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Facility for Accelerated Service Testing (FAST) to the safety life-cycle 
program. Task 4 assesses the feasibility of a rail vehicle system valida- 
tion/qualification p r o g r a m  to improve railroad safety. Task 5 provides for 
project m a n a g e m e n t  and engineering direction of technical projects in sup­
port of overall p r o g r a m  goals. Task 6 involves performing an analysis to 
develop structural integrity criteria for the safety life-cycle of rail vehicle 
components that are critical to safe operation.

Presented in this report is an evaluation of the structural integrity 
criteria for those railcar components critical to the safe service life of 
rolling stock. Current railroad design, testing, manufacturing, quality 
control, and service performance (inspection and maintenance) practices 
have been reviewed and compared with safe service life concepts extracted 
from the practices of other industries. A  result of this effort is an analy­
tical approach to the preparation of safety life-cycle prediction guidelines 
for side frames. The cooperation of the m a n y  railroad people contacted in 
generating this report is gratefully acknowledged. Special recognition is 
addressed to the following:

v



Abex Corporation, Mahwah, N e w  Jersey 

American Steel Foundries, Chicago, Illinois 

Berwind Railway Service Co., Wilmington, California 

Railway Educational Bureau, Omaha, Nebraska

vi



C O N T E N T S

F O R E W O R D ................... . . . . ................. .........

1. I N T R O D U C T I O N  ............................. ..........

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

2.1 Identification of Critical Components ..............
2.2 Design and Prototype Testing . . ................ .
2.3 Material Quality Control, Manufacturing, and

Process Control....................................
2.4 Service P e r f o r m a n c e ................................

3. C U R R E N T  R A I L R O A D  S T R U C T U R A L  I N T E G R I T Y
P R A C T I C E S  ..................... . . .......... . . .

3.1 Materials - G e n e r a l ................................
3.2 Side F r a m e s ................................... . .
3.3 Truck Bolsters.......................
3.4 C o u p l e r s ............................................
3.5 Axles .............................................
3.6 W h e e l s ............................. ...............

4. D A M A G E  T O L E R A N C E  A N D  F A I L U R E  M O D E  A N A L Y S I S  .
4.1 Materials - G e n e r a l ................................
4.2 Side Frames/Bolsters/Couplers....................
4.3 Axles/Springs/Center P i n s ........................
4.4 Wheels ..............................................

5. S A F E T Y  L I F E - C Y C L E  P R E D I C T I O N  T E C H N I Q U E S  . . .
5.1 Conventional Fatigue Analysis ....................
5.2 Constant Amplitude S L C  Analysis..................
5.3 R a n d o m  Load Effects...............................

6 . A P P L I C A T I O N  O F  R A N D O M  L O A D  A N A L Y S I S  T O  A
SIDE F R A M E ......................................... ..

6.1 Spectrum of Cyclic Stresses in a Side F r a m e  . . . .
6.2 Significant Loading Parameters for Steel Castings

Used for Side F r a m e  Material....................
6.3 Side F r a m e  Life E s t i m a t e s ........................
6.4 Allowable Flaw Size Requirements and Safe-Life

Estimates . ......................................

y

vii

P age

1-1

2 -1

2 -1
2 - 5

2 - 7
2 - 8

3 -1

3 -1
3 - 3
3 -  7 

3 - 1 1  
3 - 1 4
3 -  20

4 -  1

4 -  1
4 -  13 
4 - 2 0  
4 - 2 2

5 -  1

5 - 2
5 -3
5 - 6

6 -1

6 -1

6 - 2
6 - 4

6 - 4



6 .5  S ide  F r a m e s  in  T e s t  M a c h in e s .............................................. 6 -1 3
6 .6  S a fe ty  F a c to r s  a n d  S e n s it iv i ty  A n a l y s i s .......................  6 -1 9

7 . D IS C U S S IO N ......................................................................................................... 7 -1

7 .1  R e c o m m e n d e d  A c t i v i t i e s ...........................................................  7 -1
7 .2  L im ita t io n s  o f P ro p o s e d  S L C  C r a c k  P r e d ic t io n

M o d e l ....................................................................................................  7 - 6

8 . S U M M A R Y  ......................................................................................................... 8 -1

8 .1  C u r r e n t  R a i l r o a d  P r a c t ic e s  ..................................................  8 -1
8 .2  D a m a g e  T o le r a n c e  an d  F a i lu r e  M o d e s .............................  8 -2
8 .3  S a fe ty  L i f e - C y c le  P r e d i c t i o n ..................................................  8 - 4
8 .4  C o n c lu s io n s  B a s e d  on S id e  F r a m e  A n a ly s is  . . . .  8 -6

9 .  R E F E R E N C E S ....................................................................................................  9 -1

A P P E N D IX  A  R A N D O M  L O A D  D IS T R IB U T IO N  F U N C T IO N S  . . A - l

A P P E N D IX  B E V A L U A T IO N  O F  A  R E L A T E D  T H E O R E T IC A L
M O D E L  ...................................................................................... B - l

A P P E N D IX  C G L O S S A R Y  O F  A B B R E V IA T IO N S  A N D  T E R M S  . C - l

CONTENTS (Continued)
Page

viii



IL L U S T R A T IO N S

2 -1
2 - 2
2 - 3

2 -  4

3 -  1
3 -  2

4 -  1 

4 - 2  

4 - 3  

4 - 4  

4 - 5

4 - 6

4 - 7

4 - 8

4-9

4 -  10

5 -  1

5 - 2
5 - 3
5 - 4

F ig u re

Structural Integrity P r o g r a m  Elements. ..................
Components of Freight Car Truck S y s t e m ................
Schematic Showing Relation Between "Initiation" Life

and "Propagation" Life ............................ . .
Annual Failure Rates of Selected Components Causing

Derailments F r o m  1965 to 1974  ............................... .....................

Carbon Content of Freight Car C o m p o n e n t s ..............
Sample F R A  Periodic Inspection Checklist ..............

Relative Location of Various Rail Vehicle Components
on the Ratio Analysis D i a g r a m .......... , ..............

Effect of Carbon Content on Strength and Toughness of
Railroad Steel Components ............................

Potential Failure Modes of Freight Car Components at
R o o m  Temperature ...................................

Location of Railroad Steels Relative to the Fracture
Toughness Technology Limit , ..........................

Relative Location of Grades B  and C  Castings (Bolsters 
and Side Frames) on the Ratio Analysis Diagram at
Various Temperatures ................................

D a m a g e  Tolerance of Casting Steel Grades at R o o m
Temperature .........................................

Relative Locations of Grades C  and E  Castings
(Couplers) on the Ratio Analysis Diagram at Various
Temperatures . . .......... •..........................

D a m a g e  Tolerance of Axles, Center Pins, and Springs
at R o o m  Temperature ............ .. ................

Relative Location of Classes, U, A, B, and C  Wheel 
R i m s  on the Ratio Analysis Diagram at Various
Temperatures ..........................................

D a m a g e  Tolerance of Wheel R i m s  at R o o m  Temperature .

Typical Fatigue Life S-N Curve Separated into Crack
Initiation and Crack Propagation ......................

Fatigue Crack Growth Data and Interpretations..........
Truck Bounce Load S p e c t r a ..............................
Apparent Dependence of Load Parameter on Car

Velocity for Loaded Hopper C a r ........................

4
ix

*

2 - 3
2 - 4

2 -  9 

2 - 1 0

3 -  4
3 -  8

4 -  8 

4 - 1 0  

4 - 1 2  

4 - 1 2

4 - 1 4

4 - 1 6

4 - 1 8

4 - 2 1

4 - 2 3
4 - 2 4

P age

5 - 4
5 - 7

5 - 1 7

5 - 1 8



IL L U S T R A T IO N S  (Continued)

F ig u re  Page

5 -5  L i fe  P r e d ic t io n  C h a r t  -  C a s e  I .................................. ...................... 5 -2 3
5 - 6  L i f e  P r e d ic t io n  C h a r t  -  C ase  I I ............................................................. 5 -2 3
5 - 7  L i fe  P r e d ic t io n  C h a r t  -  C a s e  I I I ........................................................  5 - 2 4
5 - 8  L i f e  P r e d ic t io n  C h a r t  -  C a s e  I V ........................................................  5 - 2 4
5 - 9  L i fe  P r e d ic t io n  C h a r t  -  C a s e  V  ........................................................  5 -2 5
5 -  10 L i f e  P r e d ic t io n  C h a r t  -  C a s e  V I ......................................................... 5 -2 5

6 -  1 Jo h n s o n 's  (1 9 7 4 )  S id e  F r a m e  C r a c k  G ro w th  D a ta  v e rs u s
L o w  A l lo y  S t r u c tu r a l  S te e l D a ta  ..................................................  6 -3

6 -2  R e la t io n s h ip s  B e tw e e n  In i t i a l  C r a c k  S iz e , L o a d  C y c le s ,
an d  R a i l  M i le s  f o r  N o m in a l T o u g h n e s s  C o n d it io n s  . . . 6 -6

6 -3  R e la t io n s h ip  B e tw e e n  In i t i a l  C r a c k  S iz e , L o a d  C y c le s ,
and  R a i l  M i le s  f o r  R e d u c e d  T o u g h n e s s  C o n d it io n s  . . 6 -7

6 - 4  L o w e r -B o u n d  P r o b a b i l i t y  o f D e te c t io n  o f F a i lu r e
C ra c k s  as  a F u n c t io n  o f C r a c k  S i z e .........................................  6 -1 0

6 -5  V is u a l E x a m in a t io n  L im i t s  f o r  C r a c k  D e te c t io n  and
A s s o c ia te d  S afe  L i f e  U n d e r  N o m in a l  T o u g h n e s s
C o n d itio n s  ........................................................................................... i . 6 -1 1

6 - 6  V is u a l  E x a m in a t io n  L im i t s  f o r  C r a c k  D e te c t io n  and
A s s o c ia te d  S afe  L i f e  U n d e r  R e d u c e d  T o u g h n e s s
C o n d itio n s  ................................................................................................ 6 -1 2

6 - 7  C ra c k  G ro w th  R e s p o n s e  (g ro w th  to  0 .5  in .  ) in  A S F
F a t ig u e  T e s t  f o r  V a r y in g  D e g re e s  o f D e s ig n  
C o n s e r v a t is m  ...........................................................................................  6 -1 6

6 -  8 C ra c k  G ro w th  R e s p o n s e  in  A S F  F a t ig u e  T e s t  fo r
V a r y in g  D e g re e s  o f  D e s ig n  C o n s e r v a t is m  . . . . . . .  6 -1 8

7 -  1 E f fe c t  o f In t e r n a l  D e fe c ts  on F a t ig u e  L i f e  o f an
A lu m in u m  A l lo y  F o r g e d  P l a t e .......................................................  7 -2

4

I X



I L L U S T R A T I O N S  ( C o n t i n u e d )

T a b l e  P a g e

2- 1 Structural Integrity Documents R e v i e w e d ................  2-2

3- 1 Steels Used in Freight Car Components ................  3-2
3-2 S u m m a r y  of Manufacturers' Inspection and Testing

Practices for Side F r a m e s  .....................   3-6
3-3 S u m m a r y  of Manufacturers' Inspection and Testing

Practices for Bolsters .................................. 3-10
3-4 S u m m a r y  of Manufacturers' Inspection and Testing

Practices for C o u p l e r s .................................. 3-13
3-5 S u m m a r y  of Manufacturers' Inspection and Testing

Practices for Axles ......................    3-16
3-6 Test Flaw Diameters (in.) for 1-in.-Deep Flat Bottom

Holes ...................   3-17
3-7 D a m a g e  Tolerance Limits on Flaws Found in Newly

Manufactured Axles, According to A A R  Standard
M - 1 0 1 ....................................................3-18

3-8 F R A  and A A R  Periodic Inspection Criteria for Axles. . . 3-19
3-9 S u m m a r y  of Manufacturers' Inspection and Testing

Practices of W h e e l s .................................. . 3-21
3-10 Nondestructive Inspection Practices for N e w  Wheels . . . 3-23
3- 11 F R A  and A A R  Inspection Criteria for W h e e l s ...............3-24

4- 1 Yield-Strength and Fracture-Toughness Values for
Bolsters and Side Fra m e s  at Various Temperatures . . 4-3

4-2 Yield-Strength and Fracture-Toughness Values for
Couplers at Various Temperatures ..................  4-4

4-3 Yield-Strength and Fracture-Toughness Values for
Wheels at Various T e m p e r a t u r e s ...............   4-5

4- 4 Yield-Strength and Fracture-Toughness Values for
. Wheel R i m s  at Various Temperatures.'................  4-6

5- 1 Hopper Car Load Distribution P a r a m e t e r s .................5-17
5-2 Crack Propagation Variables for Life Estimation...........5-20
5-3 Structure of Variables in Life Prediction C h a r t s .......... 5-22 .
5- 4 Systematic Variation of Life Prediction F a c t o r s ...........5-22

6- 1 Estimates of Side F r a m e  Loading ......................  6-5
6-2 Side F r a m e  Classifications .................................6-15
6-3 A S F  Fatigue Test Compatibility Limits C o m p a r e d  to . .

20-Year Service R e q u i r e m e n t s .............  6-17

x i



1. I N T R O D U C T I O N

The purpose of this report is to evaluate the structural integrity- 
criteria for critical railcar components. Although the railroads do not 
have a formal structural integrity program like that specified by the Air 
Force for military aircraft (Military Standard 1530A), structural integrity 
criteria do exist and can be inferred from railroad practice. The railroad 
industry follows the standards r ecommended by the Association of American 
Railroads (AAR) for design, manufacture, materials, testing, inspection, and 
repair of rail vehicles. These standards extensively cover freight cars.

For this study, existing A A R  documents and practices have been 
reviewed giving special attention to safe service life parameters such as 
design safety margins, damage tolerance, durability limits, component 
strength, and toughness. The implementation of these standards by designers, 
manufacturers, and inspection shops has been surveyed along with the addition­
al safety and quality assurance practices which have evolved through years of 
manufacturing experience. These current railroad structural integrity prac­
tices are described in Section 3.

Safe service life concepts and practices of other industries have also 
been reviewed for comparison with railroad structural integrity criteria. 
Subjects of study were aircraft, space vehicles, wind tunnels, offshore 
structures, bridges, and ship hulls. Elements c o m m o n  to their structural 
integrity programs are extracted in Section 2.

The terms used in this report to describe safe-life criteria for rail- 
car components are consistent with those applied in general industry. They 
have been refined to incorporate life-cycle predictions based on manufacturing, 
testing, and nondestructive inspection procedures. The combined inputs of 
Sections 2 and 3 are analyzed in Section 4 to identify testing procedures and 
material changes that would advance railroad structural integrity practices 
with respect to failure m o d e  analysis and damage tolerance based on strength 
and toughness parameters.
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Section 5 details an analytical approach to generate safe-life pre­
diction guidelines that couple the degree of inspection and nondestructive 
test results with the remaining life-cycles for a randomly loaded structural 
component. Side frames are selected as a specimen example from which 
additional test requirements are specified to (1) obtain necessary informa­
tion for safe-life predictions and (2) establish the validity of the prediction 
methodology.

In essence, it is concluded from this study that the railroad industry 
has evolved a structural integrity program that provides a relatively safe 
m o d e  of transportation for freight. In m a n y  cases throughout this report, 
results based on fracture toughness correlations and analysis have reinforced 
the use of existing fracture m o d e  and safety life-cycle criteria. The fact 
that the analysis is consistent with existing practice gives credence to the 
predicting capability of fracture mechanics technology. Now, new streamlined, 
lightweight, high performance design concepts can be implemented by the 
railroad industry without the expense and hazards of progressing through a 
learning curve and without any sacrifice in safety and reliability.
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2 .  E L E M E N T S  O F  A  S T R U C T U R A L  I N T E G R I T Y  P R O G R A M

The purpose of any structural integrity pr o g r a m  (SIP) is to en­
sure that the structure will perform its design function safely under 
various loading and environmental conditions for its expected design life. 
T w o  major considerations are (1) ho w  will the structure respond to the 
failure of a component (i. e. , failure m o d e  analysis) and (2) h o w  long will 
the structure continue to perform safely (i. e. , safety life-cycle analysis). 
In order to compare the safe-life concepts of the rail industry with the 
structural integrity practices of other industries, design and verification 
documents (Table 2-1) for aircraft, space vehicles, wind tunnels, and off­
shore structures were reviewed, and elements important to structural 
integrity analysis were extracted.

The elements of a structural integrity p r o g r a m  can be divided 
into four categories:

• Critical component identification;
• Design and prototype testing;
• Materials and quality control testing combined with m a n u ­

facturing and process control and component testing; and
• Service performance including periodic inspection, m a i n ­

tenance, and failure analysis.
A  s u m m a r y  of the elements for a rail vehicle under each of these cate­
gories is shown for two critical systems in Figure 2-1.

2.1 I D E N T I F I C A T I O N , O F  C R I T I C A L  C O M P O N E N T S  
) ■

T w o  critical groups of freight car components are the suspension
system (truck, wheels, and axles) and the draft system. (See column 1 of 
Figure 2-1.) The suspension system is of particular importance because 
its components statistically cause m o r e  failures than the car body, under­
frames, and draft system. The components of the suspension system are 
included in Figure 2-2.
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T a b l e  2 - 1 .  S t r u c t u r a l  I n t e g r i t y  D o c u m e n t s  R e v i e w e d

Reference Source Title
Date of 

Publication Other Relevant Data
U. S. Air Force Aircraft Structural Integrity 

P r o g r a m
August 1977 A F R  80-13 / A F S C / A F L C  

Sup. 1
Rockwell International 
Space Division

Fracture Control Methods 
for Space Vehicles

January 1977 SD73-SH-0171-1

Journal of Engineering 
Materials Technology

A  Procedure for Verifying 
the Structural Integrity of 
an Existing Pressurized 
Wind Tunnel

October 1977 N A S A

Aerospace Report No. 
ATR-77(7627-01)-2

Verification of Structural 
Integrity of Existing Offshore 
Structure

1977

American Bureau of 
Shipping

Material Guidelines to R e ­
duce the Risk of Structural 
Failure in Offshore Mobile 
Drill Units

1978

D E T  N O R S K E  
V E R I T A S

Rules for the Design, Con­
struction and Inspection of 
Offshore Structures

1975

Advisory Group for 
Aerospace Research 
and Development

U S A F  Durability and D a m a g e  
Tolerance Assessment of 
the F - 5 E / F  Aircraft

September
1976

Engineering Fracture 
Mechanics, V. 7

A A S H T O  Fracture-Tough­
ness Requirements for 
Bridge Steels

1975

Naval Engineers 
Journal

Structural Integrity Criteria 
for N e w  Hull Materials

October 1976
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Figure 2-1. Structural Integrity P r o g r a m  Elements
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1. BRAKE CYLINDER
2. TRUCK SIDE BEARING ROLLER GUIDE
3. TRUCK SIDE BEARING ROLLER
4. BODY CENTER PLATE
5. CENTER PIN
6. BOLSTER BOWL
7. CENTER PIN CROSS KEYS
8. BOLSTER
9. CENTER PLATE EXTENSION PADS 
10. WHEEL

11. SIDE FRAME
12. SIDE FRAME PEDESTAL LEG
13. DUAL RATE NESTED LOAD SPRINGS AND CUPS
14. SIDES FRAME GUIDE
15. FRICTION WEDGE
16. BRAKE BEAM AND BRAKE SHOE LOCKING KEY
17. BRAKE SHOE
18. HAND BRAKE LEVER
19. ROLLER BEARING
20. ROLLER BEARING ADAPTER

Source: Railway Educational Bureau

Figure 2 -2 .  Components of Freight Car Truck System
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Four components of the suspension system--side frames, 
bolsters, wheels, and axles--are structurally critical because their fail­
ure could cause derailment. These nonredundant, primary, load carrying, 
safe-life structures have been selected for further discussion. Safe-life 
is determined by translating the number of loading cycles into time or 
miles for an initial defect of known size to grow to a size capable of caus­
ing a fracture. Thus, the failure prevention of these components must 
be controlled by inspection and maintenance at appropriate intervals.

2.2 D E S I G N  A N D  P R O T O T Y P E  T E S T I N G

A  structural integrity program requires prototype testing and 
accelerated testing. A  prototype design incorporates structural integrity 
by considering the anticipated service loads, the material response to 
these loads, and the consequences of partial or complete component failure. 
Prototype testing verifies the structural integrity of a n e w  design by sub­
jecting it to a real or simulated service environment. Accelerated testing 
involves exposing the design to loads m o r e  frequently than would be en­
countered in normal service. This testing technique is often applied in 
an effort to empirically determine useful life or eventual failure modes.

In order to be sure that a structure will perform its design func­
tion for its expected design life, it is necessary to kn o w  either the safe- 
life of the structure and its components or the extent of da m a g e  to the 
performance of the vehicle that a failure of the component would cause. 
These two design approaches are known as safe life and fail safe, respec­
tively.

2.2,1 Safe-Life Design

Safe-life design is based on predicting a finite life or a specified 
n u m b e r  of applied load cycles prior to failure. The accuracy of the
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analysis increases as the stresses are m o r e  accurately characterized. 
Reliability of the analysis is strongly dependent on the reliability of find­
ing flaws by conventional nondestructive inspection techniques. Exact 
characterization of stresses and materials response is necessary to m a k e  
the safe-life approach economically feasible in designing high performance 
structures.

The critical railroad truck components must be classified as safe- 
life components; in s ome cases the technology of safety life-cycle analysis 
m a y  be a necessity as opposed to an aid to operations. Another alternative 
is drastic design modification that would alter these components so as to 
function in a fail-safe mode. The latter subject is outside the scope of this 
study, but should be addressed in the future.

2,2.2 Fail-Safe Design

In the fail-safe design concept, the structure is designed to last 
beyond the intended service life and the appropriate safeguards are incor­
porated into the design of the structure so that failure of a component will 
not endanger the remaining structure (i. e,, catastrophic failure of the sys­
tem does not result). Thus, the component can be replaced or repaired 
in an orderly manner. Redundant structures or parallel load-carrying 
m e m b e r s  are considered to be fail safe when the load transfer is not 
severe enough to result in overload and immediate failure of the other 
m e m b e r s  and subsequent failure of the system. A n  example of this type 
of design in railroad vehicles is the multiple truck spring nests.

Crack arresters are often considered an approach to fail-safe 
design because excessive crack growth, even initiating from a brittle 
fracture, is arrested before the structure fails. This technique is practical
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by using side stakes in the w all studding o f.fre igh t c a r s . When load  tran sfer 

is  the b a s is  fo r  c ra ck  a rre s t , the associa ted  analysis is s im ila r  to that used 

fo r  b r id g es , o ffsh ore  p la tform s, p ipelines, and ship hu lls. N on critica l 

com ponents under current design  p ra ctice s  m ay not benefit sign ificantly  

fro m  safety l i fe - c y c le  analysis and m ay b est be a d d ressed  v ia  fa il-s a fe  

design  concepts that u tilize  se lective  com ponents designed to fa il to p r e ­

vent overload .

2. 3 M ATERIAL QUALITY CONTROL, MANUFACTURING, AND

PROCESS CONTROL

The next step in ensuring structural in tegrity  is  the con tro l o f 

m ateria ls  and p rocess in g . The goal is  to consistently  guarantee that the 

m anufactured com ponent p er fo rm s  up to the expectations o f the design 

analysis qualified by testing. Raw m ateria ls  m ay be checked  by ch em ica l 

ana lysis and som etim es by testing the m echanical and fra ctu re  p rop erties .

The final p rodu ct is  m easured  to v er ify  design d im ensions within a p re d e ­

fined  to leran ce . The quality o f the m anufacturing p r o c e s s  m ay a lso  be 

checked  by testing the m echanical p rop erties  and fra ctu re  toughness o f 

the fina l p rodu ct m ateria l. F inal product inspection  m ay include visual 

and m agnetic p a rtic le  inspection  fo r  surface d e fects , x -r a y  and u ltrason ic 

in spection  fo r  internal d e fects , o r  any num ber o f other nondestructive 

in spection  p roced u res . P ro o f  testing is  p erform ed  to guarantee that 

cra ck s  do not exceed  a w e ll-d e fin ed  m axim um  in itia l c ra ck  s ize  and lo c a ­

tion in the structure o r  com ponent. The test con sists  o f loading the com p o­

nent to the s tress  at which that d esired  m axim um  flaw  b e com es  o f c r it ica l 

s ize . F u ll-s c a le  com ponent testing includes static loading to ensure su fficien t 

com ponent strength and rigid ity  o r  dynam ic loading to ensure a m inim um  

num ber o f loading cy c le s  ( i . e .  , safe life ).
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2 . 4 S E R V I C E  P E R F O R M A N C E

Service performance is that part of a structural integrity p rogram  
that includes periodic inspection, service experience (i.e., data tagging 
logistics), maintenance, and failure analysis. W h e n  safety life-cycle analysis 
is part of the design phase of a structural integrity program, it is typical 
to follow up the life-cycle prediction with periodic inspections before the 
predicted life is expected to expire in order to control the risk of p r e m a ­
ture failure. A  measure of the safe life--often a factor of 3 or 4--is chosen 
as some fraction of the total calculated life. This m e a n s  that a component 
designed (by safety life-cycle practices) to last 20 years would be inspected 
every 5 or 6 years. Currently, Federal Railroad Administration (FRA) peri­
odic inspection intervals are 8 years for n e w  freight cars and every 4 years 
thereafter. Such practice is consistent with normal flaw or crack behavior in 
engineering structures. During the initiation stage, a flaw or crack grows at 
a m u c h  slower rate than during the propagation stage (where flaws are large 
enough to be detected). Figure 2-3 schematically illustrates the delineation 
of the two stages.

Logging service experience and failure analysis helps identify 
or verify deficiencies in the initial design analysis. A  s u m m a r y  of the 
trends in failure rates of various freight car components during the 1965 
to 1974 period is shown in Figure 2-4. Observed is the essentially con­
stant decrease in the failure rate for side frames. This could be a result of 
the inclusion of a fatigue acceptance test into the specification. The bolster 
failure rate is erratic but can be considered constant with a large degree 
of scatter. Axles show an overall downward trend since the beginning of 
the reporting period, which could have been influenced by the incorporation 
of results from studies on the effect of surface finish on fatigue. The up­
swing in the failure rate of center plates since 1972 is notable. A n  attempt
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should be m ade to understand the significance o f these shifts with regard  

to con cu rren t changes in A ssocia tion  of A m erican  R a ilroad  Specifications 

(A AR , 1976).

S ou rce : R o lfe -B a rso m , 1977.

F igu re  2 -3 . Schem atic Showing R elation  Between "In itiation" 
L ife  and "P ropagation " L ife
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Figure 2-4. N u m b e r  of Failures of Selected Components Causing 
Derailments from 1965 to 1974 (approximately 
3 x 1C)9 freight car miles per year)
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3. CURRENT RAILROAD STRUCTURAL INTEGRITY
PRACTICES

The A ssocia tion  o f A m erican  R ailroads (AAR) is  the organization  

p r im a r ily  resp on sib le  fo r  standardization o f  ra ilroad  structural in tegrity  

p ra c t ic e s  in  m ateria ls  selection , design, com ponent v er ifica tion  testing, 

m anufacturing, and p rocess in g  con tro ls , and se rv ice  p erform an ce  (including 

logging actual se rv ice  e x p e r ie n ce ,, fie ld  inspection , m aintenance, and fa ilu re  

data. In this section , current p ra ctice s  are review ed  fo r  the pu rpose  of 
identifying those related  to the structural integrity  p rog ra m  elem ents identi­

fied  in F igure 2 -1 . C ritica l com ponents o f the suspension system  are the 

m ain area  o f  concentration . Structural in tegrity  p ra ctice s  fo r  cou p lers  are 

included fo r  com p arison  because they are a data sou rce  fo r  casting  Grade C 

steel w hich is  a lso  used fo r  b o ls te rs  and side fra m es .

Rather than include a "M a ter ia ls "  section  fo r  each com ponent,

Section  3. 1 deals with the subject o f ra ilca r  stee ls  in g e n e ra l--th e ir  

ca rbon  content, heat treatm ent, and form in g  m ethods. Sections 3. 2 through

3. 6 detail structu ral integrity p ra ctice s  fo r  the c r it ic a l com ponents o f  the 

suspension  system  (and coup lers) under the headings o f D esign P rototype  

T esting, Com ponent Testing, M anufacturing and P ro ce ss in g  Quality Con­

tro l and S erv ice  P erform a n ce /In sp ection .-

3 .1  M ATERIALS -  GENERAL

The fre igh t ca r  suspension system  and draft system  use only a 

lim ited  num ber o f  the available grades o f stee ls  d escr ib ed  in the A AR  
Standards. Table 3-1 sum m arizes the stee ls  currently  in use fo r  each  

o f the com ponents. They are plain carbon  steels (strength and h a rd ­

n ess  essen tia lly  in crea se  with in creasin g  carbon  content). E ach com p o­

nent is  com p osed  o f  a d ifferent grade o f stee l except fo r  side fra m e s , 

b o ls te r s , and cou p lers , which use casting grade C. W heels m ay a lso  be 

cast but they a re  com posed  o f h igher carbon  stee ls .
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T a b l e  3 - 1 .  S t e e l s  U s e d  i n  F r e i g h t  C a r  C o m p o n e n t s

N . STEEL  

C O M P O N EN TS.

RAILWAY FORGING AAR S TEEL  GRADES
A
X
L
E

U

AAR
STEEL  W HEEL 

CLA SSES

CASTING 
STEEL AAR 

GRADE
M
1
1
8

A
S
T
M
A

36

M
1
1
4

A
I
S
I

1020
CARBON

A B C D E F G H

ALLOY

A B C D E F U A B C L A B C  D E

AXLES I
m 1

W HEELS
1  i i 1  2 3

BOLSTERS
1

1SIDE
FRAMES 1

1 J
COUPLER BODY 
AND KNUCKLE i S
COUPLER
PINS 1
BODY CENTER  
PLATE

SPRINGS

CENTER PINS b
1 - USED IN FREIGHT CARS UP TO 70-TON CAPACITY
2 - USED IN HIGH CAPACITY FREIGHT CARS (100 ton and greater)
3 - USED IN HIGH CAPACITY FREIGHT CARS ON CUSTOMER REQUEST



In F igure 3 -1 , the com ponents have been rearran ged  a ccord in g  to 

their in crea sin g  carbon  content. The general c la ss ifica tion  shows: the 

lo w -ca rb o n  steels  (le ss  than 0 .2 5  w /o )  fo r  body center p lates and center 

p ins; the 0 .2 5  to 0. 35 w /o  C steels  fo r  castings in b o ls te rs , side fra m es , 

and cou p lers ; the 0 .40  to 0. 60 w /o  C steels fo r  forged  ax les and cou p ler 

p ins; the 0. 6 to 0. 85 w /o  C cast o r  wrought grade stee ls  fo r  w h eels (with 

the exception  o f U - l  c la ss  which is  about 1. 0 w /o  C); and the h igh -carbon , 

extruded 0 .9 ^  w /o  C steels used fo r  springs. The hardness can  be further 

in cre a se d  by heat treatm ents, as in the case  o f w h eels, w here the m ic r o ­

structure is  tran sform ed  to m artensite  by quenching. A s the strength and 

carbon  content in crea se , the fra ctu re  resistan ce  o r  toughness genera lly  

d e cre a se s .

3. 2 SIDE FRAM ES

3.2 .  1 D es ign /P rototyp e  Testing

D esign and prototype testing o f side fra m es  is  le ft  essen tia lly  to 

the m anufacturer; the only requirem ents a re  fo r  sp e c ific  d im en sions and 

an accep tan ce  test o f the fin ished com ponent. The d im ensional r e s t r ic ­

tions a re  such that the side fram e can in terfa ce  with the rem ain der o f the 

truck  (A AR  Manual o f  Standards and R ecom m ended P ra c t ic e s , 1977, Sec. D . ).
In o rd er  fo r  side fram es to be interchangeable, the m anufacturer 

m ust p e r fo rm  not only a static design analysis as p rev iou sly  d escr ib ed  

(The A erosp a ce  C orporation , 1977) but a lso  a dynam ic an a lysis . In 

addition to being loaded v ertica lly  as a th ree -p o in t m em ber, the side 

fra m e is  loaded  dynam ically such that it exp erien ces  la tera l (tran sverse) 

and longitudinal loads. Dynamic longitudinal loads a re  d e livered  to the 

side fram e colum ns by the b o lster  and to the pedesta l fro m  the journa l 

bearin g  adapter. L ateral load is applied betw een the side fra m e  colum ns
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F igure  3-1 . Carbon Content of F re igh t C ar Components
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and the ro l le r  bearing  adapter when the ca r trave rse s  curved track . The 

side fram e a lso  twists horizontally re lative to the bo lster during negotiation  

of curved track  or truck hunting.

3 .2 .2  Component Testing - Side Fram es

The dynamic tests are  perform ed  by fatigue testing four rep resen ta ­

tive side fram es from  each new design, as sum m arized in Table 3 -2 . To 

pass the test, a side fram e must not develop a c ritica l size crack  be fo re  a 

m inim um  num ber of cycles at a given load. (A m ore detailed description of 

these component tests is given by The A erospace Corporation (1977) in 

Task 1 Technology A ssessm ent Report. ) M anufacturers ' inspection and 

testing p ractices fo r side fram es are  sum m arized in Table 3-2 .

3 .2 .3  M anufacturing and P rocess in g  Quality Control - Side F ram es

Once the new design has successfu lly  passed  the component tests,

the m ate ria ls  a re  subjected to quality control (Q C ) tests to ensure product 

re liab ility . A A R  recom m ends chem ical composition by lad le  analysis and 

tensile tests. In addition, the grade C casting steel m ust not exceed  

hardenability  as determ ined in a Jominy test of 40 Rockwell "C "  at 10/16 in. 

The fina l inspection involves nondestructive testing to ensure that 

the quality of the fram e m eets the standards set by the specim ens that 

passed  the component tests.

Tests m ade after inspection to ensure the quality of the m anufac­

tured component include coupon testing in o rd e r to obtain the m ateria l 

properties a fte r p rocessing and testing of the entire component. The 

only component inspection that the m anufacturer is  requ ired  to p erfo rm  

on the side fram e  under A A R  standards is  v isual inspection fo r  "in jurious  

defects. "  Some m anufacturers a lso  make use of magnetic partic le  and 

x -r a y  inspection to determ ine the quality of new designs o r c ritica l 

regions o f the casting.
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Table 3 -2 .  Sum m ary of M anufacturers' Inspection and Testing P ractices
for Side F ram es

001o

TEST GRADE B GRADE C TEST FREQUENCY TEST SPECIMEN

CHEMICAL COMPOSITION EACH HEAT LADLE ANALYSIS

TENSION NOT SPECIFIED

HARDNESS NOT SPECIFIED JOMINY 
TEST SPECIMEN

FRACTURE TOUGHNESS

MICROSTRUCTURE EXAMINATION

VISUAL SURFACE INSPECTION EACH SIDE FRAME SIDE FRAME

MAGNETIC PARTICLE 1NSPFCTION OCCASIONALLY CERTAIN REGIONS ON 
SIDE FRAME

ULTRASONIC INSPECTION

X-RAY INSPECTION OCCASIONALLY
SIDE FRAME: NEW DESIGN 
OR DUBIOUS REGION OF 
CASTING

STATIC frigidity)

W m m a w m

2 SPECIMENS 'PER NEW 
DESIGN SIDE FRAME

DYNAMIC (SLC)
4 SPECIMENS PER NEW 
DESIGN SIDE FRAME



3 . 2 . 4  Service P erform an ce/In sp ection  -  Side F ra m es

Inspection and repa ir standards a re  described  in the F ie ld  M anual 

of the A A R  Interchange Rules (A A R , 1977)* In o rder to ensure safe operation  

of fre igh t ca rs  in serv ice , FR A  requ ires that a typical fre igh t ca r ( i . e . ,  one 

that is not subjected to high utilization) be inspected 8 years after construction  

o r reconditioning and every 4 years  thereafter. P e riod ic  inspection, 

which consists of examination of the wheels, ax les, bearings, adapters, 

truck components, draft system s, couplers, center s ill, body bo ls te rs , 

and body center plate, is  done v isually  and with gages. An exam ple of an 

F R A  period ic  inspection checklist is  shown in F igu re  3-2-

The F ie ld  M anual defines damage and w ear lim its fo r  components 

as w e ll as ru les fo r  repa ir. A l l  cracks detected in side fram es  m ust be 

either w eld  repa ired  and stress re lieved  by heat treatm ent o r  scrapped. 

W elding is  perm itted only in noncritical regions (e. g. , side fram e  columns 

and jou rna l boxes). W orn  a reas  m ay be built up, but no post heat treat­

m ent is  a llow ed on them. Neither welding nor building is  perm itted where  

the o rig ina l section has been reduced m ore than 40 percent by cracks or  

w ear.

3. 3 TR U C K  BO LSTER S

3.3.1 Design/Prototype Testing

Lim iting design dimensions for truck bo lsters  a re  given in Section 

D of the A A R  Manual of Standards and Recommended P ractices  (1977).

Actual design and prototype testing is left to the m anufacturer. A  w ide  

variety  of static and dynamic serv ice  loads is  im posed on the truck bo lster  

and m ust be considered in design. The bo lster is  subjected to static v e rt i­

cal loads from  the weight of the ca r as it is  applied to the center plate.
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Car Int. & No.......—._. -_______  Final InspectorType of Car ____________________  Class of Car __
COUPLER “E’TYPE UNCOUPLING DEVICE

1. Shank BT More Than 9/16”____2. Shank Worn More Than 7/1 ft”3. Contour More Than 5 5/16”----4. Crack or Break ----------5. Grade B (Remove & Inspect) ---
COUPLER "F” TYPE

1. Shank Worn More Than 7/16”,___2. Contour More Than 3 13/16”.,--3. Interlocking Surface________4. Mfgr. Prior to 3/70(Remove & Inspect)_______
COUPLERS “E” OR “F”

1. Lock Lift Inop. - ...- ----2. No Anticreep ___________3. Lock Def. _____________4. Knuckle Down__________5. Knuckle Cracked or Broken____6. Knuckle Pin Bro. _________
7. Thrower Miss, or Inop_______8. Excessive Free Slack(1 ” or More)_____ _____

TRUCKS & COMPONENTS
1. Side Frame Bro., Patched, Cracked.Worn, Cast Date or Patt.No._______ ________2. Bolster Bro., Patched, Cracked,Painted. Worn, Cast Date or Patt. No_____________3. Any Part Less than 2Va” AboveTop of Rail -----------4. Side Brg. Bro. or Miss.______5. Side Bearing Clearance______6. Springs or Snubbers Bro. W.O.or Miss. ____________7. Spring Planks, Bro., Missingor Worn

AXLES
1. Axle Bent, Bro. or Cracked____2. Scrape, Dent or Gouge BetweenWheels 1 /8" or More------3. Welding on Axle_________4 Axle Painted-----------5. Journals Worn Beyond AcceptableLimits______________6. Journal Collar Bro.________
7. Journal Surface Defective_____

PLAIN JOURNAL BOXES

1. Vertical & Lateral Movement____2. Clearance between Rod Eye & LockUft ('A" Min.) _________
DRAFT SYSTEM

1. Yoke Bro. _____________2. Yoke Strap Worn More Than 25% —3. Draft Key Worn More Than 25%_4. Cushioning Device Def. ______
CAR BODY

1. Clearance Above Rail Less Than 21/a’2. Center Plate Engagement LessThan 1”______ ______3. Center Plate Loose or Broken -4. Center Sill Bro., Cracked orBent_______________5. Coupler Carrier Bro. or Missing__6. Body Bolster, Cross Bearer orSidesill Bro___________
WHEELS & WHEEL ASSEMBLY

1. Thin Flange____________2. Vertical Flange__________3. High Flange____________4. Rim Thickness__________5. Rim, Flange Plate or Hub Crackedor bro. _____________6. Shelled Tread___________7. Slid Flat _____ _______8. Hole in Plate___________9. Groove Tread___________10. Scrape, Dent, or Gouge in WheelPlate____________  —11. Loose Wheel___________12. Welding on Wheei ________13. Wheel Overheated  ________14. Wheel Painted___________15. Wheel Assy. Out of Gage____ —
ROLLER BEARING

1. Derailed___________  .2. Submerged in Water_______3. Overheated____________4. Cap Screw Lock Bro., Loose orMissing_____________5. Cap Screw Lock Bro., Loose orMissing ____________6. Frame Key, Loose or Miss.____7. Seal, Loose of Defective_____8. Adapter, Worn, Bro., Cracked, Bentor Missing ___________
1. No Free Oil - Stenciling on Car When Releasted:2. Box Lid Bro., Bent or Missing__________3. Contains Foreign Matter____________  Bit. RCD Insp.4. Holes or Crack in Box_____________  ________________________5. Lube Pad Miss, or Defective__________  HU_______________________6. Journal Brass Bro., Worn, or ------------------------Missing _ .. ..... .7. Journal Wedge Bro.. Bent, Worn COTS RPKD LUB IDTor Missing --- -------------------------8. Journal Stops. Bro., or Missing " ■■ ■ ---- --- ...... " 11Where Equip. , ______ __ — -------------------------

Source: Berwind Railway Service Co. , W ilm ington, California  

Figure 3 - 2 .  Sample FR A  P eriodic Inspection Checklist
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The bo lster is  supported by the springs on the side fram e. In motion, 

some of the weight m ay be shifted from  the center p late to the side b e a r ­

ings. Braking and in ertia l fo rces , especia lly  from  h igh -speed  coupling 

of empty cars , resu lt in longitudinal loading at the bo lste r bow l rim  from  

the body center plate and where the side fram e columns m eet the bo lster. 

Horizontal twisting of the bo lster relative to the side fram e can a lso  occur 

when the truck negotiates curved track.

3 .3 .2  Component Test -  B o lste r

The only requ ired  component test fo r  a bo lste r is  a static test. 

M anufacturers a re  requ ired  Tinder AAR  Standard M -202 to test two re p re ­

sentative truck bo lsters  from  each new design under static loading condi­

tions. This test involves one transverse  loading and two vertica l loading  

tests. The vertica l loads a re  applied separately, f ir s t  at the side bearing  

and then at the center plate. To pass  the static tests, the bo ls te r m ust be  

able  to ca rry  the test load without exceeding deflection and perm anent set 

lim its . Inspection and test p ractices fo r truck bo ls te rs , as shown in  

Table 3-3,  do not include dynamic component tests on bo ls te rs , but as 

of this w riting, an A A R  Recommended P ractice  is  being developed.

3 .3 .3  Manufacturing and P rocess in g  Quality Control -  B o lste rs

Truck  bo ls te rs  a re  la rg e  castings of the same m ateria l as side 

fram es  and therefore a re  subjected to the sam e QC tests of chem ical compo­

sition by lad le  ana lysis, tensile tests, and hardenability. Only visual 

inspection fo r  in jurious defects is  required on each bo lster. M anufac­

tu re rs , however, supplement these inspection p ractices fo r  special cases.  

Exam ples of additional inspection procedures a re  m agnetic partic le  and
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Table 3-3.  Sum m ary of M anufacturers ' Inspection and Testing P ractices  
fo r B o lsters

TEST GRADE B GRADE C TEST FREQUENCY TEST SPECIMEN

CHEMICAL COMPOSITION EACH HEAT LADLE ANALYSIS

TENSION NOT SPECIFIED

HARDNESS ^^H AR D EN ABILITY^
m m w M M ,

NOT SPECIFIED JOMINY 
TEST SPECIMEN

FRACTURE TOUGHNESS

MICROSTRUCTURE EXAMINATION

VISUAL SURFACE INSPECTION EACH BOLSTER BOLSTER

MAGNETIC PARTICLE INSPECTION ■ n i OCCASIONALLY CERTAIN REGIONS ON 
BOLSTER

ULTRASONIC INSPECTION

X-RAY INSPECTION OCCASIONALLY BOLSTER: NEW DESIGN OR 
DUBIOUS REGION OF CASTING

STATIC (rigidity) 2 SPECIMENS PE'R NEW 
DESIGN BOLSTER

DYNAMIC (SLC)



x -r a y  inspection of c ritica l regions of bo lsters  (e. g . , those near the 

center w here  m axim um  bending moment occurs) to ensure surface and 

internal quality.

3 . 3 . 4  Service Perform ance/Inspection -  B o lste rs

B o lste rs  a re  inspected v isually  and with gages during F R A  periodic  

inspections. A A R  w ear gages p rec ise ly  define w ear lim its of truck  

bo lste rs , but the F ie ld  M anual does not explicitly define the size, geom ­

etry, and location of those cracks which a re  allowed to rem ain  un repaired  

in bo ls te rs . As with side fram es, it is  stated that broken o r cracked  

bo lste rs  m ust be either scrapped or weld repa ired  and that cracking which  

reduces any section by m ore than 40 percent cannot be welded. Inspectors  

at B erw ind  Railw ay Service indicated that identification of c ritica l cracks  

and flaw s is  la rg e ly  a m atter of the in spector's  experience and judgment.

3 .4  C O U PLE R S

3 .4.1  Design/Prototype Testing -  Couplers

A A R  has established design standards fo r couplers. F re igh t cars  

em ploy only A A R  coupler types E , F , and E /F . M anufacturers ' design  

variations on each coupler type are  subjected to A A R  approval. Each  

accepted design is  c lassified  by a catalog num ber. D im ensional re s t r ic ­

tions fo r  individual designs of a given A A R  coupler type are  fa ir ly  w e ll 

constrained in o rd er to ensure p roper fitting, interchangeability, and 

co rrec t coupler operation.

Couplers experience re lative ly  low vertical loads in serv ice .

They a re  loaded longitudinally during periods of fre igh t ca r acceleration  

and deceleration . Rapid acceleration and deceleration (such as that which 

occurs in h igh -speed  coupling of cars  in the hump yard ) resu lts  in severe  

im pact loading o f couplers.
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3. 4 .  2 Component Testing - Couplers

Full-scale static testing of newly manufactured coupler bodies and 
knuckles is required no less than once per year per design group and fre­
quently m o r e  often. The manufacturer m u s t  test the component statically 
to establish its conformance with m a x i m u m  permanent set and m i n i m u m  
ultimate strength requirements.

3.4.3 Manufacturing and Processing Quality Control - Couplers

The static tension test serves as a periodic check of casting in­
tegrity. Materials for the casting are also subjected to the quality con­
trol tests shown in Table 3-4. A A R  manufacturing standards require 
chemical composition control by ladle analysis and mechanical properties 
as determined in tensile tests. Grade C  casting steel must not exceed 
hardenability as determined in a Jominy Test of 40 Rockwell "C" at 10/16 in. 
Grade E  steel must produce the m i n i m u m  hardness at 7/16 in. 
in the standard Jominy Test.

Unlike the truck components, coupler steel mu s t  possess m i n i m u m  
impact properties determined by testing standard (ASTM-A370)
Charpy-V-notch Type "A" Specimens. Impact specimens of grades C 
and E  casting steel mu s t  absorb a m i n i m u m  of 15-ft-lb energy at 0° and 
-40°F, respectively ( A A R  Standard M - 2 11).

Couplers, like truck castings, are occasionally subjected to m a g ­
netic particle and x-ray inspection. X-radiography helps detect internal 
casting flaws and magnetic particle inspection augments the universally 
practiced visual surface inspection. Visual inspection criteria are rather 
detailed. Defects in critical areas of the coupler are not permitted. Sur­
face discontinuities outside the critical areas are repaired or permitted

3 - 1 2
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Table 3-4. S u m m a r y  of Manufacturers' Inspection and Testing Practices 
for Couplers

TEST / GRADE C GRADE E TEST FREQUENCY
I

TEST SPECIMEN

CHEMICAL COMPOSITION EACH HEAT LADLE ANALYSIS

TENSION ONE PER EACH SIDE 
OF CASTING PER HEAT

TENSION TEST SPECIMEN FROM 
TEST COUPONS INTEGRALLY OR ' 
CAST FROM KEEL BLOCKS

HARDNESS ONCE PER GRADE STEEL 
EVERY 3 MONTHS JOMINY TEST SPECIMEN

FRACTURE TOUGHNESS i i l 5  ft-lb REQUIRED CVN AT GIVEN TEMPERATURE^
ONCE PER 2 WEEKS 
PRODUCTION OR 50 HEATS 
PER GRADE STEEL

CVN TYPE A AS PICTURED IN 
FIGURE 11, ASTM 370

MICROSTRUCTURE EXAMINATION

VISUAL SURFACE INSPECTION EACH COUPLER COUPLER

MAGNETIC PARTICLE INSPECTION OCCASIONALLY CERTAIN AREAS OF COUPLER

ULTRASONIC INSPECTION

X-RAY INSPECTION OCCASIONALLY COUPLER: NEW DESIGN 
OR PROBLEM AREA

STATIC (rigidity) ^TENSILE: PERMANENT SET, ULTIMATE STRENGTH^
ONCE PER 5000 E' AND 
5000 F COUPLERS QR 
ONCE EVERY 3 TO 6 MON

KNUCKLE AND BODY

DYNAMIC (SLC)



according to their length and depth. Those greater in depth than 10 percent 
of the section thickness and those located on gaged surfaces must be weld 
repaired.

3.4.4 Service Performance/Inspection - Couplers
Current coupler service inspection practices are governed by 

A A R  interchange rules. W e a r  limits are carefully defined for couplers 
(as they are for the other freight car components). A n y  cracks in critical 
areas condemn the coupler. Weld repair of the coupler body, knuckle, 
or knuckle lock is permitted under the conditions described in A A R  Stand­
ard M-212.

3. 5 A X L E S

3.5.1 Design/Prototype Testing
Dimensional requirements for axle design are given in Section D  

of the A A R  Manual of Standards and R e c o m m e n d e d  Practices (1977). These 
requirements are based on limitations in allowable stress values that 
reflect extensive fatigue tests. The static weight of the car is trans­
ferred to the axle journals through the bearings. This load is transferred 
to the wheels so that the axle is essentially loaded in four-point bending.
The resultant bending m o m e n t  produces tensile stresses along the upper 
side and compressive stresses on the lower side of axle which occur in 
cycles as the axle rotates. Lateral loads on the wheels are transferred 
to the axle as a bending moment. Longitudinal loads occur when the wheel 
slips on the rail as the wheel traverses curved track, resulting in a torque 
applied to the axle.

3-14



3.5.2 Component Testing - Axles

A A R  conducted extensive fatigue testing of axles to establish m a x i ­
m u m  allowable design stress levels, although current r e c o m m e n d e d  prac­
tices specify no dynamic (fatigue) or static full-scale component tests 
other than a drop test for Grade U  axles (Table 3-5). The drop test in­
volves two rotations of the axle and reduces to a destructive test for 
establishing the defect quality of the axle.

3.5.3 Manufacturing and Processing Quality Control - Axles

Freight car axles are carbon steel forgings and m a y  be either 
heat treated (Grade F) or nonheat treated (Grade U). A A R  standards re­
quire ladle analysis to control chemical composition during manufacture. 
Tensile testing is required only of the heat treated axles, and a drop test 
is only required of a specified number of untreated axles (i, e. , the drop 
test on the axle is used to replace the small coupon tensile test on the 
heat treated axle).

Quality control tests and inspection procedures practiced by axle 
manufacturers are summarized in Table 3-5. A A R  Standard M-101 for 
freight car axles describes two types of inspections for detecting flaws in 
newly manufactured axles: ultrasonic inspection and visual surface 
inspection.

The manufacturer is not required to inspect axles ultrasonically, 
but so m e  (like United States Steel Corporation) do. The A A R  rec o m m e n d s  
that internal flaws that cause instrument indications greater than those 
caused by the following "test flaws" be cause for rejection of an axle, A  
test flaw is a flat bottom hole, 1-in. deep, with diameters at distances from 
the transducer as shown in Table 3-6.
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Table 3-5. S u m m a r y  of Manufacturers' Inspection and Testing Practices 
for Axles

TEST GRADE U GRADE F TEST FREQUENCY . TEST SPECIMEN

CHEMICAL COMPOSITION 1—1UUP EACH HEAT LADLE ANALYSIS

TENSION AXLE (DROP TEST) 
1/SIZE CLASS/HEAT

5% OF AXLES PER SIZE 
CLASS PER HEAT

TENSION TEST SPECIMEN FROM 
AXLE OR TEST PROLONGATION

HARDNESS

FRACTURE TOUGHNESS

MICROSTRUCTURE EXAMINATION
W m m m m m .

ONE PER SIZE CLASS 
PER HEAT

UNDISTORTED PORTION 
OF TENSION TEST SPECIMEN

VISUAL SURFACE INSPECTION

W m m m M m
EACH AXLE AXLE

MAGNETIC PARTICLE INSPECTION

ULTRASONIC INSPECTION ■Hi EACH AXLE AXLE

X-RAY INSPECTION

STATIC (rigidity)

DYNAMIC (SLC)



Table 3-6. Test Flaw Diameters (in. ) for 
1-in.-Deep Flat Bottom Holes

Grade Distance A w a y  F r o m  Transducer (in.)
U p  to 15 15 to 30 30 to midlength

F 1 / 8  in. dia. 1/4 in. dia. 3/8 in. dia.
U 1/4 in. dia. 3/8 in. dia. 3/4 in. dia.

Visual surface inspection of each axle is required of the manufac­
turer. The purchaser has the right to reject any axle with injurious 
defects (Table 3-7). A m o n g  those defects which are considered injurious 
are any "discontinuities" (cracks, hairlines, stringers, or fine seams) 
with circumferential orientation and any discontinuities in the axle fillets. 
Longitudinal flaws must not exceed a specified m a x i m u m  length (e.g., 1/2 in. 
or cumulative length in a given region of the axle.

3.5.4 Service Performance/Inspection - Axles

Axles on freight cars in service are inspected for journal wear 
and general damage of the journal or the axle body^ Scratches or scrapes 
or grooves less than 1/8-in. deep must be ground out to a smooth contour. 
Scratches between the wheel seats deeper than 1/8-in. m a y  not be ground 
out; the axle is immediately condemned. These scratches are located by 
eye during inspection. Most field inspection shops do not utilize ultra­
sonic inspection or dye penetrants to detect flaws. Axles with any visible 
cracks must be removed from service, as must axles that have any dents 
or scratches that indicate that impact has occurred. According to 
Berwind Railway Services, if flaws detected on the axle journal cannot be 
removed with a nonabrasive cloth, the axle is defective. Rusted, pitted, 
broken, or scratched journals or fillets and overheated journals are cause 
for removal of the axle as are seams and flaws detected during -ultrasonic 
inspection. N o  weld repair is permitted on axles. Journal wear limits 
are quantitatively defined in Rule 42 of the Field Manual. A A R  and F R A  
Service Inspection Criteria are summarized in Table 3-8, which is con­
sistent with the periodic inspection checklist shown in Figure 3-2.
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Table 3-7. D a m a g e  Tolerance Limits on Flaws Found in 
Newly Manufactured Axles, According to A A R  
Standard M-101.

I N D I V I D U A L  F L A W S

Circumferential S e a m  or Crack -- None
Longitudinal Discontinuities 
(Hairline, Stringer, or Fine Seam)

• Fillets -- None
• Axle Body (Between Wheel Seats) -- 1/2 in.
• Journal, Roller Bearing Axle -- 3/4 in.
• Dust Guard, Roller Bearing Axle -- 1/2 in.
• Wheel Seat - - 2  in.

C O L L E C T I V E  T O T A L  O F  S M A L L  F L A W S  
(1/4 in. < Small < Limit)

Longitudinal Discontinuities
• Axle Body -- 1-1/2 in. in 2 in. of Body Length
• Journal, Plain Bearing -- 1-1/2 in. in Any One End of Axle
• Journal, Roller Bearing - - 2  in. in Any One End of Axle
• Wheel Seat —  4 in. in One End of Axle
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Table 3-8. F R A  and A A R  Periodic Inspection Criteria for Axles

A X L E S A R E  D E FE C TIV E  WHEN FRA AAR
Subpart D: Rule 42 and 43
Section 2 1 5 .5 3 : Section A :

A ll A xles

Broken or cracked a 2a

Damage between wheel seats 1 /8  in. or
deeper scrap es, dent, or gouge b 2b

Scrapes (1 /8  iri. ) between wheel seats must
be ground out to smooth contour Section C: 2

Welded c Section D: 2e
Bent (FRA-producing a runout of m ore than
3 /8  in. at center of axle) d le

Painted (AAR -coated) to conceal defects f Section E : 6

Plain Bearing A xles Rule 42

Worn beyond designated journal wear lim its e 3a

Section 2 1 5 .5 5 :
Break in journal collar a 3a

Journal overheated b Id

Journal (F R A -or  fillet) rusted or pitted b pg. 208, 3f;
pg. 209, lb&c

Journal or fillet surface
Ridge, Scratch b
Depression b
Circum ferential Score b
Corrugation b

Journal or fillet seam y (any flaws detected by
ultrasonic inspection optional) b;d

Fillet at back end of journal exceeds wear lim its 2e

Seams or flaws detected by ultrasonic device 2e

Wrong size axle (not standard to car) 2f

R oller Bearing A xles Rule 43
Section A

Worn beyond designated journal wear lim its 1

Journal seamy pg. 218

Journal rusted cr pitted due to flood damage pg. 215, l .a

Journal overheated 2c, lb

F illets at back of journal under lim its pg. 218

Seams or flaw s detected by ultrasonic device pg. 218

Wrong size axle -  not standard to car 2d
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WHEELS

3. 6. 1 Design/Prototype Testing

Wheel designs must conform to dimensional requirements given 
in Section G  of the A A R  Manual of Standards and R e c o m m e n d e d  Practices (1977). 
The wheel load environment is highly complex and consists of thermal as well 
as mechanical loading. The main load to the wheel is vertical. The eight car 
wheels support the weight of the entire car on the rails. This load is applied 
between the wheel seat and the wheel rim-rail contact point resulting in high 
stresses. The wheel/rail contact and wheel/plate stress patterns are repeated 
with each wheel revolution. Lateral loads are due to flange contact with the 
rail during truck hunting and negotiation of curved track.

Thermal loading of the wheels is the result of friction energy 
absorption by the wheel tread during braking. This local heating at the 
tread causes expansion of the rim relative to the plate and tensile stresses 
and bending m o m e n t s  in regions of the plate. W h e n  the heated wheel cools, 
the rim shrinks causing circumferential tensile stresses in the rim.

3.6.2 Component Testing - Wheels

A s  summarized in Table 3-9, no full-scale component tests are 
required on wheels, either static or dynamic.

3.6.3 Manufacturing and Processing Quality Control - Wheels

Railroad wheels are cast or wrought carbon steel whose chemical 
composition is controlled by ladle analysis and Brinell hardness testing 
of the wheel rim.

Nondestructive inspection requirements are m o r e  stringent for 
wheels than for truck castings. Ultrasonic inspection, a m e a n s  of detect­
ing internal flaws, is required by A A R  Standards M - 1 0 7  and M-208 of all

3. 6
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T able 3 - 9 .  S u m m a ry  o f M a n u fa c tu re rs ' Insp ection  and T estin g  P r a c tic e s
fo r  W h e e ls

T E S T U B c T E S T  FREQ U EN C Y T E S T  S P E C IM EN

C H E M IC A L  C O M P O S IT IO N

1 1 1 1 .
EA C H  HEAT LA D LE A N A L Y S IS

TEN S IO N

H A R D N ESS

8 H ■
EA C H  W H EEL W H EEL, ON R IM

FR A C T U R E  TO U G H N ESS '

M IC R O S T R U C T U R E  E X A M IN A T IO N

V IS U A L  S U R F A C E  IN S P E C T IO N 'WMMfa
w m

EA C H  W HEEL W HEEL

M A G N E T IC  P A R T IC L E  IN S P E C T IO N

j l l l l l l l l l m m . m ■̂ 1
EA C H  W H EEL ■ W HEEL

U LT R A S O N IC  IN S P E C T IO N

■ S i
EA C H  W HEEL W HEEL

X - R A Y  IN S P E C T IO N

S T A T IC  (r ig id ity )

D Y N A M IC  (S L C )

-



wheels. Magnetic particle inspection, to detect surface flaws, is prac­
ticed by most manufacturers to augment the already required visual in­
spection. The required sensitivities of these inspection methods are 
given in Table 3-10, which summarizes the manufacturers' inspection and 
testing practices for wheels.

3.6.4 Service Performance/Inspection - Wheels

The inspection of wheels in service involves the extensive applica­
tion of wear gages as well as visual inspection. Condemning wear limits 
for wheels are thoroughly defined in Rule 41 of the A A R  Field Manual of the 
A A R  Interchange Rules (1977). Cracks m a y  not be repaired by welding. A A R  

and F R A  inspection criteria for wheels are summarized in Table 3-11. The 
correspondence between this table and the periodic checklist is readily noted 
in Figure 3-2.
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Table 3-10. Nondestructive Inspection Practices for N e w  Wheels

T E S T F R E Q U E N C Y C A U S E F O R  R E J E C T I O N ‘ C O M M E N T S

U l t r a s o n i c
In s p e c t io n

A l l  w h e e ls  
A f t e r  M a n u f .

F l a w  in d ic a t io n  g r e a t e r  th a n  o r  e q u a l to  th a t  f r o m  
R e f e r e n c e  D is c o n t in u i t y .

R e f e r e n c e  D i s c o n t in u i t ie s :

R e q u ir e d  o f  
M  a n  u fa  c  tu  r  e r  
B y  A A R  M - 1 0 7 ,

F l a t  B o t to m  H o le  S i z e

T e s t  o r io n t a t io n D ia m e t e r  D e p th H o le  o r ie n t a t io n

A X I A  L, 1 / 8 "  1 - l i " P e r p e n d ic u la r  
to  r i m  f a c e  a t  
m id  t h ic k n e s s  
o f  r i m .

R A D I A L  1 1 / 8 "  1 - l i " P a r a l l e l  to  r i m  
f a c e ,  f r o m  in s id e  
d ia m e t e r  o f  r i m .

In d ic a t io n  f r o m  a 
r e f le c t io n  g r e a t e r  
s t a n d a r d :

d is c o n t in u i t y  g iv in g ,a  lo s s  o f  b a c k  
th a n  o r  e q u a l to  th a t  o f  th e  r e f e r e n c e

C o n c a v e  B o t to m  H o le S iz e

T e s t  o r ie n t a t io n D ia m e t e r  D e p th H o le  o r ie n t a t io n

A X I A L  ,------A

-+ C
3 / 8 "  1 / 8 " P e r p e n d ic u la r  

to  b a c k  r i m  f a c e .

M a g n e t ic
P a r t i c l e
In s p e c t io n '

A l l  w h e e ls  
a f t e r  m a n u f .  , 
b u t  n o t r e q 'd .

T h e  a p p a r a t u s  m u s t  be  o f  s u f f i c ie n t  s e n s i t i v i t y  to  d e t e c t  
s u r f a c e  d i s c o n t in u i t i e s  e x c e e d in g  0 .0 1 5 "  in  d e p th  an d  
j "  lo n g , bu t in t e r p r e t a t io n  o f  m a g . p a r t i c l e  d i s c o n t i ­
n u i t ie s  b a s e d  on  t h e i r  lo c a t io n ,  s i z e ,  o r i e n t a t io n ,  an d  
s h a p e  i s  u n s p e c i f ie d .

D e s c r ib e d  in  M - 1 0 7 ,  
2 0 8  bu t n o t r e q u i r e d  
o f  m a n u f a c t u r e r

V i s u a l  
S u  r f a c e  
In s p e c t io n

A l l  W h e e ls  
A f t e r  M a n u f .

" D e f e c t s  l i a b l e  to d e v e lo p  in  o r  c a u s e  r e m o v a l  f r o m  
s e r v i c e . "  (S u c h  s u r f a c e  d e fe c t s  (<  1 / 8 "  d e p th )  m a y  
be r e m o v e d  b y  m a c h in in g  w h e r e  s u f f i c ie n t  s to c k  
r e m a in s .

R e q u ir e d  o f  
m a n u f a c t u r e r  
b y  A A R  M - 1 0 7 , 
2 0 8



3-24

T ab le  3 - 1 1 .  F R A  and A A R  In sp ection  C r ite r ia  fo r  W h e e ls

F R A A A R
Wheels are defective if they have (are): Sub Part C Wheels are defective if they have (are): Rule 41

Sec. 215.43 Sec.. A
Thin Flange a Thin Flange la
Vertical Flange b Vertical Flange b
High Flange C High Flange c
Thin Rim d Thin Rim
Cracked or Broken: e Cracked or Broken:

Rim Rim, or any transverse thermal cracks, 
tread width 3 3/4" e

Flange Flange d
Plate Plate PHub Hub o

Chip in Flange f Chip in Flange d .Shelled T read 8 Shelled Tread jSlid Flat Spot: h Slid Flat Spot; 1, pg. 1912 1/2" or greater in length 2 .1/2" or greater in length
2" or greater in length each two or 
more adjoining spots

1 1/2" or greater in length each two or 
more adjoining spots

Hole in Plate (not by design) i Hole in Plate (not by design) 9Circumferential Groove in Tread ̂  1/8" j Circumferential Groove in Tread > 1/8" 1Scrape, Dent, or Gouge in Plate * 1/8" r Scrape, Dent, or Gouge in Plate > 1/8" w
Loose i Loose ii V

Welded m Welded Sec. D.
Overheated n Overheated Sec. A, IS
Painted to hide'defects o Painted £6
Wheel set ou.t of gauge 215.45 Wheel set out of gauge Sec. A,lu
Distance between the inside faces of 
wheel rims is less than 52 15/16" or 
more than 53 3/8".

Distance between the inside faces of the 
wheel rims is less than 53" or more than 
53 3/8"

"Prohibited" wheels Sec. A, 1, 2 & 
2a&b.



4 . D A M A G E  T O L E R A N C E  A N D  F A IL U R E  M O D E  A N A L Y S IS

In this section, the data from the previous two sections are c o m ­
bined with strength and toughness data generated from all available litera­
ture sources. Correlations are used wherever possible to obtain fracture- 
toughness values. Analysis is performed in an attempt to identify testing 
procedures and materials changes that would advance the state-of-the-art 
of the railroad industry's structural integrity practices with respect to 
failure m o d e  and damage tolerance. These procedures mu s t  be consistent 
with inspection and maintenance practices, and they mu s t  be cost effective. 
The parameters necessary to perform such an analysis are the fracture 
toughness (KIC.) and the yield strength (cr or and <r which are the 
sa m e  properties measured under dynamic loading conditions. The rail­
road industry is currently performing research in this area as evidenced 
by the work of Sharkey and Stone (1975), but only a limited amount of the 
data has been incorporated into an analysis of structural integrity. The 
prime index of toughness has been the Charpy impact test, the results of 
which have been included only in the standard for castings used in couplers. 
In this section, every attempt is m a d e  to generate fracture-toughness n u m ­
bers by using the best available correlation parameter between Charpy 
Y-notch (CVN) impact energy and K  i

4. 1 M A T E R I A L S  - G E N E R A L

A s  notesd in Section 2, the only quality assurance requirement 
c o m m o n  to all of the components is the control of chemical composition. 
For mechanical property control, m i n i m u m  tensile values are specified, 
but the test frequency is rather arbitrary, especially for castings. Hot 
rolled Grade F  axles require tensile tests from prolongations or actual 
axles. Only hardness is measured on each wheel in order to ensure 
successful heat treatment. By contrast, hardenability measured with
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the Jominy bar is used for quality control of the side frames, bolsters, 

and couplers. Couplers are included for comparison because they do have 
s o m e  impact toughness requirements in their specifications, contrary to 
the absence of similar requirements for the other components.

Tables 4-1 through 4-4 summarize fracture-toughness data 

for steels from the available literature sources; these data can be used 

in the analyses of side frames, bolsters, couplers, and wheels. Included 

are Charpy V-notched impact values that were used to estimate the 

dynamic fracture toughness (K^) of steels based on a correlation developed 

by Rolfe and B a r s o m  (1977) for bridge steels.

K j d = (5E)  ( C V N )

or

K  = 12.24 y C V N  x 103

where

K  = Dynamic fracture toughness (psi J i n .  )

E  = Elastic modulus = 30 x 10 psi (for steel)
C V N  = Charpy V-notch impact energy (ft-lb)

The correlation has been shown to be quite good for bridge steels at

temperatures up to t]ae N D T  (nil ductility transition temperature per A S T M

Standard E208-69). The N D T  is measured at a strain rate of 10/sec and is
2estimated to be the temperature at which (KT ,/q- ,) ~ 0.4, where cr , isId yd yd

the dynamic yield strength, and <r is the yield strength at a slow strain

rate. At temperatures below the N D T ,  the fracture toughness becomes

independent of strain rate; whereas at temperatures above N D T ,  the frac-
_5

ture toughness is m u c h  higher at slow strain rates 10 /sec than at the

10/sec rate; i.e., K T K t ,.Ic ^  Id *

*
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T ab le  4 - 1 .  Y ie ld -S tre n g th  and F r a c tu r e -T o u g h n e s s  V a lu e s fo r
B o ls te r s  and Side F r a m e s  at V a rio u s  T e m p e ra tu re s

Material hr|
° HI °yd

(ksi)
C V N  , 
(ft-lb) (ksi^/in. ) Source

Measured* E  stimated@
Casting -70 - - 6 29 30
Grade B -30 -- 11 30 41

-20 - - 11 33 55
Bolsters & 32 21 -- 56 .
Side F r a m e s 70 38 29 -- 66

100 -- 34 -- 71 Sharkey
120 — 37 - - 74 . and

Casting -70 -  - 20 -  - 55 Stone,
Grade C -30 -- 28 51 65 1975-20 - - 29 57 66
Bolsters, 0 - - 32 -- 69
Side F r a m e s 32 - - 39 - - 76

Couplers 70 60 47 -- 84
100 - - 56 92
120 -- 60 - - 95

^Instrumented impact test with precracked Charpy specimen. 
©Estimated using B a r s o m  bridge steel correlation:

k J. = 5E(CVN),Id
where

/  ___
E  = 30 x 10 psi, (CVN) = ft-lb, and (K = psi y jin.
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T ab le  4 - 2 ,  Y ie ld -S tre n g th  and F r a c tu r e -T o u g h n e s s  V a lu e s  fo r
C ouplers at V a rio u s  T e m p e ra tu re s

Material
T

(°F) (ksi)
C V N  
(ft-lb)

K id
(ksiyin. ) Source

Measured* Estimated®
-70 -  - -  - -  - — A A R

Casting -30 -- 6 30 Coupler
Grade C 0 -- n - - 41 Steel
Couplers 30 -- 16 49 Study,

70 60 21 -  - 56 1970
120 -- 33 -- 70

Grade C 0 •  - 15 -  - 47 A A R
Couplers Standard

M-211
-70 -  - 17 58 51 Sharkey

Casting -30 -- 23 - - 59 and
Grade E 0 28 - - 65 Stone,
Couplers 32 31 - - 68 1975

70 100 35 72
100 39 -  - 76
120 -- 40 -- 77
-70 10 -  - 39 A A R

Casting -30 -- 13 - - 44 Coupler
Grade E 0 15 - - 47 Steel
Couplers 30 18 52 Study,

70 100- 23 -  - 59 1970
135

120 — 28 - - 65
Grade E -40 -  - 15 47 A A R
Couplers Standard

M-211
* Calculated from curves from instrumented impact tests with precracked 
Charpy specimens,

©Estimated using
K* * 5E( CVN). *id
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T a b le  4 - 3 .  Y ie ld -S tre n g th  and F r a c tu r e -T o u g h n e s s  V a lu e s  fo r
W h ee ls  at V a rio u s  T e m p e ra tu re s

K iaX. / •
T / °y-s C V N * (ksiyin. )

Material (°F) (ksi) (ft-lb) (5)Measured ' *. # Estimated Source

-40 _ - _ - — —
Class U 75 .54/52 1-2.5/3 21 12-1 9/2 1 *
Cast 150 -- -- - -

300 -- -- 59 --
-40 — 32 - - .

Class U 75 59/59 1 4/3 ' 32 24/21 Carter
W  rought 150 -- -- 43 and

300 -- 63 -- Caton,
1974-40 — _

Class C 75 93/60 4/- -- 24/-
Cast 150 -- -- --

300 -- -- -- --

Class C
-40
75 87/52 3/2. 5 22 21/19

Wrought 150 -- -- -36 --
300 -- —  .. -- - --

Class A
-40
75 66/47 6. 5/8 37 31/35

Wrought 150 -- -- n  ■
__

300 — : __ O j

*-/- indicates properties for wheel rims/plates, respectively. 
(©Instrumented impact test with precracked Charpy specimen. These 
tests have been m a d e  without regard to specimen location or orientation* 

#Estimated using •
K?, = 5E( CVN).
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T a b le  4 - 4  Y ie ld -S tre n g th  and F r a c tu r e -T o u g h n e s s  V a lu e s  fo r
W h eel R im s at V a r io u s  T e m p e ra tu re s

Material
T

(°F)
<r

y s
(ksi)

C V N
(ft-lb)

K
(ksi

Id
v^nT)

Source
Measured* &Estimated

-70 -  - 3.5 •  — 23
-30 - - 4 — 24

Class B R 0 -- 4 24 A A R
Cast 30 -- 4. 5 28. 5 26 Report

70 .87 4.5 29' 29 No.
100 - - 6 29. 5 30 123,
150 - - 8 31 35 1973
200 -- 11 37. 5 41
-70 -  - 2 17
-30 - - 2 - - 17

Class U-l 0 -- 2. 5 18 19
Cast 30 - - 2. 5 18 19

70 80 3. 5 18. 5 23
100 — 4 19 24
150 - - 6 . 5 20 31
200 - - 7.5 - - 34
300 -- 14. 5 -- 47

^Instrumented impact test with precracked Charpy specimen. 
@Estimated using

K j d = 5 E (C V N )

#Estimate based on carbon content (1% by weight).
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D a m a g e  tolerance is the amount of damage in the form of cracks
that a stressed component can sustain without failing. The magnitude or
size of the crack depends not only on the fracture toughness but also on
the ratio K^/o- ^ measured at the appropriate loading rate. Tables 4-1
through 4-4 contain comparisons of measured and calculated dynamic,
K  , (10s *) fracture-toughness values, the results of which suggest a Id
reasonable correlation using the Barsom-Rolfe relationship.

4. 1. 1 Ratio Analysis Diagram

In order to establish the inherent da m a g e  tolerance of steels used 
in a freight car truck, a ratio analysis diagram (Pellini, 1971) was gener­
ated from the data in Tables 4-1 through 4-4 and is shown in Figure 4-1. 
The zones are delineated by radial lines from the origin that represent
constant values of the ratio K  ,/cr ,. Because the critical defect or crackId yd 1
size is also proportional to this ratio, the radial lines can also be inter­
preted to represent different levels of damage tolerance, increasing as 
the ratio increases.

Regions delineated are K T ./o- , = 1/2 ./in. and K T ,/n- , = 2./in.Id yd v Id yd v
Below 1/2, the conventional NDI (nondestructive inspection) is considered 
to be inadequate in establishing the structural integrity of a component 
simply because the limit of damage tolerance is smaller than the reliable 
detection limits of existing ultrasonic, radiographic, and magnetic particle 
techniques. Springs and wheels fall into this category. In principle, : 
their safe life can only be established by proof testing which is done for 
springs but not for wheels.

Ratios of K^/a- ^ above 1/2 but less than 2 represent a region 
where conventional N D I  is adequate in establishing the safe life of c o m ­
ponents. B y  far, the Grade B  and C  bolster castings have the best damage

4 - 7
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Not shown is the point corresponding to springs at
ffyd

248 and K . . id 25

Figure 4-1, Relative Location of Various Rail Vehicle Components 
on the Ratio Analysis Diagram (Room Temperature)
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tolerance, but the higher strength Grade E  coupler castings are verging 
into regions where the damage tolerance is only for extremely small de­
fects before brittle fracture becomes a potential failure mode.

Note in Figure 4-1 that fracture toughness must be increased
as the yield strength increases in order to maintain a constant level of 
damage tolerance. In order to comply, the coupler specification* calls 
for a 15-ft-lb requirement for Grade C couplers at 0°F but for the higher 
strength Grade E  couplers, the 15-ft-lb requirement is at -40°F.

4.1.2 Thickness Effects
A  conservative factor in the analysis of damage tolerance is based 

on the assumption of plane-strain fracture toughness, but in actuality, 
the thickness is small enough to deform under plane-stress conditions 
where the toughness is m u c h  higher. The plane-strain conditions can be 
estimated fr o m  A S T M  Standard E399-74 by

B ^ . S O K j / o -  ) 2 ,

measured at the appropriate strain rate and temperatures. For thickness
{

(B) values less than those given by the above relationship, the failure m o d e  
is usually ductile, but for B  values greater than given by the above rela­
tionship, a potential brittle failure m o d e  exists. Figure 3-1 is repeated 
in Figure 4-2 with estimates of strength and dynamic fracture toughness 
(Kj^) plotted in order to display the inverse relationships of strength and 
toughness as a function of carbon content. The significance of this

* A A R  Standard M-211, Section A.
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estimate is displayed in the upper part of Figure 4-3, where both the 
damage tolerance and the thickness required for potential brittle failures 
is seen to decrease with increasing carbon content. If the nominal thi ck- 
ness of the various truck components are superimposed on Figure 4-3, 
it is readily noted that the body center plate (BCP), center pin (CP), 
bolsters, and side frames have adequate damage tolerance such that their 
eventual failure m o d e  will be ductile fracture, but the couplers are of 
large enough dimensions to be susceptible to brittle fracture. As the 
section size of a component increases, the potential for brittle fracture 
also increases. Graphically, this effect is shown in Figure 4-3; the 
potential for brittle fracture increases as the thickness of the component 
increases. As noted, the potential for brittle fracture increases from 
couplers, to axles, to wheels, and to springs.

To ensure structural integrity as the potential for brittle fracture 
increases, m o r e  stringent NDI or redundancy mu s t  be incorporated into 
the design. This is the case with springs, which are designed to the 
fail-safe criterion, because of the extremely high potential for brittle 
fracture and inherently small tolerance to damage. Therefore, the above 
analysis supports what has already been learned by trial and error with 
springs, which are essentially proof tested for structural integrity and 
designed to redundant, fail-safe concepts. Wheels obtain their structural 
integrity fr o m  rather rigorous N D I  (Table 3-10). The current railroad 
steels are of a relatively lower grade when compared to the materials 
technology limits for high toughness steels. Because cost is the governing 
factor, the structural integrity of railroad freight car truck components is 
rigorously constrained to a balance between types and intervals of inspection 
and service loads. Figure 4-4 relates the toughness of railroad steels to 
other steels.

4 - 1 1
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4.1.3 Temperature Effects
The analysis of the steels to this point has been based on r o o m  

temperature data. As the temperature decreases, the steels b e c o m e  
m o r e  brittle. Most design approaches center on a relative temperature 
based on the N D T  (nil ductility transition temperature as described in 
Section 4. 1). Nuclear reactors and the Alaskan pipeline are designed such 
that the lowest anticipated service temperature (LAST) is 120°F above 
N D T .  The U. S. Department of the Navy, the American Bureau of Shipping, 
and the Offshore Platform Industry apply design constraints such that the 
L A S T  is 30°F above the N D T .  The N D T  temperature can be estimated by 
the temperature where =^0.4 = 0.63. F r o m  Figure 4-1, which
is r o o m  temperature (RT) data, it can be concluded that bolsters and side 
frames operate above N D T  atRT, whereas wheels and springs operate 
below N D T  at RT. Grade E  couplers are borderline, and a lower tempera­
ture would definitely aggrevate the potential of brittle fracture.

In a structural integrity analysis, the main influence of the 
fracture-toughness, yield-strength ratio is on the potential failure m o d e  
and the d a m a g e  a component can withstand at the m a x i m u m  operating 
stress. In the following sections, specific components will be addressed 
with regard to failure m o d e  potential and damage tolerance.

4.2 SIDE F R A M E S / B O L S T E R S / C O U P L E R S

4. 2.1 Design/Prototype Testing
The structural integrity of side frames and bolsters m a d e  from 

Grade B  and Grade C  castings is adequate for railroad service loads based 
on damage tolerance considerations. The ratio analysis diagram (RAD), 
Figure 4-5, identifies the range of critical defect sizes since the square 
of the ratio is directly proportional to crack size. The crack that corres­
ponds to a ratio above j  can be readily detected with standard NDI, although

4 - 1 3
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Figure 4-5. Relative Location of Grades B and C Castings 
(Bolsters and Side Frames) on the Ratio 
Analysis Diagram at Various Temperatures
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accessability becomes a problem during a service inspection. F r o m  Figure
4-3, it is observed that the failure m o d e  of bolsters and side frames is one 
of plane stress (ductile shear). F r o m  Figure 4-5, it is noted that even at 
the L A S T  of -70°F, they are generally operating above the N D T  temperature. 
The only exception appears to be some data reported on Grade C  casting 
material which were used in couplers. With the existing quality control 
practices, the limiting failure m o d e  would be one of tensile overload. The 
life of the side frame and bolster are regulated by high cycle fatigue and 
appear to be critical only from crack nucleation considerations. Therefore, 
prototype testing is directed toward evaluating design detail that accelerates 
the nucleation of a crack. One such detail would be design detail that pro­
duced regions of high stress concentration. Apparently, current design 
practices are adequate as noted by the precipitous drop in accidents due 
to side frame failure (Figure 2-4) over the last 10 years.

The design of side frames/bolsters is based on a m a x i m u m  allow­
able stress of about 0.42 of the yield stress. By taking the reciprocal of 
this value, a factor of safety of about 2.4 is established. The margin of 
safety, which is found by subtracting 1 fr o m  the factor of safety, would be
1.4. Figure 4-6 shows the damage tolerance of different casting grades.
The Grade E  couplers, if they were designed to the ‘s a m e  factor of safety 
as side frames and bolsters, would have the least damage tolerance, and 
a crack as small as 0.25-in. deep at m a x i m u m  allowable stress would 
cause failure. Grade C  couplers, in comparison, can tolerate up to 
1 in. of cracking before they become critical. Increasing the factor of 
safety in design would be an alternative method for increasing the damage 
tolerance. For example, Grade E  couplers with a factor of safety of 5 
would increase their damage tolerance to 2 in.

4 - 1 5
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4.2.2 Component Testing - Truck Castings
Static component tests can be interpreted to be proof tests that estab­

lish the nonexistence of a defect of some m a x i m u m  size. In Figure 4-6, the
crack size can be estimated by the intercepts at a „ = n or F S  = 1 forproof ys
the various casting grades of steel. For Grade C bolsters and side frames, 
the absence of a defect size above 0.25 in. would be established. The 
guaranteed service life would then be the number of cycles it would take for 
the 0.25-in. crack to grow to about 1 in. By  comparison, static loading 
Grade B  bolsters/side frames would establish a m a x i m u m  initial crack size 
of about 0.8 in. In this case, reliable nondestructive inspection techniques 
would be of m o r e  economic value in ensuring the safety life cycle. However, 
from theoretical considerations, proof testing couplers would be of significant 
value in establishing their lifetimes; the limitations are primarily fr o m  a 
practical point of view. At the m a x i m u m  operating stress of the best Grade 
E  coupler castings measured to date, a 1-in. crack would cause brittle failure 
unless the factor of safety was increased to 5. This estimate wa s  m a d e  for 
r o o m  temperature; at lower temperatures, the damage tolerance is even less.

The concern for inadequate toughness in couplers is emphasized 
in Figure 4-7 where the coupler steel study data are compared to other 
data on Grade C and Grade E  castings. Note that even r o o m  temperature 
is below N D T  for s o m e  of the casting Grade E  coupler steels.

In Figure 4-7, the value of 47 corresponds to the 15-ft-lb A A R  

requirement for couplers. For Grade C steels, under the 0°F require­
ment, the separately cast coupons of Sharkey and Stone were found to be 
acceptable, but m o s t  of the steels tested in the Coupler Steel Study would 
have been rejected. The same conclusion can be drawn for a -40°F re­
quirement on the Grade E  castings. A  problem that becomes evident is
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the use of separately cast test coupons having inherently higher toughness 
than test coupons machined from large castings. The location of a small 
test coupon in a large casting could also be critical.

4.2.3 Manufacturing and Processing/Quality Control

Coupler castings have Charpy V-notch requirements; however, 
they s e e m  to be minimal. In addition, the location of the test samples or 
the use of separately cast test bars is not identified. The trend is in the 
proper direction, but m o r e  attention should be given to the significance 
of the test and the specified test temperature. A  correlation with fracture 
toughness of railroad steels should be established similarly to the work 
done in bridge steels.

A  major problem with bolsters and side frames occurs with 
overloads introduced in h u m p  yards. In this case, enough ductility or 
fracture toughness should be designed into the component such that the 
failure m o d e  not only be of plane stress but such that the remaining net 
section will bend and not break in the presence of a crack, i. e, , failure 
by net section yielding instead of plane stress fracture. Rough calcula­
tions on bolster and side frames suggest that the toughness-to-yield
strength ratio (KL.j/g- ,) is about 2, which is consistent with the ratio Id yd
analysis diagram. For couplers, the requirement would certainly be 
m o r e  severe. Testing of cracked components to failure in the laboratory 
would be a method of verifying the analysis. In general, the A A R  stand­
ards and r e c o m m e n d e d  practices do not allow defects in critical areas. 
Essentially, they advocate the concept of "zero defects" which has long 
been known to be impractical. S o m e  lower limit of flaw detection in each 
of the components must be established in order to reliably perform a 
safety life-cycle (SLC) analysis.
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4 . 3 A X L E S /S P R IN G S / C EN TE R  PINS

4 .3 .1  Design/Prototype Testing

No (Sharpy V -notchor fracture-toughness data w e re  ava ilab le  fo r  

ax le s . F a ilu res  in axles have dropped precipitously , with fa ilu res  in the 

section between the wheels a lm ost nonexistent. Only the jou rna ls  have 

been a m ajor source of fa ilu re . Surface finish effects on fatigue have 

been evaluated and operating s tre sse s  a re  below  the endurance lim it.

4 .3 .2  Component Testing

Grade U axles a re  subjected to a drop test in combination with  

flaw  detection lim its that a re  capable of detecting a 3 / 4 -in ., penny-shaped  

flaw  at m id-length of the axle. If the drop test causes perm anent deflec ­

tion, yield point loading is assum ed. The dam age to lerance in term s of 

toughness-to -y ie ld  strength ratio (K^/ay^.) can be estim ated as being greater  

than or equal to 1 .13\/o. 75/2 o r 0.70^/in . , fo r both Grade U  and Grade F  

ax le s . This is near the value of 0 .86 .yin. found in tests conducted at A e ro ­

space M ateria l Sciences Laborato ry  pp. a used center pin. F o r  com parison, 

s im ila r  data w ere  generated on a spring, the resu lts of which w ere  used to 

plot F igure  4 -8 . The springs a re  extrem ely  brittle  (K^/a- g = 0. lO ^ in . ) in 

com parison  to the axles whiqh essentia lly  operate above the N D T  tem perature

because their damage tolerance ratio  exceeds 0, 63y in. If the fractu re  

toughness of axles w ere  known, then a drop test would be  an effective proof 

test that, could be used to estab lish 'life  cyc les . If the toughness w ere  stra in - 

rate sensitive, drop tests at low e r tem peratures could be used to ensure an 

even g reate r lifetim e and an extended inspection period .
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4.3.3 Quality Control - Axles

Based on toughness estim a tes , tolerance for 1 -in . long, shallow  

surface cracks would require a factor of safety on stress  of about 3. 

T h erefore , quality control m ust be such to detect flaws of this size  during 

inspection, especially  during serv ice  inspections. Springs, because of 

their brittle nature, are subject to a proof test and good m eta llu rig ica l  

analysis utilizing m icrostru ctu ral control to ensure proper heat treatm ent, 

clean lin ess, and the absence of surface d efects, including decarburization.

4 .4  W H EELS

4 .4 .1  D esign /P rototype Testing

W heel design has been extensively analyzed. H ow ever, it continues 

to be a problem  in the industry because of extrem ely com plex stre ss  

states, especially  during braking and dynamic interaction loads with the 

rail. R im s are designed to withstand w ear and therefore are of high 

hardness, resulting in a relatively brittle m ateria l.

Figure 4 -9  provides detailed inform ation for C lass U, A , B , and 

C wheel rim  stee ls . The general trend from  C lass A to B to C wheels 

is  higher strength with decreasing toughness resulting in le ss  damage  

tolerance with increased strength. A s noted, the NDT for these steels  

is  far above room tem perature. S pecifica lly , the NDT is  about 2 0 0 °F  for  

cast C lass U w heels, about 1 0 0 °F  for C lass A , and over 3 0 0 °F  for C lass  

B and C wheel r im s. Therefore, minute therm ally included crack s in 

these components can cause brittle fa ilu re .

4 .4 . 2  Component Testing -  W heels

No testing is perform ed on the w h eels. The damage tolerance of 

the rim s is extrem ely sm all as noted in Figure 4 -1 0 . At room  tem perature
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S L O P E  = 2

F igu re  4-9 Relative Location of C lasses U, A , B , and C W heel R im s  
on the Ratio Analysis D iagram  at Various Tem peratures
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and with an estim ated factor of safety of 2 .5 , c r it ic a l-s iz e  c racks a re  about 

0 .1 -in . deep fo r  C lass C and about 1 .0 -in . deep fo r the rim  steel with the 

m ost dam age to le ra n c e --C la s s  A , wrought. Ideally, the w heel r im s  should  

be p roo f-tested , but instead, h igh -resolution , nondestructive inspection  

techniques a re  used fo r re liab ility . A s  noted in Table 3-9, u ltrasonics a re  

used to detect 1/8-in . defects in the rad ia l and ax ia l direction. A s  noted 

from  F igu re  4-10, this sensitivity is only adequate if a factor of safety of 

at least 3 is used on the yield stre ss . When actual operating s tre sse s  ex ­

ceed this value, brittle  fa ilu re  is probable .

4. 4. 3 Quality Control -  Wheels

The quality control of wheels appears m in im al when the criticality  

o f the component is  considered. The inherently low  dam age to lerance is 

of a nature that the requ ired  crack detection lim its are  below  the detection  

lim its of existing NDI practices. Only low  operating s tresse s , i. e . , 

high facto rs of safety at 3 to 10, can produce some reasonably  sized  

critica l defects (about 1 in. ) that would cause fractu re . But in actuality, 

any loca l therm al stress , o r im pact stress due to ra il  interaction with a 

fo re ign  object, could conceivably cause fractu re  of a wheel. It appears  

that the w heel steels could use some of the existing m ateria l technology  

to advance their quality with regard  to increased  dam age to lerance.
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5. S A F E T Y  L IF E -C Y C L E  PRED ICTIO N  TECHNIQUES

The fatigue response of m ateria ls  subjected to static loading with 

superim posed random vibrations, shock, o r load cycling is  an im portant 

technological a rea . Its applications encom pass conventional structures  

such as ra ilro ad  car components, a irc ra ft, b ridges , ships, and offshore  

structures. A ir  F o rce  and other m ilitary  applications extend to lon g -te rm  

life  of m ovable m iss ile s  (e. g . , the M X intercontinental m iss ile ), com m u­

nications spacecraft, and life  assessm ent of the space shuttle tran sp o r­

tation system .

In addition to reviewing the conventional approach to fatigue life  

prediction and life -p red iction  analysis based on crack  growth under con­

stant amplitude cyclic stresses, the random loading aspects of crack  

propagation a re  d iscussed in this section. They a re  used to generate an 

estim ate of the safety life  cycle. The basic  technical approach selected  

is  to extract, from  the statistical cycle loading spectrum , a ch aracter­

istic loading. This characteristic cyclic loading m ay then be used to fo re ­

cast the future propagation of the crack, including a transition to unstable  

or catastrophic growth (i. e . , outright or abrupt fractu re ). This general 

approach is  oriented toward providing convenient design charts fo r  rapid  

identification of design o r maintenance difficulties and benefits gained by 

nondestructive inspection (ND I). F ractu re  m echanics methodology is  

used extensively.

The specific component discussed is  the freight truck side fram e. 

Specific topics include setting manufacturing lim its fo r  flaw  sizes (i. e. , 

quality control through ND I), period ic fie ld  inspection, and accelerated  

acceptance testing (i. e . , the Association of A m erican  R ailroads fatigue  

acceptance test).
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5.1 C O N V E N T I O N A L  F A T I G U E  A N A L Y S I S

In the past, many designers conservatively  designed all parts for
6

infinite life  ( i . e . ,  greater than 10 cy cles) by restrictin g the m axim u m  

operating stress  to a value of about 1 /3  UTS (ultimate tensile strength).

In spite of this conservatism , fatigue still rem ains the m ost com m on  

cause of structural failure. Finite life  concepts have been introduced  

based on a rotating beam , sm a ll-sp e c im e n , alternating stre ss  test that 

defines the number of cycles to failure as a function of the m axim um  stre ss  

(S -N  curves). The reverse  bending test im p lies a stress  ratio or m in i­

m u m -to -m a x im u m  stress ratio of - 1 .  F or other m ean and alternating  

s tr e sse s  or stress  ratios, the m odified -G oodm an diagram * is  used to 

determ ine an equivalent fully alternating s tr e s s , that can be related to 

the S -N  curve determ ined from  a rev erse  bending test.

The endurance lim it of an actual structural component is  often  

found to be considerably lower than the endurance lim it of the rotating 

beam  specim en; therefore, a variety of m odifying factors m ust be e m ­

ployed. These include: surface factor, size  factor, reliability  factor,

tem perature factor, stress concentration factor, and the m isc e lla n e o u s- 

effects factor. Once these factors have been properly accounted fo r , the 

P alm gren -M in er c y cle -ra tio  sum m ation theory (M in er1 s rule)* is then 

applied to account for cumulative dam age under conditions of s tre ss  cycles  

of different magnitude. M anson’ s approach is a m odification of M in er1 s 

rule that attempts to take into account the order in which the s tr e sse s  are  

applied and the damage to the static UTS that occurs as a function of a 

sm all number of c y cles . The approach is  still considered to be very  

crude but rem ains the best analytical approach to date. Random stre ss

*F o r  detailed d iscussion , see Shigley, 1977.

5-2



history profiles present still a higher level of difficulty, but recently m u c h  
effort has been put into cycle counting methods that most accurately pre­
dict the actual life cycling; namely, (1) range m e a n  analysis, and (2) rain 
flow or pagoda-roof method (Anderson & Stephens, 1974). It is because of 
the complexities in making life prediction estimates that the A A R  Design 
for Fatigue Specification shows relatively little detail (Association of A m erican  
Railroads, 1976, Section 4. 6).

5.2 C O N S T A N T  A M P L I T U D E  S L C  A N A L Y S I S
Conventional fatigue analysis on reverse bending test coupons con- 

s ist of applying a constant amplitude alternating stress on a test sample and 
measuring the n u m b e r  of cycles until it breaks. The results produce a con­
ventional S- N  curve. The total life can then be divided into the n u m b e r  of 
cycles to initiate a crack and the number of cycles to propagate a crack 
until the part breaks. This division of the total fatigue life is illustrated 
in Figure 5-1. The propagation life is the only part that can be analytically 
predicted based on fracture mechanics and is the basis for S L C  predictions 
of crack growth. The portion of life that can be predicted depends on the 
ability to define an initial crack size as indicated by Figure 2-3. In most 
cases, the initial crack size is related to the limits of NDI. To calculate 
the remaining cycles of life due to crack growth, fracture mechanics princi­
ples must be applied. The procedure to analyze the S L C  by fracture 
mechanics is to:

• Estimate the m a x i m u m  initial size flaw in a structure based 
on the quality of the inspection or on the proof test loading 
procedures;

• Determine the fracture toughness for the appropriate sec­
tion thickness, and

• Obtain an expression for the fatigue crack growth rate of 
the steel being analyzed.
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proportions of cycles that add up to total cycles to failure.

Source: Rolfe and Barsom, 1977

Figure 5-1. Typical Fatigue Life S-N Curve Separated into 
Crack Initiation and Crack Propagation
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Examples for r o o m  temperature and an air environment of 
the Paris (1963) law expression for two types of steels under 
constant amplitude load fluctuation are:

martensitic steels: = 0-66 x 10'!(AAf,)213
a r t

ferrite-pearlite steels: ^  = 3.6 X 10“,0(AATI)3
where da/dN =  fatigue-crack growth per cycle of loading, in./cycle,

A K t =  stress-intensity-factor range, ksiVE

• Integrate the expression to determine the number of life 
cycles that can be related to the crack propagation portion of 
the fatigue life.

As an example, using Paris1 law, the m i n i m u m  n u m b e r  of cycles for a side 
frame with a 1/4-in. crack to grow to 1/2 in. under a uniform loading distri­
bution from zero to the m a x i m u m  allowable stress (16 ksi for B  grade, 25 ksi

5for C  grade) would be approximately 10 cycles for B  grade castings and
4approximately 2.5 x  10 cycles for C  grade, castings. Thus, the necessary 

requirements to m a k e  S L C  predictions are:
• M i n i m u m  initial crack size detected with 100-percent

reliability,
• Fracture toughness,
• Crack growth rate data, and
• Stress amplitude.

For random stress history profiles, S L C  requires modeling or counting 
methods for accurate life-cycle predictions. M o r e  detail regarding appro­
priate analytical methods for this problem is given in the next section.

To demonstrate the difference in results between constant ampli­
tude and random load calculations, a conservative estimate based on the 
Paris law is compared to a m o r e  refined analysis based on actual random 
stress history profile calculations as given in Section 5. 3, viz:
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r H R life-random loading 3 x 10 cycles
V-J J. C lU C  J-J i  • r  • r  i  i  ~  Jlife-uniform loading , , 5

1 x 10 cycles
Correspondingly, (1)

_ , „ life-random load 4 x 10 cycles ,, ,,Grade C =  — ---- — ----- -  =  j  = 16Xlife-uniform load _ _ , . 42.5 x 10 cycles

Hence, a simplified analysis based on constant amplitude or uniform load­
ing distribution is overly conservative and would add to the cost by requir­
ing m o r e  inspection periods because the predicted life cycles would be 
m u c h  less.
5. 3 R A N D O M  L O A D  E F F E C T S

The details of a technically refined safety life-cycle crack growth 
prediction technique for randomly loaded structures will now be discussed. 
Essentially, this technique provides the analytical basis for guidelines.
As discussed in the following sections, too m a n y  assumptions had to be 
m a d e  to consider the analysis exact, primarily because of the nonavailability 
of data. Side frames and bolsters are first-priority components for this 
study. The basis for this priority is the emerging availability of load 
spectra data for both components, and the clear evidence that a period of 
stable crack growth can be observed in the materials of construction. 
Therefore, the side frame of a freight car track was selected for this 
analysis as an illustrative example of the S L C  prediction methods.
5.3.1 Crack Growth Laws

The available empirical fatigue crack growth laws are obtained 
primarily from plots of the logarithm of crack growth rate versus the 
logarithm of cycle stress intensity (Figure 5-2). The experimental con­
ditions are generally constant amplitude sine wave stress cycles. Paris
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Figure 5-2. Fatigue Crack Growth Data and Interpretations
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and Erdogen (1963), F o r m a n  et al. (1967), and Collipriest and Ehret (1972) 
have presented the crack growth equations that have recieved the most 
acceptance. The following additional selection criteria eliminate two of the 
crack growth equations from consideration.

• Stress ratio effects (R) must be included.
m Catastrophic crack growth (i. e. , critical crack sizes, a )cmust be included.
• Threshold conditions for crack growth are desirable.
• Mathematical tractability of the form of the crack growth 

law is desirable.
The simplified Paris (1963) relation was rejected for the detailed 

random load analysis because it fails to include catastrophic growth and/ 
or stress ratio effects. The Paris law is:

= A  (AK)m  = a [y (A.cr)y4ra]m

Where:
N  = number of fatigue cycles,

A K  = cyclic stress intensity factor = Y(A(r)\Aa>
Y  = crack and specimen geometric factor (on the order of

unity),
A c t  = cyclic stress,
a = crack half-length* or characteristic dimension,
A  = an empirical material parameter, and 
m =  an empirical crack growth exponent.

The Collipriest (1972) empirical equation contains the desired
features of catastrophic propagation, stress ratio, and lower threshold
stress intensity, but seriously compromises mathematical tractability.

The Collipriest equation is:

da
d N A(K A K  )m / 2  expC O M K / A K ) m / 2 tanh ^

1 n [(AK)2 /1 [ 1 - R ) K  c (A  K)oj
"'lnl(l-R) K c /(AI^J

*This somewhat inconvenient terminology, which is historical in fracture 
mechanics literature, is based on theoretical convenience and is retained 
in this report.



where:
Kc = fracture toughness, or stress intensity 

A K 0 = threshold stress intensity,
R  = stress ratio: (irmin ̂ max)’ anc*

A K  = cyclic stress intensity.
The F o r m a n  (1967) empirical equation retains the desired features 

of catastrophic growth, stress ratio, and mathematical tractability, but 
does not incorporate the lower threshold cyclic stress intensity for growth. 
The F o r m a n  equation is:

da . AlAKf11
dN (l-R)K -(AK)

The F o r m a n  relation was adopted for the random load analysis 
because it is conservative in ignoring the -growth threshold, somewhat over­
estimating the rate of early crack growth, and, therefore, underestimating 
the total fatigue life due to crack growth.

5.3.2 Significant Indices of R a n d o m  Loading Parameters

The theoretical analysis of the response of linear systems to r andom 
input is well developed . Linear systems that have been analyzed for 
response to ran d o m  input include optical lens systems, active and passive 
electrical and electronic circuits, and linear (elastic) structural dynamic 
response resulting from mechanical and/or aerodynamic stimulation. Such 
systems are usefully characterized by linear differential equations. For 
linear systems, the power spectrum concept is a powerful analytical tool. 
The energy indices of such systems are the squares of the velocities (kinetic 
energy) or the squares of the displacements (stored elastic energy). Thus, 
central concepts generally relate to m e a n  values and m e a n  square values 
for governing parameters.
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The crack growth rate equations are nonlinear first-order differen­
tial equations. This nonlinearity suggests that the m e a n  and/or m e a n  
square of the driving parameters (cyclic loading factors) m a y  be inappro­
priate descriptors of response under random loadings. Examining the 
Paris (1963) empirical crack growth equation suggests that the instantaneous 
crack growth rate depends on the cyclic stress intensity raised to an 
arbitrary (material-dependent) power. The appropriate statistical index of 
random loading for crack propagation is the stress intensity to the same 
material-dependent power. Because the cyclic stress intensity is linearly 
related to cyclic stress, the appropriate cyclic statistical index is the m e a n  
of the cyclic stress intensity taken to the power m. For relatively rigid 
structural m e m b e r s  (nonfluttering) loaded in the elastic range, the stress is 
proportional to load; hence, the appropriate load statistic is the m e a n  of 
the cyclic load taken to the power m.

The F o r m a n  (1967) empirical relation has certain similarities to 
the Paris relation for small cyclic stress intensities, particularly for cyclic 
stresses significantly less than those giving rise to immediate catastrophic 
failure (i.e., for (AK)«K). A n  attractive, mathematically simple general­
ization is that the appropriate loading statistic for the F o r m a n  relation is 
the (material-dependent) m e a n  of the cyclic stress intensity taken to the 
power m. Thus, if the instantaneous crack growth rate is given by

d a  -  A (AK)m  
3 N  (1-R) k c -(AK)

the average growth rate of an ensemble of cracked specimens under random 
loading is approximated by

(5)

da
H n

A tA K f1

(1 -R) K c -[(AKf1]1^
(6)
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w h ere:

(AK)m  = average of the cyclic stress intensity taken to the power m  
(the over bar me a n s  average)

= average crack, growth per,.load cycle

For a linearly loaded structure, the relationship between stress at 
a specific location, say x, and applied load, say P, is estimated by a--  

$£(x) P  where ^(x) is an influence coefficient, or tr= ^P. The cyclic stress is 
similarly linearly related to the cyclic load (Atr) = ^(AP).‘

For a given location within a component, the proportionality between 
load and stress m a y  be obtained by theoretical analysis (by various exact or 
approximate elasticity solutions including finite element analysis) or by 
experiment (e.g., photoelasticity, strain gages). : The heuristic derivation 
given above leads to crack growth relations such as:

da
d N

A /-.r , —  ,rn/2A  (Yu) (ira)

or:
(l-R)Kc - (ira)1/2 i(Yc)m 1 / m

da _ A(Yc)m  (Tra)m ^2 
d N  (l-R)Kc - (ira)1/2 (Ya)

(7)

where:

' = (cr)
m 1 /m

The working hypothesis is that the appropriate index of load or stress 
spectrum for crack growth computations is the m t h  root of the m e a n  m t h  
power of the statistical variable. The appropriate exponent (m) for statistical 
loading is to be deduced from the appropriate exponent (m) for simple loading. 
This working hypothesis should be verified by experiment. The scope of the 
present investigation does not include verification testing.
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5. 3. 3. Common Loading Spectra

A  variety of mathematical expressions are available to describe 
actual random service loading. Fatigue life-cycle predictions are sensitive 
to detailed characteristics of the r a n d o m  load spectrum. This sensitivity 
is central to the planning of data collection programs and extrapolation of 
life predictions from one type of car or one track condition to another.

The standard mathematical probability distributions that might be 
used to mathematically model random load spectra include the uniform, 
Gaussian, Rayleigh, g a m m a ,  and beta distributions. The different proba­
bility functions are described in detail in the appendix. The applicability 
of these functions with regard to S L C  will now be discussed with the use of 
the crack growth life prediction models.

5.3.4 Crack Growth Predictions from Crack Growth Equations

The F o r m a n  (1967) crack growth relation:

dN (1-R) K c -
where the material parameters are:

A  = crack growth coefficient 
m  = crack growth exponent 

= fracture toughness
and the loading and component design-dependent parameters:

R  = m i n i m u m / m a x i m u m  stress ratio 
A ct = effective cyclic stress range 
Y  = crack geometry term

can be integrated to provide the following relationship between initial 
crack size a^, final crack size a^, and n u mber of fatigue cycles N.



N  =
2(1 - R ) K

V a [y (a S ) F  ’ m - 2 / 2  m- 2 / 2(n-ao) «!»„>

+ 2 Y A ct
ttA [Y (a 39]m  (m-3) m - 3 / 2  m - 3 / 2

(7raN } (7rao)

(9)

The special cases (i. e. , where m  = 2 or 3) require separate treat­
ment because of singularities in the above relationship. For m  = 2, the 
integration results are:

(l-R)K r 2 \ 4 ~
^ S r _  [lnN  =

a [Y(A?)]Ztt (aN /ao}• ] - yTTA[Y(A?)] |aN /ao>: *]' (10)

and for m  = 3 the results are:

(l-R)K
N  = c

2A(YAaN/̂ ir) y  eF 1 - ' / a o %
ln(aN /ao>
ttA(YA ct)

(11)

Engineering interest is centered on determining the approximate nu m b e r  of
cycles required to cause significant crack growth under the intended service
conditions and not the dependence of crack size on the n umber of fatigue
cycles. A  convenient definition of significant crack growth is infinite crack
growth; a^. =«. The num b e r  of fatigue cycles for infinite growth of a crack
of initial size a m a y  thus be written: • ‘o

N a TrA(YAcr) o
m

(l-R)K Y(A50

r(m -2 )(T ra 0 )l
(m-2)/2 (m-3)(ira0) <m-3)/2

(12)



F rom  this relationship, the number of cycles for growth from  size

a to a. m a y  be obtained by: 
o 1

N (a. . = N - N
o l o 1

Certain design structures, such as railroad cars, are conveniently
described in terms of a static m e a n  load or stress with a superimposed
fluctuating (equivalent) load or (equivalent) stress. In this case, it is
desirable to change variables using the following relationships:

r . min

+ 0- . ) / 2  m i n

Aor ~ O'm a x
R cr . / c m m

m e a n =r (o'm a x
0"m m - °mean
O'm a x = ^mean

N

-  (Acr)/2 

+ (Ao-)/2sail
R = t2®- _ - (A<r)]/[2(r + (Acr)]m e a n  J m e a n

The previous relationship thus becomes:
Y(Aff)K

o ttA[Y (Ao^y^a^ J m
Y(A dr)V va

^2crm e a n  + (A<r)K m -2] <m '3>
This equation describes the fatigue life of a structure containing

a small initial defect of size when it is subjected to a fluctuating load
or stress (A5) superimposed on a m e a n  or static loading (cr ).m e a n

The special cases for m  = 2 and 3 can be treated as follows: The 
cyclic crack growth rate approaches infinity as the crack size approaches
the critical crack size (a ),c

da—- —» 00dN as aN  - [ ( U R ) K rAAc)r/ir = ac

Substitution of this value for a ^  into the integrated forms of the 
growth relationships provides:

(13)

(14)
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(l-R)Kr — c 1 ~ (1 -R )K.c"2, 1 V V 77.r(i-R)K lc
irAfoA?)] . Y(Act) . irao A ( Y A ct) Y(Ao)v/iTao.

-,-1

( 1 5 )

for m  = 2 and

(l-R )K  
Noo = ---- ---------- — p i  i

Y(A5:)N/*a~
(l-R )K cJ A(YAct)2

In
( l -R )K c

Y ( A v ) \ / t t &

for m  = 3.
For the m o r e  general case (m ^ 2 or 3), one m a y  write:

(16)

2(1 -R)K
= 1

00 TrA[Y(AS0]m (m -2 ) 

2YA? 1

. . (m-3)/2
('irao) (irac )(m-2)/2

i t  A  [Y (A<r)]m  (m- 3)
(Trac )

(m-3)/2
('rrao)

(m-3)/2

(17)

If desired, in all the above equations, the change of variables
results in the simple substitution:

(1-R) =(Aa)/[am e a n  +(Aa)/2]

Equations 14 through 17 form the basis for the life estimation charts in 
Section 5.3.6.

Another model for treating spectrum loads was proposed by B a r s o m  
(1976). A s  discussed in Appendix B, the results are shown to be consis­
tent with the proposed model, which appears to be a general form of the 
B a r s o m  model. Sufficient data do not exist to discriminate at this time.
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5.3.5 Distribution Function for Load Spectra of Railroad Cars
Data have been recently reported from instrumented freight cars run­

ning on a field track (Johnson, 1974 and 1976, and A A R  M203, Section A). The 
reduced data for vertical track loading are given (Figure 5-3) for a loaded hop­
per car and a loaded tank car (100-ton capacity, 263-kip rail load). The 
character of the car type is evident in two ways. First, the tank car load 
distribution function at higher speeds appears m o r e  curved (sigmoidal).
Second, the load spectrum appears greater for the tank car, even though 
equal m a s s  is involved. Sloshing of the liquid m a y  account for both effects.

For the loaded hopper car, the data (Figure 5-3) suggest a loga­
rithmic linear approximation for the number of exceedances per mile (N-ĵ ) 
and the m a x i m u m  or m i n i m u m  loadings (Pm a x  and Pmin) as:

P  = P  - Q i n  (N / N  )m a x  m e a n  M  o
P  . = P  + Q i n  (N.,/N )min m e a n  M  o

or

or
A P  = 2Q/n(N. ,/N ) M  o

N u  = N  exp - (AP/2Q)
M  O

Graphical curve fitting provides the data in Table 5-1.
The speed dependence of the load spectrum is then controlled by the 

parameter Q; the linear dependence of Q  on velocity is approximated as 
shown in Figure 5-4. The available data thus indicate that a good approxi­
mation is:

Q  = B V
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Source: Johnson, 1976 '

Figure 5 -3 . Truck Bounce Load Spectra

Table 5 -1 . Hopper Car Load Distribution Param eters

Speed Range 
(mph)

Median Speed 
(mph)

Pmean
(k Ip)

No
(cy c le s /m ile )

Q
(kip)

45-60 52. 5 1 2 0 6 0 0 9. 77
30-45 37.5 1 2 0 6 0 0 7. 37



Figure 5 -4 . Apparent Dependence of Load P a ram eter on Car 
V elocity  fo r  Loaded H opper Car
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w here:

» it follows that the m e a n  cyclic load is given by 

(AP) = (2Q)

By  comparing the load spectra of Figure 5-3 with the mathematical 
descriptions discussed (in Appendix A), it is seen that the loaded hopper 
car truck bounce approximates a particular g a m m a  loading distribution 
(i.e., with a  = o).

The g a m m a  distribution shown iii Appendix A  can be used to esti­
mate the appropriate equivalent cyclic load for crack growth. For example, 
for a material.with crack growth exponent m  = 3. 3 (a low alloy steel), the 
effective cyclic load for growth is essentially twice the m e a n  cyclic load. 
The reason for this magnification is the nonlinear nature of crack growth 
and the greater physical consequences of large load cycles relative to 
small load cycles, .

B = 0 .1 9 0  (k ip /m ph).

Since NM=No exp - ( ! § )

5. 3. 6 Life Prediction Diagrams

Reduced to the simplest elements, the variables relevant to crack 
propagation lifetimes are still sufficiently numerous to require a seris of 
figures for proper presentation. These variables are given in Table 5-2.

In the elementary sense, nine significant parameters are intro­
duced. Three are related to material properties (i. e. , fracture toughness 
and two cyclic growth parameters); four are related to the stress environ­
me n t  (e. g., load-stress relationship* m e a n  static stress, and statistical 
characteristics of the cyclic random stressing); and two are related to 
the defect state of a given component (i. e. , the defect size and shape).
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Table 5 -2 .  Qrack Propagation V ariab les for L ife  Estim ation

Material Parameters Defect Parameters Loading Parameters

Fracture toughness, K c 

Crack growth exponent, m  

Growth coefficient, A

Crack size, ao
Crack shape, Y

Load/stress 
proportion, Y

M e a n  stress, o m e a n
Cyclic stress dis­
tribution function

Equivalent cyclic 
stress, A ct



• T

Before graphically presenting life prediction diagrams, several 
factors m u s t  be considered. The load/stress relationship is beyond the 
scope of this investigation and should be separately treated for each c o m ­
ponent. Preliminary m e m b e r  sizing is often performed on the basis of 
static Stress. This is explicitly true for railroad truck components 
specified by load ratings. The A A R  design specifications (M203, Section 
A) specifically identify allowable static stresses for various grades of 
materials and applications (e. g., class B  steels in bolsters or side 
frames). In this regard, it is sensible to use m e a n  stress as a major 
parameter (of nearly equal significance to other material properties) in 
life-time prediction diagrams.

The cyclic stress distribution function (which m a y  .be. car-depen­
dent, as in the comparison between loaded hopper car versus loaded tank car) 
and equivalent cyclic stress were discussed previously. Thus the experi­
mental procedures for determining these variables are already available.

The major remaining considerations are the crack size and shape.
In all of the previous derivations, crack shape could be treated by adjust­
ing the cyclic stress A<r by a multiplying factor Y. Initial crack size 
depends on manufacturing and field inspection technology and is ,a do m i ­
nating variable in the life-cycle methodology.

With these co m m e n t s  in mind, relevant variables (Table 5-3) and 
systematic variation of life prediction factors (Table 5-4) are treated sys­
tematically in life prediction charts (Figures $-5 through 5-10) for each 
case. In keeping with the empirical observation that very slow cyclic crack 
growth rates tend to be equal for most  ̂ structural steels, it w a s  as s u m e d  
that da/dN = 3 x IQ ^ in. /cycle for a cyclic stress intens ity A K  of 1,0 ksi \/in.
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Table 5 -3 .  Structure of V ariables in L ife  P rediction Charts

Axes Constant Factors Parametric
Variable

Indirect
Variables*

Load cycles 
to failure, N

M e a n  stress, cx 
(Static stress) I?iean

Equivalent cyclic 
stress. A ct

Cyclic stress
distribution
function

Fracture toughness, 
K c

Crack shape, 
Y

Initial crack 
size, ao

Crack growth 
exponent, m

Load/stress 
transforma­
tion, 0

Growth coefficient, 
A

*Indirect variables are processed by other charts and equations to produce 
the variables included in the charts.

Table 5-4. Systematic Variation of Life Prediction Factors

Case Fracture 
Toughness, K,

Growth 
Exponent, m

Growth 
Coefficient, A

M e a n
Stress, ct■ m e a n

I 6 6 . 0 4.0 1.68 X 10-9 5

II 6 6 . 0 4,0 1 . 6 8  X 10'9 1 0

III 33.0 4.0 6.90 X 10" 10 5

IV 33.0 4.0 6.90 X  10"10 1 0

V 6 6 . 0 6 . 0 5. 32 X 10"8 1 0

VI 6 6 . 0 2.5 1.68 X 10"11 1 0
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Figure 5-5. Life Prediction Chart - Case I

F igu re 5 -6 . L ife Prediction Chart -  Case II
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Figure 5-7. Life Prediction Chart - Case III

Figure 5 -8 . L ife Prediction Chart -  Case IV
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Figure 5-9. Life Prediction Chart - Case V

^  )

Figure 5 -1 0 . L ife Prediction Chart -  Case VI
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Cases I and II (as well as III and IV) illustrate the influence of 
m e a n  stress. Increasing the m e a n  stress (e. g. , static car loading) 
decreases the crack propagation life. In all cases, increasing the cyclic 
load (e. g., increasing track roughness) decreases life.

Cases I and III (as well as II and IV) illustrate the effects of frac­
ture toughness (with other parameters held constant). For very small 
cracks, the crack propagation life is insensitive to fracture toughness.
For relatively large cracks, the crack propagation life is signficantly 
increased (or decreased) by increasing or decreasing fracture toughness. 
Steel composition and/or metallurgical variables are an important con­
trolling factor of fracture toughness, as is service temperature (i. e., 
decreasing service temperature generally decreases fracture toughness).

Cases V  and VI illustrate the effect of the crack growth exponent. 
For very small cracks under low cyclic loading, increasing the crack 
growth exponent results in increased crack propagation lifetimes (reduced 
lifetimes result from large cracks). The crack growth exponent is re­
lated to metallurgical variables as well as, to s o m e  extent, temperature. 
As a rough approximation, nearly equivalent propagation lifetimes are 
attained when the initial cyclic stress intensities approach 10 ksi yin.
In a mathematical sense, the crack growth exponent is inversely related 
to the range of applied cyclic stress intensity separating slow from 
catastrophic growth.
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6. A P P L I C A T I O N  O F  R A N D O M  L O A D  A N A L Y S I S  T O  A  SIDE F R A M E

In this section, the general safety life-cycle (SLC) r a n d o m  load analysis 
for crack propagation is applied to a side frame under vertical loading. It is 
recognized that vertical loading presents only one of the potential failure modes. 
However, this example is an illustration of the evaluation approach rather 
than a final analysis.
6.1 S P E C T R U M  O F  C Y C L I C  S T R E S S E S  IN A  SIDE F R A M E

The data available are expressed in external loadings applied to the 
side frame; they are not the stresses developed within the side frame struc­
tural element. It will be assumed that the stresses are proportional to the 
loads, but the proportionality constant is not defined. Various analytical 
methods (e.g., finite element) should be applied, or appropriate experiments 
could be performed (e. g., photoelastic models, coatings, strain-gaged load­
ings) to determine the actual stresses developed;

In the absence of definitive stress information, estimation, and 
sensitivity studies are adopted; the source of the estimate is a paper by 
Johnson (1974). H e  estimates that current railroad truck design practice, as 
allowed by the A A R  203 standard and as implemented in existing components, 
results in ktatic stress of approximately 8000 psi for the static load.

The proportionality constant would therefore be:

+.S 8000 P BL = 67 psi/kip 120 kip p p
Thus, for loaded hopper cars run in the 45- to 6 0 - m p h  tange, using the 
values from Table 5-1, the m e a n  cyclic stress, Acr, would be:

A ct = Y A P  = Y 2 Q  = 1309 psi
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6.2 SIGNIFICANT L O A D I N G  P A R A M E T E R  F O R  S T E E L  C A S T I N G S  U S E D  
F O R  SIDE F R A M E  M A T E R I A L

The significant statistic of this loading distribution depends on the 

fatigue crack propagation characteristics of the side frame materials. 
Relatively little is known about the fatigue crack propagation properties of 

railroad side frame steel components. The limited data available from 

Johnson (1974) are reproduced in Figure 6-1 with a fit to the F o r m a n  relation 

and a comparison with another low alloy structural steel. It is evident that 

the fit must be considered tentative as must any conclusions arising from 

the use of this fit.

The crack growth exponent is approximately 4.0, and the fracture 

toughness is taken to be 66 ksi\/in! The value of these parameters should be 
reviewed when and if direct data become available.

For the particular g a m m a  loading distribution associated with hopper 
car side frames in railroad service and for the particular crack propagation 
exponent of side frame material, Appendix A  (Figure A-4(b)) explains for 

a  = 0 and m  = 4, that the significant loading statistic is 2. 1 times the average 
cyclic load. Thus, the effective cyclic loading on a side frame for a car 
running at a median speed of 52. 5 m p h  is 41.0 kip (i. e., 4.2 Q). The m e a n  
(static) loading is 120 kip; therefore, the effective cyclic component is 
34. 2 percent of the static load. The data given in Figures 5-4 and 5-5 imply 
that the effective cyclic component scales linearly with average car velocity; 
thus, the effect of higher and lower speed car operation can be estimated.
It should be emphasized that all load spectra available ignore such special 
events as car switching, humping, and coupling loads.

In the absence of detailed stress analysis, the effective dynamic-to- 
static loading proportion defined above can be used to bound the crack

6-2



CD
O>>o

03
TO

<
cm

cmo
o<ct:c_>
o
_io•>-o

Figure 6-1, Johnson's (1974) Side F r a m e  Crack Growth Data 
versus L o w  Alloy Structural Steel Data

6-3



propagation response of the side frame. Other bounds can be attained from 
the m a x i m a  allowed by the A A R  standards (with and without allowances for 
stress concentrations from fillets and cutouts) or experienced estimates,, 
such as those of Johnson. It is clear that under the present circumstances 
(e.g., life prediction of a component in the absence of stress analysis), 
bounding estimates are appropriate, as is the consideration of large safety 
factors.

6, 3 SIDE F R A M E  L I F E  E S T I M A T E S

The information available is meager; it consists of the ratio of 
static and dynamic loads and crude estimates of static stresses (Table 6-1).

For sensitivity analysis, one can consider three nominal m e a n  
stresses (10, 15, and 25 ksi). The relevant life estimation curves 
are given in Figure 6-2 for ambient temperature operation (i. e. , K  =
66 ksi\ZirT. ). A n  equivalent chart simulating low temperature operations 
(i. e. , = 33 ksi y / i n .) is given in Figure 6-3 for comparison.

The crack propagation life estimates are insensitive to fracture 
toughness for small initial cracks (i. e. , less than 0. 05 in. ) and greatly 
sensitive to initial crack size for large cracks (i. e. , greater than 0. 5 in. ). 
The greatest sensitivity is noted for the least m e a n  stress cases (e. g. , 
Johnson's estimate - case D  - and the A A R  nominal allowable - case A).

6.4 A L L O W A B L E  F L A W  SIZE R E Q U I R E M E N T S  A N D  S A F E - L I F E
E S T I M A T E S

There are two kinds of opportunities to control, measure, or 
otherwise limit flaw size. The first is through quality control and inspec­
tion of new components during car construction. The second is through 
periodic service inspection.
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Table 6-1. Estimates of Side F r a m e  Loading

Case
M e a n

(static)
Stress
(ksi)

Effective
Cyclic

Stress*
(ksi)

C o m m e n t s

A 16. 0 5. 5 A A R  nominal allowable

B 25. 0 8. 6 Case A  with lightening holes

C 8.0 2. 7 Johnson estimate

D 10.0 3 . 4 Similar to Johnson estimate

E 25. 0 5. 0 Case B  at 31 m p h

F 2 5. 0 10. 0 Case B  at 6l m p h

^Effective cyclic stresses for 52.5 m p h  operation unless 
otherwise noted.
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6.4.1 Inspection of N e w  Components

The side frame life estimates can be used to define the flaw detec­

tion requirements sufficient to ensure a nominal 20-year life for railroad 

truck side frames. The existing charts assume 100-percent fully loaded 

utilization at 52. 5 mph. The total mileage is estimated at 400, 000, based 

on 20, 000 miles per year.

Figures 6-2 and 6-3 indicate that initial flaws of less than 0. 040 in. 

would not be injurious to service life if the modified Johnson side frame 

stress estimate is correct (Case D). Full utilization of the A A R  allow­

ables would provide components with tolerance for noninjurious flaws 

somewhat less than 0. 01 in. The m o r e  severe loading (increased static 

and dynamic stresses) is responsible for this decreased tolerance for 

initial defects.

Comparison of Cases E, B, and F  (in that order) illustrates the 

life expectancy trend associated with increased service speed. These 

same cases illustrate (for 1 year of life) decreased initial flaw tolerance 

trends for increased operational speeds. In Case D, dropping the opera­

tional speed from 52. 5 to 38 m p h  would raise the 20-year initial defect 

tolerance from 0.040 to 0.080 in. (i.e., approximately a two-fold 

increase).

Initial flaw detection by ND I  techniques m a y  be used during c o m ­

ponent acceptance to provide assurance that injurious flaws are absent. 

There are a variety of techniques available, each with different charac­

teristics of operation, cost, and m i n i m u m  detectable flaw size limits.

The detection limits and suitability depend upon component geometry, 

surface finish, the basic metal, and operator skill.

Packman, et al. (1974) is a readily accessible reference for the 

reliability of flaw detection by ultrasonic (and other) techniques. The
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most relevant statement is that limits for a given circumstance and tech­
nique should be demonstrated'rather than assumed. In effect, generaliza­
tions must be treated with cahtion, but they are unavoidable for preliminary 
evaluation. The approximate reliability of s o m e  N D I  techniques is indicated 
in Figure 6-4 (from Packman). Flaws on the order of 0.10 in. can be con­
sidered routinely detectable. Flaws of 0.01 in. are probably outside tech­
nological limits, whiile flaws of 0.05 in. or so represent a lower limit of 
detection requiring proper technique and trained operators.

B y  using Johnson's assessment of current side frame design prac­
tices, current N D I  limits and the 20-year service needs are approximately 
equal. Use of good N D I  practice would then contribute strongly to the re­
duction of defect-induced side frame failures. Elimination of side frame 
defect-induced failures might be a logical result of slight reductions in , 
working stress through redesign and improvements in N D I  technology. 
Significant gairis in side frame safety would certainly be expected in the 
future. The reduction in the side frame failure rate noted over the last 
decade m a y  reflect these same steps.
6.4.2 Periodic Field Inspection

Periodic field inspection m a y  be performed in great detail (as in 
car rework) or in lesser detail (as in visual inspection in the field); The 
potential for N D I  during car rework is essentially the s a m e  as for ne w  
components; thus, the previous discussion covers the basic points for 
inspection during rework.

For this discussion, "careful visual field inspection" will be a s s u m e d 
to reveal flaws on the order of 0. 15 to 0.25 in. Figures 6-5 and 6-6 show 
the associated safe-life intervals for nominal and reduced fracture toughness 
materials (e. g., ambient and reduced temperature).
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For case A, side frames designed to nominal A A R  allowables, 
careful visual inspection would ensure several thousand miles of safe 
operation. This is true even in the case of reduced fracture toughness; 
but in this case there is decreased safe life.

F r o m  Johnson's assessment (Case D), careful visual inspection 
would ensure tens of thousands of miles of safe operation. This predic­
tion should not, however, be used to promote laxity in visual inspection 
or reduce the intervals. One reason is that the present prediction 
is ne w  and not independently corroborated. The second is that the 
reliability of a visual inspection process is increased by redundancy (i. e. , 
independent repetition). Frequent visual inspection of side frames is a 
technically sound m e c h a n i s m  for continual assurance of safe life. A u g ­
menting this with inexpensive, low technology, hand-held aids m a y  be an 
important consideration, as only moderate-size cracks need be detected.

6. 5 SIDE F R A M E S  IN T E S T  M A C H I N E S

N e w  side frame designs are required to pass static and dynamic 
(fatigue) loadings in test machines. The A A R  specification M 2 0 3  states 
that dynamic testing shall be performed in either of two machines (i. e., 
the one at American Steel Foundry (ASF) or the one at Dresser). These 
machines apply a complex pattern of vertical, lateral, twist, and impact 
loads. The requirements call for testing a group of four sample castings.

To pass, side frames mu s t  experience an average of 100, 000 load 
cycles without the development or growth of transverse cracks to 0.5 in. 
For a 100-ton capacity truck side frame, the m a x i m u m  vertical cyclic 
load is taken as 150, 000 lb. The A S F  machine cycles between zero load 
and the m a x i m u m  (AL = 150, 000 lb), while the Dresser machine cycles 
between 50, 000 lb and the m a x i m u m  (AL = 100, 000 lb).
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The interpretation of these fatigue test resu lts with regard to SEC  

is difficult to understand. The dynamic test is not a c la ss ic a l fatigue e x ­

perim ent because of the allowance for som e p rogression  of fatigue c ra ck ­

ing. It is not a crack propagation test because cracks need not be initially  

p resent or nucleated during the experim ental loadings. It is not a closely  

defined simulation of rail service  loads, nor is it a c losely  defined and 

w ell understood accelerated  life test. B ecause the current side fram e  

failure rates indicate that only a few per thousand of the side fram es in 

service  experience failu re , there is  doubt as to the statistical significance  

of a sm all sam ple size (four side fram es) for design acceptance tests . 

T h erefore, the side fram e fatigue test is considered as an index, but its 

interpretation is unclear.

One possib le  interpretation of the dynamic test is  that it senses  

som e aspects of preexisting flaw size and subsequent growth. The logical 

questions are: Even if one ignores the statistica l sam pling asp ects, could

the m arginal passing of the test signify satisfactory  field  perform ance?

If so , under what conditions?

Truck side fram es can be usefully categorized  by how closely  they 

are designed to the AAR  allowable m axim um  s tr e s s e s . Three categories  

are defined for the following discu ssion . In the ” 1X A A R " allowable group 

are side fram es of the 100-ton  rating in which 60, 000 lb^ results in 16, 0 0 0 -p s i  

m axim um  tensile stress  in the side fram e ( i . e . ,  the AAR  m axim um  allow able  

for grade B castin gs). The other categories are n3 /4  X M and Ml / 2  X , 11 in 

which the sam e force results in s tr e sse s  of 12, 000 and 8000 p si, resp e ctiv e ly . 

The 3 /4  X and 1 /2  X c lassification s are p ro g re ssiv e ly  m ore con servative .

For those c la ssifica tio n s, the side fram e s tr e sse s  m ay be calculated  

for the various test m ach in es. The resu lts for the A S F  machine are given in 

Table 6 -2 .
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Table 6 -2 . Side Frame Classifications

Classification

A S F  Test
Design Static 
Stress (ksi)

M e a n  Stress 
(ksi)

Cyclic Stress 
(ksi)

1 X  A A R 16 20 40

3 / 4 X  A A R 12 15 30

1/2 X  A A R 8 10 20

For these classifications and cyclic loading conditions, the nu m b e r  
of load cycles necessary to grow a crack from an arbitrary initial size to 
a final size of 0. 5 in. m a y  be computed from the results of Section 5. 3.4. 
These results are given in Figure 6-7, along with the 100, 000-cycle test 
demarcation. The material was assumed to be characterized by K  =

/--- -9 °66 ksi yin. , m  = 4, and A  = 1. 68 X  10 as required to fit Johnson's crack 
growth data. F r o m  this figure, it is possible to determine the initial 
crack size that will grow to the AAR-allowed limit. In effect, then, one 
can determine the initial crack size detectability limit for the side frame 
to pass the A S F  fatigue test requirement.

The next logical question is the service life that can be associated 
with each of these side frame classifications and the implied crack detec­
tion limit resulting from passing the test. For these cases, the m a x i m u m
allowable initial crack sizes were computed for 20 years of operation

5(4 x 10 miles) at 52. 5 m p h  (Table 6-3).

V,
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Table 6 -3 . ASF Fatigue Test Compatibility Lim its Compared to 
2 0 -Year Service Requirements

Classification
Maximum Crack Size 

Compatible With 
AAR, ASF Test (in.)

Maximum Allowable 
Initial Crack (in .) 
for 20 Year Life

1 X  AAR 0. 012 0 .0 0 8

3 /4  X  AAR 0. 038 0 .0 4 2

1 /2  X  AAR 0. 130 0 .0 8 5

It is seen that the fatigue test detection lim its and 2 0 -y ea r  service  

requirements are approximately equal for the 1 X AAR classification, 

the least conservative group. For such side fram es, ignoring the statis­

tical sampling questions, there is a fairly good match between fatigue 

test demonstration and service requirement.

For m ore conservative designs, there is not quite as good a match, 

but the order ranking is correct. According to the crack propagation 

methodology, the existing AAR vertical loading fatigue specification is  

very close to adequate. In the absence of further data, the adequacy of 

the AAR statement cannot be evaluated. A four-fold increase in test 

cycles or relatively minor increases in cyclic load would be required to 

create consistency between the presently predicted 20-year life cycle and 

the cyclic requirements of the fatigue test.

Another possiblity for requirements modification is to decrease the 

extent of allowable cracking in the fatigue acceptance tests . Figure 6 -8  

illustrates the number of load cycles required to grow cracks from  arbitrary  

initial sizes to a final size of 0 .1  to 0 .5  in. For very conservative designs
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( i .e . ,  1 /2  X  AAR), the modified acceptance requirement (0 .1 -in . maximum  

crack) screens side fram es m ore critically . The maximum tolerable crack  

for 20 years of service (fully loaded 100-ton hopper can run at 5 2 .5  mph) is 

greater than the minimum crack detectable in the modified fatigue require­

ment. An excellent match between the fatigue requirement and the desired  

design perform ance would then result if.the sampling statistical considerations 

were ignored.

Before embarking on such a requirements modification, several other 

factors should be addressed. The first is some, form: of verification of 

the present life -cy cle  methodology. The second is to consider the statis­

tical significance of the sampling procedures. The third is to consider 

the statistical significance of lim ited fatigue testing if an effective NDI 

program  is used during truck side fram e production. The ordinary statis­

tical significance of sm all samples should be increased as a result of the 

NDI information.

The important conclusion is that verification/calibration of the 

present life -cy c le  methodology, (perhaps) minor modifications of the AAR  

fatigue test, and documentation or. introduction of effective NDI programs 

would provide assurance of side fram e safe -life  perform ance. The pre­

sent analysis (considering the uncertainties) reinforces the hypothesis 

that the fatigue standard is largely responsible for the apparent decline 

in truck side fram e failure rate.

6. 6 SAFETY FACTORS AND SENSITIVITY ANALYSIS

Any fatigue methodology should be considered an analytical guide­

line rather than an absolute prediction. Safety factors should be applied 

to the results because of the variability of m aterials response, rare or 

extreme value statistics of the loading functions, and uncertainties in the 

data and/or loads.
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The m ajor load sensitivity of the present method is in the cyclic  

rather than the static load ( i .e . ,  the stress ratio effect). This can be seen 

from  the derivation and the plotted results.

A m ajor uncertainty in critical input is the crack propagation behavior. 

The data are lim ited, and judgment was employed to provide the basis for  

m ost of the calculations. Sensitivities have been indicated, and judgment is 

considered to err in a conservative m anner. The inspection requirements 

m ay be more severe than necessary, and relaxation of these requirements 

would be anticipated as a result of a methodology verification program .

There are uncertainties in the stresses assum ed to exist within side 

frame components. There is a significant effect on the absolute size of 

tolerable defects for NDI purposes; however, compensating factors occur 

for the correlation between laboratory fatigue test results and actual service  

life . The appropriateness of existing fatigue standards is not significantly 

affected.

As a general principle, a factor of safety should be applied to the 

resulting safe-life  prediction. At the present tim e, a safe -life  factor of 

safety of 4 or 5 would not be unwarranted. A proper demonstration program  

could be applied to reduce the factor further and provide statistical significance.
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7. DISCUSSION

It m ust be clearly understood that the present crack propagation 

life estimation methodology for pseudorandom loadings is not a classical 

fatigue methodology. The present life estimate is strictly and explicitly  

based on crack propagation considerations and is defined as the conse­

quence of preexisting crack-like im perfections. In contrast, c lassical 

fatigue methodology attempts to treat the physical processes of crack  

initiation and propagation in a lumped parameter em pirical fashion.

The present SLC crack prediction model serves several purposes. 

F irst, it defines a portion of the fatigue life for which structural integrity 

may be assum ed even in the presence of a defect. An example of the dif­

ference is shown in Figure 7 -1 . Second, the SLC crack prediction model 

defines the defect detection sensitivity required to ensure that fabricated  

components will not fail prematurely from  otherwise undetected defects.

Third, it allows for trade-offs between a m aterial's properties, loads, 

load spectra, and defect sizes in a design or component verification  

activity.

7 .1  RECOMMENDED ACTIVITIES

The present results suggest that substantial gains in rail safety 

related to truck component failure may be anticipated through the activities 

described in the following paragraphs.

7. 1. 1 Laboratory-Scale SLC Crack Prediction Model Verification

The essential hypotheses of the present methodology are the validity 

of the Forman (Forman et a l . , 1967) em pirical equation for the m aterials of 

interest and the validity of the hypothesis for the significant statistical load­

ing param eters. Both of these hypotheses can be dem onstrated/calibrated and

7-1
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modified by a near-term  laboratory activity. Railroad steels fabricated  

into special test specimens with controlled statistical loadings would be 

the prim ary data source.

A truck component that is sufficiently sm all to provide actual 

laboratory component demonstration is the bolster coil spring. Defect 

size, load spectra, and life interrelationships could be characterized  

and compared with the prediction. Intentional defects would be an experi­

mental param eter, which could be used to form  the basis of a constrained 

fail safe life -cy c le  field demonstration for bolster springs in a facility  

such as the Facility for Accelerated Service Testing (FAST). The fa il­

safe nature is 'a  result of the redundancy of parallel coil springs in current 

truck designs.;

7 .1 .2  Full-Scale  Test Machines

The fu ll-sca le  load cycling capabilities of the ASF and D resser  

facilities should be utilized in programs to collect data on crack initiation 

and growth; to critically determine the preexisting crack detection lim its  

implied by the existing fatigue specifications and correlate these data with 

various NDI techniques; and to define the fu ll-s ize  cyclic and mean stress  

scaling laws for crack initiation, growth, and detection. Such a program  

could establish the validity (and any required modifications) of the presently  

proposed (or any alternative) life -cycle  methodology.

For such a program to provide conclusive data, test planning m ust 

clearly distinguish between crack propagation-limited safety life -cy c le  

concepts and classical fatigue (i. e . , some unspecified combination of 

initiation, possibly from  defects, and subsequent propagation). The ex­

perim ental objective can be restated as determining the scaling laws of 

combinations of cyclic and mean stress and initial defect type and size.
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The purpose is to correlate these experimental data with a prediction  

methodology and perform any necessary modifications to the analysis.

7 .1 .3  Full-Scale Service Tests

Consideration should be given to methodology verification using a 

facility such as FAST. The objectives should be to demonstrate the pre­

dictability of growth of a crack under controlled or m easured service . 

loadings for several components on different cars (e. g. , tank car versus  

hopper car) under controlled operational and track conditions. Components 

should be instrumented with load transducers at load transfer points, strain  

gages at selected structural locations, accelerom eters, and calibrated crack  

detection sensors. A combination of these sensors, coupled with scheduled 

visual and/or instrumented inspection, would be used to m inim ize the occur­

rence of component failure.

The primary purpose is to demonstrate the ability to predict the 

onset and progression of structural degradation resulting from  crack  

growth, not to predict and observe the point of failure. Degraded (cracked) 

components could then be removed from  FAST service and carried to 

failure in cyclic loading test m achines. These failure data could then be 

compared with the prediction.

7 . 1 . 4  Analytical Refinement

The present analysis is a simple first-o rd er  approach. The 

simplifications involved may be reduced by further analytical development 

and correlation with experimental data. Extensions of the methodology 

with high payoff potential are identified below:

• Examination of the tank car load spectrum and comparison  
of this spectrum and the tank car side frame failure and 
service removal rate with those for hopper cars.
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• Incorporation of the Collipriest (or other) crack growth 
relation in the design charts for a m o r e  accurate calculation 
of crack growth.

• Development of statistical sampling considerations for 
fatigue acceptance specifications to evaluate the reliability 
of NDI.

• Extension of the S L C  crack prediction model from m e a n  
(average) crack growth rates.to include probability and re­
liability bounds on crack propagation under spectrum loading. 
This would encompass interactions between variable materials 
properties and the spectrum load. The output would be the 
extreme value probabilities of failure (failure rates) for 
operation under various rail service conditions.

• Studies of cost/benefit/risk based on the above analytical 
activity to define tradeoffs between inspection technology 
and long-term system benefits

7.1.5 Extension to Other Components
Extension to other components is implied in the previous discus­

sions. However, since a deficiency noted in the present study was the 
definition of stress states within the side frame, strong efforts should be 
directed toward developing an analytical or numerical description of local 
and global stress distributions.

If numerical methods are applied (e.g., finite element or finite 
difference codes), it should be required that the data output be stored on. 
magnetic tapes and that the data tape be available as input for the present 
(or any future) safety life-cycle methodology. The rationale is that the 
individuals or organizations performing safety life-cycle methodology 
studies need not be the same specialists w h o  perform the structural 
analysis.
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7 . 2 LIM ITATIONS OF PROPO SED SLC CRACK PRED ICTIO N  M O D EL

The present safe-life estimation method requires data that are not 
always readily available. The basic inputs were defined in Table 5-3. 
during the presentation of safety life-cycle estimation charts. The crack 
propagation parameters and fracture toughness are not classical design 
parameters in the railroad industry, and their relative scarcity is there­
fore understandable. Their immediate unavailability is necessarily a 
limitation.

The remainder of the inputs (e. g., load spectra, stress distribu­
tions) would be inputs to any analytical method. Thus, all life estimation 
techniques suffer from these limitations. In particular, the conclusions 
on safe operational limits presented in this report are restricted to loaded 
100-ton hopper cars and do not directly extend to tank cars.

Certain other limitations occur because of the crack propagation 
basis of the method. No a priori information on crack nucleation can be 
predicted from this method.

The appropriate method of load cycle counting for data reduction 
purposes has not been defined for this S L C  crack prediction method. This 
limitation is not unique to the present model; rather it is c o m m o n  to all 
models and serves as one of the justifications for application of safety 
factors to life-cycle predictions until better methods are found for load- 
cycle counting of random loads.

As presented, the method purports to predict only m e a n  (average) 
crack propagation rates under spectrum loading. It does not address the 
range of crack propagation rates that could occur in actual component 
production and service. It likewise does not address the associated ranges 
of conditions under which failure could occur during service.
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M o r e  specifically, it does not address the joint frequency of faster than 
normal growth coupled to m o r e  frequent than expected extreme values of 
the load spectrum; therefore, a conservative safety factor must be applied 
to these predictions. Consideration of the probabilities of faster than 
normal growth and m o r e  severe than expected loadings would provide 
additional analytical guidelines for an appropriate safety factor. Until 
demonstrated analytically and experimentally, large factors of safety of 
4 or 5 should be applied to the predicted safety life-cycle.
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8 . SUM M ARY

8. 1 C U R R E N T  R A I L R O A D  P R A C T I C E S
The testing and inspection practices of the railroad.industry as they 

apply to each phase (i.e., design, manufacture, and service performance) 
of a freight car structural integrity p rogram are summarized below.

The manufacturer designs a component within certain dimensional 
constraints specified by the Association of American Railroads. For so m e 
components (e. g.; bolsters, side frames, couplers) full-scale component 
tests are used to verify the mechanical load-carrying capacity of the de­
sign. Static and fatigue loading tests are currently required of n e w  side 
frame designs. The Facility for Accelerated Service Testing (FAST) 
(located in Pueblo, Colorado) is currently used for the accelerated testing 
of freight car components and systems. These test data provide informa­
tion on the durability, damage tolerance, and safety life-cycle of c o m p o ­
nents in simulated service environments.

Tests are performed during and after fabrication to ensure consis­
tent product quality. R a w  material chemistry is controlled by ladle 
analysis as required by A A R  material standards. The manufacturing 
process is controlled by testing the mechanical properties of the final 
product material. In most cases, m i n i m u m  tensile properties must be 
met. Specimens are generally taken from test prolongations or test 
coupons. Drop tests replace tensile tests for grade U  axles. Hardness’V
tests, rather than tensile tests are used on wheels. Coupler steel m e c h ­
anical properties are controlled by Jominy tests for hardenability. and 
Charpy V-notch impact tests as well as tensile tests.

The manufacturer controls the size and extent of fabrication defects 
by nondestructive inspection of the finished component. All components 
are inspected visually for surface defects. Magnetic particle inspection 
and ultrasonic inspection are examples of m o r e  sophisticated m e a n s  of 
finding flaws nondestructively. Magnetic particle inspection is used to
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increase the sensitivity of visual inspection of wheels. Ultrasonic inspec­
tion for internal discontinuities is required of wheels and c o m m o n l y  applied 
to axles.

Field inspection of freight cars is generally limited to visual ex­
amination during interchange and visual component inspection (truck intact) 
every 4 to 8 years. A A R  standards and Federal law regulate permissible 
degree of wear, extent of damage, and weld repair limits.

A  review of materials' properties, manufacturing methods, and 
seetion size (thickness) revealed that side frames, bolsters, and couplers 
are m a d e  of m e d i u m  carbon steels which are relatively tough compared 
to the higher carbon steel wheel castings. Because of their thinner sec­
tion size, side frames and bolsters have enough toughness to exhibit a 
potentially ductile failure m o d e  (i. e., exhibiting some degree of shear).
The thicker section size of the couplers increases the potential for a 
brittle fracture mode. The tendancy increases as higher strength, Grade 
E, coupler steels are employed. A  correlation of fracture toughness with 
Charpy impact values was used to analyze the damage tolerance of rail­
road steels and establish m a x i m u m  operating stress levels (factors of 
safety) consistent with visual inspections.
8.2 D A M A G E  T O L E R A N C E  A N D  F A I L U R E  M O D E S

Side frames and bolsters have fracture toughness that is consistent 
with inspection limits and the definition of a detectable flaw size of 0.25 in. 
Component testing of side frames loaded near the yield strength would require 
a 0.25-in. crack to exist which could cause failure. In effect, the test is a 
proof test on a limited sample size, and the remaining components rely on 
nondestructive inspection to ensure that no cracks in the structure exceed 
0.25 in. Side frames are fatigue limited with their safety life-cycle depen­
dent on crack initiation due to service exposure which might include aggressive
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bration of actual components, (2) establishment of failure m o d e  as correlated 
to fracture toughness and section size using a m o r e  exact analysis than 
presented in this report, and (3) better utilization of failure analysis of broken 
components to obtain information on transition temperature Charpy data and 
a m o r e  exact description of failure stresses/modes.

Coupler studies have resulted in the inclusion of Charpy data into 
the A A R  R e c o m m e n d e d  Practices. The large section size and the higher 
strength steel are the reasons for m o r e  rigorous quality control of couplers. 
The data suggest, that the 15 ft-lb at 0°F for Grade C  and 15 ft-lb at -40°F 
for Grade E  couplers would have been cause for rejection for m o s t  of the 
couplers examined in the Coupler Steel Study program. Only separately 
cast (smaller size) castings appear to meet the requirements. To m a k e  
this requirement m o r e  useful, the location of Charpy samples should.be 
specified or a correlation parameter established with separately cast test 
coupons which are generally higher because of section size effect. A  

Charpy-fracture toughness correlation for railroad steels similar to that 
found for bridge steels should also be. established.

Wheels are definitely a problem from brittle failure m o d e  consider­
ations. As the class of wheel changes from A  to B  to C, the higher 
strengths are accompanied by lower and lower values of damage tolerance.
But, the wheels' major design function is against wear, and, therefore, 
the requirement for greater hardness (resulting in less tough steels) is a 
necessity. Most of the failures are in the location of the rim due to 
thermal stresses produced during braking. In theory, proof testing of 
wheels could be utilized to ensure safe life; but in practice, the approach 
does not appear to be a reasonable one.

chem ical environm ents or im pact overloads in hump y a rd s. Testing req u ire ­

m ents for side fra m es and bo lsters should include: (1) s tre ss  intensity c a li­

j
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No circumferential cracks are allowed in axles. In addition, 
there are restrictions on longitudinal discontinuities. The question b e ­
c o m e s  one of defining a defect size that exceeds the limits of detection 
of existing nondestructive testing equipment. N o  data could be found to 
calculate the damage tolerance limits of axles, but estimates suggest 
relatively high values approaching a toughness-to-yield ratio of unity.
Drop tests in U-Grade axles can be further redefined in terms of inter­
preting the results on a proof test delineating defect sizes and establish­
ing failure modes.

In general, fracture toughness is an important ingredient in failure 
m o d e  prediction and in defining m a x i m u m  operating stresses or safety 
factors consistent with visual detection of critical defects about 0. 1 in. 
long. For side frames and bolsters, a factor of safety of 2.4 ensures 
tolerance of a 1-in. crack, which is consistent with current A A R  practices. 
For Grade E  couplers, a factor of safety of 5 should be employed. For 
Class C  wheels, a factor of safety of 10 should be used. Axles have enough 
damage tolerance to be designed to a factor of safety of 3.

F r o m  the toughness consideration, railroad steels represent the 
lower end of the state-of-technology and large improvements in material 
selection are possible from technical considerations. The major limiting 
factor is the cost impact, especially with the freight car trucks.
8. 3 S A F E T Y  L I F E - C Y C L E  P R E D I C T I O N

Safety life-cycle prediction is m o r e  strongly dependent on the p a r a m ­
eters that affect crack growth than on fracture toughness. Environmental 
factors of temperature and chemistry should be considered from the view­
point of effects on crack nucleation and crack growth. Load simulation 
and the prediction of the dynamic response of each component are essential 
for accurate safety life-cycle predictions. Models that are consistent
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with test data for predicting crack growth due to r an d o m  type loads on 
railroad steels are essential. Verification tests of crack growth in c o m ­
ponents under actual service loads are also necessary.

The random-loading aspects of crack propagation were used to 
generate a S L C  crack growth prediction technique. The basic technical 
approach was to extract from the statistical loading spectrum, a charac­
teristic loading which was then used to forecast the future propagation 
of the crack.

The scope of this effort was restricted to a macroscopic descrip­
tion of fatigue crack growth from preexisting or service-induced flaws. 
Crack initiation from microscopic considerations is beyond the scope of 
existing technology. The load conditions consist jof a static m e a n  load 
with superimposed random (statistical) loading.

In order to demonstrate an analytical approach to general safety 
life-cycle guidelines, fracture mechanics concepts used with crack growth 
laws based on the oscillatory crack-tip stress-intensity factor and the 
F o r m a n  empirical crack growth relation were selected for implementa­
tion. The selection criteria included stress ratio effects, logical transi­
tion to catastrophic growth, reasonably analytical tractibility, and inher­
ent conservatism relative to available data.

The significant index of statistical loading parameters was sought 
through the mathematical character of the empirical crack growth dif­
ferential equation. It was hypothesized that the order of the relevant 
statistical m o m e n t  of the loading distribution would be identical to the 
order of the nonlinearity of the differential equation of crack growth.

The characteristics of the most c o m m o n  probability distribution 
functions were examined for significant statistical indices (moments) con­
sistent with this hypothesis. These distributions were candidates for a
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description of random loadings applicable to various railroad com ponents.

The crack growth rate equations w ere integrated in form s suitable for use 

with the basic hypothesis.

On the basis of available data, the distribution function for truck  

side fram e vertical loadings was shown to be approxim ated by a p ar­

ticular gamma distribution. This distribution is lin early  dependent on car  

velocity for 100-ton loaded hopper c a rs . The loading distribution function 

fo r  tank cars appears m ore severe than that for hopper c a rs , and does not 

obey the sam e distribution function.

Life prediction diagram s based on crack  propagation w ere p r e ­

pared to display the general ch aracteristics and m ajor sensitivities of 

the m ethod.

The SLC crack prediction m odel w as sp ecifica lly  applied to 100- 

ton capacity hopper car side fr a m e s . The application was dem onstrative  

(as opposed to definitive); significant data w ere either unavailable or 

tentative. Estim ation and bounding w ere thus em ployed to overcom e these  

uncertainties. Consequently, exact values used in actual guidelines would 

be prem ature.

8 .4  CONCLUSIONS BASED ON SIDE FR A M E  AN A LYSIS

Periodic visual inspection w as considered. The crack detection lim it  

of "adequate periodic in sp ection " rem ained consistent with an assurance of 

many thousands of m iles of safe life . The safe life is somewhat decreased  

under conditions of reduced m ateria l fracture toughness ( i . e . ,  low tem p era ­

ture), but it is still significant. Periodic visual inspection is a valid m echan­

ism  for increm ental assurance of safe life , and it becom es increasingly  

p ractica l and reliable with increased  design co n servatism .

8-6

L



Nondestructive inspection for flaw detection applied during component 

acceptance would be a practical approach to ensuring a 2 0 -year safe life of 

side fram es. Current NDI technology appears to have sufficient flaw detec­

tion resolution to satisfy the maximum requirements for conservative designs 

allowable by A A R . For less conservative designs ( i .e . ,  when the resulting 

stress is approximately equal to the maximum AAR allowable stress), NDI 

technology is insufficient to provide the required flaw free assurance of 

0 .0 0 8  in.

The existing AAR fatigue test (Standard M -203) is somewhat 

ambiguous. The statistical significance of a test sample of four side 

fram es compared to a field failure rate of a few per thousand is set aside 

for the purpose of this report.

Interpretation of the fatigue test as an accelerated crack propaga­

tion test was attempted. The conclusion was that the AAR (ASF) test 

requirement could detect initial cracks of approximately the size corre­

sponding to a 20-year safe life . Relatively slight increases in load and/or  

test duration or reductions in the maximum allowed crack size could pro­

duce the desired consistency. Given the uncertain state of the data and 

the newness of the methodology, modification of the standard is not presently  

justifiable. Program s and activities leading to standards modification  

can be identified.

It was also concluded that until proved otherwise, a safety factor 

should be applied to the safety life -cycle  predictions of this report. This 

safety factor should be applied even though conservatism  is im plicit in the 

methodology formulation and data interpretation. It does not affect the 

basic trends.
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Activities w ere identified that should result in substantial gains in 

rail safety related to truck component failure. These activities center on 

verification and m odification of the basic sa fe -life  m ethodology developed  

in this study. These include:

m L ab oratory -sca le  verification ,
e F u ll-sc a le  test m achine correlation ,
« F u ll-sc a le  service  testing in the F A ST  fa c ility ,
# Further analytical developm ent, and
• Extension to other com ponents.

The m ajor conclusions reached are lim ited  to 10 0 -ton hopper c a r s . 

Specifically , they do not extend to 100-ton tank c a rs . There are short­

term  data lim itations, but in m ost senses these sam e lim itations exist  

for any sa fe -life  m ethodology. The method currently considers the 

average crack growth under expected values of random loading and can be 

extended to cover the joint (rare) occurrence of faster  than norm al growth 

coupled to greater than expected (rare) occu rren ces of loading.
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APP EN D IX A

Several random load distribution functions are described  in this 

appendix. These functions can be used to describe the loading spectra found 

in serv ice .

RANDOM LOAD DISTRIBUTION FUNCTIONS

A . 1 UNIFORM  LOADING DISTRIBUTION

The m athem atical form  of the uniform load distribution is given by

.^(Act) =
1 /  (A ct ) 0 <  A ct <  A ctm ax m ax

0 otherwise

The magnitude of the cyclic  load is positive and bounded, and all 

interm ediate cyclic  loads are equally probable. The mean cyclic  load is 

A cr m ean i m ax /
1/ m

— ̂ CTWiax

Ad I /2 .  The roots of the various m om ents are given bv m ax J 1
(A ct)m (1+m)>-l /  m

(see Figure A - l ) .  For our purposes here, the mth power of the m om ent is 

taken to coincide with the crack growth exponent m .

Figure A - l .  Statistically Significant Loading Index for
Uniform Random Loading Distribution
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•3̂
 (A

ct )

A. 2 GAUSSIAN LOADING DISTRIBUTION

The m athem atical form  of the Gaussian distribution for positive load 

cycles is given by r

nTE/tt
•^(A a) = <

exp\ ^
(Aa >  0 )

0 (Aa < 0)
where S is the standard deviation of the sym m etric  distribution. This is  

shown in Figure A -2 a  and com pared with the uniform  distribution function 

given in Section A . 1. The mth root of the mean of the mth power,

where T(m) denotes the gamma function is given by Figure A -2 b .

1 / mr n1 /m/* \m  (Act)
1 / ill

= y r s 1 \ 2 /

(a) (b)

Figure A -2 .  Uniform and Gaussian Random Loading Distributions 
and Significant Statistical Index of Random Loading
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A . 3 R AYLEIG H  LOADING DISTRIBUTION

The general form  of the Rayleigh distribution is given in F igure A - 3. 

Its m athem atical form  is

( A a )

A a
2 r  2-,a e x p -  l / 2 ( ^ )

. 0
O'..

A a  >  0 

A a  <  0

F o r the random loading crack growth problem , the appropriate  

statistic (Figure A - 3 )  is

P a T(m/2 + 1) 1 / m

CRACK GROWTH EXPONENT (m)

(b)
Figure A - 3 .  Rayleigh Distribution and Significant Statistical

Index of Random Loading
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A . 4 GAM MA LOADING DISTRIBUTION

The g am m a p ro b a b ility  d is tr ib u tio n  conta ins  tw o c h a ra c te r is t ic  

p a ra m e te rs ,  in  c o n tra s t w ith  the p re v io u s  e x a m p le s , w h ich  co n ta in ed  on ly  

s in g le  p a ra m e te rs . The b e h a v io r is  th e re fo re  m o re  g e n e ra l. The g a m m a  

d is tr ib u tio n  (F ig u re  A -4 a )  is  de fin ed  as

* ( A  a )

(A g )a e x p f- (A ct)/£1 A ct, 'y, and 0 >  0

PQr+1 r(cH-l)

0 o th e rw is e

T h e  s ta tis t ic  appropria te - to the track growth hypothes is  is

T(ot + m  + 1)
r ( a  + 1)

1 /m

T h is  re la tio n s h ip  is  p lo tted  in F ig u re  A -4!>.

GRAPHS OF SEVERAL GAMMA DISTRIBUTIONS FOR .•* 1

(a)

FLAW GROWTH EXPONENT (m>

(b)

Figure A - 4 .  Gamma Distribution and Significant Statistical
Index of Random Loading
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A. 5 B E T A  LOADING DISTRIBUTION

T h e  beta d is tr ib u tio n  is  a n o th er tw o -p a ra m e te r  d is tr ib u tio n  function  

T h is  d is tr ib u tio n  is  bounded som ew hat s im i la r ly  to the u n ifo rm  d is tr ib u tio n  

in  c o n tra s t to m o s t o f the o th e r d is tr ib u tio n s  d iscu ssed  ( i .  e. R a y le ig h , 

G au ss ian , and jja n im a ). The fo rm a l d e fin itio n  is  g iven by

m a x /

A a
Aa m ax m a x

< 1

o th e rw is e
E x a m p le s  a re  given in Figure; A -5 a . F o r  the random  lo ad in g  c ra c k  

g ro w th  p ro b le m , the re le v a n t s ta t is t ic  is

(Aa)
m

1 /m

(A a )
m a x

(a + b + 1)] (a + m ) !  
(a + ft + 1 + m ) \ a

1 /m

T h is  re la t io n s h ip  is  shown in  F ig u re  A -5 b .

GRAPHS OF SEVERAL BETA DISTRIBUTIONS 

(a )

<b)

Figure A - 5 .  Beta Distributions and Significant Indices
of Random Loading
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A P P E N D IX  B

E V A L U A T IO N  O F  A  R E L A T E D  T H E O R E T IC A L  M O D E L

The c lo s e s t re la te d  w o rk  on c ra c k  p ro p a g a tio n  u n d e r s p e c tru m  

lo ad in g  is  B a rs o m 's  1976 study. The m a te r ia ls  in v e s tig a te d  w e re  ty p ic a l 

b rid g e  s te e ls , and the load  s p e c tru m  u t i l iz e d  w as a R a y le ig h  d is tr ib u t io n .  

The m a jo r  co n clu s io n  reach ed  w as th a t s p ec tru m  lo ad in g  on c ra c k  g row th  

could  be f a i r ly  w e ll  c o r re la te d  w ith  the P a r is  e m p ir ic a l  re la t io n .

The B a rs o m  M o d e l:

da
, ‘ dN “

w h e re :

(A K ) = ro o t m ean  square  s tre ss  in te n s ity  f lu c tu a tio n
rm s

(AKj. m s
m

2

Tw o c irc u m s ta n c e s  c o n tr ib u te  to th is  a p p a re n tly  good c o r r e la t io n .

F i r s t ,  the c ra c k  g ro w th  exponent fo r  the m a te r ia ls  in v e s tig a te d  w as m  = 2 . 59 

( i .  e. , a c lo se  a p p ro x im a tio n  to m  = 2 ). The a v e ra g e  g ro w th  p e r  c yc le  should  

depend a p p ro x im a te ly  on the square  o f the c y c lic  s tre s s  in te n s ity . Second, 

the p ro p e r t ie s  o f the R a y le ig h  d is tr ib u tio n  fu n ctio n  a re  such th a t the s ta t is t ic a l  

in d ic e s  fo r  v a r io u s  m o m en ts  do not depend s tro n g ly  on the o r d e r  o f the m o m e n t. 

T h u s,

"Act = i . 26 a = 0. 89 (A ct)rm s

2 , _ _ _ _

n/(A ct)2

1 /2 .5 9

1 .4 1  a = 1. OO(Act)rm s

1 .5 0  a = 1 . 06 (A ct)rm s

[< A °)4 ]
1 /4

1. 68 a -  1. 19 (A ct)rm s
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The R a y le ig h  lo ad in g  d is tr ib u tio n  is  a p a r t ic u la r ly  p o o r d is tr ib u tio n  fo r  

the in v e s tig a tio n  o f s ig n if ic a n t s ta t is t ic a l  lo a d in g  in d ic e s .

The e ffe c tiv e  s tre s s  s ta t is t ic a l in d ic e s  g iven  above a re  not v e ry  

d if fe re n t .  The  s c a tte r  in  c ra c k  g ro w th  data  is  s u b s ta n tia l. T he  c o m b in a tio n  

of the e x p e r im e n ta l s c a tte r  p lus the s m a ll v a r ia t io n  in  s ig n if ic a n t s ta t is t ic s  

o f the in d ice s  o f R a y le ig h -d is tr ib u te d  ra n d o m  lo a d in g  le a d  to in c o n c lu s iv e  

d is c r im in a t io n  betw een  m e an  s tre s s , ro o t m e a n  sq u are  s tre s s , and fo u r th -  

ro o t of fo u r th -p o w e r  m ean  s tre s s  as the d r iv in g  v a r ia b le  fo r  c ra c k  p ro p a g a ­

tio n .

B a rs o m ’ s re s u lts  a re  not in c o n s is te n t w ith  the  p re s e n t h y p o th e s is , 

and the data a re  not s u ffic ie n t to d is c r im in a te .  T h e  B a rs o m  h yp o th es is  is  

in c o rp o ra te d  in  the re s u lts  on p ro b a b ility  d is tr ib u tio n s  ( i.  e. , assum e th a t 

m  = 2 fo r  the e s tim a tio n  of the s ig n if ic a n t lo a d in g  s ta t is t ic ) .  The l i fe  e s t i ­

m a tio n  c h a rts  a re  p re s e n te d  in d e p en d e n tly  of any s ta t is t ic a l hypotheses and  

m a y  be used w ith  e ith e r  the p re s e n t o r  the B a rs o m  m o d e l.
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A P P E N D I X  C
G L O S S A R Y  O F  A B B R E V I A T I O N S  A N D  T E R M S

A A R Association of American Railroads

A A S H T O American Association of State Highway and Transpor­
tation Officials

A S F American Steel Foundry

A S T M American Society1 for Testing and Materials

Component strength The load-carrying capacity of an entire component.

C V N Charpy V-notch. A n  impact test specimen used to 
measure the energy absorbed during fracture under 
impact loading ( A S T M  Standard E23-72).

D a m a g e  tolerance The m a x i m u m  amount of damage in the fo r m  of cracks 
that a stressed component can sustain without failing.

Durability . The ability of a system or component to resist cracking, 
corrosion, thermal degradation, delamination, wear, and 
foreign object damage for a specified period of time.

Durability limit Economic life. Repair and maintenance cost exceeds 
ne w  vehicle cost.

. D T Dynamic Tear Test (Proposed Method for 5/8-in. 
Dynamic Tear Test of Metallic Materials, Vol. 10, 
A S T M  Book of Standards).

Factor of Safety The ratio of the yield strength to the design m a x i m u m  
allowable stress.

Fail safe A  design approach in which safeguards are incorporated 
into the design of a structure so that even if local failure 
occurs, the structure is safe.

F A S T Facility for Accelerated Service Testing

F R A Federal Railroad'Administration

Fracture mechanics The study of material response to stress in the presence 
of a crack.

C-l
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F ra c tu re  toughness The a b il i ty  of a m a t e r ia l  to  r e s is t  f la w  p ro p a g a tio n , 
K ^ .  A m e a s u re  of the am o u n t of e n erg y  a m a te r ia l  
can ab so rb  b e fo re  f r a c tu r in g .

H a rd e n a b il ity The depth of h a rd e n in g  u nder g iven  co o lin g  c o n d itio n s , 
not to  be confused  w ith  h a rd n e s s .

H a rd n e s s R e s is ta n c e  of a m a te r ia l  to  p e n e tra t io n .

Jo m in y  T e s t A te s t fo r  d e te rm in in g  the re la t iv e  h a rd e n a b il ity  o f 
stee ls  in  w h ic h  one end of a h eated  c y l in d r ic a l  s p e c i­
m en  is quenched; the re s u lt in g  h ard n ess  d e c re a s e s  
to w ard s  the unquenched end.

K S tress  In te n s ity  F a c to r

K lc
C r i t ic a l  s tre s s  in te n s ity  fa c to r  under m ode I  lo a d in g  
cond itions  (d is p la c e m e n t n o rm a l to c ra c k  s u r fa c e s ).  
F ra c tu re  toughness p e r  A S T M  S tan d ard  E 3 9 9 .

K Id
D yn am ic  f r a c tu r e  to u g h n ess . The c r i t ic a l  s tre s s  
in te n s ity  fa c to r  m e a s u re d  a t a h igh  s tra in  r a te .

L a d le  a n a ly s is A m eth o d  o f c h e m ic a l a n a ly s is  in  w h ich  sam p le s  of 
the m o lte n  s te e l s tre a m  a re  taken  in  a s te e l spoon  
( la d le ) d u rin g  the p o u rin g  of the h e a t.

L A S T L o w e st A n tic ip a te d  S e rv ic e  T e m p e ra tu re

M a g n e tic  P a r t ic le  
In s p ec tio n

A n o n d e s tru c tive  m ean s  of d e te c tin g  s u rfa c e  d is c o n ­
t in u it ie s .

M a rg in  o f sa fe ty F a c to r  o f s a fe ty  m in u s  one.

M in e r 's  R ule

*

M in e r -P a lm g r e n  c y c le - r a t io  s u m m atio n  th e o ry . I f  a 
com ponent is lo ad ed  a t s tre s s  le v e l S  ̂ fo r  n^ c y c le s  
and = the to ta l  n u m b e r of c y c le s  of l i fe  the  c o m ­
ponent has a t s tre s s  le v e l  Sy then  no m o re  com ponent 
l i f e  re m a in s  w hen n.

1
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ND I Nondestructive Inspection

N D T Nil Ductility Transition (temperature). Often used to 
delineate the temperature regions of brittle and ductile 
fracture behavior; measured as specified in A S T M  
Standard E208-69.

Pagoda roof Rain flow. A  counting technique for grouping ra n d o m  
loads according to their magnitude.

Q C Quality Control

R A D Ratio Analysis Diagram. A  graph on which fracture 
toughness is plotted versus yield strength in order to 
group materials according to a ratio of toughness to 
yield strength, which is an index of critical crack size 
or damage tolerance.

R T R o o m  Temperature

Safe life A  design approach in which a safe service life, in n u m ­
bers of cycles of operation or time, is established, and 
the component is inspected or removed f r o m  service 
at some fraction of its predicted life.

SIP Structural Integrity P r o g r a m

S L C Safety life-cycle. That period during which a system or 
component functions properly without endangering safety 
of service operation or degrading performance of the 
rail vehicle.

Structural integrity The ability of a structure to perform its design function 
under dynamic and static loads and environment (including 
temperature) for its expected design life.

Toughness A  measure of ductility or energy absorbed during fracture 
Fracture toughness, reduction of area, and elongation of 
a tensile coupon or Charpy impact energy are generally 
used.
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UTS Ultim ate T en sile  Strength

U ltra s o n ic
In s p ec tio n

w /  o

A n o n d e s tru c tiv e  m ean s  of d e te c tin g  and lo c a tin g  internal 
d is c o n tin u it ie s .

P e rc e n t o f W e ig h t
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