
1240 ,p9
1edu 01
1ebu,d
1¢9d .00
1ova, vy
1Yo ,¢v
1o1d.¢i
1vlo,vy
{v2v,00
1025 ,u9

127,11



TABLE A-6. BASIC CRACK LENGTH-CYCLES DATA FOR FIGURE‘ 19

Specimen SLO16 Specimen SL022 - Specimen SL029

TERACK  CYCLE TeKACK  CYCLE  GRACK  CvCLE
LENGTH, COUNT, LENGTH, COUNT, LENGTH, COUNT,
&, INCH N, KC Ay INCH Ny KG BVINGH  N,KC

TT7es | tse.es  .7sa lsw.se L7735 281,08

827 245,00 793 2éa.ua‘ . L83u 276,09
888 3@@,@@ 1,842 275,40 878 320,00
.929 335,00 o .894 '3.‘5@.@@' 924 ;551'.(4(?1
.é74 - 36¢,00 966 . 38@,08 1,017 - 415,¢m
§,036 390,40 . 1,002 409, 0@ 1,075 440,40
1,078 401,00 - 1,052 421,00 1,167 46g,00
1.107 410,v0 1,092 435,49 1,194 465,00
1,145 - 420,00 1.162 450,00 1,215 468,00
1,191 - 430,00 1.196 455,00 1,238 . 471,00
1,221 435,04 1,229 450,00 1,272 474,092
1,274 440,90 1,275 - 465,00 1,316 477,00
1,302 | aéa,ua 1,318 467,50 1,349 ' 479,00
1,332 444,00 1,344 474,00 1,374 489,40
1,386 7 446,40 1,395 472,09 4: 1,400 481,09
1,449 446,58 1,436 473,52 1,438 482,00
1,493 474,50 1,525 482,67

1,541 474,56



TABLE A-7. BASIC CRACK LENGTH-CYCLES DATA FOR FIGURE 21

Specimen LTOOL-1 | Specimen LT006-1 * Specimen LTO13-1
TeRack CwLe. - cmAck | CyeLe  crack  eveie.
LENGTH, COUNT, : LENGTH, COUNT, LENGTH, CounTt,
A, INCH N,KC | A, INCH N,Kt . ApINCH N,KC

TTTetsTTzaw.es .52 ims.en i.ezs | e2z.hn -

991 265.10 1,040 238,80 | 1,087 sar.6e

L0471 - 203.18 1.09¢ 258,98 1,137 361,20

1,091 318,40 1,140 276,88 1,227 392,00

1,161 346,50 . 1.19¢ 293,30 1,237 496,39

1,191 aze,90 1,240 }é?.?e 1,287 412,80

1,241 400,60 1,260 320,70 1,337 426,50
' 1;291 . 423,40 1,340 ., 331,80 1,387 438,10

1,344 447,30 1,390 42,40 1,437 -449.3@

1,391 453,5,9; ‘ 1,440 359,60 1.487 454,60
| 1,441 487,50 : »i,,AQU 358 ,¢0 1.5%7 a67 .59

1,491 525,70 | 1,540 . 364,10 1,587 474,80

1,541 : 521 40 1,58 369,29 1,637 481,30

1,590 534,50 1.640 373,880 1,687 486,90
1,641 543, 40 1,694 377,38 - 1,737 491,50

1,651 553,40 1,748 980,80 1,787 | 485,60

1,741 560,94 1,792 - 383,40 1,837 499,20

1,791 . 566,24 1,844 - 985,580 1,887 v@2,49

1,841 570,50 1.890 387,70 A .0080 575,20

i.ag1A 573,50 1.94u- i 389,10 1,987 507,39

1,941 575,49 1,994 $9¢,7a 2,837 509,60

2.020¢ 576,60 2.15¢ 492,40 2,380 515,10

A-13



'TABLE A-7. (Continued)

Specimen LT029-1" Specimen LT030-1 ' Specimen LT031-2
TERACK | CYCLE  GKACK  cycle eRACK . CcYeLe
LENGTH, COUNT, -~ LENGTH, COUNT, ~ LENGTH, COUNT,
AJINCH  NyKC Ay INCH N\KC AJINGH . NKC
TTTlsar | aps.em - .s2a . 675,08 .50 | a8a.ad
1,261 :‘ 683,90 1.076 934,93 1,055 761,80
1,361 701,30 1.125 999,38 1,155 675,40
1,461 730,90 1,175 1049,92 1,254 Y54,40
1,511 742,89 1,226  1896,29 1,355  1606.99
1,561 752,40 1,276 1134,34 1,454  1e41.30
1,611 760,50 1,326 1163,76 1,504 154,20
1,661 767,10 . 1,375  1191,32 © 1,555 1064, 40
1,711 772,19 1,425 1212,53 1,685  1u72,40
;;751' 776,40 1.476 1229,18 1,655 1$78.70
1,811 786,00 1,526 1243,.84 1,704 183,30
1,864 782,90 1,576 1254,55 | $1.754 '$¢87,60
1,911 785,19 1,625 1264,79 1,805 1090,908
1,961 786,60 1,675 1273,10 1,855 1093,392
2,011 787,50 1,726 1279 ,49 1,905 1695,29
2,068 787 .80 1,776 1284,39 1.954 10496 ,50
2,118 786,10 1,826 1288, 41 2,604 197,39
2,168 788,30 1,875 | 1291,60 2,068 197,79
1,925 1294,11 2,117 1297,80
1,976 1295,88 2,168 1097,90
2,025 1256,61
2,880 1297 ,66

A-14



Specimen LT020-1

I L Y LR L X X

- CRACK CYCLE
LENGTH, COUNT,
Ay INCH NpKC. ‘

“lsan teoe,00
‘1.9557, 1535;4q

1,155  1b22,10
1,355 2218,18
1,455  2364,39
1;5w5 ;, 2418.60.
1,655  2465,80
1,605 asaa.am;'
1,655 2543, 40
1,785  2578,50
1,755 2@@4.4@_
1,805 2625,00
1,855 2640,59
1,985  2655,20
1,955 2668 ,30
2,005 2678 ,00
2,063  2682,90
2,113 2699,8@
2,163 2698,10
2,213 2745, 40

Specimen- LT022-2

A-15

CKRACK CvcLe
LENGTH, COUNT,

Ay INCH N, KL

e e

- 1,095 101,82
1,145 119,41
1,195 131.83
1,245 142,52
1,295 152,22
1,345 16u.52
1,395 167,83
1,445 174,58
1,495 180,23
1,545 ‘kxab.ua
1;595 189,77
1,645, . 193,46
1,695 196,54
1,745 199,44
1;75: 201,82
1,645 2m4,11
1,895 2m§_14
1,945 2079.20
1,995 209,71

TABLE A-8. BASIC CRACK LENGTH-CYCLES DATA FOR FIGURE 22

Specimen LT023-3

CRACK CycLe
LENGTH, - LOUNT,
A, INCH N, KC
[
1,65 707.50 .
1,135 © 830.90
1,185 959.30
1,235 1074.30
1;28: 1163.80
1,339 1244,90
1,889 1324.80
1,435 1390.30
1,485 1449.60°
1,535 1502.60
1.58) 1546.40
1,635 - 1587.70
1,685 - 1622.40
1,735 1654.90
1.785 , 1680.10
1835 1703.10
1,885 1725.20
1,935 1739.00
1,585 175630
2,135 1794.70



TABLE A-9. BASIC CRACK LENGTH-CYCLES DATA FOR FIGURE 23

Specimen LT001-2 Specimen LT006-2 Specimen LT007-2

ek Lveee TomienTTLNLLLT Tewackovele

LeNoTH, CUURNT, LENGLTHA, COUNT, LENGTH, CNuUNT,

Ay IiCH Ny KL Ay InNCH Ny KL Ay INCH My KL

TTS7e 2lewesase1 | sar.es 1.e54 - Bis5
1.wu5 ~sbl,u2 1.a5 423,79 L.104 99,74
l,u6e 473 .66 ' 1,108 469,92 1.154 114,18
1,80 D2,k 1,150 951,01 1,204 118,70
1,137 074 by 1,200 022,20 1.254 124,43
1,152 oZa,Qw 1,250 by, 4l 1,874 129,45
1,198 V7w, k¥ 1,068 874,07 1.354 135,43
1,228 (z-a..m.! 1}.45v) /lo.07 1,424 130,42
1,261 /7u‘.w 1,454 139,00
1,290 L2460 " 1.504 14u,/4
1,944 oov,ud 1,554 142,95
1,891 Ydy,uw l.604 145,93
l.44¢ IQUﬁ.wQ 1,054 143,75
L,499 luby,cd 1.724 145,76
L D8y 11260V 1,754 143,70
1,010 1140.@ 1,874 143,483
1.750 117w ,ul 1,854 1438.30
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TABLE A-9. (Céntinued’)

. fpecimen L'I'Ol3-.2 Specimen LT030-2 Specimen LT002-2
CRack  urile TeRACK  cvele TeRack  cvele
LENGTH, COUNT, LENGTH, COUNT, LENGTH, COUNT,
Ay INCH NyKL A, INCH N,KL © AN INCH CNpKL

e T T Tlesee . ihess | se.se t.ams  215.40

1,659 271.7/2 1,083 67.u81 1,108 273.70
1102 917 449 1,138 76,72 1,209 292.40
1,152 859,90 1,183 83,15 1,250 363.40
’x,aﬁo o91,18 1,238 Bb,91 1,308 426.10
1,259 4%4,01 1,283 95,15 1,4m3  480.20
1,000 484,15 1,333 171,93 1,459 525.80
1,852 bU2,05 1,385  1M5,u8 1,529 564.70
1,802 221,16 1,438 109,04 1,559 597.00
L.450 D2u,db 1,489 111,435 1,605 . 624.20
1,509 344,00 1,533 113,41 1,653 647 .60
1.::5.5‘ 557 499 1,583 115,28 1,723 665,90
1,002 268 ,ub 1,034 116,98 1,759 682.40
l,052 074,33 1,684 118,84 T 1,808 696.20
1,703 976,08 1,739 119,17 1,859 705.80
1.bva 283,03 1,789 119,87 1,908 711.60
1,833 126,97 1,950 714.00
1,883 124,57 C2,1m 714,90

1,939 129,62
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- TABLE A-9. (Concluded)

Specimen LT029-2 , Specimen’' LTO31-1 ‘

oAk Cwoe. TeRACK - CyeLe
LEMGTH, CAuNT, LENGTH, COUNT,
ArINCH - N,KC A, INCH N, KC

Thoete 10460 l.e4a - 279.50.
t,u64 | '1'71;;56 S 1,094 355,30 |
1,114 - 228.80 1144 415.50
1,164 276.30 1,194 465.00
1.214 318,60 . 1.244  504.00
1,264 356.30 1,204 539,00
1,314 399,00 1,344 564,70
1,364 . 429.50 1,894 586.10
1.414 455.70 1,444 604. 60
1,464 47550 1,494 614. 60
A1'.514 | .493‘.60 1,544 623.50
. 1,564 501.30 - . 1,594 633.70
1,014 509.10 1,644 638.50
1668 514.60 1,694 640.80
1,714 518.90 1,744 643.40
1,764 520.00 1,894 | '543,40
1,614 520.10 1,944 643.40
1,664 520.50 -
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Specimen LT009-2

TerACK  cyeLe
LENGTH, COUNT,
A, INCH N, KC

Tlless 75,13

1,088 95,04
1,138 116,26
1.188 142,21
1,238 160,90
1,288 175,49
1,334 19a,61
1,388 208,77
1,438 215,70
1,48 224,92
1.53¢ 233,397
1,588 238,89
1,635 24y ,41
1,688 242,07
1,738 243,53
1,788 244,49
1,538 2444, 00

Specimen LT019-1

- N an e

Crairn

Ltauing,

1,413

L2

lovle

lgurg

l,41c
Lawd9
l.010

LeaFé

B S e IO
Le2%a

L0002

RO A T R W VI

WYulia
Ludkb i,
g ke

1odi. 28

l/_{)u .1}-;3

Ludo,ud
didi o4l
dalaii0
Lobu e
a0/

Aama gurd

UG, a0

S EUm L aad

2/¢/.Qs
180 o487
YN ATIRNS |
Lo /7

2ulz,ef

0w
4
L ]
€
I
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'TABLE A-10. BASIC CRACK LENGTH-CYCLES DATA FOR FIGURE 24

Specimen LT023-2 -

CrRACK CYCL;_
LENGTH, COUNT,
Ay INCH N,K(C
eanTisense
1,050 '1641.50
1,140 1843,30
1,194 2017.50
1,241 2178.10
1,291 2308.40
1,849 2434.80
1,394 2520.70
1,449 2592.30
1,499 2665.50
1,549 2665.60
1,59 2820.50
1,644 2859.00
1,694 © 2859.00
1,744 2926.50
1,790 2955.80
1,849 2974.60
1,690 2990.90
1;éau 2995.80



TABLE A-11. BASIC CRACK LENGTH-CYCLES DATA FOR FIGURE 26

Specimen TLO13-1 Specimen TLO19-1 " Specimen TL020-2
TGRACK . CYCLE - CRACK  cveLe. TCHACK  CYCLE .
LENGTH, . COUNT, LENGTH, COUNT, LENGTH, COUNT,
Ay INCH N, KC A, INCH N, KC Ay INCH. N, KC
TTlstz | iRe.en  Leii | 23a.om .986  alb.ou
1,078 248,60 1,863 335,40 1,036 - 447,59
1,128 267,70 1114 362,60 1,086 474,70
.178 284,10 1,164 385,40 1,136 544,90
1,227 298,90 1,214 4b5;9n 1,186 531,10
1,277 313,00 1,263 423,60 1,236 557,060
1,328 324,50 1,313 439,90 1,286 580,89
1,378 336,10 1,364 453,20 1,336 - 6@1,40
1,428 346,50 1,414 465,408 1,386 618,20
1,477 354,60 1,464 475,39 1,436 633,79
1,527 361,50 1,513, 482,98 1,486 645,90
1,578 367,79 1,563 489.%@ 1,536 656,34
1,628 872,99 1,614 495,60 1,586 665,30
1,678 377,50 1,664 499,76 1,636 672,70
1,727 381,70 1,714 5a2,7@ 1,686 674,680
1,777 484,99 1,763 555.3@ 1,736 683,40
1,828 387,79 1,813 507,40 1,786 687,48
1,878 - 39@,19 1,864 509,16 1,836 694,20
1,928 392,00 1,914 510,60 . 1.886 693,40
1,977 393,40 1,964 - 511,08 1,936 694,99
2,028 394,50 2,014 . §11.20 2,250 789,59
2,278 396,90 2,100 511,32
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*

Specimen TLO02-2

CHACK
LENGTH,
ApINCH:

L8311 2Bp,u0

1,054

1,154
1,254
1,354
1,454
1;sa4
1,554
1,604
1,654
1,724
1,754
i,804
- 1,854
1,974

1,954

2.,una

2,061
2,111
2,161
2,211
2,250

CYCLE

COUNT, -

Nch

679,40

942,49

1147 .76

131700

1446 ,20

149612

1540 ,90

1579,90 .

1614,00
1644,207
1669,12
1699,70
1789,19
1724 .40
1737,00
1747 ,30

1737 .20

1762,98

1767 .19

1768 ,84@

1768,90

Specimen TL022-1

CRACK
LENGTH,
ApINCH

1,059

1,179
1,159
1,209
1,259
i;a@é

1,359

1,409
1,459
1,509
1,559
1,689
1,659

1.729

CYCLE .
COUNT,
N,KC
480,10
869,80
1003, 10
1125,60
1232,30
1324,50
1413,60

1486,79

1550,00

1608,60
1655,79
1696,50
1734,70
1767 ,69
1795,79
1818,70
1837 ,34
1653,10
1868,49
_1873,80
1684,.59
1884,80
1687 ,359

1889,3@
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TABLE A-12. BASIC CRACK LENGTH-CYCLES DATA FOR FIGURE 27

Specimen TLO24-1

A O R W L R R N R X X X

CRACK
LENGTH,
Ay INCH

910

1,841 .

1,091
1.191
1,201

© 1,391

1,441
1,491
1,54}
1,891
1,641
1,691
1,741
1.79%
1,841
1.&51‘
1,941
1,991
2,058

2,860

CYCGLE
COUNT,.
N, KC

360,00
98,20
1065, 00
134,407
1946,10
1685,10
1755,10
1805, 40
1852, 80
1892, 40
1925,90
951,90
1976 ,00
1996 ,20
2017 .80
231,30
2044 ,60
2048, 10
205a.70

2053 .92



TABLE A-13. BASIC CRACK LENGTH-CYCLES DATA FOR FIGURE 28

fpecimen_T%9}6-1 : _ §pec%?fn_Ty9}9-2 o - .?pecimen TL024-3
TchacK  Gvee . cmack rene CRALK  veie
LENGTH, COunNt, ' LenoTh, LUUNT, LeNGTH, LUUNT,
A, INCH N,KC A, InCH Ny KL Ay InCn i, KL
Thlesa 10800 awse | aswews T TiTeaiTTTTTIIITTe-

1,084 181.90 - .98 47,44 1.1n0 031,

1,133 251.60 l,u82 Sd4e,ul 1,152 971,y
1,184 309.00 - l.1u2 'as-.).ea Cleaiy | Y7, wu
1,234 355.40 1,282 a7 .09 1,260 423,04
1,284 406.70 v1,250 ’ /le.04 1,29/ 48w, uv)
1,339 444,80 1,902 787,07 1,070 460,09
1,389 474.90 L9652 /38,24

1,434 503.50 1.4%¢ /76,00

1,48 521.10 C1l.40¢ /84,06

1,534 526.10 1,292 /94 ,ub

1,083 533.60 1.552 /96,93

1,633 540.00 1,00z aly.ul

i,,oao 543.50

1,738 544,70

1,783 ’ 545.00
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TABLE A-13. (Continued)

Specimen TL029-2

D DTS gy Y D WD TR WP D 4P TR R W W v W

CRALK CYcLe
LENGTH, COUNT,
Ay INCH : N,.KC
Tileas %620
1,896 152.70
1,146 200.30
1,196 237.50
1,246 270.00
1,296 295.10
1_,546 318.30
1,390 - 339.70
1,448 361.70‘
1,4% 376.50
1,546 385.10°
1'.5_05 392.00
1,646 397.30
1,096 402.20
1,746 403,70
1.790 - 403.70
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TABLE A-14. BASIC CRACK LENGTH-CYCLES DATA FOR FIGURE 29

Specimen TL016-2 _Specimen TL022-2 - Specimen TL024-2
TeRACK  Cvile TemAch L oveLe. Terack  cvele.
LENGTH, CNUNT, LeritTh, LUuH T, LENGTH, LOUNT,
Ay INCH N,KC A;INCH’ MN,RL A, INCH N, K(
TTilore TTs0060 d.use - deacead taime ae7.30
o ' j e . tleeo - 94,00
1.122  242.60 1ubo loda,cl 1,239 521.00
1,172 428,50  1.139  loiw.ed 1,280 659,90
1,222 © 597.70 1,189 1016,04 1,330 748.80
1,272 . 756.60 1,249 aai-m.sd 1,384 822.20
1,322 894.30 l.249 2ib3,v4 1,439 912.10
1,372 1024.40 1,989 deYe.id 1, 4Ry 963.80
1,422 1149.30 1,069  24we,07 1,534 993,80
1.472  1260.60 1,435 2uva,24 1,589 1038.20
1,522 1371.70 1.4z 2uli.49 1,030 1077.20
1,872 1477.80 1,339 2063,91 1,68 1077.20
1,672 ~ 1530.00 1,089 2/40,0u 1,734 11077.70

1,072 11565.30 1,039 2/l ata 1,7R0 1077.70
1,722 1606.50 | l,usy  ° 2eai.ud a 1.53&1‘ :,1075.'”10

1,772 1612.00 - 1,789 Rudn,/2

1,822 1634,80 1,780 2079.07

1,089 2vdq,0/7

1,089 290,11

LoF39 2080412
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APPENDIX B

Rail histery, chemical composition, experimental details and summary of
results of Phase I baseline crack-growth data are presented in this ap-
pendix.

A complete description of the Phase I effort was presented in an Interim
Report, Reference 1 of this report.




At ;hg-outset of this prbg:am, 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.ﬂrailroada. Variations of rail size, rail producer,. and year of._
production were the primary selection criteria., Eleven of the major railroad
organizations were contacted for contribution; of rail samples. Directly or in-
directlynéamples were received from the following organizations:

' ® Association of American Railroads

® Boston and Maine Railroad bompany

® (Chessie System

® Denver and Rio Grande Western Railroad Company

® Penn Central Railroad Qompany

® Southern Pacific Transpo:tation Company

¢ Transportation Syétcms Center )

® Union Pacific Railroad Company.

A total of 66 material samples were received repreéenting sizes from 85 1b/yd to
140 1b/yd, produced over a period from 1911 to 1975 in both U. S; and Japanese mills.
The samples wéte given identification numbers from 001 to 066. Basic informatibn on

the samples is presented in Table 1.

Chemical analyses of each of the 66 rail samples were made for total
carbon, manganeée; silicon,'and sulfur in percent by weight, and for hydrogen and
oxygen in parts per millioﬁ“(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 1nd1v1dually in the table.

, Specifications fo;'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 Weight, 1lb/yd
percent 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 0.10-6.23 ‘ 0.10-0.23 0.10-0.23.
2




TABLE B-1

RAIL MATERIALS INVENTORY

Stae
scL (Ih/yd) - . - Ssmptle
kqunn Recelpt Source: Section Centrotled 133 Year- Month. Length, .

Kumber bete Source Husber. . Nunher Type Cool ‘Brand Wolled Rolled: fnches . N Remacks

c01 10/10/73 ISC L 130 85C0 1929 n Ja=)/8 Steelton Open Nearth Med. Mang., Het. $3330 AREA.
o0z’ b23] (3] n % Maryland AZCE ’

003 39y - 130 1923 n Ir-1/8 Steelton Upen liesreh Xed. Mang, Ht, 01366 ARLA
oo’ 100 s - s8¢0 1920 36 Sceelton. pen Hearth ASCE

003 N 130 1y [ ] 33-3/8 Steelton (pen Heacth ved. Mang. We. 31892 ARZA
008 ¥o-1 11s w 1974 3517 ¥Yscuua. Degassed, Sydney VT Ratl, New 115 1b ALY
[ 1] -2 118 e 1974 36-1/8 Vacuua Degansad, Sydney VT Rail, New 113 1b AsA:
oca b3} 12} 1924 33578 Lackavanna Openn Hearth ASCE .
009 A2 130 1929 36-1/8 Steelton Open learth Med. Mang, He. 83349
o1 L2 L 1919 36-1/4  lackawanns Ht. 830 ASCE

011 10718175 AAR Ur-3-4 1330 14 © Yes+  CTl 1983 11 812

012 ur-1-1 1330 z cral 1953 12 42-1/2

oL PC-1-1 12708 Illtnals 1934 1 40-172

014 ups1-14 1330 34 Tes crit 1938 [ TO T

o1s upi1-30 1330 13 Yeos cret 1349 1 12

o1é TP.2A49 - 13Y Yea crel 1987 5 S0-1/2 .

o17 op-24-8 133 cral 1937 17 48

[-]1 ] up-22-2 120 z Yoo el 1933 4 40

019 Ur-3-3 1330 Yes Crii 1983 11 40-3/4 N

020 $F.2-3 119 crat 1937 u &

021 or-1-27 1330 ] Yeos (=43 1933 UG > 217/ 3 .

022 UPe24-23 1330 73 Yea Cral 1956 3 Stel/2 .

o3 UP-2A-17 133 | Yoo cret 1957 1 5.

026 UP-2A-22 133 [T Teo crat 1936 1 Stet/?

023 ur-3-1 1330 73 Yes uss 1965 1 ke=Mh

026 Ur-2A-15 1330 az Yes crag 1957 T 49=3/4

[ 23] or-1-6 133 cret 1956 12 46

028 Ur-2a-18 1330 S Yas crat 1793 .0 so

[21] sp-2-2 119 Tes Ccrat 1938 11 29-3/4

a0 3r-2-6 119 (74 1958 1 £8-1/4

[} er-1+7 113 . crel 1936 12 36-3/%

[} UP-24-20 13331 (7] Yas uss 1953 FRY 5 V1%

33 or-1412 . 133 rat 1933 11 A2

034 19-2-3 1190 Yes : 1937 1. 46=¥4 - .

033 12/4/73  Deaver & 183 1150 " Yas. cnt 1958, $§  35-3/4 _ Mear Ot 9332 D) Dafect 100 3, Defect Ne. 143

Rie.Cranda P - . . T °
(A1} 13 1 1z : cret 1939 1 RN Rast 10033 F20CX Defect §iJ 2, Dafect No, 143
- a2 oL 1135 Tes crat. 1943 12.  40-1/4 Heat CC 2050 E3 Dafect TODS, Defact Me. #01

(2] ] 1358 1121 crel 1930 9. 3734 Reat 16422 £ 6 I Defect TDDS, Dafect Ne. 153
09 ns 20 [- 33 1924 . & 38146 Neat 2321 C, Defect TDOS, Defect Mo. 215

040 L3, ] 100 ost 1928 3 3 Neag 2996 B 19, Defect VSH & (nch (eud for

) . . N - . ... BH) Defeet No. 499

041 155 1150 - Yes -CrRt L1933 . . ) - 36<1/4 - “Neat 15198 T3 Defect RSM, Defect Me. 133

042 [t 100 . [ %3 . 1928 3. 38 ¥eut 3004 J1 Defect TDDS, Defect Ne. 496

043 17 0 - oo - 5% 1921 3 - 3% 1% Nest 1368, Defect BAJZ,:Defect No. 179

[ 7Y 2% 110. ] (- [33 1936 3., 36<1/6 . Heat 13116 A10 Defect TDDS, Defect Mo. 24
(%) 199 110 % st 1930 2" 33-1/2  aat 11121 Defect MSH 3 lach (sub for BN)

. Defect Ne. 199

o4s . 133 ® Tes a2 1966 . 2 38 . Linde Tlame Nardened atl (Td Racdand).

047 279778 Chesaie 130 Rz 3 A Bath, 3%

() N 122 (3 2 Yeu- Bath, 1943 n

[l 313 3 Yeo uss 1950 38

030 132 L3  Yes uss 1948 36 -

on 130 B - 3 Intand 1931 p_ ]

as2 1c0 ABAD vss 116 3¢

033 e o Tes uss 1956 36

034 m |1 s 1933 1)

[ }) 318 14 Seth, 1947 [ ] Neat 80462 P-11

056 132 [ 1] Beth, 1949 - 3 3% Heat CH 81295 Foil

[13] 140 ©® Seth, 1933 1 Heat €1 8367 C-3

ass 140 |14 eth. 1975 3 Fully Hem Treated, lleat 83674 2-19 -

oSy 3736 Chesstle 13 uss 1967 36 Specey detected Deloet Heat 93-P-10A 22

. (Curvensster)

[od 124 Beth, 1975 1n  %» Heat 162724-A<2%

053 124 Beth, 1975 n 2 Neat 167729-A-12

062 126 Seth. 1973 12- -3 Heat 187005-A=32

063, 124 Seth. 1973 12 16 Heat 175103-A-6

064 124 Kippon . 1978 ? h1Y Neat A-)9262 02 .

063 128 wippen - 1978 7 Reat A=39780:003 -

066 124 Rippea 1913 - 7 2 Weat A=39376 C-7




TABLE B-II
RESULTIS OF CHEMICAL ANALYSES OF RAIL SAMPLES 001 THROUGH 066

: , ‘Content, : Hydrogen . Oxygen

Rail ~ Size,” __weight percent — Content, ‘Content,
Sample 1lb/yd c - Mn Si s ppm o 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  0.1543) 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, 5S4

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  0.2¢ 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 0.8 0.18 - 0.029 0.8, 0.7 54, S8

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 "p.8l.  0.93. .. 0.17" 0,064 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¢  0.897 "7 0.17-.- 0.0467: 0.7, 0.6 45, 43

019 133 :0.74<  0.88" -, 0.21.:5.0.038  0.4,-0.4 38, 36

020 119 - - 0.75 0.3, *70.15::50.033¢-0.8, 0.7 . 34, 32

A A PR SR

021 133 0.797 0.90.0 .£0i21% 0.024 0.7, 0.6 . 41, 45

022 133 . 0.78° 0.87 .  .0,20 z. 0.028 %: 0.4, 0.5 46, 47

023 133 0:79 0.92°7 .021 # 0.040 - 0.6, 0.7 39, 35, 46
024 133 .0,81%~ - 0,83, " 0.12 ,: 02030 ¢:1.0, 0.7 26, 28

025 133 0:80 © 0.91 . 70,23 10016 0.7, 0.7 29, 27

026 133 0.78~ 0,9%4.  ::0.17  0.050 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 0.8  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 0.9 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 0.77  1.04 0.17  0.023 0.5, 0.7 38, 38

035 115 0.76  0.80 0.5, 0.4 27, 27

0.23  0.028




TABLE B-II(Continued)

'Content,n ) .Hydrpgen Oxygen

Rail Size, —_weight percent Content, Content,
Sample 1b/yd C Mn: - Si S ppm ppm
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 0.71  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 0.77  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
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 - 0.1 <.0.040° 0.9; 1.1 48, 50
050 133 0.75  0.91 9.20, ., 0.036; 0.5, 0L6:" sé 56
oL .0.a0 o
051 130 0.84  0.72 5 0.19% 0.016°- 0.6, 055 47; 51
. 052 100 0.72 0.90 : 0.19--..0.021 :‘q.a,_ogg.g_ 52,. .54
053 140 0.85  0.91 . 0.18°:1L.0.032-76.1, 6,5 . 44; &b
054 131 0.78  0.76  0.20.0% 0.021°%+ 1.0, 0.6  ° 36, 32
055 131 0.78 ©  0.90 0,17-_(‘q.023 £ 0:8, 0.8 33,u35
056 132 '0.80  0.90 © ' 0.19°.00.039 0.7, 0.7, . 44346
057 - 140 0.77 0.9  ;0.16 ../0.028 -“0;7, 0.9 - 58;:46, 50
058 140 0.83  0.84 0,18 " 01048 " 04, 0.5. " | 47544 -
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 0.8  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
0.18  0.019 0.4, 0.7 37, .36

066 124 0.75  0.90

(a) Check analyses of this rail sample for sulfur were 0.127 percent by weight
obtained from a 1/2-gram sampling and 0.145 percent by weight obtained
from a l-gram sampling. The average of the three determlnatlons of the
sulfur content is 0. 142 weight percent.
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EXPERIMENTAL DETAILS

Sgecimena

One tensile specimen and one fatigue-crack-growth specimen were machined
from each rail sample. The orientation of the specimens is shown in Figure B-1, _
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 rateé,
.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 B-1. The specimens were
‘taken from the center of the rail head.

The tensile specimens were standard ASTM 0.25-inch-diameter specimehs.
Charpy épecimena 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 B-2. The specimens Qere provided with a 1.650-
inch deep chevron notch (0.900, inch from the load line). Details of the notch ean

xw\x

best be observedffn Figure,17 which shows ‘two spec1mens, one before and one after

f
.
o Lo

testing. iwa~" g . S ;

: v Testing Procedures T
e : :

Tensile and Charpy %est% were performed in accordance with standard pro-

cedures. v .- i i e o
To expedite the crack gfoazgmtests, speciments were precracked in a
Krause fatigue machine. Crack-growth experiments were conducted in a 25-kip-
capacity electrohydraullc servocontrolled fatlgue 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 fiﬁal 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.

SOV =N



Charpy specimen

__Crack growth specimen

‘ORIENTATION OF SPECIMENS

<

FIGURE B-1
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TABLE B-III

TENSION TEST RESULTS FOR 66 RAIL SAMPLES'

True -

Rambefg-

Tfue 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  .10% ksi ksi €, S 1/n
001  136.4 76.5  13.5. : i 28,0. 34.0 171.2 .1266 7.8 128
002 134.4 4.7+ 12.0,; | 20}, 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
006  116.0  59.9 ~ 15.0 , ' 24,0, 28,6, 144.6 1397 10.4 .096
005 134.8 76.4 13,5 | _;.26 o.,, . 31.8 154.9 .1266 11.5 .081"
006  135.0 . 7L2  1Lo | . 212, 30.2- 161.9 .1043 11.5 .087
007  135.8 70,0 12,0 . ! 17,6 i} 30,3.  156.9 .1133 12.5 - .080
008  125.1 67.0,, 14,0 asio, ™  30.1- 1559 1310 10.8 .093
009  139.8 81. s“f 14, o{_%_ 3‘2934, 32,0, 180.0  .1310 12.0 .083
010 111.5 58. 7 17. 0., p2zdz. 2923 143.1 .1570 9.8 .102
011 126.9 73.2;ﬁ 1250 : 2008, ,,33 8- .- 144.3 .1177 10.3 -~ .097
o1z 136.7  78.3% 105 | -C-17i0--—fsass o 153.1 .0998 8.4 119
013 129.3 72.8"0 12,5 | 29§1 | ,“29¢} . 160.8 1177 7.9 126
016  135.4 75,95 12,0 ! h 180 , Lo 1587 .1133 7.5 .133
015 1316 7L5c  1L.0% ehgiseebesorge 150.0 L1063 6.0 1167
016  138.6  75.6 . 9.5 1sio L2 1s4.4 .0907 6.3 1159
017 137.1 74.4 . 10, oJ 19,5, 28,5,  163.6 . 0953 6.4 . " 156
018  133.2 70.6  1L.0 1909, 27, 5. | .1043
S 019 131.2 3.4 12.0. _19,21;"*i;ﬂ3q€5““ 152.8 .1133 8.5 .18
020 131.4 72.0 'f11;03;, 18,67 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 . 3L.7 157.9 1222 8.2 .122
023 135.1 77.3  10.5 17.9 . 32.2 155.7 .0998 .130

7.7
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TABLE B-III - (Continued)

Ramberg-

C me L True True Work

Eiongation = Reduction ) Fracture Fracture Osgood Hardening

Rail TUS,  TYS, in 1 Inch, in Area,. B, .  Stress,  Strain, Exponent, Expoment,

Number ksi ksi percent - percent . 10*. ks ksi &, n 1/n

026 136.7 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 11.0 175 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 1.5 ‘18,9 .3l 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 " 76.8 - - 28.2 - e 7.1 .140
031 133.4 75,6 11,0 17.6 316 149.4 - L1043 - 8.6 116
032 139.5 80,0 12.0 :19.5 . 34:8  165.3 , .1133 8.0 125
033  135.0 73.3 10,0 13,9 286 -- | ,0953 |
03  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 3.1 155.3 .1133 10.0 .100°
037  127.7 68.6 16,0 25.9 326  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 1500 26,9  156.5 .0907 7.7 .130
041 132.0 73.6 11.5 22,0 28.6  156.1  .1088 7.7 .130
T 042 1330 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®  66.0 8.0 16.3 33.8  98.0 © .0769  10.2 .098
046  130.6  75.9 14.5 20.6 28.9 160.5  .1354 25.0 .040
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