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PREFACE

This is the second part of the final report on a program on Rail
Material Failure Characterization. It has been prepared by Battelle's
Columbus Laboratories (BCL) under Contract DOT-TSC-1076 for the Transportation

Systems Center (TSC) of the Department of Transportation., The work Was

conducted under the technical dlrection of Dr. Roger Steele of TsC.

One of the obJectlves of the program was the development of a
computational failure model to predict the rate of growth of fatigue cracks
in rails. - The model makes use of material data on fatigue crack growth in
rail steels, These data were generated.earlie;wigﬂghifﬁpgpg;amiand reported
in two other reports: (1) Fafigﬁe Crack Propagation in Rail Steels, DOT-TSC-
FRA~77-3/FRA/ORD-77/14, and (2) Fatigue Crack Growth Properties of Rail Steels,
DOT-TSC-FRA-80-29/FRA/ORD-81/30. Extensive fractography of laboratory
fatigue failures was performed during the course of this program. The present
report is the fourth and last report in this series and contains the crack-
growth prediction model.

The cooperation of the Association of American Railroads (AAR)
and the various railroads (Boston and Main Railroad, Chessie System, Denver
and Rio Grande Western Railroad, Penn Central Railroad, Southern Pacific
Transportation, and Union Pacific Railroad) in acquiring rail samples is
gratefully acknowledged. The cooperation and assistance of Dr. Roger Steele
of TSC, Messrs. Omar Deel, R. D. Buchheit, C. E. Fedderson and D. Utah of BCL

were of great value to the program.

iii



Jo Le 0 Jo

0L 08 09 o] 0z [ 0z— - ov—
ol 1 ] [ 1 L ] % 1 ] 1 ]
T TTT 1T TP 17 ﬂ UL __ Fre i
00z 091 ozy | o8 ov 0 ov—
14%4 9'86 LA do
do
arnjesedway (z¢ ppe eunjesedwey
do Heyuaiyey ueyl) 6/6 snis|ey Jo
{10exa) JUNLYHIJNIL
ePA spseA Jigno [} sJolaw 21N sw
Y 108) 21GNd ot sJe19wi 2IgNd W
e suojef 9z0 S04} 1
b suenb 90't $1911) |
d syuid 1z sJa3) |
o $eauno pinyy €00 sJanji w
JNNTOA
suo} Joys 't {64 0001) seuuo: 1
a ! spunod TT swesboj1y B
z0 $8oUNo0 S£00 swesb ]
(3ybram) SSYI
s01080 - ¥ 4 {zw 000°01) sesero8y sy
2w sejiw ssenbs v'0 s13j0wo|1)y aienbs 2wy
PA spseA esenbs 1 si810us asenbs W
PAIL s8yduy asenbs 910 $1918W1ILAED 8Jenbs AL
V3Idv
1 sepw 9'0 $1018W0] 1) uy
pA spseA (W} s1910W w
u 180} ol s1930W w
ut soyouy 0 $J918WIHUSI wd
uy seyouy $0'0 siet0WI W ww
HLON3T
joquAg puijol  AqQAidnIny  MOu NOA UBUM  JoquiAg

S2INSRA 11BN WO SUOISIBAUOY aewlxoiddy

sayouy

ol

it

zi

€1

(4]

g

9l

Lt

13

6L

144

1 X4

llll\llll Illllllll llll‘llll llll|llll Illllllll Illl‘llll llllLIIl IIIILIII |III|IIII lIllLllI IIIIIIIII IIIIIHII IIIIIIII! lllllllll |l|l‘|lll IIIILIH IIIJIHI Illl‘llll IHILIII IIII‘IIH 1o IIHIIIH IIII|IIH

I'IIIII |l||||| qlllll llllllt ||||||| ||||||t ||||||l l|l,l|l l|||l|| |||II|I 'lll'l' ||||||| l|||l|l |||II|| 'l'l'l' ||||||| t||'1|||||||x||

‘98Z 01 €10 "ON
Bouied OS SZ°Z$ #91id veInsEsy pue IuBieMm JO SIIUN "BBT IGNd I8N SBN
05 36{QU1 |{V19D SJOWI PUN SUOISISAUOD I150XE J8YL0 JOJ “(ABOWXE) WO HO°T = Ul L,

ey
zun|

e

wy

w
w3

joquAg

SHOLOVd NOISHIANOD JIH1INW

.P_:S.BQES

snis|a)

(ze
Bupoanqgns

1e448) 6/9

aimesedwey
Jeyuaiyey

(10exe) JHNLVHIJWIL

sieiowt n1qnO oL0 Sp4sA 21qnd
£2930W 21GNO £0°0 189} 219N2
sJe1h : suojied
S8} 860 suenb
sJol o swud
sioy) $Z°0 sdno
ot seouno pingy
gl suoodse|qe
-] suoodsee)
JNMT0A
(a1 0002)
[ CTVITEL Y 60 suol uoys
sweibojny [-Tal1] spunod
sweib [:74 $82uno
(3ublom) SSYIN
seselo0y »0 $0J00
$1830WO Y 8senbs -} 4 $9)1w esenbs
sJ010W asenbs 80 spisA asenbs
sJ010W gienbs 600 100) aienbs
$1910WHIUBD Jsenbs g9 s9you| aJenbs
v3iyuvy
LILSTITTTTD o't ELITT)
s1918W 80 spieA
$19)0WI13U8D ot 100}
$1038WIIUSD G'Ze LLITRIV
HLONTT
purd oy Aq Aidninyy  moud| NOA UsYMm

seinseapy 91110\ 01 SUOISIaAUOY) srewlxoiddy

do

al
20

qw
PA

1w

u

joquAg

.
v



TABLE OF CONTENTS
Section Page
1. INTRODUCTION. . & & & v v v vt e e e e et e e e e e e e e e e 1
2. EXPERIMENTAL DETAILS. . + 4 v« « v 4 v v ¢ 0 s s v o 0 0 v v o . 3
2.1 Rail Materials. . . . . . . . « « . . .‘: e e e e e e e e 3
2.2 8pecimenS . 4 4+ v v e e v e e e e e e e e e e e e e 3
2.3 Testing ProcedlTes. « . v « o 4 « v o o t + o o v e e e 8
3. DATA PROCESSING AND DATA PRESENTATION . + v v + v 4 + « « v « o & 11
3.1 Crack Growth Rates. . . . . . . ¢ ¢ v v v o v v 4 0 o 0 o e 11

3.2 Stress-Intensity Factors. . . + & &4 ¢« v 4 4 ¢ ¢ 4 e 4 0 e e 15

4, TLOAD INTERACTION EFFECTS. . . « « & v v v o o o v o o o o o o o & 15
b.1lBackground. ., . . . . v o o 4 v e v e e e e e e e e e e e e i5
G.2ResultS o i . v v h v e e e e e e e e e e e e e e e - 16

5. SIMPLE STRESS SEQUENCES IN RAIL . . . . « + +« v 4 « v « v v o « . 25
5.1 The Stress Intensity in Cracked Rail. . . . . . . . . . + .+ . 25
5.2 Rail Stress Sequence TestS. . . . = o o 2 « & o v o a o o . . 27
5.3 Results of Sequence Tests . . . . . ¢ « + « 4 ¢« v« o & o o 30

6. SERVICE SIMULATION. + « + & « + 4 o v v o o o v e e o v v v o w39

6,1 The Load Spectrum . . . & v + ¢ & « + + o & « o o o0 4 o o+ 4 39

6.2 The Simulated Service Eistory . v + « « ¢ & « o o o o + « « 4 40

6.3 Simplified Stress Histories . . . . .« & « « « & & « « o « « 51
6.4 Selection of Stress LevelS. . v 4 + v « o « « o o + « 4« & + + 59
6.5 Results of Service Simulation Tests . . +v + «v v o + 4 o o « . 60

7. THE COMPUTATIONAL RAIL FAILURE MODEL. . + . « v 4 + v « 4 o + +» . b6
7.1 Crack Growth Retardation Models . . . . . . +v + « & &« v « 4 . 66

7.2 Crack Growth Predictions. . . . . v « v v v v @ e e e 71



TABLE OF CONTENTS (Continued)

Section Page
7.3 The Failure Model . . . « « « v v w w w e e e e 83

8. APPLICATION TO RATL CRACKS., . . . v ¢ ¢ v v v v 4 & 0 v s o o & 85
8.1 The Nature of Rail Cracks . .‘. S 85
8:2 Cyeclic Loading of Head dracks e e e a e e e e e e e e e e 87
8.3 Operation of the Failure Model in General . . . . . . . . . 92
8.4 Present Shortcomings and Limitations. . . . . . . . . « . . 98
8.5 Crack Growth Predictions for Rail Cracks. . . . . . . . . . 100
8.6 OULlook . . v v v v e e e e e e e e e e e e e e e 108

9. USE OF THE FAILURE MODEL. . . . + & ¢ 4 v « o o « o« + o« o o « = 108
9.1 Management Decisions. . . . . ¢ & « + ¢ 4 s 4 e e 0w e 108

9.2 Reliability Analysis for Railroads. . . . . . . .« « . « « . 110

9.3 Level of Sophistication of Réliability Analysis . . . . . . 113
10. REFERENCES. . & & v i v i v e e e s e e n e e st e e e e m e . 115
| APPENDIX A: FRACTURE TOUGHNESS OF RAIL SAMPLES . + + « .+ + « ©. a1
APPENDIX;B: PROGRAM RAILIF . v + ¢ & ¢ o o = o o o o o o = « o, B-1
"‘ ’APPENDIX!C: REPORT OF NEW TECHNOLOGY . + « « « « o v v v v o . c-1
v LIST OF ILLUSTRATIONS -
Figure | | Page
\l. Compact Temsion Fatigue Crack Growth Specimen. ., . . 6
l2. Single-Edge Notech Crack Growth Specimen. . . . . . . 7
3. Orientation of Specimens . . . . . . . . . . . . . . 9
4. Crack Propagation Gauge Mounted on CT Specimen . . . 10
5. Fatigue Crack Propagation Rate Behavior of 66 Rail
Samples Tested at R = 0 in the First Phase of
the Present ProgramTwir- S e e e e e e e e e e e e 13

vi



. {16,
LI

10.
11.
12.

13.
14,

15.

17.
18.

19.
20.
21.
22.
23.

24,

\LIST OF ILLUSTRATIONS (Continued)

Applicability of Crack Growth Equations,

Orientation LT, Room Temperature . . . . . . . . . .
Effect of Overloads on Crack Growth at R= 0 .
Effect of Qverloads on Crack Growth at ﬁ =0.5..
Effect of Overloads on Growth Rates., . . . .

Effect of High Overloads on Crack Growth Rate.
Retardation as a Function of Overload Ratio. . . . .
Effect of Compressive Loads on Retardation . . . . .
Ky History for Passage of 19,000 Pound Wheel Loads
on Stiff and Soft Road Beds for a Particular

Crack Geometry and Location. . . . . « . . &« . « . .
Sequences A and B to Evaluate Relative Significance
of Load Variations Caused by Passage

0of One Heavy Car . . v v v« v v v v 4 o o s o o o

Sequence C to Evaluate Relative Significance of Load
Variations Caused by Passage of One Light Car.

Sequence D for Intermittent Passage of

" Heavy and Light Cars . . . . . . . . « « + o« . .

Rationalized Sequence E for Intermittent
Passage of Heavy and Light Cars. . . .

Rationalized Sequence F for Blocks of 1000
Heavy Cars and 1000 Light Cars . . . . . . . .

Results of Tests with Sequence of Similar Cars . . .
Results of Tests with Sequence of Light Cars . . . .
Results of Tests with Sequence of Different Cars ,
Load Probability Diagram . . . . « « « + & « + « .
Load Exceedance Spectrum for 1 MGT .

Stress Spectrum for 1 MGT. . . . . . . . . + « ¢« + &

vii

Page

14
18

19

20
21
23

24

26

28

29

31

32

33
35
36
37
42
43

44



'LIST OF ILLUSTRATIONS (Continued)

Figure | Page
25, Spectra for Six Types of Trains. . . . . . . . . . . . 48
‘26. Train Compositions for Mixed Traffic Spectrum,

All Loads Included . . . . . .« « . ¢« ¢ o v o . . 4 49
27. Actual Stress History for Train Sequence A,-B-B. . . . 50
28. Stress Spectra III and IV, both for 1 MGT. . . . . . . 52
29, Seven Level Approximation of Stress '

Spectrum for 1 MGT . . . . . + « « « ¢ v « v 4 4 o . o 54
30, Train Composition for Mixed Traffic Spectrum,

Eight Lead Levels. . . . . ¢« ¢ v v v o v v o 4 « v 4 57
31, Test Data for Combined Spectra I and II. . . . . . . . 63
'32. Service Simulation Tests on Sample O0l4 . . . . . . . . 64
- 33. Test Data for Spectrum III . . . . . . . . . . . . . . 65

'34. Various Procedures for Crack-Growth Calculatlon
Compared for 7075-T73 Aluminum, Flight-by-Flight

Service Simulation Using Fighter Spectrum e e e e 68
35, Histogram of Ratios Between Best Wheeler Prediction
: and Test Result for Flight-by-Flight Service
‘ Simulation Using Fighter Spectrum Titanium

and Aluminum ALloy . . .« + & v 4 ¢ v v h 0 e e e e e 69
36, Block Diagram for Crack Growth Integratiom . . . . . . 73

37. Test Data and Predictions (Curves) for Combined
Spectra I and II; 12 levels and Random . . . . . + « . 74

38. Test Data and Predictions {(Curves) for Combined
Spectra I and II; 7 and 8 Levels and Random. . . . . . 75

39. Test Data and Predictioms (Curves) for Spectrum III. . 76
40. Test Data and Predictions (Curves) for Spectyum IV . . 77

41, Predictions of Constant Amplitude Data Wl?hv.
Equation (3.5) and Constants of Table 13 . ., . . . . . 78

42. Crack Growth per MGT as a Function of AKRMS for
the Service Simulation Tests . . . . . . . . . . . . . 8

viii



Figure

43,
44'
45‘

46.

47.

48,
49,

. 50,

51.

52,
53.
54.
55.

56.

LIST OF ILLUSTRATIONS (Comtinued)

Most Common Types of Rail Cracks . . . . . . , . . .

Stress Intensity Factor Ky for Three Transverse
Fissure Sizes and Two Locations; 19,000
Pound Vertical Load QOver Crack . . . . . . . « . . .

Stress Intensity Factor Ky Versus Flaw Position on
Top and Bottom of a Transverse Fissure;
19,000 Pound Vertical Tecad , . . . . . « . « . .

Stress Intensity Factor Ky Versus Flaw Position
on Top and Bottom of Vertical Split Head;
19,000 Pound Load . . . . . ¢« ¢ ¢ e v 0. .

Stress Intensity Factor K; Versus Flaw Position at
Four Locations on Crack for Horizomntal Split

Rail Surface . . - . o . . o & 7T oL,

Stress Intensity Factor Kyy Versus Flaw Position for
Horizontal Split Head; 19,000 Pound Vertical Load
Crack 0.30 Inch Below Rail Surface . . . . . . . . . .

Distribution of Stress Intensity Ky for Three
Transverse Fissure Defect Sizes in Two Growth
Orientations Caused by Residual Stress . . . . . .

Stress Intensity Factor Ky for Three Vertical Split
Head Defect Sizes Due to Residual Stress . . . . . . .

Stress Intensity Factor Ky for Three Horizontal Split
Head Defect Sizes Due to Residual Stress; Crack
Plane 0.30 Inch Below Rail Surface, . . . . « . . . .

Growth of Three Types of Cracks Under Combined
Spectra I and II . . . & ¢ ¢ ¢« ¢ ¢ v ¢ i v e v e e

Crack Growth of Horizontal and Vertical Split Head
Under Three Different Spectra. . . « « v « &4 « o «

Growth of a Transverse Fissure as a Function of
Load Spectrum and Roadbed Condition. . . . . . . . . .

Effect of Residual Stress Level on Growth of
Transverse FISSUTe « v + « 4 ¢ o o 3 o o « o o s 4

Effect of Residual Stress on Growth of
Horizontal Split Head. ., . . . . . . « + « « 4+ .

ix

Page
86

88

89

80

91

93

94

95

96

101

103

104

105

106



Figure o
i 57. Effect of Residual Stress on Growth of Vertical
Split Head . . . . . . . . . - e .
;58. Reliability Analysis . , . . .
LIST OF TABLES
Table
1. Statistics of 66 Rail Samples. . . . . + + . . « . .
2. Characteristics of Rail Samples Used for Experiments .
3. Results of Overload Tests. . . . . . . . . .
- 4, Results of Sequence Tests. . . ., . . ., . .
-5, Combined Spectra I and II for 1 MGT. . . e
6, Development of Load History. . . . . . . .
7. Comparison of Three Test Spectra ., . : . e e
8. Simplified Histories with 8 and 7 Levels .
9. The Unit Train; 1 MGT = 170 Trains . . . . e «
10. Test Data for Combined Spectra I and II.
11. Test Data for Spectra III and IV . . . .
12. Summary of Train-by-Train Test Data, . e e
13. Constants for Equation (3.5) for Rail Samples
Used for Service Simulation Tests, .« .
14, Crack Growth Predictions . . . . . . . . . .

| LIST OF ILLUSTRATIONS (Continued)

Page

107

111

Page

17

34

41
46
53
55
58
61
62

72

72

79



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 the Federal Railroad Administration. The results

are presented in five volumes entitled:

Fatigue Crack Propagation In Rail Steels - DOT-TSC-FRA—77—3/FRA/ORD 77/14 \

Fatigue Crack Growth Propertles of Rail Steels - Final Report - DOT-TSC~
'FRA-80-29/FRA/ORD-81/30

‘Predlctlon of Faﬁigue Crack Growﬁh in Rail Steels - Final Report -
DOT-TSC-FRA-80-30/FRA/ORD-81/31

Cyclic Inelastic Deformation and Fatigue Resistance of a Rail Steel:

Exper1menta1 Results and Mathematical Models - Interim Report DOT-TSC-
FRA-80- 28/FR.A/ORD 81/29
Fracture and CrécilGrowth Behavior of Rail Steels Under Mixed Mode

Loadings ~ Interim Report (in preparation).

The objective of the work described in this report was the development
of a computational failure model for the prediction of flaw growth in rail
steel under actual service loading. The predictive methodology addresses
three types of rail flaws: transverse fissure, horizontal sﬁlit head and
vertical split head. These defects have a high frequency of occurrence and
rail failure resulting from such defects accounts for a significant number of

railroad accidents.

A computational model was established for the prediction of fatigue crack
growth in rail steels under service loading. Fatigue crack propagation tests
were performed to establish the fatigue crack: propaéétiaﬁ behavior under vari-
able amplitude loading to determine the 51gn1f1cant parameters of the service
load history. Using constant amplitude fatigue crack growth data developed
previously and reported in the DOT-TSC-FRA-80-29, the service simulation
test data were predicted using a linear crack growth integration model. Since
load interaction effects are very small because most load cycles have the

same maximum in tension, the linear integration model is adequate for service

crack growth prediction. A rail is subjected to a complex load sequence

xi



during the passage of a single truck. Experimental data verified that small
variations in this load sequence are insignificant. Thus, the passage of a
truck can be simulated by two load cycles of approximately equal amplitude.
Actual (measured) wheel-rail load spectra were used to establish a hypothetical
service load history representing one million gross tons of traffic. Limita-
tions in the model are dus to the unknownmagnitude of the residual stress,

the variability in material behavior, and the large inherent scatter of crack

growth properties of rail steel,




1, INTRODUCTION

Fatigue failure of railroad rails is a common cause of derailment
accidents. The reduction of fatigue failures may bé achieved by more intensive
track maintenance, reduction of traffic or loads, or replacement of rail.

In addition, timely detection of fatigue cracks may prevent most cracks from
causing failures.

The measures to reduce fatigue failure can be effectively selected
only if adequate methods exist to predict the time to crack initiation and
the subsequent rate of crack growth. Such predictions require a rather
accurate knowledge of service loads, rail stresses, and fatigue and crack-
growth properties of rail material. Moreover, a computational scheme is re-
quired that can use the information to predict the behavior under service
¢circumstances.

One portion of the Federal Railroad Administration's (FRA) Improved
Track Structures Research Program is the development of a predictive rail
failure model that enables a determination of optimal inspection periods
through a prediction of crack growth. The research ;eported here concerns a
program to develop such a model,

The laboratory fatigue crack growth data used as an input to the
predictive model were obtained from 66 rail samples taken from track all over
the United States. These data were generated during Phase I of the present
program. They are compiled in a separate report(l), but a summary is given
herein.

Actual cracks in rails are subjected to stress cycles with varying
mean stress of combined tension and shear; they can have different orientations
and have a complex shape. Moreover, the rail experiences varying temperatures
which mayMéffEEE#the behavior of cracks. Data on the influence of these
parametergﬂgggé"generated in Phase 1I of the program and compiled in a separate
report(z), but the most important results are presented here as well,

The primary objective of the program was the establishment of =a
computational failure model, which can predict the growth of a flaw in a rail
under actual service loading. Flaw growth in a rail is a complex problem of
a quasi-elliptical embedded flaw in a nonuniform stress field growing under

a variable amplitude load history of mixed modes. Probably, the most difficult



aspect of the problem is the prediction of flaw growth under variable ampli-~
tude loading. In the variable amplitude load tests, this problem was singled
out, disregarding the additional complexities of the elliptical flaw shape,
the nonuniform stress field, and the mixed mode loading which were investi-
gated earlier in the program. Thus, the problem addressed was that of a
through-the~thickness crack with a straight front growing under simulated
service loading of the mode I type. Once crack growth under these circum-
stances can be properly predicted, the failure model can be generalized to
include the other complexities. The development of the failure model is
described in this report.

The experimental techniques employed in this program are discussed
in Section 2, Since the stress-intensity factor is used for crack growth
correlation, a brief introduction of this subject is presented in Section 3,
Fatigue crack propagation under variable amplitude loading is often complicated
by load interaction effects. This problem is addressed first in Section 4.

During the passage of one wheel, the rail is subjected to a large
stress cycle and some smaller ones. The small load variations were shown to
have a negligible effect on crack propagation, which permits certain simpli-
fications of the simulated service stress history. These are discussed in
Section 5.

Simulated service stress histories for crack growth predictions and
experiments were derived on the basis of measured wheel-rail load spectra.
These spectra are presented in Section 6, together with the derivation of the
service stress histories used in the experiments, Since crack growth predic-
tions have to be based on the simplest possible representation of service
loading while still retaining characteristics of the service stress history,
several possible simplifications are discussed also in Section 6., The
results of service simulation tests are presented at the end of Section 6.

The crack growth prediction model is developed in Section 7. The
final sections of the report are concerned with the generalization and appli-

cation of the failure model.



2. EXPERIMENTAL DETATILS

2.1. Rail Materials

A detailed description of the sample sources was presented in Ref-
erence 1. The 66 samples were identified by numbers 001 through 066. A
summary of the information relevant to this phase of the program is presented
in Table 1. All rail samples used for the present experiments are listed in
Table 2 in ascending order of crack propagation life as determined in Phase 1,
The crack propagation life is defined as the number of cycles required to
extend a crack in a compact tension specimen from 1 inch to failure.

Tables 1 and 2 present the most important details of the materials,
such as the weight and the year of production and the carbon, manganese, sulfur,
and oxygen content., Also, the primary processing variables are indicated,
i.e., control cooled (CC) and vacuum degassed (Vac. Deg.). Fiﬁally, the
most important mechanical properties are given, viz, tensile ultimate strength
(TUS), tenéile yield strength (TY¥S), and the elongation for a l-inch gage |
length.

2.2, Specimens

Several specimens used in this phase of the program were of the
compact tension (CT) type. Their dimensions are shown in Figure 1. The
specimens were provided with a 1.650-inch-deep chevron neotch (0.900 inch
from the load line). These specimens were precracked in a Krause fatigue
machine until a crack of about 0.1 inch had formed, At this point, the
specimens contained a simulated fatigue erack of about 1 inch (as measured
from the load line, see Figure 1).

CT specimens are not suitable for experiments where the minimum
load in a cycle is compressive, since the stress distribution in a CT spec-
imen in compression bears no straightforward relation to compressive stress
distributions in cracked rail. Therefore, the service simulation experiments
were performed on single edge notch (SEN) specimens, illustrated in Figure 2.
A basis of comparison between SEN specimens and CT specimens was established
earlier in the program(z). The SEN specimens were precracked in the same

fatigue machine they were subsequently tested in.



TABLE 1. STATISTICS OF 66 RAIL SAMPLES

Standard
) Deviation
Low High Standard in Percent
Variable Value Value Mean Deviation of Mean
% C .57 .85 .76 .06 8
% Mn .61 1.48 .88 17 20
% 8 .014 .052 .029 .010 34
Grain
Diameter, .066 .120 .087 .021 25
mm .
Pearlite .
Interlamellar 2,470 4,160 3,211 632 20
Spacing,
TUS, ksi 111 142 133 5.5 4
TYS, ksi 60 82 73 5 7
Crack Gro .
LJ'.fe,E]‘%:'}-1 5.18 6.22 5.68 .30 5
log cyecles

(a) Constant amplitude crack growth life at R = O from 1 inch to failure.
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FIGURE 1, COMPACT TENSION FATIGUE CRACK GROWTH SPECIMEN
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FIGURE 2. SINGLE-EDGE NOTCH CRACK GROWTH SPECIMEN



The orientation of the specimen within the rail is shown in Figure 3.
Two orientations were used for the CT specimens, namely, LT and TL. All
SEN specimens were of the LT orientation. The first letter in the designation
gives the direction of loading with respect to the rail; i.e., longitudinal
(L), transverse(T), and short transverse (S). The second letter is the direc-
tion of crack growth, also with respect to the rail. (Note that crack growth
in LT specimens is representative of a transverse fissure in a rail; crack
growth in TL specimens is representative of a horizontal split head; whereas,

crack growth in the SL specimens is representative of a vertical split head).

2'3'. Testing Procedures

Crack growth experiments were conducted in a 25-kip capacity elec-
trohydraulic servocontrolled fatigue machine, All tests were conducted in
laboratory air at 68 F and 50 percent relative humidity,

Two methods of crack length measurements were used. In some experi-
ments, crack growth was measured visually using a 30 power traveling micro- |
scope. The cracks were allowed to grow in increments of approximately 0.05
inch after which the test was stopped for an accurate crack size measurement.
Crack size was recorded ds a function of the number of load cycles.

In the other experiments, crack size was recorded automatically by
means of a crack growth gage comsisting of 20 parallel strands of copper foil
adhesively bonded to the specimen as illustrated in Figure 4., The strands ran
perpendicular to the crack at a spacing of 0.05 inch. When the crack tip
reached a strand, failure of the strand occurred so that the successive break-
age of strands was a measure of crack growth.

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

Service simulation load histories were put on magnetic tape which

monitored the fatigue machine through the on-line computer,



FIGURE 3. ORIENTATION OF SPECIMENS
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3. DATA PROCESSING AND DATA PRESENTATION

3.1. Crack Growth Rates

The crack growth records of CT and SEN specimens are not directly
comparable nor are they directly applicable to the case of a crack in a rail.
The correlation between cracks of different types can be made only if crack
growth data can be expressed in a unique way independent of the crack size,
the geometry, and the loading sysfem. This can be dome on the basis of the
stress-intensity factor, . (3

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

Sij T

where 03§ (i = x,¥,2; j = X,¥,2) represents the stress in any direction and
r and 6 are polar coordinates originating at the crack tip. The functions
fij(e) are known functions. Thus, Equation (3.1) shows that the stress
field at the tip is completely described by the stress-intensity factor, K.

A crack can be subjected to three different loading cases (modes).
Tension loading is denoted as Mode I, in-plane shear is Mede 1I, and out-of-
plane shear is Mode III. Equation (3.1) is valid for all three modes, ex-
cept that the functions fij(e) are different for each mode, but apart from
that they are independent of geometry. Naturally, the stress-intensity factors
for the three modes are different.

Stress-intensity factors can be calculated for various types of

cracks. The general form for the expression of K is

K = 8o/ma , : (3.2)

where a is the crack size, ¢ is the remote stress, and B is a geometry
function.

Since the stress-intensity factor describes the whole stress field
by Equation (3.1), the stress distribution at the tips of two different cracks
will be equal 1f the stress intensities have the same value. In that case,
the cracks also behave in the same way, i.e., show the same rate of growth.

As a consequence, fatigue crack growth rates asscciated with different geometries

11



can be compared on the basis of the stress-intensity factor: equal K means
equal growth rates within the range of variability 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 X by

da
W £(AK) . (3.3

In this equation, AR is the range of the stress-intensity factor obtained by
substituting Ac in Equation (3,2). In turn, A¢ is the range over which the
remote stress varies during a load cycle.

I1f da/dN data are plotted as a function of AK on double-logarithmic

graph paper, the result is often a straight line. This suggests that

£ - ox? (3.4)
a commonly used expression in which C and n are constants. Figure 5 pre-
sents an illustration of this equation, using the data of 66 rall steel
samples tested at R = 0% in the first phase of this program.(l)

It is generally recognized that da/dN is dependent not only on

the range of stress but also on the maximum stress in a cycle or the stress
ratio R (which is equivalent). Also, there is generally an upswing of the
rate of crack growth towards the end of the test because the failure condi-
tions are approached. Failure occurs when the stress-intensity factor approaches
a critical value, Ky,. It was shown in this program(z) that a general equation

for crack growth in rail steels is

Km

da 2 2 max
— = C(1-R)? ( - X ) —_— 3.5
N (1-R)* {Kmax th K1o - Kmax (3.5)

Equation (3.5) accounts for the effeect of R-ratio and shows that
da/dN becomes infinite when the stress intensity at maximum load becomes equal
to Kie» the critical stress intensity for fracture. It also reflects that
crack growth rates approach zero when the stress intensity apprecaches a cer-
tain threshold level, Kiy. Figure 6 shows the representation of crack growth
data according to Equation (3.5) for rail steels. These are the average proper-

ties of the steels tested in this program at room temperature.(z) In phase II

% R is the ratic of minimum to maximum stress in a cycle.

12
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FIGURE 5. FATIGUE CRACK PROPAGATION RATE BEHAVIOR OF 66 RAIL
SAMPLES TESTED AT R = 0 IN THE FIRST PHASE OF
THE PRESENT PROGRAM (1
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Crack Growth Rate, da/dN, in./cycle
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of this program, data were generated for crack growth in rail steels as affected
by a variety of factors (i.e., crack orientation, temperature, R-ratio), so
that the constants in Equation (3.5) can be evaluated for different circum-

stances.

3.2, Stress-Intemsity Factors

The stress~intensity factor for the CT specimen used in this in-

vestigation is given as

_ L a a,-3/2 . S (i\’“
K=—3 a+d -3 {7.000 70502+ 4.275 (217 ¢

2BW?2 ) (3.6)

in which P is the applied load, a is as defined in Figure 1, B is the thickness,
and W is the width.

It is not immediately clear that Equation (3.6) has the character
of Equation (3.2). This is more evident in the stress-intensity factor for

the SEN specimen, which is given as
4

K=—/3 {1.99 - 0.41% + 18.7 (%)2-38.48<%,\)3+53.85<%> } , (3D

with a as defined in Figure 2, B is the thickness, and W is the width.

Obviously, P/BW is the remote stress.

4. 10OAD INTERACTION EFFECTS

4.1. Background

The prediction of crack growth under variable amplitude loading may
be highly complicated by retardation caused by load interaction., If a high
load (stress) is inserted in a sequence of low amplitude cycles, the rate of
growth during subsequent low amplitude cycles may be drastically reduced.(3)
The high stresses associated with the overlecad introduce a large plastic zone
at the tip of the crack, Upcn unloading, the surrounding elastic material
will contract, but the material within the plastic zone will not because it

is permanently deformed. Thus, the surrounding elastic material will compress

15



the material in the plastic zone, introducing residual compressive stresses

at the crack tip. These compressive stresses and consequent crack closure
reduce the effect of subsequent low stress cycles—causing lower crack growth‘
rates than would have been observed if no overload had occurred.

The retardation effect in certain materials (particularly aluminum
alloys) may be so large that the crack can become completely dormant for |
thousands of cycles subsequent to a sufficiently high overload.(4) As a
consequence, high loads may be beneficial for crack growth. If retardation
occurs, it has to be accounted for in a predictive failure model by using “

a retardation factor which depends upon the plastic properties of the material
and can only be determined experimentally. In general, steels do not show
large retardation effects.

Some overload tests were performed on CT specimens of TL orientation
to characterize the rail steel behavior. The specimens were subjected to
constant amplitude cycling to the same load level (2500 pounds) used in the
baseline experiments.(l) Overloads were applied periodically at crack growth
intervals of about 0.1 inch. Various tests were performed with overloads of |
3000, 3500, and 5000 pounds at R =0 and R = 0.5.

4.2. Results

The numerical results of the overload tests are given in Table 3
and are plotted in Figure 7 for R = 0 and in Figure 8 for R = 0.5. In two
cases, data for crack growth without overloads were available(?) for the same
rail samples. These data are also shown in Figures 7 and 8. In addition,
some comparative data for other rail samples(z) are given.

The overload ratio, p, is defined as the overload divided by the
maximum load of the constant amplitude loading. Obviously, no retardation
occurred for g = 1.2 and 1.4, but p = 2 does have a modest retarding effect.
This is shown more clearly in Figures 9 and 10 where the crack growth rates
are plotted as a function of AK, TFigure 9 presents the rate data for cases
with and without overloads, Irregularities in crack growth are equally prom-
inent in both cases. Figure 10 shows the data for p = 2. Since no baseline
data were available for the same rail sample, the trend line of all TL data

at R = 0(2) is shown for comparison. A delayed retardation can be observed;
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TABLE 3. RESULIS OF OVERLOAD TESTS

Maximum Load inm All Tests 2500 Pounds,
CI=TL Specimens

0Cl -~ 2 006 - 2 013 - 2 023 -
R =20,5 R=0 R=20 R = O

Po 3500 Pounds PQ = 3500 Pounds P = 5000 Pounds P = 3000 Pounds

a, N, a, N, a, N, a, N,

in. ke in. ke in. ke in. ke
1,057 370 0,987 310 0.913 155 0.926 400
1.089 535 1.076 446 0.947 195 0.959 523
1.117 615 1.088 460 0.958 210 1.011 638
1.130 660 1.105 475 0.978 245 1.047 693
1.150 720 1,129 493 1.014 275 1,054 703
1.172 780 1.175 524 1.055 300 1.061 716
1.212 870 1.215 546 1.064 310 1.070 730
1.265 970 1.233 554 1.072 325 1.091 756
1.277 1000 1,249 562 1,084 345 1.115 790
1,301 1032 1.268 570 1.111 365 1.166 845
1.330 1066 1,306 585 1.141 383 1.209 890
1.361 1100 1.350 600 1.165 400 1,227 300
1.387 1130 1.380 605 1.188 405 1.241 910
1.407 1145 1.411 615 1.204 425 1.255 920
1.428 1160 1.451 625 1.217 445 1.305 950
1.509 1205 1.497 635 1.244 475 1.326 960
1.538 1220 1.51% 640 1.27¢0 495 1.354 970
1.563 1235 1.550 645 1.299 530 1.406 988
1.599 1250 1.598 652 1.318 545 1.448 1000
1.355 565 1.510 1015

1.372 570 1.511 1023

1.397 590 1,604 1030

1,425 605 1.623 1033

1.456 615 1.650 1036

1,521 618 1.691 1039

1.571 640 1,728 1042

1.605 651 1.761 1044

1.872 663 1,804 1045

1,902 1047
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Crack Growth Rate, da/dN, in./cycle

10”4

- O TLOI3-2, 5000 Ib overloads

—  ® Overioad application

@ First two points after each

overload
10>
10”8
Typical without overloads

I0‘7 l ! I '

10 20 30 40 50

Stress Intensity, AK, ksi—in/2

FIGURE 10. EFFECT OF HIGH OVERLOADS ON CRACK GROWTH RATE
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immediately after the overload, the crack growth'rate is higher than normal.
Thereafter, it drops and becomes lower than normal for a period of time. From
the crack growth curve in Figure 7, it appears that the net result is a slight
increase in crack growth life.

| A comparison with the retardation effect observed for other materials
is difficult because different investigators use different measures for
retardation and because the phenomenon depends upon so many factors that data
for comparable circumstances are hard to find, An attempt to make a comparison
resulted in Figure 11, which shows data from two different sources. (3:8)  Tne
data were analyzed to obtain approximate values for N,./N, where N, is the
number of cycles subsequent to the overload required to grow.the crack over

a distance large enough that normal constant amplitude behavior was restored,
and N is the number of cycles in a test without overloads to grow the crack
over the same distance, all other circumstances being equal.

Figure 11 shows that for R = 0, crack growth in 2024-T3 aluminum
is virtually arrested for an overload ratio of pa 2.5, For p =2 and R= 0,
a retardation occurs of Nr/N = 4,6, From the data in Figure 7, it is estimated
that for rail steel N/N < 2 under equal circumstances. (The rail steel data
are also shown in Figure 11). Retardation data for steels(75>8) indicate
similar trends for other steels.

According to Figure 11, the retardation effect is reduced for nega-
tive R-ratios, i.e., if the cyclic loading is partially compressive. Com-
pressive overloads tend to accelerate crack growth (N./N < 1), which is also
shown in Figure 1l. Compressive loads give rise to reversed plastic flow in the
crack tip plastic zone, which reduces the compressive residual stresses,

Thus, if a tensile overload is preceded or followed by a compressive overload,
the retardation effect due to the tensile overload can be significantly re-
duced (compression-tension) or annihilated(s)(tension-compression), as is
illustrated in Figure 12,

The retardation effect in rail steels is smaller than in 2024-T3
aluminum (Figure 11). Moreover, rails under service loading experience many
cycles of high compressive stress (in particular the rail head), which further
reduces or annhilates retardation. Therefore, it is concluded that retardation
will not be of great significance for cracks in rails under service loading.
This conclusion will receive further comsideration in later seétions of

this report,
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5. SIMPLE STRESS SEQUENCES IN RAIL

5.1. The Stress Intensity in Cracked Rail

In a parallel program, an engineering stress analysis was made of
cracked rail.(g) At the time the variable amplitude tests were designed,
stress analysis results were available for an elliptical transverse crack in
the rail head. The minor axis was 0.75 inch (vertical). The c¢rack was
located approximately in the center of the rail head. The rail was subjected
to the passage of a wheel load of 19,000 pounds, The variation of the mode I
stress intensity, Ky, at the lower extremity of the crack is shown in Figure 13.

Consider (Figure 13) the case of a stiff roadbed., Disregarding
for awhile the sign of the stress intensity, Ky first increases due to upward
bending of the rail when the wheel is still relatively far away. When the wheel
comes closer, the rail is bent downward and as a result the stress intensity
reverses and goes to a minimum when the wheel is nearby. There is another
smaller reversal of Ky when the wheel moves right over the location of the
flaw(g). Naturally, a symmetric pattern develops when the wheel moves away.

If only one wheel would pass, the increase of K1 due to upward
bending would occur again. However, this does not cccur during passage of a
truck because the second wheel approaches too soon. After passage of the
second wheel of the truck, the increase of K; due to upward bending becomes
effective again before Ky returns to zero., The pattern is repeated when the
second truck goes by. 1In the case of a soft roadbed, the pattern of variation
is the same, but the magnitude of the successive reversals is different.

The largest excursions of Ky are negative. This is of academic
significance only; because a crack would simply close under compression
and Ky would be undefined. (The stress intensity has no physical signi-
ficance in case of compressive loads.) However, if a residual tensile stress
exists in the railil, the variations in stress are in the positive range.‘ As
indicated in Figure 13, a residual tensile stress of 20 ksi for this crack
results in Ky = 12 ksi/in. In that case, the passage of a wheel would cause
Ky to increase first from 12 ksi/In, to 13 ksi/In. due to upward bending. The
downward bending would then decrease Ky to 6 ksi/in. In other words, the

‘variations of K; shown in Figure 13 would still be applicable. For the case
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under counsideration, a previous computation had shown that there was indeed
a residual tensile stress at the extremity of the crack of 20 ksi.

The computed Ky is proportional to the wheel load. Thus, a wheel
load of 9500 pounds would cause variations of half the magnitude shown in
Figure 13; whereas, a 38,000-pound load would cause variations of twice that
magnitude, In both cases, the residual stress level would still be the same. °
Thus, in the first case, K; would vary from 12 to 12.5 ksi/in. and from there
to 9 ksi/in., In the second case, Ky would go from 12 to 14 ksi/in. and from
there to 0., Higher wheel loads would close the crack. All of the above -
examples assume a residual tensile stress of 20 ksi. If the residual stress

is lower, compressive stresses will occur at lower wheel loads.

5,2. Rail Stress Sequence Tests

A number of load sequences were designed to evaluate the signifi-
cance of the various reversals of K; when a wheel passes. These load sequences,
denoted A, B, C, D, E, and F will be discussed below. All of these sequences:
were applied in tests on CT specimens.

Since for R = 0 baseline data were available for all individual
rail samples, sequences A and B were taken at R = 0. They are shown in
Figure 14. Since most previous testing of CT specimens was at a maximum load
of 2500 pounds, this same maximum load was selected. On this basis, the
variations of Ky (shown in Figure 13) were changed proportiomally as shown in
the left part of Figure 14,

The small variations at the top of the cycle have a range which is
15 percent of the total range of the cycle. Since the rate of crack growth
is proportional to the fourth or higher power of the range, these small
variations will contribute 5 percent or less of the total crack growth.

If they are smaller than the threshold, they will have no contribution. 1In
order to evaluate the relative significance of these small load variations,
sequences A and B in Figure 14 were designed, They were repeated continuously
to simulate the passage of a succession of cars of the same weight.

Figure 15 shows the load variations for a car of half the weight
of the previous cars, but the residual stress level is the same. Following

the same arguments as in the previous paragraph, load sequence C was designed
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a3 showm in Figure 15. This sequence is basically R = 0.5 loading, with a
maximum load of 2500 pounds.

Load sequences D, E, and F are a combination of the previous cases.
Sequence D (Figure 16) is a succession of light and heavy cars (each car con-
sisting of 2 trucks) with all the small load variations included. Sequence E
is basically the same, but all small load variations were omitted (Figure 17).
Finally, sequence F (Figure 18) is a sequence of blocks of 1000 heavy cars

and 1000 light cars with the same wheel loads as in sequence E.

5.3. Results of Sequence Tests

The test data of the sequence tests are compiled in Table 4, A
graphic display of the data is presented in Figures 19, 20, and 21. Also
shown in these figures are predicted crack growth curves as discussed in the
following. 1In order to avoid extrapolations due to different pre-crack
sizes, all crack growth curves were started at a crack size of 1.07 inches.

Figure 19 shows the results of two tests employing sequence A
on the same rail sample., The variability of the material is clearly exhibited
by these two tests which show a difference of almost a factor 3 on life.
Obviously, any predictions made cannot be more accurate than within a factor
of 3; i.e., if the prediction was right for one test, it would be a factor
of 3 off for the other.

The results for sequence B in Figure 19 are for a different rail
sample, so that no direct comparison can be made between the two sequences,
However, with the two largely different results for sequence A, such a
comparison would not be too meaningful anyway. An indirect comparison of
sequences A and B can be made on the basis of the predicted curves as ex-
plained below.

The simplest representation of the passage of a car (2 trucks) would
be four cycles of the same amplitude, Sequences A and B were designed to
show whether this is permissible or not., In sequence A, the small load
variations associated with the passage of a truck were omitted (Figure 14),
but the relative size of the two large cycles was maintained., In sequence B,
on the other hand, the small load cycles at the low load side were maintained,

but the two large cycles were made of the same magnitude, O0f course, the
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next step would be to omit the small cyecles from sequence B, which would re-
duce the sequence to constant-amplitude cycling (for which the results were
already available) with 4 ecycles per car. The small cycles in sequence B

are only 30 percent of the large cycles., Crack growth is proportional to the
fourth power (or higher) of the stress intemsity (i.e., the load). Thus the
small cycles would contribute only (0.3)* x 100% = 0.8% of the crack growth,
which means that they should be negligible, even if there is no retardation.

Therefore, the predicted curves in Figure 19 are based on the
premise that the passage of a car can be represented by four cycles of con~-
stant amplitude, One curve was calculated for each of the two rail samples
tested (i.e., 065 and 021) by using-the baseline constant-amplitude data.(l)
The curve for Sample 021 is within about 20 percent of the test data over the
entire range, The curve for Sample 065 is considerably less accurate, which
is largely due to material variability as discussed above. A third curve
shows a prediction based on the average of all baseline data for 66 samples(l) ’
which under the assumptions made, should cover all three test records in
Figure 19, Similar procedures were followed for sequence C in Figure 20,

The results shown in Figure 21 are the most interesting. Sequence D
is for a succession of heavy and light cars (Figure 16) in which all the small
cycles were included. Sequence E is equivalent to D, but the small cycles
were omitted; whereas, sequence F is the same as E, but the cars were combined
in series of 1000 heavy and 1000 light cars.

Two tests on Sample 025 on sequence E showed reasonable agreement.
Tests with sequences D and F were conducted on the same rail sample.
Apparently, the small load cycles are of negligible effect (compare results
of D and E), whereas the 1000 - 1000 sequence gives essentially the same
results as the 1 - 1 sequence. Thus, for all practical purposes, D, E,
and ¥ can be considered equivalent.

The predicted curves in Figure 21 are based on the constant-ampli-
tude data of Sample 025. Predicted Cuxrve I was calculated by assuming four
constant-amplitude cycles per car, naturally accounting for a cycle ratio
R = 0 for the heavy cars and R = 0.5 for the light cars. Retardation effects
were not considered and the prediction of crack growth was based on a linear
integration of crack growth rates, Predicted Curve IT made use of the séme

baseline data; however, the calculation recognized that two of the four
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cycles associated with one car are of somewhat lesser magnitude., As a result,
the predicted crack growth is slower.

It can be concluded from Figure 21 that omission of the small load
variations is permitted and that it is reasonable to comsider a car equivalent
to four cycles of equal magnitude. (Prediction II is just slightly uncon-
servative.) The same conélusion is arrived at when considering all three
Figures 19, 20, and 21. The accuracy of the predictions is hampered by the
material variability. Therefore, a representation of the cyclic history by
four cycles per car is no less accurate than a more complex sequence and
definitely the most conservative. (Note that the predictions in Figures 19
and 20 are still unconservative.) Because of these results, it was decided
to omit all small load variations in the service simulation tests, employing

four cycles per car,

6. SERVICE SIMULATION

6.1. The Load Spectrum

Actual service-load spectra were obtained from a parallel program
‘*SE"GEEETLrgil load measurements.(10) cumulative probability curves are given
in Figure 22 for four different railroads, denoted as I, II, III, and IV.
These were preliminary curves, since no others were available at the time.
The spectra are peak counts of measured load histories, They show the proba-
bility that a certain wheel load is exceeded. As an example, for the Spectrum
IV, there is a probability of 30 percent that a wheel load exceeds 17 kips.
A combination of Spectra T and II was used as a basis for the service simula-
tion tests. For this purpose, a normal load exceedance diagram for 1
million gross tons {1 MGT) of traffic was generated in the following way.

For estimating purposes, 3700 axle passes (peak load occurrences)
per day represent an annual traffic of about 20 MGT. This means that 365 x
3700/20 = 67,000 axles represent 1 MGT. It was assumed that half the traffic
was based on Spectrum I and half was based on Spectrum II, which is 33,500

axles each.
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Table 5 lists a series of load levels and the probability that each
level is exceeded for each of the two spectra., This information can be
extracted from Figure 22. From these probabilities, the number of axles
(total 33,500) which will exceed a given load level can be calculated,

Adding these numbers for the two spectra gives the total number of exceed-
ances for 1 MGT or 67,000 axles (Table 5). This results in the exceedance

diagram for 1 MGT shown in Figure 23,

6.2. The Simulated Service History

The load exceedance diagram still has to be converted into a stress
exceedance diagram. This will be discussed in a later section. At this
point, it is sufficient to note that the stresses (stress ranges) will be
proportional to the loads. A 60,000-pound wheel load was assumed to result in
a stress range of 8.44 ksi. Thus with 1 kip wheel load resulting in a stress
range of 0.14 ksi, the load exceedance spectrum can be converted into the
stress exceedance diagram of Figure 24.

For the purpose of analysis and tests, it is necessary to approxi-
mate the spectrum by a number of discrete levels. It has been shown for
aircraft load histories(11l) that 8 to 12 discrete levels are generally
adequate. A staircase approximation of the selected 12-level stress spectrum
is shown in Figure 24. Rather than selecting the levels as a certain fraction
of the maximum, they are an automatic result of building the staircase by
intersecting the spectrum at selected numbers of exceedances; i.e., 1, 2,

10, 50, 200, etc, The advantage of this procedure will become apparent later.

Without considering the actual values of the stress, the discrete
levels will be denoted by 1 through 12. as an example, Level 7 is exceeded
5000 times; Level 6 is exceeded 2000 times. This means that the stress
history for 1 MGT should contain 3000 occcurrences of Level 7. It should
further contain 2 occurrences of Lavel 1, 8 of Level 2, 40 of Level 3, etc.

Note that the spectrum was clipped at Level 1, at two occurrences
per MGT. Higher stress levels may occur; however, they will be rare.

One cycle of that level will contribute practically no crack growth as compared
to the other 67,000 cycles, Thus, it is impractical to include very high

stress levels. (Of course, these high levels cannot be ignored if the
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TABLE 5.

COMBINED SPECTRA I AND II FOR 1 MGT

Percent of Peaks

" Number of

Load Exceeding Load Level Exceedances on Total Exceedances
Level, Spectrum Spectrum 33,500 Axles on 67,000 Axles
kips I 1T I II or 1MGT

5 99.9 87 33,500 29,145 62,645

6 99 81 33,165 27,135 60,300

7.5 %0 72 30,150 24,120 54,270

11 70 55 23,450 18,425 41,875

13.5 60 50 20,100 1le,750 36,850

16 50 40 16,750 13,400 28,150

21.5 30 29 10,050 9,715 19,765

25 20 20 6,700 6,700 13,400

31.5 8 10 2,680 3,350 6,030

36.5 2.6 5 871 1,675 2,546
44 .22 1 74 335 409
51 .01 .1 3 34 37
58 .01 3 3
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probability of fracture is of concern, but they are unimportant for crack
growth if there is little retardation.)

The simulated service stress history was developed on the basis of
Table 6. Column 1 lists the 12 stress levels, Column 2 gives the stresses
associated with these levels, which will be discussed later. The number of
exceedances of each level, obtained from Figure 24, is given in Column 4.

It follows from a subtraction of each pair of successive numbers in Column 3.

The occurrences represent the number of times a given level had
to be applied in 67,000 cycles. It was assumed that on the average a train
consists of about 100 cars or 400 axles, Thus, the 67,000 cycles represent
approximately 170 trains., It was further assumed that these 170 trains con-
sist of four different types: heavy trains (A), medium-weight trains with
empty and loaded cars (B), long medium-weight trains (C), and light trains (D).

The highest load (stress Level 1) occurs only twice in 1 MGI. It
is unlikely that both occurrences will be in one train. Thus, a train 4;
was designed (extremely heavy) to show one occurrence of Level 1 as indicated
in Column 5 of Table 6. Other levels occur more often, but Levels 9 to 12
have relatively low frequencies of occurrence. The exceedances of the various
levels for train A, are given inm Column 6, showing that the number of axles
totals exactly 400. ,

Since Level 1 occurs twice in 1 MGT, it follows that there could
only be two trains of Type A;. The total number of cycles at each level for
two A; trains is given in Column 7 of table 6 (2 times Columnn 5). The cycles
for the remaining 168 trains are given in Column 8. They follow from sub-
tracting Column 7 from Column 4.

A train A; was designed, which is a heavy train with only 200
axles, It contains the next highest level (Column 9) and more loads of the
lower levels, adding up to 200 cycles in Columm 10. Since there remain six
occurrences of Level 2, there were to be six A, trains. These six trains
contained the number of cycles shown in Column 11 of Table 6 (6 times Column
9). Thus, the cycles for the remaining 162 trains were as given in Column
12 (Column 8 minus Colummn 11),

The other trains were established in a similar manner., The heavy

Agtrain consisting of 400 axles occurred 12 times, which exhausted the remaining
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12 occurrences of Level 3. Also, Level 4 was exhausted by train A;. This
means that Level 5 was the highest level for the medium-weight trains B and
C (400 axles for B and 536 axles for C). The 120 B trains and 20 C trains
contained all the remaining occurrences of Levels 5 and 6. Thus, Level 7
was the highest level of the light-axle D train. The remaining occurrences
of the other levels are given in Column 24. The remaining 10 trains were D
trains, such that all load occurrences were accounted for.

The exceedance spectra for the different trains are shown in
Figure 25. The total spectrum is made up by the number of trains indicated
in Figure 25. There were 20 A trains, 120 B trains, 20 C trains, and 10 D
trains in 1 MGT. Thus, the smallest repetitive block of trains that could
be built had to contain 2 A, 12 B, 2 C, and 1 D. A total of 10 such blocks
represented 1 MGT., B, C, and D were always of the same type in each block,
but A appeared in three different forms, namely A, A, and Az;. The sequence

in a block was selected as
BB Az BB A1,3,3 BB C BB C BB D BB.

The first A in a block was always Az, the second was either 4A,,
Ag, or Ay;. This resulted in three different blocks denoted as Blocks I, II,
and ITI. There remained two Az (10 were already accounted for), six A;, and
two A;, which meant that the 10 blocks should consist of twoe blocks I, two
blocks III, and six blocks II. The following sequence of 10 blocks totaling
170 trains and representing 1 MGT of traffic were selected and repeated

during the experiments.
ir, 1, 11, IiI, rI, I1r, I, II, III, II.

The total block of 170 trains is shown at the bottom of Table 6.

The sequence of the stress levels in each train remains to be
defined. 1In order to determine the effect of sequencing, two cases were
considered in the experimental program. In some experiments, the cycles for
the wheel lecads of each train were assumed to occur in a high-low order.

This means that the wheel-load sequence for each of the individual trains

was as shown in Figure 26, As discussed in Section 5,these load ranges induce
downward stress excursions from the residual stress level. Thus, the actual
stress sequence for a given sequence of trains was as shown in Figure 27. 1In

other experiments, the cycles of each train were randomized, whereas the
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Stress Range —————»

Each block represents a series of cycles. The length of
the block is proportional to the number of cycles in the
block, .

Train A, (extremely heavy, 100 cars, 1.I8 percent)

W I

Train A {very heavy, 50 cars, 3.53 percent}

I

Train A5 (heavy, 100 cars, 7.06 percent)

1

Train B {medium, 100 cars, 7.06 percent)

| I n ]

—

=

Train C (medium, 134 cars, 1.8 percent)

e,

Train D (light, 50 cars, 5.88 percent)

T

FIGURE 26.

TRAIN COMPOSITIONS FOR MIXED TRAFFIC
SPECTRUM, ALL LOADS INCLUDED
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cycles of the lowest level (12) were omitted.

Similar procedures were followed for the two other spectra, separ-
ately for III and IV. They were converted into load exceedance diagrams and
subsequently stress exceedance diagrams in the same manner as before using

a conversion of 1 kip wheel load to 0.14 ksi stress range. The exceedance

diagrams are shown in Figure 28, together with the staircase approximation
by 12 levels.

~ The conveniencé of building the staircase approximation on the
basis of exceedances rather than stress levels now becomes apparent.
Levels 1 through 12 still have the same number of occurrences - only the stress
values have changed. This means that the;sigulated service history that
was developed in Table 6 is still applicable. The only thing that changes is
the absolute value of the stress levels. Consequently, all spectra can be
treated in the same way in tests as well as in computations. If the same
conversion to stresses is used as before (1l kip wheel load corresponds to
0.14 kéi), the three spectra can be compared on the basis of stresses (see
Table 7). Note in Table 7 that Level 12 was omitted from Spectra III and IV.
Level 12 is only a small stress excursion that comtributes little to crack
growth. Omission of Level 12 reduces the number of cycles from 67,520 to

50,000 per MGT, which is a considerable savings in testing time,

6.3, Simplified Stress Histories

Efficiency in testing and predictions requires the simplest possible
stress history. On the other hand, the stress history should be realistic
in the sense that test results and predictions are representative for actual
service circumstances.

In order to evaluate possible simplifications, two stress histories
were developed. The first was based on a reduced number of eight stress
levels, as shown in Figure 29, Stress levels 3 to 10 were combined in pairs
to form four new levels, 3 to 6. Table 8 shows the stress history, which is
easily obtained from the previous one derived in Table 6.

Since Level 8 (Level 12 of the original stress history) is a very
small stress range, it contributes little to crack growth. Therefore, a

7-level case was selected in which the cycles of the lowest level were omitted.
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TABLE 7. COMPARISON OF THREE TEST SPECTRA

Stress Range, ksi

Spectrum

Load I and II Spectrum Spectrum

Level Exceedances Occurrences Combined III v
1 2 2 8.44 9.05 7.12
2 10 8 7.92 8.69 6.88
3 50 40 7.34 7.96 6.56
4 200 : 150 6.76 7.24 6.15
5 1,000 800 6.33 6.52 5.67
6 2,000 1,000 5.53 5.79 5.07
7 5,000 3,000 4,95 5.19 4.47
8 10,000 5,000 4,22 4.59 3.74
9 20,000 10,000 3.38 3.86 3.02
10 30,000 10,000 2,53 3.26 2,17
11 50,000 20,000 1.74 2.41 1.33
12 67,520 17.520 0.97 omitted
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Obviously, this reduces the number of cycles for 1 MGT from 67,000 to 50,000,
which is a reduction of about 25 percent in testing time. The sequences for
the individual train3d are shown in Figure 30.

Another simplified stress history makes use of a hypothetical unit
train., When using & unit train, all 170 trains comstituting the 1 MGT are
assumed equal and they contain the same load levels and the same number of
cycles at each load level. If a unit train can be used, the computation of
crack growth for prediction purposes is easier and can be accomplished in
a shorter time. With all trains taken équal, the highest level that can be
applied is the level that is exceeded 170 times or more in the 1 MGT, because
it has to appear in every train. 1In oxder to maintain the levels of the
original history, the clipping level was taken at level 4, which is exceeded
200 times (Table 9).

As shown in Table 9, the exceedances and the occurrences for the
remaining levels are the same as in Table 6. The number of occurrences is
simply divided by 170 to give the occurrences of each level for the unit
train. This unit train is run 170 times to represent 1 MGT. The lowest
level (12) is omitted (truncated), so that a unit train consists of 300 cycles.

In order to account for the clipping at Level 4, the stress range
for that level was taken slightly higher than the corresponding levels in

previous histories. The adjustment was only minor for two reasons.

1) Clipping results in the omission of only 20 load cycles.
It simply means that all levels above 4 are reduced to
Level 4., 1In Table 6 it is shown that Levels 1, 2, and
3 occur 2, 8, and 40 times, respectively; whereas, Level
4 occurs 150 times. 1In the case of unit trains, Level

4 occurs 170 times.

2) If the residual stress is lower than the stress range
associated with Level 4, the levels higher than 4 will
only cause higher compressive loads than Level 4. Their
effective positive stress range will be about equal to
the residual. 8Small adjustments were also made at the

lower levels to compensate for the omission of Level 12.
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Train A, (extremely heavy, 100 cars, LI8 percent)

—

B Train A, (very heavy, 50 cars, 3.53 percent)

1
Train A; (heavy, 100 cars, 706 percent)

1
Q
2 Train B {medium, |00 cars, 7.06 percent)
&
v ;—_
224
e
b Train C  (medium, 134 cars, 1.8 percent)
h
r Train D (light, 50 cars, 5.88 percent)
I

FIGURE 30, TRAIN COMPOSITION FOR MIXED TRAFFIC SPECTRUM, EIGHT LOAD LEVELS

Shaded load will be omitted upon further simplification (seven
levels),
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6.4, BSelection of Stress Levels

In view of the occurrence of compressive stresses, the service
simulation tests were rum on single-edge-notch spedlmens of 3-inch width,
with a starter crack of approximately 1 inch. The main criterion for the
selection of the stress levels was that the total duration of one test
should be betwéen 300,000 and 1,000,000 cycles in order to keep testing time
at a minimum,

Since the stresses in the actual rail are not directly comparable
with the stress in a tension specimen, it was not considered a shortcoming
that the stress level was selected more or less arbitrarily with the test
duration as the criterion. Since crack growth is uniquely described by the
stress-intensity factor, generality of the approach is still warranted,

According to Figure 13, a wheel load of 19 kips produces a AK of
approximately 8 ksi/In. on a stiff roadbed. The single-edge-notch specimen
has a starter crack of 1 inch. If this specimen were to have the same AK as
the l-inch crack in the rail, the stress range corresponding to a 19 kip

wheel load can be calculated from the K-formulation of Equaticen (6.1),
K =8 a'ra = 8, ksivin. or ¢ = 2.7 ksi (6.1)

Thus, the stress conversion would be 2.7/19 = 0.14 ksi per 1000-pound wheel
load. This conversion factor was used throughout for all spectra (e.g.,
compare Figures 23 and 24).

The residual stress in the rail caused a stress intensity of 12
-ksi/fﬁ. (Figure 13). Using the same argument as above, the simulated
residual stress in the specimen should be 4.05 ksi, which would have to be
applied as a maximum tensile stress in the specimen.

These stresses were too low to produce reasonable testing times,
Therefore, it was decided to take the residual stress level equal toc 6 ksi
(this corresponds to a 9000-pound load on the specimen, which was the load
during many previous tests),

It should be noted that if the test results for this specimen and
these stresses can be predicted by a computational fajlure model, then the
model should also be capable of predicting crack growth under different

stresses in the rail, because the procedure is based on stress intensities,
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6.5. Results of Service Simulation Tests

The test data are tabulated in Tables 10 and 11 and plotted in
Figures 31, 32, and 33. Taking into account the material variability, it
can be concluded that the various representations of one spectrum yielded
practically identical results.

A summary of the test data is presented in Table 12 in terms of
the crack growth life to failure. Also given in Table 12 are the crack
growth lives to failure observed in the constant amplitude tests(l) for the
rail samples used in the service simulation tests,

Consider first the experimental results for the combined spectra I
and IT. The crack growth lives vary from 11.5 to 19.8 MGT. Hence, the
variability is less than a factor of 2, whereas analysis shows all tests
nearly equivalent (see Section 7). On the other hand, the constant amplitude
results for the same rail samples vary by a factor of 4 from 260 to 1030 kc.
Obviously, the scatter in variable amplitude testing is considerably less
than in constant amplitude testing, which is a rather common observation.(lz)

Yet, the question might arise whether part of the wvariability of
crack growth could be due to residual stresses originally present in the rail
and partly remaining in the specimens. Therefore, two specimens were used
for residual stress measurements.® Strain gages were mounted to the specimen
surface, and cuts were made along side the gages, Subsequently, strain gages
were mounted in holes cut by electric discharge machining in order to determine
the subsurface residual stresses. There appeared to be residual stresses of
some magnitude in a thin surface layer due to the machining operation. However,
subsurface residual stresses were only of the order of 1 to 2 ksi, so that it
seems unlikely that the scatter in crack growth behavior was caused entirely
by residual stress.

Keeping in mind the natural material varilability, the various test
cases can indeed be considered equivalent from a technical point of view. A
direct comparison for individual samples shows

a) 7-level loading equivalent to unit trains (l4 and 16
MGT for sample 010 and spectra I and II)

[

This work was performed by R. E. Mesloh.
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TABLE 11, TEST DATA FOR SPECTRA III AND IV

Sample 032 Sample 051 Sample 020 Sample Ol4 Sample 014

(032-4) (051-1) (020-2) (014-3) (014-4)
Spectrum IIZI Spectrum III Spectrum IIT Spectrum IV Spectrum IV
Random Random Unit Trains Random Unit Trains
a, N, a, N, a, N, a, N, a, N,
in. MGT im, MGT in, MGT in. MGT in. MGT

1.07 0 1.07 0 1.07 0 1.07 0 1.07 0
1.077 0.3 1.214 1.6 1.115 1.3 1.021 .8 1.208 9.3
1.127 2.6 1.263 2.1 1.165 2.8 l.i?l .3 1,220 10.0
1.177 4.3 1,313 2,7 1.215 4.0 1.221  10.7 1.270 12.0
1.236 5.7 1.364 3.1 1.265 4.9 1,271 12,7 1,320 13.5
1.277 6.5 1.414 3.5 1.315 5.7 1,321 14.5 1.370 14.7
1.327 7.2 1.464 3.8 1.365 6.3 1.371 15.8 1.420  15.7
1.377 7.9 1.513 4.1 1.415 6.8 1.421 16.9 1.470 16.5
1.427 8.3 1.563 4.2 1.565 7.2 1.471  17.8 1.520 17.2
1.477 8.7 1.614 4,3 1.615 7.5 1.521 18.5 1.570 17.8
1.527 9.0  1.66& 4.4 _  1.665 7.8 1.571 19.1 1.620 18.3
1.577 9.3 1.715 8.0 1.621 19.6 1.670 18.7
1.627 9.5 1.765 8.1 1.671  20.1 1.720 19.0
1.677 9.7 1.815 8.2 1.721  20.3 1.770  19.3
1.727 9.9 1.865 8.3 1.771  20.6 1.820 19.4
1.777 10.0 1.950 8.3 1.821 20.8 1.870 19.5
1.877 10.1 1.871 21.0 1.920 19.6
1.921 21.1 1,970 19.7
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b) Random loading equivalent to unit trains (21.1 and
19.7 MGT for sample 014 and spectrum IV)

c) The 8~level loading equivalent to the random
loading (13.2 and 13.3 MGT for sample 038 and
spectra I and II).

Thus, it is concluded that from an experimental point of view, the
stress history is of secondary importance 1f seven or more levels are used,
The sequence can either be random, train-by-train, or unit trains. Using
this conclusién, it turns out that the average of all tests for the combined
spectra I and II is 15 MGT; whereas, spectrum III averaged 7.6 MGT, and
spectrum IV averaged 20.4 MGT. This shows that there is a systematic differ-
ence in the damaging effect of the three spectra. The following section

will show how these results compare to the predicted behavior.

7. THE COMPUTATIONAL RAIL FAILURE MODEL

7.1. Crack Growth Retardation Models

A number of crack growth retardation models have been proposed in
the literature(13-18), 1n principle, all these models attempt to account for
load interaction and retardation effects, usually in a semiempirical way.

The best known models are the ones by wheeler(13) and by Willenborg, et 31(14).
They assume that crack growth will be retarded as long as the plastic zone

due to a current load cycle is completely contained in the larger plastic

zone due to a previous overload. The retardation itself is reflected by a
retarded crack growth’rate, which is lower than the erack growth rate to be
expected on the basis of constant amplitude data at the same applied stress
intensity.

As an example, consider the Wheeler model. The retarded crack

growth rate is given as

day _ da -
(dN)r = % <dN>1inear Cp £C2K) (7.1)

where (da/dN), is the retarded crack growth rate; (da/dN)]jinear is the constant

amplitude crack growth rate; and £(AK) is the usual crack growth function,
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e.g., Equation (3.5). The retardation factor, C_., is given as

p’
m

r . : .
- Pl Y
CP (ao + Tho ~ ai) (7.2)

In this equation, is the current plastic zone and a; is the current crack

Tpi i

size, is the plastic zone of a previous overload, and a, is the crack

Tpo
size atpthe occurrence of the overload. The exponent m has to be determined
empirically. ‘

The crack growth calculation is usually carried out as a cycle-by-
cycle integration. Equation (7.2) is evaluated for each cycle and (da/dN),.
is determined using Equation (7.1). The'crack extension (da) is then added
to the current crack size and so on. The computation of one crack growth curve
may take between 1 and 30 minutes of computer time.

As shown in Sections 4 and 5, retardation does not play a signifi-
cant role in the case of rail steels., Moreover, the retardation models
available would not be able to handle retardation effects for cases with _
variable minimum load only, as considered here. However, the intention of this
brief discussion is to evaluate the accuracy of predictions that can be ob-
tained with these models.

The accuracy of the Willenborg model was considered by Engle and
Rudd(lg) using a limited number of variable-amplitude crack growth results.

The results turned out to be generally within a factor of 2. More elaborate
accuracy checks were made by Broek and Smithcll) and by Schﬁtz(zo). As an
example, Figure 34 gives a comparison of one set of test data with curves
predicted by different models and different sets of constant amplitude data.

Although the accuracy of most predictions in Figure 34 is very poor,
much better results can be obtained if the retardation model is empirically
adjusted. 1In this respect, the Willenborg model is the least wversatile,
since it contains no adjustable constants. If the Wheeler model is adjusted
by determining the best value for m in Equation (7.2) for a set of variable
amplitude data, the results for other predictions may come as close as within
about 30 percent. This is shown(11) in Figure 35 which is a histogram of
the ratio of predicted crack growth life and the crack growth life obtained

in a test. All these cases are for relatively small spectrum variations.
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Similar comparisons involving larger spectrum variations were made
by Schiitz(20) | It turned out that predictions were generally within a factor
of 2 of the test data with a few exceptions. Conservative as well as uncon-
servative predictions were obtained in all accuracy checks(ll’lg’zo).

Schﬁtz(zo) concluded that none of the models have shown convincing
improvements over predictions made without retardation models (linear),

He also concluded that there is no escape from reazlistic tests. Broek and
smith(}1) were more optimistic, realizing that there will be inaccuracies in

‘any prediction technique whether it be crack growth or weather. In the first
place, the loads to be expected in the future are not known and may be appreciably
different from the projections, In the second place, there are inaccuracies

in stress analysis., Both may cause appreciable differences between predicted

and actual crack growth.

The most important aspect of crack growth prediction is the material
variability. Two cracks growing in the same material under exactly the
same circumstances may show a factor of 2 difference in growth rates., Ob-
viously, any model will predict the same result for both tests. Thus, if the
prediction is exact for one test, it will be off by a factor of 2 for the other.
This is not due to a deficiency of the model, but a mere consequence of
anomalous material behavior. No matter how sophisticated the model, there
can be no absolute accuracy,

If the material variability accounts for a factor of 2 and the pre-
dictions are based on average behavior, the predicted life will come within
about 50 percent of the actual life in the general case, although some indi-
vidual result may be predicted more closely. Thus, the predictions have to
be made on a statistical basis, which shows the need for a reliability amalysis,

It can be concluded that no crack-growth-prediction model can
have absolute accuracy. Predictions within about 50 percent of the actual
1ife should be considered satisfactory if material variability accounts for
a factor of 2, This conclusion is of importance for the predictions for

rail steels in the following.
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7.2. Crack Growth Predictions

Predictions of the experimental results obtained in this program were
made by means of linear integration. Since retardation was no consideration,
a cycle-by-cyele integration was not necessary. Therefore, the integration
was carried out in steps of 0,5 MGT according to the block diagram of Figure
36, The integration went stepwise through the load levels and occurrences for
0.5 MGT calculating the new crack size after each load level. Crack extension
during Nj cycles of level j was simply integrated as Nj‘da/dN.

The stress-intensity factor was calculated through the use of
Equation (3.,7) and the crack-growth rate from the rate Equation (3.5).

The first predictions made use of the average growth rate equation for LT
orientation and room temperature derived in phase II(2>,

1.13
ax

Kc - Kmax

da -9 2 2
Z =427 x 107 (1-B)? (Kgax - Ken)

in./cycle (7.3

with K. = 13.5 ksi/in,, and K, = 55 ksi/in.

The predicted crack growth curves are compared with the test data
in Figures 37 through 40. The predictions appeaf to be virtually insensitive
to the spectrum represention: unit trains, 12-level, 1ll-level (random), 8-
level, and 7-level gave almost identical results. Some test data are repro-
duced very well by the predictions, but others show a poorer fit. Asg dis-
cussed in the foregoing, this is mainly due to material variability which is
most apparent from the sets of random data, e.g., for spectra I and II in
Figure 38 and for spectrum III in Figure 39.

For subsequent predictions, the constants in Equation (3.5) were
derived for the individual rail samples used for the service simulation tests.
The values of the constants are given in Table 13, They were determined to
give the best possible fit to the constant-amplitude crack growth curves,

As shown in Figure 41, the constant-amplitude results are reproduced very
well by the equatipns,

Using these constant-amplitude rate equations, crack growth bfe-
dictions were made for each of the individual rail samples used in the service
simulation tests. The predicted crack growth lives are shown in Table 14. Where
comparative test results were available, they are shown between parentheses

in the appropriate column of Table 14.
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FIGURE 36. BLOCK DIAGRAM FOR CRACK GROWTH INTEGRATION
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The predictions for the individual samples reflect the large varia-
bility that existed in the constant amplitude data, 260 to 1300 kc or a
factor of 5. This same factor is found for the predicted lives under spectrum
loading; e.g., for sample 014, a life of 7.3 MGT for spectra I and II unit
trains and a life of 33.2 MGT for sample 020. As noticed earlier, the test
data showed variations of less than a factor of 2 only.

The predictions clearly show a small but systematic effect of spectrum
representation; the 7 and 8 level representation shows a slightly shorter pre-
dicted life than the 12-level, ll-lewvel random, and the unit train repre-
sentation. The random history is likely to be the most representative of
service loading. Thus, it can be concluded that a 12-level train-by-train
sequence and a unit train sequence give adequate predictions, since they lead
to the same result as random loading,

The last lines of Table 14 give the predicted lives based on the
average data of Equation (7.3) and the average test data, Those data show
that the relative difference of the various spectrum representations is
correctly predicted; there is an almost constant ratio between the predicted
and achieved life for a given spectrum representation. The results enhance
the conclusion that a unit train representation can be used for the prediction
of service data.

The difference in spectrum severity is properly reflected by the
prediction procedure. The predicted lives for random loading using average
data are 12.6, 9.5, and 16.2 MGT, respectively, for the three spectra,
showing a relative magnitude of 1:0.75:1.29. The average actual lives are
16.2, 7.2, and 21.1 with a relative magnitude of 1:0.44:1.30. The absolute
values of the predicted average lives and the actual average lives are well
within 35 percent - their ratios vary from 0.64 to 1.32 as shown in the last
line of Table 14,

Considering the achievable accuracy in crack growth predictions,
those based on average crack growth data are quite satisfactory. They are
well within a factor of 2 for the individual test data (with one exception)
and they are within 35 percent of the average test data. Predictions based
on the baseline data of the individual rail samples are much worse, because
the variability of the results of service simulation tests turmed out to be

much smaller than of constant amplitude tests,
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The results to this point can be summarized as follows:

a) 12-level, 1ll-level random, and unit train spectrum
répresentations give the same results in tests as
well as predictionms. }

b) 7-level and 8-level spectrum representations give
somewhat shorter lives, which would make predictions
more conservative.

¢) The best predictions are obtained with a rate
equation based on average data.

d) The relative severity of different spectra is
adequately reflected in predicted crack growth.

One alternative still has to be considered. This is the represen-
tation of the entire stress spectrum by a single parameter, i.e., the root
mean squares (RMS) value of the stresses. The RMS value of the stress can be
substituted in the stress-intensity equation to give a AKpyg. It could then
be postulated that crack growth in service is a unique function of the MKems
of the spectrum. Crack growth predictions would then be based on direct
integration of constant amplitude data, while using MKays for any given
spectrum instead of AK. This procedutre has been attempted in other appli-
cations with variable success(21-23).

The ARpmg values were calculated for the service simulation tests
and the crack growth rates petr MGT were determined from the test data. The
results are plotted in Figure 42. Note that the R-ratics given are defined
as R = (Kpax - OKpyg)/Kpax. Also shown in Figure 42 are trend limes for
constant amplitude data(l) . The constant amplitude growth rates were converted
from inch/cycle into inch/MGT through multiplication by 67,520, the number of
cycles in one MGT.

It is obvious from the rate data that the service simulation tests
would not be accurately predicted by direct integration of constant amplitude
curves on the basis of AKpmg. Attempting to do this would be complicated by
the R-ratio effect, Since the R-ratio for a given stress history is a fixed
value, an arbitrary choice of the R-ratioc for the constant amplitude data
would have to be made., The generality of that choice would be questionable,.

A more realistic possibility would be to determine the averége

curve for all the service simulatiom test data and to make predictions by

¢
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integrating this curve rather than the constant amplitude curve. Figure 42
shows a scatter of rate data of the order of a factor of 2, Thus, predictions
based on an average curve would generally be within a factor of 2 also,
although there seems to be a systematic effect of R-ratio.

The disadvantages of this prediction procedure are (1) that it has
to be based on service simulation test data, which would have to be generated
first on a rather large scale to consolidate the approach and (2) generali-
zation to elliptical cracks and mixed mode situations would be very question-
able (see Section 8). It is therefore concluded that the prediction procedure,
based on load level integration as discussed earlier, is more general and

more versatile. In additiom, it is equally easy to apply.

7.3. The Failure Model

A failure model is required for the prediction of the growth of

service cracks in rails. Such predictions have to be made to serve as a

basis for operational management#@ggisiaggmbn measures to reduce rail failures,

These measures may consist of limiting speed or traffic, upgrading track,

renewing track, or increasing inspection frequency. The statistical nature

of all of the input information to a crack growth prediction asks for a

reliability analysis in which the statistical variation of crack growth

is surveyed.

The purpose and use of crack growth predictions set forth the
following requirements for a failure model:

) a) Crack growth computation should be extremely fast, because
many rebetitional computations will be made in a relia-
bility analysis.

b) Crack growth predictions should have the accuracy that is
realistically achievable; i.e., they should be within a
factor of 2 or better of the actual behavior under the
circumstances assumed in the predictions.

¢) Spectrum représentation‘should be realistic enough to
warrant adequate prediction of the effect of spectrum
variations (e.g., those caused by the above measures

to reduce rail failures). On the other hand, it should
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be simple enough for expeditious crack growth computations.
d) Generalization to the more complex circumstances of a
rail should be possible,.
The failure model pregsented in the foregoing sections has these qualifications
as discussed below.

As for the requirement of rapid computatiom, the generation of
one propagation curve, such as the ones in Figures 37 through 40, took
approximately 3 computer seconds. Increasing the step size from 0.5 to
1 MGT or larger would further reduce computer time, which certainly should be
done if small initial crack sizes have to be considered. Smaller initial
cracks will show less crack extension per MGT so that larger steps will be.
permissible, It was shown in other work (1) that step sizes causing on the
order of 5 percent crack extension do not impair the results to a noticeable
degree. Recalculation of the curves in Figure 37 through 40 on a programmable
pocket calculator using 1 MGT step sizes showed differences in predicted
crack growth lives of less than 3 percent,

The speed of calculation was also the reasomn why the crack incre-
ment per load level was approximated by Nj X (da/dN)j (Figure 36). A
more rigorous integration would be to apply, e.g., a Simpson integratiom rule
over the increment. However, since the crack increments per load level are
extremely small, the growth rate over the increment is practically coustant.
Thus, the final result would only change by a few percent which is a secondary
effect in comparison to other approximations.

As discussed in Section 7.1, the best achievable accuracy in crack
growth predictions is of the order of 30 percent on life; whereas, in most
cases, a factor of 2 is more realistic. It cannot be expected that more
sophisticated prediction models will improve this situation, since it is
due to the variability of the input data and the material variability in
particular. Thus, the accuracy of the present predictions is within the
range of what is practically achievable.

It was shown that random, 1l2-level approximation, and unit train
approximation of the spectrum gave essentially the same results in tests as
well as in computations. As a result, a l2-level approximation, as well as a

unit train approximation, can be used with confidence to predict crdck growth
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under random or quasi-random service loading. The sequence tests showed that
the train-by-train representation is a realistic simulation of the actual
stress variations in service, The spectrum approximations used permit an
easy and expeditious calculation of crack growth, particularly in the unit
trains.

The spectrum representation developed is considered an essential
part of the failure model. The use of fixed exceedances to determine the
discrete stress levels ensures generality of the procedure. Any of the
developed train-by-train sequences can be regenerated with a simple al-
gorithm for a different spectrum=—only the stress levels have to be adjusted.

The generalization of the failure model to cracks in rails poses
some difficulties which will be discussed in Section 8. Since the same
difficulties would be associated with any other model, they are not considered

a reason for rejection of the present model.

8. APPLICATION TO RAJL CRACKS

8.1. The Nature of Rail Cracks

The most common types of rail cracks are illustrated in Figure 43.
One type of crack occurs in the web at the bolt holes for the rail joints.
They usually grow under 45 degrees as indicated in Figure 43.

Three main types of cracks occur in the rail head. They are

1) The transverse fissure, growing in the vertical transverse
plane, ultimately leading to a break through the entire
cross-section of the rail.

2) The vertical split head growing in a vertical longitudinal
plane, ultimately leading to the breaking off of the side of
the head over some length so that the wheel flanges lose
support and a derailment occurs. Although the crack is shown
in the central plane in Figure 43, it can occur in any

parallel plane.
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3) The horizontal split head growing in a horizontal plane,
ultimately leading to the breaking out of the running surface
over some length., Figure 43 shows the crack in the central
plane, but it can occur at any depth under the top surface,

Initially, all cracks are of quasi-circular or quasi-elliptical
shape, but they change shape while growing due to stress gradients and exter-
nal boundaries. The discussions in the following sections will be limited

to the three head cracks.

8.2. Cyclic Loading of Head Gracks

An engineering stress analysis of intact and cracked rail was made
by Johns et al.(g) in another DOT/TSC-sponsored program. Some observations
made from that work of relevance to the present report are discussed in this
section.

The stress distribution in the rail is uneven. As a result, the
stress intensity of a crack varies along the crack front. This is illustrated
for a transverse fissure in Figure 44 for the case of a 19,000-pound wheel
load right above the crack. The implication is that crack growth rates will be
different at different locations along the crack front so that the crack will
change shape. Moreover, the crack growth properties depend upon the direction
of crack growth which further contributes to crack shape changes. Finally, as
a result of the stress gradients in the rail head, the shape of the K-distribu-
tion varies with crack size and crack location (Figure 44). Similar variations
of K along the crack front occur for horizontal and vertical split heads.

When a wheel moves over the location of the crack, the stress intensity
builds up from zero to the values shown in Figure 44 and then decreases again
when the wheel moves away. This is illustrated in Figure 45 for two points of
the crack front (top and bottom). Similar plots for the vertical and horizontal
split head are presented in Figures 46 and 47. (All three figures are for a
19,000-pound wheel load.) Since the calculations are for elastic stress fields,
the stress intensity is propeortional to wheel load. Thus, the stress intensities
for a 38,000-pound wheel load would be twice as high, and the cyclic varia-
tion of the stress intensity for any wheel load can be determined on the basis
of Figures 45 - 47.
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FIGURE 44. STRESS INTENSITY FACTOR Ky FOR THREE TRANSVERSE
FISSURE SIZES AND TWO LOCATIONS 19,000
POUND VERTICAL LOAD OVER CRACK(?)
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Shown in these figures are the opening mode stress intensity fac-
tors, i.e., Kg for mode I. The rail also experiences shear stresses, which
result in mode II and III stress intensities Ky and Kyyy. For the crack
locations considered, K;; and Kyyy are quite small for the transverse fissure
and the vertical split head. For the case of a horizontal split head, Kyp
attains a considerable magnitude as is demonstrated by Figure 48,

The mode I stress intensities appear to be predominantlj negative
(Figures 45 through 47). This is a result of the wheel loads causing pre-
dominantly compressive stress in the rail head. Negative stress intensities
are not a physical reality, since the faces of the crack will close under the
action of compressive stress, so that effectively there is no crack. However,
rails contain residual tensile stresses, which have to be superimposed on the
cyclic stresses due to wheel passage. As a result, the cyclic variations of
the stress intensity as shown in Figures 44 through 47, do not take place from zero
but from a positive region depending upon the stress intensity due to residual
stress, Figures 49 through 51 show the stress intensities resulting from a

4

given residual stress fiel Since the residual stress varies from point

to point, the resulting stress intensities vary along the crack front.

8.3. Operation of the Failure Model_in General

Formal execution of the rail failure model for the case of an actual
rail crack is quite complex. The computation requires the following ingredients:
1) Stress distributicn in the rail head for a given wheel
load.

2) For the given type of flaw, the stress intensity for a range
of flaw sizes, shapes and positions,

3) Stress intensities due to residual stresses for a range of
flaw sizes, shapes, and positions.

4) A wheel-load spectrum,

5) Crack growth properties for the various directions in

which a flaw of a given type will propagate.
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Execution of the rail failure model consists of the following steps:
a) Determine the wheel loads associated with the 12 exceedance
levels of the spectrum (Figure 24, assuming that the 12-

level spectrum approximation is used).

b) Express the wheel loads of all l2-levels as a multiple
of 19,000 pounds (it is assumed that stress intensities
available are for 19,000 pounds wheel loads).

.¢) Determine the cyclic variation of the stress intensity for
a number of locations around the initial flaw, e.g., at
8 =0, 90, 180 and 270 degrees (Figure 44). This should be
done for K, Ky, and K11y

d) By using the multiples of 19,000 pounds, determine the
cyclic stress intensities for all 12 levels and at the 4
locations under Step (c).

e} Determine the effective cyclic stress intensities using one

of the mixed mode cracks growth criteria(z):

Krers = £(X1, Kr1, Kr71)

f) Determine the stress intensity due to residual stress at
the 4 locations,
777777 ) gaperpose e and £ for all 12 levels.
h) <Calculate crack growth rate at each of the 4 locations
using the crack growth properties for each ¢f the 4 directions.
Start with load level 1. (Crack growth will be different in
all 4 directions, so that the crack shépe will change).
Assuming that changes of crack size and shape are only minor,
repeat calculation for all 12 levels to obtain growth in 1 MGT.
i) After 1 MGT, changes in crack size and shape whould be accounted

for. Thus, Steps (c) through (h) should be repeated, etc.
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8.4. Present Shortcomings and Limitations

The information available at this time prohibits formal execution
of the procedure outlined in Section 8.3. Areas where information is lacking
are the following:

1) For a given type‘of crack, stress intensities have been
calculated only for one flaw location, one flaw shape and
three flaw sizes., This means that the change of shape of
the flaw cannct be accounted for. But even if the flaw is
assumed to be of comstant shape, an important problem remains.
As can be seen from Figures 44 through 47, two diametrical
opposite points of the crack front experience largely different
stress intensities. Thus, these two locations will experience
different growth and as a result, the center of the flaw will
move so that stress intensity values would be needed for a
different flaw leocationm.

With stress intensities available for only three flaw
sizes, very crude interpolations have to be made for inter-
mediate flaw sizes. In view of the changes in flaw shape and
location discussed above, interpolation for different flaw
sizes becomes even more questionable.

2) At this time, little useful information is available as to the
residual stress distributiom inm U.S. rail.(®) The information
contained in Figures 49 through 51 is illustrative material
only. Since crack growth rates depend strongly on residual
stress (see Sectiom 9.5), it is of primary importance that
residual stress fields are accurately determined. Subsequently,
stress intensities should be made available for many crack
sizes, shapes, and locations for reasons discussed under (1).

3) A rationale to treat mixed mode cracking is not yet available.
Several possibilities were discussed in a previous reportcz),
and it was concluded that the maximum principal stress
concept and the strain-energy density concept are possible
candidates. In both cases, the combined effects of Modes I,

II, and III loading can be expressed in terms of an effective
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Mode I stress intensity, Krogse The crack growth rate then
follows from the usual growth rate expression, such as
Equation (3.5) in which all Mode I stress intensity are replaced
by Krefs-

So far, no experimental verification of these concepts
has been cobtained. This is due to the fact that mixed mode
crack growth cannot be maintained in an exPeriment(z).
Extensive mixed mode testing performed under the present
program will be reported separately(ZA).

If the mixed mode concepts mentioned above are épplicable, the mixed
mode loading is likely to have little effect on the growth of rail cracks, since
it turned out(?) that for transverse fissures and vertical split heads, the
Mode II and III stress intensities are only of the order of 30 percent of the
Mode I values. This means that Ky.¢f would be only about 5 percent higher
than the acting Kr- Bolt hole cracks are growing perpendicular to the maximum
tensile stress, so that they are growing in pure Mode I. As a result, mixed
mode loading might be a problem only in the case of horizontal split heads
(Figure 48). i

It appears that the lack of stress-intensity factors for rail cracks
and the unknown residual stress fields are the most severe limitations to the
applicability of the failure model. Until this important information becomes

available, the failure model will be of limited use only.
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8.5. Crack Growth Predictions for Rail Cracks

Under the limitations discussed in Section 8.4, crack growth calcula-
tions were made for three types of rail cracks: transverse fissure, horizontal
split head, and vertical split head. The calculations followed the steps
itemized in Section 8.3, but some simplifications had to be made because of
said limitations. These simplifications consisted of the following.

Initial flaw sizes were taken equal to the smallest flaw sizes for
which stress-intensity factors were available (Figures 45 through 47),.

Since the stress intensity was knmown for three crack sizes only (two, in

the case of the horizontal split head) stress-intensity factors for inter-
mediate sizes were approximated by linear interpolation. The stress~intensity
variation due to residual stress was taken proportional to the data in

Figures 49 through 51, except that the absolute values were changed to de-

termine the effects of residual stress on crack growth.

Crack growth was calculated in steps of 2 percent crack extension
(i.e., the stress intensity was assumed constant over a 2 percent crack
increment). The propagation of two diametrically opposite crack front loca-
tions was calculated independently. However, by using the stress intensities
of Figures 44 through 51 it was implicitly assumed that the cracks did neot
change shape or position. Only Mode I growth was considered. Average crack
growth properties were used and the effect of crack growth direction was
accounted for.

As a consequence of these necessary simplifications, the resulting
crack growth curves and crack growth lives should not be used in an absclute
sense. However, they do indicate the relative severity of the three types
of flaws, the effect of the magnitude of the residual stress, and the relative
effect of the wheel load spectrum.

Predicted curves for a transverse fissure, a vertical split head,
and a horizontal split head are presented in Figure 52. The vertical split
head is predicted to be the most critical of the three, growing from 0.3-
inch to 1l.5-inches in 35 MGT (less than 2 years with an annual traffic of 20
MGT). Naturally, the relative severity of the three types of flaws may

change 1if lateral loading would be imcluded. However, it is likely that the
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vertical split head remains the most severe, because in general this type of
crack will not occur in the center of the head as assumed here. If the crack
is off center, the bending of the rail head under off-center loads is likely to
have a larger affect on the stress intensity. These cases could not be con-
sidered here, because stress-intensity factors are not yet available, neither
for the case of lateral loading nor for the case of off-center cracks.

_ Figure 53 shows the growth curves for horizontal and vertical split
heads under the three different spectra discussed in Section 6. The relative
severity of the spectra clearly comes out; crack growth to failure of a
horizontal split head takes 1% years under spectrum III, and 3 years under
spectrum IV, (Reference should be made here to the remarks made above about
the absolute values obtained in these predictioms.) o

The growth of a transverse fissure in rails on a hard foadbed*and
~a soft roadbed is shown in Figure 34. Growth to failure of a transﬁefsé W
fissure takes place over a period of 7 years on a hard roadbed under spectrum
1V. It takes only 1% years on a soft roadbed under spectrum III.

The effect of residual stress level is shown in Figures 55, 56 and 57
for three types of cracks and combined spectra I and II. The residual
stress was assumed to be 0.7 and 1.3 times the values used for the previous
predictions.

Generally speaking, the wvertical split head can still be considered
the most dangerous type of crack, because it shows faster growth than the
other types if all circumstances are equal., However, Figures 56 and 57
show that if a transverse fissure or horizontal split head happen to be
initiated in a rail with high residual stress, their growth can be just as
fast or faster than the growth of a vertical split head in a rail with lower
residual stress. 3By the same token, a vertical split head can be of lesser
consequence if occurring in arail with low residual stress. The large effect
of the residual stress level on crack growth shows the importance of a thorough
investigation of the magnitude of residual stresses in service as a function

of time, track condition, and type of traffiec (load spectrum).

*Where a hard roadbed would have a track modulus greater than 4000 psi, and a
soft roadbed would have a modulus of less than 2000 psi.
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8§.6. Outloock

The foregoing results have shown the potential of the rail failure
model (crack growth prediction model). It was pointed out that the results
can only be used in a comparative sense, because of the doubtful assumptions
that had to be made with regard to stress-intensity factors and crack shape,
Moreover, the load spectra used weré for vertical loads only, since stress
intensities for lateral loads are still lacking. Finally, the occurrence of
mixed mode cracking had to be neglected and the magnitude of the residual
stress was taken arbitrarily.

When more detailed information on stress intensities and residual
stress becomes available, more refined crack growth predictions can be made,
However, regardless of the completeness of this information, the crack growth
predictions will not have great accuracy, as was shown by the predictions for
the service-simulation tests. It was pointed out that inaccuracies of pre-
dictions are largely due to the variability in material behavior. This
indicates the need for a statistical treatment of the problem in the Eontext

of reliability analysis.

9. USE OF THE FAILURE MODEL

9,1. Management Decisions

The occurrence of rail failures is a serious problem for economical
operation and safety of railroads. The gravity of the train accidént statistics
over a l0-year period between 1963 and 1972 can be noted from the fact that
5756 train accidents were caused byugfokén'rails(zs).

In order to reduce the chancemdgh}ailures, actions can be taken to
reduce the speed of trains, decrease the wheel loads, upgrade the track,
inspect more frequently for eracks and remove them, or any combination of these
measures. All of these actions are costly and may be of equal or greater
consequence for economical operation than the acceptance of failures. At
present, it is not possible to evaluate, with high precision, the economic

consequences of any of these alternative measures. Hence, it is difficult
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to determine which measure (or measures) would be the most cost-effective for
a given railroad or length of track at a given poipt in time.

' The situation would be largely improved with a computational scheme
to aid management decisions to ensure safe but economical operatiocns with
regard to the rail failure problem, This scheme should provide answers to
questions such as

¢ How much of a reduction in defect or failure rate would

be obtained for upgraded track?

e What would be the reduction in failure rate if speeds or

loads were reduced (or the converse)?

e What would be the reduction in failure rate if inspections

were carried out more frequently?

¢ In order to get significant reductions in failure rate,

would it be necessary to utilize the same measures for all
the track in a line, or should attention be focussed .
differently in certain areas, depending upon specific local
operating conditions?

If quantitative answers to these questions were obtained, the
cost reductions due to lower failure rates could be evaluated and compared
with the costs of preventive measures. This would enable selection of the
‘most cost-effective maintenance intervals and inspection intervals. At the
same time, regulatory authorities could utilize the computations to obtain
quantitative information on the estimated level of safety of railroad track in
a given condition and under certain traffic conditions.

The time to observe damage in a structure is a function of the
damage detection capability as well as the cumulative response capability
of the structure to its imposed enviromment. Therefore, elements character-
izing flaws, initiation, growth, loading history, environment, inspection,
etc., are necessary considerations for a model representative of the life-
cycle integrity of a rail. The variability in the response of the structure
in such a complex total environment must be given particular attention.

This variability is a function of the stochastic behavior of the individual
elements determining railllife—cycle performance and is a mixture of both

independent and dependent processes. Accordingly, a candidate method for
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estimating the integrity of a rail during its operational life-cycle is likely
to be one that relies on the application of reliability technology.

In order to develop a reliability analysis, the processes that
lead to rail failure must be thoroughly understood. Predictive models of
fatigue crack initiafion, crack propagation, and fracture must be employed.
Simultaneously, models that can provide information on the magnitude and
sequence of stresses that are experienced by a rail as a result of certain
traffic must be available. These models then can be combined to predict

when failure will occur. The outcome will be a probability of failure or

failure rate., The analysis should permit variation of the track and maintenance

parameters. Then it can be utilized to determine how the probability of
failure changes for different track conditions, different traffic, maintenance,
and inspection.

Not all of the models tec be used in the reliability analysis nor
all of the imput data are currently available. Some of the input data and
models presently are being genefated and developed under FRA/TSC programs

(1,2,9,10), Part of the data base was generated under the present program.

9.2, Reliabilitv Analvsis for Railroads

Reliability analysis‘attempts to determine the rate of failure or
the probability of failure of a given product for certain conditions of
usage and maintenance. This is illustrated in Figure 58, in terms of para-
meters, input, processors, and output, Basically, this scheme is the same
for reliability amalysis of any product, but each case is different in detail.

The parameters are those associated with track condition, track
geometry and maintenance, those associated with the traffic type and speed,
the type of material, and the inspection technique. The particular conditions
of all parameters are reflected in the input data for the reliability
analysis. These input data are measured data, or data predicted by physical
models, or both,

The track and traffic parameters induce stresses in the rail, which
cause .fatigue. Thus, the track and traffic parameters have a bearing on the

Stress spectrum as an input. However, this spectrum must be developed first
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from measured load spectrum data and/or a model that can predict the load
spectrum combined with a stress analysis that converts loads into stresses,
Hence, the measured input data are a load specﬁrum.

Another stress input that reflects track and traffic conditions
consists of residual stress data. In principle, these stresses would be
obtained from an elastic-plastic stress analysis. However, stress analysis
of rails has not been developed to a point that it can adequately predict
residual stresses. Therefore, measured data will be needed. Stresses
resulting from thermal cycles, stress variations due to seasonal variations
in roadbed stiffness, ete., should, in essence, be predicted through a
spectrum generation model and a stress analysis.

Material input data will be experimental data because, at present,
no models exist to infer fatigue, crack growth, and fracture properties from
more basic material parameters. The same is believed to be true for the
input data on inspectiom,

The reliability analysis starts out by establishing a statistical
representation for each set of input data, The large variability of crack
growth behavior observed in the present program shows that statistical
representation may be necessary. When the statistical models are estab-
lished, the input data can be treated to derive the descriptive parameters
(or coustants) for these statistical models. With the given stress history,
the reliability amalysis then starts predicting when and where cracks will
initiate, how fast they will grow, and when they will cause fracture, depending
upon the frequency and type of inspection. After complete mathematical
execution, the analysis can give as an output

¢ Probability of crack initiation as a function of time

e Probability of occurring of a crack of certain size as a

function of time

e The failure rate (probable numbers of failures at any

given time) for a given inspection of interval.
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9.3, lLevel of Sophistication of Reljability Analysis

There is a tendency to want to model more comﬁlex behavioral
processes mathematically as one's insights grow. This tendency should be
viewed with some caution until such time that demonstrations are made to deter-
mine whether more sophisticated modeling does result in greater accuracy than
simpler schemes. This is especially considered a useful caution in consid-
ering the rail reliability analysis.

Consider the most primitive reliability analysis. It would use all
available rail failure data to establish one statistical distribution. The
statistics would reflect total ignoramce as to what causes rail failures
but they would implicitly contain the effects of all those parameters. This
model would predict, with great accuracy, the number of failures to expect
next year.if operating conditions remain constamt, But it would provide no
clues as to how to reduce the number of failures nor to evaluate more eco-
nomical inspection or maintenance procedures.

A somewhat less primitive model would recognize that different
types of track, different types of traffic, different conditions of track,
speed, maintenance, and inspection affect. failure rates. Again, taking all
failure statistics of many years of service, failure rates could be sub-
divided in as many different categories as necessary. Failure rates then
could be determined for different conditions. There still could he complete
ignorance of what stresses exist and of the physics of fracture.

Is this second model indeed as primitive as it looks? With good
accuracy, it will predict the failure rate for a given traffic and track
type. It will show how and how much this failure rate will be reduced by
maintenance or reduced speed, etc. This is exactly what the railroad engineer
wants. Indeed, it is the most sophisticated model that can be conceived.

It requires no physical understanding, but it is of perfect technical adequacy.

Unfortunately, the data base for this perfect reliability analysis
has not been salvaged nor even properly recorded from the experience of more
than a century of railroad operation. The problem that must be faced is to
regenerate this experience at the lowest possible cost. 1In order to do this,
mathematical and physical models have had to be established and developed in

order to draw on statistics of a lower level that can be generated faster
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than the actual service experience. A possible simple approach would be to
(1) measure stress histories at a large number of sites and (2) subject a
large number of rails to these stress histories in the laboratory. Thus, one
would encompass all material variables. There would be no need for a spectrum
generation model nor for stress analysis or damage integration models. Accurate
predictions could be made and the results would be technically useful. However,
the generation of the data covering sufficient variables would be prohibitively
expensive.
The next level of complexity would be to do the same tests on
coupons of rail steel instead of rails. Instead of stress spectra, one
would measure load spectra. A stress analysis model then would be required.
With further sophistication and refinement, one could go to even
more basic statistics, such as those of the basic material properties. Then
one is faced with developing models predicting basic fatigue initiation and
crack growth data on the basis of metallographic structure.
With each such step, there will be requirements for new data bases
in order to develop lower level statistical distributions, new models, and
new and more assumptioms. It can be envisioned that each further step down
becomes a more costly development process, with the real possibility that
there will be much reduced accuracy, due to the many models and assumptions

involved.

It is obvious that there is an optimum between expenditures and
achievement, The optimum will move slowly to greater complexity as knowledge
accumilates and larger computers are used. It is also obvious that the
optimum will be close to, but below, the level of understanding of the physical
processes at any given time. An attempt to go beyond that requires maany more
assumptions and may cause much lower accuracy. On the basis of these con-
siderations, it can be concluded that the crack growth prediction model
developed in this report provides an adequate input to reliability analysis.
The accuracy of crack growth prediction is limited, but was shown to be largely

due to material variasbility.
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APPENDIX A

FRACTURE TOUGHNESS OF RAIL SAMPLES

Apparent fracture toughness data were obtained from all fatigue
crack propagation tests, These data were reported in a previous report(l).
A number of specimens were subjected to formal fracture toughness tests, the
results of which are presented in Table A-1.

It turned out that the 0.5-inch thick specimen had insufficient
thickness for valid Ky, tests. The KQ values obtained varied from 31.8 to
58.8 ksi/iIn. The last two columns in Table A-1 present values for KIcmin

and K Using the ASTM thickness requirement, KICmin is the maximum tough-

app -
ness tiit could be measured with a 0,5 inch specimen of a material of the

given yield strength; thus, it is the minimum toughness of the rail material
concerned. (If the toughness would have been lower than chmin’ the test would
have been valid.)

If the Kyepy, values are compared with the K, values, it can be

n
concluded that the differences are small enough to indicate that the KQ

values must be very close to the actual Kyc values. This can also be concluded
from a comparison with the Kapp values.

Kie values for rails steels are reported at various places in the
literature (e.g., References 27, 28, 29). Typical data are of the order of
30 - 40 ksi/In. at room temperature. At -40 F, values as low as 25 ksi/In.
can be obtained(27). The effect of loading rate or strain rate appears to
be small, below the transition temperature, which is considerably above room
temperature for the present rail steels.(l) The literature data indicate
that the results in Table A~1l represent a reasonable indication of the mag-

nitude and variability of the fracture toughness of the rail steels used in

in this investigation.



*jusweaTnbaa Nﬁhb\ozv Gz possed (q)
-jusweanbaa cm\xmam passed (e)

. uoy3IRIALQ
5878 " paepueig
S'ey - UesK
6'8% 89°0 Z°8¢ LOE" T £°¢L 7-690L1
0°¢ce Anv¢¢.o . 8°1¢ 6%7°1 9°6GL 1-1¢01L
0° e Ly 1 8°8¢ Amvooo.H 8°9L 1-0£01L
9°%¢ 10°1T ¢°6€ VAVAR! L°19 1-62071L
8°L¢C 0'6S 6L°0 9°T% 86T°1 .m.mm #-$¢011
1°%¢ 896 oyt 6°9% Amvomo.a 0°9L 1-22011
A1) ¢ %S ¢8°0 AR Y] 16171 ¢ LL #-12041
8°'¢te | 3rA ¢L°0 9°0% 081°1 9°'¢L 1-91041
9°9¢ 1°1% LS°0 0°6€ AmvaO.H 818 T-600LT
‘ur/rsy ‘ur/1sy ﬁmm ¢z ‘utL/Isy Dg/xeuy T8y uowroadg
‘(s3s9] DOy Oy ‘SAL
aﬁEoHM ang813eg) (4
mmmx

NAWIDHdS "TIVH NOISNYL-IDVdWOD JDIHL
HONI-% ¥O04 SITINSHY ISHI SSANHONOL HANLOVEE "1-V TI9VL

A-2



—

" APPENDIX B

PROGRAM RATLIF

This program was developed to do block-by-block ecrack growth
life summations for laboratory specimens and simulated rail flaws. A de-
tailed description of the background and purpose of the program is contained
in the final report. .Details on spectrum representation and resulting
train block can be found there. The computer language is FORTRAN and the
computer system used in this program was a CDC 6500. The following list of
control cards may be used (with the CDC 6500 computer) to load and execute

the RAILIF program.

RCR, T100, CM50000, AC= G6265-0001.
Job card - specifies programmer ID, maximum core processor time,

core memory and project number,

RUN(S,,,,,, 100000,, CRT)
Use the RUN compiler to load the program, limit output to 100000

records, and include a cross reference map of program.

SWITCH, 1.
An optional card which, if included, indicates that a rail flaw

is being simulated and K-crack length inputs are required.

LOAD, LGO.

Load the program.

EXECUTE.,

Execute the program.

A listing of the program is included in Figure 1. The input card

requirements are listed in Table 1,



PROGRAM RAILIF(INPUT,OUTPUT,TAPES=INPUT, TAPE99=0UTPUT)

c
c THIS PROGRAM IS DESIGNED TO DO BLOCKX BY BLOCK GCRACK GROWTH LIFE
c SUMMATIONS FOR LABORATORY SPECIMENS AND SIMULATED RAIL FLAWS
[+ .
200003 DIMENSTON SEQ(100) ,TRAIN{L10) 4,STR(10,20) 4REP(10,20)+,JI(10),MIN(10,2
101 ,SUM(20,200,7{100) ,KMINIE) » KMAX(H) 4KRES(6) +AK(3) ,WL[10,20) ,CRKTY
2P L)
p00003 REAL MyINC,KMX,MINGKTHKCoMGT JKMIN, KMAX s KRES 4 KMX L4 KMX2 , KMNL, {MN2 ,X
1RS1,KRS2,INC1,INC2
000003 INTEGER SEQ.REP, C2,TOT,8L0C
000003 2 FORMAT(A10,15+42F 5034 1XaT33bX1F5.39834F703:2F5.2+F54352F5.1)
000093 & FORMATI{40TI2)
000003 6 FDRHAT(QX,*SPECTRUH NAME *,5X4A10/9%X,*NO. OF TRATINS *I7 /9X,*INITI
1AL CGRACK ®,F10.3/9%X, *DADN INTERCEPT *,E15.5/9X,*DADN SLOPE ",
2F9. S(QKa’SPECIHEN TYPE*,6X,AB8/9X, *MAXTMUN LOAD *,F11.3 /9X,*SPECIM ‘
3EN WIDTH *,F8.2/9X,*RESIDUAL STRESS *,F7.2 F9X4*STRESS TO LOAD
4 *,F5.3/9%, *K-THRESHOLD *,F1i1, 1/qx,'cnxTIan K *,Fi2.4720)
000003 8 FORMAT(AS)
800003 10 FORMAT(F10.2,110) i
000003 12 FORMAT( F775%+*TRAIN NO.*,3X%X,*TRAIN 1D%,5
: 1Xs *KMAX®,3X, *INCREMENTAL A%, 3IX,*EXTENDED CRACK*/7/) -
: 000003 Th FORMAT (X I516X3 I3, 7N oFBe2s7XeFTolby10XyF6.3) -
¢ 000003 16 FORMAT(S5XeF16.3+4%XsF10.3,3%,18)
i 000003 18 FORMAT(//77G0X,*TRAINS PER BLOCK OF EACH SEQUENCE*/)
‘ gogoo3 20 FORMAT{/?20X,*SEQUENCE NO. *,I5/) o
TRO6003 T 22 TFORMAT(/2X,¥TRAIN* AS) -
000003 24 FORMAT(/2X,*BLOCK NO. *,I2,10X,20A5} i
006003 26 FORMBT(///7/20%X,*TOTAL TRAINS SURVIVED= *,15/20X,*GROSS TONS TRAFFI
2 41C= ¥ FEZ7IALY
1700003 78 FORMAT{1H1) i
000003 30 FORMAT(10F8.2)
000003 32 TFORMAT(SX,*NO CRACK GROWTH, STRESS INTENSITIES BELOW THRESHOLO¥/1HW ™~
11}
600003 34 FORMAT(///10X,*STRESS RANGE®,3X,*WHEEL LOAD¥,3X,*0CCURENCES*/7/)
860003 36 FORMAT(GY4FB.3,7%43F10.2, 9X+3F10.2/)
Goooo3 38 FORMAT(//30X.*4<~-CRACK LENGTH DATA FOR *4A40///
1 , 34X, *THETA=: 0%, 30X, *THETA=180
1¥775X, *CRACK LENGTHT 49X, *KMAX®, 6Xo*KMIN®, 6X o *KRES* 115X *KMAN*y &
: 2X¥KMIN® , BX43KRES*//) o
gnodn3 L0  FORMAT (4 A1D)
uuunoa h’z FOR"AT (7x01516x|13'TX!2F902’SXQZF903'SXQngoll'sx’ngos'SXIFg-s,
g00003 Gk  FORMAT(/7/GX4¥FTRAIN NO¥ y3Xo*TRAIN TD¥,AK, ¥ KMX1*,5X, *KMX2%, 10X, *RL
. 1%, 7 X P R2¥ 411X *TNCL® 4 SX o *INC2* 512X, *21%,7X,%02%, 9X,*TOTAL 8*//}
§on003 46 FORMAT(//5X,*TEST DISCONTINUED, CRACK LENGTH GREATER THAN 1.5 INCH
77777 1ES*/ /) e
c
[ READ IN SPECTRUM INFORMATION- A COMPLETE SEQUENCE EQUALS 1/2 MGT
C ALSO READ TN INITIAL CRACK LENGTH AND CRACK GROWTH PARAMETERS
c
ao0o003 CALL SSHTCHT1 ,J0) o
c N
¥ JJ IS AN INDICATOR, IF JJ=1,K-CRACK LENGTH OATA ARF INPUT AND ANALYZFD
¢ IF JJ=2, A CT OR GC TYPE LABORATORY SPECIMEN IS USE!
c

FIGURE B~ 1 e e e et et e e e r

-{"j' 7



000005 50 TI=1
00006 Mx=12
_ 000007 11=17 e y -
paooio READ 2+SPCTRM,NSEQyADsCLsC2s MaTYP,PHXHs RESID,CONV,KTH,KG
800046 IFIEOF,5)110,55
“po0051 55 READ &,(SEO(I).I=1,NSED)
000064 I=1
000065 A=A
000067 AL=AD o
“Godo7o AZ=ATD i
_sooort IF(JJe EG. 1) A0=2, 0*AT
gooo74a C=C1¥10.0¥¥C2
c IF JJ EQUAL 1 (CONTROL CARD IN PLACE) READ K~CRACK LENGTHS
o010y PRINT B6+SPCTRM NSEQeAQsCoe My TYPPMX H4RESTID,CONV4KXTH,KC
000134 IF(JJ.EQ.2150 TO 60
T00013€ READ 40,CRKTYP
000144 READ 304 (KMAX(I) 41=1,6)y (KMIN{I),I=1,6)y (KRES(I),1=1,6)
000172 READ 30, (AK(T1,T=1,3)
D00204 PRINT 38 ,CRKTYP
go0z12 U0 58 i=1,3
600214 58 PRINT 364AK(T) 4 XKMAXIT) yKMINIT) JKRESUT) JKMAXCT4+3) JKMINCT+3),KRES (I+
in i
i 800237 I=1 o
H c
2 c READ IN STRESS DATA FOR EACH TRAIN OF CYCLES
E c
t000240 60 READ 8,TRAIN(I) R
Tun024¢€ T IF(EOF.5)80,65
_foo2sy 65 g=t - - o
100252 70 READ 1D04STRI(TI4J)+REP(I,J)
2 000266 IFISTRITWJ) JLE.0,801G0 TQ 75
“T 06272 J=J+1
_foore 0 GO TO 70 _
900274 75  JIIi=d4-1
_bogary I=T+1 I
f8a0300 60 TO 60
800340 80 N=I-1
000302 PRINT 34
_aog306 DO 82 I=1,N
000310 M1=JT(THY -
000312 PRINT 22 ,TRAIN(T)
000317 00 81 J=1,M1
000321 MIN(I,J)=RESTD=-C ONV*STR(T,J)
000330 WL{I.JI=STR(I,J) *1.72h
000332 81 PRINT 16,STR{I,J), HLUI,SI,REP(I,¥ R
000352 82 CONTINUE
000354 PRINT 18
“oon3e0 NP=NSEQ/II T
000363 DO 160 I=1,NSEQ
000365 NI=SEQ(I)
100367 160 TUI)=TRAININD)
000373 00 1780 I=1,nF **
000376 NA= (T-4)¥TT+1
0004007 NB=TI*T
000402 170  PRINT 24,1, (T{J) 4J=NA,NP)
000421 PRINT 28




PRIMTED IM U. S A,

14013

H
e START MUMERICAL INTEGRATION PROCESS
c
00042, MM=1 o
L LEY3 DO 155 IKk=1,NP B
800427 00 155 IJ=1,MX
000430 MIN(IK4IJ)=RESID
800434 155 SUM(IK,IJ)1=0.00
000443 DO 150 I=31,NSEQ e
000445 N1=SEQ(I)
_ 000447 Mi=JI(NL)
000451 WN=1H(T-1V 71T
000456 DO 150 J=1,M1
DO046D DO 150 K=1,MX
080461 IFISTRINLI,J) «NE.STR{1,X)1G0 TO 150 o
G0 u6? SUMINN,KI=SUMINN,KY*REP (N1, J)
_00047S _ MIN(NN,K)=RESID=CONV*STR (N1, J) N
pooses WL INN,K) =STRIN1, J}*1.724
000514 150 CONTINUE
00524 TF(JJGT L1V PRINT 12
00532 IF(JJ.ED. 1) PRINT &k
006540 7 yovr=0 ~ 7 T )
100551 TN=NN
000543 TP=1.0
800544 AT=AD
300546 ATI1=A072.0
0008550  AIZ=A0/2.0 o ~ .
T00551 84 TT=0.0
000552 85 IF(TPeGT40.0.0RaTTuEQeDe0) PRINT 20,MM
Tpoos?o T T TBLoG=D - T
000571 DO 105 I=1,NN
D00573 INC=0.0
800574 INC1=0.0
90576 INC2=0.0
bapsre KK=0 .
16577 00100 J=1, MY T
000600 AW=A/W
300602 R=MIN(I, J} /RESID
000606 _Irtnugytgmpn)n‘n | e
0ode1d IFI(R.GT.0.90160 T0 100 ) i -
000614 IF(JJ. EQ. 1160 TO 96
100616 IF(TYP.EQ.SHSENY GO TO 90
000529 KMX=PMX/ 0.50/W**0.50% (29 .6%AWP*0.5-185,.5%AW**] ,5+655, TPAWA*2 5101
17.%AW*¥3 ,5+638, 9FAN¥ ¥4 ,.5)
g0657 GO TO 95
000657 90 KMX=PMX¥SORT(AW*W) /0.50/W* (1. 99-0 b1 AN+ 18 7*ANY 22,038, 43%AWS53, 0
o 1+53.85FAWEX4.0) )
gao712 95  IF(KMX .GE.KCIGO TO 100 T T
000715 GO TO 97
C
I COMPUTE STRESS INTENSITIES FROM K=CRACK LENGTH DATA B
&
000715 96 IF(AL1.LT.AK(2)1K=1
“0g0721 TF{A2. LT AK (2L =T -
000725 IF(A1.GE AK(2))K=2
go0734 TF{AZ.GEAK(21IL=2




000734 KMXL=(RMAX (K #1)=KMAX (KD 1 * (A1-AK(K)I) Z {AKLK+1) ~AK(K) ) +KMAX (K)
000745 KMX 2= (KMAX (L +4) —KMAX (L¢3 1) ¥ (A2-AK (LI Z(AKLL+1)=AK{L) V+KHAX(L +3)
000755 KMNL1=(KMIN(K+1)-KMINCKI I * (AL -AK(X)) Z(AK(K41) ~AK(K) ) +KMINIK)
000765 KHN2 = (KM TN+ = KNTN (L #3 NV ¥ (A=A (LYY 7 AR (L # 1 =AKIL) Ve KMIN(L Y
apn77s KRS1= (KRES{K+1) =KRES (K} )*(A1~AK(K)) /(AK(K+1)=AK(K))4+KRES {K)
go100¢ KREZ= (KRES(L+QI-KRES(L¥3))‘(ﬂz-AK(L)ll(AK(L+1]-A((L))+KRES(L+3) )
001015 KMX1=KMYX1*WL(I,J)/719.04KRSL
001023 KMXZ2=KMX Z*RL (I+J) /19, 0+KRS2
004034 R1= (KMNL*KL (I4J) 719, D4KRS1) /K MX1 L
001040 RZ= (EMNZ *WL(I,J) 719, 0+KRS2) 7KMXZ
001046 KK=KK+1 -
001050 IF{KK.GT.1)G0 TG 98 T T
001052 STOR1=KMX1
001053 STOR2=KMX2
_ 001054 STOR3=R1
001055 STOR4=R2
001057 98 IF{R1.LT,.0.00)R1=0.00
001061 IF(RZ2.LT.0.00VR2=0.00 N
001063 IF(KMXLe LT« KTHIKMX1=KTH
001066 TF(KMX2. LT KTHI KMX2ZKTH
001071 IF(KMX1eGToeKCaORJKMX2,6TKCIGO TO 100
“00ii07 RATEI=C¥ (1. 0=R1) ¥¥2 0¥ (KMAT¥¥ 2 0-KTH¥¥2, ) ¥KNXT* ¥ (M=1. 0) 7 (RC-RNX{H
$ 001130 RATEZ=C* {1.0-R2) *%2, 0% {KMX2%*2 0 ~-KTH*%2,0) *KMX2**(M~-1,0) / (KC-KMX2)
FTH01157 TNCI=INC I+ RATEL¥SUNIT, J)
g 001165 INRCZ=INC2+RATE2*SUM(I,.J)
ETO0I171 GO YO0 104
901172 97  RATE=GY(1.0-R)**2,0% (KMX*%2, 0=KTH**Z2.0) *KMX*¥ (M=1.10) / (KC=KMX)
TOTI221 T T TINC=INCYRATENSUNTI L) -
00122¢ 100 CONTINUE
T E XS] A= A+INC -
2 001233 IF(JJ.6T.1)1GO TO 103
“T 001236 A1=A1+INC1
ILER-LY A2=A2+INC2
01242 A=A1+A? T
_Bo1243 00 KMX=1.0
001245 103 TOT=TOT+II )
001247 BLOC=BLOC+1
161250 IF(TT.ED.1.0.AND.TP.EQ.0.0) GO 10 195
_ 001260 IF(JJ.EQ.11G0 TO 104
“p0i2e? PRINT 14,707 4BLOCKMXINCeA -
001300 60 YO 105 . —
004304 1048 PRINT 424.TOT 4BLOCySTORLSTOR24STOR3 ySTORG ,INT14+INC2,A14A2.47
001333 IF(STOR1 «GELKC.OReSTORZ.GEKCINN=1T
101347 105 IFIKMX.GE.KCINN=1
001357 IF(KMX.GE.KCIGO TO 115
TH04361T 7 IF(STORIIGE.XC.OR.STOR?,GE.KCIGO TO 115 o -
001372 IF(AGT.1.,501G0 YO 114
“00i37e WN=WM+T -
c .
C EVALUATE CRACTK GROWTH AND USE AN AVERAGE GROWTH RATE TO EXTEND CRAGCK
c AT LEAST 5 PERCENT OF INITIAL CRACK LENGTH IF SUCH GROWTH HAS NOT
t OCCURRED IN THE PAST SEQUENCE T
c
001377 T IF(A.EQ.A0IGO TO 120
noi401 AD=A-AT
001403 AD1=A1-AI1l

S . S



PRINTED 1M U. 5. A,

1413

001405 ADZ=A2~A12
001407 AB=0.05%A
0014114 AI=A )
001412 AT1=AL
001413 AT2=A? B
00141y RR1=AD1/ (AD1+AD2)
001417 RR2=1. 0=RR1
981421 IF (MM GT c1.AND T T.6GT.0.0) GO TO 106
_ 001434 TP=0,0
901435 187 AC=AD
001437 IF (AD. GT.ABIGOD TO B4
001442 FRAC=AB/AD
D04 443 NINC=FRAC
001445 MM=MM#NINC
001646 A=A+NINC*AD ~
001451 IF{JJ.GT.11G0 TO 108
001455 Al=A1#NINC* AD*RR1
801460 A2=A2+NINC¥AD*RR?Z
001464 108  AOD=NINC*AD
601467 TT=1.0
801470 AI=A -
001472 ATL=A1
001473 Al2=82
T8 {475 ¥OT = TOT+B5*NINC -
001500 G0 70 85
g01501 106  A=A+NINC¥(AD+ACI /2.0-A0D
_Boisa7 IFtJJ.GT.1)G0 7O 109 e - -
101612 A{=A1+ (NINC* TAD+ACT /72 0<A0BY #RR1 - -
601522 A2=A2+ ININC* (AD+AL) /2. 0~-ADD) *RR2
001531 109 TP=1.0 S -
p01533 GO TO 107
001533 {11 ~PRINT 46
001537 115 AA=MM-1
001542 BB=NN T
001543 MGT=AA/2 .0+BR/(TN*2.0)
T801551  PRINT 26,TOT.MGT T
801561 G0 TO 50
01562 120 PRINT 32
001566 G0 TO S0
001567 110 CGALL EXIT - -
001570 END -




TABLE B-1. INPUT CARD REQUIREMENTS

Card Variable : Variable
Dascripcion Name Columns Fleld Description
Parasetars
Card SPCTRM 1-10 Al0 Spectrum name
NSEQ 11-15 15 ¥umber of trains per sequence
AD 16-20 F5.3 Initial crack length
Cl 21-25 F5.3 Crack growth intercept mantissa
c2 27-29 I3 Crack growth intercept exponent
M 36-40 F5.3 Crack growth exponent
- Specimen type, CT= compact tension;
™ A1-43 a3 CC= center cracked panel
MX 44-50 F7.3 Maximun load on specimen (kips)
W 51-55 F5.2 Specimen width (in.)
KESID 56~60 5.2 Rasidual streas (ksi)
conv 6165 F5.3 Load to sirass conversion factor
ol 66-70 #5.1 Threshold stress intesnsity (ksi/Ia.)
(o 71-75 F5.1 Fracture toughness level (ksi/In.)
Train . The pattern of trains within am
Sequencs SEQ(T) i-80 40 12 cverall sequence is defined
Card I=1,NSEQ as 1 sequencs =X MOT
c:ack-tyrt
Cardla) CHRETYP 1-40 4ALO Crack typas description
K=Crack
Lnngt? FMAX(T) 1-80 10r8.2 Maximum stress intensities,
Card(a) I=1,8 3 crack lengehs, 2 sides of crack
RMIN(I) Minimmm stress incensitiles,
I=1,6 3 crack lengths, 2 sides of crack
KRES(I) Residual stress latensity levels,
I=1.,6 3 crack lengths, 2 sides of crack
i AXCD) 1-24 318.2 3 crack lemgths for
C:Ld(‘) I=1,3 stTess intengity values
) TRAIN(D) 1-5 AS Train identification
Stress and Maximum stress for Tth
Repeti 2? STRESS(1,J) 1-10 F10.2 train at levei J
Card RER{T, D) 2-10 110 Number of stress repetitions

for Ith train at lavel J

(a) Inciuded if SWITCH,l fncluded.
(h) Repeated at beginning of each series of stress and cycle repeiition cards.
{(¢) The mmber of cards correspond to the number of stress levels within each train.



| A sample of the program output is given in Figure 2. The output
includes 4 or 5 major segments of informatiom. First, the basic input
parameters are printed for reference purposes. Second, the K-crack lemgth
data are tabulated if that type of analysis is being performed. Stress-
intensity levels are giveun for 3 crack length and for both sides of the
simulated rail flaw (@ = Q0 and 180 degrees). Third, the stress ranges,
maximum wheel loads and number of occurrences per train are tabulated.
Fourth, the type and sequence of trains in each 17-car block are shown,
5 blocks constituting 1 sequence or % million gross tons (MGT) of rail
traffic, Fifth, and most important, the computed stress intensities, stress
ratios, incremental crack extensions and total crack growth are given for
an increasing number of trains until one of two conditions is met, either
the crack grows to 1.5 inches in length or the crack tip stress intensities
on one side of the flaw reach the critical stress intensity. At this point,
the total trains and million gross tons of traffic are tabulated and the

run is completed,



Fy
(! -
SPECTRUM NAME FEC+UP RAN
€ N0 QOF 2
INITIAL CRACK 0.330
DAON_INTERCEPT la42700E-08
s DADN SLOPE 2.130
SPECIMEN TYPE. SEN
MAXIMUM LOAD 9,000
C . SPECIMEN WiDTH 300
RESIDUAL STRESS 9,01
_STRESS.TO LOAD . (e362
C X-THRESHOLD 13,5
GRITICAL K 55,0
C
- K=CRACK LENGTH DATA FOR TRANSVERSE FISSURE (HARD ROAD BED) _ _
L 4
THETA= G0 THETA=188
CRAGK LENGTH KMAX KMIN KRES KMAX KMIN KRES
L )
: 00150 1,60 =8,00 13,00 1.00 -6,00 13.00
' 8a400 1408 =13.00 22,80 2,00 -8.00 13.00
___Q,,BUO 1.G0 ‘17:3& 1}3-,50 1_-_00 ‘8.&“ 13!0“_,
c 2
€
STRESS RANGE  WHEEL LOAO  OCCURENCES
C
TRAIN Al :
€ 35.0035 60 ¢ 340 i
32.800 56e547 1
304409 524610 5
C 28.000 48.272 15
25.000 43,100 40
22.903 39.480 %0
( 204500 35,342 100
17.500 304170 100
1440070 240136 540
C 10.500 18.102 27
74200 12,413 21
€ TRAIN A2 .
32,800 564547 1
. 304400 52410 3
C 284509 484272 10
25,000 43,100 3q
22,900 39,480 20
t .
{

FIGURE B-2,
[



22,500 35. 342 50
17.500 30.170 5g
144000 244136 25
104550 18.102 6
72204 124413 5
TRAIN A3
30.430 G2.410 1
o 28.q01 484272 5
25.000 4341480 20
o  22.903 394480 25
204508 35, 342 50
17.500 30,178 100
144003 244136 10¢
10.504 184152 50
7.200 12,413 49
o
TRAIN B
25.000 43100 2
22.900 39,480 3
204500 354302 13
17.504 30,170 23
14.090 244136 50 —
104508 18,102 50
7230 * 120413 127
TRAIN c i — R
254000 434100 3
e 224900 39,483 7
2Ge 500 35,302 16
174503 304470 25
14030 2ke136 110
10+540 184102 150
7.200 124413 169
TRAIN )
20.500 35,362 2
17.5460 36,170 4
14,630 244138 35
10.509 184102 31
7.200 12,413 72
TRAINS PER BLOCK OF EACH SEQUENCE
"BLOCK NO. 1 B 8 8 B B a B A3 8 B 7 8 B 8 A3
BLOCK NO. 2 8 B At 8 8 a3 A3 A2 ¢ C A3 8 B C B
BLOCK NO, 3 ) C A2 8 c B B 8 D 8 8 c B 8 [
BLOCK NO. & 8 8 8 B c B 8 B8 B A3 8 A2 B8 8 ¢
NO. 5 8 7] ) 8 c 8 8 8 8 8 8 8 B8 a8 8

8LOCK

B
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APPENDIX C

| REPORT OF NEW TECHNOLOGY

/

— N —

This report contains experimental data on fatigue crack propaga-
tion in specimens cut from rails, The specimené were subjected to a cyelic
load history simulating actual rail service loading. The results of the
experiments could be predicted reasonably well on the basis of constant
amplitude crack growth data generated previously.

After diligent review of the work performed to establish the data
base and the predictive scheme, it is believed that no patentable inmovation,

improvement, or invention was made.
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