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NOTICE

The results in this report were obtained under test procedures and
criteria established by the Federal Railroad Administration. The
data or results do not imply an endorsement by the Association of
American Railroads of the product tested nor the applicability of
the results beyond those samples tested.
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FOREWORD

This Interim Report of the FRA sponsored Wheel Failure Mechanism
Program was prepared in fulfillment of contractual requirements to
provide a major mid-term technical progress report on the status
of on-going research. It is not a final report, and although it
does provide technical highlights and observations on many of the
project tasks, it is not intended at this time to provide conclu-
sions. One of the major purposes of this interim report is to
solicit timely suggestions and critiques from our sponsors as well
as interested parties in the railroad industry and technical
community. Such comments are welcomed at the earliest opportunity
so that they may be considered and possibly incorporated prior to
scheduled completion of the current tasks by September 1986.

The overall purpose of this research program is to develop under-
standing of the mechanism of wheel failure. Specific technical
tasks and objectives are required by the contract in support of
this goal. At this time in the program, good progress is being
made toward achieving many of the task objectives and several
important observations and correlations are suggested in this
report, although it is too early to offer complete conclusions.

Some of the technical highlights of the program to date are as
follows:

1. Demonstration, by review of derailment data, of the superi-
ority of low stress wheel designs in their resistance to
fracture,

2. Use of cyclic plasticity data to predict levels of residual
stress in wheels tested on the RDU,

3. Development of finite element techniques to predict residual
stress fields from saw-cutting displacements,

4, Determination of the amount of heat lost at the wheel/rail
interface, and

5. Formulation of fracture mechanisms for flange and back rim
crack.

The project is approximately 2/3rds complete in terms of schedule
and expenditures.

Several technical and planning issues remain to be resolved during
the final stages of research, including brake thermal load vari-
ability between wheels on the same truck, benchmark testing needs
for correlating results gathered at different facilities, and the
difficulty of producing cracked wheels.
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1.0 OVERVIEW AND PROJECT STATUS

The life of a railroad wheel is determined by various factors such as wear,
plastic flow, fatigue failure of the wheel plate, shelling and thermal crack-
ing of the wheel tread, and wheel fracture. The incidence of heat related
wheel failure, which is initiated by a thermal crack in the wheel rim, has
become of great importance in the railroad industry. A relatively large
number of wheels are removed from service on the basis of the discoloration of
the wheel plate, caused, presumably, by severe thermal loads. The problem of
removing a thermally abused wheel from service has become more complex.
Reseach has shown that a similar percentage of both nondiscolored and dis-
colored wheels contain high levels of residual tensile stress in the rim.
These stress levels can propagate radial rim cracks and eventually lead to
catastrophic wheel failures. Research has also indicated that the initial
residual stresses in the rim are altered by the complex effect of thermal
stresses due to severe modes of braking operation. Additionally, the effect
of alternating stresses due to the mechanical loads at the wheel/rail inter-

face are not well understood.

To improve the safety performance of railcar wheels, the FRA is supporting the
Wheel Failure research project to understand fully all important wheel failure
mechanisms, and to develop technically sound wheel removal criteria and guide-
lines for safe operation. This project encompasses 14 Technical Tasks ranging
from a technology survey through a national study of wheel removal guidelines
to individual technical problem-oriented tasks which include laboratory and
track testing and analyses. Supporting these technical tasks are 12 Planning

Tasks oriented toward test facilities and methodology. The AAR has completed
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these individual task plans which are assembled into the following five sub-

projects:

i. Overview and Program Control (Subproject 1, SP1)

2. Failure Mechanisms, Verifications, and Countermeasures (Subproject 2,
SP2)

3. The State of Safety Risks Due to Overheated Wheels (Subproject 3, SP3)
4. Nondestructive Methods to Detect Overheated Wheels (Subproject 4, SP4)
5. Safety of Commuter Cars with Hollow Axles (Subproject 5, SP5)

These documents were approved by the FRA in June of 1984, at which time work

began on the project.

The individual technical tasks of this project are grouped into major subpro-
jects for purposes of management control and clarity of the specific areas of
wheel safety investigation. This grouping is.illustrated in Figure 1.1. The
AAR office with primary responsibility for each subproject is indicated paren-

thetically under each title.

The requirements of each of the 14 Technical Tasks are given in the FRA State-
ment of Work (SOW). The plans for meeting these requirements are provided in
the following sections of this document and the four original subproject

documents.
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1.1

1.2

1.3

OBJECTIVES

Overview and Program Control (Subproject 1)

The purpose of this subproject is to provide overall safety guide-
lines for wheel removal based on a coﬁtinuing review and evaluation
of national wheel safety statistics. The data base and pertinent
analysis techniques are developed and managéd under this subproject.
In addition, the research results developed within the other Tech-
nical Subprojects are monitored within this subproject. This sub-
project document will also include discussion of the current under-
standing of wheel failure modes and their relative safety signifi-

cance.

Failure Mechanisms, Verifications and Countermeasures (Subproject 2)

The purpose of this subproject is to determine the mechanisms of
wheel failure, demonstrate these mechanisms by causing a wheel
failure under controlled conditions and to suggest methods -for
preventing wheel failure. Figure 1.1 shows the relationship of this
subproject to the specific original tasks and plans. The require-
ments of each of the 14 Technical Tasks are given in the FRA State-

ment of Work (SOW).
The State of Safety Risks Due to Overheated Wheels (Subproject 3)

The purpose of this subproject is to determine the effects of wheel
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design/material/size and brake application history on the develop-
ment of residual stress. The state of residual stress in the over-
heated wheels due to severe modes of braking applications willvbe
evaluated. Duration and force levels of braking application, and
the sequence of reapplication required to accumulate critical levels

of residual stress in the test wheels will be monitored.

Careful experimental study under controlled conditions in the labo-

~ ratory and extensive track testing will be performed to meet the

objective of this subproject. The data accumulated in these and
other tasks will be analyzed and compiled into a final report on

other subprojects.

Nondestructive Methods to Detect Damaged Wheels (Subproject &) -

This portion of the program will address the goal of developing
technically sound wheel removal criteria. It includes the critical
evaluation of nondestructive testing techniques, since they repre-
sent candidate methods of applying realistic wheel removal criteria

developed during the course of the overall program.

Safety of Commuter Cars with Hollow Axles (Subproject 5)

The objective of this test program is to examine the thermal proper-
ties of bearings that have service worm grooves between the axle

and roller bearing assembly, and to take static measurements of

bearing cup and seal wear ring movement, and any wear which may
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occur between the bearing cones and the axle. The dynamic perfor-
mance of a "bent" solid axle with a straight hollow axle will also

be compared.

The Roll Dynamics Unit (RDU) will be utilized to determine rates of
fretting wear and thermal runaway on hollow axle/béaring/wheel
assemblies of commuter railcars (M-2 Fleet). Test runs of up to
10,000 miles each, with an M-2 truck will be performed on the RDU
and dynamic measurements of bearing temperature and bending strain
will be monitored. Each test run will investigate two axle/bearing/

wheel assemblies.

HISTORY OF PROJECT

The chronology of the project is as follows:

October 13, 1982 Task Request for Wheel Failure Mechanism of

Railroad Cars Issued.

December 21, 1982 - Task Proposal submitted to FRA.

April 21, 1983 - Task Request for Addition of Pilot Technology
and M-2 Axle/Bearing Failure Tasks.

May 17, 1983 Revised proposal submitted to FRA.

Task Order 6 authorized with thirteen planning
tasks in support of fifteen technical tasks.
The schedule and delivery of the planning tasks
is shown in Table 1.1.

September 9, 1983

Master Work and Cost Schedule Plan delivered to
FRA.

October 5, 1983

May 7, 1984 FRA reorganization of program into five subpro-

jects.
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P-1
P-2
P-3
P-4
P-5
P-6

P-7

May 25, 1984 - Five

mitted to FRA.

June 7, 1984

- All technical task plans

subproject program technical plans sub-

approved with the

exception of Wheel Slid Flat/Shelling Project
which was dropped from program.

October 9, 1985
: FRA.

- Approval copy of Interim Report delivered to

It took almost nine months between the time of contract approval and

permission to begin work on all of the technical tasks (with the

exception of the M-2 bearing task).

TABLE 1.1.

Planning Task

Pilot Technology Survey
National Wheel Study

Brake Dynamometer Utilization
RDU Modification
Nondestructive Test Evaluation
TTC Track Tests

Laboratory Materials Tests
Wheel Induction Heating
Destructive Testing
Mechanical Analysis

Data Base Design

Analysis of S1id Flats

M-2 Axle/Bearing Study

*Withdrawn from contract.

Due

10/09/83
12/09/83
02/09/84
12/09/83
04/09/84
01/09/84
11/09/83
11/09/83
12/09/83
03/09/84
11/09/83
02/09/84

12/09/83

SCHEDULE AND DELIVERY OF PLANNING TASKS.

Delivered

10/24/83
12/06/83
01/10/84
12/06/83
05/25/84
02/03/84
11/04/83
11/04/83
12/06/83
04/19/84
11/04/83
02/03/84

12/06/83

Approved
01/17/84
06/07/84
06/07/84
06/07/84
06/07/84
06/07/84
01/17/84
01/17/84
06/07/84
06/07/84
01/17/84

ot
w

12/23/83



1.3

1.3.1

1.3.2

PROGRESS TOWARD SUBPROJECT OBJECTIVES

Subproject SP1 has three major tasks: the national study of wheél
removal guidelines, the pilot technology survey, and the design of a
data base for capturing all information gathered in the program.
The schedule for these tasks is shown in Table 1.2, which presents
the overall project schedule. All tasks in this project are com-

pleted or on schedule.

Subproject SP2 has the following tasks:

Task Status

T3.1 Cyclic Properties T3.1 work complete, work con-
tinues on time dependent pro-
perties.

T3.2 Thermal Cracking Work underway with expected com-

pletion by February 1, 1986.

T3.3 Crack Arrest Work complete.

T7.2 Track Test ' Test underway with completion
expected October 15, 1985.

T8.1 Track Tests Tests scheduled to start February
1, 1986 and run eight weeks.

T8.2 Dynamometer Tests Tests scheduled to begin May 1,
1986.

T11.2 Magnaflux Test Will run concurrently with T8.1
and T8.2.

T7.1 FE/FD Analysis Will run consecutively with T8.1
and T8.2. Should be finished on
schedule.
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1.3.3

13.4

Subproject SP3 has elements from five technical tasks. Each task's

status is given below.

Task Status

T4.1 Finite Element Analysis Wheel analysis using the ANSYS
system has been verified.

T4.2 Heat Transfer Analysis Task complete.

T4.3 RDU Testing Task complete.

T4.5 Induction Heating Testing complete, analysis par-
tially complete.

T5.1 Preliminary Track Test Tests underway, to be completed

and by October 15, 1985.

T5.2 Interim and Post NDE Concurrent with 5.1

T5.3 Destructive Analysis Will commence October 16, 1985.

T6.2-4 Track Test Will commence November 1, 1985,
for completion January 15, 1986.

T10 Failure Mode Activity throughout entire pro-
gram. '

T11 Detailed Residual Stress Work on first of four wheels
underway.

T12 Dynamometer Procurement Dynamometer installation  com-

pleted April 1984.

Fvaluation of Nondestructive Testing Methods has been completed and
submitted. A proposal for rescoping this task as required by the

COTR, was submitted July 2, 1985.

INTRODUCTION TO FOLLOWING TASK SUMMARIES

Each of the following sections is devoted to one of the fifteen

subtasks. The current statement of work is given, and the major
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results are presented and discussed. The remaining work is outlined
and the schedule for completion is presented. An updated schedule

for the entire project is shown in Table 1.2.
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2.2

2.0 NATIONAL STUDY OF WHEEL REMOVAL GUIDELINES (TASK 1)

CURRENT STATEMENT OF WORK

The Association of American Railroad (AAR) shall assess the current
status (1980-1983) of wheel discoloration removal, cracked wheel
removal and catastrophic wheel failure. The AAR shall statistically
correlate operational/traffic factors under latest wheel removal
guidelines. The AAR shall monitor the impact of wheel removal
modifications on operational wheel failures. This will be addressed
by the monitoring of a national study to be conducted by AAR in
conjunction with a partial change in FRA Rule 215.103(H) such that a
major portion of the car fleet will be inspected on the basis of 4
inches of discoloration on the front and back of wheels. The AAR
shall monitor the performance of these wheels by combining informa-
tion from the AAR freight car repair data base and FRA accident
reports on a large, statistically valid sample. AAR shall recommend
a wheel failure "trigger mechanism" that will indicate the desir-
ability of a change in wheel removal guidelines. The AAR shall
attempt to develop technically sound wheel removal criteria which
will 1likely reduce discolored wheel removal rates without inter-

rupting the downward trend of wheel failure rates.

INTRODUCTION

The FRA/AAR Wheel Research Program continues to conduct a national

study of the wheel removal guidelines. This provides the meth-
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odology to evaluate potential changes in wheel removal criteria,
including the definition of an overheated wheel from four inches of
discoloration front or back to four inches of discoloration front
and and back, and exempting wheels of "low" stress design from
removal. This is being done by promulgation of waivers to existing
rules which provides an evaluation of subsequent changes. In the
meantime, the data is exercised to define existing conditions. The
objective of this task is to provide a means of monitoring the
impact of the rule change on wheel removal and failure patterns.
Further, a trigger mechanism is being recommended that will indicate

if the rule change is having a negative impact on safety.

The Association of American Railroads has agreed to monitor the
removal and failure trends of railroad freight car wheels in con-
junction with the FRA/AAR Wheel Research Program. Planning Task P2
established the methods to be used and the data sources of informa-

tion chosen were:

1. The AAR Car Repair Billing System Data Base
2. The AAR Wheel Failure Report Data Base, and
3. The FRA Accident-Incident Reports Data Base

4. The AAR Car Maintenance Cost Data Base.

The method used to monitor the wheel removal and failure patterns is
the control chart. The control charts have been established with
control limits for one quarter, two consecutive quarters and three

consecutive quarters. One control chart has been established for
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2.3

each combination of data source and normalizing factor (car miles,
active cars or ton miles). The control limits have been established
to provide 95% confidence such that when the data source mean has

shifted significantly, the limits have been exceeded.

The control limits will continue to change each quarter up to the
time a waiver or rule modification is instituted. At this time the

control limits will be fixed. In each subsequent quarter a new

- point will be plotted to indicate whether or not the process average

has been changed by the waiver or rule modification.

This report contains the data sources chosen and the trends for each
data source quarterly from 1980 to latest quarter for which infor-

mation is available.

DATA SOURCES

Four sources of data have been identified which may be used to

monitor the impact of a change in the definition of an overheated

wheel. These are as follows:

1. The Car Repair Billing Exchange System Data (CRB) - These data
contain foreign car repair billing on the majority of the North
American freight car fleet. The job codes and why made codes
in this system support the determination of the number of

wheels removed due to thermal damage and/or discoloration.
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Figure 2.1 contains a complete description of these data as it

applies to wheels.

The AAR Mechanical Division Wheel Failure Report (or MD-115) -
These forms are voluntarily completed and submitted to the AAR
Mechanical Division for all cracked or broken plates, rims or
flanges. The why made codes permit the number of wheel fail-
ures due to thermal damage to be determined. Figure 2.2 con-

tains the reporting form used in this system.

The FRA Accident/Incident Reports - Railroad accidents (derail-
ments/collisions) resulting in damage exceeding a minimal
threshold ($3,700 in 1984) must be reported to FRA. These
reports permit the number of accidents caused by thermally
damaged wheels to be estimated. Since the actual cause of a
cracked or broken wheel can not be determined from these data,
we assume all cracked or broken wheels are the result of ther-
mal damage. The FRA Accident/ Incident reporting form is shown

in Figure 2.3.

The Car Maintenance Cost Data Base - These data are maintained
by the AAR Research and Test Department, and contains both
system and foreign repairs to freight cars owned by eight
participating roads. These railroads voluntarily submit this
information for approximately 500,000 freight cars. The repair
information in this data base is in a form consistent with the
CRB system. Thus, the number of wheels removed due to thermal
damage and discoloration can be determined.

2-4
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FIGURE 2.1. CAR REPAIR BTILLING EXCHANGE SYSTEM INFORMATTON RULES.

RULE 112 - CAR REPAIR BILLING

A.

BILLING REPAIR CARD REQUIREMENTS (MINIMUM)

b2

1.

2.

3.

Basic Common Information:
!
a. Reporting Marks (Car Initials)
b. Car Number ; :
*c., Kind of Car *Phis is not required for transportation yard repairs,
d. Date repairs completed :
e, Repair point location '
{standard Point Location Code must be used on Billing Repair Card. Name may be used in
addition to code.) If repairs are made on road, repair card must so indicate,
(Mot required for repairs made in Mexico.)

See Section "F" of applicable Rule in Field Manual for requirements to be furnished for each
repair made.

charges and/or credits.

a. Charqe and/or credit for each respective repair or function performed will be shown. o
b. : :m8 of repair where no charge is permitted, the words, "no charge®, the letters "NC" or
the numerals "$.00" will be shown in column reserved for charges and/or credits.
c. Billing Repair Card charges and/or credit will be totaled and sum shown on Billing Repair
Card. ‘
(1} 1f total for Billing Repair Card is zero, it will be shown "no charge®, ®NC" or
“$,00" in area reserved for total.
{2) Where repairs to a car at a same shopping require more than one Billing Repair Card,
the total amount wiil reflect total of all items reported for that shopping of car.
(3) Ttems of repair that may be group billed. )
{a) Single, multiple or combination of the following items of repairs only to the
same car and where no other repairs are involved:

(1) Air Brake Hose, (7) Angle Cock, Seal Ring or Ball Type.
(2} Brake Shoes. (8) Air Hose Support Complete.

{3y RBrake Shoe Keys, {9y Air Hose Safety Chain “S" Hook.

(4) Cotter Keys. (10) AB valve Vent Protector.

{5) Journal BSox Lids. (11) Brake Connection Pin.

(6} Brake Head Wear Plates. (12) Journal Box Lid Seal, Approved.

(b) See Section "F", Preparation of Bill Statement, for requirements of statement
relative to group billed items.



RULE 112 - (cont'd.)

4.

5.

6'

1

Rilling Repair Cards shall be 11" (width) x 8-1/2" (length) in size and shall be single
pages, °

Only information required in the Interchange Rules pertaining to car repairs shall be shown
on Billing Repair Card.

S

The original Billing Repair Cards must be furnished to support charges in bill.

B, DEFECT CARD AND/OR JOINT INSPECTION CERTFICATE HANDLING

1.

2.

3‘

Whenever a Defect Card is issued, a copy will be promptly forwarded to the Car Owner by mail.

Endorsement by company responsible for repairs is required, before Joint Inspection
Corrificate i8 negotiable.

Repairs to system cars repalred on authority of a Defect Card and/or endorsed Joint
Inspection Certificate will be billed against party issuing Defect Card.

RFepairs to foreign cars made on authority of a Defect Card and/or endorsed Joint Inspection
Certificote will be billed against car owner, If an intermediate road is involved, see
Rebuttal Charge Handling.

Billing Repair Caré must al&ays be issued when billing for repairs is covered by Defect Card
and/or endorsed Joint Inspection Certificate.

Billing Repair cCard reflecting repairs covered by Defect Card and/or endorsed Joint
inspection Certificate will show reference to name or initials of road issuing Defect Card
and/or endorsed Joint Inspection Certificate.

Defect Card and/or endorsed Joint Inspection Certificate cannot be repudiated, unless time
limit for handling has expired.

, Defect Card and/or endorsed Joint Inspection Certificate must accompany Billing Repair Card

to justify charges.



RULE 112 - (Cont'd.)

~C. REBUTTAL CHARGE HANDLING

1. When repairs are made by an intermediate road and charges have been presented to the owner,

a rebuttal charge by owner will be prepared and billed to responsible party to collect
charges covered by Defect Card and/or endorsed Joint Inspection Certificate.

2. Only repairs covered by Defect Card and/or endorsed Joint Inspection Certificate are
"recollectable from responsible party.

3. péfect Card and/or endorsed Joint Inspection Certificate must accompany Billing Repair Card
j to justify rebuttal charge.

i D. COUNTER BILLING AUTHORITY

1. Counter Billing Authority will be used for the purpose of monetary adjustment for ‘the
parties concerned.

a. When adjustment is being made on the basis of a Counter Billing authority, such authority
must accompany bill to justify charge. :

b. K1l detail in Counter Billing Authority form must be properly filled out.

Name of Company

e et

place Date
| This will authorize the___ Co.
E to counterbill the Co. %
|
b dollars as
‘§ {To bill number)
; adjustment (per letter) file
i
I

Signature of person issuing

This authority must be attached to bill.

ASSOCIATION OF AMERICAN RAILROADS COUNTER BILLING AUTHORITY



ROLFE 112 - SECTION E (Cont'd.)

E.'TIME LIMITS FOR BILLING REPAIR CARDS, DEFRECT CARDS, ETC.

1.

S.

Billing Repair Cards and bills for destroyed cars under Field Manual Rule 107 must be billed
within twelve (12) months from date of .repairs or date of acceptance for settlement of
destroyed cars. Example: For repairs made in ;July, bill must be made and forwazded to the
company against which bill is proper before August 1 of the following year.

pamaqge cnvered by Defect Card and/or endorsed Joint Inspection Certificate must be repaired
within forty eight (48) months from date of Defect Card issuance. For cars retired underx

the provisions of Rules 102 and 103, Billing Repair Card must be issued within these time
limits,

Rebuttal charges must Dbe billed within seven {7) months from date of receipt from
intermediate line. An additional three (3) months will be allowed in cases where bills
covering repairs to leased cars involving offset bill subsequently rendered against 1lessor

and such lessor takes exceptions to the charges. l

"Failure to bill within the limits prescribed above will result in forfeiting all claims. - No

charges may be rendered for repairs to cars after time limits have expired, even though
previous attempts have been made to ascertain proper ownership. '

Counter Billing Authority will be billed promptly.

. PREPARATION OF BILL STATEMFMT

l.

'

Separate statements to be made as follows:
(provisions of a and b below are optional with repairing line.)

i

a. When items shown in Section A.3.c.(3) are repaired in kind and Billing Repair Cards are
qroup billed, the statement accompanying such Billing Repair Cards must contain the
tollowing: .

{1) Job Code Number.

{2} Description,

{3} Number of Ttems.

{4y price Each.

(5) Total amount for each item grouped.
(6} Total amount of statement.

{1t is not necessary to price Billing Repair Cards group billed.)

i



RULE 112 - SECTION F (Cont'd.)

b. No Billing Repair Cards required for items shown in Section A.3.c.(3) if qroup billed and
bill statement contains the following: . )

(1) Car Initial.
{2) Car Number.
(3) Date repairs completed.
(4) renair point location (SPLC code) .
(5) Quantity.
, (6} Condition Code.
{7y Job Code Applied.
(8) Description,
{%) Job Code Removed.
(L0) why Made Code.
(L1} Price Each.
{12y ‘rotal amount of statement,

c. For car repairs other than those covered by pefect Card, Joint Inspection Certificate or
group billed, the following minimum information must be shown on bill statement:

(1) Ccar Initial.
{2) Car Number. ‘

(3} Total net charge or credit for all repairs made for that shopping. If total shown on

{1ling Repair Card is "No Charge", "NC" or “$.00", such letters or numerals must be
shown on bill statement.

d. For computerized billing statements, the following information must be shown in addition
to Paragraph c.1

(1) Date repairs completed.
{2) Repair point location (SPLC).

e. FPor Defect Card or Joint Inspection Certificate charges, the same information as that
' required in c, above mu. . be shown on bill statement.

f. For Rebuttal Charges the same information as that required in c. above must be shown on
bill statement.

g. Statements must be 11" (width) x 8-1/2" (length) in size and shall be single pages.

h. Original copies of statements are to be furnished car owner.



RULE 112 - SECTION F (Cont'd.)

2.

{. For Counter Billing Authority the following must be shown:

(1) Billing company's bill number.
(2} Total amount of Counter Billing Authority.

Entries on bill statements must be in same sequence as Billing Repair Cards, Defect Cards,.
etc., accompanying statemernt. A ! °

G. PREPARATION OF BILLS FOR CAR REPAIRS f o o

1.

8111 will {dentify each bill statement and total for each statement will ‘be,'ihown and

recapped into one total, for total amount of bill.

No percentages shall be added to bills rendered under these rules.

Charges for repairs to cars after the time limits have expired must not be included in bill.

All charges for repairs, Defect cards, rebuttals and Counter Billing Authorities shall be
consolidated against any one company into one bill. This principle applies equally to
railroads and to prlvate car owners and specifically limits the number of car repair bills
to one per month against any one company. ' . N

pills will be rendered for whatever amount results in aggregate for car :ebairs against that
company. In the event that the total against a particular company results in a credit or
zero balance, the billing road will forward repair cards to car owner and issue a Counter

pilling Authority if credit due.

Separate bills must be prepared for the following:

"a. Sextlement for cars destroyed. “

b, Set:tlement for worn out cars, owner's responsibility.

. Transfer or adjustment of loads.

tn rendering bills, cars shall be treated as belonging to companies or individuals whose
reporting marks it bears and that charges for repairs to all cars bearing like reporting
marks will be billed aqainst that one company or individual at one address and to one
officer. '



RULE 112 -~ SECTION G (Cont'd.)

8.

9,.

10.

H. AUDITING REGULATIONS, BILL SETTLEMENT AND ADJUSTMENT OF CHARGES. .

mne title and address of officer who will handle correspondence relating to exception to
charges must appear on bill,

Freight and Passenger car repair bills,” rendered between carriers, subject. to draft

settlement, as provided by Mandatory Disbursement Rule 23 of the AAR Accounting Division

must be endorsed "Per AAR Disbursement Rule 23, subject to net draft settlement on ....{(Show

date),® and handled. in accordance with the provisions of that rule. . -
o g

. P ) .
All bills shall be rendered promptly. Where not otherwise specified by AAR Rule' or by other
aggreement between parties, the rendering date specified by Disbursement Rule 23 will apply.

1.

2.

Jf entire bill is improperly rendered,'it may be returned unpaid to the billing company for
correction, giving proper explanation, .
All bills shall be passed for payment unless net amount of errors or ‘questionable charges
(excluding incorrect car numbers ofr reporting marks) exceeds ten (10) percent of the total
amount of bill, in which case the unpaid bill must be returned no later than 60 days from
receipt of bill to the billing road. This provision does not apply to bills rendered
petween'car:iers, when subject to draft settlement, in accordance with Mandatory AAR Dis-
bursement Rule 23. L .

Exceptions to paid car repéir bills: {

a. Must be brought to the attention of the billing company no later than seven {7) months

after first receipt of bill: .

{1} An additional three (3) months (or a total of ten (10) months) will be allowed after
receipt of original ‘bill when exceptions cover repairs to leased cars where of fset
bill is subseguently rendered against lessor and exceptions taken by lessor.

(2) For exceptions to repairs based on time limit quarantees per Rules 2, 3, 25, and 70,
the provisions above apply to last bill received.

b. Undercharges shall be called to the attention of the bllling company. :

c. 1f exceptions (excluding incorrect car numbers or reporting marks) do not amount to $5.00
in agqregate, no exception shall be taken.

d. All exceptions shall be taken at the same time. (Does not apply to exceptions covered by
time limit gquarantee). . )

e. Original 8illing Repair rards, or copy or facsimile thereof, teturned for correction, or
on account of exceptions, must not be defaced in any manner on the face of the card or
copy. {when is necessary for billing road to make corrections, the " incorrect
information must be lined out and correct information furnished,)



RULE 112 - SFCTION H {Cont'd.)

4,

£.

q.

Iin

wnen exceptions are taken to a bill, all Billing Repair Cards and defect cards, except
those in question, must be retained by the company against which bill has been rendered.
Exceptions taken must be fully detailed in letter form with reference given to bill
number and date of bill or accounting month in which charges were included. gach "
exception will be supported by the original Billing Repair Card or a legible copy or
facaimile thereof. : e
1f it is alleged car was not on repairing road on date claimed, the car owner must show
Tocatlon of car on such date. : -

Bllling road shall within ninety (90) days handle exceptions, make proper adjuscméngl§f*

charges and issue a Counter Billing Authority, if in order.

Billing road will notify car owner in detailed letter form of the disposition of eaéﬁ L

exception,

when original billing repair cards have been returned for correction or on account of
exceptions, such original cards must be returned to the car' owner. Copy or facsimile
returned in lieu of the original need not be returned to the car owner.

the event that car repair bill and attachments (Billing Repair cards, Nefect Cards, etc.)

are lost or destroyed in transit, the billing road must arrange to furnish a copy of bill
without supporting Billing Repair Cards, Car owner shall accept and pass bill for payment

and may make claim for adjustments on the hasis of the average percentage adjusted on the
last three car repair bills presented by this same billing road. Billing road shall honot
this claim ané provide adjustment by issuing a Counter Billing Authority.

ROLE 113 - DATA EXCHANGE PROCEDURES

1.

'

All companies who participate in the Car Repair Billing data exchange procedures will submit
data exchange, machine readable information in accordance with the specifications provided

by

the AAR Data Systems pivision.

RULE 114 - 119 - VACANT



SECTION &

MD-115 REPORT OF DEFECTIYE LOCOMOTIVE, PASSENGER OR FAEIGHT CAR WHEELS

Rev. 5,86

[NSTRUCTION: This report i3 to cover wheels which are removed for defects represented by the following WnY
MADE Codes (Sae Rule 41F) 86, 68, 71, 74, and 83. A)] itews should be completed. [f 1llegible, draw 8 -
norizontal ling through the box or boxes. Refer to back of form for further instructions.

CAR INITIAL KIND OF EQUIPMENT HESL DIAMETER
8-.80x P-Pass " Enter Nominsl
C-Cad. R-Refrig. Diameter I Not
DATE OF FALILURE r-Flat S-Stocx Listes
8 9 10 11 G-Con. T-Tank
H-Hopper X-L3cO. 28
Moath Dsy Year ZAR NUMBER L-Coviop C-0tner 33
1o
I 18
a0
12 3 s 6 12 13 1s 185 18 7 L8 . 13 9
) - TYPE DEFECT CLASS JF
JOURNAL SIZE - PLANGE THMICKNESS RIM THICKNESS RULE «lF “EAT
(Sixtaentns) (Sixteentns) {WHY MADE COQDE) TREATMENT
09
10
11
12 21 22 23 2% 25 29 27 2% 2% 18
WHEEL DESICN WHEEL DATE WHEEL
DESIGNATION HFGR MANUFACTURED JHEEL " QVERHEATED
AULE *1E Montn Year SERIAL NUMBER 0-3i1 N-NoOL
} R-Recant
311 32 313 3. 35 36 37 38 39 w0 6l 42 43 44 w5 -4o T u8 "3
REPORTING FAILURE CAUSED
RAILROAD DERAILMENT JHEEL TYPE 8raxe Shoe Stangard To far
ACI XO. Y-1ES ‘ 57
N-NQ
1
P4 ] W
L] Braxe Shoe Jn Farled wneel
50 51 %2 S 58 55 56 58
SHOW LOCATION OF DEFECT IN RED ON ALL THREE YIEWS OM SKETCHES BELOW
59 !
A
Ovarheat 60 ‘ >
tn inches S ;
asasured
as shown 6l Q
a
62
s 7R0AT sacCK
Zase of fReportliag Rosd ; ) . :
Repair Peiat o - Date . T

Chief Wecnanical 0fficer

One Copy Of This Report, Coapletely Pilled Jut, Wust Be Sent By The Chiaf Meohsnical Officer To: MHr, %, C.
Reber,.  Searetary, Recnhasicel Division, Association Of smerican 2alircsds, Asaricsn Aailroads Building,

ﬁ-fntpgtan nic.‘ 20036,
FIGURE 2.2. MD-115 DEFECTIVE WHEEL REPORT.
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DEPARTMENT OF TRANSPORTATION g PORSS APPROVED
FEDERAL RAILAGAD ADMHSSTRATION RAIL EQUIPMENT ACCIDENT/INCIDENT REPORT OMS MO, 0oRea0D
TR SRR WackSaE ' powe Ry —— : .y —T—— 1
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i _vumwummum‘“‘“_ﬁm ‘Ageten: Cade . Aoivent A /tneion Mo
U S
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e 5 1 1 |
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& CARS CARRYING P, CARE DAMAGRD OF DEAAILIC 6. CARS WwCe RELEASED HAT MAT, TV, FEOPLE AVACUATIED je)
LOCATION :
L cIviean TR GAARST STATION 4. WLAFGET A9 savver ) 18 STATE /rwe lorsiw endle) coos

ENVIRONMENTAL CONDITIONS

16 TEADERATURE /pecily f memt) 17, VBB TY Aungle euoy) COOL | '@ WEATWER Zmgir moys ) ]
- . 1. Oonm A Dk
[ 2 Owy 4 Do 1. Cluar 2 CGaty 1 Raein ¢. Foy 4. Siast 4. Snow
QPERATIONAL DATA

— ' O

p Xn | Maresel Blook L) Aynrwtc sk 7 Yurd ratms ¥ At won conrel 13 Owlr (pecty)

approp L g | ] Tratfig canwel ] Tims mbis N Vertel permisioh

boxtex)} Cad g ¢ |aum vonme ol [reso 12 | Trsin wvens
I SNLD recorded eed. § rreledle) oo 70, TRAM NUNSE A T2 Nl TASLE OIRESTION - cood

wH R . _|. Nerte 2 S 3 fam [ I
EQUIPKENT .

B TRALING TORS (gres Masass. Scheieg 70 TP OF SOLAPOENT CONBIST /s sny) - COOR |36 WmaAS THE 1OUIMGEINT (CINTIFHD ]

: lanndand 1. Fregtven 1 Mizsgrein § Singe o 7. Yord/mmiching 4 1 TEM 36 UNA TTRNORD?

2 Pumpnge tren 4. Workwain & Cutelwn & Light lacels) 1. Yu 2 Ne
RIS woamal N OF nAsd TTRA TRACK CLAESIPICATION 0. ANIUAL TRALE DOMSITT /pam f 2 i) | 2. TYF1 OF TRACK
A 1. Main 3. Siding I
2 Yed 4. induswy

»n PRNCIMLE CARAS T t % Insunt avl MaIey - Pesunn » Tros s Landud (e o7 ne)

(1) Firs invaived

 devasied, sernck, urihing, evc.)
(D Canalreg ( mackhovics! faibures)
o) B9 Trm Auy tns Lanted Empey

n LOCOROTIVE Uki TS ek o) “ e |a y o s o, e | CARS ma o) e S . o | B o e, | S

(1) Towi in Trein (1) Toums in Sauesment Consiat

{3 Tow Dorwlad {2 Towt Dorving

. PROPERTY DAMAQE /esttrwuted cost. iciuding isbor. to repelr or replace)
AT(SEmANT oamacE s TRACI, SFOMAL, WAY AND STRUCTURES OAMAQR s
10 be reporved for S cquigmva conglit cvdy ) l {0 be regorend ¥y relroed i irew 1 oxdy)
ACCIDENT/INCIDENT CAUSE COOE
K PRsaay CABS Co08 55, CONTIIRJTING CAURE <008 [
1# no cade sveileiie,
[ 2 " 8
CAUALTIES
L g e ae L presy AL GAVE DWGABIL 20 WUMDh OF PATALITIEE
CREW /no. of) HOURS ON CUTY

o — ") Q. CONGUCTORS ConoUSTSAR

‘41, TYPLD NAME ANO NTUE

R G SRS o Do e e = e
FIGURE 2.3. ACCIDENT/INCIDENT REPORT FORM.
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2.4

2.4.1

TRENDS

The purpose of monitoring the impact of the proposed rule change onb
wheel removals, failures and accidents/incidents is primarily to
detect significant increases in the number of thermally damaged
wheels in service or the number of wheel thermal damage related
accidents. This has been accomplished by the use of control charts
for each variable of interest. The control chart is a plot of the
data over the relevant period of time. Control limits are estab-
lished to detect the occurrence of a significant change in process
average. Control limits may be set for a variety of occurrences.
For example, there may be limits for a single point, for two con-
secutive points, for three consecutive points, etc. The limits in
this report are the 95% confidence intervals for one, two and three

consecutive quarters.

Car Maintenance Cost Data Base

Figure 2.4 shows the the trend for the rate of wheel removals due to

discoloration (why made code 89 from Field Manual of the AAR Inter-

change Rules) per 10,000 active cars (an active car is defined as a

car which moved a minimum of 250 miles in the quarter). This aver-
age rate of removals is approximately 175 per 10,000 active cars per
quarter. The rate went out of control during the first quarter of

1983 but has settled back into statistical control.



RATE OF WHEEL REMOVALS DUE TO DISCOLORATION
FROM THE CAR MAINTENANCE COST DATA BASE — MAY, 1985
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LCL=TWOQ PQINTS |
LCL_ONE POINT

FIGURE 2.4. RATE OF WHEEL REMOVALS PER 10,000 CARS DUE TO DISCOLORATION.
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The trend for the rate of wheel removals per million car miles due
to discoloration is shown in Figure 2.5. The trend is very similar

to the previous figure.

The rate of wheel removals per 10,000 active cars due to thermal

damage is shown in Figure 2.6.

The why made codes from the Field Manual of the AAR Interchange

Rules are:

-- 66-flange cracked or broken,

-- 68-rim cracked or broken,

-- 69-thermal cracks with overheating,
-- 74-thermal cracks, and

-- 83-cracked or broken plate.

This chart indicates an average of approximately 22 wheels removed
per 10,000 active cars per quarter due to thermal damage. The rate
of wheel removals due to thermal damage has been quite low in the

last four quarters.
The rate of wheel removals per million car miles due to thermal

damage is shown in Figure 2.7. This chart is very similar in all

respects to the previous figure.
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RATE OF WHEEL REMOVALS DUE TO DISCOLORATION
FROM THE CAR MAINTENANCE COST DATA BASE — MAY, 1985
0 RATE OF WHEEL REMOVALS PER MILLION CAR MILES
10- . o . . . . . . . - ¢ I
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QUARTER
O WHECL REMOVALS
MEAN ..
UCL-ONE POINT
YCi=TWQ POINTS
YCL-THREE POINTS
LL-THREE PQINTS
LeL=TWOQ PQINIS |
LCL-ONE POINT

FIGURE 2.5. RATE OF WHEEL REMOVALS PER MILLION CARS DUE TO DISCOLORATION.
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RATE OF WHEEL REMOVALS DUE TO THERMAL DAMAGE
FROM THE CAR MAINTENANCE COST DATA BASE — MAY, 1985
0 RATE OF WHEEL REMOVALS PER 10,000 ACTIVE CARS

QUARTER

O WHELL REMOVALS.
UCL-ONL POINT
UCL-TWQ PQINTS
YCL-THRCE POINTS
ACL=THREE POINTS
ACL=TWO POINIS

ASL-ONCPOINT

FIGURE 2.6. RATE OF WHEEL REMOVALS PER 10,000 CARS DUE TO THERMAL DAMAGES..
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RATE OF WHEEL REMOVALS DUE TO THERMAL DAMAGE
FROM THE CAR MAINTENANCE COST DATA BASE — MAY, 1385

RATE OF WHEEL REMOVALS PER MILLION CAR MILES
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FIGURE 2.7. RATE OF WHEEL REMOVALS PER MILLION CARS DUE TO THERMAL DAMAGE.
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2.4.2

2.4.3

The Car Repair Billing System Data Base

. The rate of wheel removals per billion ton miles due to thermal

damage is presented in Figure 2.8. This shows a very high rate of
removals during the period from the first quarter of 1982 through
the first quarter of 1983. The rate of removals for the last seven
quarters suggests the rate of removals due to thermal damage has
shifted dramatically. The reduction appears to be on the order of

2.5 wheels per billion ton-miles.

The rate of wheel removals per billion ton-miles due to discolora-
tion is presented in Figure 2.9. This shows a very high rate of
removals during the period from the first quarter of 1982 through
the first quarter of 1983. The rate of removals then falls back
into statistical control temporarily. However, the rate has been
quite variable 'since. The average removal rate since the first

quarter of 1981 is above 120 wheels per billion ton-miles.

The AAR Wheel Failure Data Base

The trend in the rate of wheel failure reports submitted to the AAR
per billion ton-miles is shown in Figure 2.10. Only those failure
reports which indicate an associated derailment are included. This
figure shows a great deal of variation in these data. However, the
rate has for the most part remained in statistical control. A large

amount of the variation is due to the seasonality and the overall

downward trend displayed by these data.
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FROM THE CAR REPAIR BILLING DATA BASE — MAY, 1985

RATE OF WHEELS REMOVALS PER BILLION TON MILES

FOR THE RATE OF WHEEL REMOVALS DUE TO THERMAL DAMAGE

oooooooooooo

ceopaosqessgssosgene segee (X L XX

speceps

YCL-ONC POINT
YCL-TWO PQINTS

RCEPOINTS

heL-THBEE PQINIS

LeL-TWO PQINTS

ACL-ONEPOQINT

RATE OF WHEEL REMOVAL PER BILLION TON MILES

DUE TO THERMAL DAMAGE.

FIGURE 2.8.
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FOR THE RATE OF WHEEL REMOVALS DUE TO DISCOLORATION
FROM THE CAR REPAIR BILLING DATA BASE — MAY, 1985

RATE OF WHEELS REMOVED PER BILLION TON MILES

200

QUARTER

UCL-ONL POINT
YCL-TWQ PQINTS
UEL-THRES POINTS
ACA=THREF PQINTS
AEL=TWQ LOINIS
ASL=QNLPOINT

FIGURE 2.9. RATE OF WHEEL REMOVAL PER BILLION TON MILES
DUE TO DISCOLORATION.
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YCL-ONLPOINI
UCL=TWQ POINIS
AGL=INO POINIS
AGA=QMEPOINT

MCL-THREE EOINTS,
ACL=THBLE COLNIS.,

O WHECL FAILURE BATE
m.—l.

RATE OF DERAILMENT RELATED WHEEL FAILURE REPORTS

PER BILLION TON MILES.

FIGURE 2.10.
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The monitoring of AAR Wheel Failure Reports (Form MD-115) has con?
tinued since the inception of Task Order 6. A full year's data have
been gathered for 1984. During 1984, data were collected on 74
derailments in which 77 wheels fractured from thermal cracks. A
tabulation of the 1984 data from Appendix 2.1, shows that 86 percent
of the fractured wheels were of straight-plate design. Addition-
ally, 58 percent of the wheels showed either no discoloration or
less than 4-inches of discoloration at the time of failure. All of
the data from AAR MD-115 forms to date are given in Appendices 2.0,

2.1, and 2.2 for 1983, 1984, and 1985 respectively.

M.R. Johnson has taken the data and attempted to normalize the
failures per 100 billion ton miles. This analysis, shown in Figure

2.11 suggests the following:

1. -The failure rate of nondiscolored curved plate wheels is an
order of magnitude less than that of nondiscolored straight-

plate wheels.

9. The failure rate of discolored curved plate wheels is less
than, but of the same order of magnitude, as that of non-

discolored straight-plate wheels.

3. The failure rate of discolored straight-plate wheels is more
than an order of magnitude greater than that of nondiscolored

straight-plate wheels.
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OVERVIEW OF DISCOLORED/NONDISCOLORED; HIGH STRESS/LOW STRESS
WHEEL FAILURE PROBLEM

Assumptions: 24.4 billion car miles per year (1983 data) implies 196 billion
wheel miles per year

Wheel Failures 1/1/84 thru 3/31/85:
11 curved plate nondiscolored
4 curved plate discolored

51 straight plate nondiscolored
40 straight plate discolored

Terminology: Wheel failures/100 billion wheel miles
Total Failures 106/245

Curved Plate Straight Plate

Assume 75% wheel miles
curved plate, 25%
straight plate: 15/184 91/61

Nondiscolored Discolored Nondiscolored Discolored

Assume 96% of wheel
miles nondiscolored
4% discolored: 11/176.6 4/7.4 51/58 40/3

Failure rates per
100 billion
wheel miles: 6.2/100B 54/100B 88/100B 1330/100B

FIGURE 2.11. OVERVIEW OF THE WHEEL FAILURE PROBLEMS.
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2.4.4

FRA Accident Data Base

The trend in the rate of FRA reportable accidents caused by ther-
mally damaged wheels is shown if Figure 2.12. The rate of accidents
due to thermally damaged wheels has declined steadily since 1980.
This trend has continued throughout 1984. The increase in the
fourth quarter of 1984 follows the seasonal trend seen in these data

since 1980.

The FRA causes codes which are considered to be related to thermal

damage are the following:

-- 460 - broken flange,
-~ 461 - broken rim,

-- 462 - broken plate,
-- 463 - broken hub, and
-- 468 - thermal damage.

Any accidents involving locomotives are not included in these data.

To monitor the accident rate more closely, on a quarterly basis, the
AAR must have access to the FRA Accident Data Base on a more fre-
quent than annual basis. A mechanism needs to be established to
provide this data to the AAR on a quarterly or monthly basis. This
will permit the présentation of control charts in a more timely

fashion.
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FOR THE NUMBER OF ACCIDENTS CAUSED BY THERMALLY DAMAGED
WHEELS FROM THE FRA ACCIDENT DATA BASE — MAY, 1985

RATE OF ACCIDENTS PER BILLION TON MILES
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FIGURE 2.12. TREND IN THE RATE OF REPORTABLE ACCIDENTS
CAUSED BY THERMALLY DAMAGED WHEELS.
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3.1

3.0 PILOT TECHNOLOGY SURVEY (TASK 2)

CURRENT TASK STATEMENT OF WORK

Conduct a pilot technology search project to cover the subject
areas of this work statement. It should be consistent with the
general approach being proposed for all Transportation Test
Center (TTC) projects. Since it may take some time to estab-
lish an automated data base for the literature search, consid-
eration of using a previous data base such as the Railroad
Research Information System or using manual means should be
included. Reports and other documentation are only part of the
sources that should be considered. Experts in the technology

field should also be included.

Conduct a literature search, make contact with other experts to
identify appropriate sources, and make a list of pertinent
research reports or information sources that could support the

research project.

Establish a small library of applicable documents for this
particular project. Conduct a limited but comprehensive evalu-

ation of the research.

Briefly, but concisely, document the results of that evalua-
tion, noting which reseach will be used in the research project

and why the other information could not be used.
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3.2

3.2.

1

5. Keep records of the time spent, the cost of conducting the
literature search, and research result obtained for this pilot
project. Prepare a short letter report on the effectiveness of
the literature search, problems encountered, and recommenda-
tions for improvement. The report should also include esti-
mates of cost savings on research that was not needed becauge
of the use of prior research. Submit copies of the report to
the Contracting Officer, Contracting Officer's Technical Repre-
sentative, Acting Director of Research and Development, FRA and

Senior Assistant Vice President, Research and Test Department,
AAR.

MAJOR FINDINGS AND CURRENT STATUS

Definition and Purposes of Technology Survey

Technical Task 2 of this project is to conduct a survey of techno-
logical literature by (i) searching the available literature on this
and related subjects, and (ii) contacting experts who have made or
are currently making contributions in the field of wheel failure
mechanisms. A small library of applicable documents for this par-
ticular project will be established at the Transportation Test
Center. This small library will include a computerized information
retrieval system with each listing accompanied by a special annota-
tion prepared by the technical staff associated with the project.
This will be performed after a comprehensive evaluation of the

various documents compiled in the small library.
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Initial Survey

A file search on Railroad Wheels has been acquired from the Railroad

Research Information System. The following key phrases were used by

~the RRIS for this search:

wheel residual stresses wheel thermal stress

crack propagation in wheel finite element analysis of wheels
wheel fracture plasticity in wheels

wheel designs wheel metallurgy

mechanical properties of wheels

The RRIS Field Search was then compared with the TTC Technical
Library holdings to determine items that are currently on hand.
Other items from the Field Search that seemed relevant and promising
were identified for acquisition. These items were located and
purchased, and gathered together into a separate library of research

literature for this project.

The project personnel then conducted a limited, yet comprehensive
evaluation of this "separate library" to decide which documents will
be used. They also contacted appropriate experts in this technology
field to become acquainted with on-going activity elsewhere. The
rationale for their selection and organization of information is

described in Section 3.2.4 below.
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3.2.4

3.2.4.1

Computerized Information Retrieval System

The referénces, details, subject classification and special nota-
tions made by the project technical staff were then entered into the
TTC Computerized Information Retrieval System so that research
personnel could rapidly sort through this special "library" and
locate references especially pertinent to their particular technical

tasks.
The computer program used at the TIC to establish this Information
Retrieval System is the DATATRIEVE Program. Selected capabilities

of this system and user guidelines are provided in Appendix 2.1.

Select Bibliography Criteria and Organization

The criteria for selecting and organizing information from the

preliminary technology survey follow.

Selection Criteria

The preliminary criteria for selecting a particular reference to
include in this select bibliography was direct applicability to at
least one of the technical tasks of the FRA Wheel Program. In
addition, certain references of indirect applicability were selected
if they contained good fundamental information or technology of

general applicability to the research program.



3.2.5

3.2.5.1

3.2.5.2

3.2.5.3

Format Evaluation

The bibliographic reference details and special notations that

appear in the listing are explained in the following.
TTC Document Number

The initial number or alphanumeric string is given in the upper left
corner of each reference entry in the TTC Library assigned document
number. This. number serves as the "license plate" to identify a
particular reference. Typical document numbers of various character

types are: 100 000, 200 000, 300 000, FRA, etc.

Standard Reference Detail

Following the document number, a standard identification of the
reference by article, title, author(s), volume or periodical name
and number, publishing organization, date and page number is listed.

Special Classification Notes

Following the reference identification are selected subject cate-

gories and key words or phrases.
The first phrase listed is the primary subject group selected by the
reviewing research personnel for classifying this particular refer-

ence. The ten primary subject groups established are:
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1. Service Evaluations

2. Experimental Stress Studies
a. Nondestructive
b. Semidestructive
C. Destructive

3. Tread Contact Stress, Cracks or Hot Spots
4. Brake Shoe Studies

5. Material Properties

6. Crack Propagation

7. Finite Element Simulation

8. Laboratory Simulation

9. Track Tests

10. General Applicability

After the primary subject, the primary program technical task number
to which the reference applies is listed. Then the specific wheel
type(s) and class of steel (if available) are listed. If there are
any secondary subjects to which the reference may apply, these are
also listed in decreasing order of applicability. Closing out this
group of key phrases are any pertinent ones listed on the standard

library reference card.
3.2.5.4 Special Annotation
On some of the reference listings, a special abstract or annotation

is provided by research personnel. This brief annotation focuses

primarily on the purposes and conclusions of the particular refer-



3.2.6

3.2.7

3.2.8

ences that are especially applicable to the Wheel Failure Program.
They sometimes contain an evaluation of the pertinence and quality
of some aspect of work cited but generally do not attempt to ab-

stract the entire document.

Other Selected References

The annotated bibliography is supplemented by the selected refer-
ences that either have not been specially annotated or are judged to

be secondary, but of general interest to the program.

Annotated Listings

Annotated listing of selected references according to the order of

assigned numbering system is presented in Appendix 2.2.
Listings of annotated references retrieved using TTC's computerized
information retrieval system under key words, "THERMAL", "STRESS",

"CRACK", "FATIGUE“, AND "BRAKING" are presented in Appendix 2.3.

Applications of Pilot Technology Survey to Wheel Failure Mechanisms

Program

Because of the annotation processes the program's principal investi-
gators were required to review each of the approximately 200 refer-
ences, a review of the status of current technology more extensive

than is normally undertaken. The benefits of the study are demon-
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3.4

strated, however, in the fact that fracture toughness and fatigue
crack growth investigations were, for example, deemed unnecessary

since sufficient data existed in the literature.

WORK REMAINING

This task has been completed with the exception of new literature

which is published or presented during the remainder of the program.

SCHEDULES

Task 2 is complete except for the addition of future sources.



4.2

4.0 PERTINENT MATERIAL PROPERTIES (TASK 3)

CURRENT TASK STATEMENT OF WORK

The AAR shall determine the cyclic behavior of Class B, C, and U
wheels at elevated temperatures and for Class C wheels at ambient
temperatures. AAR shall determine the effect of martensite on
thermal cracking of the classes of wheels selected for this study.
In order to make this determination, the AAR shall construct an
appropriate test rig. Four wheels of each class shall be tested.
AAR shall complete tests to characterize wheel materials in terms of
their ability to arrest a running crack. A minimum of 12 specimens
of each class shall be tested. The AAR, in order to make statisti-
cal distribution of dangerous wheels among non-discolored wheels in
service, shall saw-cut a minimum of 100 wheels. Standardized test

data from cooperating laboratories will also be analyzed.

A proposed modification (Stone to Gannett of 1/85) of the lab mate-
rials test plan was designed to enhance the applicability (to vari-
able strain and temperature cycles) of elevated-temperature, mechan-
ical property data, which is more representative of actual wheel

braking cycles, particularly at slow strain rates.

MAJOR FINDINGS/CURRENT STATUS

Presently, material properties tests have been completed on the

three wheel materials at the four temperatures of interest (using a



4.2.1

strain rate of 0.002 Sec -1). The remainder of this section dis~-

cusses the results of the testing.

Elevated Temperature Cyclic Behavior Task

The data gathered in the Cyclic Behavior Task is being used pri-
marily in Tasks 4 and 10 to provide actual stress-strain curves for
the temperatures of interest in the elastic/plastic finite element

analyses.

Low cycle fatigue tests were conducted on Classes B, C, and U wheel
materials at ambient and elevated temperatures. These tests have
been completed and results were presented at the 1985 ASME spring
annual Railréad Transportation meeting and a copy of this report is

attached as Appendix 4.1.

Tt was generally observed that cyclic performance deteriorated with
increasing temperature as shown in Table 4.1 and Figure 4.1. The
heat -treated Classes B and C materials performed better than the
nonheat-treated Class U material. The differences in carbon level
had a noticeable effect on fatigue performance. Conclusions derived

from these tests were that:

1. The cyclic fatigue lives at all temperatures tested converged

at strains exceeding one percent.

9. At strains less than one percent, lives are considerably re-
duced as the test temperature is increased.

4-2



TABLE 4.1.

FATIGUE PROPERTIES FOR CLASSES B, C, AND U WHEEL STEEL.

Wheel Temp. of’f b eg' < K! n'

Steel o¢ (ksi) (ksi)
B 25 224 -0.106 0.631 -0.606 243 0.175
B 200 303 -0.156 0.257 -0.595 433 0.263
B 400 196 -0.114 2,590 -0,879 174 0.130
B 600 76 -0.093 0.918 -0.739 77 0.125
C 25 260 -0.111 1.850 -0.721 237 0.154
C 200 222 -0,092 0.147 -0.468 324 0.196
C 400 187 -0.096 8.700 -0,982 152 0.098
C 600 68 -0.075 1.921 -0.828 64 0.091
4] 25 180 -0.101 0.528 -0.587 201 0.172
u 200 159 -0.102 0.147 -0.448 246 0.228
U 400 166 -0,118 1.685 ~0,771 153 0.153
U 600 81 -0.104 0.762 -0.698 84 0.148

og' -- Fatigue strength coefficient (1 ksi = 6.8948 MPa)

b -- Fatigque strength exponent

eg' -- Fatigue ductility coefficient

c —-- Fatigue ductility exponent

K' -- Cyclic strength coefficient

n' -- Cyclic strain hardening exponent

1. Steady state stress amplitude =
1
K! (steady state plastic strain)®
2. Strain range = f! (2N )b + el (2n)°¢
f f f
2 E
Nf = No. of cycles failures
3.0 1= b
c
4.
k! E!
1
(eg')n
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4.2.2

3. Differences in material performance are more pronounced at
longer lives (low strain amplitudes) than at éhorter lives
(high strain amplitudes).

4. The heat-treated wheel materials (C and B) exhibit a higher

resistance to fatigue than the nonheat-treated U material.

5. The higher carbon C material shows better resistance to fatigue

than the lower carbon B material.

Fracture Crack Arrest Tests

The crack arrest fracture toughness (KIa) properties of Class U and

C wheel steels were examined.

The results of this study indicate that the crack arrest fracture
toughness of heat-treated Class C wheel steel is somewhat higher
than untreated Class U steel at room temperature, and that this

difference increases with temperature.

A dependency of KIa values on test temperature was noted for Class C
steel, while Class U steel appeared fairly insensitive to tempera-
ture. This difference appears to be related to the effect of inter-

lamellar pearlite spacing on crack propagation in the steel.
Based solely on the KIa data, it may also be concluded that rim
heat-treated wheels could arrest larger thermal cracks, prior to

unstable propagation, than untreated wheels. The critical flaw size
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tolerated would increase with temperature for the Class C wheels.
This behavior would not appear in Class U wheels which are tested

below 100°C.

A comparison of actual wheel failure data revealing critical flaw
size prior to full failure showed fairly good agreement for Class U
data, but suggested that predictions for critical flaw size toler-

ance for the Class C wheels based on KIa values were too large.

Considering that Class U wheels appear to fail more frequently than
Class C wheels, and coupled with the fact that in all wheel classes,
pronounced érack arrest is seemingly rare, it is suggested that
crack arrest data be modified with some correction factor to more
accurately reflect actual service lives. This factor could be based
on the ratio of crack initiation fracture toughness to crack arrest

fracture toughness.

A complete description of this sub-task and results is given in

Appendix 4.2.

Thermal Cracking Test.

The purpose of these tests is to develop a laboratory technique to
produce thermal cracking in wheels and to evaluate the relative
resistance to such cracking of Class B, C, and U wheéls. The mech-
anism for the cracking being studied is the resfrained contraction
of untempered martensite, which is similar to the mechanism of

quench cracking.



4.2.3.1

4.2.3.2

First, a localized portion of the wheel tread must be heated to a
temperature exceeding 1333°F to obtain some transformation to aus-
tenite. Then this localized region must be cooled fast enough for
the austenite to transform to martensite. The restraint provided by
the unheated remainder of the wheel during subsgquent cooling should
produce sufficiently high stresses to crack the brittle martensitic
region. Accordingly, in the initial portion of this program, an
apparatus was constructed and trial runs were conducted with an

instrumented wheel.

Wheels

All of the wheels for these tests are CJ33 with a parabolic plate.
Four Class B, four Class C, and five Class U were designated for
these tests. One of the Class U wheels was drilled for the place-
ment of thermocouples in the rim. This wheel is being used for

development of the test procedure.

Apparatus

A machine was constructed to support the wheel in a vertical posi-
tion by the bore and to turn it at speeds of 1 rpm and slower.
Further, an oxygen-acetylene burner was supported and clamped so
that the distance from the torch tip could be adjusted. A steel
pan, measuring 10-inches wide by 48 inches long by 11 inches deep,
was fitted with a standpipe and drain and placed beneath the wheel

so that the lower 9 inches of the wheel was submerged in water. The
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make up water was provided by two low pressure nozzles directed at

the wheel plate about 12 inches above the water level in the pan.

The trial wheel was fitted with eight 1/16-inch diameter sheathed
thermocouples in holes drilled to the mid-tread positions from the
back face of the rim. The 1/8-inch diameter holes were centered
1/4, 1/2, and one inch from the tread. After the thermocouples
were placed in the holes, steel wool was packed around the thermo-
couples. The thermocouples were connected to a modified personal

computer for data acquisition, storage and printout.
4.2.3.3 Preliminary Results

Several preliminary trials were conducted with about 1/4 of the
wheel to determine the gas pressure, torch-tip/wheel proximity, and
wheel speed that would résult in the desired apparent surface temper-
ature. After this was accomplished, additional preliminary trials
were conducted to enhance the quenching of the heated spot. Subse-
quently, trials were conducted with full rotation of the wheel to
determine if craéking would occur. The conditions for these trials
Qere based on the results of the preliminary trials. They were as

follows:

1. Rego tip TWP2579-56 - gas pressures of 20 psi oxygen and 10 psi

acetylene to provide heat output of about 50,000 Btu/hr.
2. Torch tip to wheel tread distance - 1 inch.
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4.2.3.4

3. Wheel speed about 1/20 rpm or 5 in/min.

L. Vater sprays directed at wheel plate and water immersion of

lower 9 inches of wheel.

After about 24 revolutions or cycles of heating and cooling, the
wheel developed five cracks in the tread. Four of these cracks were
in a radial/axial plane about 4 inches long and through and beyond
the thermocbuple holes. The fifth crack was generally in a radial
plane oriented about 45° to the axis and through a one-inch diameter
area that had been overheated during one of the preliminary trials.
No other cracks were detected. Hardness tests of the of the surface
heated by the torch indicated that martensite was probably not
produced at the surface in these tests. Thereafter, one of the
water sprays was directed at the tread about 3 inches beneath the
center of the heated spot. Further trials showed that, with this
arrangement, martensite was being produced at the surface. Infrared
thermographs showed that the center of the heated spot attained a
temperature of 915°C or 1679°F. After five addiﬁional heating/
cooling cycles with this arrangement, three cracks were produced in
areas of the tread not containing discontinuities. These cracks
were oriented in the radial-axial plane and are from 1/2 to 1 inch

long.

Thermal Analysis

For the purposes of selection of test conditions and interpretation
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of results,

available closed-form transient heat transfer analyses

for a moving '"hot spot" have been adapted to the Thermal Crack Test

Rig conditions.

Figure 4.2 gives the relationships between temperature rise across

the hot spot, torch power rating, and wheel rotational speed based

on Archard's solution (ASME Wear Control Handbook, p. 135):

where

Q is

p is

V is

_2Q X
AT "'az { MkpcV
the torch heating rate in [BTU/HR]

the hot spot radius in [FT] = 1/12'

the thermal conductivity in [ BTU ] = 27.5
HR-FT-°F' =~ °'°

steel density in [%%3] = 489

the thermal diffusivity in [ BTU 1 = 0.1072

LB-°F

the surface velocity in [FT/HR] =TI x 3' x RPM x 60 M/HR

X is the distance from the leading edge . —n ,
of the hot spot ()in the spot) in [FT] = 2a = 2/12

X =

2a for ATMAX

Perhaps the average temperature rise on the hot spot would be more

realistic, but this solution has served as a preliminary guide in

selecting torch tips and test specifications.

Effect of Slow Strain Rate

Almost all the monotonic and cycle mechanical property tests con-
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ducted to date have been performed at a conventional strain rate of
0.002 Sec =-1. However, it has been observéd that actual strain
rates enforced on the hot rim steel of wheels subjeéted to prolonged
drag braking are usually below 0.000002 Sec -1 or some three orders
of magnitude slower than conventional test rates. Therefore, test
preparations have begun and more preliminary tests have been con-
ducted to gain some insight into the possible rate sensitivity of

wheel steel flow properties (cyclic and monotonic) at elevated tem-

perature.

Preliminary results indicate that a three order of magnitude reduc-
tion in strain rate could cause a significant reduction in flow
stress, that is, greater than 20% at 400°C (752°F). This indication
is based on some cyclic property data obtained recently from Prof.
Huseyin Sehitoglu at the University of Illinois and from a monotonic
tensile test with step changes in strain rate conducted at AAR

Chicago.

The effect of a one order reduction in strain rate on the cyclic
0.2% offset yield was tested by Prof. Sehitoglu at the University of
I1linois. An 119 reduction in flow stress at 400°C was observed for
a reduction in strain rate of one order of magnitude. No effect of

strain rate was seen at 200°C.
The effect of step reduction and subsequent increases in strain rate
over four orders of magnitude in a special tension test of Class U

steel at 400°C is shown in Figure 4.3 after uniform strain hardening
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was established at a strain of about 2.6%, the strain rate was
abruptly reduced in steps from 0.002 Sec -1 to 0.000002 Sec -1 and
subsequently increased back to 0.002 Sec -1. This procedure was
repeated but to a slower rate, 0.0000002 Sec -1, at a higher strain
in the same test. As seen in the figure, the drop in flow stress
and subsequent rise are essentiélly identical for the same strain
rate increment. A reduction of strain rate of two orders of magni-
tude to 0.00002 Sec -1 causes a flow stress reduction of between 9.6
and 12.1%. At the slower rate of 0.000002 Sec -1, the flow stress
continues to relax during the period of straining but seems to.
reestablish at a flow stress level at least 21.6% below that for
conventional rate. Even greater relaxation rate was indicated at
the slowest rate of 0.000002 Sec -1 but the test was too short to

establish a steady flow stress.

From this preliminary test at 400°C a strain rate sensitivity, m, of
at least 0.03 may be expected where the relation between flow stress

and strain rate is given by:

o=¢ (&)™
e, T

This relationship was proposed originally by Zener and Hollaman in

1944. As Dieter (Mechanical Metallurgy, 1961) has observed, this

parameter can be obtained from a test where the strain rate is

rapidly changed from one value to another.

4-14



—-phivkdaal oz

4.2.5

1og (02/01)
log (e2/e1)

It is expected that the strain rate sensitivity will increase with

temperature.

Wheel Saw-Cutting

The purpose of this sub-task is to estimate the number of unsafe
wheels of various designs, at different levels of discoloration and

usage.

The saw-cutting program undertaken resulted in a total of 160
freight car wheels cut by the end of April 1985. A data base has
been compiled at the Transportation Test Center (TTC), Pueblo, which
also comprises the saw-cut results of the Norfolk Southern, Union
Pacific, and Santa Fe railroads produced at their respective re-
search laboratories. The freight car wheels selected for this study

include:

1. wheels taken out of service by visual inspection of wheel
discoloration that extends &4 inches (102 mm) from the rim into
the plate region on one side (AAR Why Made Code 89) and those
subsequently taken out of service due to discoloration on both

sides (there are 123 wheels in this data set),

2. wheels taken out of service due to thermal cracks (AAR Why Made
Code 74),
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3. those taken out of service due to reasons other than AAR Why

Made Codes 89 and 74, and
4. 26 new wheels.
Radial Saw-Cutting Procedure

A Rockwell Model 28-345 Band Saw Unit has been modified at TIC,
Pueblo, to facilitate radial saw-cutting of railroad wheels. This
type of band saw has a movable table which is retrofitted with
linear bearings, while the saw blade is mounted on a fixed column
(Figure 4.4). A constant force feed is provided by a pulley and
weight system. A wheel failure guard is fabricated around the saw
unit to protect the saw in case a catastrophic wheel failure should

occur.

Instrumentation for the radial saw-cutting unit consists of appro-
priate transducers, electronic signal conditioners, and data acqui-
siton system. To monitor the movement of the table supporting the
railroad wheel, a calibrated stringpot system is provided. An MTS
clip gage with a range of 0.1" to 0.3" is used to measure the cir-
cumferential displacement that occurs at the flaﬁge tip during the
radial cut. The clip gage is attached to knife edges that affix to
the back of the wheel flange with fhe wheel mounted on the band saw
table (Figure 4.5). An x-y plotter automatically records the MTS
clip gage displacement vs the depth of cut.during the cutting opera-~

tion.
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FIGURE 4.5. SAW-CUTTING UNIT WITH CLIP GAGE MOUNTED ON THE
FLANGE TIP OF TEST WHEEL.
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To prepare a wheel for cutting, the clip gage mount is attached to
the back rim face. The wheel is placed flat on the band saw table
and the blade is centered between the two knife edges. The band éaw
unit is started and the saw blade is allowed to cut through the
knife edge supporﬁ bracket until it just reaches the flange tip. At
this point, the band saw unit is stopped and the clip gage is mount-
ed on the knife edges around the cutting blade. The x-y plotter is
initialized to zero displacement and zero depth of cut before the

band saw unit is once again started to initiate the radial cut.

An informal standardization of the saw-cutting method was agreed
upon by the AAR, Norfolk Southern, Union Pacific, Santa Fe, and the

FRA to ensure ease of data interpretation between laboratories.

After the saw-cutting program at Pueblo was well underway, an addi-
tional saw-cut opening measurement capability was installed. Due to
obvious differences in the opening/closing behavior of flange tip
and tread surface (toward front face) for a number of test wheels,
an extended arm clip-on displacement gage with a range of 0.5 inches
to 1.0 inches (13 mm to 25 mm) was provided (Figure 4.6) with a
special mounting bracket and knife edges. As saw-cutting progressed
through the flange and the tread, the saw blade was allowed to cut
through the mounting bracket of the extended arm clip gage, which
was tack-welded to the treéd position toward the front face, after
which the saw unit was stopped and the second clip gage displacement

on the x-y plot was initialized to zero.



FIGURE 4.6. TWO CLIP GAGES MOUNTED ON THE TEST WHEEL TO MEASURE THE RE-

4.2.5.2

4.2.5.2.1

SPONSES OF FLANGE TIP (BACK FACE) AND TREAD (FRONT FACE).

Results and Discussion

Saw-Cutting Results

If a rail car wheel is cut radially, one of three general types of
behavior will usually be observed. A new or undamaged Class U wheel
will show a relatively low saw-cut closing displacement as the cut
proceeds into the rim. As the cut approaches the bottom of the rim,
the circumferential displacement measured at the flange tip begins
to increase in the positive direction as shown in Figure 4.7. A
heat-treated wheel (Class B or C, new or undamaged) exhibits a
continuously closing saw-cut displacement to a point approximately
two inches into the plate where a constant saw-cut closing displace-

ment is maintained, as shown in Figure 4.8.
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The presence of compressive residual stress around the circumference
of the wheel is inferred from the behavior. A thermally damaged
wheel, on the other hand, develops an increased level of opening at
. the flange tip as the cut proceeds inward, as shown in Figure 4.9 a

crack located in this area of temnsile stress would probably propa-

gate with no possibility of arrest.

A tabulation of the results of saw-cutting of 348 wheels is given in
Appendix 4.3. A wheel that closes is presumed to have a circum-
ferential residual compressive stress, and a wheel that opens con-
tinually during saw-cutting contains a residual tensile stress.
However, wheels that show mixed behavior (as illustrated in Figure
4.7) are more difficult to classify. Work on the finite element
reconstruction of saw-cut wheels, as reported in paragraph 11.2.3.5,

shows . that a correlation may exist between maximum opening and

maximum calculated residual stress in the wheel rim as shown in
Figure 4.10, although additional confirmation is required. The data
presented in Figure 4.10 consist of results from 8 curved plates and

one straight plate wheel.*

The saw-cut opening can then be sorted, as shown in Table 4.2, and
the percentages of various wheels at each increment of opening may
be calculated. This data may then be used to estimate the distri-

bution of wheel conditions in the car fleet.

%Additional data is being collected from straight plate wheel behavior to
radial saw-cut as input to finite element analysis.
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TABLE 4.2. DISTRIBUTION OF MAXIMUM SAW-CUT OPENINGS.

Opening Low-Non Low-Disc High-Non High-Disc
<0.010 64.29% 56.44% 71.76% 20.00%
.011-0.020 16.43% 9.90% 9.419% 15.00%
.021-0.030 10.71% 11.88% 5.88% 15.00%
.031-0.040 5.71% 7.92% 5.88% 20.00%
.041-0.050 1.43% 9.90% 3.53% 10.00%
.051-0.060 0.71% 0.99% 0.00% 0.00%
>0.060 0.71% 2.97% 3.53% 20.00%
Ratio 1.00 4.16 4.94 28.00
Opening Low=-Non Low-Disc High-Non High-Disc
<0.010 64.29% 56. 447, 71.76% 20.00%
.011-0.020 16.43% 9.90% - 9.41% 15.00%
.021-0.030 10.71% 11.88% 5.88% 15.00%
.031-0.040 5.71% 7.92% 5.88% 20.00%
.041-0.050 1.43% 9.90% 3.53% 10.00%
>0.050 1.43% 3.96% 3.53% 20.00%
Ratio 1.00 2.77 2.47 14.00
Opening Low-Non Low-Disc High-Non High-Disc
<0.010 64.29% 56. 447, 71.76% 20.00%
.011-0.020 16.43% 9.90% 9.41% 15.00%
.021-0.030 10.71% 11.88% 5.88% 15.00%
.031-0.040 5.71% 7.92% 5.88% 20.00%
>0.040 2.86% 13.85% 7.06% 30.00%
Ratio 1.00 4.85 2.47 10.50

Nomenclature

Low > Low Stress (curved plate) wheel

High > High Stress (straight plate) wheel

Low-Non ~ Low Stress, Nondiscolored
Low-Disc = Low Stress, Discolored

High-Non - High Stress, Nondiscolored
High-Disc » High Stress, Discolored

Ratio means the ratio of "low stress, nondiscolored" wheels to the
rest of the varieties of wheels, which are saw-cut.
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4£.2.6

4.2.6.1

Most wheels purchased during the last five years have been of the
low stress or curve plate designs. Virtually all wheels purchased
today are of these designs. It is estimated that curved plate

wheels make up about 60% of the population of the fleet.

Studies using finite element analysis techniques support the case
for the use of the maximum opening as the criterion to identify
thermally damaged wheels. It is our belief that an opening of 0.050

inches or more should be .considered an indicator damage.

Experimental Stress Analysis

Ten wheels were selected for experimental stress analysis by the
hole drilling strain-gage method before they were saw-cut. These
wheels were taken out of service on account of discoloration (AAR
Why Made Code 89) as well as for other reasons. Table 4.3 provides

the general information about the test wheels.

Determination of Residual Stresses by the Hole Drilling Strain Gage
Method '

The hole drilling strain-gage method is a semidestructive method for
measuring residual stresses near the surface of isotropic elastic
material. The method involves placing a strain-gage rosette on the
surface, drilling a hole in the vicinity of the gages to a depth
greater than its diameter, and measuring the ‘relaxation strains.
The residual stresses in the area surrounding the drilled hole
relax, and the relaxation is nearly complete when the depth of the
drilled hole approaches 1.2 times the diameter.
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TABLE 4.3. GENERAL INFORMATION ABOUT SELECTED TEST WHEELS
- FOR EXPERIMENTAL STRESS ANALYSIS.

AAR Why

TTC ID  Mfg. Date Serial No. Class Design Made Code Discoloration
0009 78/02 42183 U CH36 89 Yes
0010 78/02 45459 U CH36 89 Yes
0011 80/03 61258 U CH36 89 Yes
0031 82/02 24190 U CH36 89 Yes
0046 76/10 4102 U CH36 89 Yeé
0047 82/03 61430 U CH36 89 Yes
0051 75/10 51585 U CH36 89 Yes
0054 75/10 51933 U CH36 89 Yes
0070 64/09 18187 U CJ36 -- No
0095 71/01 587204 C CJ36 -- No
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The measured strains are then related to relieved principal stresses
through a series of equations.
he surface strains relieved are related to the relieved principal

stresses by the following relationship:

£, = (A+ 3B COSZO()O’X + (A -B cos20()cry (1)
where
€. = radial strain relieved at point P,
R s L
A = T E % r2,
Sl 4 13
B 2E 1+p % y2 r42
0., 0, = principal stresses present in the structure before
Y drilling,
a = angle between the directions of €, and O
E = Young's modulus,
M = Poisson's ratio,
_ _D .
T =9 (see Figure 4.11)
0
D = diameter of gage circle, and
D0 = diameter of drilled hole.
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FIGURE 4.11. STRAIN GAGE ROSETTE ARRANGEMENT FOR
DETERMINING RESTDUAL STRESSES.
Measuring the relieved radial strains €, €3, and €3 provides suffi-
cient information to calculate the principal stresses o, and Oy and
their orientation, B, with respect to an arbitrary selected refer-

ence.

Solving for principal stresses and direction yields:

o, = 8_1;.2 + 1/% J(eq - 82)2 + (g9 - £3)? (2)
4A 4B
+
o, = 817 % l% J(e1 - €2)% + (g5 - €3)? (3
4A 4B
tan2f = g1ty ey

€3 - &

where A and B (both of which are negative) are determined from
Figure 4.12. Equations (2) and (3) define the maximum (UX) and
minimum (Oy) principal stresses. Direction angle B is referenced to

gage 1 where clockwise is positive (+) direction and:
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Coefficients a and b

B=p, if (g1 + €3)/2<¢g;

B = By if (g1 + £3)/25¢;

B = 45° if &9 = €3

R=-gt 3 ®
=1 .5

B=- 55 b (5)

The following graphs of Figure 4.12 are extracted from Technical

Note TN-503-1 of Measurements Group Inc., Raleigh, North Carolina

27611.
l'
2
\
i
< A\
\
0.5 "N 1o 0.5 A
"3 g D
N « N
0.4 ~ Is 0.4 N
2 |
§
N '3
0.3 bl 0.3 A%
- o : :
. ——blind hole dol . ——blind hole = y.
|- —~~~=through hole o] ~ —-—~——through hole b
0.2 i 0.2 -
NN -
M~ \ b
0.1 =y — 0.1 Et ettt
= ENIE) a)
ASTM E837 ASTM E837
Limits Limits
0 TV T] 0 jEBENEEERER
2.5 3.0 3.5 2.5 3.0 3.5
D/Do ; D/De

FIGURE 4.12. DATA REDUCTION COEFFICIENTS A AND B VS D/DO‘ LEFT
GRAPH FOR UM GAGE, RIGHT GRAPH FOR RE & RK GAGES.
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4.2.6.2

A number of wheels were analyzed by the hole-drilling strain-gage
method prior to saw-cutting. A few wheels were also analyzed after
the saw-cut was made, since a study at Pueblo revealed that the
saw-cut behavior of wheels is practically the same at 180° from the
previous cut. Figures 4.13 and 4.14 show typical arrangements of

the hole-drilling strain-gage method for railroad wheels.
Experimental Stress Analysis Results

Strain-gage rosettes with three radially-oriented gages were in-
stalled on the back face of the rim with their centers about 2.5
inches (64 mm) radially down from the flange tip (termed here the Bl
location). Strain-indicating insﬁrumentation consisted of a preci-
sion strain indicator augmented by a high quality switch-and-balance
unit. A Micro Measurements RS-200 Milling Guide with a microscope
provided visual alignment within * 0.001 inch (+ 0.025 mm) such that
the position of the milling cutters was precisely in the center of
the gage rosetté. After the alignment with a microscope, a high-
speed air turbine setup with carbide cutters was fitted in the
RS-200 Milling Guide. Incremental drilling with the high-speed
turbine device was carried out up to a total blind hole depth of
0.1 inch (2.54 mm). Relieved strains were monitored at every incre-

mental depth of 0.01 inch (0.254 mm). After the completion of the

-drilling operation, the diameter of the hole (usually around 0.07

inch) was measured with the microscope. A data reduction procedure
was set up with a Fortran program which computed the principal
stresses (GX and Oy).and their orientation (B) using equations (1)
through (5) for every incremental drilling.
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FIGURE 4.13. SETUP FOR HOLE DRILLING STRAIN GAGE METHOD TO EVALUATE
RESIDUAL STRESSES IN RAILROAD WHEELS.

FIGURE 4.14. HOLE DRILLING UNIT SETUP ON BACK FACE RIM OF A WHEEL
RESTING ON THE ROLL DYNAMICS UNIT AT PUEBLO.
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It is determined experimentally that when the depth of the hole
equals the diameter, 100% of the strain is relieved and, thereafter,
the change in the relieved strain is minimal. For our analysis, the
calculated principal stresses at the point where depth equals diam-

eter are regarded as the residual stresses at location BIl.

Once O and GY are determined, 0; and 0y (which can be hoop or
radial stresses, depending on the orientation of gage #1 on the

wheel) can be calculated from the Mohr Circle relationships:

0X+o (OX-G) ‘
0, 2= Y+ 5 Y cos2p if B = B, (11)
M
Oy + Oy (o, - o)
and 0y 5= 5 % y 5 cos2p if B =B (12)
. , y

The analysis of residual stresses on the back face of the rim (Bl
location) revealed that the stress components in the hoop and radial
directions were of the same order of magnitude resulting in a bi-

axial state of stress.

After the experimental stress analysis at the Bl locations of 10
wheels, the hole drilling strain-gaging method was applied to the
test wheels at two other locations, viz., B2 and B4 locations. The
B2 location was in the rim fillet region, 5.5 inches (140 mm)} radi-
ally down from the flange tip. Analysis. was performed at the B2
location for a set of six test wheels, with TTC ID numbers 0009,

0010, 0046, 0047, 0051, and 0052.

4-34



The B4 location was in the front face of the rim 2.5 inches (64 mm)
radially down from the flange tip (exactly across from the Bl loca-
tion which is on the back face of the rim). Analysis was performed
at the 34 location for three test wheels, TTC ID numbers 0031, 0046,

and 0070.

After completion of experimental stress analysis at B1l, B2, and B4
locations, the selected test wheels were saw-cut and the individual
wheel's response (in the hoop direction) to radial saw-cut was
recorded with MTS clip gages as described under "Radial Saw-Cutting

Procedure."

Analysis of flange tip displacement (in the hoop direction) to
saw-cutting at various depths of cut was carried out, and it was
seen that at 3 given depth of cut, the flange tip displacement
exhibited a certain relationship with the bi-axial state of stress

at Bl, B2, and B4 locations.

At these locations, both the stress components (in hoop and radial
directions) seem to have linear relationship with the flange tip
displacement (in hoop direction) at a given depth of cut, as_fol-

lows:

o, =A, 0 1B O A (13)
i
where
i denotes the given depth-of-cut from flange tip,
and

a

h and o are stress components in hoop and radial directions.
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In order to eliminate one of the independent variables, a new vari-
able 0 is chosen as
g =0, - MO
h M9y

where Y is the Poisson's ratio.

which is compatible with equation (13), and the flange tip displace-
ment is plotted versus 0. It is of interest to note that this rela-

tionship is linear for selected depths of cut as shown below.*

Figures 4.15 and 4.16 show the linear relationship between 0 =
(Oh - pGr) measured at the Bl location and flange tip displacement
at 2 inches (51 mm) and 2.5 inches (64 mm) depth of cut, respec-

tively.

In Figure 4.17 the average of 0 values at Bl and B4 locations is
plotted against the flange tip displacements at 2.5 inches (64 mm),
5.5 inches (140 mm), and 10 inches (254 mm) depth of cut for three

test wheels. They also seem to hold a linear relationship.

Figure 4.18 presents the linear relationship between G values mea-
sured at the B2 location, 5.5 inches (140 mm) radially down from
flange tip for six test wheels and the corresponding flange tip
displacement at 5.5 inches (140 mm) depth of cut. The same © values
are ‘plotted against maximum flange tip opening during the saw-

cutting operation in Figure 4.19 which is also a linear relation-

ship.
*It may be noted that the value of 0 = G = MO is the equivalent unidirec-
tional stress in the hoop direction. Thé expréssion (1/¢) (o, - por) gives

86 which is the maximum elastic strain in a biaxial state of stress.
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4.3

4.3.1

4£.3.2

4.3.3

WORK REMAINING

Conventional Elevated Temperature Fatigue Tests

The next phase of work includes duplicating the incremental step

test at a strain rate of 0.00002 Sec -1.

Relaxation and creep tests are scheduled following the completion of

the incremental step tests.

Crack Arrest Tests

Task completed.

Thermal Cracking

We believe that we have established the test conditions necessary to
produce cracking in Class U wheels by a mechénism similar to that of
quench cracking. Therefore, testing of the twelve wheels (without
thermocouples) will commence immediately. Thermography will be used
to ascertain that adequate surface temperatures are being obtained.
The criteria for evaluation of cracking will be based on inspections
of the tread surface. Tentatively, the number of heating/cooling
cycles required to produce the first cracking will be the criterion.
However, testing of the wheels will be continued beyond detection of
the first crack to determine if additional cracks form and if they
grow in length. Other criteria can be selected based on these
results.
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4.3.3.1

£.3.3.2

4.3.4

Discussions at a review meeting indicated that the cracking behavior
of wheels heated to a subcritical temperature (less than 1333°F) is
also of some interest. In this case, martensite would not be formed
and the cracks would initiate in a thermal-fatigue fashion in the
normal ferrite-pearlite microstructure. If the program is changed
to include this variable, half of the original wheels would be
tested at the high temperature, and half would be tested at the
lower temperature. Because of the different mechanics involved in
the two types of cracking, the low temperature tests will require

considerably longer testing times than the high temperature tests.
Infrared Thermal Video Test Plans

Infrared thermography will be used periodically during some of the
tests to ascertain the distribution of temperature on the surface of
the wheel in the vicinity of the heating torch.

Thermomechanical Analysis

The associated analytical task that remains is to estimate the
magnitude of the thermomechanical strain cycle based on temperature

measurements and thermal calculations.

Advanced Slow Strain Rate Tests

Incremental step cyclic strain tests with rates as slow as 0.000002

Sec =1 and other tests, including some thermomechanical uniaxial
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4.4

4.4.1

4.4.2

4.4.3

simulation realistic wheel strain and simultaneous temperature

cycles (described in Stone to Gannett of 1/85) remain to be done.

Saw-Cutting Work Remaining

There are presently 117 wheels from the Burlington Northern Railroad
and 14 test wheels (from RDU and Brake Dynamometer testing) awaiting

saw-cutting.

SCHEDULE

Cyclic Properties Test Schedule

The incremental step tests are due for completion by mid September.

Data reduction and reporting of the findings will be issued by mid

October.

Scheduling for the relaxation and creep tests will be determined

after results from initial tests are analyzed.

Crack Arrest

Work on this subtask is complete.

Schedule for Thermal Cracking Tests

If the original plan for testing 12 wheels by heating and cooling to

b=bhy
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4.4.5

form martensite is used, the testing should be completed in about
five months. However, if the plan is modified to incorporate test-
ing of half the wheels by heating to subcritical temperatures,
considerably longer testing time is anticipated because of the dif-

ferent mechanisms for producing cracking.

Advanced Slow Strain Rate Tests

These tests were initiated in October 1985 and are scheduled for

completion in mid-December.

Schedule for Saw-Cutting

Saw-cutting will continue throughout the program in order to eval-

uate test wheels and strengthen the statistical confidence in ser-

. vice behavior predictions.
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5.1

5.2

5.2.

1

5.0 EFFECT OF HEAT TRANSFER AND RAIL LOADING (TASK 4)

CURRENT TASK STATEMENT OF WORK

The AAR shall determine the effect of heat transfer at the rail
contact through careful experimentai study under controlled con-
ditions using the Roll Dynamics Unit (RDU), Brake Dynamometer (BDU),
and the Induction Heating Facility. In support of the Induction
Heating tests, the AAR shall develop finite element models for data
analysis. Results of analysis and laboratory testing shall be

compared with similar data (temperature and strains) from the Brak-

ing Tests (T5).

MAJOR FINDINGS/CURRENT STATUS

In keeping with this task objective to determine the effect of rail
load and heat transfer on the development/alteration of wheel resi-

dual stresses and material damage generally, and to prepare for the

evaluation and interpretation of in-track measurements, three labo-~
ratory experiments have been performed and are being analyzed.

Status of these three tests (BDU, RDU and Induction Heating) follow.

Brake Dynamometer Status

The purpose of these studies is to determine the effects of wheel
design, wheel heat treatment, speed, loading, and brake force on the

alteration of residual stresses in wheels subjected to repetitive



5.2.1.1

5.2.1.2

drag braking on the AAR dynamometer. A secondary purpose is to

determine the amount of heat transferred from the wheel to the

reaction rail during some of these tests. Similar tests, but of
other wheel designs, will be conducted in Task T6.
Wheels

The wheel design and heat treatments are listed in Table 5.1 along
with the braking conditions. Included in the T4 portion of the
study are new 33-inch diameter, one wear, parabolic and straight
plate wheels with new rim profiles and with rims turned down to the
reapplication limit. Heat treatments include Class U, Class U that
have been reprocessed and designated as A in the table, and Class C.
The chemical compositions of the wheels are essentially the same.
The T6 study will be concerned with 33-inch diameter wheels and
36-inch diameter wheels with parabolic, S-shape, and straight
plates. Wheels turned to the reapplication rim thickness and

reheat-treated Class U wheels are not included in T6.

Instrumentation

Each wheel was instrumented with one strain gage on the front hub-
plate fillet and three thermocouples: (1) a sliding type on the
tread, (2) a washer type on the back-rim face, and (3) a washer type
on the back rim fillet, as illustrated in Figure 5.1. The strain
gage was monitored at the start and end of each heating cycle with a
static strain indicator. The thermocouples were monitored continu-
ously with a strip chart recorder.
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TABLE 5.1. DYNAMOMETER TEST* FOR TASKS T4 AND T6 (WHEEL OR NUMBER TEST).

Low Speed High Speed

(20 mph) (40 mph)
Section Plate Type Class®* Rim Type**% HBF+ LBF+ UHB+ HBF LBF UHB
TASK T4

CJ 33 Parabolic A N -- -- -- 3 - -
R -- -- -- 4 - -

U N 5 - ) 7 - -

R -- -- -- 8 - -

C N 9 -- 10 11 12 -

J 33 Straight A N -- - -- 13 - -
R -- - -- 14 - -

U N 15 -- 16 17 18 -

R -— -- -~ 19 - -

C N 20 .- 21 22 - -

c N -- -- -- 23+ - -

C N - -- -~ 24+++ - -

TASK T6

J 33 S-Shape U N -- - -- 25 - -
C N -- -- -- 26 - -

CH 36 Parabolic U N -- -- -- 27 - -
C N - -- -- 28 - -

H 36 S-Shape U N -- -- -- 29 - -
c N -~ -- -- 30 - -

H 36 Straight U N 31 -- 32 33 34 -
C N 35 -- 36 37 - -

st
-t

Instrumentation consists of one metal strain gage on the front hub-plate
fillet and thermocouple on the tread, back rim face, and front hub-plate
fillet. Each wheel will be drag-brake tested for 25 heating/cooling cycles.

St

e A
Satate
Stk N

Annealed Class U - not Class A
New, R = Reapplication Limit

+  HBF
LBF
UHB

High Brake Force, about 1,500 lbs
Low Brake Force, about 750 lbs
Unreleased Hand-brake force, about 3,000 lbs

HHu

++ With vertical and lateral loads
+++ Without loads

All numbers in the table represent wheel numbers.
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SL/IDING SLIDING
THERMOCCUPLE THERM O COVPLE

TACRMOCOVAL THERMOCOUPLE

OTRAIN GAGE 4’«

THERMocou PLE STRAIN GAcE &

" THERMOCOUPLE

N \/“

PARARoLIC PLATE STRAIGHT PLATE

FIGURE 5.1. LOCATIONS OF THERMOCOUPLES AND STRAIN GAGES.
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5.2.1.3

5.2.1.4

For the heat transfer portion of the study, additional sliding
thermocouples were mounted on the reaction rail running surface
and/or the wheel tread. An infrared pyrometer was also used for

some tests.
Test Conditions

Table 5.1 shows the braking conditions for each wheel. The wheel
speed was maintained constant while the brake (AAR M926) was applied
for 45 minutes. The brake was released, and the wheel speed was
reduced to 20 rpm so that the wheel could be cooled to ambient
temperature with water spray on the plate and rim. This cycle was
repeated a total of 25 times for each wheel. During these tests, a
vertical load was applied to the outboard or journal bearing to
produce a vertical load of about 28,000 pounds on the wheei tfead.
All wheels had this load except wheels 5 and 24. Wheel 5 had a

variable vertical load and wheel 24 had no vertical load.
Results

The ﬁltimate objective of these tests is to determine the relation-
ship of the wheel design and heat-treatment variables and drag-
braking conditions on the alteration of residual stresses in the
wheels. This cannot be done yet because the residual stress portion

of the program will be done later. However, some observations can

‘be made on the relationships of speed, brake shoe force, and verti-

cal load (wheel 5) to wheel temperature, apparent strain at the
front hub-plate fillet, and heat transfer to the reaction rail.
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Appendix 5.1 lists the strain and temperature data obtained to date.
These data are summarized in Table 5.2. Most of the heat transfer
studies were conducted on wheel 5, Appendix 5.1, Table 1. Strein
data were not obtained for this wheel. The temperature data show
that it was not practical to use thermocouples on the rail surface
to detect the incremental rise in temperature of the rail caused by
contact with the heated wheel. The data showed inconsistencies of
temperature differential of the two rail thermocouples located ahead
and behind the contact zone. With regard to the increase in wheel
and rail temperatures during the tests, it appears that both temper-
atures are markedly affected by the vertical load. For example,
tests with a vertical load of about 27 kips produced average wheel
tread and rail temperatures of 487 and 161°F, respectively. In
constrast, tests with a vertical load of about 5 kips produced
average wheel tread and rail temperatures of 528 and 106°F, respec-
tively. Tests with a vertical load of 13.5 kips produced inter-
mediate temperatures. Thus, increasing the wheel load decreased the
wheel temperature and increased the rail temperature. This effect

is probably caused by a corresponding increase in contact area.

The effects of wheel/rail contact on the strains and temperatures
developed in the wheels from drag braking is further illustrated by
the behavior of wheel 12 (Table 5.3 and Figures 5.2 and 5.3). This
wheel was tested at 40 mph with a brake force of 750 1lbs with the
intended vertical load of 27 kips for the first six cycles,‘and then
with no vertical load for the remaining 19 cycles. The change in

loading was made because of excessive vibration in the outboard



TABLE 5.2. TEMPERATURE AND STRAIN RESULTS.

Temperature, °F :
Wheel Strain, ME Tread Rim Plate

No. Cold Hot Col Hot Cold = Hot Col Hot
5 Max
Min

Avg 75 500 |

6 Max +164 +3242 100 845 - - 95 220

Min -303 +2276 65 500 - - 65 160

Avg - 41 +2556 83 573 - - 81 191

7 Max +282 +2574 95 700 95 535 95 205

Min - 77 +2013 50 525 50 420 50 150

Avg + 99 +2385 74 579 79 485 78 184

9 Max +143 +2440 100 590 100 490 100 195

Min - 43 +2180 60 530 55 430 60 155

Avg + 47 +2259 76 565 76 L6 82 184

10 Max +123 42592 95 795 95 580 95 205

Min - 87 +2128 75 550 80 520 80 155

Avg + 30 +2399 85 623 85 543 85 185

11 Max 0 +1786 100 610 85 470 85 180

Min -129 +1215 75 370 75 400 - 75 150

Avg - 66 +1381 84 525 81 422 80 162

12 See Table 5.3 and Figures 5.2 and 5.3

15 Max -210  +3222 120 790 110 505 100 210
Min 0 +2342 70 545 65 420 65 170
Avg +127  +2839 93 628 85 467 73 196
16 Max +405  +3442 110 785 100 610 80 220
Min -500  +1902 70 490 50 460 60 145
Avg =258 +2533 79 620 77 532 70 186
18 Max +56  +2760 100 595 80 515 85 170
Min -344  +2071 75 405 75 385 75 145
Avg -127  +2400 80 527 78 L46 77 151
17 Max +440  +3605 115 725 110 545 110 205
Min =205  +2184 60 450 50 390 50 140
Avg - 15 +2816 87 573 83 467 82 174

pe = Micro inch/inch :
"Max" and '"Min" are the extreme values of strains measured when wheel was cold
and when wheel was hot, "Avg" represents the average of 25 strain values.
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Vert. load removed

47.7 min. test

47.39 min. test

New shoe aft. 25 min.

TABLE 5.3. DYNAMOMETER DATA FOR WHEEL #12 (7/31/85-8/6/85).
. Wheel  Ambient Tread Rim
Gage-Cold Gage-Hot Load Temperature Temperature Temperature
Test # Me ME Kips F F F Comments
1 0 27 80 495 450
2 _ 27 85 495 420
3 -164 1653 27 75 500 450
4 -205 1662 27 90 510 430
5 -303 1756 27 90 530 440
6 - 60 1951 27 75 530 425
7 0 2740 0 80 675 515
8 - 39 2922 0 95 720 550
9 -124 2816 0 90 720 525
10 5 2855 0 80 730 560
11 7 0 95 760 520
12 - 6 2794 0 80 750 525
13 - 96 2754 0 95 770 540
14 -134 2621 0 95 650 500
15 98 1760 0 80 435 395
16 0 2186 0 90 510 430.
17 195 2370 0 85 560 480
18 47 2492 0 90 620 495
19 75 2780 0 95 690 545
20 137 3074 0 80 680 580
21 13 3080 0 95 620 580
22 94 3028 0 85 600 560
23 11 2958 0 90 630 550
24 50 2951 0 95 630 520
25 3 2755 0 80 650 545
Avg 1-6 -146.4 1775.5 27.0 82.5 510.0 435.8
Std 1-6 106.9 119.9 0.0 6.3 15.0 11.7
Avg T7-14 - 48.4 2786.0 0.0 88.8 821.9 529.4
Std 7-14 56.4 88.3 0.0 7.0 38.7 18.3
Avg 15-25  65.7 2675.4 0.0 87.7 602.3 516.4
Std 15-25 59.0 406.9 0.0 5.8 71.6 57.8
Avg 7-25 17.7 2718.4 0.0 88.2 652.6 521.8
std 7-25 80.8 327.3 0.0 6.3 84.2 46.0
Avg 1-25 - 16.5 2543.3 6.5 86.8 618.4 501.2
Std 1-25 109.5 477.7 11.5 6.8 95.7 54.7
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bearing. Prior to this change, the wheel was being heated to about
the same temperatures and strain values as the other wheel that had
the same braking and loading conditions (wheel 18). Subsequently,
with no vertical.load, maximum temperatures increased by about 100°F
on the tread and rim and the hot wheel strain increased by abaut
1000 pe, thus confirming that the rail wheel and the associated
vertical load remove a substantial amount of heat from the test

wheel.

Table 5.2 shows the representative samples of the maximum, minimum
and average in the radial direction at the front hub-plate fillet as
well as the temperatures for the tread, rim, and plate for the 25
tests. Values shown are for two points in time: (1) when the wheel
was coldest and (2) when the wheel was hottest. The strain values
of most importance are those measured when the wheel is coolest
(minimum). Negative values indicate that the rim is smaller than it
was originally, and is probably in a state of tensile residual hoop
stress. The saw-cutting tests, to be conducted later, should con-
firm this. Strain values measured when the wheels are hottest
indicate the relative expansion of the rim due to braking. Unu-
sually high or low values of hot strain appear to be associated with
unusually high or low tread temperatures. For example, the highest
strain value for wheel 6, +3242 ue, was associated with the highest
tread temperature, 845°F. Rim temperatures were about 120°F below
those of the tread. Front hub-plate fillet temperatures were even

lower, being generally around 200°F or less.

5-11



The power input to the 33-inch diameter wheel is related to the

brake force and speed by the following:

Power Tnput (BHP) = Brake Force (lbg%sx 4 x Speed (mph)

This equation gives power inputs of 24 and 48 BHP for the combina-
tions of speed and brake force used in these tests when the coeffi-
cient of friction, M, is assumed to be 0.3. However, the coeffi-
cient of friction of AAR M926 high-friction composition brake shoe
is not constant, but decreases with increasing brake force, speed,
and temperature of wheel and/or brake shoe. Other factors affecting
M are the contact area, wheel surface roughness and possible changes
in the friction characteristics of the materials due to use. There-
fore, when drag braking tests are conducted with a constant brake
force, the horsepower changes (decreases) during the éourse of the
45 minute braking cycle and is consistent from cycle to cycle.
Furthermore, because of the speed and force dependence of y, doubl-
ing speed or brake force should not exactly double the horsepower.
There is a considerable variation of heating among wheels exposed to
essentially the same braking conditions. For example, wheels 7, 11
and 17 were exposed to 1,500 1bs brake force at 40 mph, but their
average peak tread temperatures were 579°F, 525°F, and 573°F, re-
spectively. Further, wheels 6, 10, and 16 were exposed to 3,000‘1b
brake force at 20 mph, and to corresponding average peak tread

temperatures of 573°F, 623°F, and 620°F.
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5.2.1.5

The variation of the coefficient of friction during a drag-brake
heating cycle is illustrated by the torque curve shown in Figure
5.4. Torque for two of the wheels, 9 and 10, was measured with the
strain gage torsion cell built into the axle. These torque values
represent a combination of torque or retarding forces times radius,
from two sources. These are brake shoe friction and traction or
rolling resistance between the wheel and rail. Therefore, the
values presented in Figure 5.4 do not reflect only the retarding
forced due to braking. It is possible that the rolling resistance

also changes during the test.
Heat Transfer Analysis

An important part of this task is to estimate the amount of heat
transfer at the wheel/rail contact patch based on appropriate mea-
surements. As described above, one approach was to measure the rail
wheel temperature rise before and after passing through the hot
wheel tread contact patch. It would then be theoretically possible,
using transient thermal analyses such as those adapted to Brake
Dynamomeﬁer Unit (BDU) application in Appendices 5.2 and 5.3, to
estimate the "strength" of the heat source or power transmitted
through contact. Although experimental difficulties with the slid-
ing thermocouple were experienced that so far have prevented reli-
able application- of this approach (see Figure 5.5), a review of
Table 5.4 suggests that there is, on the average, a measurable
increase in temperature from "lead-to-trail" positiom. It is signi-~

ficant to note that a temperature rise of only 15°F (measured 16
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TABLE 5.5. HEAT TRANSFER ANALYSIS.

Test Conditions ) Thermocouple Readings (°F)
Speed Brake Shoe Vertical Time

Test Direction {mph) Force (1b) Load (1b) (Min) TC2 TCi¥ TC5  TC10
1 0 0 0 0 65 65 65 65
2 Forward 20 1200 26800 45 478 435 153 180
3% Forward 20 0 26800 30 - 135 120 95 105
L Forward 20 0 26800 15 132 140 88 105
5 Reverse 20 0 26800 18 132 154 90 105
6 Reverse 20 1200 26800 45 Tk dekR 145 130
7% Reverse 30 0 26800 22 ik R 85 83
8 Reverse 30 1200 26800 20 didk RkE 150 135

ot

% After wheel was cooled with water
#% Next day after one stop from 20 mph

tantata

#**Thermocouple failure



5.2.1.5.1

inches trailing contact) would indicate a heat transfer rate of 7.75
HP for typical test conditions described and computed in Appendix

5.3.

The other approach used to estimate the amount of heat transfer is
to measure the slow rise in average rail tempefature over time and
use the first law of thermodynamics. This is illustrated in Ap-
pendix 5.4. A heat transfer rate of 7.3 HP was calculated based on

measurements made (4/26/85) on a 40 mph nominal 50 BHP run.

Since convection heat losses were ignored this would be a lower

estimate of at least 14.7% of the nominal power input at brake shoe.

Estimate.of Convection Heat Loss

Mgasurements of the rate of cool-down of the rail wheel following a
braking test while the wheel is still turning at test speed but
under reduced (minimum) load have also been made in order to provide
data for analysis of convection losses. Data are shown in Figure

5.6.

Although an analysis of these transient cool-down data is not com-
plete, a rough estimate of the convection heat loss from the rail
wheel as it heats up during the test may be obtained by using a
nominal value of convection coefficient such as that given in AAR
Standard S-660 -83 of 4 BTU/hr-sq ft-F. The basic equation for

convection heat loss rate is:
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q_ = hAAT (BTU/HR)

where
h is the convection coefficient area taken as 4 BTU/hr-sq ft-F
A is the rail head area

AT is the surface average temperature differential relative
to ambient air in °F

If a simple linear temperature buildup during the test is assumed
the rate equation above may be integrated for the following simple

results:

ATt
max

N4

where ATmax is the maximum temperature differential reached at the
end of test period t hours. The average surface temperature of the
rail wheel head at the end of test (t = 0.766 hours) is taken as the
average of temperatures of the rail top surface, Tl = 160°F, and
lower side, T3 = 146°F. Ambient air temperature was 75°F. The

convection heat loss during the test is then calculated to be:

Q =4 x 24 x[E16O + 146) -7§]x 0.766 = 2868 BTU
c

2 L 2
The heat loss would require an additional average contact patch

input: 2868 BTU + 0.766 HR %+ 2544.5 BTU/HR/HP =1.47 HP.

This calculation suggests that the 7.3 HP contact patch heat trans-
fer rate estimate based on nonconvection losses is some 20% low. A
"eorrected" heat transfer rate of 8.8 HP is thus obtained. Since

the nominal input brake HP for test was 50 BHP, the percentage loss
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5.2.1.5.2

5

.2,

2

through rail/wheel contact would be about 18%. Perhaps an even
higher percentage may be expected if the actual average BHP input
was lower than 50 BHP due to reduction in brake shoe coefficient of

friction below nominal.
Effect of Rail Load on Heat Transfer

The effect of rail load on the estimated heat transfer rate has also
been estimated based on temperature measurementé under three load
levels. Thé results are shown in Figure 5.7. The calculated con-
tact areas are also given below the graph for each test load. The
rate of heat transfer appears to be roughly proportional to contaét

area.

Status of Testing on Roll Dynamic Unit

The objective of testing conducted on RDU is to investigate the
effects of brake force and speed on the alteration of residual
stresses in wheels for a given wheel design, heat treatment and
wheel loading. The secondary purpose is to estimate the amount of
heat transferred from the wheel to the roller during a few tests.
The majority of tests were conducted in the drag braking mode for a
sixty minute duration while the rest were executed under the stop

braking mode.

The test wheels selected for testing on RDU were restricted to Class
U, 33-inch diameter and parabolic plate design. All the wheels were
brand new before instrumentation.
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braking mode.
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5.2.2.2

5.2.2.3

Instrumentation

Figure 5.8 presents the description of Test Trucks 1 and 2. Truck 1
was provided with limited instrumentation (only thermocouples),
while Truck 2 was instrumented fully with high temperature strain

gages and thermocouples.

Test Truck 1 was made ready with thermocoupled wheels, slip rings,
and instrumented brake heads. The Static Golden Brake Shoe Test was
performed for the validation of instrumented brake heads on the RDU.
Brake rigging for Test Truck #1 on the RDU was retrofitted, similar

to that of a 70-ton car truck.

The performance of various transducers, slip rings, signal condi-
tioning equipment, and data collection were checked out during the
first series of tests and the necessary remedial action for certain

failures was taken.

Truck 2 was made ready with fully instrumented wheelsets with typi-

cal instrumentation layout as presented in Figures 5.9 and 5.10.

Test Conditions

Test Truck 1 was tested with a series of drag braking and stop
braking cycles at different speeds and for different periods of time
as per Table 5.5. A series of braking and stop braking tests were
conducted on Truck 2 as per Table 5.6. Hole drilling strain gage
method was used to estimate residual stresses at certain critical
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WHEEL FAILURE MECHANISMS OF RAILROAD CARS
TEST TRUCKS FOR RDU TESTING

WHEZLS WITR
(ROU) TEST TRUCK 1 THERMOCOUPLES
AT LOCATIONS
Bl,B2 &3 wHESL 1.D. SERIAL KO
1) A11 Wheals: Class v,

Parabolic Plate, Nevw, ¥l 95554
Griffin CJI3
L2 95551
2) AsB -~ Slip Rings
w3 945352
we 95528
WHEELS WITHOUT
THERMOCOUPLES
(ROU) TEST TRUCK 2 ' wQE:L 1.0. SERIAL NO.
w6
1) All Wheels: Class U, w5 WS 94559
Parabolic Plate, New,
Criffin CJ33 . ' [ AXLE A3 IB w6 94550
2) A,8,C, & D - Slip Rings w7 94565
w8 94566

3) Both Axlea - Drilled

4) ALl Wheels Strain Gaged [] U
& Thermocoupled at Locations

B1,B2, & B3. w7 w8

AXLE A4

o

FIGURE 5.8. WHEEL FAILURE MECHANISMS OF RAILROAD CARS
TEST TRUCKS FOR RDU TESTING.
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TABLE 5.5. TESTING OF TRUCK #1 ON RDU (DRAG BRAKING).
TASK ORDER #6
WHEEL FAILURE MECHANISMS

Brake Axle

Cylinder Vertical
Pressure Speed Duration Load
Date Run No. (psi) (mph) (minutes) Direction (kips)
02/25/85 2 30 30 60 West b4
02/26/85 3 30 30 60 East b4
02/27/85 4 40 40 30 West 52
02/28/85 5 40 40 40 East 52
03/01/85 6/7 40 45 30 West 52
03/04/85 8/9 45 40 30 East 52
03/05/85 10/11 50 30 60 West 52
03/06/85 12/13 | 50 30 60 East 52
03/07/85 14/15 60 20 60 West 52
03/08/85 16/17 50 40 60 East - 52
O3/18/85> 18/19 45 40 60 West 52
03/18/85 20/21 50 35 60 East 52
Brake Average
Cylinder Normal
Pressure Force/Shoe
(psi) (1bs)
30 900
40 1400
50 1800
60 2200
45 1600
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Sl. No

TABLE 5.5.

Run.No.

22
23
24
25
26
27
28

29

TESTING OF TRUCK #1 ON RDU (STOP BRAKING CYCLES).

TASK ORDER #6

WHEEL FAILURE MECHANISMS

Brake

Cylinder
J

A azial L

Pressure

(psi)
50
60
50
60
50
60
50

60

5-27

35
35
40
40
50

50

Direction
West
West
East
East
West
West
East

East

52

52

52

52

52

52



TABLE 5.6. TESTING OF (INSTRUMENTED) TRUCK #2 ON RDU.
' TASK ORDER #6
WHEEL FAILURE MECHANISMS

Brake Cylinder  Speed Duration

Date Run No. Presure (psi) (mph) (minutes) Direction Remarks
4/2/85 30/31 20/60 Static Brake Shoe
Tests
4/2/85  32/33 10/20 20 80 West  Cleaning of new
: tread surfaces
4/3/85 34/35/36 30 30 60 West Four video cameras
in position for ob-
serving front & back
of wheels #6 & #8
4/3/85 37/38 30 30 60 East "
(Hole Drilling Performed on Wheel #5 at B1, B2, B3 Locations)
4/4/85 39/40 40 30 60 West "
4/4/85 41/42 40 30 60 East "
(Hole Drilling Performed on Wheel #6 at B1, B2, B3 Locations)
4/8/85 43/44 50 : 30 60 West "
4/8/85 45/46 50 30 60 East "
(Mole Drilling Performed on Wheel #7 at Bl, B2, B3 Locations)
4/9/85 47/48 50 25 60 West "
4/9/85 49/50 - 50 25 60 East "
(Hole Drilling Performed on Wheel #5 at Bl, B2, B3 Locations)
4/10/85 51/52 40 25 60 West "
4/10/85 53/54 40 25 60 East "

(Hole Drilling Performed on Wheel #8 at Bl, B2, B3 Locations)
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TABLE 5.6. TESTING OF (INSTRUMENTED) TRUCK #2 ON RDU.
TASK ORDER #6
WHEEL FAILURE MECHANISMS

Average Vértical Load/Axle 52 Kips (Simulating Fully-Loaded 70-Ton Car)

Brake Cylinder Speed Duration

Date Run No. Presure (psi) (mph) (minutes) Direction Remarks
4/11/85 55/56 45/60 42/50 60 West a) "

b) Severe sustained
drag braking to
hold 50 BHP for
at least first
30 minutes

4/11/85 57/58 45 42 30 East a) 4 video cameras

b) Sustained drag
braking (after
this test, all
video cameras
removed)

(Hole Drilling Performed on Wheels #8 at Bl, B2, B3 Locations)
4/12/85  59/60 40/50 38 40 West Tried to maintain
‘ 40 BHP throughout
the test
4/12/85  62/63 40/ 48 38 55 East .
(Hole Drilling Performed on Wheel #5 at Bl, B2, B3 Locations)
4/13/85  64/65 50/53 33/28/30/ 65 West a) Fan cooling with
32/37 2 fans in front
1 fan in rear

b) Tried to maintain
40 BHP throughout
the test

4/13/85  66/67 50 33/31/28/ 65 East a) Fan cooling
33/32/35 : b) Maintain 40 BHP
throughout the
test
(Hole Drilling Performed on Wheel #6 at Bl, B2, B3 Locations)
4/15/85  68/69 50 30 West Stop Braking Test
131 1" 60 30 tt 1"
11 1 50 35 1 1t
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TABLE 5.6. TESTING OF (INSTRUMENTED) TRUCK #2 ON RDU.
. TASK ORDER #6
WHEEL FAILURE MECHANISMS

Average Vertical Load/Axle 52 Kips (Simulating Fully-Loaded 70-Ton Car)

Brake Cylinder  Speed Duration

Date Run No. Presure (psi) (mph) (minutes) Direction Remarks
1t 1 60 35 1t 1"
" tt 50 40 1 1"
1" 11 60 40 T 1
11 1" 50 . 45 ) 2] 1
" 1"t 60 45 ’ 7" "
" " 50 50 1" 11t
1 1t 60 50 1" 1"
1" 1 50 55 " 11t
t tt 60 55 1" 1
it 1 50 60 13} 11
1t 1t 60 60 1" "
" 4/15/85  70/71 40 40/42/45/ 60 West a) Drag braking with
49/51/53/ fan cooling
55 b) Maintained 40 BHP
(Hole Drilling Performed on Wheel #7 at Bl, B2, B3 Locations) »
4/16/85 72/73 40/45 35/32/30/ 65 East a) Fan cooling
34/43/45 b) Maintained 40 BHP
4/16/85  74/75 45/50 40/46/50 55 West a) Fan cooling
b) Maintained 50 BHP
throughout the
test
(Hole Drilling Performed on Wheel #8 at BI, B2,AB3 Locations)
4/17/85  76/17 50 40 West Stop Braking Test
1t Tt 60 40 t 1"
11 1" 50 45 tt 1t
1" 1" 60 45 " 11
11 1! 50 50 it 1
"t 1" 60 50 1" 131
1t 1t 50 55 13 1"t
" 1 60 55 . 1"t ) 1"
1A 1"t 50 60 11 1t
tt 1" 60 60 1" 1"t }
" " 50 40 East "
1" 11 60 40 t1 1"
"t 1"t 50 45 1" 1
11t 1" 60 45 1" 11
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TABLE 5.6. TESTING OF (INSTRUMENTED) TRUCK #2 ON RDU.
TASK ORDER #6
WHEEL FAILURE MECHANISMS

Average Vertical Load/Axle 52 Kips (Simulating Fully-Loaded 70-Ton Car)

Brake Cylinder Speed Duration

Date Run No. Presure (psi) (mph) (minutes) Direction Remarks
" " 50 50 1 1"t
1" 1 60 50 t 1
" 1t 50 55 1t 1t
£t 11" 60 55 11 1"
1" tt 50 60 " 11
" 1t 60 60 1" 1" -

(Intermittent Drag Braking and Free Running - With Fan Cooling)

4/17/85  78/79 45 35 13 West Drag braking (50 BHP)
" " 0 35 -8 " Free running
" " 45 35/40 15 " Drag braking
" " 0 40 9 " Free running
" " 45 40745 14 " Drag braking
M " 0 45 12 " - Free running
" " 55 45 16 " Drag braking
" " 0 45 5 " Free running
" " 55 45 10 " Drag braking

(Hole Drilling Performed on Wheel #5 at Bl and B2 Locations Only)

4/18/85 80/81 45/50 40/45/50/ 65 East Drag braking - with
' 55 fan cooling - Main-
tained 50 BHP

(Hole Drilling Performed on Wheels #8, at Bl, B2, B3 Locations)

1) It may be noted that some of the Runs are assigned two numbers (viz., 78/79). This is
simply because two data acquisition disks (Computer HP 9826) were needed from the start
until the completion of each of those Runs.

2) " (Sign) under different Run numbers implies that, data for individual stop braking cy-
cles was recorded on the same set of disks (Computexr HP 9826).
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5.2.2.4

locations of all the test wheels after few thermal cycles during

both the test series.

Data were acquired on the HP9826 system with data reduction and

analysis still continuing.

Preliminary Results

Satisfactory checkout of high temperature strain gages and
thermocouples through slip rings and associated data collection

software was achieved.

Preliminary estimates were made of braking cycle severity to
cause wheel thermal damage, as measured by (positive) tensile

stress field at the back face of the rim.

Wheel to wheel differences in temperatures and BHP were ob-

served under controlled conditions.

Significant decay of the coefficient of brake shoe friction was
observed with increasing temperature at the brake shoe/wheel

interface.

Measurement of heat transfer at wheel/roller interface was
consistent with similar observations at the Brake Dynamometer

Unit.
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0 Residual stress development in the test wheels as determined by
hole drilling - strain gaging method showed a definite trend
with increased braking cycle severity. The residual stress
field at the back face of the rim changed from compressive to

tensile and subsequently increased value of tensile stress.

o Established the basis for comparison of residual stress esti-
mates by hole drilling -~ strain gaging method and mechanical

analysis of strain/temperature history.

The most important results of the RDU testing were the significant
wheel to wheel variation in the thermal input, the changes with time
in the coefficient of friction of the brake shoes, and the inability

to hold a constant level of thermal input to the wheels.

During the drag braking tests, temperatures were monitored at three
critical locations of the test wheels. The critical locations (B1,
B2, and B3) were selected from previous finite element anélysis, B1
being in the back rim region, B2 being in the back rim fillet re-
gion, and B3 being in the front hub fillet region. The coefficient
of friction and B.H.P. levels at the brake shoe/wheel interface was
computed from the strain gage data of the instrumented brake heads.
Table 5.7 presents the differences in maximum temperatures attained
by the test wheels as observed at Bl, B2, and B3 locations during

the drag braking episodes for a given brake cylinder pressure speed.
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TABLE 5.7

WHEEL FAILURE MECHANISMS
TECHNICAL TASK T4

RDU TESTING (TRUCK #2)

Max. Temp. Attained (°F)
at Locations

n

B.H
at Brake Shoe
Wheel Interface

Coefficient
of Friction

Run #

Wheel # __ BI 1) B3 Max Min Max Hin
32/33 5 263 228 --- 3.5 3.1 .38 .36
20 mph 6 “e- 249 169 3.1 2.9 .31 .28
10/20 psi 7 238 197 135 --- --- .36 .32

8 . 256 195 168 - - .45 .27
37/38 5 450 375 250 15.5 11 .28 .16
30 mph 6 390 350 230 12.5 9 .22 .15
30 psi 7 436 355 220 16 13 .28 .22
8 390 345 236 16 10.5 .24 .16
39/40 5 433 377 --- 31 20 .26 .18
30 mph 6 388 392 203 29.9 18.5 .24 .18
40 psi 7 468 369 209 20.7 13.9 .16 12
8 493 397 226 32 17 .24 12
43/ 44 5 464 --- --- 47 23.5 .30 .16
30 mph 6 --- 397 198 44.5 23.3 .30 .19
50 psi 7 484 391 225 32.6 13.4 .26 .07
8 461 234 219 45 18 .30 11
49/50 5 512 415 250 26 15 .20 .10
25 mph 6 477 426 248 27.5 16.5 --- ---
50 psi 7 455 424 228 27 20 .19 .16
8 395 350 235 30 19 .22 12
55/56 5 605 495 320 hby 35 .22 .13
42/50 mph 6 496 480 270 57 25 .26 15
45/60 psi 7 624 560 310 27 45 .18 .10
8 705 520 350 30 95 .24 .11
57/58 5 550/600 445 255 50 -- --- ---
42 mph 6 611 511 278 50 30 --- ---
45 psi 7 490 460 245 62 40 .34 .25
8 660 370 295 -- --- --- ---
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Details of changes in B.H.P., as well as the coefficient of friction
levels are presented. Maximum level of coefficient of friction, and
hence B.H.P., were attained during the start of the runs, and these
values dropped down (with increase in temperature) toward the end of

the braking cycle.

Figures 5.10(A) and 5.10(B) show the maximum and minumum B.H.P.
levels (at the beginning and end of the different braking cycles)
attained during Truck #1 testing on the RDU for wheels 1, 2, 3, and

4,

Figure 5.10(C) and 5.10(D) show the maximum and minum levels of
B.H.P. attained during Truck #2 testing on the RDU for wheels 5 and

7.

After every two significant thermal (drag braking) cycles, the
residual stress at critical locations of the test wheels was deter-
mined by hole drilling strain-gaging method. The hole drilling
strain-gaging method is fully described in Section 11.2.5 (Failure

Model).

At Bl location, the hoop stress, Oy changed eventually from com-
pressive to tensile stress of varying magnitudes for different test

wheels as shown in Figures 5.11 and 5.12.

It was observed that the residual stress (OR) at Bl location became
more compressive, making the equivalent uniaxial stress in the hoop
direction (Gh - por) more tensile.
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5.2.2.5

Similar trends were noticed at B2 and B3 locations except that the
radial stress component (which is increased in the compressive
direction) showed a more dominant effect resulting in an equivaleﬁt
uniaxial stress in the hoop direction, pushed toward zero or the

tensile direction (Figures 5.13 and 5.14).
Hot Stress Analysis Results

The strains monitored by high temperature strain gages at Bl, B2 and
B3 locations during the heating portions of drag braking cycles are
converted into actual strains (mechanical components of strain) by
applying the required corrections [Appendix 5.6]. At Bl, strain is
measured only in the tangential (hoop) direction. At B2 and B3,
strains are measured in both tangential and radial directions. The
information at Bl is treated as if it were a uniaxial stress situa-
tion and the elastic tangential stress is calculated from the cor-

responding actual strain. Locations B2 and B3 are treated as bi-

axial stress fields. The elastic stresses are calculated from:
E
O = E (eR + yeT)
-5
E
Op - E (ST + yaR)
(1-p%)

From these, an elastic effective stress is calculated from:

- 2 2 -
e L
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5.2.2.6

5.2.3

The effective elastic stress is a measure of thermal severity to
which the wheel has been subjected. This parameter is related to 1)
average brake horsepower to which the wheel was subjected during
each test run and, 2) maximum temperatures attained at wvarious
critical locations of test wheels (Figures 5.15 through 5.26). All

these relationships are established for hot wheel conditions.

The inelastic analysis which takes into account the material yield

is treated separately in Section 11.2.5.2.

Heat Transfer Anmalysis

An estimate of the wheel/heat transfer fate was made based on mea-
surements of the average rise in temperature of the roller in a 40
mph, nominal 50 BHP test on the RDU, Test No. 56/57 and 58/59.

The calculations are given in Appendix 5.7. The result is a lower
case estimate of at least 7.9 HP or about 16% of the nominal input

braking horsepower.

Induction Heating Test Status

The induction heating test was developed to simulate brake thermal
loading of wheels. While the test was not capable of simulating
rail load and all brake shoe loading effects, it did provide an
easily accessible and controlled facility to develop instrumenta-
tion, test optimum gage placement locations, test braking cycles,
and explore residual stress measurement techniques.
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Futhermore, such an induction heating test also provided a con-
trolled source of heat to simulate brake application, for subsequent
comparison to follow-on tests that included rail load and brake shoe
effects. This comparison helped illuminate the issue of rail load-

ing contribution to wheel failure mechanisms.

The uncertainty regarding the friction generated heat loss at the
brake shoe/wheel interface was dealt with in preliminary thermal
analyses, where assumptions were made consistent with those used by
AAR in their wheel design evaluations, i.e., 70% of the heat gene-
fated by friction is conducted into the wheel. The ultimate aim was
to contrast empirical results from the induction heating tests with
the brake dynamometer results in order to infer the differences or

explore the "equivalences".
The Induction Heating Program provided:
0 An instrumentation development phase for the measurement of

strain and temperature at selected locations of the wheel under

static conditions.

.0 A confirmation phase for finite element analyses, which were

used to obtain the understanding of the thermal problem of the

freight car wheel.

) A comparison phase, wherein the data generated during the
induction heating was intended to be used in comparisons with
data obtained from dynamometer and track tests.
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5.2.3.1

5.2.3.2

Wheels

Two one-wear 36-inch diameter wheel designs were studied under the
ing plan. The first wheel was a CH-36, with curved-
plate design, while the other was a wrought straight-plate wheel
design with fairly sharp rim-plate fillets. Differences in develop-
ment of residual strains in the two designs were investigated along
with the relative temperature distributions. These wheels were in
the stress-relieved state before instrumentation. Finite element
calculations were made, using the best available estimate of the
shape of the heating front, to yield a circumferential residual

stress level at the bottom of the back rim face.

Instrumentation

The t&pical instrumentation scheme for the first test wheel (CH36)
is presented in Figures 5.27 and 5.28. For the second test (H36),
the strain gages and thermocouples were installed at the base (B)

locations.

Both the test wheels (Parabolic plate CH 36 and Straight Plate H 36)
were sent to Ihly Industries in Denver, Colorado, for precise drill-
ing of holes to install the subsurface thermocouples at the selected
locations inside the rim compatible with the locations used in

finite element calculationmns.
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e Thermocouple location A3
)( Strain gauge location (back face)

Ga Strain gauée location
{front face)

FIGURE 5.27.

THERMOCOUPLES

2, 6, 10 are mounted on
tread surface,

3,7, 11 are imbedded
within 1/8" of 2, 6, 10.

4, B, 12 are in another slice

imbedded 1/4" from tread,
tv displaced under 3, 7, 11
{See plan view).

16 s Yocated over 8, on the
tread, analogous to 6.

STRAIN GAUSES

B's are basic strain gauge
locations.

Others are additional gauges

his wheel only.
83 for t w y

CH-36 WHEEL

INSTRUMENTED WHEEL FOR INDUCTION WHEEL TEST (FIRST WHEEL).
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FIGURE 5.28. INSTRUMENTED WHEEL FOR INDUCTION WHEEL TEST (PLAN VIEW).
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5.2.3.3

The test wheels were prepared for the installation of high tempera-
ture gages at the prescribed locations. Bridge completion networks
consisting of temperature compensation and balance resistors were

made ready for all the strain

Y gages. During the installation of
AILTECﬁ high temperature gages on both the test wheels, a data
acquisition system with 42-channel capability was used. A Campbell
Scientific CR7 data logger was made ready with new excitation and

input cards for acquiring data during temperature cycling and induc-

tion heating.

Both the test wheels were transported to Maxcar Corporation at
Colorado Springs and temperature cycled up to 1100°F to relieve
welding stresses by holding at that temperatufe for 2 hours and
subsequent uniform cooling to room temperature. The last cooling
cycle was used to generate an actual apparent strain curve for each
gage and was used to correct data acquired during the actual induc-

tion heating tests, (Appendix 5.6).
Test Conditions

After temperature cycling of both the test wheels, they were trans-
ported to AMSTED Research Laboratories, and induction heating exper-
iments were performed during December 3 through December 12, 1984.
The following heating cycles were comﬁleted on the test wheels, and
data was acquired using CR7 Campbell Scientific data logger at the

prescribed intervals during heating as well as cooling.
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Test No. Test Wheel Thermal Cycle (Drag Brake Simulation)

1 CH36 30 KW, 12 minutes
2 CH36 40 KW, 15 minutes
3 CH36 30 KW, 25 minutes
4 CH36 40 KW, 30 minutes
5 CH36 40 XKW, 30 minutes (Repeat)
6 H36 30 KW, 8 minutes
7 H36 30 KW, 16 minutes
8 H36 40 KW, 12 minutes
9 H36 40 KW, 24 minutes
10 H36 40 KW, 24 minutes (Repeat)

The heating facility consisted of a 100 kW induction coil and a high
frequency generator (2500-2900 Hz) with 3/4 inch clearance between

the surrounding coil and 36-inch wheel tread.

Locations of thermocouples and strain gages were across a wide band
of temperature and stress distribution developed in the wheel as a
result of a controlled source of heat to simulate a brake applica-
tion. The exact locations of strain gages and thermocouples were
determined after preliminary finite element calculations were com-
pleted, so that the observed strains and temperatures at strategic
locations of the wheel could be compared with the calculated values.
Strain gages used for this test were the Ailtech weldable type, SG
425-08-05-06S, a half-bridge configuration like the lower tempera-
ture range gages. However, this gage had a platinum-tungsten alloy
designed for use in static measurements to 1200°F. The gage had a
5-foot stainless steel tube welded to it to protect the lead to

1500°F and required extension leads to signal conditioning.

The thermocouple (TC) wire used was 20-gage, ANSI type K premium

gage. Each TC was welded to the wheel using the same welding unit
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5.2.3.4

used for strain gages. The accuracy specifications for this premiuﬁ

gage wire was 12°F or +.49%.

Data was collected utilizing a Campbell Scientific Model CR7 mea-
surement system. This system's design represents a modular approach
to combine precision measurement capability with multiple processors
in a single battery-operated system. Some of the functions of the
CR7 include data linearization, engineering unit conversion, pro-
grammed data processing, and data storage. The CR7 was configured
to measure 24-four wire half bridges and 28 thermocouples for this
test. The sample rate was set for 20 differential samples per
second. The main advantages to the CR7 system are that it is port-
able, weighs approximately 30 pounds, is rugged, is expandable at a
low per-channel cost, and requires no additional signal condition-

ing.
Test Results

The temperatures monitored during the induction heéting program
fitted fairly well with the predicted temperature distributions by
Finite Element Analysis. The comparison of thermal residual strains
between the induction heating experiments and finite element analy-

sis is being completed.

The completed analysis of induction heating data is presented in

Section 11.2.3.1.
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5.3

5.3.1

5.3.2

5.4

5.4.1

WORK REMAINING IN TASK T4

Work Remaining for Dynamometer

To date, eieven of the planned thirty-five wheels involved in the
dynamometer tests for Tasks T4 and T6 have been tested on the dyna-
mometer; twenty-four wheels remain to be tested. In addition, all
thirty-five wheels will be saw-cut at the Test Center for evaluation

of residual stress.

Work Remaining for RDU Testing

Testing on RDU pertaining to Technical Task T4 has been completed in

all respects.

SCHEDULE FOR COMPLETION OF TASK T4

Schedule for Dynamometer Tests

Dynamometer tests are continuing, one wheel at a time, at a current
rate of about one per week. However, we have experienced consider-
able trouble recently with the outboard bearing assembly and the
stub axles. We anticipate having an outage for an additional three
to four weeks for an overhaul of this portion of the'dynamometer.
In addition, the dynamometer control and instrumentation system is
goipg to be updated about the end of the year. This will provide

vastly improved accuracy and precision of the brake-force system, as
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5.4.2

well as modern data gathering capability. However, an outage of
four to six weeks is anticipated for installation and testing of the

system. Further, the dynamometer is also used for tests not covered

the FRA ntract. Therefore, it is projected that it will be

i ciie na ¢onttract. LAereiorc y

difficult, if not impossible, to complete the planned dynamometer

tests on schedule.

Schedule for RDU Data Reduction Completion

Data reduction and analysis pertaining to RDU testing. is continuing.
Even though it was originally intended that the real time data
collected by HF9826 computer would be transferred to TTC's. VAX
System electronically, difficulties were experienced in getting the
suitable hardware. In view of this, the collected data (in engi-
neering units) was edited and transformed to VAX System manually and

further processed for analysis.

Several programs were written for analyzing the data and the major

findings and results were reported in Section 5.2.2.5 and Section

11.2.5.2.

The data analysis (of RDU testing) will be formally completed by

January 1986.
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6.2

6.0 MONITOR WHEEL TEMPERATURES AND STRAIN DURING BRAKING

IN TRACK TESTS (TASK 5)

1. Monitor the develbpment and/or shakedown of wheel strains
during drag braking. Monitor the residual strain field after

cooling.

2. Monitor the development of wheel plate temperatures during

these braking tests.

MAJOR FINDINGS/CURRENT STATUS

Preliminary track testing (T5) included measurement of wheel temper-
atures and strains during prescribed braking tests on railcar wheels
of the same size, shape, and metallurgy, while keeping the wheel-
related variables to a minimum. The test wheels selected for pre-
liminary track testing were of Class U, 33-inch diameter as shown in
Figure 6.1. Truck #1 was fully instrumented with high tempefatﬁre
strain gages, thermocouples and slip rings (exactly like the trucks
tested on RDU as described in Section 5.0). A series of braking
cycles was conducted on Truck #1 and residual stresses at strategic
locations were estimated after each cycle to ascertain the stress
buildup. Typical drag/stop braking cycles were selected from the
test data already acquired during RDU testing in order to introduce

signficant stress reversals in the wheel.



WHEEL FAILURE MECHANISMS OF RAILROAD CAFiS

(TRACK) TEST TRUCK 11

(Instrumented Wheelscts

with Slip Rings)

1) All Wheels: (Il.;nm 1,
Parabollc Plate, New,
Griffin CJ33

2) A,B8,C,& D- Stip Rings

3) Both Axles-Drilled

4) All Wheels Strain Gaged

and Thermocoupled at
Locations B1,B2 & B3

PRELIMINARY TRACK TESTING

W9 Wio

AXLE-AS

» LJIJI—————I

0 ()0

AXLE-Ab

|

ID

WHEEL 1.D0.

» W-9
W-10
Ww-11"

Iw-lz

NOTE: Truck 1 and Truck 2 are tested separately under two series of tests.
These tests will be conducted in conjunction with thermocoupled composition
brake shoes to study brake shoe thermal input effects covered under Technical

Task T7.

(TRACK) TEST TRUCK 2

(With Limited Instrumen-

tation)

1) All Wheels: Class U,

Parabolic Plate, New,

Griffin CJ33

2) A&B - Slip Rings

FIGURE 6.1.

Wwi3 '’  Wi4
!_‘ DRILLED AXLE
yd

A I [ V4

AXLE A7

o

HOX

W15 Wié
NON-DRILLED

AXLE

| ———

L

y4
Uw
WHEELS WITHOUT
THERMOCOUPLES

WHEEL 1.D.
W-13
W-14
W-15

W-16

SERIAL NO.

94551

94554

94545

94562

SERIAL NO.
95543
95531
95536

95553

TEST WHEELS FOR PRELIMINARY TRACK TESTS COVERED UNDER

TECHNICAL TASK T5.



Apart from the estimation of residual stresses by the hole drilling
technique, the test wheels with significant residual stress buildup
will also be subjected to saw-cutting tests to provide the wheel

data base with a known thermal history.

The test consist essentially consisted of a locomotive followed by
an instrumentation car and test car. All the preliminary track
tests were carried out on the Transit Test Track (TTT) at the TTC.
The typical braking arrangement for fhe test truck is presented in.
Figure 6.2. The instrumentation car (211) brake reservoir was
tapped into to provide the compressed air supply for the test truck
brake cylinder. The test truck was also provided with instrumented
brake heads to monitor the normal and taﬁgential forces at each'

brake shoe/tread interface on a continuous basis.

The first phase of preliminary track testing has been completed and
the data reduction/analysis is underway. During the second phase
Truck #2 will be placed at the "A" end of the test car while retain-
ing Truck #1 at the "B" end, and a second series of thermal cycies

will be conducted.
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6.3

6.4

WORK REMAINING

Track testing with instrumented wheelsets and thermocoupled brake

shees is contipuin The tests are expected to be completed by the

end of October 1985. Thermal analysis of brake shoes covered under

Task 7 is also included in the above series of track tests.
SCHEDULE
Drag braking and stop braking (track) tests with instrumented wheel-

sets (with reapplication limit rim thickness) - October 7 through

31, 1985.

6-5












7.

7

.
p—

2

2.

1

7.0 DETERMINE THE EFFECT OF WHEEL DESIGN, MATERIAL AND

OPERATION ON RESIDUAL STRESS DEVELOPMENT (TASK 6)

CURRENT TASK STATEMENT OF WORK

The AAR shall determine the effects of wheel design/material/size
and brake application history on the development and/or shakedown of

residual stress.

Making use of the demonstrated methodology established in Task 5,
the AAR shall operate test consists, containing various types of
wheels, applied with reduced instrumentation with various braking

loads on TTC tracks.

Laboratory tests shall be confined to brake dynamometer, and the
type of tests will be similar to those defined under Task 4, with
additional wheel designs and sizes included in the testing program.
The AAR shall determine the effect of the braking load on the amount
of residual stress accumulated in the wheels in terms of duration
and force levels of braking application and duration of cooling and

reapplication.

MAJOR FINDINGS/CURRENT STATUS

Track Tests

Tests not started.

7-1



7.2.2

7.3

7.3.1

7.3.2

7.4

7.4.1

7.4.2

Dynamometer Tests

Tests not started.

WORK REMAINING

Track Tests

Table 7.1 lists the wheel types and braking conditions for the track

tests.

Dynamometer Tests

See Table 7.2 for list of wheel types and braking conditions for the

dynamometer tests.

SCHEDULE

Track Tests

These tests will start after the Task 5 track tests are completed.

Dynamometer Tests

These tests will start after the Task 4 dynamometer tests are com-

pleted.
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TABLE 7.1. TECHNICAL TASK 6 - TRACK TESTING - MATRIX OF TEST WHEELS.

Brake Application

Low Speed Moderate Speed
Wheel High Low Unreleased Low
Size Plate Design Class Brake Force Brake Force Hand Brake High Brake Force Brake Force
Curved U PN SN PN PN PN SN PR SR PN
C PN SN PN PN PN SN PR SR PN
33”
) U N N N N R N
Straight c N N N N R N
C a U SN SN SN SR
urve C PN PN PN PR
36“
. U N N N N R N
Straight c N N N N R W
P - Parabolic
S - Shape
N - New
R - Application Limit



TABLE 7.2. DYNAMOMETER TEST#* FOR TASK T6.

Low Speed High Speed

(20 mph) (40 mph)
Section Plate Type Class®™ Rim Type*** HBF+ IBF+ UHB+ HBF LBF UHB
TASK T6
J 33 S-Shape U N -- -- -- 25 - -
- c N .
CH 36 Parabolic U N -- -- -- 27 - -
C N - - —~ 28 - -
H 36 S-Shape U N -- -- - 29 - -
c N - - = 3 - -
H 36  Straight U N 51 -- 32 33 3% -
C N 35 -- 36 37 - -

Instrumentation consists of one metal strain gage on the front hub-plate
fillet and thermocouple on the tread, back-rim face, and front hub-plate
fillet. FEach wheel will be drag-brake tested for 25 heating/cooling cycles.

All

jo=d
H

All

tests except 23 and 24 to be conducted with vertical load.

Annealed Class U - not Class A
New, R = Reapplication Limit

High Brake Force, about 1,500 lbs
Low Brake Force, about 750 1lbs
Unreleased Hand-brake force, about 3,000 lbs

numbers in the table represent wheel numbers.









8.1

8.2

8.2.1

8.2.2

8.3

8.0 DETERMINE BRAKE SHOE THERMAL INPUT AND BEHAVIOR (TASK 7)

CURRENT TASK STATEMENT OF WORK

The AAR shall determine the thermal input to wheels from composition
brake shoes. These data shall be obtained from preliminary runs of
the test consist at TTC using instrumented wheelsets and thermo-
coupled composition brake shoes. Temperature data shall then be
used in the finite element analysis at Chicago to quantify the heat

input at the brake shoe/wheel interface.

MAJOR FINDINGS/CURRENT STATUS

Track Tests

These tests with instrumented wheelsets and brake shoes are cur-
rently in progress. Thermocouples are provided at different depths
from the contacting face of brake shoes to monitor the temperature

distribution within the brake shoe during drag braking tests.

Finite Element Analysis

These studies have not been started.

WORK REMAINING
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8.3.1

8.3.2

8.4

8.4.1

8.4.2

Track Tests

These tests should be completed in October 1985. The temperature

data will then be furnished to AAR Chicago for finite element anal-

Finite Element Analysis

All of the finite element analysis work for the quantification of

the heat input to the brake shoe/wheel interface remains.

SCHEDULE

Track Tests

These tests should be completed in October 1985.

Finite Element Analysis

These studies will start when the temperature data from the track

tests are available. This analysis should be completed by May 1986.
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9.

1

9.0 INITIATE WHEEL CRACKS IN DYNAMOMETER AND TTC TRACK TESTS (TASK 8)

CURRENT TASK STATEMENT OF WORK

The AAR shall determine conditions necessary for crack initiation or
growth. Data and results from Tasks 3 through 7 will be used to

produce initiation or growth of thermal cracks in three to five

wheels on a dynamometer.

Crack growth under selected thermal and mechanical inputs shall be

monitored using a quantitative ultrasonic technique developed for

measuring the size of rail flaws.

The wheels shall be sectioned after the crack has grown to approxi-
mately a half-inch depth to verify the ultrasonic crack size mea-

surement, to determine the state of residual stress, and to analyze

metallurgical changes and fracture modes.

Results from Tasks 3 through 7 and the results from the crack growth
task on the dynamometer shall be used to produce initiation or
growth of thermal cracks on at least 8 wheels of a representative
wheel type and class in a test comsist operating at two speeds at

the TTC. The thermal cycles may constitute a combination of drag

and stop braking efforts.
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9.2

9.3

9.3.1

9.3.2

MAJOR FINDINGS/CURRENT STATUS

Testing not yet begun.
SCHEDULE

Dynamometer Tests

These tests will begin after the tests covered in Task 6 are com-

pleted.

Track Tests

These tests will begin after the above dynamometer tests are com-

pleted, probably in spring/summer 1986.
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10.2

10.3

10.4

10.0 DETERMINE THE EFFECT OF WHEEL SLID FLATS

ON TREAD SHELL PRODUCTION (TASK 9)

CURRENT TASK STATEMENT OF WORK

S1id Flats and Tread Shelling Studies were originally intended as a
preliminary and limited approach in modeling and testing efforts to
investigate the overall tread shelling problem. In view of its
limited effort in addressing a complex problem like tread shelling,
Technical Task 9 has been eliminated (TTC as well as Chicago ef-

forts) in the reduced scope of the Wheel Failure Mechanisms Program.

MAJOR FINDINGS/CURRENT STATUS

Not applicable.

WORK REMAINING

Not applicable.
SCHEDULE

Not applicable.
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11.0 DEVELOP A COMPREHENSIVE FAILURE MODEL (TASK 10)

The overall objective of the program is to develop technically sound wheel
removal criteria and guidelines for safe design and operation. To help
achieve this objective, a comprehensive analytical effort is required to
ensure thorough interpretation of data from various experimental tasks and to
support the specific objectives of several other tasks. Therefore, Program

Task 10 was created with the following statement of work.

11.1 CURRENT TASK STATEMENT OF WORK

The AARl shall complete an analysis of all data accumulated and
results of previous tasks and the following, Task 11. The AAR shall
isolate the combination of brake shoe force, time, and velocity
which will produce critical levels of residual stress in combina-
tions of the various wheel designs, heat treatments, and brake
shoes. The data shall be presented graphically for selected sets of
wheel design, heat treatment, and brake shoes. The methodology of
producing the graphic results (either a three-dimensional plot or
nomograph with Velocity, brake force, and time inputs) shall be
sufficiently documented so that plots can be constructed using any
combination of design, heat treatment, and shoe type of interest.
The AAR shall'attempt to determine the path dependence of thermally
induced stress change caused by more than one braking cycle. The
AAR shall also develop a cumulative damage low-cycle fatigue model
for calculating crack initiation, using data obtained in Tasks 3
through 9. Crack initiation from martensite will be presented in a
statistical manner.
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11.2

11.2.1

MAJOR FINDINGS/CURRENT STATUS

Interim progress on this task will be reported in the same topical
outline as used in the task planning document, P-10, submitted to
FRA in April 1983. The representation of subproject plans in May
1984 did not materially alter the original task plamns, but rather
emphasized the statistical and crack analyses aspects in SP2 (Wheel
Failure Mechanisms, Verification, and Countermeasures) and the
residual stress related analyses in SP3 (Safety Risks Due to Over-
heated Wheels). Both subproject plans contained many of the same
elements for the Mechanical Analysis Task 10, and will be reported

in consolidated form in the following.

General Data Correlation and Statistical Analyses

~ The primary goal of this subtask is to isolate combinations of wheel

designs and operation that result in critical levels of residual
stress. At this time in the overall program, the data base contains
or is being updated with pertinent data from the wheel saw-cutting,
RDU, and brake dynamometer test programs. Residual stress estimates
based on hole drilling are available for some of these test wheels.
Although there is insufficient data accumulation at this time for
application of the statistical methods planned, some efforts to
correlate indices of braking severity with residual stress changes

have been undertaken.
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11.2.1.1

Analyses

During braking tests on RDU, apart from the evaluation of residual
stresses by hole drilling strain gaging method after regular inter-
vals, the thermal and residual strains monitored by high temperature
strain gages on a continuous basis during and after testing were
reduced for further stress analysis. Fortran programs have been
written to determine the hoop, radial, and effective stresses in-
cluding plastic strains during RDU braking (heating) tests. The
brake shoe/wheel interface forces were continuously monitored and
the BHP for each wheel was computed and acquired. The temperature
levels attained by different locations of the test wheels were
monitored so that the actual strains, temperatures, and BHPs could

be interrelated.

The data were analyzed assuming the indices of braking severity to
be parameters such as average BHP dissipated at the brake shoe/wheel
interface, and elastic effective stresses computed at various criti-
cal locations of the wheel. These indices were correlated with the
maximum temperatures attained at different critical locations of the

wheel.

Typical correlations between elastic effective stress and maximum
temperatures attained at a given location are presented in Figures
11.1 and 11.2. Correlations between elastic effective stress com-
puted at a given critical location and average BHP at the corre-
sponding wheel/brake shoe interface are presented in Figures 11.3
through 11.5.
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11.2.2

11.2.2.1

Wheel Stress Analysis Programs

The main program selected to perform finite element stress analysis
(ANSYS) in support of wheel failure analysis work and other tasks
has been qualified and some applications in the programs have been
made. A brief summary of the thermal, elastic and inelastic analy-

ses completed or attempted is presented below.

Wheel Temperature Correlation Attempts With ANSYS

The ANSYS computer program is a large-scale, general purpose com-
puter program for the solution of several classes of engineering
analyses. Analysis capabilities include static and dynamic; elas-
tic, plastic, creep and swelling; buckling; small transfer, fluid
énd current flow. It is a well established, commercially available

computer program that has been leased and used by AAR.

Since reliable wheel temperature predictions are an important pre-
condition for obtaining good stress results, considerable effort was
applied early in the program to a selection and refinement of ther-
mal properties and boundary conditions to give a satisfactory match
to prior temperature data from induction heating experiments. These
attempts .are described in the application Sections 11.2.3.1 on

induction heating experiment.

11-9



11.2.2.2

11.2.2.3

Elastic Analysis

The ANSYS programs have been used routinely at AAR for Thermo-
elastic wheel stress analyses in support of AAR Wheel Specification
S.660. At present, the elastic option is being used in this re-
search program to estimate the whéel rim stress cycles caused by
lateral and vertical rail loading on both new and worn wheel pro-
files. Finally, ANSYS elastic analyses have been made to estimate
the residual stresses revealed by saw-cut opening displacement
measurements. This application is discussed in Section 11.2.3.5

below.
Inelastic Analyses

The initial effort with ANSYS in this program to account for inelas-
tic behavior of wheel steel was the attempt, described inm 11.2.3.1,
to predict the total and residual strains observed in the most se-
verely thermally loaded induction heating experiments. Time or rate
iﬁdependent plastic behavior with the ANSYS kinematic option to
account for Bauschinger type unloading was used. The plastic pro-

perties were specified as functions of temperature.

In addition to these ANSYS plasticity analyses, some exploratory or
"bench mark" studies have been made of the creep or rate sensitive
material options in order to support the cyclic stress change mate-
rial simulation effort described under Section 11.2.5.2. Simple

uniaxial simulations of hypothetical strain and temperature cycles
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11.2.3

11.2.3.1

were conducted and compared to the stress cycle predictions of an
independent closed form solution for a special case of kinematic
hardening with second degree non-linear creep and témperéfure de-
pendent . properties. The two solutions, il
11.2Q5:2.1, were essentially identical, as had been hoped, which
encourages further use of the ANSYS material options with more
realistic cyclic and rate dependent steel behavior. The ANSYS
solution for the stress/strain loops Corrésponding to the hypothe-

tical wuniaxial strain and temperature cycles is illustrated in

Figure 11.6.

Applications

In addition to the overall analytical correlation effort (above) and
the inherent task elements relating to cumulative damage modeling
and cyclic path dependence of residual stress changes (reported
later), specific analyses are required, and have been undertaken, to
support other technical tasks in the program. Progress on these
supporting mechanical analysis tasks is summarized below. In some
céses, reference is made to these analyses reported as part of

another task.
Induction Heating Experiments, etc.

Work in this subtask has supported the proper placement of gages on
test wheels in the induction heating, RDU, brake dynamometer, and

track tests (Tasks 4 and 5).
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11.2.3.2

11.2.3.3

/

Use of the AAR S-660 propertiég [1] with a heat input approximating
30 kW, except with a convecéion coefficient 30% of that 1istéd in
S-660, and radiation with an emissivity of 0.8 (there is no provi-
sion for radiation loss in $-660), yields a fairly good fit of the
CH36 curved plate wheel data at 12 and 25 minutes, assuming an
efficiency of 91% and deleting data from three rim thermocouples.
Table 11.1 presents the observed and calculated temperature data and
the deviation of the calculated from the observed. The H36 straight
plate wheel data fit fairly well at 8 and 16 minutes with the as-
sumption of 91% efficiency, except that we haQe to delete data from
one of the two plate thermocouples in addition to one tread thermo-

couple. The data are given in Table 11.2.

The calculation of strains is awaiting a remeasurement of actual

strain gage locations.

Detailed Residual Stress

Plans for the support of detailed residual stress measurements to be
made in Task 11 are being made. In this regard, Wiss, Janney,

Elstner and Associates have been hired to assist in both the experi-

mental and analytical portion of Task 11.
Tread Crack Rig Design

Support for the design of the thermal cracking rig, part of Task 3,

has been provided in the form of a transient thermal analysis of a
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TABLE 11.1. INDUCTION HEATING CURVED PLATE CH36 WHEEL,
30 KW FOR 12 AND 25 MINUTES.

25 Minutes, n = .91

Observed Calculated
T/C No. Temperature Temperature Deviation
1 637 636 1
2 735 716 19
3 670 704 -34
4 653 685 -32
5 649 633 16
6 714 696 18
7 672 677 -5
8 673 658 15
9 607 596 : 11
10 : 634 641 -7
11 615 624 -9
12 604 611 -7
13 559 564 -5
14 598 612 ~-14
15 528 ' 575 =47
16 710 696 14
17 553 549 -16
18 416 417 -1
19 180 178 2
12 Minutes, n = .91
Observed Calculated
T/C No. Temperature Temperature Deviation
1 428 398 30
2 511 : 474 37
3 438 462 -24
4 424 443 -19
5 423 394 29
6 477 453 24
7 433 436 -3
8 435 417 18
9 373 359 ' 14
10 401 402 -1
11 379 385 -6
12 367 373 -6
13 325 330 -5
14 374 375 -1
15 . 313 340 -27
16 472 453 19
17 312 316 -4
18 218 219 -1
19 95 98 -3
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TABLE 11.2. INDUCTION HEATING OF STRAIGﬁT PLATE H36 WHEEL,
30 KW FOR 8 AND 16 MINUTES.

8 Minutes, n = .91

Observed Calculated
T/C No Temperature Temperature Deviation
1 358 349 9
2 274 425
3 407 416 -9
4 401 401 0
) 359 348 11
6 378 390 ~12
7 369 377 - 8
8 358 358 0
9 300 298 2
10 325 339 -14
11 307 317 -10
12 303 308 -5
13 264 268 - 4
14 297 276 21
15 266 261 5
16 390 390 0
17 251 250 1
18 143 185 =42
19 72 78 )
16 Minutes, n = .91
Observed Calculated
T/C No. Temperature Temperature Deviation
1 532 540 - 8
2 457 620
3 599 610 -11
4 592 594 -2
5 544 539 5
6 576 581 -5
7 562 568 -6
8 551 549 2
9 487 484 3
10 517 528 -11
11 500 505 -5
12 494 496 -2
13 451 453 -2
14 473 462 11
15 429 447 -18
16 587 581 6
17 427 434 -1
18 272 333 -61
19 101 103 -2

11-15



11.2.3.4

moving heat source (reported under Task 3). This analysis was based

on an adaptation of Archard's solution (ASME Wear Control Handbook,

p. 135) for a temperature rise across a moving hot spot of a given

eed. It facilitated a p
torch thermal ratings and wheel rotationing speeds to produce tem-

peratures high enough to produce transformation to austenite.

Austenite is required for transformation to martensite on cooling.

Cracking initiates in martensite during further restrained cooling.

Wheel/Rail Heat Transfer

The amount of heat transfer at the wheel/rail contact in Task 4 has
been estimated based on measurements of the increase of heat content
of the "rail" wheel in both the RDU and the brake dynamometer as
well as ﬁhe leading to trailing rail surface temperature measure-

ments reported in Task 4.

The first method assumes all the heat transferred through wheel/rail
contact raises the internal energy or heat content of the rail-wheel
or roller, which is calculated from the temperature rise measured at
several radial locations at the end of the braking test. The energy
increase in any "ring"” region of the rail-wheel is simply the fol-

lowing product:

Ring volume x Steel density x Specific heat of steel x Average

temperature increase in ring = I (BTU).
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The heat transferred, Q (BTU), during the test period, t (HRS), may

be expressed in terms of equivalent horsepower, Hp, as:

Q = 2544.5 X HP x t

The heat transfer rate in horsepower may then be obtained by equat-

ing the heat transferred and the internal energy increase during the

test period.

wp = 1 [BTU] / (2544.5 x t [HRSD)

This value is 2 lower bound estimate since convection losses are
ignored. Fven so, values as high as 8 HP are obtained for nominal

50 BHP braking tests under full vertical load.

The other method of estimatng heat transfer rate is based on the
adaptation of closed form solutions by Rosenthal (Trans. ASME, Vol.
68, 1946, PP 849-866). Solutions for the leading and trailing
surface temperatures surrounding a moving point and line heat source
are described in Appendices 5.2 and 5.3. Applications of this
theory are discussed under Task &4 in Section 5.2.1.5. Although

consistently reliable surface temperature measurements have not yet

. been achieved, preliminary indications are that temperature differ-

entials of 15°F measured at 16 inches from the contact would be
expected theoretically for a heat transfer rate of about 8 HE. Such

a temperature differential is within the experimental scatter of the

preliminary measurement attempts.
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11.2.3.5

These applications of theoretical heat transfer analysis, including
estimated convection heat loss and the effect of contact area, are

discussed under Task 4..

Saw-Cut Openings Analysis

The interpretation of wheel "saw-cut opening" behavior has been
considerably clarified through application of non-axisymmetric ANSYS
analysis to calculate the residual stresses required to "close' the

saw-cut displacements.

Typical saw-cut opening displacement curves are shown in Figures
11.7 through 11.9. These patterns are representative of those
obtained by the saw?cutting procedure. Figure 11.7 shows closing

the saw-cut. When this behavior is observed, it is assumed that

there is a state of compressive residual hoop stress within the rim

of the wheel. This would be representative of a safe condition
within the wheel: one that would inhibit crack growth and subse-

quent unstable propagation.

Figure 11.8 illustrates opening of the saw-cut as the saw moves into
the wheel. This behavior is interpreted as an indication of a
potentially dangerous state of residual stress in the wheel: one
where there are high tensile circumferential stresses that would
promote the development, growth, and unstable propagation of radial

thermal cracks.
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Figure 11.9 illustrates an initial small opening and closing of the
saw-cut, but then, as the cut becomes deeper, it opens. The most
obvious interpretation of this type of curve is that there are
but resi-

compressive hoop stresses on the periphery of the wheel

dual tensile stresses deeper in the rim and plate.
11.2.3.5.1 Analytical Procedures

The data obtained by saw-cutting can be analyzed to obtain an indi-
cation of the magnitude and distribution of the reéidual stresses
within a wheel. The saw-cut opening-displacement curve by itself
will not yield a good indication of the distribution of the residual
stresses in the wheel. However, additional data, easily obtained,
can lead to a much better indication of the magnitude and distribu-

tion of the residual stresses within the wheel.

The problem can be approached in the following way. The saw-cut
opening displacement is measured on both sides of the wheel along
the entire length of a cut that has not severed the hub. Then a
three-dimensional finite element analysis is performed to determine
the stresses that result when the cut is closed (as a result of
circumferential displacement loading on the free surface). The
radial and transverse displacements, which occur along with the
circumferential displacements when the saw-cut is made, are not
presently included in the displacement loading, assuming the sym-
metry of the problem. The stresses that are calculated for the
plane of the cut are then an indication of the stresses that existed
before the wheel was cut.
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A number of factors must be considered when this type of analysis is
performed. First, since a three-dimensional analysis is employed, a

large number of elements is required, which results in a substantial

utational time. I

ot

number of elements that will give acceptable convergence of the

solution.

S /erél analyses have been done to determine the minimum number of
elements that are reqﬁired for an acceptable solution. The number
of angle planes in the mesh is an important factor in determining
the number of elements. It has been found that the optimum mesh
configuration is one where the spacing of the angle planes is small
in the vicinity of the cut and increased as one moves away from the
cuf. It has also been fouﬁd that the angle planes need not go

beyond 90° from the saw-cut.

The boundary conditions must also be considered. Little difference
was found between calculations that utilized a model that spanned
180° and one that was fixed at 90°. The nodes at thelbottom of the
cut and the 90° boundaries were fixed circumferentially, but allowed

to move radially.

Ideally, displacements should be measured on the inside surface of
the rim that is generated by the.cut. It is assumed for the present
analysis that the interior surfaces are planar. No higher order
approximation can be made with the present method of separation

(saw-cutting).
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11.2.3.5.2 Results from the Analysis of Saw-Cut Data
Three examples from the analysis of saw-cut data are presented. The

circumferential stresses in the rim of the wheel before the wheel
was cut.

¢

Thirty-six-Inch Diameter Curved-Plate Wheel. The first example is

for a 36-inch diameter curved-plate cast wheel which gave indica-
tions of being overheated by plate discoloration. The saw-cut
opening at the tip of the flange versus saw-cut depth curve is shown
in Figure 11.8 for a 10-inch saw-cut in the wheel. The total open-
ing is rather large. Figure 11.10 shows the net opening displace-
ment of the 10-inch saw cut as a function of depth into the wheel.
There are data for both the inside and outside surfaces of the
wheel. Note that there is a significant difference between the two

in the rim of the wheel.

Calculations have been made using two different finite element
codes: SAP IV(5) and ANSYS (6). The results were essentially the
same. Figure 11.11 shows the circumferential residual stress that
are calculated. The circumferential tensile residual stress on the
back rim face is predicted to be approximately 35 ksi. The distri-
bution of the residual stresses in the rim is quite similar to that
predicted by inelastic finite element techniques for severe brake

heating on the tread of the wheel [1,2,3].
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FIGURE 11.11. RESIDUAL CIRCUMFERENTIAL STRESS DISTRIBUTION PREDICTED FOR
36-INCH DIAMETER CURVED-PLATE WHEEL FROM SAW-CUT DISPLACE-
MENT DATA (STRESSES IN KSI).
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Thirty-six-Inch Diameter Straight-Plate Wheel. Figure 11.9 shows

the saw-cut opening at the tip of the flange versus saw-cut depth
for a 10.5-inch saw-cut into a 36-inch diameter straight-plate

wheel.

his wheel alseo gave.evidence of being overheated (plate
diécoloration). The saw-cut opening for this wheel is less than
that shown for the curved-plate wheel in Figure 11.8. Figure 11.12
shows the net opening displacement of the saw-cut as a function of
de-th of the 10.5-inch saw-cut into the wheel. Note that there is

again a significant difference in the displacement data for the

opposite sides of the rim of the wheel.

Results from the finite element calculation for closing the cut are
shown in Figure 11.13. This figure shows the predicted circumfer-

ential residual stresses. The distribution in the rim is similar to

‘that shown in Figure 11.11 except that the magnitudes are lower.

The maximum stress is again on the back rim face and is predicted to

be approximately 19 ksi.

Thirty-three-Inch Diameter Curved-Plate Wheel. Figure 11.14 shows

the saw-cut opening at the tip of the flange versus the saw-cut
depth for an 8.5-inch saw-cut into a 33-inch diameter curve-plate
wheel. This wheel was subjectd to controlled braking cycles in
tests conducted on the Roll Dynamics Unit at the Transportation Test
Center in Pueblo, Colorado. The wheel was subjected to over 25
simulated drag braking cycles of approximately 60 minutes each at
power levels from 25 to 50 BHP. Figure 11.15 shows the net opening

displacement of the 8.5-inch saw-cut as a function of depth into the
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FIGURE 11.13.

RESIDUAL CIRCUMFERENTIAL STRESS DISTRIBUTION PREDICTED
FOR 36-INCH DIAMETER STRAIGHT-PLATE WHEEL FROM SAW-CUT
DISPLACEMENT DATA (STRESSES IN KSI).
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wheel. Note again that there is a signficant difference in the
displacement data for the opposite sides of the rim of the wheel.

T 3w 1
Figure 11. 16

hows the circumferential stresses that are predicted
when the cut is closed. The stress distribution pattern in the rim
is similar to those shown for the other wheels. The maximum circum-

ferential residual stress predicted for the back rim face is approx-

imately 30 ksi.
11.2.3.5.3 Conclusions
The following conclusions are presented for this work:

1. The technique shows great promise for calculating the state of

residual stress in a wheel using saw-cut data.

2. Better cutting techniques are needed to allow a determination

of residual stresses when the cut closes.

3. More accurate displacement measurement techniques are needed,

especially within the rim, to improve the calculation.
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FIGURE 11.16.

RESIDUAL CIRCUMFERENTIAL STRESS DISTRIBUTION PREDICTED FOR
33-INCH DIAMETER CURVED-PLATE WHEEL FROM SAW-CUT DISPLACE-

MENT DATA (STRESSES IN KSI).
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Thermal Analysis of Brake Shoes

Only preliminary finite element ANSYS modeling has been attempted at
this time in support of the special track and laboratory tests to

estimate heat flow into the brake shoe (Task 7).
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11.2.3.7

Linear Elastic Fracture Mechanics
The objective of this subtask is to predict the occurrences of wheel
associated properties is described in Task 3.

A preliminary fracture analysis has been completed. This analysis
uses the residual stress fields calculated in 11.2.3.5 and cyclic
mechanical stresses from Various field test and theoretical sources.
The entire methodology for theAanalysis‘is shown in Figure 11.17.
It may be noted that the fluctuating stress estimate may not be high
enough and not enough load spectra data was made available for this
preliminary analysis. The results of this preliminary analysis,

Figure 11.18, lead to the following conclusions:

0 Residual stresses alone are insufficient to produce a life

increment less than 200,000 miles.

0 Curved and straight plate wheels are quite similar from a

fatigue crack growth standpoint.

o Periodic stress "shifts" due to braking are of lesser influ-

ence.

0 The crack aspect ratio (length/depth) at beginning of incre-

mental life calculation is not influential.
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11.2.4.1

0 High cyclic stresses due to high speed on jointed track have
some influence, but less than poor fatigue crack growth proper-
ties.

Cumulative Fatigue Damage Model

The technical literature has been searched for candidate thermo-
mechanical fatigue models that may be appropriate to treat the
combination of brake thermal and rail mechanical load cycles that
are important in the initiation and growth of a defect to critical
size. Preliminary attempts to model the wheel failure process have

been made and are described below.
Computer Simulation Approach

In the real world, very rarely are stresses measured; the quantity
that is measured is strain. Hence a computer simulation of fatigue
should be developed with strain as the controlling variable. This

has been done at the University of Illinois by Martin [1}.

In his development of the simulation, Martin breaks the stress-
strain curve into small elements that are approximated by straight
line segments. These segments are based mainly on a constant stress
change across each element; the corresponding strains are calculated
at the beginning and end‘of each element. To apply this segmented

stress-strain curve to the computer simulation, Martin introduces

the concept of availability coefficients. By availability coeffi-

cients, he controls how much of each element is used, in sequence,
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to simulate the stress behavior of a strain excursion. He also
states, sémewhat mysteriously, that the use of availability coeffi-
cients leads to results that are equivalent to rainflow counting,
which is the accepted method for obtaining complete cycles from a

complex strain history.

The effort to date has been confined to learning the basic concepts.
A =p:11 ctyain history was rainflow counted by hand before it was

used in the learning phase.

The history was first examined by merely breaking the strain range
into a series of increments; that is, each "element" obtained had
exactly the same amount of strain in it as any other. The computer
printout of availability coefficients for each strain reversal could

be interpreted to correspond exactly with the rainflow count.

In the next phase, an elemental stress-strain curve was constructed,
mainly as suggesﬁed by Martin. In other words, most of the elements
were constructed with a constant stress range of 2 ksi. As the
stress-strain curve bends over at higher stresses, the strain incre-
ment becomes larger across the element. This stress-strain behavior
has the unfortunate effect of compressing the availability coeffi-
cients data, and the computer printout of the availability coeffi-
cients for each strain reversal was much harder to follow than the
one obtained in the first exercise. It is believed that a strain-
based elemental stress-strain curve (rather than one based mainly on

stress) will solve the current problem and allow the next step in
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11.2.4.2

11.2.4.2.1

the development of the computer simulation, which is the introduc-

tion of the fatigue behavior.

Difficulties are expected with the introduction of mean stress
behavior into the fatigue damage calculation. Another approach is
to use the correction suggested by Morrow [2], although it is no£ in
closed form. A third approach is to follow that of Landgraf, which
is to ignore the mean stress correction entirely [3]. While this
may work in the automotive field, the main application here would be
to wheels with high tensile residual stress in them, and it would

appear that a mean stress correction is necessary.
Other Candidate Fatigue Models
Thermomechanical Fatigue Survey and Recommendation

One of the efforts undertaken in support of the assigned task of
"develop(ing) a cumulative damage low-cycle fatigue model for cal-
culating crack initiation" was to survey the current state of the

art. A report of such a survey is included as Appendix 11.1.

This report presents an overview of current life predicfion methods
for potential application to the analysis of railroad wheel failures
originating in the hot tread and rim region of the tread braked

wheel. Six groups or classes of theories are reviewed.

1. Simple Time Independent Fatigue Approaches
2. Strain Range Partitioning (SRP)
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3. TFrequency Modified and Frequency Separation (FM)
4. Energy Based

5. Damage Rate

(=2

Continuum Damage

Several papers that report recent design applications of some of
these methods to diesel and turbine engine components are also
summa i zed Recommendations for applications in railroad wheel
research include: (1) additional cyclic flow behavior testing under
thermomechanical fatigue simulation situations; (2) initial trials
of the simple time independent elevated temperature fatigue methods

(Universal Slope with and without 10% life rule) in wheel life

- analysis; (3) further critical evaluation and wheel applications of

the SRP (Manson, et al.), TM (Coffin) and damage or crack rate

(Sehitoglu) methods.

In addition, recent analyses of the propagation of tread thermal
cracks reported at the 8th International Wheelset Congress in April
1985 by Meizoso and Sevillano have been reviewed. Their analysis
treats the thermal braking cycle only indirectly through its effect

on changing the residual stress system that the "elastic" rail

. contact stresses are superimposed upon.

AAR work sponsored at the University of Illinois by H. Sehitoglu is
considering the interaction of thermomechanical strains and surface
oxide formation in wheel steel and its effect on short crack devel-

opment and propagation. This research is being followed especially
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for potential application to assess the 'damage" contribution of

braking cycles to the wheel rim.

@im Failures

A preliminary attempt has been made to predict the conditions of
residual stress and superimposed rail load induced stresses required
for crack initiation as well as propagation in one region of the
wheel rim not directly subjected to rail contact stresses - the rim
back face. This fatigue evaluation considers the range of stresses
caused by rail load cycles, the effect of residual stress on crack
initiation and propagation; and the possible range of pertinent

fatigue properties. A summary of these conditions follows.

For the normal unworn wheel profile, the quasi-static variation in
stresses on the back rim caused by rail loading (even that component
of load which is most influencial - lateral load) is relatively
small. From elastic analysis and tests reported by Wetenkamp and
Kipp in a 1977 ASME paper, the hoop stress variation at the Bl
location for a 20,000 pound lateral load was plotted in Figure

11.19. Note that this stress range is less than 5 ksi.

Detrimental residual stresses such as those induced in the back face
rim by very severe braking cycles can reduce the expected wheel life
due to crack initiation and/or increase the crack propagation rate.
These effects are illustrated in Figure 11.20 for crack initiation
based on Manson's mean stress correction and in Figure 11.21 for
crack propagation based on data from Fowler in 1976.
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The value of hoop residual stress at the Bl location of a class U,
CJ33 wheel after a severe l-hour drag braking at about 44 BHP may be
expected in the 22 to 33 ksi range. This level of residual stress
is consistent with hole drilling measurements reported in this FRA
program as well as analysis described in a later section of this
report. From Figure 11.20 it may be seen that a 30 ksi residual or
mean stress could be expected to reduce crack initiation life by a
factor of 0.17 even for room temperature conditions. Also from
Figure 11.21, the crack propagation rate for a 0.2-inch crack sub-
jected to a stress range of 15 ksi might be expected to be increased

by a factor of 3 for a residual increase from about 7 ksi to 23 ksi.

The effect of actual fabrication material surface condition (as
opposed to laboratory specimen) must be accounted for as Pellini has
emphasized ("Guidelines for Establishing Defect Quality Criteria in
Fatigue Design," report to AAR, 1979). His ”Kf” adjustment (like
the notch stress concentration factor) recommended for normal pro-
duction castings, for example, would be 1.5 for reliable life pre-
diction. Perhaps a value as low as 2.0 (or a fatigue strength
reduction factor of 0.5) might be appropriate for some wheels in

service.

The combined effect of residual stress and reduced surface quality
on crack initiation is illustrated in Figure 11.22 for room temper-
ature Class U steel. The fatigue properties are taken from labora-
tory tests conducted as part of this FRA sponsored program and '
reported under Task T3. Note that the horizontal axis is given both
in terms of reversals (2 x cycles) and miles on 33-inch diameter
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11.2.5

11.2.5.1

wheels. Even with these "adjustments" for residual stress and
surface quality, an applied stress amplitude as high as 10 ksi would
be required to initiate lower back face cracking in less than a
million miles. In view of the relatively lower rail stress ampli-
tudes in this region of the wheel predicted from earlier analyses,
it appears that other detrimental loading, geometry, environment or
material conditions must be considered in order to predict crack
initiation here. These observations are generally consistent with
comments made by Wetenkamp in 1977 and by Johnson et al, in AAR

Report #R-560 dated November 1983.

Cyclic Path Dependence of Stress Change

Preliminary experimental inferences and material plasticity simula-
tions of residual stress changes due to repetition of braking cycles
have been made, primarily for the recently completed RDU tests.

These efforts are described below.
Successive Hole Drilling

Measurement of residual stresses by the successive hole drilling
method has been successsfully tried and perfected during various
facets of the program. Most of the test wheels during Tasks 4 and 5
have been analyzed using this method. Several rail car wheels prior
to radial saw-cutting were also analyzed by this method. Careful
consideration was given to avoid any source of errors that may arise

from operational practices and data reduction procedures.
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In order to measure residual stress with standard sensors, the
locked-in stress must be relieved in some fashion (with the sensor
present) so that the sensors can register the change in strain
caused by removal of the stress. This was usually done destruc-
tively in the past by cutting and sectioning the part, by removal of
successive surface layers, or by trepanning and coring. With strain

sensors judiciously placed before dissecting the part, the sensors

"measure the relaxed strains, from which the initial residual

stresses can be inferred by conventional methods.

The most widely used modern technique for measuring residual

stresses is the hole drilling strain-gaging method. With this

method, after installing strain sensors on the part surface, a small

shallow hole is drilled in the surface. After drilling, the change

in strain in the immediate vicinity of the hole is measured, and the

‘relaxed residual stresses are computed from these data. The hole

drilling method can be described as '"semidestructive," since the
small hole will not, in many cases, noticeably impair the structural
integrity of the part being tested [the hole is typically 1/16 to

1/8 inch (about 1.5 or 3.0 mm) in both diameter and depth].

When a hole of small diameter is drilled in a region initially
containing residual stresses, the magnitudes of strain relieved at
any point P are functions of the local principal stresses GX.and Uy’
and of the geometric relationships between the point and the hole,

and the point and the principal axes.
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The description of residual stress determination by the Hole Drill-

ing strain-gaging method is already presented in Section 4.2.6.1.

Once o and 0& are determined, O3 and Oy (which can be hoop or
radial stresses, depending on the orientation of gage #1 on the

wheel) can be calculated from the Mohr Circle relationships:

0X+0 (O’X-O')
i ¢ = Y 4 y cos2Bp if B = Bx
’ 2 2
O'X+0'y (O’y—OX)
and © = + cos? if =
12 5 5 p if B By

The analysis of residual stresses on the back face of the rim (Bl
location) revealed that the stress components in the hoop and radial
directions were of the same order of magnitude resulting in a bi-

axial state of stress.

After the evaluation of residual stress at Bl location, the hole
drilling strain-gaging method is applied at B2 location in the rim
fillet region about 5.5 inches radially down from the flange tip.
The third (B3) location is in the hub fillet region about 10 inches

radially down from the flange tip.
The development of residual stresses in a typical test wheel (Wheel

No. 8) at Bl, B2 and B3 locations during drag braking simulation

testing on RDU are presented in Figures 11.23, 11.24, and 11.25.
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11.2.5.2 Computer Simulation Approach

A sémi-empirical approach to the prediction of stress changes due to
braking cycles is based on a material constitutive representation or
computer simulation of the stress response for measured surface
strains and temperatures. An initial application of the method
based on the most elementary "flow model", (that is, perfect plas-
ticity with a temperature dependent yield stress) is described in
this section. The flow properties assumed in these analyses are
illustrated in 11.26. A best fit straight line temperature rela-
tionship is given for the conventional (fast rate) 0.2% and 0.02%
plastic strain offset yield strengths for Class U steel. For the
higher temperature and slower strain rates, lower flow stress values

may be expected as discussed under Task 3.
11.2.5.2.1 Uniaxial Model

This method may be illustrated in the most straightforward manner by
use of a uniaxial model based on hoop strain measurements made at
the back face, Bl1, location for the wheel induction heating exper-
iment and the most severe braking cycles experienced on the Roll

Dynamics Unit (RDU).

The brake horsepower input histories for the Induction heating and
RDU tests selected for analysis are shown in Figures 11.27 and 11.28
respectively. The measured tempefature histories at the Bl location

for these tests are given by Figures 11.29 and 11.30.
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The corresponding hoop mechanical strain histories are provided by

Figures 11.31 and 11.32.

Estimates of the associated stress histories were made by a typical
computer spread-sheet analysis, assuming elastic response to the
imposed strain until the current value of yield stress is reached at
any temperature. Beyond initial yield the stress remains at the
value of yield stress corresponding to current temperature as long
as straining continues in the same direction. When '"unloading"
occurs the stress response is elastic for the change in strain. The
results of following such a program for sfress history are demon-
strated in Figures 11.33 and 11.34. The corresponding stress-strain

"loops" are shown in Figures 11.35 and 11.36.

The value of about 22 ksi for hoop residual stress predicted for the
RDU test is generally consistent with the Qalue of 27 ksi predicted
from hole drilling measurements after cycle #57/58. It is also
interesting to compare the results of this simple uniaxial model to
an inelastic finite element analysis reported by Johnson, et al., in
AAR Report R-580 in 1983. Their results for "hot" and "cold" (or
residual) hoop stresses at the Bl location are plotted in Figure
11.37 for various 1-hour drag braking input BHP intensities. At 44
BHP the residual hoop stress would be interpolated at about 32 ksi.
Considering the many material and loading history uncertainties this
"theoretical"” spread of 22 to 32 ksi is relatively encouraging,
especially in view of the intermediate hole drilling result at 27

ksi.
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11.2.5.2.2 Biaxial Plasticity Model

During wheel braking tests (such as those conducted on the RDU and
on track at TTC), the surface biaxial strains and temperatures were
measured to estimate the associated stress state. For this estima-
tion, it.is necessary to have a satisfactory biaxial stress-strain
constitutive relationship which should be able to account for
straining beyond the elastic regime, the incremental nonproportional
character of the strain state (nonconstant strain component ratios)

as well as the effect of temperature on the current value of mate-

rial yield or flow stress.

The most elementary theory that satisfies these minimum requirements
is an extension of the uniaxial perfect plasticity model described

above in Section 11.2.5.2.1.

In the biaxial (rotationally symmetric) case the stress components
must satisfy both the yield condition as well as the incremeﬁtal
plastic flow rule. The yield condition is taken as the Von Mises
relationship, which may be expressed 1in nondimensional form as the
parabola.
x2 +y2 -xy =1
where
% is the ratio of radial stress to the current value of yield,

and y is the corresponding ratio of circumferential stress.

The associated plastic flow rule requires that the increments in

plastic strain be such that the vector formed by these strain compo-

11-68



nents is normal to the yield surface. This condition leads to
another second degree equation, a hyperbola in this case, that must
be solved simultaneously with the parabolic yield condition for each
time increment for which strains and temperatures change. Account
must also be taken of the possibility of elastic unloading at some.

time after yielding has occurred.

fhis calculational scheme for taking the actual mechanical strain
components and temperature histories (B1, B2, and B3) and predicting
the stress components is described in Appendix 11.2. Provision is
made in these computations for a yield or flow stress that de-
creases with increases in temperature. As in the simple uniaxial
model no account is taken directly of strain hardening-or inherent
cycle or rate dependency. Nevertheless, it is believed that this
method provides an efficient and relatively simple but logical
method of estimating the biaxial stress (applied and residual) as
‘well as the plastic strain components which will differ from the

measured residual strain components in most cases.

This method is now being applied to the RDU data and only prelimi-
nary results are available at this time. However, some appreciation
of the form of results for selected data may be gained by reference

to Figures 11.38 and 11.39.

They illustrate the complex radial and circumferential stress-strain
loop calculated from the reduced strain and temperature data taken
at wheel plate location B2 for most severe RDU braking cycle (55/56).
on Wheel #5.
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An obvious limitation of the '"perfect" plasticity material model
described above is the inability to treat the known inherent mate-
rial cycle and rate dependence of wheel steel. 1In order to gain
some insight into the effect of repeated braking cycles on residual
stress changes, ratchet effects and plastic ""damage'" accumulation,
more realistic constitutive material models are required. The ANSYS
finite element program includes a wide range of material options in
addition to the special kinematic hardening selected for the wheel
induction heating analysis attempt described in Section 11.2.3.1

above.

Some exploratory studies of uniaxial cyclic material response with
ANSYS special non-linear material options have been conducted for
certain hypothetical input total strain and temperature cycles.
These examples have permitted comparison to, and qualification by,
closed form independent solutions described in Appendix 11.3. By
way of illustration, Figure 11.40 are the ANSYS produced stress-
strain loops in temperature peaks to 800 degrees K (980 degrees F).
The material behavior in this case features a second degree power
creep law and classical kinematic plasticity with temperature depen-
dent properties selected to roughly approximate Class U steel ther-
mo-mechanical properties published by Sehitoglu in 1982. It is
sufficient here to simply note the salient feature of such a stress-
strain loop in contrast to the elastic unloading behavior predicted
with the simple, perfectly plastic models. Reversed plastic strain
and creep effects are apparent with this relatively simple non-

linear model. Closer simulation of actual uniaxial cyclic and
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11.2.6

11.2.6.1

11.2.6.2

variable rate behavior under way in Task 3 is possible. Even if
full finite element wheel model analysis with such properties do not
prove to be cost effective, such ANSYS material options will be
helpful in predicting stress states associated with measured uni-

axial and biaxial strain and temperature cycles.
Tread Cracking Analysis

Experimental work has just begun on the wheel thermal tread cracking
rig. Supporting analytical effort to date has comsisted in further

refinement of plans as summarized below.
Martensite Cracking

The objective of the tests with the thermal cracking rig is to
evaluate the relative susceptibility of Class B, C and U wheels to
develop thermal cracks in a martensitic tread surface layer. To
date, the rig has been designed and constructed and preliminary
trials have been conducted on a thermocoupled Class U wheel to
determine the test conditions necessary to produce cracking. Infra-
red thefmography and hardness tests, as‘ well as observations of

cracking, were used in this effort.
Hot Spot Thermal Fatigue

Finite element analysis work to estimate hot spot strain/stress

cycles has not yet begun.
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11.3

11.3.1.

11.3.2

11.3.3

WORK REMAINING

Highlights of the significant work remaining are given below in the

General Data Correlation

Initial predictions of residual stress 1eveis in one of the wheels
tested in the RDU and one after induction heating wheels gave excel-
lent correlation with measured values. Therefore, as wheels are
tested on the dynamometer and on track, further stress predictions
will be made and correlated with test results. The centralized data
base at TTC will provide necessary information for statistical
analysis such that nondimensional parameters can be developed to

indicate the severity of wheel damage.

Wheel Stress Analysis Programs

While elastic stress analysis programs are being used, work must be
completed on the following elastoplastic analysis: (1) predictions
and comparisons of strain history from the Induction Heating Test
and (2) introduction of time-temperature dependent material proper-

ties and analysis of several cycles to simulate laboratory tests.

Applications

The work remaining for the application of analytical effort under
each subtask is given below.
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11.3.3.1

11.3.3.2

11.3.3.3

11.3.3.4

11.3.3.5

11.3.3.6

Induction Heating Analysis

Complete predictions of plastic strains will be performed when exact

Detailed Residual Stress

One wheel has been started and three additional wheels have to be

analyzed.
Tread Crack Rig Design

Work has been completed on the rig, the system has been demon-

strated, and analysis is expected to be completed by February 1986.

Wheel/Rail Heat Transfer

Work has been completed.

Saw-Cut Analysis

Data have been gathered on 347 wheels and 127 wheels are available

for cutting.

Thermal Analysis of Brake Shoes

Work has not yet begun.
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11.3.3.7 LEFM (Linear Elastic Fracture Mechanics)

11.3.4

11.3.5

A preliminary analysis has been made, and where a complete compila-
tion of available mechanical load data has been assembled into an

analysis spectra in January 1985, a final analysis will be made.

Cumulative Fatigue Damage Model

Candidate theories on models which have been identified must now be
applied using information being developed on wheel strains and

stresses due to distributions of braking and rail load spectra.

Cyclic Path Dependence of Stress Change

The several analytical and experimental methods developed and par-
tially qualified for predicting stress changes for measured strain
temperature cycles must be applied to the data base being developed

from the RDU Induction Heating and Truck Tests.

A Fortran program has been developed at TIC to compute the hoop
radial and effective stresses during the heating cycle (drag brak-
ing) including material yield and plastic strains. This analysis
will be further tuned and verified for various tests undertaken on

RDU as well as track.

The results of hole drilling strain gaging analysis being conducted
at TTC will be verified by Mr. Gil Blake of Wiss, Janney, Elstner,
and Associates for the validity of equations and analysis proce-

dures.

11-77



11.3.6

11.3.6.1

11.3.6.2

11.4

Tread Cracking Analysis

Hot Spot Analysis

The refinement of a previously published method based on finite
element analysis using elevated temperature cyclic and fatigue

properties remains to be done.

Tread Cracking Rig Data Analysis

Twelve wheels (4 each, Class B, C, and U) will be tested on the
thermal cracking rig to evaluate their relative susceptibility to
"martensite" thermal cracking under the conditions established in
the preliminary trials. Infrared thermography and hardness tests
will be used to assure that all of the wheels are tested under the
same conditions. Inasmuch as four wheels of each class are being
tested, statistical techniques will be used to assess the repeati-
bility of the test results. Further, an attempt will be made to

correlate these results with other thermal crack related tasks.

SCHEDULE

This comprehensive analytical task involves an ongoing effort to
correlate theory and experimental results from most of the other
program tasks. Hence its completion in terms of a final program
evaluation will follow the last experimental task completion by

approximately 3 months.
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12.0 DETERMINE RESIDUAL STRESS AND METALLURGICAL

CHANGE IN TEST WHEELS (TASK 11)

The AAR shall determine stress and metallurgical changes in test
wheels by saw-cutting and mapping for residual stress determination
and macrostructure evaluation using techniques developed in T3. In

consultation with the FRA COTR, AAR will select six wheels from the

four pairs listed below:

One pair of wheels in as-received (newly annealed) condition;

analysis will establish baseline stresses.

b. Two pairs of straight plate wheels, each pair with a different

thermal history.
c. One pair of parabolic plate wheels.

The wheel will be sliced, drilled and strain-gaged to map the resi-

dual  stresses in the test wheel. Required data acquisition and

processing procedures will be applied to produce elaborate analyses

of ﬁhe triaxial residual stresses which shall be correlated with the

known thermal and mechanical loading histories of the wheels to

increase the amount of confidence in the proposed wheel failure

mechanisms during the course of research.
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12.2

12.2.1

MAJOR FINDINGS/CURRENT STATUS

Current status of the three subtasks ircluded in the T11 Statenment

of Work follow.

Residual Stress Estination from Saw-Cutting Results

Greater experimental emphasis has been placed on the wheel saw-cut
opening and strain release measurements than originally planned in
order to take advantage of the method of estimating internal resi-

dual stresses described above in Section 11.2.3.5. Front face as

- well as back face saw-cut opening displacements have been measured

inla total of 9 wheels to date. In addition, certain wheels to
support the analysis mentioned above have been extensively strain
gaged around the wheel surface on either side of the saw-cut path in
order to help confirm the assumptions of saw-cut displacement be-

havior.

In addition to extended efforts mentioned above which are performed
before, during and after saw-cutting, hole drilling strain-gaging
was. performed on 14 selected wheels at 3 critical locations in each

wheel before saw-cutting.

The residual stresses evaluated at these critical locations were
correlated with the flange tip displacenent (in the hoop direction)
to saw-cutting at various depths of cut. It was seen that the

flange tip displacement at .. given dept1 of cut exhibited a certain
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12.2.

2

relationship with the bi-axial state of stress at the selected
critical locations. Figures 12.1 through 12.5 show these linear

relationships between the biaxial state of stress at a given loca-

depths of cut. " The stress used to correlate this displacement is an

"equivalent" uniaxial stress that would produce the same hoop strain

as the measured biaxial stress components.

This general correlation suggests that a measure of the residual

stress intensity, at least for the lower back rim location, Bl may

be estimated from the flange tip saw-cut opening response.

Associated Metallurgical/Macrostructural Evaluation

Slices have been taken from the saw-cut wheels, and they will be
etched to reveal any alteration of metallurgical structure due to

brake shoe heating.

Detailed (Triaxial) Residual Stress Tests Results

The purpose of this subtask is to develop an experlmental/analytlcal
method to determine the residual stresses within the rims of wheels
and to determine such stresses in wheels that have been exposed to
severe braking. The method to be developed involves an analytical
combination of strains determined by dissection and hole drilling

strain-gaging techniques.
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12.3

12.3.1

12.3.2

12.3.3

With the help of our consultant, Wiss, Janney, Elstner, and Associ-
ates, the experimental and analytical plans have been developed.
Strain-gaging of the first wheel has started at the Technical

Center.

WORK REMAINING IN TASK T11

Saw-Cutting Work Remaining

BN wheel distribution. [Britto to provide.]

Macrostructural Work Remaining

Specimens are being prepared to do all macrostructural testing in

one period.

Detailed Residual Stress Work Remaining

The program calls for determination of residual stresses in six
wheels. Therefore, completion of the experimental work on the first
wheel, all of the experimental work on the five remaining wheels,

and the analytical work on six wheels remains to be done.
At the September 4; 1985 FRA/AAR project review meeting in Pueblo,

it was agreed that test and analysis of fewer than 6 wheels may be

justified in view of:

12-7



12.4

12:4.1

12.4.2

1. the possibility that the reliability of the method of esti-
“mating interﬁal residual stress from saw-cutting analysis will

be satisfactorily substantiated after as few as two wheels.

2. the redirection of greater than planned resources into the
expanded technical scope of detailed saw-cutting subtask, which
has greater potential for practical and economical application

to a larger number of wheels.

SCHEDULE FOR COMPLETION OF TASK T11

Saw-Cutting Schedule

The first test wheel will be sliced as per the proposed plan during

November/December 1985.

Macrostructural Evaluation Schedule

This test is planned for February 1986.

"Detailed Residual Stress Schedule

The experimental part‘of this program got off.to a slow start be-
cause of manpower availability problems. However, it is expected
that by reducing the number of test wheeis_as suggested in Section
12.3.3, this program can be completed by the end of the contract

period.
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13.1

13.2

13.0  FURNISH SUITABLE BRAKE DYNAMOMETER (TASK 12)
. L]

CURRENT TASK STATEMENT OF WORK

The AAR shall furnish a dynamometer capable of exerting brake shoe
loads and wheel-rail mechanical loads. The shaft and housing of the

dynamometer must be capable of sustaining a wheel failure without

~damage. A brake dynamometer facility with the above features shall

be installed at the AAR Chicago Technical Center and shall be avail-

able for this program.

MAJOR FINDING/CURRENT STATUS

An Adamson-United dynamometer was purchased from United States Steel
Corporation and installed at the AAR Technical Center in Chicago.
Operation began in October 1984. This dynamometer, shown in Figure
13.1, is capable of testing railroad wheels measuring 28 to 42
inches in diameter at speeds up to 1500 rpm with a 400 HP D.C.
motor. Inertia loads of up to 68 million ft-1bs at top speed are
available in increments through the use of removable fly wheels.
The brake system is capable of exerting up to 45,000 pounds on each
brake shoe in either a single or clasp arrangement. In addition,
vertical loads of up to 70,000 pounds and lateral loads of up to
15,000 pounds can be applied to the tread of the wheel by reaction
with the 110-inch diameter track wheel. Wheels can be tested also
without rail contact. The types of wheel tests that can be con-

ducted with this dynamometer include stop tests and grade or drag-
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FIGURE 13.2. DYNAMOMETER AT AAR CHICAGO.
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13.3

13.4

L4

braking tests. In addition, the dynamometer can be used for testing
brake shoes with static tests, as well as stop tests and grade
tests. Futhermore, this machine can also be used to test full-size

axles as rotating cantilever beams.

WORK REMAINING

This item is complete; the dynamometer has been in operation for one
year. However, plans are being made to update the controls, instru-
mentation, data acquisition, and data presentation systems of the

dynamome<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>