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;Analysis of Rails and on Wheel Rail-Loads when incorporated into! rellablllty

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 (TISC) of the Department of Tramsportation. The work was conducted

under the technical direction. oler- Roger Steele of ISC.

The results of thls phase of the program are the basis for the compu-

tatlonal rail fallure model descrlbed in report DOT—TSC FRA-SO 30/FRA/ORD-81/31.

_This model, in conjunctlon with the results of studies onwEnglneering Stress

e |

analyses will enable establlshment of safe lnspectlon schedules.

The cooperatlon of the Assoc1ation of AmerlcegiRallroads (AAR) and

‘thé various railroads (Boston & Malne Railroad Chessie Sysfem Denver and

Rio Grande Western Railroad, Penn Central Railroad, Southern Pacific Trans-
portation, and Union Pacific Railroad) in acquiring rail'samples_is gratefully

acknowledged. The cooperation and assistance of Dr. Roger Steele was of great

" value to the program.
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EXECUTIVE SUMMARY

This report presents part of the results of a study on rail material
failure properties to better define-fatigue crack growth mechanisms in rail
steel. This work was conducted as part of the Improved Track Structures
:Research Program sponsored by‘ﬁhe Federal Railroad Administration. The

results are presented in five volumes entitled:

Eatlgue Crack ProPagatlon ‘In Rail Steels - DOT—TSC FRA-77 3/

—— g

FRA/ORD-77/14 : ' - T

—_—

Fatigue Crack Growth Properties 6f Rail Steels - Final Report -

DOT-TSC-FRA- so 29/FRA/0§D-81/30

Prediction of FatlgueACrack Growth in Rall Steels - Flnal

Report - DOT-TSC- FRA-SO 30/FRA/ORD—81/31

Cyclic‘Inelastic Deformation and Fatigue Resistance of a Rail

Steel: Experlmental Results and Mathematlcal Models - Interim

Report DOT—TSC-FRA—SO 28/FRA/ORD—81/29

Fracture and Crack Growth Behav1or of Rail Steels Under Mixed Mode

Loadlngs - Interim Report (1n preparatlon)

!

J 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

' failure model. Results of a total of 119 experiments are reported. Three

j rates, were evaluated for the effect of:

' categories of rail steel, which exhibited high, medium and low crack growth

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

';ycle).

- Cycling:frequency

- Specimeﬁ temperature

~ Specimen orientetion

- Elliptical surface cracks

- Crack growth threshold value

- Mixed mode loading (combined tension and shear)

xi



Test specimens were hotizdntal and vertical sections cut from the head of
the rails and were representat1ve of transverse fissures in ra11 horizontal
,spllt heads and vertical split heads.. Crack propagation. lives up to 300 x lO3
‘cycles were ClaSSifled as Category I high growth rates, lives of 300 - 700

3
x 10 cycles were classified as Category II, medium growth rates, and llves

greater.than 700 x 103 cycles were cla551fled as Category IIT, low growth rates.

_ The effects of stress ratlo R were detenmlned in a series of constant
‘amplltude fatlgue crack growth experlments at, 30 Hz on 51ngle—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 cycllc frequency was evaluated _on

compact ten31on specimens cycled at 2 Hz and R = 70.0. ThlS rate,of cycling was -
more than an order of nagnltude lower than the other ‘tests whlch were cycled, -
at 30 - 50 Hz. Temperature effects were determined under comstant amplitude .
loading at 40 Ha, at R = 0.0 and 0.5 at - 40°F, 68°F, Crack growth ln the
‘longitudinal and transverse d1rections 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, O 0-and 0. 5) to develop estlmates of threshold stress
intensity levels, below which crack growth rates would asymptot1cally approach -

‘zero. Surface flaw crack propagatlon exper1ments were performed 'to evaluate

the complex 2-d1mensional cracklng behavior typlcal of many in-service

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

experlments were performed at - rat1o of K /KI‘= 0, 0.34, 0.73 and. 00.

l Based on the data obtalned “the - follow1ng oBsetvations’were'made.

l) The stress ratio R-has a 51gn1f1cant effect on crack growth and AK

' 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 510pe of the da/dN vs. AK curve and ~

1to increase the crltlcal stress 1ntens1ty limit at hlgh crack growth
rates. ‘ .

3) The short transwerse loaded specimens’ with the crack growing in the
lengitudinal direction, representative of a vertical split head,lgrew
faster than the orientations for transverse fissure and horizontal
split head samples for flaws subJected to equal crack tip stress

‘ intensit1es.

xii



4)

5)

6)

report, was reached at crack growth rates of lO_8 in/cycle.

7)

The effect of frequency appeared to be insignificant in view of the

large inherent scatter in crack growth properties.

In the surface flaw experiments, crack growth rates sidewise across the

rail head through the width were higher than those through the thick-
ness or down through the head toward the web,

The threshold asymptote, under the test conditions described in this

Mixed mode (I/II) crack growth 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 mode  II loading is

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

These data were generated in view of a computational 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 descrlbed in DOT-TSC- FRA;80—30

Prediction of Fatlgue Crack Growth Propertles in Rail Steels.

xiii/xiv:







Track Structure Research Program is the development of a predlctlve rail fail-

1. INTRODUCTION

‘Prevention of failures of railroad rails relies on timely detectiomn

of fatigue cracks. 1In order to establish safe inépection 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 grqwth data obtained in

the 1éboratory.

One portion of the Federal Railroad Administration s (FRA) Improved

{ ure model that enables a determlnatlon of optimal inspectlon pericds through a

" calculation of fatigue crack propagation behavior. The research reported here

concerns the second phase of a program to develop the rail failure model.
The laboratory fatigue crack growth data used as an input to the pre-

dictive model-shbuld be obtailned from a sufficiently large sample of rails in

order to manifest the statistical variability. 1In the first phase of the pro-

gpram, data were generated for 66 rail samples of various ages, suppliers, and

"weights. The samples were taken from existing track from all sections of the

United States. Fatigue crack growth tests were performed under constant ampli-

tude loading with zero minimum load (R=0); R is the ratioc of minimum to max imum

" stress 1n a cytle . These results were reported in an Interim Report, Refer—

ence 1. A summary of the Phase I data is presented in Appendix B of this re-
port and also in Reference 2. '

| "Actual cracks in‘railé‘develop under mbré complex conditions than con-
stant amplitude tension loading at R=0. They are subjected to ‘stress histories

with varying amplitudes of combined tension and shear (mixed modej, covering a

~wide range of R ratios. Craqks can initiate in different sectlons of the rail

and have different orientations; they are internal flaws of'predominantly
quasi~elliptical shape. Moreover, the rail experiences varying ‘temperatures,
which may affect the behavior of cracks. A predictive failure model should be
cognizaﬁt of these complex éircumstances. Therefore, data are required on the
influencehdf the varioué parameters on crack'growth Such data were generated

durlng the second phase of . the program and they are compiled in the present

‘Teport.

~

Preceding Page Blank ! S 1
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. Since it was prohibitive to éefform all the experimentation on ail
66 rail materials of the,first‘phase, three categoriés were selected for fﬁrther
characterization(l)T tonsisting of materials ﬁhat‘exhibitéd high, medium and
low gréwfh‘rates/in the intial baseline c:éck growth éﬁperimenfs. These three
categories were eVéluateH.for‘the effect of
- Stress rétio1(R)
~ = Cycling fréquenCy
- Température
- Spgcimen orientation in the rail
- Mixed mode loading: .
= Low stress cyéling in the regime of the threshold for crack
growth - , ‘ ‘
- - Crack front curvature (elliptical cracks) .

‘ Resuits of a total bf 119 experiments are reported here.

» ’In,ﬁhe third phase of the program thé'predictive~failufe model will be
developed.  For this'pqrpose,'experiments will be berformed undef service-
simulation loading, On the basis of Ehose expefiments, a crack growth integra-
tion model will he-éstablishgd that accounts for the wvariability of crack growth

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

" 2, RATL MATERTALS

A 'detalled deécription of the sample sources is presented in Appeﬁdix
- B_and Reference 1. The 66 samples were identified by numbers 001l through 066,
A summarf wiil bé §reseﬁted here of the information relevant to this phase of

the prdgraﬁ. The same rail sample identification as in Refe;ence 1 will be |

uséd fhroughput~thisfreport,‘to facilitate access to thé more detalled infor-

mation in Reference 1. 7

All rail samples used. for the preéent_experiments are listed in

* : ) .
References appear in Section 10, p.l108.



Table 1 in ascending oxder of crack propagation life-as determined in Phase 1.
The crack propagation life i3 defined as the number of cycles required to
extend a crack in a compac£ tension specimen from l-inch to failure. The
crack ptopagation life was the basis for the categorization of the samples:
lives up to 300 x 103‘cyc1eé were classified as Category I, (high growth rates),
rlives of5300~- 700 x 103 were claésified‘as CaE;go:y‘II (medium growth rates),
and lives. above 700 x 107 were classified as Categoiy III (low growth rates),
It should be noted thaf the selection‘of categories was arbitrary and that the
. classification was based on only one test fesult per sample.
» The top three groups of samples in Table l.fbr Cétegories I, II, and

ITI were the samples used for the main body of experiments. The fourth group
lists some samples of each'categorj that were used for additional experiments
in a further attempt to evaluate the effect of other properties on the varia-
bility of fatigue crack growth. The reasons for their selection is given in
the column, "Remarks". The experiments performed on these materials were:
simply a duplication of Phase I experiments on these samples for two orientations
of cracking. | I

_ Tab1e l presemnts the wmost important details for ali samples.‘_First
are given the weight and the year of production. Thén follows the Carbon,
Manganese, Sulfuf and Oxigen content. Also, the primary processing wvariables
are indicated, i.e., Control Cooled (CC) and Vacuum Dégassed (Véc. Deg.).
Finally, the most important mechanical properties are given, via Tensile
Ultimate  Strength (TUS), Tensile Yield Stremgth (TY¥S), and the elongation for
. a l-inch gage lengcth. '

3. EXPERIMENTAL DETAILS

3.1 Specimens

The majority of thé-sPecimens were of the Compact Tension (CT) type.
Their dimensions are shown in Figure 1. The specimens were prévided 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 contéihed a simulated fatigue crack

" of about' 1 inch (és measured from the load line, see Figure 1).
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. Load (applied to pin
through hole}

.
0.750" dia
1.80"
0825" J .
Y i
i
? i , Crack
O‘st o [ Chevron notch
1.80" k‘*
S | Thickness: 05"
Y i . )
e 300" -
- : - 375"

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 lcad in a‘cycle is compressive), since the
stress distribution in a CT specimen in compressicn bears no straightforward
relation to compressive stress distributions in rail. Thgrefore, the. experi-
ments with negative ﬁ‘ratioé:were performed on Single Edge Notch (SEN) specimens,
illustrated in Figure 2. 1In otder to establish a basis of comparison between

‘SEN specimens and CT spec1mens, a few experiments with zero R-ratio were also
run with SEN specimens. ‘The SEN specimens were precracked in the same fatlgue -
machine they were subsequently tested in.

Figure 3 shows the Surface Flaw (SF) specimen. The starter notch
rn thése specimens was. a semi-elliptical slot cﬁr by means of Electric Dis-
charge Machining (EDM). The SF specimens were also precracked in the same
fatigﬁe machine they were tested in. 7

Specimens for Mixed Mode (MM) loading were of the type shown in
Figure 4. The leccation of the crack was varied in order to achieve different
éombinations of tensionvand 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 speciﬁen.types,within the rail are
shown in Figure 6.  Three orientations were used for the CT spécimens, namely,
LT, TL and SL. The first letter in these designations gives the direction of
loading with respect to the rail, i.e., Longitudinal (L), Transverse (T) and
Shbrt Transverse (S). The second letter is the direction of crack growth, also
with respect to the rail: (the théticrack growth in LT specimens is repre-

- gentative of a transverse flssure in a rail, crack growth in TL specimens is

| representatlve of a- horlzontal spllt 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 Flgure 6. ’ | '

. ‘A matrix of all’ spec1mens tested is presented in Table 2. Rail
sample numbers are also indicated.' Different specimens cut from one rail
sample are designated by sequentlal numbers after the sample 1dent1f1catlon,
l.e., Spec1mens 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 Z are

" ‘the addltlonal tests on the last group of samples llsted in Table 1. Those

samples were all tested in both LT and TL-direction at R=0, whlch accounts
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- Total load: P=P, + P,

cor2 |

e —=10 . . %}J .

——l | |~—Variable x .

L h :
~;L‘ —TChevron notch - -
’c=0:7'5‘ﬂ' - Thickness: 0.5

483 : — :v.“ or 2 k

st [\ ——]

P, | ‘inr Inches

 ¢=075; P,=0865P; P,=0135P -
- ¢=2; P,=0.293 P; P,=0707P

FIGURE &,  MIXED MODE SPECIMEN

Note: All dimensions - |




MIXED MODE TEST SETUP

FIGURE. 5
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FIGURE 6.  ORIENTATION OF SPECIMENS'
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for 20 experimenﬁs. This brings the grand total of experiments in Phase IL

to 119 experiments.

3.2 Testing Procedures

‘ Crackbgrowth experiments on CT specimens were conducted in a 25-kip

capacity electrohydraulic servocontrolled fatigue machine. The tests. were

performed under constant amplitude cyclic 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 eonducted in laboratory air kept

e; 68° F and 50 percent relative humldlty. For the tests conducted at l40° F, f
the specimen was surrounded by a closed chamber through whleh hot air was

cireculated. For the tests at -40 F cold air (cooled by dry ice) was circu-

lated through the chamber. The nonamblent temperatures were automatlcally

controlled to within +'3° F. The environmental chamber was provided with a

glass window to emnable observation of the specimen and the crack.

SEN and SF specimens were tested in a- 25-kip electrohydraulic fatigue

‘machine. The maximum load’ during ccnstant amplitude cycling was 9000 pounds

for all R-ratios.-

Threshold tests were performed in the' same nachine. Starting at
crack growth.rates of about 10-6'inche5»per cycle, the load was reduced in
steps until growth retes had decreased to approximately lO_9 inches per cyele.
Subsequently, the load wds increased stepwise to accelerate crack growth to
10'6 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 25-kip fatigue machine of
the same type as described above. The loading principle is shown in Figures
4 and 5. '

Two methods of crack length measurement were used. ' For about half
of the experiments, crack growth was measured visually, using a 3Dvpower

traveling microscope. The cracks were allowed to grow in increments of approxi-

‘ matelf.0.0S_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

cyeles.

13



‘ _In the other experlments crack 51ze was recorded automatlcally by
Vmeans of a crack growth gage. The gage consisted of 20 parallel strands of
copper fOll, adhesrvely bonded to the spec1men as 1llustrated in Flgure‘7,v
The strands ran perpendlcular to the crack at a spaclng of 0.05inch. When
the crack tip reached a. strand failure of the strand occurred, so that ther
"successive breakage of strands was a. measure for, crack growth

~Electric current through the gage was affected by the failure of a
‘strand‘ - This was detected by an electronlc decoder ‘and . stored in the process
computer in line with the,fatlgue mach;nes.' At the end of the test, the
- growth data could be retrieved from the computer for processing and analysis.
On several occasions‘the‘automatic erack growth records were compared with -
visual crack size measnrements 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'Ratest
The-crack growtn records of CT‘and‘SEN“speciﬁens aretnot directly
comparable, nor are they directly applicable to the case of'avcrack‘in a rail.
The'correlation between cracks'ofrdifferent types can onlj be made if crack "
.growth‘data can he ekpressediin a‘unique‘way, independent of‘the‘crack size,
tne-geometry and loading system. This can’be‘done on the basis of the. stress-.
1nten51ty factor, .(3) | A - |
The stresses at the tip‘of‘a crack canlalnaysrte described as
o= e £ D
1j vYZmr 177 . . :
iwhere_oij (i = r,y,z; j flx,y{a)‘represents‘the streesTin‘any direction, rl
and- € '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
'tlp 1s completely described by the stress 1nten51ty factor, Kno
‘ As shown in Flgure 8, a crack can be subjected to three different
: loadlng cases (modes) v Ten51on 1oad1ng is denoted»as;Mode l, rn—plane shearv

s Mode.lI, and out of plane shear is Mode Ill;;rEquation‘(4.l).is"valid‘for .

14_
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Mode I

" FIGURE 8. THREE MODES OF LOADING
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" all three modes, except that the funetions f (8) 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

k. K

I T S K
15~ /nr F13 1) 45 T /7w 13 II(e)’ %5 T VImr fij rmnl® (82

The general ioading case is a combination of Modes I, II, and III;
Ithe stresses can simply be added. Mode I is;technicaily~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. | I
' Stress intensity factors can be calculated for various types of cracks.

The_generaliform for the expression of K is
= Bovra T © (4.3)

where a ls the crack slze, o 1s the remote stress, and 3 is a’ geometry function.
‘ ‘ Since the stress. 1nten51ty factor describes the whole stress field by
.Equation (4.1), the stress distribution at the tips of two different cracks will
be equal if . the stress 1nten51ties have the same value For example, for a case
where B = 1, two cracks‘differing by a factor of 4 in size would have the same
stress intensity if the remote stress for the large crack was half the remote
. stress intensity of the snall‘crack,‘and‘the two crack tips would>carry equal
stress fields. This suggests that the cracks QOuld also behave in the same wa&,
- i.e., show the same rate ofrgrowth.‘ As a consegquence fatigue‘crack growth rates
associated with different geometries can be compared on the basis‘of the stress
intensity factor, equal X means equal growth rates, within the range of varia-
bility of crack growth rates of a given material.

The. rate of crack growth per cycle is denoted by the derivative da/dN

which is related to K by

da

i fFAK);".i o - C(4.4)

- 1In this equation 4K is the range of the stress intensity iactor,‘obtained by

“snbstituting‘Ao in Equation (4;3); In turn, Ag is the range over which the-

17



remote stress varies during a load Eycle.
If da/dN data are plotted as a function of AK on a double-logarithmic

graph paper the result ig often a straight line. This suggests that
S =cakt (4.5)

a commonly used expression in which C and n are constants. Figure 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 net only on the
range of stress, but also on the maximum stress in a cycle or the stress ratio
R (which is equivalent). Also, theres is generally an upswing of the rate of
cfack”growth towards the end of the test, because the failuré conditions are
apﬁroached. Failure occurs when the stress intensity facter approaches a

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

Ic’
~ o
da _ AK .
an - © (TR)K, 6K " (4.6)

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

— — ——d=fdNbecomes infinite when the stress intensity at maximum load becomes equal

to:KIc. Itﬁgaes not yet reflect the fact that crack growth rates approach. zero
when the stress intansity is below a certain threshold level AKbh' An equation
that accounts for the threshold can be written(4> as:

da _ .,..2 2 {1-R) 8K }

_ = - B - ————e R

an T CLAR AR {l (I-R)K; -8K ' : (.7)

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

the other at AK/(I-R) = KIc

In the following sections crack propagation data will be presented

K = 8K , as shown schematically in Figure 10.

th’
ag da/dN = £(AK}. The azpplicability of Equations (4.53) = (4.7) will be dis-

' cussed. As for mixed mode crack propagation a—geherally accepted correlaticn
equation does not. yet exist. This problem will be discussed in more detail in

a later section.
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© FIGURE 9. FATIGUE CRACK PROPAGATION RATE BEHAVIOR OF 66 RAIL
. SAMPLES TESTED.AT R = Q IN THE FIRST PHASE
' OF THE PRESENT PROGRAM‘1»2) . S
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log N

AK=AK ﬁ= Kqu

log AK

FIGURE 10. SCHEMATIC REPRESENTATION OF da/dN - AK
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4.2 Stress Intensity Factors

7 The stress inténsity factor for the CT specimen used in this inves- .
tigation is given as: '
: : _3 ~
K=—F—~ 1+3 (-2 2§7.000-7.050 2+ 4.275 (&° (4.8)
1/2 Wt W ) ) W TR ‘ ’
in whlch P is the applied load and a, B‘énd W are as defined in Figure 1.
It is not. 1mmedlately clear that- Equatlon (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:
2 3

: - ' 4
£ /5{1.99 - 0412 +18.7 & -38.48 D +53.85.D } (4.9)

CK=37

with a, B and W as defined in Figure 2. Obviously P/BW is the remote stress.
The stress intensity facter for an elllptlcal surface flaw varies

along the crack front. If the seml—majpy:ag%gmof the ellipse is ¢, and the

semi-minor axis is a (see Figure 3), the étress intensity factor for the SF

specimen is:

i
H
—
[ ]
P
'w
A
21

.Point A (Figure 3) - K

Pqint C (Figure 3) K =1.12 ]r B
' /2 2 2 )
with . . ¢ =I“/j 1- & Za sin"y | d¢
. e ‘

in these équations d is .a completely defined elliptical integral of the second

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

(5,86)

dependlng upon. 2/B and a/c derived by Kobayashl et al. “and also to be

(3

found in textbocks . ~ Since the stress intensity‘is higher at Point A than -
at Point C, the surface flaw will have a-tendency to grow faster in depth than

in length.

21



The bending moment and shear force Histribution in the MM specimen
are shown in Figure 11. The relative magnitude of bending moment and shear
force depends upon the location.  Thus, the ratio between KI (due to bending

moment) and ¥ {(due .to shear) can be varied by varying the location of the

11

crack. Stress‘intensity'solutionsffo; this specimen did not exist. Therefore,

: a‘fiﬁite element -model was made of the specimen with a crack and stress inten-
sity factors were calculated. numerically*. The specimen dimensions and crack’
locatioﬁé were~taken in suéh\a.way that the,ra;io KII/KI covered the desired

~range. The stress-intensity factors for the four cases. comsidered are given
in Figuré 11. The change of the stress intensity factors as a function of

crack size will be discussed later.

% This work was dome by E. F. Rybicki.
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|~ Ta
T Principle
+ - +. 1.4
Shear force
Bending moment
K1/F, K11/P,
a, <, X, ksiain. per ksi./in. per
in. in. in. "1b of load P 1b of load P KII/KI
' | . - -3
0.5 2 2 3.5 % 10~ 0 0
0.5 2 1 1.74 x 1073 0.6 x 107 . 0.34
0.5 0.75 0.25 0.78 x 107° 0.57 x 1072 0.72
0.5 | 0.75 {" 0 0 1.16 x 107° =

FIGURE 11. BENDING MOMENT AND SHEAR FORCE
DISTRIBUTICN IN MM SPECIMENS -
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5.  TEST.RESULTS -

'5.1 Introduction

- The results of the fatlgue crack growth experiments to determlne
:the effect of stress ratio, cycllng frequency, test temperature, and specimen
 orientaticn are presented in this settlon The threshold and surface flaw ~
results are also presented and dlscussed however, the mixed mode results
.will be presented 1n ‘Section 6 Aotual tabulated crack length cycle. readlngs"
. for the'varlous specimens are reported 1n.Append1x A. The spec1f1c test con-
ditions for each specimen are cited in Table 2. ‘Experimental procedures were

as discussed in Section 2.

5.2,  Effects.of Stress Ratio

To evaluate the effects of stress ratio on, the crack growth behavior

of. rall steels in the LT orlentatlon, a series of constant amplltude fatlgue—

"-crack growth experlments at R = 0.0, -1.0, and 0. 50 were performed on 18 SEN-

_.type specimens. In addltlon, to,ver;fy that specimen geometry did not influence
test results,-three”experiqents at R.= - 0.0 were performed on ‘the CT-type spec1men
) _ The results‘of these 'experlments are dlsplayed in Flgures 12 through
fl& fortR‘= O;d,f—luo;.and‘O.SO, respectlvely1 Ind;v1dual spec1mens,area1dent—
ified by a eniqoe symbol so that the cracR growthabehavioreof_a’specific sample
(ot heat or category) can be compared and contrasted with other data. The rate
‘data dlsplayed are. based on 3- p01nt divided difference calculatlons of crack
growth rate. 'To facllitate 1llustratlon, only alternate points for a glven
. specimen are shown where there are more than 10 crack growth.readlngs on a
“specimen.‘ o . e . | N - .; _

- ‘Sereral-obserrations‘can be made'regarding the R =.0.0-data'in »
Figure 12. First the effect of - specimen geométry on crack-growth behavior
appears to be negligible, with SEN and CT specimens dlsplaylng nearly 1dent— :
‘ical crack growth trends.. Second the behavior. of specimens from different
"crack growth rate categorles (as speczfled ln Table 1) are really 1ndlst1ng—l

ulshable, In faot, spec1men 023 1 Wthh dlsplayed partlcularlv low. crack
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growth rates came from a rail that wés identified as‘Cétegory I (high rate).
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 é;atistically-anélyzed for variability. Subsequent tests have shown

that the crack growth bchavior of different test specimens from the same rail

may vary nearly as much as-sﬁccimens‘taken'from totally different rails. This

problemlof 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 = 0.0 experiments, while the R = 0.50 data shown in
Figure 14 exhibited substantially greater scatter, especially at the highest
crack growth rates. The increased scatter for the latter case 1s not fully

understood, but may be partially due to differences in fracture toughness of

the rail samples.
The overall data trends for the room temﬁerature crack growth experi-

ments on LT orientation specinens are shown in Figure 13. Three distinct

bands are formed for eacn stress ratio when tne data are pletted versus the

stress intensity range, AK. Each band has an average slope of approximately

-~ 4 in the logarithmicallywlinear range of the data. This simply implies that a

two-fold increase in strESs intensity would result in a new average crack

growth rate 16 times: (2 ) that of the initial rate.

The effects of R—ratlo‘dlsplayed in TFigure 15-are partially accounted
for by siﬁply considering crack growth rate as a function of maximum stress
intensity, Kmax.rather than AK. Figure 16 illustrates the result of that
simple transformaticon. The R = 0.0 and -1.0 data bands nearly overlap for all
values of K DAk which effectively means that negative loads are insignificant
factors 'in the- propagatlon of cracks in rail steels (at least for constant
amplitude loading conditions). - The‘R 0.5 data band does not coincide. w1th
the lower R ratio bands, which indicates that scme combination of K nax and AK
is necessary to accurately represent the affects of positive R-raties on,
crack growth rates. ‘

‘The analytical representation of observed R-ratio effects is given

in Section 7 of this report.
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5.3 Spec1men Orlentation Effects

Twelve CT speclmens were tested at room temperature to evaluate the
effect of crack orlentatlon on Mode I crack growth rates. Nine specimens were
TL orientation samples, and three were SL orientation. Half of the experiments
were completed at R = 0.50 (all TL orientation) and the other half were run at

= 0.0. The results‘of those experiments are shown in Figures. 17 through 19
for the different R-ratio and orientations.

From Figures 17 and 18 it is evident that the crack growth behevior
of the TL orientation specimens was not grossly different from that of the LT
orientation-data shown in Figures 12 and 1l4. For purposes of comparison, the
upper and lower limits of wvariability onm the LT orientation specimens are
shown with the basic TL orientaticn 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
low creck.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 be made for the SL orientation crack growth
data shown  in Figure 19. For all stress intensities, the SL data fall above the
LT orientation data bands. The definite indication is that SL-qrientatioh flaws
would grow faster than LT— or TL—crieﬁtation‘flaws subjected to equal crack tip
sttece intensities. ‘

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

tations are shown in Figure 20.

5.4 Temperature Effects

A rather extensive series of crack-growth experiments was completed
at high and low extremes in expected rail service temperatures to evaluate the
effect of temperature on crack growth rates. A total of 20 LT and 13 TL orien-

tatlon speclmens were fatlgue cycled under censtant- amplltude loadlng condltlons_

at R = 0.0 and 0.50 and at temperatures- of +l40° F and -40° F.

The LT orientation crack growth results at +140° F are shown in Flguresm'
21 ‘and 22 for R-ratios of 0.0 and O, 50 respectively, whlle tﬁe comparable data
generated at;-40 T are shownlln,Flgures 23 and 24.  Generally, the effects of
"increased tecperature on craCk'growth rates appears to be to reduce the slope

of the da/d¥-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 on
crack growth rates appears to be to increase the slope of the da/dN-AK function
and to decrease the cri:ical stress intensity. These conclusions are most
clearly 1llustrated 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 Flgures 26 and 27 for the +140 F experiments and in Flgures 28 and
29 for the —40 F tests The COmpOSltE results of the TL orientation experi-
-ments are shown in Figure 30 for R = 0.0 and R = 0.50. .

It is also important 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.

5.5 Frequency Effects

The potential effect ef cyclic frequeney on crack growth rates
was evaluated through completion of nine CT-type specimen.tests on LT
orientation samples cycled at 2 cycles/second (Hz) and an R-ratio of zero.
' This rate of cyeling was more than an order of ﬁagnitude slower than most of
the tests completed under otherwise identical test conditioms. Laboratory-air
. environmental conditions were maintained for these experiments, as they had\
.been for all other crack growth tests in this program.

The results of those experiments are 1ncluded ln Flgures l2 21

and 23 for test temperatures of +68° F, +140°‘ F, and -40° F. As these plots

illustrate, there was no dlscernable effect of the reduced cycllc frequency

on crack growth trends at any of the test temperatures

5.6 Threshold Experiments

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

and 0.30) to develop estimates of threshoid stress intensity levels, below
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 which erack growth'rates would asymptotically approach zero. The R = 0.0
and 0.50 stress ratlos were evaluated using CT specimens; both LT and TL
:orrentatlon samples were tested. The R.= -1.0 stress ratio condition was
evaluated using an LT orientatlon, SEN specimen.

Each experlment was started by ch0091ng a cyelic load that would
produce a stress intensity range that was expected to .cause initial erack’
'growth rates of about 10 -6 in. /cycle. “After crack growth had stabilized at
thlS initial level: (beyond the precrack) the load ‘range was reduced by 5 to
10 percent of the: precedlng level, whlle malntalnlng the same stress ratlo. _
Then after crack growth had agaln-stablllzed at this reduced load level (usually_{
1nvolv1ng crack growth of 0.030 to O. 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 minimum of about lO. in./cycle, the load range was again increased
in steps of about 10 percent of the previous load range, allowing,crack growth
to stablllze at each level until a rate of approx1mately 10 =6 ihd/cycle was
“again achleved The total process usually involved 5 - to 8 steps down 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 1nten51t1es lncreased so that the load
‘range requlred to cause crack growth rates of approx1mately lO'.6 1n./cycle.
'decreased with each serles of descendlng and ascendlng loads. |

' . For most. of the experiments three series of decrea31ng and increas-

ingfload 1evels 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-loading process also made it possible to check the consistency
of crack growth tremnds in this cracklng regime. |

A cyelic frequency of 30 to 50 Hz was employed for the threshold
'experiments . Most of the. spec1mens received from 50 to 100 million cycles of
loadlng durlng the course of a threshold experlment. An example of the )
sequential steps and the resultlng crack growth rates is presented in Figure 31.

The results of all threshold experlments arelshowh in Figures 32, 33,
and 34 for the various condltlons tested. 'In Figure 32 the LT-orientation .
specimen data are displayed and compared Wlth the high rate crack growth experr—
. ments that were completed in other phases of this program. Data below 10 -8
in, /cycle are mot shown because they do not Shlft the actual threshold level
from what is apparent at’ 10 8 in./cycle. 1In other words, the threshold
,asymptote is v1rtually reached (for the test conditions and materlals con51dered)

at crack growth rates of lO 1n./cycle.



‘20

Specimen No.: LTOOS-|

Frequency: 50-30 Hz

. O R=0
O R=03

22

FIGURE 31. EXAMPLE OF THRESHOLD DATA WITH STEPQDOWN—STEP—UP
- PROCEDURE INDICATED BY A NUMERICAL SEQUENCE
OF ‘-DATA PQOINTS o
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Flgure 33 dlsplays the threshold data for the TL orlentatlon speci~
mens. Comparing the TL and LT orientat1on threshold data, it is apparent
that'for similar stress ratios the TL orientation results in sglightly higher
crack growth rates and lower threshold stress intensrtles. ‘For the Lllorien-
tation samples tested threshold stress 1nten51ty ranges varied from 6. 5 to 9
‘and.l2 to 15 for R '0.50 and 0.00," respectlvely,vwhrle the TL,orlentatloo
samples eahibite& threshold stress‘intensity‘ranges.of 5 to 6 and 8 to 11 for
the same stress ratios | -

Flgure 34 presents the threShold data generated on LT orientation, -
SEN- type speclmens These data do mot correspond as well to the high rate |
crack growth experiments as oight have been’expected baseo on the LT orientation
‘results preseoted 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 earller using SEN speclmens tested at R = =1.00..  Apparent threshold

values for the R = -1. OO stress ratlo condltlon 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
o alsovperformed to‘evaluate the‘morEwCOmplex 2-dimensicnal cracking-behavior‘
typical of manj lp—servlce embedded-flaws.. | ‘ '

. The surface flaw specimens were machined froo the‘raillhead;(Figure
6) so-that a flaw machined in its side. surface would propagate in a manner
similar te a transverse fissure. The cracklng orlentatlon of this specimen
'1s properly descrlbed as LT for through—the thlckness crack growth and LS for
through-the—w1dth crack extensicn. In reality, since the crack surface 1is
. curved a comblnatlon of LT and LS mater1al propertles 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 spec1men as shown in
Figure 3. This relatiVely large, 0. 250-1n deep flaw was requlred to achleve;‘
1n1t1a1 stress intensities. sufflclently hlgh to. reach spec1men fallure in l

, .to 2 mllllon cycles.
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The results 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 approxlmate crack growth
trends 1n the LT orientationm The method for computing LT growth rates is
described laterrin this section. Two specimens were tested from each of the
three crack growth categories‘listed in Table 1. All of the experiments were
conducted at a stress ratio of 0.0. As can be seen from the test results, the
crack growth behavior of all specimens were felatively consistent and the be-
havior of one crack growth category compared tb another was not significantly
different. '

An attempt was made in the course of these experiments to identify
the curvature of the c¢rack front as the crack extended by inserting "marker
- bands" (a2 series of low-load cycles that cause 2 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 ratid of crack depth
to surface crack length) could only be détermined 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 ratic 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 piimary axes of each crack surface
"ellipse. TFrom these measurements, it was concluded that the initially semi-
- circular shape of the surface flaw progressed toward an elliptical flaw whose
depth stabilized from 0.30 to 0.34 of its surface length. 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 tate of change
in crack aspect ratio. froem the initial ratio of 0.50 to the average final ratio
of 0.32, it was calculated that the initial through-the-thickness crack growth
‘rates (da/dN) were about 25 percent of the surface crack growth rates (dc/dN).
As the surface crack became more elliptical, the surface crack tip stress
intensity decreased. relative to the intermal crack tip stress intensity. This‘
condition progressed until the poorer'growth'characteristics (dc/dN)‘in'the LS.
orientation at the lower relativé stress inténsitiesumatched the through-~the-
thickness crack growth rates at the higher internal stress intensities. This
equilibrium crack g;owth-rate cqndition aloﬁg the‘5urfacg crack front was evidenced.

by the stabilize& crack aspect ratio values. - In the ideal case where édge 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 10 percent lower at its major
axis tip’thén‘it does ét the mincr -axis tip. In this actual.case, results
indicate that crack tip sErESs intensities in the LS orientation need be only
90 percent of those in the LT orientation to cause equal crack growth rates.
From this observation, ittbecéme apparent that through—the—width crack growth
rateé‘(LS orientaticn) were higher than through-the-thickness crack growth
rates (LT orientation). This behavior was consistent with. the previcusly

observed effects cof orientation on crack growth.

i
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. principle’ ‘shown in Figure | ll the cracks extended by follow1ng a curved path

. The crack paths were similar for different spec1mens tested under the same

point bending, giving a straight crack approximately 0,5~ inch (see Figure 4),

. While the: spec1mens were tested under mlxed mode loadlng accordlng to the

5ratios~of KiI/KI,fas illustrated in Figure 36, e

6. MIXED MODE

6.1 Test Results

The mixed mode specimens contained a chevron edge notch perpendicular

to the specxmen s length direction. The: spec1mens were precracked In three-

- |

1

thick. Under the loading conditions used, these straight lnitlal cracks re- §

sulted in the stress inten51ty factors for Modes I and II as glven in Flgure 11.

conditions, but different crack paths ocﬂurred when the testlng conditions were

. changed. Thus, four basic crack types were observed for the four initial

_ Finite element analyses were run for the two cases with Initial ratios
K /K of 0.34 and 0.72. The,cracks in the finite element models were extended
in accordanee with the curved crack paths observed in the experiments. - Thus; -
the stress lntens;tles KI and KI could be calculated as a function of crack.

size*. The results are presented in Figure 37. According to Figure 37, the

value of K.. reduced to zero almost immediately after the crack started to grow.

II
This means that the crack turned into a 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

£ This work was performed:by E. F. Rybicki;

the very first crack increment. _
Since the cracks were growingrin 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 appendir;
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© 6.2 The Princigal Stress Criterion

_ Aqéording tb Figﬁré‘37'the Mode iI"stress‘intensity factor almost
‘immediarely»dropped*ro“zero after very 1itr1e‘crack'éxtensiqﬁa Apparently,
.the e¢rack folldwe& a péth that -eliminates Mode II loading;'i.e., it grows in"
‘a direction perpeﬂdicular to thé:maximum'principal‘stress ‘This appears to
conflrm the crlterlon for mlxed mode loadlng proposed by Erdogan and Slh(7)
-as shown below.

Consider a crack subjected torcombined Mode I and II loading. Polar
coordinates r and Q‘ére‘taken with the crack tip as the origin. The stresses

oé and 7 _, can be written as:

SRR S 28 .3 . ]
"06 A/ZE?'COS 2'[KI.CO§, 72 K11 SLn‘S

‘ (6.1)
I

- Teg T zvﬂETF

For 8 = 8p the shear stress-T g = 0: In‘that particular case o

fKI sin 9 + K11 (3 cos 6 - 1)]'

is the prlnclpal stress The angle C follows from equatlng the second
Equatlon (6.1) to zero Obviously, cos ??'— 0 or Bp' = T is the case for which
gy = 0. The only other possibility 1s B ' - |

Ky sin 8y + (3 cos 8y - 1) =0 S (6.2)
Equation (6:2) can be solved indirectly by writing

,‘EEE‘_ sin Gﬁ A I ' 6.3
Ky 1 -j;;cos fm o | (6.3)

and by détérmining;the ratio of ¥r1/¥g for various values of 8,. It can be

.solved directly by writing

. Bm ' ©nm ’ 2 Om . z‘em 2 8y 2 ém
2K; sin 5 cos 3 + 3$11 (cos 7 - sin® 5 ) - Ky (sin jr + cos 7;-)-—0 (6.4)
which yields
‘ . | . L | _ |
2K:1 ;anz Tm - Ky tan Tm - Xy =0 . | (6.5)
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So that,

9 K1 [ kN2 '
B ek i1 ()
(tan 2 )1,2 tgg T (KH +& (6.6)

-The principal stress g1 = oy (6 = 8,), hence

1

: —_— O 2 n 3 .
761 —;v@ﬁﬂ? cos ??-[KI cos” = - 3 KII sin em] | (6.7)
or ‘ \
1 - :] ‘ 8 8_-
= 2 m o in -2
o1 T cos 3 [KI cos 5 31{11 sin > :[ ‘ (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

oy, = : cos'g (i + sin i sin 22)
vy~ /o 2 2 S 7
' - (6.9)
1

= 8 oin 2 cos 22
rrxy mcosz s:.nzcos 3

Apparently Txy =‘0“fqr~6&=*07—hence—for—the case of 8 = 0, the stress Iy is

the principal stress:

0= e . (6.10)

Mode i cracks grow along_e = 0, thus Eqﬁgtion (6.10)‘is also the relevant
principal stress. |

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

| 6 8
3 i Z2 m = (6.11)

Kleé = K cos -5 - 3KiI'cos - sin

where Ky and K;y; are the acting stress intensity factors. The rate of crack

propagation would be:

da = ' ' |
- £(8Keq) _ | (6.12)
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wheaali(AKIéq) is the same as f(AK) for the puré;Modg I case. Thus, Fhe‘
mixed mode result;;if processed according to Equations (6.6), (6.11) and (6.12), .
- would fall on tha_same curve as pure Mode I‘data: | l | '
‘Equaﬁion (6;6)‘was‘evaluated to give -6, as a fuhctioh of'KiI/Klq " The
_‘results‘are shown in Figure 415' (The dash-dot lines in Figure 41 are far the
‘straia'enargy'density critarion; whichiwiil be discussed‘in thehnext section;)
’vFor'the'four.test'casés‘considered,.the following crack extension aﬁgles are

- predicted (Figure 41);

KI/KII '- | Predicted Angle - "Actual Angle'(tasts)‘
o S ' 0
0.34 c 0 231.8 I o -29

1 0.73 N S | -45

m(gi_l= o) - ©-70.5 o © =56

The predicted angles agree &ery‘welllwifﬁ the actﬁai angles’oﬁserved in the
tests (Flgure 36), except in the case Ki1/Ky = 0. The discrepancy could be.a
result of the fact that a sllght mlsallgnment of the specimen would intreduce
A finite Ky, because the crack would be out of the plane of zero bending moment
(Figure 11D). Héwevér,'thisﬂwould imply Fhatfthevthree specimensrtésted'at

nominal pure shear were likely to show largely different crack angles. Yet,u

- the three'anglesfwere the same within one degree..

Using 8, and the correspondlng ratic KI/KII, Equatlon (6 11) can
bé evaiuated The ‘result is shown in Flgure 42. It appears thac the equivalent
Mode I ‘case would be a Kqu of 1.5 times the applied KI for Kyy/Ky = 0.73, and .
of 1.15 times the applled K1 for KII/K = 0.34. If this result were applled to
the test data 1n, e. g , Figure’ 38 the lowest data 901nt for KII/K = 0. 73
"would move from AK 11 ksi JG}T to 16 5 JF#‘ Thls would indeed bring it in
llne with the basellne datai' However, after some crack exten51on the KII :
~ contribution rapidly decreases to zero (Flgure 37), Wthh means that other data
‘“points would move much less. , ‘ .f

Taklng the Tatios KII/KI follow1ng from Flgure 37, some of the data
were - réplotted on the b351s of AKqu in Flgure 43. This conflnns the statement
' made ln the previous. paragraph that only the lowest data poxnts move far enoughv”

“to fall in. llne w1th basellne data,.
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FIGURE 41, CRACK EXTENSION ANGLE FOR MIXED MODE LOADING
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FIGURE 42. EQUIVALENT MODE I STRESS INTENSITY
- FOR MIXED MODE LOADING ‘
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_FIGURE 43. MIXED MODE TEST DATA ON THE BASIS OF ARppp

FOR THE' PRINCIPAL STRESS CRITERION .
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6.3 Energy Related Criteria

, Another mixed mode fracture criterion was proposed by Sih(8)
based on elastic-stfaiq'energy density. The strain energy dW in a unit

volume 4V is given by

. 1 2 2 2 ‘, v 1 /.2 2
ai = {75 (o + 0,7+ 0,0) = 3 (oxy *+ 099z + aeo) * 3 (Tay + Tl + ) FEV (61D

where E is Young's‘modulué and p is the shear ﬁodulus; The strain energy can

be determined for the mixed mode stress field at a crack tip, by noting that

Ox = OxI + OyI> @te., where T and o711 ATe the stresses in Z-direction due to
the Mode I and Mode II loading, respectively.

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

K1 ' Kux .
o3y = 7 iy O e frg ) (6.14)
Therefore the strain energy density dW/dV can be evaluated as
aw _ s¢@ 1 2 ‘ | 2\
W =‘,; (allKI + za]_ZKIKII + azzKI]'_)
- L r , o
1~ 16 L(l + cos 8) (n - cos 9)] o
(6.15)
I | ‘
= — s5i -u + 1
a) Ton sin 8 (2 cos 8 - u 1)
a,, = L E(u + i) (L - cos 8) + (1 + CDS-B)‘(3 cos § - 1)1
22 16u : , : il

where x = (3 - 4v) for planme strain, and # = (3- v)/(lﬁ-v) for plane stress,
v. being Poisson's ratio. '

"The mixed modé fracture.critérion now states that crack propagation
will take place in the direction where the strain energy density is minimum,

i.e., 85 follows from

| 2 | '
43 i~ s . .
de aet . ( __)
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- as a functlon of Kr/X;. It appears that. Kg

The value of (Sminle-e at which the crack starts propagating ‘is comsidered to
‘= 1 ‘ ki ‘

be a material property S e ‘ .
The crack propagation angle is a function of the ratio of KII/KI'
Values of e follow1ng from Equatlons (6. 15) and (6.16) ‘were given already in
| Figure 41 fqt v = 1/3. Up to KII/KI 1 the angle is practrcally the same as
for the principal stress criterion., For larger K I/K ratlos the angle is.
larger than for the principal stress crlterion " Thus, the observed crack
fangles agree equally well with the strain energy density crLterlon, although
the dlscrepancy is somewhat larger for the pure Mode IIL case,
" As in the case of the prinecipal stress criterion an equlvalent Mode I
case can be deflned that would cause the same rate of crack growth . as the mixed
mode loading. For Mode I loading

{5;®} pin = 816=0) =2 & - . 61D

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

20 - 1) 2

57(6=10) = — X} (6.18)
. _1\6p. - S

" Equal crack groﬁth'rates ﬁould oceur if SI 11(8 } =8 (e = 0). Thus, the -
’;equlvalent Mode I follows: from equating Equatlon (6. 18) to the first of Equations
‘(6 15) with 6 = € ‘ o

K N ;‘. Lép. (‘ KZ + 2a.,K k | ) “%': -
Tleq | 2( - 1) D 11t a‘12 ‘T 11 22 I)e ‘e (6.19)

This- equlvalent Mode I stress 1nten31ty factor was glven in Flgure 42
eq is. lower for. the strain energy -
'denSLty criterion than for the principal stress crlterlon For the experlmental

. case of KII/KI‘_ 0.73,_thevequ1valent Mode I stress intensity is onlyrl.3 times
'the active Ky, as-compared to a factor of 1.5 for the principal stress criterioﬁ.
'As a result the data pointsfin’Figure 43 would not move as close to the baseline
s'data ‘as they do when - the -principal stress crlterlon applles."‘

Other energy related crlterla have been proposed - The simplest

" crlterlon states -that the ‘strain’ energy release rate G for fracture (ox

VIfor equal crack growth rates) is the same for all modes oE loadlng, 1nclud1ng

63



mixed mode loading. This means that (e.g., Reference 3)

SindéfGI is pfoportional to Kf /E and Gyy is proportional to Kf&/E, it follows
that ‘ 7 : : , ;

2 _ 2, .2 ‘ »
For the experlmental case of KII/KI = 0.73, this equation predicts that K = 1.24

times the active K. Obviously, this leads to an even smaller shift of the
data points (Figure 43) than with .the strain energy. density criterion.

The criterion  of Equations (6.20) and (6.21) tacitly assumes that
crack extension is self-similar, i.e., crack growth takes place ih the length
direction of the crack. Thus, a value for 6y is not predicted, since it is
assumed to be zero; which is in obvious contradiction with experimentél evidence.
Also, Gy and Gy would be different for a different amgle of crack extension.

The more realistic energylrelease-rate criterion is that crack growth
occurs in the direction producing the 1argest energy release rate. It can be

shown(9) that’thls crlterlon is equlvalent to the principal stress-.criterion.

Hence, it opens no new avenues.

6.4 :Adequacy of Criteria

All criteria are compared‘in Figure 44, in the type of diagram generz-
ally used to display mixed mode criteria. For each criterion the locus is given
for all combined ﬁode lcading cases that p;oduce equal Kleq'. For example, for
the p:incipal stress criterion a K; of 0.8 ksi JEE combined with a Ky of

0.35 ksi JE; would be equivalent to Mode I loading at 1 ksi JEE. OCbviously,
the principal stress criterion is the mdst severe 'in that it attributes a
larger influence to Kip than- the other criteria, In the above example a K of
-0.8 ksi ./in can be combined with a Kry of 0.5 ksi JEE {strain energy density)
or wlth Kyy of 0.6 ksi Jln (self-51m11ar energy release) to be equivalent to a
Mode I case with 1 ksi Jln.

Two publications on mixed mode fatigue crack propagation exist, Iida

(10)

and Kobayashi .conducted experiments on tension panels with oblique cracks, -

but .the cracks. turned 1mmed1ately to a Mode I plane as.-in the ‘present 1nvest1-

(11)

'gatlon. Roberts: and Kibler performgd experlments in Mpde IT with a‘statlc

Mode I load, but they do not present the Mode I data necessary for comparison. '
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Several investigators publlshed data of mixed mode Tesidual strength

@, 12 13 14, 15) In most cases the data are presented in a

-(toughness) tests.
diagram like in Flgure 44. The applied K; is plotted along the abscissa, the

- applied KII‘along fhe.ordinate. _The data points then fall on.a curve that -
represeots‘Kqu = Kia» which'intersects the absc;ssa at‘KI = Ko+ Most of these
- data fall somewhere in between the curves for the principal stress criterion

and the strain energy deosity criterion. Soﬁe‘data are reported(14’15) that
fall on the straight.line-also‘shown in Figure 44, representing
e ',(6'22)

and suggesting an even stronger influence of K than predlcted by the princi pal

stress criterion Liu“s(ls) test data on sheailpanels-w1th oblique cracks obey
Equatlon (6 22).. Therefore, Liu suggested that mixed mode results are not. only
dependent upon the magnitudes of Ky and Ki1s but also on loading conditionms.
The‘present rest‘data indicate that the crack extension angle is best
predicted by the principal stress criterion. Also, the initial crack groﬁth

' rates show the best agreement with the Mode T data if K.. is determined by

e
Equation (6 11};following from the principal stress-critirlon. Therefore, lt is
+ concluded for the time being that the principal stress. crlterlon ‘is the most
appropr1ate for fatlgue crack propagatlon. ' _
- The problem of mixed mode cracklng can certalnly noc be dlSmlSSEd
_because the.experlments show thact the cracks turnm into a direction with pure
'Mode I. Roberts and Kibler (1) have:shown already that Mode II cracks can
- grow in a self-similar manner if thélloading changes sign ia every cjcle This
happens also in service but- the- experlments did not reproduce this condltlon
Flgure 45 shows various. pOSSlbllltleS for mlxed mode- loading. The
top part shows K:; and KII as a function of time, Case a, at the left, represents
the situation of the present experlments and of those of . Ilda and Kobayashl(loyl
KI and K1 are ln phase and Ky never reverses. 31gn. The bottom. left of Figure
45 shows an over51mp11f1ed ver51on of what happens in a rall which is adequate
- for the present discussion. When 4 wheel load P travels over. the rail the bendlng
.‘moment:(a: 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. Thus,-
:‘KII'goes through ‘a eycle of reversed loadiog when Ki rises-from’zero to a‘

a ‘maxlmum and decreases to zero, Wthh is shown in the, top dlagram (Case b)

. of Flgure 45.
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If the crack wants to turn into a direction of pure Mede I,_it will

try to turn one way durlng the positive KII appllcatlons, and the other way

" during the negative KII applzcatlons As a result, the crack will grow ln a

“self 31mllar manner, so thac the KII contribution.is not eliminated.

. It can easxly be seen that Case b 1oad1ng can be reproduced 1n an
experlment only if two dlrectlons of loading are available. This will be
-accompllshed in the present program under a subcontract to. che Boelng Alrplane
Company . Experlments in this subcoutract Wlll be of the type shown at the bottom
ll'right'of Figure 43. Compact tension speclmens ‘will be loaded in two- directions,
and the load will change direction after every appllcatlon ‘This*resul:s.ini
the loading shown at the top right of Figure .45 (Case c). SincerKII will be

changing SLgn,.the cracks are expected to grow stralght.
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7. THE CRACK GROWTH EQUATION

As was discussed already in Section 4.1, fatlgue crack proPagatlon
data from. laboratory specimens are not directly applicable for crack growth
vpredz:tlons, unless they can be.expressed in a unique way, independent of crack
size and.geoﬁétry. It was shown that the data can be described uniquely on
the basis of the stress intensity factor. . Thus, a c¢rack in a rail subjected to
the‘sgme-stress intensity as a crack in a specimen, will exhibit the same rate
of growth. . . | | |

Unfortunately, the stress intensity range AK, is not the only parameter
that affect§ the rate of growth, A different R-ratio (or equivalently a different
| Kmax) results in a different relation between da/dN and AK. Moereover, the
critical stress intensity for failure, K. or K, and the threshold stress inten-
sity, Kepo have én overriding effect at high and low AK's, respectively. When
making crack growth predictions, it is oftenm useful to have a formula for the
crack growth rate that accounts for the composite effects of 4K, R, K. and K.
A formula, appllcable to the rail steels as tested in thlgwiﬂgégélgatlon._w1ll \4
be derived below. -

An equation accounting for the effects of R-ratio and K, is the

Forman equation given already in Section 4.

da AKn X '
an CT-® L-K (7.1)
When writing this équation as
{I-R)K-AK da _ ¢ x® (7.2)
Bl N | :

it follows that all data should condénse to one straight line of slope n if
{(1- R) Kc'*AR-}da/dN is plotted as a function of 4K on double-logarithmic
paper. This was done for points taken from the trend line data in Figure 15
(LT direction and room temperafure). The- result is shown in Figure>46. Obviously,
the data do not-condense to éﬁéiﬁgié_line,_which means that Equation (7.1) does
not adequately account for the effect of R (0T Kpay) -

By nmoting that AK = (1l - R)meax, Equation (7.1) can be rewritten as

. n-l: ‘ : .
da _ Kmax . : . (7.3)
4“ - Kpax | o - '
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The effect of R-ratio stems from having both K ., and &K in the above equation.

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

2
da _ Kmax ‘
aN K - K (7'4)'
which cam be writtenlinfterms'ef Kpax 304 R as
‘ o L mk2 o

da C(IF'R)Z.———EEEE——‘ﬁ o - (7.5)
dN Ko - K

- max .

~ Equation (7.5) implies that all data should c¢ondense to one straight:
line on dbuble-logarithmic.paper?if%x K “)/(l- R)z} da/dN is plotted versus
Kmax; Results for the same data as in Flgure 46 are- plotted in Figure 47. One,
straight line is now obtained reasonably well, which means that Equation (7. 5)
adequately accounts for the R-ratio effect,.
Not 1ncluded in Flgure 46 are the data for R = -1l. It can readil&
be seen in Figure 15 that the data for R = -l are dlsplaced by a factor cf 2
along the AK axis with respect to the data at R = 0. Thie means thet only:the
pOSltlve part of the’'cycle is actzve, i.e., the data should be treated as lf )
= Q with AKeff = %AK Kmax‘ Thls was pointed out in more detallvln.Sectlon 5.
Equatlon (7 5) does not yet account for threshold .behavior. This

can be accomplished by 1ntroduc1ng a factor (Kmax th) to give

o m-1
da _ 2 .2 Kma : . .
Ea‘— C,(lI'R) (Kpax - th) —_—x}(;;‘ - N ‘ (7.6)

If R < O 1t should be taken as zero. The threshold values were only slightly
dependent upon R,. if based on Kmax )
7 ksi vin for R = 0.5, 13.5 ksi 4/in for’ R =0 and 28 kei /in for R = -1. Thus;

were 14, 13,5 and 14 ksi Jin, respectzvely Therefore,

For example in Figure 15, the K, is

tﬁe values for Knax th
Equation (7.6) will be based on a SLngle threshold value, nzamely the one found
~at R= 0.

‘The -above equation can be written as

‘Kc -1 .
: L ‘ . o . L
max ' d—§='c K. A

.(l-R)z{l.- h)}
 When plottiﬁg the left side of the equation versus the :ight side'on:dcdblef
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.iogarithmic papér a_singie stfaighﬁ liﬁe,should'result. 0f course, ﬁow the

data in the threshéld’région shduld be included (they were not in Figures 46 and

47) . This plot is- shown in Figure 48 Iﬁ'appears thét Equation (7.7) is reason- 

ably satisfied. | s ' 1 - ' ‘
: _ In order to. show the adequacy of Equatlon (7.7) it was rewritten in-

»terms of ‘AK to give = ‘ ‘ '

| m-1

: ';  _1‘ o ' ‘ ‘ AK
o to . ) V ' c

It should be noted now thét:ﬁ'= R foriR S 0, énd E =0 fdr'R SVO. The”t;end'

- lines for the LT orientation and room temperature are replotted in Figure 49.

‘>AISO‘P10ttEd'arE points pfédic;ed‘by Equation (7;8); Obviously, the effects

of R, K. and_Kth‘are adequately atédun:ed for. The generality of Eduation (7.8)

is shown by similar plots forldifferént cases in Figures 50 through 53.
'Apparently,‘Equatioﬂ (7.8) can be,usedlgeneraily to describé the c¢rack

grbwth behévior'of the rail steels uéed in the present experiments. Since .'

Equatlons (7.6) and (7.8) ‘are equlvalent Equatlon (7 6) is recommended for use.

Not only is Equatlon (7. 6) much simpler, it also is more . approprlate for service

‘ cracks in rails, since it is expressed in K ax” . The. maxlmum stress intensity in

_ralls 'is likely to be determined by the resxdual stress level Cycllc stresses

‘ are mostly from the (tension) re51dua1 stress level downm. Thus, all stress

“cycles at a glven sxze of crack would have a- common Kmax- Therefqre, it is morg‘

useful to- have a‘c:a;k g;pw;h,equatlon expressed in Kmax'
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8, VARTABILITY IN CRACK GROWTH BEHAVIOR

- '8,1 Basis for Statistical Anaiysis

Farly in this experlmental program it became apparent that the
| crack growth behavior of the investigated rail steels was subject to substantlal
variability and that it would not.be possible to'exactly @eflne the cracking
.characteristics of even a Single,rail-heat.

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

Because of this uncertainty or vafiabilit?j a material property can
often be best. described by performing repetitive experiments and determining the
mean property value along with a measure of the»obsefved variebility in property
values. Many physical properties of materials display a statistical variability
which is‘nearly normal or'logarithmically normal. In these cases a single parameter -
the standard deviation - can be computed to quantify the variability in a collection
of materlal property test results. |

Thls approach was taken to evaluate _the varlablllty in crack growth

behavior of the wvarious subgroups of rail tests. Before these data could be
_statlstlcelly analyzed, hcwever, it was necessary to translate the>overall crack
greﬁth‘rate curves into single-valued'quentities that would reflect the material's
resis;ance toFfatigue‘crecking under constant amplitude cyclic load'conditions.
This was done by a numerical integration of the da/dN-AK curve for each
specimen from a stress intensity level of 20 ksi J/in to the apparent fracture
toughnéss level for the material. The integration was performed on a ficticious
. compact tension tyée‘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 resulf ef this integration was 'an analytical prediction of the
number of-eycles required to grow a crack in a CTI type sbecimen (like cthe one
ueed‘in%this program) from a length of 1.00 inch to failure. By evaluating ‘
the various crack growth curves in thislmanner, it was éossible to quantitatively
compare: crack growth re51stance of all the different spec1men geometrles tested

. under a- varlety of loadlng condltlons
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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

‘U.the testing was underway that the cracking behav1or from one spec1men to the next

was rather variable, in fact it was observed that the actual number of cycles to
grow a-crack from 1.00 inch to failure ranged from 150,000 to more than 2,000,000 -
cycles for the various material heats.: It was presumed initially that the. rail
samples displaying the lowest fatigue lives were.inherently inferior in crack
or0pagation resistance to the other material heats. This point had not been .
verified,‘however, so it was decided that a statistical review of the data would
be helpful. : | ‘
Employing the procedures described earlier,‘each da/dN versus AK
curve was numerically integrated‘from a stress intensity of 20 ksi qEn to
the apparent fracture'tooghness,‘Kc,‘and the resultant cycles to-failnre were,
‘recorded. Thesedcomputed fatigue lives were then-statiStically analyzed_to attempt
'to identify superior and inferior crack growth material groupings.
_ The first observation was that the. analytically determined and actual‘
‘experimental crack propagation lives were quite similar ‘This was as expected
since the same specimen geometries were assumed and the same initial stress in-
tensrty 1lavels were chosen. The second observation was substantially more 31g-
‘nificant.. A statistical check’ (Chi Squared test) on the total collection of 66
data points indicated that the entire‘collection'of data could be described

by a single normal distribution which in turm, 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 steelsxinvestigated. Figure 54 dis-
" plays the ranking of fatigue lives versus the predicted failurE‘percentageS‘for
a log-normalddistribution. If the data corresponded exactly with log-normality
‘they would all ‘fall uoon the straight line drawn throngh the data. Some minor
variations from log- normality are evident. but the general trend of the data is
toward log- normality ‘

From the ranking of faticue lives presented in Figure 54 it is ev1dent‘

that the average logarithmetic fatigue life was 5.68 (50 percent failures)

This translates to an average number of cycles to failure of 478 630 The
standard dev1ation of this. collection of 1ogarithm1c 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 or~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 dara pOints ee38) should
- lie between the: logarithmic fatigue lives of 5.38 and 5.98 (239,880 and 954,990

licycles, respectively) ‘In actuality 40 specimens out of ‘66 failed within those

cycle. limits, ‘which . represents 61 percent of the total population. The compariscn

“between the theoretical statistics and actual statistics is good.

As an additional comment on the variability in crack propagation lives

of the baseline experiments.it is interesting to. compare the ratio of the 1ogar—‘

ithmic standard deviation of the 66-data points to the logarithmic mean value

of the population That ratio (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,

7and the lower the ratio, the lower the data variability. Simple tensile tests-

commonly display coefficients.df 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 thatrthe‘scatter in crack propa-
gation lives evident in the collection of 66 rail heats was not large compared
to- other Similar types of data., . B

' The statistical analySis can be extended to other crack length and
1oading conditions as well. This is. important because it allows prediction of

constant: amplitude crack prupagation lives for various initial crack sizes.

-For example, by uSing a power.law relation between da/dN and‘AK, and assuming

an initial AR ‘level of 10 ksi/in a series of crack propagation lives were

calculated for each rail heat. The distribution of computed crack. propagation

‘cycles to failure is shown. in Figure 55, It is readily apparent: from this figure

that the slope of the probability line (ccefficient of variation) is nearly

"identical to that in Figure 54 even though the ranking of lnleldual heat fatigue_

lives changed in oumerous cases (due to- CrOSSlng of da/dN AR functicn lines).
The computed logarithmic mean. fatigue 1ife for all of the rail heats was 6. 787

(6 123,500 cycles) A staiidard’ deViation of 0.357 was ‘found for the logarithmic

fatigue lives. Chi squared check of the data indicated normality Wlth 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

Tt was a natural extension of the baseline data analysis to do a
similar review of the Phase 2 test data generated on other specimen types, crack-
ing: orieutatlons, test temperatures, and frequencles.

' The computed statistics for all of the R -0 subsets of FCP data are
showm in Table 3. Some of the data collections are small but they do provide
~reasonable indications of the comparative crack propagation lives for the differ-
ent test conditions, As an additional iilustrative aid, these same data are
presentedjin Figure 56, The data points denote mean crack propagation lives
and the solid and dashed bounds indicate plus and minus 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 gruuPS'of data could be combined it meant that, for the test
conditions studied in this program, the variable or combination of variables
. differentiating those. groups had an insignificant effect on the crack propagation‘
life. | | o
_ 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 drawvn from this was that thEMiﬁdﬁ—i'éﬂﬁ_¥88ﬁ7225perature tEEE”ESﬁdiEiéﬁs‘
produced similar crack growth lives, while the +140° F temperatures 25 produced 51g—’f
‘nificantly lower lives. Another CDHCIUSlon was that the TL and SL orlentatlone of N
cracking produced significantly lower crack growth lives than‘the LT orientation,

with the SL orientation displaying the lowest overall crack growth 1ives.

The only minor surprise in these flndlngs was: -that the —40° F and
room temperature data dlsplayed no SLgnlflcant deferences, even though it wac_
evident from the individual data displays that these test conditions produced
‘ da/dN‘versus'AK curves with different slopes and different critical toughness
asymntotes. Apparently the load levels were'such that the 2 -differing factors
tended'to,offset.each ether. ‘This overlap of data for the 2  different tempera- -
tures must, therefore be COneidered sdmewhat fortuitous and does not indicate
a total absence of low temperature effect on cracklng behavior. Specimens tested
at- lower load levels would prcbably have .shown hlgher crack propagatlon lives

at the -40° F temperature than at room. temperature and conversely, spec1mené
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tested at higher loads would almost surely have displayed lower crack propagatlon
11ves at the reduced temperature level. o
| Some lelted crack’ growth data generated by Fowler(ls) ia~included
as the last entry in Table 3. The mean log life of these data is substantially
‘smaller ‘than of the data of the present program. The most likely reason ‘for
“the discrepancy is the dlfferent orlentatlon._ Fowler's datalare for the LS
a orientation.‘ LS and LT are: grow1ng in the same plane but in different directions
VIt is somewhat surpriSLng though that Fowler s data have a lower mean log life
than the present SL data (Table 3). However, indirectly the same rasults weére
obtained here with the Surfacerflaw'SPecimens;- At the specimen‘surface, the .
surface flaws were growing in'LS According to Figure'BSa the growth in that
Jdlrectlon was substantlally faster than in' the SL dlrectlon by a factor of 3
on the.average. The mean log llfe for SL- was 5.21 (Table 3) Hence, the LS
| surface flaw results suggest a mean log llfe of 3. 21 - log 3= 4.74, which is
Z'much closer to Fowler's results. A » . - ‘
In accordance w1th the. hlgher growth rates " Fowler also found lower
threshold valuea (AK 7 - 8 ksi VF—3 An’ extrapolatlon of the LS surface flaw
~data in Figure 35a to the: threshold reglme, suggests' a threshold value on the
 Torder of .7 ksi V”E Thus, the two data sets are in good agreement
_ These observations emphasize: ‘the. anlsotropy of rails w1th regard to
crack growth propertles In particular, the results 1nd1cate that a transverse
" fissure in a rail ‘head w1ll have a tendency to develop into an elllptlcal flaw
with the major axis: Ln horizontal dlrectlon and the minor axis in the vertlcal
direction. This is in agreement with .service experlence.: Naturally, the stress

distribution in the rall head w1ll have a strong lnfluence ‘on ‘the £law shape

also.  Therefore, the above conclu51on,1s only of a‘qualitatlve nature,

8.4 ' Phase 2 Crack,GrowthﬁDatarfor‘R-=I0;50‘

A somewhat more llmlted collectlon of data was generated at a stress
ratlo of 0. 50, but there was sufficlent data to observe the effects of tempera—
' . ture and orientation an crack growth resistance. Table 4. prov1des a tabulation
" of the statistically analyzed data: subgroups generated at R = 0. 50 ‘Figure,57
dlsplays those data for each category ' ' |

As with the R = 0 data the —40° F and room temperature data groups

could be combined, but the +140° F data fell 51gn1f1cantly helow the other temper—‘
‘ atures. Orlentatlon was agaln found to be a sxgnlflcant factor on crack crrowth '
: life.,_“ ’ - '

N 0 1_
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On the-basis of a statistical.combination oflthe appropriate data
subgroups a condensed tabulation of. crack growth resistance data was formed as
shown ‘in Table ‘5. The effects of temperature, orlentatlon and stress ratio
are evidentHfromgthls data dlsplay. It is -also 1nterest1ng to note that the
coefficient_of'variation forfthese‘barious groups is gquite small —.in many
- cases it isﬁless-than_B peroent - which.indicates excellent repeatability in

' the test data.

. ‘8.5 Correlation with Other Material Properties

In Phase I of this research program an attempt was made (1) to correlate
" erack growth behavior with other mechanical properties, chemical composition
and mxcrostrnctural parameters No correlations'were found, apart from-'a weak

correlation with hardness. The statistical analysls in the previous subsections

. 1nd1cated that crack growth properties behave more or less as a random variable.

. Yet 9 rail. samples were selected for additional testing in this phase
of the program to further examlne the:effect'offvarious material parameters on
crack growth. These samples-were listed in Table I, The .test -data are presented
in Figure 58 for the hl_direction:and'in Flgure'Sé 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 &

" with the crack growth lives of other specimens from the same rail samples tested'

in Phase I (LT results only). It turns out that the results of the first and
“second test onm the same sample are very close in some cases, but appreclably
different in other cases. Mean log llves and standard deviations are alsc com-
' pared, showrng the game statlstlcal sample propertles -.’

The average ‘data of the twospecimens of ‘each sample were taken for a
comparlson ‘with other material parameters in Table 7. The results are listed
in the order of. lncre331ng life. Chemlcal composition, mehhanicaleproperties.'
‘and pearllte content are llsted and valued by 0, + or —. The parameter 7
is- gzven as zero if it was w1th1n one standard devlatlon of the mean of all
66 samples. If it was more than one standard devratlon above the mean, a+
is indicated, and if it was more-thah one standard deviation below the mean, a
- is indicated In the case of pearllte, a'.zero means 100 percent pearllte and
a — means 1ess than 100% pearllte . The mean log life of all 66 samples was
5.68 with a- standard dev1atlon of 0.30. Thus, all 9 sample lives were. within

one. standard devxatlon 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 ~No. of Mean_ Life, Std, Dev.,
Orientation °F Ratio Data X S
0.00 - 17 5.73 0.23
. 68 and -40 0.50 9 6.27 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
o 0.00 7 5.58 0.12
68 and -40 o
‘ 0.50 9 6.10 0.10
- TL :
0.00 3 5.34 0.12
140 : .
: 0.50 3. 6.10 0.04
SL 68 0.00 3 5.21 - 0.04
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Crack Growth Rate, da/dN, in./cycle
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.. TABLE 7. RANKING OF EXPERIMENTAL RESULTS OF
ADDITIONAL BASELINE TESTS

o

——

“Avérage .

Sample - Life, -Chemical Composition ‘ Log

Number kilocycles C Mn S 0 uts TYS Pearlite Life
060 222 o 0 - 0 0 0 0 5.35
017 283 o o 4+ - 0 0 0 5.45
026 316 o o0 -+ 0 0 0 0 5.50
040 326 e + + - 5.51
037 443 6o o - o0 - o - 5,65
005 461 -+ o o0 0 0 0 5.66 .
027 523 0 0 o o 0. 0 0 5.72

028 - 610 o -0 0 + | 0 0 - 5.79
045 - - 0‘ o+ - - 5.87"

736
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For'Sampie No. 027, all material parameters afe zero, while this
sample had a life of 523,000 Cycies. Samples 040 and 045 have mostly nonzero.
- entrees, and all deviations are to the same side, except the yield stress.
Yet Sahple No, 040 has a life of 326,000 cycles and Sample No. 045 has a life
of 736,000 cycles, which spreéds the results to both sides of.Sample 027.

The fact that crack growth properties do-hot show obvious correlations

with any other material parameters may not be as surprising as lt seems., All

parameters listed in Table 7 are bulk propertles, i.e., they are an average for
a large conglomerate of grains, pearlite colonles, and inclusions.. However,
fatigue crack propagation is not a bulk property but a very local property.
Everyicycle the crack propagates over a. small distan;efvarying from 10'7 to 1074
inches. For every cycle, then, only an extremely small amount of material comes
into play. Thus, the variability in crack growth is much more a function of the
local variations in structural and chemical composition. Most of the crack
propagation lifé is spent when the crack is still very small. If in that part
of life material 1s encountered where the local properties are poor, the crack
will grow quickly through this region, thus causing a drastic reduction in
total -crack growth life, If in a later stage of crack growth, material is
encountered with mﬁch better properties, some of the loss is made up for,
but since crack growth rates are already high. due to the high K, the total life
still remalns low. ' ' |
. Thus, crack growth is much more dependent upon local variations in
the material than other material properties. As 3 consequence, any correlations
with bulkvmaterigl‘properties are.not observed, obvious, or easily assessible.
Another cousequence 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 rail as opposed to variability among rails).
Only if the bulk properties show very drastic changes can a general trend in
crack growth propertieé be observed. This is the case if the effect of orienta-
tion is considered, where the SL direction has consistently worse propertles
than the LT direction. '

The variability of all parameteré‘for 66 rail samples is given in Table
8. 'Despite the large variations in chemical composiﬁion the bulk properties
of tensile strengih 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 is only a few percent. for the mechanical properties, and
ﬁore important, also for the log-life. Apparently, the large variations .in chem-
ical and structural parameters are not reflected in “the var;ablllty of the crack -

growth life, -
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;log-cycles

_TABLE'8.  VARIABILITY OF RAIL PROPERTIES
‘Standard
' o : ‘Deviation
o 7 . Low High i - Standard in Percent
- .Variable Value Value Mean Deviation  of Mean
¢ .57 .85 .76 .06 8
% Mn .61 148 .88 YA 20
s 014 052 --.029 .010 34
‘Grain S o N o o
Diameter, . . .066 .20 1,087 .021, - 25
om ; ! i .
‘ Pedrlite ) o ) | o ‘
Interlamellar 2,470 - 4,160 3,211 832 - 20
Spacing, ’ o : '
TUS, ksi 111 142 133 5.5 4
CTYS, ksi 60 82 73 5 7
Crack Growth S R S -
 Life, ! 5.18 ' 6.22. 5,68 .30 ‘5
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9. IMPLICATIONf FOR THE FAILURE MODEL

The present results and those of Phase‘I(l) are a unique and cdmplete
répresentation of fatigue crack growth properties of rail steels. The effects
of R-ratio, orientation and. some other parameters were invesfigaﬁedlto anrex- .
tent tﬁat paralleis can be‘drawn for all rail materials with a high degree of
confidence. ‘Iﬁ_ordér‘to predict crack growth uﬁder service loading from comstant
amplitude loading, aﬁ'adequate description of da/dN“daﬁa is rgquired;- Such
a description is‘nOW‘availabie by means of‘thé cfack growth equation derived

1n Sectlon 7.

Therefore, all basellne information for the subsequent development of
a rail failure model is available. In the last phase of this program fatigue
crack propagation under variable amplitude service loading will be investigated.
A rationale will be developed 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 variability within one material will not be accounted for, as discussed
above. However, the rationale will predict the behavicr of the family ofnrail
steels. A reliability analysis, or some sort of statcistical analy31s will
then be required to account for the variability in service.

It is of great interest to know how the yarlabil%ty in crack growth
properties will affect reliability analysis. Some appreciation for this can be
obtainéd from Table 9. The‘first line in this table shows the variability
parameters of crack growth. If the entire variability in crack growth was due
to a difference in genefal stress lévels, the variability in streés levéls |
wbuld'be‘as in the,3‘1awér-1iﬁés of Table 9, assuming a\4ph; 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 fable 9, a standard deviafion of 15 percent in
stress then;gives the same yafiabili;y 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,
¢) ~“stress intemsity analysis.: ,
' The accuracy of ﬁhése contributors cannot be expected ﬁb be much better than

5 percent. In addition, there will be-errors‘introduced by the assumptions
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TABLE 9. VARIABILITY IN STRESS FOR EQUIVALENT
VARTABILITY IN CRACK GROWIH LIFE

|

Standard -
: ‘ ‘ Deviation
Low High Standazd in Percent
Variable. ‘Value Value Mean Deviation - of Mean
- Crack Growth . ' . .
Life, 5.18 6.22 . 5.68 .30 5
log cycles . - L ' ‘ '
Equivalent , .
Varlability — (75 1.36 1 19 19
in Stress, ksi :
(4th Power) ‘
Equivalent - - ] , ‘
Variability 79 . 1.28 1 - .15 15
in Stress, ksi ‘ T . '
(5th Power)
Equivalent
Variability . . g5 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 var:.ab:.l:.ty
in erack growth propertles is of the order of magnltude of the variability

(error) of predictions due to accuracy llmltatlons.

107




1)

2)

Y

4)

5)

6)

7)
.8)
9

1 10)

11)
12)
13)
14)

13)

- 16)

lO REFERENCES

' Fedderson, C. E., Buchheit, R. D. and Broek, D., “Fatigue Crack Propagation

in Rail Steels", DOT Report DOT-TSC-1076, July, 1976

'Fedderson, C, E. and Broek, D., "Fatlgue Crack Propagatlon in. Rail Steels",

To be published in ah-ASTM STP.

Broek, D., "Elementary’ Engineerlng Fracture Mechanics"; Noordhoff Int.
Publ., Leyden, Holland (1974).

Rosenfield, A, R. and McEvily, A. J., '"Some Recent-De#elopments in Fatigue
and Fracture", AGARD-R-610 (1973), pp. 23-34.

Kobayashi, A, 8., "Approximate Stress Inténsity Factor - for an Embedded
Elliptical Crack Near to Parallel Free Surfaces”, Int J. Fracture Mechanics,
1 (1965), pp. 81-95. :

Shah, R, C, and Kobayashl, A, S,, "Stress Intensity Factors for an Ellipti-
cal crack Approaching the Surface of a Semi- Inflnlte Solid, Int. J. Fracture,

9 (1973), pp. 133-146.

Erdogan, F. and Sih, G. C., "On the Crack Extension in Plates Under Plane
Loading and Transverse Shear", J. Basic Engrg., 85 (1963), pp. 519-527.

Sih, G. C., "Strain-Energy-Density Factor Applied to Mixed Mode Crack
Problems", Int, of Fracture, 10 (1974), pp. 305-322, ™

Nuismer, R, J.,‘"An Energy Release Rate Criterion for Mixed Mode Fracture”,
Int. J. Fracture, 11 (1975), pp. 245-250.

Iida, S. and Kobayashi, A. S., "Crack Propagation Rate in 7075-T6 Plates
Under Cyclic Tensile and Transverse Shear Loadings", J. Basic Engrg., 91
(1969), pp. 764-769. :

Roberts, R. and Kibler, J. J., '"Mode 1I Fatigue Crack Propagation"
J. Basic Engrg., 93 (1971), pp. 671-680.

Pock, L. P., "The Effect of Crack Angle on Fracture Toughness , NEL
Report 449 (1970) :

- Hoskin, B. C., Groff, D. G. and Fdden, P. J., "Fracture of Tension Panels

With Oblique Cracks", Aer. Res. Lab, Melbourme, Rept. SM 305 (19653).

vShah, R. C., "Fracture Under Combined Modes in 4340 Steel", ASTM STP

560 (1974), pp. 29-52.

Liu, A, F., "Crack Growth and Failure of Alumlnum Plate Under In- Plane

" Shear'', AIAA Paper 73-253 (1973)

Fowler, G. J. "Fatlgue Crack Initiation and Propagatlon in Pearlitic Rall

- Steels", -Ph. D Dissertation, U. of California, Los Angeles.

108



APPENDIX 4

‘BASICnCRACK LENGTH‘CYCLES DATA FOR PHASE II
. CONSTANT AMPLITUDE EXPERIMENTS

" The followlng tabulations present the crack length measurements and
‘assoclated cycle count for the experlments discussed in this report The
first measurement point in each tabulatlon represents the precrack length on_
the speclmen surface after crack initiation out of the chevron notch. The
flnal crack length represents the 1ast ¢rack size, that could be monltored

before fracture,¢ . : ,
‘ Spec1men coding is in accordance w1th the text and figures.
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TABLE A-1., BASIC CRACK LENGTH CYCLES DATA FOR FIGURE 12

Specimen 006 ._.-;SPESEE.EP.QE?._;-' ‘. Specimen 019
TonsTeTTTTTTeIeess o TLRACK CYCLE CRACK | cvele
LENGTH, -~ COUNT, LENGTH, — COUNT, LENGTH, COUNT,
Ay INCH NyKC . - ArINCH NoKC . AINCH N, KC
Ues T Thaniaa .23 120.68 813 247,65
,948 :aaw;udir' 957 152,08 ’ ,972 J4p,00
982 69¢,a2 ‘1,045 . 223,69 1,854 - 426,00
1,831 785,08  1.094 220,09 1,112 465,09
1,074 843,49 1.156 241,08 1,143 489,00
1,116 9@3,27 1,224 26y,u0 1,188 581.00
1,227 985,08 1,279 272,¢4 1,245 bie,eﬁ
1,261 14ng, 50 1,318 eBua,u@ 1,321 | 539,7d
1,334 10209,00 1,374 294,00 1,428 '539,2w
1,438 1036,08" 1,444 300,84 | 1,480 541,00
1,620 - 1044,78 ‘ 1,521 307,09 1,300 _‘ 541,57
| {,55¢ 318,88  {,53a 542,10
1,602 312,50 1,578 542,59
1,654 . 313,66 1,502 542,76
1,695 314,29 -
1,739 315,09
1,784 316,48
1,816 . 316,402




_IABLE A-1. (Continued)

Specimen 029 = - Specimen 020 | 4 Specimen 023-1

TeRACK . CweLe  grack . oveLe cRAck  cvele
LENGTH, COUNT, LENGTH, COUNT, LENGTH, COUNT,
_ Ay INCH "N, KC s Ay INCH N,KC Ay INCH N,KC
TTTean | s3a.si o Leti | 32s.e8 985 . 715.00
942 - 3se.ul 922 - 372,00 1,029 650,22
,980 i6a.an 947 415,00 1,063 952,22
1,220 523,00 .9?2 470,00 1,170 1060,29
1,059 574,48 1,808 528,00 1,165 1229, R0
1,102 616,80 1,837 - 565,08 1,228  1335,40
{143 650, 0a 1,878 612,40 1,287  143u,20
1,164 685,K0 1,135 666,00 1,359 1596,
1,249 767.88 1,182 697,20 - L.417 154¢,69
1,38 735,88 1,237 727,40 1,487 1571,09
1,344 735,40 1,264 | 737.e8 1,942 ° 158u,u0
1,388 743.00@ - 1;337 . 752,40 {.585 1584, 00
1,418 748,149 1,352 - 765,00 1,641 19887 ,47
1,447 752,08 1,396 775,90 1,697 1587,48
i;arz 755,49 -.H1.434 782,08 | ;;?éw : ;558;1@
1,901 758,00 3,462 “7si.ua - |
1,521 766,40 \i.487 EETINTE
1,568 763,00 . 1,529 ?95,&@
1,611 765,08 1.574  639,u0
1,711 769,25 - 1,643 823,08
{,806 778,12 1,768 - B1o,00

1,910 81§,2S
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. TABLE A-1. (Concluded)

‘éﬁecimen,deoéfi L Specimen LT035-1 - Specimen LT036-1
TeRACK . CYocLe . CRACK  CYCLE  cRack - cvele
- LENGTH, - COUNMT, LENGTH, - COUNT, - LENGTH, COUNT,
CApINCH 0 ON,KD - ApINCH  N,KC , A, INCH - - N,KC
TTTele | sav.am . .921  3Sa.0 . .94 31s.e8
943 3sa,e3 - . 936 - 406,20 (968 331,50
1,000 . _4@5.@@ 0,973 -'515.3@ C 1,832 381,59
1;99; | 454,64 .98 572,38 1,056 421,50
1,150 ,.595.3wﬁ 1,846 686,00 1,992 - 484,00
L;Zru»,} 630,00 1,114 "813.15 | x;xdz 535.56
1,25? "‘&51.&@,| - i.:sa:. . B73, 40 1,320 b4y, 1R
1,313 677,00  _2 | 1.237 982,10 1,351 661,00
YR 98,8  1,28¢ 1e3e,ue 1,383 672,00
1,414 ?ﬁg.am : 1,341 118,08 ‘1;421‘ 684,50
'1,459  1?25.70‘_- 1,377 | 1142, 04 - £;457 695,10
'1;séx.l“ 734,00 ;“\»1.4a7"' ‘1;63.8@ © 1,509 705,00
1,602 746,80 1,452 . 1187.48 . 1,541 711.00
1,653 © 753,00 1,491 12m4.5ah 1,873 75,50
1,594I* 756,508 . 1,528 1217 ,60 1.615  728,50
1,731 760,08 ‘1.572. ‘123g,00 1,659 725,60 “
1.766 762,38 1,626 124300 1714 729,00
‘1.33é, 766,40 1,674 ,_1zsr;ma 474y 734,50
1,889 . 768.50 . 1.719 . 125790 1783 732,80
1,935 770,08 1771 t262,00 1,842 | 733,58
1,994 774,40 | 1,817 ‘f1255{49_ o t.eew . 734.ua

1;875ﬂ-»|1263,2m‘_
1,934 t271,00 -
1,998 1272,00




TABLE A-2. BASIC CRACK LENGTH CY_CT.ES DATA FOR FIGURE 13

Specimen 009 - ) ‘_tggegémgn‘OIG' | " Specimen 024
o e tmee o e oen
LENGTH, - COUNT, ~ LENGTH, COUNT, LENGTH, ~ COuUNT,
Ay INCH . MyxC - AsINCH NyKC 4y INCH Ny ke
TTTeas  Tininas. .els . ise.ea - .82z 1873.em
909 ?113;47 ,944 200,00 936 173309
'91{p 117147‘ | 1,028 . 304,00 ' 2945_ 1768,.27
913 127,47 i;a51 I2¢,en B 958 1818,43
L9118 137,47 1;1@7 a Séw.ma L 1578,50
V822 147,47 1.161A 393,00 t,049. i949139
' 958 185,02 1,207 415,4@ 1,887 1589, a0
L) 225,99 1,256 4ss.ué 1,124 26925,49
1,648 263,09 1,312 452,40 1,242 2046',30
1,898 293,07 1,369 455;99- . 1,264 2952;bm
1,145  318.¢e {1,421 °  475.g0 1,293  2855.,¢9
1‘.198' : 342,27 1,492 485,08 ,‘ 1,31 2058,5a
1,243 . 358,20 1,549 489, 4@ 1,349  2¢62,3n
1,284 - 368,55 i.ﬁix 492,48 1,366 2065, ¢0
1,324 . 378,00 1,727 494,00 " 1,393 225752
1,368 3a6,un 1,816 494,47 1,436 - 2069,59
1,416 393,20 - 1,478 2671,57
1,478 3698, u0 | | 1,818 2673,02
1,549 403,52 . 4lssy 2874.5n
1,602 425,00 S ‘, 1,622 2875,00
1,668 485,95 n o 1,662 - 2a75,25

1,742 287533
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TABLE A-2.  (Continued)

| Specimen 030 . SPeéimen‘O3l‘ , o SPécimgn,oés |
TERACK G¥OLE . CRACK . CYCLE - crack . evei.
LENGTH,  COUNT, - LENGTH, COUNT, - LENGTH, COUNT,
CAPINGH NGKC o APINCH NoKCo A/ INCH NyKE
TSI ies.aa o .e22 . . dte.ed | Le23  1ea.ae
L9535 wSz.ea - L964  s6.e8 - © ,938 150,40
_71.035 1-;'&21.06-' :\ﬁj.}QQZ \J-q?u;qﬂf’:" _ ;979 7 202,00
li.QQiJ“'  350,08 ‘¥“ (quzj 78129 ”;[_  1,@57 'r.ggzigg
1,137 372,00 1,086 o ssg.giiij‘ 1,853 . 260,80
4,176 38300 ;1.1;d ,& 9d4g. k¢ 1,099 285,00
o 1".,.'?2% . d%a,002 -‘1.,1-64 } 983,02 . “1:.14;5 " ' .395.;55{
1,272  aes.ue f,:;eaafr ftwé¢.33._; :  ;.za1,-3 325,09
.1;353‘L 416,00 1,243 .-1d63,$s | 1,270 1347.mm:
1,394 ‘azm,@a'- ' '1.233 : 109¢,78 1,202 '352,aw;
‘ ;1;439 '425,@w’L“‘ ;;;J§‘_l tié@;sé- o 1,331 | aax,a@
1,504 a3p,e0 1.395 1135.00 _‘ 1,362  ' 366,50
4,575 0 433,53 | 1,459 {148,008 | 1i;3§5.‘ 372,40
'1.542 ; ,435;7a-f  ';1,:sr< “1156;75 : ;;445‘- 377,00
1,686° 436,30 z,éia’.f-izsa,ua 1,489 380,10
1,745 | 438,78 1;595 186,00 | 1,480 382;@@
Coyu791 '43cA95 1,856 L164.00 1,820 385,00
1847 43703 1,902 tisé;zzi', 1Lssn . sss.ae
y,003  437.27 | N "1_..‘5 ‘ ',',' ' 1;024"'3‘391;ma'
o o | ‘1.6§1 - 353;@w:
1,744 394,u@

1,928 394,81
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TABLE A-3. BASIC CRACK LENGTH CYCLES DATA FOR FIGURE 14

Specimen 007 o Specimen 013-2 Specimen 016-1

TCRACK  cveie . cRacek | gYCLE . mRack . o¥oie.
LENGTH, . COUNT,. LENGTH, = COUNT, .- LENGTH, COyHT,
S AsINCH N, KG  ASINCH N, XC 41 INCH N, KC
TNLost aorae have 787.83 - 1,084 31n5.86
1,101 43840 : 937 1017.29 1,114 3168,43
1,151 461.10 L9565  1187.29 1 364 333302
1,201 477.80 , 'ilaes. 131729 1,414 3348,23
1,251 483.50°  1.854  1467,29 19466 335185
1,301 487.00 | 1,18 162,07 1,514 336780
1,351 490.30 L1857 1756.un 1,564 3371,30
| 1,221  1666,40 | |
(282 . 198620
{'328  2@15,20

1

1,364 2074, B0
1,413 212209
1,447 2152.09
1,478 217520
{510 2200, 00
1,556 2225,¢0
1,595 2247, 09
1,633 2255.92
1,663 227a:@a
1,722 228520
1,758 2300, 40
yleas o 231slan
1.8m 233000

{959 - . 2338,54
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TABLE A-3. (Continued)

Specimen 0220-1 - Specimen 022 | Specimen 036

TCmain . CviLe. GRACK - CYCLE - CRACK  GYGLE

LENGTR,  LUUNT, LENGTH,  COUNT, LENGTH, CAUNT,

. Ay InCn ChyKL ©OAPINGH - NKC A+ INCH N, KC

Tlleas | ode.na 1,656 sal.so . i.e68  1489.60
1‘.'2193 - w73.74 1,1R6 . 9s0.10 1,118 1570.80
1,145 71lu.07 1,156  1009.50 o 1,188 1629.70
S lal9y 7d1.u9 1,206 1035.50 | 1,218 1680.20
1.2éy /97,17 1,288 1056.20 i,268 1721.10
1,299 /87 96 1,306  1072.90 1,318 1753.50
1.ody 084,95 1,366 1086.40 1,368 1773.10
1,39y 0lo.u6 1,405  1096.60 1,418 1795.30
L,ady O s2d,z2 1,456 1103.80 1,468 1311.50
1,49y 033,45 1,526 1109.80 1,518 1825.40
1,54y 645,02 1,556 1111.70 1,568 " 1837.40
1,595 0ds.éb 1. 6@6 1115.20 1'-5715 © 1837.560
1,04y | 0dy./7 1,656 = 1115.50 1.668 1840. 60
l.o9y o«lé._n? ' |
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TABLE A-4. BASIC CRACK LENGTH CYCLES DATA FOR FIGURE 17

Specimen TLOO7-1 o ':_‘ §pt=.~<::i-.rmen~ ’\I‘LO'(;J'B-I‘ ' . Specimen TL623-é ‘
TERACK  CYCLE cRiCk | CYeLE CRACK . CYCLE
LENGTH, - COUNT,  LENGTH, - COUNT, LENGTH, ~ COUNT,
g e Ao vk GmEL MK
TTlsts  Ses,am 963 1sa.ee 913 see.en

954, 525,00 . 1,009 215,40 965 _nge.um
1,011 660,00 : {?4359“ gs1.ee 0 l,622 ¢ 7ee,eq
1,072 . -765,8a . 1.107 \ azs,az "r.d7s‘ | a@d.em
1,121 o udu,';az o "1.1_59 349,10 | 1,141 _“88‘3'.(4'2!
1,165 492,78 1,249 - 385,40 1,195 930,09
1,220 . 940,90 1,264 413,00 1,272 975,82

1_255  urg.om 1,308 435,00 1,372 995,00
1.325 | “ggk;wm‘ 1,363 457,08 1,465 119,49
1,368 1u33.08 1,418 474,00 1,368 122090
1,424 -i@3a.g@ o i;aég 488,80 | 1.435 ”103w,@u
1,465  tasg,ga  1.52%  Sag.se 1,484 1@du,eq
: 1._515‘- maglbm | 1,57y - 3'57.99‘ - {1,947 : 183,09
11559 1957;mn’ 1,609 513,49 1,581 ‘1b54.@a
1,634 . 146249 "1.63Q 515,90 1,622 rusa,uw
‘1;572 | 1uso;wd\'\ . L.715 320,00 1,668 .iusz.@a
1,741 : 1064, 44 ~1-745 521,59 1,716 1066,00
1,818 .. iu?ﬁ.b@t 1.818_ . §2s.20 . . 1;?71 1468,u9
| | 1,635 1aza.bé
1,693 ie71.1é

1,973 . 1071,48



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

Specimen TLOOl-l Specimen TL002-1 Specimen TL006-17
TeRACK | CYCLE  CRACK . GveLe CRACK  c¥eLe.
LENGTH, COUNT, - LENGTH, COUNT, LENGTH, COUNT
Ay INCH N, KC.  AJINCH N, KG - A)INCH N, KC
TTeNr T dam.en o .951 2sw.an  .827  130.08
936 450,02 1,002 dig,49 - L98B . 3@g,un
,972 asn;am : 1,034 500,89 1,016 419,00
1,618 1u6e,00 1,883 628,00 1,068 559,40
1,685 136@,00 1,123 724,60 1,118 670 .60
1,143 1870 ,09 : 1,163 B1a.e0 1,145 750 ,04@
1,197 1y4¢,90 1,214 91¥,09 1,191 859,40
1,251 = 2©5d¢,¢0 1,26 ° {0Qu.@9 1,251 964,04
1,294 - 2124,u69 1,826 149@,4n 1,297 1040, 20
'i.336 s 2155.%@  1.385 1170,00 L.354 113000
1,378 zzﬁu.ﬁ@ S '1.454 ' 1249,00 1,402 1182,u00
{1,449 | 2329,94 1,501 | rzau.be 1,457 1ésa.ua
1,481 . 237@,69 1,563 1330, 02 1,501 1265.04
1,526 2425,20 1,622 1363, 00 1,556 130500
1,585 2475,40 1,684 13%y,00 1,598 - 1339,0d¢
1,608  2539,80 1,738 1aty,un ©1,645. 135¢,44
1,748 2549,49 _ 1,772 1420,09 1,683 1365,49
1,783 2944,¢0 1,807 14349, 09 1,729 138¢,¢0
1,817 ~ 2558,40 1,847 g144w.uw“ 1.,78% 1392,5¢
1,845-. 2:52.90 1,501 -145¢,q48 . 1,813. 1470 ,00
1,936 2552,58 1,932,’,11455_”g‘ .1_53§ ©1405,40
| | 1,961 - 146000 |  ' 1,857 1410,00

2,002 ~1462.§Q' 1,902 1412.50
2,082 . {ess,63 : ;.933 S1415,00

. 1,988 1429,61
A-10 o T



TABLE A-5. (Continued) |

N ‘Séeci;en Tiodﬁ-z‘?: . Specimen TLO09-2 .  -“: ;‘épeéimen TLOéB-I‘.I
T oRE EhE o eni e
LENGTH, . -LOUNT,  LENGTH, . COUNT, LENGTH, LUUNT,
| Ay INCH N,KC. ' A, INCH - N,Kc-.‘ S APINCe NG KL
T e e T ae | el awen
970 4;_gécu,am ”-ff 1,ﬁ19 f  ﬁJea.uw:”;, "1.@59‘  41w, e
1,913._I7_4aa;ae 1;ma§ _v‘asu:mq , | 1,111 2%u,uu
1;937' 559,00 ,1.14af~“  £r¢;Gé“"- 1.5z ese.un
1,099 oav.en "‘ 1,207 ryszd.uu; T /71,06
1,158 720,84 1,250 1@i@.en - l.ab>  e7u.ub
'1.2m§ 810,00 1,286 1080.4@  l.ol3 vbu.ud
1,277 ”|91u;ua' 1,331 --115m.mpf 1,900 luZu.u¥
C1,328 965,08 - 1.372 1200,60 1,484 L1, 08
1,,37,3 ) tul.S.QG o 1“.-4('7!'8 1250.@‘@ ) j l . 46y l.l_b'.-.i.-ul.éi
1,412, -\;usswuq“ 1,454 -v‘13u@;aq‘ ' L;aa;l. IlQu;uw
1,464  ;1$1.6¢ 1,503 ‘_lrsau.am." 1,38y _-1z2u;mm
1,520 1140,20 1.555'."138u;be g Lozs 1240w
1,638 :'1zea.ug ..‘13587“ 1400,08 | ;;obl“lrlzbe.um
 ;.6§5  izia.en ‘Alvi;eza '142anh ‘:‘ ‘:l.f19‘ >.1:ou.wﬂ
1,690 . 1220.09 l.e44 o 1436.88 1i/d: teSu.en
1725 1230,00 1652 tedp,ed L7780 Lodo,en
“;;760"‘-tz;5.ﬁa C 1,684 Cyasg.pn - ‘i.nszj‘ Lsus.ed
-i}bém'-- 124540 1,729 14$m;ua"‘  luoag 1ota, i
1,868 12‘4&.(06 K KBG} S 1470 ,60 ., 1.083 . 1e15,0u
'fr;ga?uV ‘1548;35v _ {1w845‘ i472.dﬁ' -" ,1§auz”‘ ‘laQw.ﬁe
‘ " 1,860 “.1472,&; "',"ﬁ;ssi"‘ 1;2;,&gq

azlfSﬁS" 1J2/.11.
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TABLE A-6. BASIC CRACK LENGTH CYCLES DATA FOR FIGURE 19

Specimen SLO16

CRACK
LENGTH,
A, INCH

L7606

827
,888
.929
,974

1,036

1,078

1,107

1,145

1,191

1,221

1,274

1,302

1,330

1,386

1,449

CYCLE
COUNT
N, KC
180,649
245,08
300,00
335,00
360,00
agm;md
491,00
410,19
428,00
439,04
435,04

44,40

a42,u0
Ad4,ud

7 446,60

446,58

Specimen suoz22

L RS R W R T R )

CRACK

" LENGTH,

Ay INCH
762
,795
', 842

894

866

{1,802
1,892

i,182

1,196
1,229
1,275

1,318

CYCLE
COUNT,

NyXKC

18@,00

232,482

275,40

339,00

380,00 -

404,00
421 ,0v
435,40
45¢,69
455,40

460,40

265,00
467,58

470,00

472,904
473,52
474,50

474,56

A-12

Specimen SL029

CRACK
LENGTH,
A, INCH

CYCLE
COUNT,
N, xg

775
830
876
924
1,817
1,075

1,167

1,194

1.215
1,238
1,272
1,316

1,349
1,374
1,400

1,438

1,528

201,00
274,00
329,00

461 .00
415,29
a4y,9a
468,940
465,09
468,00
471,40

474,08

477,00

479,00
489,007
481,089
482,40 -

482,67



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

Spelcimenv LT001-1 v | .. Specimen LTO06-1 - Specimen LTOQ13-1
C TTRrek L TTTToveLE “ChACK . CYCLE  CRACK  cvele.
.~ LENGTH,  COUNT, - LENGTH, COUNT,  LENGTH, COUNT,
 ApINCH N, KC Ay INCH N,XC A, INCH N, KC
TTrere T TTiietes . .esz  iss.en  t.ezz | saz.en
991 265,10 t.,040 238,80 {087 341,68
1,041 293,18 | 1,090 258,9@ 1,137 361,29
. 1.5."9_1 . 313;491 | S l,144 276-..88 . 1.22.7 ' 362, ud
{.141 346,50 1,190 293,30 1,237 496,30
t,191 372.9@ 1,240 ‘397.7a 1,287 412,80
1,241 490,60 Cot.2%0 0 20,70 1,337 426,50
1,291 423,49 L.de 331,90 1,387 438,19
1,341 :aay,sa ' 1,390 . 942,40 1,437 445,30
1,394 468,50 1,440 350,64 1,487 454,90
t,441 | 487,50 1,499   358,u@ - 1,537 467,59
1,481 585,70 . 1,548 354-.1@‘ 1,587 474,84
1,541 521,08 1,590 _369;29 1,637 . 481,30
:1.59m 534,50 1,640 373,80 ‘ 1.63? . 486;93
1,641 543,40 1,690 77,22 | 1,737 49,50
1,601 553,48 1,740 380,80 1;7&? 495,60
1,741 560,99 1.784 | 383,49 1,837 499,210
1,791 556,20 . 1.840 385,50 yLee7 82, 49
1,841 - 570,50 1,899 387,78 a.eee 05,20
1,891 573,50 | i,gauh '»aég.ia , 1,987 . 507,37
'1‘941 675,49 1,599 . uge.7é,_ 2,837 599,60
2,020 579,60 '.(2}156" .392;46 2,380 515,18



" TABLE A-7.. (Continued)

Specimen LTO29-1 _Specimen LT030-1 Specimen LTO31-2

TCRACK T CYGLE . CRACK  cveLe - cRack | ceeie.
LENGTH,  COUNT, ~ LENGTH,  COUNT, LENGTH, COUNT,
AyINCH o NGKC O APINCH T N,KC ApINGH Ny KC
T aslen . ieeaersias iems T Tienien
1,261 'saa.éd‘ : 1.&76“ $34,93 | 1;m55t‘ 761,80
t,363° . 701,39 1,125 ' 989,38 1,155 873,40
1,461 732,90 1,175 te49,92 1,254 954,40
1,511 7a2,80 1,228 696,29 1,355 1ews.9n
-1.551, 752,49 1,276 - 1134,34 ~ U 1,454 . 1edl, 30
1,611 760,50 . 1,326  1163,76 t,504  1p54,20
{661 767,10 1,375 191,92 1,555 164,40
1.711 772,18 1,425 £212.:a | 1,605 172,408
1,761 : ‘?75;4m -'le,drs' 1229,19 ‘1.555 - 1478,7¢@
1,811 '7s¢;hm,' 1,526 124384 | 1,704 183,30
1,861 . 782,90 1,576 -~ 1254,55 1,754 187,60
1,931 785,18 1,625 1264,79 1,805  1290,98
l,ge4?, 786,00 | 1,675  £273..0 1,855 '1m93.aa
2,011  787.50 1.7&6 1279.89 R 1.965 195,29
2.ue8 787.80 1,776 1284,39 1.954  1@96.5@,
2,118 _'785.1@ "1;826 -1288.,41 - 2,004 '1@97.3ar'l
2,168 r7sa.$a 1,875 “129j.6@ 2,068 1097,79
| | 1,923 1294,11 . 2,117 1@97,80
1,976 . 1295,88 - 2,168 1u97,92
2,025 ‘1295,61 . S
2,080 '1292;g5 .

L ATLG



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

Specimen LT020-1 . Specimen LT022-2 Specimen LT023-3
TeRACK | CYCLE  CKACK  GYCLe Tceack  Cvele
LENGTH, = CBUNT, . . LENGTH, - COUNT, LENGTH, COUMT,

A, INCH N,KC ‘ Ay INCH N,KL A, INCH . N, K
TTTlsae zaa.eo - 1,045 Bl.ed 1,835 637.90

1,055  1539.48 1,95 101,52 - 1,085 707.50

1,155 122,18 1,145 115.41 1,139 830:90 ‘

1,355 2218,19° 1,195 134,83 1,185 959.30

1,455 2364,34 1,245 1&2.:2' 1,235 1074.30

1,50»5 2418,00 1,295 152,22 1,285 1163.80

1,555 2465,80 1,340 160,82 1,335 1244.90

1,605 25p8,40 1,495 167 .83 . 1,380 1324.,80

1,655 25;43.493 1,445 174,598 1,435 1390.30

1,705  2578,58 1,495 184,22 1,489 1449, 60

1,755 2684,40 1,545 | \l.ﬂb.-hﬂﬁ | 1,535 1502, 60

1,805  2625,00 1,585 189,77 1,585 1546.40

1,855  2640,60 i;bdb 193,46 1,635 1587.70

1,9@15‘ 2655,20 1,695 190,54 1,685 1622.40
1,955  2668,32 1.745 199,44 1.73> 1654.90

2,un5 267H,040 1.792 . 271,82 1,785 1680.10

2.063  2082,99 ‘ 1,645 - ena, iy _1_‘_53;, 1703.10

2,113 269,50 [.895 270,14 .1.685- - B0

2,163 2698,10 1',945., 2079.20 . RE 1739.00

2,213 2725 ,va 1,995 209 71 1,985 ‘1756.30

| | 2,135 1794.70
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TABLE A-9. BASIC CRACK LENGTH CYCLES DATA FOR FIGURE 23

} Spe;imén LTO01-2 e 'Spe;:imen 'I_.TVOOB—Z"'  -‘ 5 _;_SpéiiPEE‘LTOO7f2 -
o oo Towa T onnn TR evald
LENGTH,.  .LUUNT, -  LENoTms,  LOuNT,, LENGTH,  CAUNT,

TR TR T TR
'11.wua;v‘ 961, L2 :Z‘ ;i.bbs"'  g2J,{5 ~I“"1;}“F C 99,74
L;uﬁz/' 47u€bﬁ.' ':71;i@§ 45@.52 | 1,154 ‘-111;13.
1.e¢Y0 _aga.pa 1150 J981,01 1.274 . 1i§a7@
1038/ s7w.ee o l.zee . ozs.zo  1.284 124,43
Ci,180 uaﬁ;uw»lﬁ ”1;Ebb  599,41 1,904 129,45
BT u7w,hﬁu B 1,060 srawu?g S 115 TR PR
;irzza | (gﬁ.wu. 1,459 S /lase? 1.474 130,42

‘ ' B 1,454 139, 00

1,261 /70,09

L,2%e . 0Zo.u@ L.5%a  14u,/4
L,sas q?w.um,' ‘L;bsév”- 142,55- 
L,ovl :SAJ;MQ ' r:aa4 143,23
1, adg ‘_‘1Q3;,uw 1,054  -155,/5‘
'u1;5§s  ST a7pa 143}75‘;

1.uusl- 21120,mu ' 1;254ﬂ‘ IR T RYA

1.010. 14w, uw ~1,884 143,83,

1,50 tilulut 1,654 - 1 1438.30
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TABLE A-9. (Continued)

Specimen LTI013-2 Specimen LTQ30-2 Specimen LT002-2

TCrALk  oveLe crAck | Cwele  cmacx cveie.
LeMbTn, . . COUNT, - LENGTH, L COUNT, LENGTH, COUNT,
Ay INCR NG KL ApINCH N,KC A, INCH N, KC.
TTeas les.ss s.033  se.as  d.oms  als.ho0
10659 (7702 1.u83 67 ,u8 1,104 273.70
lol02 317,49 1,138 76.7?. \ 1,208 292.40
1,15¢ dav,s0 1,189 - 83,15 1,280 363.40
PR 091,18 1,238 8p,9¢ 1,328 426,10
L.250 494,09l 1.,2R3 95,15 , 1,473 480,20
1,909 46&.15 B 7‘ 1911.‘93 1,453 525.80
1,852 5UZ2,05 1,383 195,48 1,523 564.70
1,442 221,15 1,438 C1%9,e4 0 1,958 597.00
1,850 vio.u6 1;43é" : 1ii,¢sn' 1,008 624,20
Cl.osse - bdd.es 1,538 11§,41 1,054 647. 60
L0048 587 .99 © 1,5R3 115,28 | 1,77 665,90
1, oe 266,.ud | 1,039 116,98 1,789 682.{-’;0
l.05¢ 574,88 1,684 118,64 = 1,003 696.20
1,700 870,66 | 1,738 1tg.17 | 1,859 705.80
loovin - DBY,0d \ 1,783 : 119,87 1,909 711.60

| 1,833 190,97 1,950 " 714.00
1,883 124,57 2.179 714.90

1,933 129,02 | |

CA-17



" TABLE A-9. (Concluded)

_Specimen LT029-2 .. . . Specimen LT031-1

Ttkack . Gvele cmack . cvens
LENGTA, COUNT, - - ~LENGTH, COUNT,
Ay INCH " N,KC . - A,INCH N, K

Tllote | 1os.60  1.04a  273.50

1,064 17150 . 1,094 /355,30
1,114 228,80 1.144 . 415.50
1,164 - 276,30 1,194 465.00
1.214  318.60 1,244 504,00
1,264 356.30 . 1,294 $39.00
1,314 399.00 1,344 564,70
V364 429,50 ;;¢§4 586.10
1,414 455.70 1,444 606.60
1,464 475.50 . 1.494'~ 614.60
1,514 -~ 493.60 . 1,544 . 623,50
1,564 50130 1,884 633.70
1,514 509,10 1,644 638,50
1,6A4 514,60 | 1,694 640,80
1,714 518.90 - 1,744  643.40.
1,764 ©520.00 1,594 | 643.40
1.814 - 520.10 . 1,944 663.40
1,664 520.50 S

A1




Specimen LT009-2

CRALK CCycLe
© 'LENGTH,  COUNT,
Ay INCH N KC
Tiless 7513
1,089 | 95, u4.
1;1;§ 118,26 °
1.188 142,21
1,238 160,98
1;28b.l I175.a9
1,338 194,61
{3488 40,77
1,438 215,79
1,488 224,92 o
1,536 238,57
1,585 '238;65-
4:655 "|240,41
1,088 242.@7
1,738 244,53
1,784 24;,4m>
1.535 2444.60

Specimen LTO19-1-

Cratn -
) Lerawirn,

RERR I P

-l_'i‘.‘l."H-v

Laoi,dd

lroeLun

lovduw a4

‘ri‘d/.l.lj’J

Zabhy ol

Aado 0/

"dﬁﬂa,uu
24 a0
dﬁb;.JJ.
%/Q/.le

Zpdniyad

wl Pl

Cgala AT

2alu,of

r.
[
"
o
3

A-19

TABLE A-10. BASIC CRACK LENGTH CYCLES DATA FOR FIGURE 24

Specimen LT023-2

. CRACK “CygLe
LENGTH, COUNT,
Ay INCH NG KC

Thleaw | ws0.50
1,090 1641.70
1.14¢ - 1843.30
f;xbh 2017.50
1,240 2178.10
1,204 = 2308.40
‘1.aag 243480
1,494 2520,70
1,444 2592.30

1,490 2665.50 -
10543 2665. 60

3'1,59u ~ 2820.30
1,644 .2859.00
1,694 ©2859.00
1,744 2926.50
1,794 - 2955.80
1,84¢ 12974.60 -

“y;aga | 2990.90

T\L;gam 4 2995.80




TABLE A-1l. BASIC CRACK LENGTH CYCLES DATA FOR FIGURE 26

__ Specimen TLO13-1 . Specimen TLO19-1 Specimen TL020-2
CRACK  CYCLE eRACK  CYCLE TeRACK  CvoLE .
LENGTH, COUNT, LENGTH, COUMT, " LENGTH, COUNT,
A INCH N, KC 4y INChH N KC Ay INCH N, KC

Tlste U isa.en Ls11 zsa.es L9886 alg.sn
1;u78 248,60 1,063 335.49._ = 1}636 447 .58
1,128 267,74 '1.1i4 . ssz,ém ‘1,086 - 474,70
1,178 284,19 {,164 - 385,40 1,136 504,99
1,227 298,90 1,214 ans. 90 L,186 531,19
1,277 313,00 1,263 423,60 1,236 557,60
1,328 324,50 1,313 439,90 1,286 589,80
1,378 | 336,190 1,364 | 453,29 1,336 £21,40
1,428 346,50 1,414 465,40 1,386 618,28
1,477 354,60 1,864 475,30 1,436 633.?@
1,527 361,58 1.513 482,90 1,486 645,90
1,578 367,79 1,563 489,70 . 1,536 bsb.am
1,628 372,99 {,614 ' 455.6@ 1,586 665,30
1.6?& 377 .59 1,664 499,79 1,636 672,78
1,727 381,749 1,714 502,70 1,686 - 678,60
1,777 584,97 1,763 5p5.30 1,736 683, 4@
1,828 387,74 1,813 587,40 1,786 687,40
1,878 396.19. 1,864 509,16 | 1,836 69uv,20

1,928 392,08 1,914 519,60 1,885 693,40 -
1,977“  393,40 1;954 511,00 . 1,935 694,92
-z,uzs S 394,50 | 2,014 S511.209 2,250 799,52
2,278 396,98 2,100 511,30 | |
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| TABLE A-12. BASIC CRACK LENGTH CYCLES DATA FOR FIGURE 27

Specimen TLQ02-2:

. JCYCLE.

 CHACK -

LENGTH, =
A, INCH: -

L9314

1,054

11;154‘

1,254

1,354

-1;454 
1,504

1,554

1,604

-1,654

1,704
1;754
B ,1,8&4
1,854

1;9ﬁ4

. 1,954

Q;umdv
2,061
2111

2,161

 2;211

2,250

COUNT,

CONGKE
' 331 280,00
679,40

i$;7.u95f'
.iaéb.2w 
‘fiagq;ihi
,15&&,96‘
1579,9@ 
1614.80
644,20
- 1669,10
1694,70
1709,18 "
1724, 40
173700
174730
17§7.20
;i752.9§7
'-1?57.4é|;
'{.1?56‘5@ 1 )

¢ 1768,90

. Specimen TLO22-1

;jaﬂcghtk'*'

CRACK CYCLE
LENGTH,  COUNT)
APINCH . N,KC .
Gt
;”1,@59  Bsg;aq
1,109 1983,10
1,159 Z;Lzs;aa“
1,209 1232,38
1,259 ,1324.bn 
1,399 1613,6m
1,356 1486,70.
1,409 - 155060
1,459 . 168,60
1,509 1655.f@f

1,559

1696,50

1,609 3 1734;7@5
1;659~ 1767,52
1,709 179578
1,759 1818.70
1,809 1537 ,37
1,859 1853,10
1,989 1868, 40
1,959  1873,82
2.089 1584,59
‘ '2_¢65 fii554?éé3l
‘é;L@sﬁ Jﬂib&?Qbﬂ L

- 1889,30

a2l

.+ ' Specimen TL0O24-1

ERALX CYCLE
LENGTH, - COUNT,
CBPINGH N,KE
B I
1,041 908,20 .
i.wgli' 1865, 00
1.191 1341, 40
1,291 . 1946,18
1,391 1686,10 -
S 1,44} 1755;19
1,491 18@5,#@-
-‘1,541‘ 1852, 80
~ ;,591_ 1892, 49
4,641 1§25.9@_'
1.691 1951 ,90
1,741 1976.40
1781 14%6,20
1;84; éa17.8m‘
‘1.391. '2u31;3a
1,941 . 2040,00
1,991 | 2048,19
-,e,asa.-“'zmﬁe.ra
2,060 - 205¢,99



TABLE A-13.

Specimen TLO16-1-

CRACK CYCLE
LENGTH, CCOUNt,
Ay INCH N,XC
T e
1,084 '181.90
1,133 251.60
1,189 309.00
1,239 355.40
1,208 ' 406,70
1,33 444,80
1,983 474,90
1,439 503.50
1, 4R4 521.10
 1;53¢' 526.10‘
1,083 533.60
‘1,533 540.00
1,0RY 543,50
1,734 544,70
1,755 545,00

Specimen TLO19-2

CrAlN LyeLe
LenGTr, LOUUNT,
_ A, 1CH Ny KL
TGS asnes
2958 S 479,44
l,wba -D4z.u1
“l.lue DY, Eb
1.,2¢¥2 ol/ .09
1,250 ©  /lz.,94
1,99¢ /37,0
1, 5% IETIRY.
i.ﬂ%d /7b,0u8
l.ébg /84,086
1,242 /94,68 .
1.252 /90,593
deoud oy, 02
B

{ ; N

i Reproduced from

: be‘sjl available cepy. 7
.t;”> il < :

BASIC CRACK LENGTH‘CYCLES DATA FOR FIGURE 28

Specimen TL024-3

Teralx  ireis
LEhbLTH, LUy,
A, InCn iy KL
Tlouds 2as.ue

1,109 Idl,.ev
l,15¢ A7 1.,y
l,2hy 397 v
1.2b6 425 u4
1,29/ Sdueuv
1,970 GHD L0




TABLE A-13. (Countinued)

Specimen TL029-2

CRACK CycLe
LENGTH, COUNT,
COBSINCH - TNGKE
Tlleas we20
t.e9 15270 ©
l.146 200,30
1,196 237.50
1,240 270,00
1,296 | 295,10
1,548 318.30
L.300  339.70
1,440 361.70 -
{400 - 376.50
1I'_rbdb 385.10 |
1,590 © 392.00
1,646 . 397.30
1,6% 402,20
| 1,746 , 403-f0
1,79 403.70

A-23



TABLE A-14. BASIC CRACK LENGTH: CYCLES DATA FOR FIGURE 29

Speclimén‘TI.;OIG-.v?" _ :_ Specimen grzq_z_z-z_"_ Eﬁecimen ‘TLoga-z
TCRACK . LYCLE  ° Cmkbe  utlle  CRACK . cyele
LeENGTH, , CAOUNT,. L;r;uT:., ‘ _L.‘ljun‘i‘. : o LeENGETH, LOUNT,

- ApTNCH CUNGKC A, InCn MpKe - . ApINCH NyKC
TIeTTTTRAT TIISTTINNY U TTw
_ - S ' ‘ o : CLoco. - 94.00
1,122 242.60 S l.wBo lada,el - 1,238 521.00
Loa7e o 42850 RN C O loic.ed 1.?8»&  659.90
To1,2020 | 5‘9‘7.70‘, S 1abg lvlc,.dd Lo 1,330  748.80
. 1',2‘72‘_ | 755,50 o 1,280 devid,b¥g 1,38y | - 822.20
1,372 894.30 . .o eivo,wd 1,430  912.10
’1’,’3-72‘ © 1024.40 | S lu0dd da¥e.ed 1,489 ‘ 963_.‘80
Ty 1149.90 1.083 duve,07 " 1.534 993. 80
”,1‘.473 _ 126.0,5‘0' 1,430 Zuve,2d | 1,58¢ .  1038.20
1,522 o datnie Vléme  wuii.e¥ 1,030 1077.20
'1._572, o 1477.80. o ‘ ‘\1",‘aaa o 2uvad.wl . | 1,684 107’.7.2‘0
1.69; | 1530.00 Loabs  2740,0u0 0 i;mm 1077.70 . .
1,072 1565.30 . Livds . wiil o 1,78y 1077.70
1,724 | 1'605;50; ) 1.us2 .ac'.n.uz‘ ‘ 1'.b3u_ ‘1078.16
1,772 ' 1612.00 - . l..“/l.id Qodo./2 | o
1.8722  1e3.80 Vo780 2u7a.l7
| 1,089 209u, 0/
LooBa . 2sua, I
| “L.Q-'ﬁ;d "299;).‘12“_

A-24,



APPENDIX B

' RAIL HISTORY, CHEMICAL COMPOSITION

Rail history, chemical compdsitioh,‘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'presenfed in-an Interim
Report, Reference 1 of this report.



- At the outset of this program, an effort was made to assemble a representa-
give sampling of rail materials which are presently, and will continue to be, in
‘service on U S rai]roads Variationa of rail aize, rail producer, and year of.
production were the primary stlection Lrittria. Lleven of the major railroad
.organizations were contacted for contributions of rail samples. Directly or in-
_d1IECt1) samples ware received from the follow1ng organizations ' |
Lo . ASSOCLatlon of American Railrocads

Boston and Maine Railroad C
Chessie System. ’ N | S
'jDenver and Rio Grande Western.Railroad K

Penn Central Railroad

:Southern Pacific Transportation
v_IransportatLOn_Syatems‘Ccntcrl,
® - Union Pacific Railroad

A total of 66‘materialnsamples were received represEnting sizes from 85>lb/yd to
140. 1b/yd, produced over a period. from 1911 to 1975 in both U. S. and Japanese mills.
The samples were given 1dentif1cation numbers from 001 to 066 Basic information on -

the samples is presented in Table 1.

_ Chemical analyses of each of the 66 rail samples were made for total
carbon, manganese, ‘silicon; and sulfur in percent by weight -and for hydrogen and
*foxygen in parts per millien (ppm) ‘The results of the‘analyses are presented in

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

w-hydrogen and oxygen and these are shown 1nd1vidually in the table.

L Specifications for the chemical eompOSition of rail steels vary. slightly
with the rail sxze (expressed as the weight per yard of ra11) The ASTM Standard
Specification for Carbon-Steel Rails, ASTM Designation Al- 633,‘state5jtheffole

low1ng chemical requirements

‘Element, . - . -Nominal Weight, 1b/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 o 0.70-1.ooj' . 0.70-1.00
. Phosphorus, max *7*j,'}o.04j‘f 0,06 . 0.04 0,04 ‘
* §ilicon ‘-["‘Lfl':‘0i10-0;25> ©0.10-0.23  0.10-0.23.  0.10-0.23.. .



TABLE B-1

RATL MATERIALS INVENTORY -

Sise
1 N {1nfyd) . : ) Ltanple
Sequence Heeelpt . Jewrte ' Sectien Controlled un Tear ~ Toath Lenuth,
Kussbg ¢ baty Snuren Nunber Kl § T Caal Rrant  Nulled BRolled t1achas Ramarke
ool infiofry T3¢ (31} 130 - ssco [T}, ] 1 M1/ Steeitoa Jpem Paacth fad, "ang. Hg. 83338 angy
[ ! 1] (2] (A1)} 3 Marylind ATE
00} 39 [PLN . 1929 11 17=1/8 - Srecivon Upea Hearth HMad, mang, Ay, B136é sarp
oo’ 100 | 1] »sco 1920 1 Savelton Npea Hearth ASCE
003 in 130 1929 L ] 3%-1/8 Steslton Open flearth Sed. maag. We. B892 AREa
- yo-1 113 e 17 -2 ¥acuum Degsetad, Spdney YT &sil, Mew 113 1N ALY
00?7 -2 118 iz 1174 Jé-L/8 ¥acuuws Degansad, Sydney VT Rail, Mew L1535 1% Aln
oot 313 LL 114 35-378 Lachswsnna Open lecth ASCE
o0 482 138 1929 381/ Stealtan Opes Nmarn Fed. Mang, M. 33349
LT 11¢ [} 1918 M-1/4 Lachawsana Mr. 830 ASCR
o1} 10/14/7% MR ar-3-4 1330 L Tes ¢ [=( 1} 1963 11 4)-112
o1 er-1-1 1o L+ 2 Crel tass ¥ w¥-1/2
o 1.1 12708 1iiesls 1914 1 60-1/2
4 ur-1-14 1310 e Yee Crat 1953 11 4
o1s ur-1-10 ‘1130 ax Taa crsl 1949 2 43+1)2)
o CP-IA-Y% 131 CYes— . P8l 1937 s 30=07
o1 up-2a-8 17 , . CFal 1937 1 (Y]
a1 UP-2a-2 130 | 4 Tae Cral 1733 P | 44
aly ur-3-3 1330 L1 Tes €rii 96 . 11 w0=3/4
-] §7+2-) - 11y CFal 1987 il &7
arL 0-1-17 1330 - Ta» Cral %33 1l a3-1/4
011 up-22-21 1310 2 3 Yan Cral 1956 ] $1-171
[-* 5] UP-3A=17 i Yes CTal 193y 1 2
ore Ur-2A-32 130 ar Tas CrLl L3117 1 3L-1/%
013 a3l 330 | 1 Ten L) 1988 T =374
[21] 07-2A-13 1330 L 4 Tan Cral 1 1 IS ERFIY
o aP-1.-4 133 . €Tl 1936 12 (1]
3] ] UP-2A-11 1339 L' ] Yas Cral 194) n 30
(o3 3P.2-2 s Tan CraL 1132 n 39-3/4
alo $r-2-4% i chal 1938 11 L8-1/4
.03% [ BT R | 1 €7l 193¢ 12 -3
a1 UF-2A-100 13131 1x Tan Uss. 1333 b ] &7-3/4
L2k or-1-12 13) Tl 1918 11 Ad-1/1
034 ir-3-3 1190 Ten 1937 1 [T 'X Y .
03s 1274778 Dravar & 183 1150 (1] Tas cant 1933 3 15374 Nase X 9332 D) Delect 10O S, Dufvet Mo, 183
Ris Crande - !
© o3 o Wy TTTar s oW aul 193¢ T M Nest 10093 FI9CH Defect IRY 2, Dwfect Wo. 141
v oaa : (1) 115% Tas orut 1943 11. 49=1/4 Hear CC 1040 [3 Baface TDO4, Delacx me. 601
038 138 nn T o 1930 ] 37-34 Reat 16421 € & 1M Dufect TDOS, Defact No. 133
s ns L1 Thl 1974 4 Is-1/4 Hest 2321 €, Dwfect TODS, Dafect Ma. 113
L0 £3. ] 19 it 1928 3 k] Beat 2994 B 1%, Defect YSU & inch (¢ud far
M) belare vo, 499
o4&l 133 1159 = Yas cral 1931 3 36-1/4-  Weat 15198 F) Defect RSK, Defect Mo, 139
042 [11% 100 (2181 L] 3 3 ¥aat JOGA Bl Dufact TCDS, Delect He. 470
oA) mn 10 CFel 1923 ) ) b L] Sest 1168, Dvlesc BAJZ, Defret %o, 179,
Ohh 4 114 |14 orat 11)s 3 bLEIV. Maat 13116 A10 fefect TOBS, Defoce Wo. 14
[ 1) 1" 110 % oral. 19 : -l Hsat 11121 Dwfoce NSH J inch (owb for BN)
Dafect Me. 199 .
L { 123 u - Y 1984 1 0 Linda Flows Rardened Lol (Lad Racdemss
A7 L 7AZal) Chasala 130 L brth. 3%
048 121 (1] Tee Math. 198y 3
. o9 113 ¢ 9 Yea. usy 1950 »
a0 132 w Ten U3y 1948 3
031 10 || 2N aland 131 »
(-] 100 ARal uss 1914 %
3] 140 e Tee (-1 1938 h1]
0% mMm Iy =3 1933 % '
o 131 i bl 1947 1T » Nesr DA Fel1
21} 137 RC 1711 % 1949 3 hl ] Neat CH 1196 F-11
q37 140 11 bath, 193] 1T B Heat €N 8363 .3
asd ’ " lA0 T3 Teth. 1924 » Pully hem Treated Heat 8474 1-19
0¥ pIaV51) Theantla 3 B Vs 1967 i Srrvey delecled Ori(vgt Mese 93-P-14 12)
J (Cufvrazanar)
280 128 Seth, 1979 11 1) Keat 161114-A=11
os1 126 Seth. 1773 1 N Weat 162779-a-11
- 062 124 Scin, 1973 1 » Meat 181006<A-12
08} 12 seth. 1973 o » Rane L73103-A-4
Osd 128 ELppon 1478 7 % Neat A-IT262 02
063 128 Wiprpen 1973 ? 3 Rear A=)7780-0.3
ohé L4 Nippen 173 ? h1) Wean A«393J6 €=}




~ . IABLE B-2
RESULTS OF CHEMICAL ANALYSES OF RAIL SAMPLES 001 THROUGH 066

Content, ‘ Hydrogen Oxygen

"~ Rail Size, weight percent ~ Content, .Content,
Sample = lb/yd = C © Mn Si -8 " ppm . ppm
- 001 130 -0.63 1.48 0.21 0.022 0.8, 1.0 100, 96
002 85 0.74 0.6l 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, 54
- 006 115 . 0.72 0.97 0.10 0.028 0.4, 0.4 23, 25
007 115 0.73 0.93 0.18 0,037 0.4, 0.3 24, 26
008 85 0.66 0.94 0.2C  0.029 0.8, 0.8 57, 61
009 130 0.61 - 1.46 0.29 0.039 0.7, 0.7 56, 59
010 85 0.63° 0.74 0.14 . 0.028 1,1, 0.9 132, 138
011 133 0.73 0.81 . 0.19 0.028 0.4, 0.4 57, 51, 56
012 133 0.79 0.84 0.18 0.029 0.8, 0.7 54, 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 0.0l4 0.8, 0.8 86, 84
015 133 0.76  0.82 0.19 0.033 0.6, 0.6 S4, Sh.
016 133 0,81 0.93 - 0.17  0.044 - 0.6, 0.8 39, 43
017 133 0.79 0.85 0.26 = 0.048° 0.9, 1.0 44, 43
. 018 133 0.75 0.89 0.17 0.046 0.7, 0.6 45, 43
019 133 0.74. 0.88. 0.2l  '0.038 0.4, 0.4 38, 36
020 119 0.75 0.83 . 0.15 0.033 0.8, 0.7 34, 32
021 133 0.79 0.90 - 0.21 0.024 0.7, 0.6 41, 45
022 133 0.78 0.87 0.20. 0,028 0.4, 0.5 46, 47
023 133 0.79  0.92 0.21  0.040 -0.6, 0.7 . 39, 35, 46
024 133 "0.81. 0.83 0.12 0,030 1.0, 0.7 26, 28
025 133 0.80 0.91 0.23  0.0l6 0.7, 0.7 29, 27
026 133 0.78  0.94 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 . 0.80. 0.90 0.16 0.028 0.5, 0.7 - S2, 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
1 0.76 0.80 0.5, 0.4 27, 27

035 115 - 0.23 0.028




TABLE B-2 (Continued)

o Content, - . - Hydrogen Oxygen
Rail = Size, welght percens Content, Content,
" Sample . 1b/yd c Mn - 8i - © ppm B . 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
S047 130 . 0,76 0.46 0.11. 0.044 1,1, 0.7 43, 41
- 048 122 - 0.79 0.95 0.17  0.022 0.7, 0.6 58, 61
049 115 0.80 . 0.89. 0.11 - 0.040 0.9, 1.1 48, 50
050 133 0.75  0.91 0.20 .0.036 0.5, 0.6 56, 56
051 130 0.8  0.72.° 0,19  0.0l6 = 0,6, 0,5 47, 51
. 052 - 100 0.72  0.90  0.19 0.021 0.4, 0.4 52, 54
053 140 - 0.85 0.91 0.18 0.032- 6.1, 6.5 44, 44
054 131 °  0.78. 0.76 0.20 0.021 1.0, 0.6 36, 32
0055 131 0.78 0.90  0.17 0.028 0.8, 0.8 .33, .35
- 056 132 - 0.80 0.90.° 0.19  0.039 0.7, 0.7 44, 46
057 140 0.77. 0.9 = 0,16  0.028 . 0.7,'0.9 58, 46, S0
. 058 140 0.83 0.8 0,18 .0.048 0.4, 0.5 47, 44
059 133 0.83 0,98  -0.14 - 0.024 0.4, 0.3 22, 25
060 124 0.80  0.90 0.12. 0.013 ° 0.5, 0.4 56, 36, 47
061 124 . 0.80 0.91. - 0.12 0.015 0.4, 0.7 - 46, 46 -
062 126 - .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, 0.37 41, 42
0.18 0.019 0.4, 0.7 - 37, 36

066 124 0,75 = 0,90

(a) Check analyses of this rail samble for sulfur were 0. 12? percent bv 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}f
‘-sulfur content. is 0. 142 welght percent. - ‘




EXPERIMENTAL DETAILS

Specimens

One tensile specimen and one fatigue crack growth specimen were machined
from each rail sample. The orientation of the qpecinens is shown in Figure B-1.
Charpy V specimens were taken from six rail sampiesd* 023 and 030 which exhibited-
a high rate of fatigue crack growth, 019 and 031 with medium crack growth rates,
.and. 001 and 036 with 1ow 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-1l. The specimens were
taken from the center of the rail head.

The tensile specimens were standard ASTM 0.25-inch-diameter specimens.
Charpy specimens were also of standard dimensions; i.e., 2.165-inch long, 0.39%4-
~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 were provided with a 1,650-
inch deep chevron notch (0.900 inch from the load line). Details of the notch can
 best be observed in Figure 17 which shows two specimens, one before and one after

testing.

Testing Procedures

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

cedures.
To expedite the crack growth tests, speciments were precracked in a

Krause fatigue machine. Crack growth experiments were conducted in a3 25- kip-l

capacity electrohydraullc servocontrolled fatigue machine.
T The tests were performed at constant amplitude, the load cycling B
between O and 2500 pounds, resultlng in a stress ratio of R = 0. Cycllng ‘
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 g1v1ng flnal failure. The

laboratory air was kept at 68° F and 50 percent relative humldlty

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 st0pped for an accurate crack size measurements. Crack size was

recorded as a functlon of the number of. load cycles.



_Crack growth specimen

Charpy specimen

. Tensile specimen

~ ORIENTATION OF SPECIMENS

o R ~ FIGURE B-1

i\Bf1g




0.750" dia
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Thickness: 05"

300"
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COMPACT TENSION FATIGUE CRACK GROWTH SPECIMEN

. FIGURE B-2 .
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TYPICAL FATIGUE CRACK PROPAGATION CURVES
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| APPENDIX C

e

"REPORT OF NEW TECHNOLOGY

The report contains data om fatigue crack propagation under various
circumstances of rail steels in use in the United States. The data base is
considered a réther com?le;eAand unique,éompilation, which is of importance for
safety and performance of railroads.

After a diligent review of the work performed to generate the data
base, it ié“believéd that no patentable inﬁovation, improvement, or invention

was made.
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