1174

TRANSPORTATION RESEARCH RECORD

Rail Replacement and
Maintenance Management

TRANSPORTATION RESEARCH BOARD
NATIONAL RESEARCH COUNCIL

WASHINGTON, D.C. 1988



Transportation Research Record 1174
Price: $13.00

Editor: Naomi Kassabian

Production: Harlow A. Bickford

mode
3 rail transportation

subject area
40 maintenance

Transportation Research Board publications are available by ordering
directly from TRB. They may also be obtained on a regular basis
through organizational or individual affiliation with 'TRB; affiliates or
library subscribers are eligible for substantial discounts. For further
information, write to the Transportation Research Board, National
Research Council, 2101 Constitution Avenue, N.W., Washington, D.C.
20418.

Printed in the United States of America

Library of Congress Cataloging-in-Publication Data
National Research Council. Transportation Research Board.

Rail replacement and maintenance management.
p. cm.— (Transportation research record, ISSN 0361-1981 ; 1174)

ISBN 0-309-04714-5

1. Railroads—Rails—Congresses. 2. Railroads—Track—Maintenance
and repair—Congresses. 1. National Research Council (U.S.).
Transportation Research Board. II. Series.
TE7
[.H5 no. 1174TF258]
380.5 s—dc20

[625.1'7] 89-3431

Sponsorship of Transportation Research Record 1174

GROUP 3—OPERATION, SAFETY, AND MAINTENANCE OF
TRANSPORTATION FACILITIES
Chairman: James I. Taylor, University of Notre Dame

Maintenance Section

Committee on Railway Maintenance

Chairman: Albert J. Reinschmidt, Association of American Railroads
Secretary: William B. O'Sullivan, Federal Railroad Administration
David M. Coleman, Ronald H. Dunn, Amir N, Hanna, Thomas B.
Hutcheson, Robert A. Kendall, Richard G. McGinnis, Willis H. Melgren,
Guenther W. Oberlechner, Ernest T. Selig, William J. Semioli, Harry E.
Stewart, Vincent R. Terrill

Elaine King, Transportation Research Board staff

The organizational units, officers, and members are as of December 31,
1987.

NOTICE: The Transportation Research Board does not endorse
products or manufacturers. Trade and manufacturers’ names appear in
this Record because they are considered essential 1o its object.



Transportation Research Record 1174

Contents

Foreword v
Branchline Rail Replacement Strategies 1
D. E. Staplin and T. R. Wells

Fatigue Analysis of the Effects of Wheel Load on Rail Life 13
R. K. Steele and M. W. Joerms

Rail Testing: Strategies for Safe and Economical Rail Quality Assurance 28
Oscar Orringer

Production Processes To Yield Superior Rail Steel 43
W. H. Hodgson and R. R. Preston

Manufacture and Properties of Deep Head Hardened Rail 50
H. Yoshitake, Y. Makino, K. Sugino, H. Kageyama, T. Suzuki,

K. Fukuda, and T. Miyata

In Situ Rail Head Rectification on British Railways 57
P. Leech

Technical and Financial Appraisal of a Contemporary 60
Repair Technique for Rails and Crossings

R. S. Johnson

Examination of Methods To Achieve Rail Lubrication 78
Douglas B. Tharp

Report from FAST—Recent Test Experiences 81

R. P. Reiff




Foreword

Rail, among all track components, is a railroad’s most valuable asset. Maintenance-of-way
officers, therefore, must make rail acquisition, renewal, and maintenance decisions in the most
effective way. Fortunately, the results of investigations into several decision-assisting methods,
more improvements in the manufacture of rail steels, and the emergence of novel techniques for
prolonging rail life are now available to provide additional management options.

A:symposium, Rail: Replacement Strategies and Maintenance Management, was sponsored
by the Transportation Research Board Committee on Railway Maintenance in June 1987 at the
University of Illinois, Urbana-Champaign. The purpose of this symposium was to provide a
forum in which several of these new approaches could be brought to the attention of track
maintenance managers and subjected to a critical review. To a marked extent, this goal was
realized by the participants during the program. A wider segment of the track maintenance
management community will be reached through the publication and distribution of these
papers. Nevertheless, the final measure of this symposium’s usefulness will be the extent to
which its revealed wisdom is actually applied to help maintenance-of-way officers meet their
responsibilities for the care of an important corporate investment.

Special recognition is given to William B. O’Sullivan, secretary of the Committee on Railway
Maintenance, for his work in assembling the papers contained in this Record. Mr. O’Sullivan
oversaw the peer review of these papers and collected the final manuscripts for publication.
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Branchline Rail Replacement

Strategies

D. E. StarLIN AND T. R. WELLS

To increase profitability, railroads need to improve their capi-
tal budgeting processes, which include capitalized mainte-
nance projects such as rail that have traditionally been based
on historical funding levels. The Association of American
Railroads, through its Track Maintenance Research Commit-
tee, has developed a model for financial analysis of rail re-
placement projects, the Rail Performance Model. Use of this
model has been demonstrated for mainline cases. In this paper
its use to analyze branchline relays, including the transfer of
used rail from one location to another, is described.

The pace of change in the rail industry has accelerated just as
it has in many other traditional U.S. businesses. A trip down
the Monongahela and Ohio River valleys past the silent steel
mills brings one to grips with the enormity of what has
happened and continues to happen to the U.S. economy.

The rail industry is struggling to cope with the changes to its
traditional customers and attempting to learn to be more com-
petitive in a deregulated environment in other markets. An
earlier trend to large mergers, such as the CSX Corporation,
has now been followed by downsizing. Regional and shortline
railroads have sprung up from branchlines spun off by large
carriers.

As always, the industry is concermed about its rate of return.
CSX, for example, experienced an average return on invested
capital of approximately 6.5 percent from 1982 through 1986.
Return on shareholder equity averaged 9 percent, exclusive of
special charges (7). In a regulated environment blame for a
low rate of return was usually laid at the doorstep of the rule-
making agencies. Under deregulation it is no longer possible
to stand pat and point a finger. Therefore, it is doubtful if a
“business-as-usual” atmosphere would now exist even if the
domestic steel industry was still experiencing 100 million ton-
years or Detroit was making 10 million automobiles.

Under depreciation-accounting guidelines adopted by the
regulatory agencies in the early eighties, large-scale
maintenance-of-way programs such as rail relays, crosstie
replacement, and surfacing were freed from having an imme-
diate impact on eamings. But the change from operating to
capital expense was soon followed by the realization that steel
and wood products could not be purchased with “eamings.”
Cash was and is still the preferred medium of exchange, and
the increasingly competitive atmosphere has made cash
scarce. There is a tendency today to view large capital replace-

D. E. Staplin, CSX Rail Transport, P.O. Box 45052, Jacksonville, Fla.
32232-5052. T.R. Wells, CSX Rail Transport, 500 Water Street,
Jacksonville, Fla. 32202.

ment programs in the same light as capital additions and
betterments.

Meanwhile, out on the line-of-road chief engineers, division
engineers, and roadmasters can now see the need for track
improvement projects just as clearly today as they could in the
past regardless of what name the accountant attaches to the
dollars or what competitive conditions are like. What is
needed is a medium by which both the maintenance engineers
and the financial officers can feel comfortable about the alloca-
tion of maintenance funds.

Fortunately, in the late seventies a largely volunteer group
under the auspices of the Association of American Railroads
(AAR) began to prepare for the day when maintenance dollars
would come under the same scrutiny as funds for a new yard.
The Track Maintenance Research Committee, as it has come
to be known, has developed an economic model for rail re-
placement known as the Rail Performance Model (RPM) (2).
Although largely developed for heavy tonnage mainline situa-
tions, the RPM can be and has been modified for branchline
use. This discussion will concern the use of the economic
framework of RPM for making decisions on branchline rail
replacement, giving an explanation of how the inputs to the
economic and engineering framework of RPM can be de-
veloped for the branchline case.

Branchlines are a source of great interest for three reasons:

1. Large-scale upgrading programs have greatly eliminated
jointed rail from heavy-tonnage, high-speed mainlines. CSX
and other major railroads generally lay more than 80 percent
of such routes with continuous welded rail (CWR). The re-
placement of jointed rail on these lines is nearly complete.
This removes a potential source of secondhand rail for
branchlines.

2. Concentration of joint elimination programs on main-
lines has resulted in postponement of programs for
branchlines. Unfortunately, restricted budgets now often do
not permit a large-scale assault on these lines similar to that
mounted on the mainlines in the seventies and early eighties.

3. The regional and shortline carriers often consist only of
what would be considered branchlines by the large carriers.

RAIL REPLACEMENT PROCESS

At the risk of putting the cart before the horse, it seems
prudent to examine the way in which rail is replaced before
examining why. Some of the methods described here are used
by all railroads regardless of size. Rail replacement programs



can be divided into a source-and-use classification much like a
crash-flow analysis.

Source

There are four main sources of rail. The most obvious is new
rail purchased from steel companies. A second source would
be used or secondhand rail purchased in the marketplace.
Although this is perhaps not an important source for large
railroads, it may well be the only source for a shortline. A third
source is secondhand rail made available from track retire-
ments. Finally, secondhand rail can frequently be reclaimed
from a use site. Sometimes this rail can be used as is and other
times it must be processed. This could include cropping out
damaged ends or an intemmal flaw. Some railroads straighten
rail that has been bent in service due to poor support or other
surface breakdowns. Although inventory could be considered
a source, it is always derived from one of the other four.

Use

Large replacement programs constitute the main use of rail.
Both new and secondhand rail are installed out-of-face over a
significant distance, generally more than 5 or 6 mi for a large
railroad. Often these relays reach 40 mi in length. Such pro-
grams use large mechanized gangs and since about 1960, most
of the rail laid in this manner has been continuously welded.

A second form of replacement is the patch program, used
when local conditions dictate a smaller quantity but at least
several rail lengths. Typical examples include replacement due
to curve wear, corrugations, an epidemic of engine burns
(which occur frequently where trains must stop to pick up and
set off and are also common near the entrances and exits of
passing sidings), and replacement of joints left in a track from
wreck panels. The normal unit of such programs would be one
or more ribbons of CWR (1,400+ ft), although some roads use
jointed rail on higher-degree curves to allay fears of buckled
track and for ease of transposing. This type of program is also
seen occasionally for replacing rail on bridges. Rail utilized
may be secondhand, new standard, or new premium.

A third major use of rail is for spot replacement, one rail or
less at a time. The reasons for this are usually compelling,
because such spot work is very labor intensive. The main
reasons include fatigue cracks (or breaks), chipped or battered
ends in joints, bent rails, and engine burns. In CWR territory,
field welding of the replacement is common. In cold regions
joint bars must sometimes be applied first until weather condi-
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tions moderate and the weld or welds can be made without
fear of adverse thermal stress patterns.

A fourth major use of rail is for new trackage, often in yard
or industry locations, for which secondhand rail is used.

Finally, there is a catch-all miscellaneous category. Wreck
panels, road crossing programs, and switch material all require
rail, as do bonded insulated joints.

As a final consequence, the rail replacement process will
generate scrap. Unless inventories are built up or depleted, the
amount of scrap generated from relays (measured in lineal
units) must equal the new and secondhand purchased rail plus
the rail utilized from retirements.

Case Study

Before its consolidation into a single CSX road, the Seaboard
System Railroad sources and uses for a typical year were as
shown in Table 1.

It may be noted that 394 mi of source rail produces total use
of 731 mi, which appears to be unbalanced. The reason for this
is that rail reclaimed from the relay of the source material (394
mi less 24 mi of construction rail) cascades into other relays, a
process that will be discussed next. In reality cascading creates
an internal source that accounts for another 337 mi of rail.

CASCADING OF RAIL

Branchlines are often the recipients of rail relay through a
process called cascading, which is the removal of rail and its
relay to an area of lesser use. From the standpoint of the RPM,
this cascading often occurs before the point of optimum life,
when only a single stage of use is considered.

History

Almost from the start, railroads have been made up of lines
with widely varying service demands. Annual tonnage, axle
loading, speed, track geometry (curvature), and service class
(passenger, bulk, merchandise, etc.) varied widely. Often lines
having higher annual tonnages were also operated at higher
speeds. Although the reduction of intercity passenger trains on
most routes has reduced the concern for speed somewhat,
freight axle loads have pushed higher. Some hint at the diver-
sity of line characteristics today can be seen in Figure 1, which
shows CSX track and traffic conditions for 1986 as reported in
the Annual Report to the Interstate Commerce

TABLE 1 SEABOARD SYSTEM RAILROAD: SOURCES AND USES OF RAIL

Use of Rail (program type) (mi)

. Curve and Switch
Sours o Bl Large Miscellane- Single and Wreck
Type Miles  Relays ous Patch Replacements Construction Other Panels
New 224 205 10 4 5
New premium 80 30 40 10
Secondhand purchase 40 40
Retirements 50 30 20
Secondhand NA 210 70 30 10 10 1
Total 394 515 120 30 34 25 7

Sourcge: CSX Internal Records.
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FIGURE 1 CSX track and traffic distribution.

Commission (3). Just focusing on annual tonnage as a factor,
66 percent of all gross ton-miles is carried on only 27 percent
of the track and 95 percent of all gross ton-miles is carried on
58 percent of the main tracks.

Improvements in Rail Design

As service requirements increased, rail was improved. Design
improvements first concentrated on heavier, stiffer sections to
improve ride quality. Improved cross-section design reduced
local stresses such as those at the head web fillet junction.
Longer rolled lengths produced fewer joints. Better drilling
patterns and continuous welding improved the joint area itself.

Better steel also contributed to rail endurance. Higher yield
strengths, improved hydrogen elimination, and cleaner grain
structure are significant examples.

Natural Process

The tendency of service demands to be concentrated and the
steady introduction of improved rails made cascading a natural
process. The introduction of control-cooled rail, for example,
was a very important factor in increasing the margin of safety
for high-speed passenger traffic. Today railway maintenance
officers would cringe at the thought of running 100 mph on
jointed 100-1b non-control-cooled rail. Earlier maintenance
engineers reaped the benefit of using the displaced 100-1b rail
for branchlines laid with 60- and 70-1b rail.

Cascading Today

Improvements in rail technology have vastly increased re-
liability of rail. Installation of CWR on lines with heavy traffic
has improved reliability and safety. Still, cascading remains a
valid process for several reasons.

First, as Figure 1 indicates, there is still a variety of lines to
be maintained. Even the downsizing trends will not eliminate
this variety, especially when yard mileage is considered. Con-
sidering the tendency of shortlines to be formed when

medium- and low-density lines are spun off, there may exist in
the future a market for large railways to buy new rail and sell
the released secondhand rail to their smaller partners,

A second reason for cascading is that rail manufacturing
technology is still improving. Medium- and high-strength
rails, continuous casting, and longer lengths have all become
widely available in the last 10 years.

Maintenance officers are also becoming better informed for
decision making. It is now known that the Weibull distribution
can be used to model the occurrence of fatigue defects in rail
(4). The increase in rates of failure causes the maintenance
cost to escalate. Maintenance costs related to wear and joint
conditions also worsen with time and use. Cost control, then,
can be a very important reason for cascading rail. Figure 2
shows an example of reducing annual rail defects (and there-
fore costs) by cascading. As noted in the preceding section,
earlier engineers did not upgrade the railroads totally. CSX, a
composite of at least six major railroads, still has nearly 50
percent of its total trackage laid with jointed rail. Moreover, as
shown in Figure 3, there is still much lightweight rail in the
mainlines and branchlines. Inclusion of sidings and yards
would make the percentage of lightweight rail much higher.

GENERAL ECONOMIC FRAMEWORK

At CSX, the Engineering Department staff was challenged to
prove that removing welded rail and relaying it on a
branchline was cheaper than simply waiting and buying new
rail for that line. The RPM was used for this analysis. Cascad-
ing, it was reasoned, was economical if the present value of
moving the welded rail (and associated future maintenance
cost) was less than the total optimum (lowest) life-cycle costs
for both the new and secondhand relay sites. These optimums
for the sites assumed buying new rail and running it until scrap
value was reached. To perform this analysis, specific candidate
sites must be identified along with their history (tonnage and
defects) and all related maintenance costs.

The general economic concept is shown in Figure 4. Prema-
ture replacement in the new rail territory will result in a higher
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FIGURE 2 Rail cascade impact on yearly defects.



FIGURE 3 CSX transportation:
weights of rail in main and branch track
(rail weight in pounds per yard).
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FIGURE 4 Economics of rail cascading.

net present value of costs compared with the optimum relay
point. The optimum net present value can be maintained,
however, if the railroad receives more than scrap value for the
released rail. This seems plausible because the rail is still
usable. Even though secondhand rail would cost more to
maintain than new rail if both were laid at the same time, the
secondhand rail site may receive the benefits of being rid of
the existing, troublesome rail sooner or at a lower total cost. It
is these benefits that offset the increased costs of maintenance.
There may even be specialized cases in which the cascading
process eliminates a costly maintenance problem in new rail
territory. On CSX, for example, rail welded years ago by the
oxyacetylene method is experiencing high rates of weld fa-
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tigue. By cascading this rail (rewelding in the process) it is
often possible to kill two birds with one stone, so to speak.

PRACTICAL EXAMPLES OF CASCADING

With the diversity of line characteristics and rail conditions on
even a medium-sized road, the possible combinations for cas-
cading are seemingly infinite. There are three general cases
that draw in many of the site-specific possibilities.

Main to Branch

The most common example is that which has already been
discussed—new rail laid on lines of heaviest use, which re-
leases rail for branchlines experiencing high maintenance
costs. Table 2 gives a relative idea of the financial stakes
involved, using CSX as a hypothetical example. The reason a
higher average life might be expected if rail is cascaded may
be clearer after the next example.

Tangent to Curve

Often patch rail must be installed where a local condition such
as curvature causes more rapid deterioration than that in ad-
joining rail. On high-tonnage lines this situation may warrant
use of a premium rail. On medium- and lower-tonnage lines
another alternative exists. Were new rail to be laid at such
locations, say a curve, premium grades could not be justified.
Suppose that the hypothetical life of new standard rail in this
branch curve regime is 300 million gross tons (MGT) before
scrapping. It may be possible to take rail from a mainline with
350 MGT and get another 250 MGT on the curve for a total
life of 600 MGT. If side (high rail) or vertical (low rail) head
wear is the condemning factor, such an example is entirely
feasible. Thus the possibility of life extension through cascad-
ing is significant.

Transposing rail is a special subcase on which there are
many opinions but little hard data. The authors encourage
future work in that arca.

Branch and Curve to Industry and Yard Tracks

All maintenance officers have had the experience of being on
inspection and finding rail recently laid in track that is only
marginally better than scrap. The classic reply to the inquiry
that this generates is, ‘“You should have seen what was here
before!” Often this reply makes perfect sense. CSX in the past
S years has averaged approximately 150 track-mi of curve
patch annually. Premium rail and better lubrication may

TABLE 2 CSX HYPOTHETICAL NEW RAIL REQUIREMENTS

Cost of
New Rail New Rail
Total Traffic ~ Avg Total Required Purchases at
(million Life of New  Annually $400/Ton
Case gross mi) Rail (MGT)  (track-mi)  ($ millions)
Lay only new rail 291,984 500 584 50.2
Cascade 291,984 700 417 358
Difference 200 167 14.4
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reduce this in the future, but it is not yet possible to estimate
the net requirement. It is clear that significant mileage will still
be involved and that disposal of this rail will also be necessary.

The normal case is that the released material is welded, of a
heavy section, and contains one or more of the following
defects: side wear, flattened head (vertical wear), plastic flow,
and corrugation or other surface defects. If only mainline and
branchline use is considered, this rail would be scrapped.

Consider Figure 3 and the 25 percent of the railroad still laid
with lightweight rail or those miles and miles of yard track.
This track needs relief from terrible joint conditions and girder
strength to support relatively slow-moving loads. Consider the
56-1b rail that is laid in an elevator track to support 100-ton
covered grain hoppers. Rail that is scrap for mainline replace-
ment purposes is traded for rail that is scrap for another
purpose. The relief that this ‘“‘near-scrap” rail gives in some
deplorable back track will cause a roadmaster to drag a re-
leased ribbon for miles. Truly, this is a case of the frog turning
into a prince.

VALUE OF RAIL

Rail installation is one railroad activity in which the ratio of
material value to labor costs is high. In an economic or budget
analysis the price of the rail and associated fasteners needs to
be given careful consideration. Rail that is purchased has a
well-defined value, but as has been shown (Table 1), it may
account for less than 50 percent of rail actually used. Is the rest
automatically free? Rail already on the property is an asset and
therefore must have some sort of value. To overcome this
problem most railroads have an internal or “book’ value for
secondhand rail. Often it is based on an accounting conve-
nience, which bears only a coincidental resemblance to eco-
nomic values. To make sound economic decisions on
branchline relays, realistic values must be established.

Economic Value as Determined by RPM

With the RPM, it is possible to estimate the value of existing
rail being replaced by new rail. The analysis is based on traffic
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FIGURE 5§ Minimum selling price needed to replace
existing rail.

characteristics of the particular site and the fatigue history of
the present rail. Figure 5 shows the concept of a *‘selling”
value for rail in track (5). It is the minimum price that the
owner would have to receive to be able to purchase and install
new rail in replacement for the existing rail. The basis for the
comparison is running the existing rail to scrap value, As the
tonnage accumulates and the condition of the existing rail
worsens (maintenance costs go up), the owner would have to
receive less and less to persuade him to replace the rail
because he is getting closer to the point when he will have to
do so anyway.

This concept is extremely useful if a railroad is considering
selling secondhand rail. It could prove especially beneficial for
setting prices if the sale of rail to shortlines is considered. It is
also useful in analyzing cascade opportunities, as will be seen
in a later section.

Another curve produced by the RPM is termed the “buy”
value curve. This curve shows the price the railroad could
afford to pay for rail of comparable quality for use at that
specific location (5). If a railroad is buying rail of a known
defect and tonnage history for a specific use, it has a powerful
tool to ensure value in its purchase.

Market Value of Rail

The existing market for new rail is relatively well defined and
understood. The market for secondhand rail is relatively small
and not well defined or understood. Moreover, recent aban-
donments due to consolidation and downsizing have changed
that market.

Secondhand rail suitable for use in main tracks carrying any
appreciable traffic is very scarce and commands a high price,
usually between 60 and 70 percent of new. Because railroads
usually find this sort of rail valuable for internal use, they
rarely sell it. Normally it becomes available from a large
abandonment where it cannot be immediately used and the
time value of money to carry the inventory cannot be justified.
Another source is through liquidation proceedings such as the
Rock Island bankruptcy. The price is quoted “as is,” which
usually means with bolt holes. The price to the site at which
the rail will be used must include any processing, such as
cropping. Thus, if 132-1b rail is purchased for $275/ton, crop-
ping costs $5/rail, and scrap sells for $80/ton, the net price of
rail ready for welding is almost $300/ton, exclusive of freight.

Lighter weights of secondhand rail naturally command a
lower price. Often this is in the range of 30 to 40 percent of
new on a per-ton basis. Several years ago, 100-1b rail was
scarce and brought a relatively high price for construction of
yard and industrial facilities. Sections of 90- and 85-1b weights
were more commonly available and therefore less valuable.
With downsizing, 100-1b material is now commonly available
and lighter weights probably do not bring a large premium
over scrap. CSX will no longer weld rail under 100 Ib/yard.

If relay rail is purchased to be used as jointed rail, care
needs to be exercised over the drillings to ensure compatibility
with existing rail. Purchasers can expect to pay a premium for
drillings that are not common if they must obtain them to
match their own.



Alternative Uses

There are classes of relay rail that do not fit easily into either of
the previous uses. Earlier in this discussion, it was indicated
that CSX is often happy to install worn, heavy weights of rail
in sidings and yards. From the perspective of the RPM, this
rail is not fit to install in a main or branch track and therefore
has a value near scrap. From a market standpoint, who would
be willing to buy this rail? A major railway would usually
have this class of rail available on its own property. A contrac-
tor would not pay the same price per ton (and therefore a
higher price per foot of track) for 100-1b rail when the lighter
rail is perfectly adequate for a siding. Yet, if the railroad is
willing to use the rail, how can it be claimed to have only scrap
value?

There is another approach that considers the railway’s alter-
natives. First, the railroad will never accept lower than scrap
value, so that price becomes the floor. Although the womn
heavier weights cannot be sold at sidetrack prices (per ton), the
railroad might be able to sell them at the same price per foot.
Then the buyer could afford to buy the heavier rail because
there would be no price premium. If the railroad has lighter
weights of rail in its stock that could have been used wherever
the wom heavy rail was installed, an opportunity cost is
assessed for the weight differential when this lighterweight rail
is scrapped. More cash could be generated by scrapping the
heavier rail. An example of such a calculation is as follows:

Given that the market price of 100-1b relay rail is $160/ton and
the market price of scrap rail is $80/ton,
Caiculate
1. Value of 132-Ib siding rail if railroad has no surplus of
siding-grade rail:
Price = $160/ton x (100/132)
= $121/ton
2. Value of 132-1b siding rail if railroad has surplus siding-
grade rail:
Price = $121/ton + $80/ton x [(132 —~ 100)/(132)]
= $140/ion

Under a surplus condition, the value of the 132-Ib siding rail
could be as high as $140/ton or 75 percent above scrap. If a
railroad needed siding-class rail of all weights, the value of the
132-1b rail of that class would drop to $121/ton or 51 percent
over scrap. Two cautions must be exercised in connection with
these values. By laying heavier weights of rail in sidings, the
railroad may have to spend more cash for fittings. Frequently,
surplus tieplates are readily available for 100-1b rail but not for
132-1b rail. Buying new tieplates at $4.50 each would add an
additional $90 to $102/ton to the cost of installing the 132-1b
siding rail. A second caution has to do with the buying and
selling prices of rail. A railroad can earn market values for its
secondhand rail if it sells directly to the end user. Often the
railroad sells this rail to a broker, who must earn a profit. If the
market value of 100-1b rail is $160/ton, the carrier may realize
only $120 to $130/ton by selling to a broker. Inventory carry-
ing costs must also be considered whenever the rail is held,
whether by a carrier or a dealer.
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Summary

The three methods of valuing rail mentioned can be used to
solve particular problems. There may also be cases in which
rail value can be determined by using more than one method.
Good economics dictates that the highest alternative price
should set the value.

Traditional methods of grading and valuing rail have in-
cluded measuring head and side wear, plastic flow, and exam-
ination of surface condition. The methods outlined here would
be satisfactory for estimating purposes, but inspections should
be included before buying or selling actually occurs. The best
decisions can be made with sound inspection and when the
history of the rail and future use are both known. Because the
market for secondhand rail is relatively small, it is also sug-
gested that relay economics be tested by using a range of
values. The chances of estimating the value with precision are
low because of potential price variability if there is no firm
quote on the table.

CASCADE ANALYSIS WITH THE RPM

The RPM calculates optimum rail life by using expected
future maintenance, relay, and other pertinent costs and treat-
ing them with the accepted financial analysis tool of net
present value (NPV). This method is used by analysts to
incorporate time factors into an economic analysis. The NPV
method will be reviewed briefly as a beginning of the concepts
underlying the RPM and cascade analysis.

Net Present Value in the RPM

In the NPV concept, cash in hand today is valued more than
cash in hand at a future time. As an example, if $1,000 were
put in a savings account today and earned 5 percent per year,
next year there would be $1,050 in the account. In the follow-
ing year, there would be approximately $1,103 in the account.
Reversing the logic a bit, if it were desired to have $1,100 in 2
years, approximately $1,000 would need to be deposited to-
day. The RPM uses this logic of discounting future expendi-
tures to today’s cash equivalent in testing rail relay strategies.
This enables comparisons to be made between alternatives on
an ‘“‘apples for apples” basis.

The RPM estimates the necessary cash maintenance re-
quirements for rail into the future. It then calculates what it
would take to finance that maintenance by putting a fixed sum
of money in a high-yield account. High yield refers to what a
company feels it needs to earn on capital investments before
they are made. These investments, usually internal to the
company, have earnings that are above what is traditionally
seen in savings accounts, certificates of deposit, and bonds.
For example, today the individual investor can buy various
financial instruments in the established market with earnings
of 5 to 10 percent per year. Many companies feel that a project
is not worth investing in unless it retums 15 percent. If a
company is cash poor, it may raise that threshold as a means of
determining its spending priorities. A company’s threshold is
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typically higher than market investments because of the higher
likelihood that the benefits from an expenditure will not be
realized.

Early versions of the RPM keyed on the rate of defect
formation as the means to estimate future rail maintenance
costs. As further research quantified other maintenance prob-
lems, and therefore maintenance expenditures, they were in-
corporated into the model. The prediction of defects shows
that they can be expected to grow in number as the rail gets
older, meaning that annual maintenance expenses also grow.
Maintenance expense that grows as an item gets older is a
common occurrence but predicting the type of growth requires
research.

Rail defect formation was first used in the RPM to predict
future maintenance costs because maintenance-of-way engi-
neers began asking at what point it is more economical to
replace rail than to fix defective and broken rail. Many be-
lieved that defect formation may be an explosive situation,
resulting in defect occurrences over a period of a year or two
followed by dramatic growth to unacceptable levels. Analysis
of defect trends now shows that over a long period, defect
occurrences do grow, but rarely in an explosive manner. From
year to year, there may be wide variances in defect occur-
rences; an upswing in occurrence may make it appear as if the
defect growth were explosive. Figure 6 shows the number of
defect occurrences on a branchline for which a cascade anal-
ysis was performed.

Because defect occurrences may take a random pattern from
year to year, trend lines over several years are needed. Over-
laid on Figure 6 is an example trend line from which costs
associated with the defect occurrences can be assigned in each
year, representing the expected maintenance costs. Over the
years, the maintenance costs increase as the defect occurrences
increase. There is an optimal year when an out-of-face rail
relay is more economical than continued increased mainte-
nance costs. The RPM tests for the year in which the optimum
occurs, which is the year with the lowest NPV.

The NPV that will be referred to in the upcoming text
includes all predicted future rail maintenance costs plus the

costs of rail relay, adjusted for time. The time adjustment is the
discounting process described previously in which future costs
are reduced by the annual discount rate for each year into the
future in which they will occur. Rail relay costs are estimated
on the basis of the cost of rail; other track material (OTM);
labor associated with installation, including fringes; other
overhead; and project costs, such as rail welding and transpor-
tation. Rail maintenance costs hinge primarily on costs of
defects, although other costs, including tie and surfacing costs
and rail wear, have been experimented with in various versions
of the RPM. The RPM also includes tax effects in the calcula-
tions. Although no details will be given here, in past years the
tax effects reduced the theoretical cost to do maintenance and
relay rail by approximately 50 percent. This is mentioned
because NPV values may be quoted that will be significantly
below the cash outlay to relay rail.

RPM for Cascade Analysis

Cascade analysis was initiated at CSX when the economy of
rail relay on secondary lines was in question. Quite an expen-
diture is made to move rail from one site to another in order to
minimize new rail purchases. Several questions were asked—
for example, does a secondary line ever justify a rail relay, and
if it does, is it truly economical to cascade instead of buying
new rail? Earlier the RPM had been used to develop rail
section standards and guidelines for premium rail use at CSX.
Benefits of rail replacement extend many years into the future.
On the lighter-density lines, heavy modern sections, if laid
new, could be expected to last 50 years or more. Some results
of the RPM suggest that in certain branchline situations, a low-
maintenance CWR may never need a relay after installation;
instead, ongoing maintenance after a relay is the most
economical.

However, branchlines are rarely endowed with heavy, good-
quality rail that can be expected to last forever. Instead, many
have lightweight rail with poor joint conditions and other
maintenance problems. Use of the RPM allows an evaluation
as to when a rail replacement would be the most economical
from an investment point of view.

40
35 - ; )
Weibull Distribution
Fitted to Actual Defects
30
8]
o 25+
©
a
S 20
e
o)
2
E 15+
3
Z
10
5-
0 T

T
1977 1978 1979 1980 198t 1982 1983 1984 1985

Year

FIGURE 6 Rail defect trending.



The RPM was developed by looking at rail replacement on
high-density mainlines, typically with 20 MGT of traffic an-
nually. Despite this intent in its development, the model can be
used for lighter-density lines, and various versions have been
made to handle branch- or light-density lines. To properly
evaluate a lighter-density line, a longer time horizon to esti-
mate the life of the replacement rail is needed than for heavy-
density lines.

The typical reason for branchline relay is jointed rail bur-
dening the line with much more track maintenance costs than
welded rail. On lines with poor rail, more attention to main-
taining joints, such as tightening bolts and replacing bars;
decreased tie life in the joint areas; potentially more surfacing
costs; and potentially shorter surfacing cycles result in higher
maintenance costs. The RPM in the various analyses shows
that the higher maintenance costs associated with jointed rail
shorten the economic life of that rail.

Because rail has a long life, the time effects on expenditures
for maintenance have a very dramatic impact on the value rail
has for a particular site. In a heavy-density line with a high
level of defect occurrences, the value of rail could be as low as
that of scrap. But by transferring that rail to a site that has a
fraction of the traffic of a heavy-density line, defect occur-
rences can also be expected to lessen. Defect occurrences are
expected to go down on an annual basis because they occur as
a direct result of use. If a branchline is close to justifying new
rail, it most likely can afford to pay a reduced price for
secondhand rail that can cut out most of the maintenance costs
of the existing rail.

To perform the cascade analysis with the RPM, two track
sites need to be chosen that will be rail relay candidates in the
next couple of years. One site should be a new rail site, where
the service requirements call for the best materials. The other
site should be a branchline site, in which it seems logical to
use secondhand materials.

At CSX, a special version of the RPM was developed to
analyze cascade economics. In that version, an economic anal-
ysis is done first on the heavy-density line that is used as the
new rail site. The model is run assuming that the rail in track
will stay there until it is considered scrap for that site. This is a
key assumption for valuing the rail during the years before it is
considered scrap.

Cholce of Cascade Sites

As discussed earlier, the further into the future that money is
needed, the less money today that has to be saved to cover the
future expense. For rail, the cost to relay is a large component
of the total cost and one that occurs all at once. If the rail relay
cost occurs over the next couple of years, it will be the major
component of the NPV; the other major component is the
annual maintenance cost. On the other hand, if the best time to
relay rail is decades in the future, the NPV component for the
relay will be relatively small.

This means that when the NPVs for various sites are consid-
ered, those sites with relays in the current or next few years
will have the largest NPVs, whereas the sites with relays
deferred for several years will have lower NPVs. Taking that
analogy a little further, when one site is analyzed, the NPV the
year after the relay will be the lowest, because the rail relay is
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a past expenditure, which is not included in future costs. On
the other hand, in the year of relay, the NPV will be the
highest, because cash is needed immediately to fund the
project.

When evaluating a site in which new rail is being consid-
ered, the larger railroads will hope to use the released rail on
lighter-density lines, or possibly to sell the rail. The question
then arises as to the value that the rail needs to make it worth
removing before it is scrap. This value of rail can either be its
sale price or its internal value for cascade purposes.

The RPM was used to produce various sale prices of rail in
the years preceding the optimal year of relay, when the rail is
considered scrap. The analysis consists of calculating the NPV
to relay the rail this year (no consideration for the optimal time
for relay) and that for rail relay in the optimal year. If the
optimal year is in the future, the NPV to relay in the current
year must be lowered to match the NPV of the optimal year, or
there will be an economic loss. To do this, it is assumed that
the rail is worth more than scrap and that the extra value above
scrap will be treated as a credit against the relay, lowering the
NPV. A calculation is made to determine how much extra
value the rail has to contain to equal the optimal NPV. This
procedure then assumes that because the NPV for relay this
year and the optimal year are the same, the railroad is indif-
ferent to relay timing.

The extra value calculated to bring an NPV down to the
optimal NPV is prorated over the tons of rail that would be
removed from track. This proration is added to the scrap value
of the rail to arrive at a price per ton that the railroad needs to
realize to make the relay worthwhile. Figure 5 shows the
selling price, which is the value the railroad needs to get for
rail, at the various poinis during the rail life.

Because installation costs are included in the rail relay
analysis, the railroad will have to get more money for recently
replaced rail than the price of the material alone. This reflects
the cost of undoing work recently completed. Obviously, dur-
ing the period of time that the railroad would need to sell the
rail for more than the cost of new rail, there is no reason to
expect that rail to be relayed for cascading. Once the selling
price of the rail becomes less than the cost of new rail, the rail
can be considered available for cascade. As a practical matter,
most railroads probably would not consider rail available for
relay until its selling price was significantly less than the value
of new rail.

It must be kept in mind that the value of rail at one site can
be different than the value of identical rail at another site. The
purpose of cascading is to reduce total costs of relay and
maintenance. The special CSX version of the RPM used in the
cascade analysis can produce a table of rail selling prices from
the new rail site and read them into an analysis for a
branchline. This was done for one example to see whether
there are economies of cascading. The result showed a consid-
erable drop in NPV for rail maintenance of the two sites
together when rail was cascaded from one site to another site.
The alternative tested was new rail at both sites.

Example of Cascade Analysis

The RPM used actual data from both sites to estimate the
expected maintenance costs in the future. The new rail site was
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a high-speed line carrying several passenger and piggyback
trains a day, plus a2 medium to heavy volume of other traffic,
for a total of 43 MGT per year. The track consisted of rela-
tively old welded rail with over 600 MGT of traffic on it. Its
defect rate was still low—Iess than one defect per mile per
year—with little evidence that the rate would suddenly grow.
This site was considered for relay with the idea of producing
good quality relay rail and with a concemn over future prob-
lems with oxyacetylene welds. Otherwise, relay of the line
would not have made good sense economically.

The branchline considered handled about 12 MGT a year of
traffic; a good portion of that was unit coal trains. This line had
100-1b jointed control-cooled rail. The defect rate was rising
on the line, and tie and surfacing work were on short cycles
because of joint conditions. Maintenance levels on the line
were relatively high and were expected to continue to grow.

On the branchline, the RPM was used to see whether the site
could support a rail relay. The analysis showed that a new rail
relay program would be justified in about S years, This anal-
ysis confirmed that expected maintenance costs were too high
to expect to maintain the line without rail replacement. The
NPV of relaying the branchline was noted, and a second
analysis feeding the used rail characteristics from the new rail
site was used. In this analysis, it was assumed that the year the
rail was removed from the new rail line would be the year that
it was laid in the light-density line. This means that the cost to
the branchline to buy the rail would to down each year that it
waited to buy it, because the rail’s selling price would fall
every year on the new rail site.

When this analysis was done, the optimal time for relay was
still about S years into the future, but the NPV of this strategy
was noticeably below that of the first strategy, as shown in
Figure 7. Although it may be surprising that the time of the
relay was coincidentally in the same year instead of earlier, it
must be remembered that over time the selling price of the
relay rail is going down faster than the rise in maintenance
costs on the branchline. There does come a point when the rise
in maintenance costs exceeds the drop in price of the rail,
which is the point at which the cascade should be performed.

Timing

To further demonstrate that cascading can be beneficial, more
work was done with the CSX version of the RPM to see what
value should be placed on relay rail available for branchline
use. Because the relay rail gets more use at its original site, its
value on the branch site falls. The “buy” line in Figure 8
illustrates this concept. During the years in which the selling
price exceeds the buying price, cascading relay rail to the
branchline site would not be economical. In this example, after
500 MGT, there does come a point when the branchline
buying price and the new-rail selling price are equal. Then for
the following several years, a gap develops, because the
branchline buying price exceeds the new-rail selling price.
Eventually, the rail can be expected to require so much mainte-
nance, even on the branchline, that it will be considered scrap,
at which point it does not pay to cascade it. Figure 8 shows this
point being reached at about 1,500 MGT.

Theoretically, the most beneficial time for the railroad to
cascade is when the difference between the branch site’s
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FIGURE 7 Rail cascade cost example.

buying price and the new-rail site’s selling price is the max-
imum. In Figure 8 the maximum buy-sell differential appears
to be between 1,000 and 1,200 MGT. A precise mathematical
solution is possible but has not yet been incorporated into the
model.

An explanation is in order for why rail can have a higher
value for a branchline than a higher-density mainline. The
NPV calculation by the RPM includes both maintenance and
relay costs. Because a time discount is made for a future cost,
transferring rail with relatively high maintenance to a light-
density line will lower the use-related annual maintenance
costs substantially. For example, if rail is transferred from a
25-MGT line to a 5-MGT line (i.e., the traffic falls 80 percent),
as shown in Figure 2, the annual maintenance levels are
expected to decrease 80 percent. Likewise, the future increase
in maintenance costs related to use on the branchline will be
expected to be 20 percent of the high-density line costs. With
these assumptions, the rail-related maintenance costs expected
in one year on the high-density line would now be spread over
5 years on the branchline. The NPV of the costs spread over 5
years is significantly less than if they occurred in the current
year. As a result the maintenance component of the RPM NPV
substantially drops. When the maintenance component of
NPV falls, the value of the rail for use on the branchline rises.

Other Considerations

The preceding discussion describing cost impacts of cascading
reveals that there are significant economies. A major assump-
tion underlying this analysis is that the branchline receiving
cascaded rail is expected to be operated for many years into
the future. In the railroad environment today where many are
downsizing, the possibility of divestiture of a branchline may
preclude it from having a rail relay performed. Because newly
formed carriers enjoy reduced unit labor costs, improved labor
productivity, or government-sponsored funds, or all three, it
may be more efficient to have them perform the work. If the
Class I railroad did the work before the sale, the selling price
added to the property might not recoup the expenditure.
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RPM ON BRANCHLINE CASES

Analysts looking at the economics of branchline relays may
lack hard data on the source of the rail to be used. In the case
of a shortline, the rail may have been purchased from another
railroad or supplier. It may have been part of the inventory
when the property was purchased. In these cases, cascade
analysis is not relevant and the RPM can be used to evaluate
the potential relay site directly. The analyst will often be

without hard data for some key inputs, but this does not mean
that all is lost.

Areas of High Sensitivity in RPM

Fortunately there is help available for the analyst by using the
RPM (6). Table 3 gives input parameters with their corre-
sponding degrees of sensitivity. The degree of sensitivity is a
measure of the impact on the output (results) of a change in a
particular input.

Branchlines represent an interesting challenge for choosing
a discount rate. The default value in RPM is established near
the industrywide cost of capital. Applying this to projects of
low to average risk in the rail industry, such as new rail relays,
is acceptable. Applying it to branchlines may be dangerous
unless other provisions for risk are made. Relays on mainlines
have little risk because the commodities carried are diverse.
On branchlines, the cargo may be limited to only a few
customers or a few commodities. There is a much greater
chance of a radical change that could render the anticipated
benefits of the rail replacement useless. Financial experts
should be consulted, but a one- or two-point increase in the
discount rate would be acceptable if no other information is
available.

An alternative approach to hiking the discount rate would
be to use high and low estimates for traffic or benefit levels so
that the results of a major change could be anticipated. As
mentioned elsewhere, the same approach to estimating the

fatigue history of the rail should be taken where hard data are
not available.

Not shown in Table 3 but discussed in a previous section is
the input price of rail. The methods outlined provide a frame-
work for estimating the value of rail that yields a wide varia-
tion in prices depending on the rail quality and intended use.
First cost has significant impact in a discounted cash flow, and

therefore input rail values are also highly sensitive.

If rail to be used for relay has a known defect and tonnage
history, the Weibull parameters can be determined for use in
the RPM either through graphic plotting or use of a computer
model such as WIBPAC (7). If the history is not known, then

several options are open:

1. Expert opinion: If the analyst is familiar with Weibull
parameters from rail defect data, a reasonable range of values
may be estimated based on the type of rail, age, wheel load
history (if available), and wear. Weibull slopes typically range
between 2.0 and 4.0, with the average slightly above 3. The
characteristic life ranges from 500 MGT to over 3,000 MGT,
with an average near 1,500 MGT. In general, the more inferior
the design and chemistry, the higher the slope and the lower
the characteristic life. Inferior track support conditions would
also result in higher slopes and lower characteristic lives. A
“best case—worst case” approach should be considered.

TABLE 3 RPM PARAMETER SENSITIVITY

Relative
Category Parameter Sensitivity
Economic Discount rate High
Derailment cost Medium
Depreciation method Medium
Defect repair cost Low
Gang costs Low
Engineering Weibull slope High
Characteristic life Medium
Inspection reliability Medium
Traffic Tonnage rate Medium
Previous tonnage Medium
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2. Use of similar type rail where data are available would
certainly provide an estimating vehicle; care would have to be
taken to ensure that any differences in past use were consid-
ered. Again, a range of values should be used.

3. If only recent tonnage and defect histories are available,
a regression on the defect rate per million gross tons could be
attempted. Making better predictions in this case is a current
priority of the Rail Working Group of AAR’s Track Mainte-
nance Research Committee.

4. The Rail Working Group, in conjunction with a research
team from George Washington University, has developed a
Bayesian model that will predict future defect probabilities if
some recent tonnage history and defect information are
known. An alternative model has also been developed by the
Santa Fe Railroad.

Defect records should be examined closely to determine
whether it is appropriate to include all data in an analysis. If
rail with a history of weld failures were to be rewelded and
laid in a branchline, the weld failure history should be ex-
cluded from future projections. If rail with a history of joint
failures is cropped, welded, and relayed, future projections
should not be made with historical joint failure data.

A second problem arises in making defect projections on
lines with very high failure rates. The Weibull distribution
assumes that a rail can fail only once (no multiple defects) and
that it is removed from the population upon failure. Inspection
and detection of cracked or broken rails lead to the introduc-
tion of replacement rails. Often no history of these rails is
known. In time, these rails may also fail, but to lump their
statistics with those of the original rail is technically incorrect.
The RPM assumes that replacement rails have a use history
similar to that of the original rail. In a main track, this may be a
valid assumption because there is usually a conscientious
attempt to match wear patterns. On branch tracks, especially
lower-tonnage ones, this assumption is tenuous at best. The
failure history must be closely scrutinized. Perhaps a regres-
sion would give a better explanation of future trends than a
Weibull plot, especially if there has been a high failure rate for
an extended period of time.

Other Areas of Concern

The RPM contains a matrix of cost savings for replacing joints
with CWR. The pretax savings for branchlines discounted at 6
percent are approximately $14,000 for 1 track-mi. Moreover,
the timing of these savings is spread evenly over the future
years. This matrix was designed as an average case, which
may well understate the condition of some deteriorated
branchline rail.

Not only the rail can cause maintenance headaches, but the
other fittings as well. Many lighter weights of rail have joint
bars that are obsolete in design. Skirted bars with spike
notches cut out are especially famous for quarter cracks. If the
spike holes have been used, poor anchorage will often result in
severe cocking of and damage to the joint ties. If the rail does
run and these spike holes are not used, the bars often hit spikes
of an adjacent tie with similar results.

With poor anchorage, there is increasing risk of pull-aparts,
broken center bars, and chipped rail ends. The joints them-
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selves are often mechanically womn, making it impossible to
keep them tight. The surface deteriorates as a result of poor
joint conditions.

Tieplates are often of the small, single-shoulder variety that
have inadequate bearing arca. This type of tieplate tends to
rotate, causing an irregular gauge. Small plates have also been
known to curl up under heavy axle loads, which accelerates tie
deterioration.

Unless rail support is reasonably well maintained, light-
weight sections are prone to becoming surface bent, including
in the lateral direction. Often this accentuates rock and roll,
not to mention gauge problems.

The deterioration mechanisms described here result in track
that will not dependably support regular use, especially where
heavily loaded equipment is involved.

In the long term, maintaining such a line would likely result
in escalating costs. There may even be cases where repair
material is no longer available from internal stocks and must
be purchased. Maintenance savings from 10 to 50 percent
higher than those calculated by the RPM are possible on
branch and industry track with extremely poor rail. It is even
possible that derailments other than those due to broken rails
will be saved by relay. A future modification of the RPM will
permit the user to identify site-specific problems. Currently it
is recommended that the analyst consider those items not
included in the model in a separate analysis.

Derailment costs are shown (Table 3) to be of medium
sensitivity. They are based on experience with averages. Al-
though average costs are used in the model, the deviation from
average is considerable, and railway management tends to be
averse to risk as a result. The concem over expensive mainline
accidents raises the sensitivity of this variable for those territo-
ries. On branchlines, incidents tend to be much less costly and
the analysis therefore is less sensitive. Site-specific traffic
should be considered for relay analyses, however, because
there are branchlines that carry high volumes of chemicals and
other potentially dangerous commodities. On very light ton-
nage lines, the number of derailments may be a more impor-
tant factor than average expense. In that case the default value
for the probability of a derailment given a rail failure may
need to be changed.

The RPM does not include any savings for transportation.
Under normal conditions, work rules do not permit running-
time reductions to be turned into hard dollar savings. The
branchline (or shortline) case may be an exception. Raising
speeds from 10 or 25 mph to 25 or 40 mph may well result in
productivity gains if local schedules can be rearranged. For
example, a 10-mi branchline will take more than 2 hr to serve
at FRA Class 1. Improving the running speed to 25 mph would
cut the service time in half because of over-the-road move-
ment. Reliability of service could be important to any carrier.

User’s Guide to RPM

As noted earlier, the prospective analyst can obtain the RPM
User’s Manual (6). By so doing, inputs to RPM can be re-
searched ahead of time. Some of the inputs assume that
welded rail will be installed, but jointed rail can also be
handled. A shortline is likely to be in a better position to
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estimate costs than a large carrier. Current default values are
more pertinent to large railroads.

CONCLUSION

The RPM provides the basic economic framework for evaluat-
ing branchline rail relays. Although special programming im-
proves the productivity of these analyses, the standard version
available from the AAR Research and Test Department is
entirely adequate for the job.

The RPM can handle branchline analysis as part of a cas-
cade program or as a stand-alone. Rail values must be care-
fully thought out in the stand-alone case.

For railroads with the proper variation in line use, cascading
has been demonstrated to provide substantial benefits com-
pared with a strategy of relaying only new rail. This finding
affirms what maintenance engineers have believed and prac-
ticed for years. The model goes on, however, to provide a
means of ranking expenditures and making more nearly opti-
mal-relay decisions.

Several input items to the RPM need careful consideration
because of their sensitivity. One of these is the price or value
of rail, especially relay rail. The RPM is capable of valuing
rail if adequate history of use is available. Market value and
alternative use provide other avenues if insufficient history
exists.

Interest (discount) rates or traffic type and volume, or both,
need to be considered as a package because of potential large
variations in actual benefits from those projected within the
RPM framework. Higher discount rates can be used to reduce
uncertainty. Using input ranges instead of single values for
sensitive variables will alsc accomplish the task.
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Finally, branchline relays may involve benefits above and
beyond those calculated directly by the RPM. Lines that have
suffered from extremely poor rail conditions are likely to show
benefits exceeding those predicted by using default values in
the model.

It is apparent from working with the RPM that those rail-
roads with efficient records of traffic, rail defect data, and
maintenance costs will find themselves in an enhanced posi-
tion to take advantage of its capabilities. In an increasingly
competitive environment, those firms with the best decision-
making apparatus will be the survivors.
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Fatigue Analysis of the Effects of Wheel

Load on Rail Life

R. K. STEELE AND M. W. JOERMS

To obtain a proper assessment of wheel-load effects on rail
fatigue life, both crack initiation and growth behavior must be
considered. In order to do this, a small-crack growth model
has been added to the three-dimensional initiation model
PHOENIX. The combined model appears to make reasonable
predictions in general agreement with observations from the
Facility for Accelerated Service Testing (FAST). Exercise of
the model suggests that modest increases in wear rate tend to
lengthen crack initiation life but slightly shorten crack growth
life. Total fatigue life (to 20 percent transverse defect) has
been found to be approximately proportional to wheel load
raised to the power of —2. If strong tensile stresses exist in the
rail, fatigue life can be shortened greatly. However, the wheel-
load dependency would be reduced somewhat (power of —1.5).
The ramifications of introducing many heavier wheel loads
are expected to be (a) a higher ratio of service failures to
detected defects due to more rapid crack growth and (b) a
larger number of detected defects. The ensuing loss of rail
integrity can be balanced by taking a number of steps, includ-
ing utilizing premium rail metallurgies with a more conformal
contact profile, programming grinding to simulate wear, and
adopting a rail performance approach to nondestructive in-
spection. In this approach actual detected defect and service
failure experience acts to control inspection strategy.

The continuing thrust of railroad operations toward heavier
wheel loads calls into question the ability of rail to resist the
heavier loads. A proper understanding of the effects of heavier
wheel loads on rail performance cannot be obtained without
consideration of other factors such as wheel-rail profile, im-
proved strength and cleanliness of rail steel, and wear, that is,
grinding.

The fatigue defect [shell/transverse defect (TD)], which
forms internally within the rail head under the influence of the
contact and residual stresses, is particularly amenable to fa-
tigue analysis. Furthermore, some reliable experimental data
(1) are available by which to gauge the correctness of a fatigue
analysis. For these reasons and because the shell/TD has a
high likelihood of causing a service failure with appreciable
derailment potential (2), this paper will focus on that defect
system.

As in all fatigue analyses, some caution must be exercised
in defining fatigue life. Fatigue failures are characterized by a
life distribution rather than by a single “life.” Thus, the
percentile of the population failed must be specified when life
is calculated. Also, because of uncertainties about actual en-
vironmental conditions (i.e., loading, support, material), the
fatigue analysis is more suited to illustrating expected trends in
behavior than providing exact life estimates.

Association of American Railroads Technical Center, 3140 South
Federal Street, Chicago, Ill. 60616.

BACKGROUND

Fatigue fractures are frequently viewed as involving two pro-
cesses: (a) initiation and (b) growth. During the initiation
phase, the material is considered to remain ‘‘sound” (without a
recognizable crack) until a crack opens within some small
microstructural entity such as an individual metal grain.
Growth processes then enlarge the crack, eventually to the
point at which structural failure may occur.

The development of fatigue cracks in rail under the influ-
ence of wheel and rail contact stresses has been modeled by
Chipperfield and Blickblau (3), Leis and Rice (4), Zarembski
(5), and Lieurade et al. (6), among others.

The approach utilized by Chipperfield and Blickblau is
based on opening and shear mode linear elastic fracture me-
chanics. They do not incorporate into their calculation those
residual stresses that can exist within the rail. Their analysis
predicts that a shell will initiate at approximately one-half the
depth at which shells actually develop (i.e., !/+ to /s in.). The
analysis does, however, predict the correct size for the shell
(10 mm) when the TD first appears. However, they do not
address the issue of why some shells do not turn into TDs.

The analyses of Leis and Rice and of Lieurade et al. are
based on calculations of equivalent strain range determined
from three-dimensional stresses, including the service-induced
residual stresses. Neither analysis appears to treat growth of
the shell or development of the TD. Both appear to predict
shell occurrence at approximately the correct depth.

Even though the analyses appear to be similar in nature,
each suggests a very different estimate of wheel-load depend-
ence. The Leis-Rice analysis suggests that a 50 percent in-
crease in wheel load will produce about a 50 percent decrease
in life when measured in million gross tons (MGT), with no
residual stresses considered or about a 23 percent decrease in
life if observed service-induced residual stresses are included.
On the other hand, Lieurade et al. state that “service life can
be reduced by a factor of 1,000 when py/k (contact stress/yield
strength) changes from 4.5 to 6, a 33 percent increase in
contact stress. Usually Hertzian contact stress is proportional
to wheel load raised to about the one-third power (7), so a 33
percent increase in pressure is approximately the equivalent of
a 135 percent increase in wheel load. It is not clear whether the
factor of 1,000 applies to cycles of loading or to MGT as the
units of service exposure. On the basis of very limited revenue
service data from sites that are not necessarily equivalent (7),
the Leis-Rice estimate appears somewhat low and the
Lieurade et al. estimate, very high.

Rather interestingly, the approach used by Zarembski also
predicts a high dependency of rail life on wheel load, similar
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in fact to that reported by Lieurade et al. However, the
Zarembski method uses only uniaxial stresses and ignores the
three-dimensional nature of contact stress. Furthermore, it
does not incorporate the service-induced residual stresses, and
therefore predicts maximum fatigue damage to occur at the
rail head running surface rather than internally, where shells
are actually observed to form.

Yet the computational approach used by Zarembski is sim-
ple in concept and straightforward in operation, which allows
high computational efficiency. Thus, over the course of the last
4 years, both the Association of American Railroads (AAR)
and the Transportation Systems Center (TSC) of the U.S.
Department of Transportation have modified this approach to
incorporate three-dimensional stresses, including service-
induced residual stresses. Perlman et al. and Steele have de-
scribed the results of exercising both versions of the model.
The AAR version is called PHOENIX; its computational ap-
proach is described in the appendix.

FATIGUE MODEL

PHOENIX is primarily a crack initiation model that uses the
following stress systems:

1. Contact stresses calculated for Hertzian contact without
the presence of surface (ractions;

2. Three-dimensional residual stresses, specifically those
found experimentally by Schilling and Blake (10) to be typical
[similar residual stress distributions, reported by Groom (11),
are shown in Figure 1];

3. Uniaxial beam bending stresses and head-on-web
(HOW) bending stresses (12); and

4, Uniaxial stresses caused by the deviation of the rail
temperature from the neutral temperature or by rail creep.

The basic rail steel fatigue characteristics are those reported
by Fowler (13) in the form of constant stress amplitude or life
(i.e., S/N) data. The fact that many tests were run at each stress
amplitude level allows an estimation of the S/N relationships at
a number of life percentiles. The reaggregation of all of
Fowler’s longitudinal S/N data is shown in Figure 2.

The rail surface region becomes work hardened under re-
peated action of passing wheels, which also improves fatigue
resistance (/4). The model has been modified to accept the
variation of hardness from the running surface inward and to
pick appropriate fatigue (S/N) characteristics to use at each
level of hardness.

Wear (or grinding) can be simulated by the computational
removal of surface material while the work-hardening and
residual-stress gradients remain fixed with respect to the cur-
rent surface. This simulation is valid when the rate of wear is
small compared with the rate at which the surface work-
hardens. Typically this is done incrementally at 10-MGT inter-
vals during damage calculation.

PHOENIX calculates the service exposure in MGT to pro-
duce the very first manifestation of a fatigue crack (shell)
beneath the running surface of the rail. This first manifestation
would not be observable, however, except by fortuitous de-
structive sectioning right at the point of initiation. At the stress
levels at which initiation is calculated to occur, the life to
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macroscopic crack initiation would be expected (15) to be a
large part (perhaps 90 to 95 percent) of total life. Thus initia-
tion life alone may, in most cases, be adequate for engineering
estimates.

However, when an estimate of structural integrity is sought,
some knowledge of the likelihood of finding the defect must
enter into consideration. Because the ability to find a defect
nondestructively depends on the size of the defect, the growth
behavior needs to be established.

The growth of the shell and its subsequent tuming into a TD
have been treated analytically by Hearle and Johnson (/6) and
by Farris et al. (7, 18). However, the rigorous computation is
far too complex to be incorporated into PHOENIX at this time.
Thus, a simpler, interim modeling approach treating TD
growth alone has been developed, which is compared in Fig-
ure 3 with actual growth. This approach makes the tacit

RUNNING SURFACE RUNNING SURFACE

TSI 3 & ; N
Shell

? Shell gJ__.

X Onigin ¥ _lmm, T

Shall ; 1 18enen

Origin «—TD
REALITY MODEL

FIGURE 3 TD growth from shell versus modeled
growth.

assumption that the period of shell growth before the develop-
ment of a TD (1 mm in radius) is small compared with the total
service exposure life and can be neglected in making engineer-
ing judgments.

Following from the work of Orringer et al. (19), the growth
relationship has been taken as

daJdN = C AK"/(1 - R) (1)

Shell Plane (
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where

daldN = crack growth rate,

crack radius,

cycles of loading,

1071 in./cycle,

= stress ratio (minimum stress divided by
maximum stress),

n = slope of logarithmic plot of da/dN versus

= AOZa
I

AK, and
AK%e = effective stress intensity range,
AKT = (AKE + AKH? )

where the subscripts I and II refer to the crack opening and
vertical shear modes, respectively. The incorporation of a
shear contribution into the growth analysis was necessary
because early trials of the growth model using only the open-
ing mode stress intensity revealed growth periods far longer
than observed to be reasonable. The limitations of blending
opening and shear modes, specifically as shown in Equation 2,
have been discussed by Besuner (20).

In the analysis, the TD is treated as a penny-shaped crack
embedded in an infinite solid so that the relationship between
stress intensity and stress and crack radius is simply

AK g = 1.13A0 4 (a)? 3)

Strictly speaking, Equation 3 is not the correct formulation,
because the transverse crack does not grow in a self-similar
fashion, that is, retaining its circular shape, by the same radial
growth from its origin in all directions. The non-self-similar
growth behavior is shown in Figure 4 (21). This asymmetry of
growth results from the difference between the steady (re-
sidual) stresses above the defect origin (compression) and
those below it (tension). Nevertheless, the lower portion of the
crack front remains approximately circular and is centered on
the TD origin (at the shell) for crack sizes up to approximately
10 to 15 percent of the rail head cross-sectional area. However,

FIGURE 4 TD originating from a shell, showing progressive growth rings.
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the area of the TD is generally about 60 percent that of a circle
whose radius extends from the TD origin to the lower crack
front.

The Mode I live (varying) stresses result from beam bend-
ing, HOW bending, temperature variation, and downgrade rail
creep (caused by train braking and tractive effort in climbing
grades) along the track. Beam bending is calculated for a rail
supported on a continuous foundation such that as a wheel
passes, the rail head at a specific point will experience about
five times the stress in compression than the maximum that
will occur in tension (reverse bending). Maximum reverse
bending occurs when the wheel is approximately 5 ft from the
point of maximum compression flexural stress. The HOW
stresses are calculated for the rail head acting as an indepen-
dent beam supported continuously by the web of the rail. They
are superimposed on the beam-bending stresses, tending to
produce a tension peak at the bottom of the rail head when the
wheel is directly above (Figure 5). Their effect is most acute
when the track structure is stiff.

Experimentar

Microstrain

FIGURE S Head-on-web bending strains for
rail on stiff track.

The Mode II stresses result from beam shear (maximum at
the neutral axis of the rail), HOW shear (maximum approx-
imately at the mid-height of the rail head), and contact shear,
which reaches its maximum, in the absence of surface trac-
tions, approximately 0.1 to 0.15 in. beneath the surface. In
calculation of the HOW shear, the head is treated as a beam
supported across its entire width when in reality it is supported
only over the central third of its width. Thus, the HOW shear
stress contribution may be overemphasized. The relationship
of the bending-induced shears is shown in Figure 6. Inter-
estingly, below the depth of maximum contact shear (0.1 to
0.15 in.), the contact shear amplitude is approximately 27
percent of the vertical (compression) stress at each point (7).
This relationship has been used to simplify the calculation. All
shear stresses are treated as being fully reversed and are added
algebraically together.
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distribution.

The calculation of the growth curve proceeds incrementally
from the integrated form of Equation 1, that is,

af = a,-//[aiC'(l.l'.’) AO’eff)"AN + 1] (4)
where

C = C[1-R)

a,a; = crack radii at the beginning and end of
interval AN, respectively; and
AN = number of cycles of loading for each block

of the load spectra.

As the crack grows into regions of different stress, the level
of stress is adjusted to be that calculated to exist at the position
of the crack tip as if no crack actually existed there.

The crack growth characteristics of rail steel are taken to be
those described by Scutti (22); they are shown in Figure 7.
Although the typical slope n of the data trend is near 4, some
variation is apparent.

RESULTS

Before a look at the combined effects of shell initiation and
transverse crack growth, the predictions of the crack growth
model need to be examined for agreement with observed crack
growth behavior. Regrettably, the only known growth informa-
tion for small TDs (from a few percent up to 10 to 15 percent)
is that reported (I) for a defect in a 4-degree curve at the
Facility for Accelerated Service Testing (FAST). Failure of the
rail occurred late in a rather cold February, suggesting the
presence of thermal tension stress.

To model this behavior, the following conditions have been
specified as inputs into both the initiation and growth parts of



Steele and Joerms

10!

Crack Growth Rate. da dN. in cycle

L4

Lt

20

Stress Intensity, AK, ksi-in"?

50 5o 70 go 99 100
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(22).

the model (the initiation model is used to locate the depth of

the origin of the TD):

Rail section: 115 1b/yd;
Track stiffness p: 5,000 psi;

Wheel load (average): 32.2 kips [32.2 kips is the vectorial
sum of the typical average FAST wheel load (30.3 kips) and a

typical lateral load (11 kips)];
Load spectra: FAST type;
Wheel diameter: 36 in.;
Rail crown radius: S in., 20 in.;
S/N characteristics: reaggregated,;
Life percentile: Sth;
Residual stresses: standard (Figure 8);
Thermal stresses: 0, +15 ksi.

Before examination of the results of the parametric exercise,
a few words are necessary about the variation in rail crown
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radius. When wheels run on rail in tangent track, the contact
zone on new rail is generally near the center of the rail head,
just slightly to the gage side. At that position the worn rail
crown radius is about 20 in. (23). However, when the rail is in
a curve, the wheel ‘“‘footprint” extends all the way from the
gage face to about one-half the distance from the center to the
field side of the rail head (Figure 9). Thus, it is not clear what
crown radius should be used in the analysis. Over the shell
defect, the radius of curvature of the worn rail varies continu-
ously from less than an inch to about 20 in. near the center of
the rail head (Figure 10).

Nor is it clear how much of the vertical wheel load is
partitioned from the ball of the rail to the gage face. Curving
model analysis (23) for the FAST wom-wheel and worn-rail
profiles suggests that under unlubricated conditions nearly 50
percent of the vertical load can be carried on the gage face.
Under lubricated conditions, this is calculated to drop to about
35 percent. This pattern is shown in Figure 11.

Yet another concern is that PHOENIX makes the contact
stress calculation for the crossed cylinder contact configura-
tion (wheel profile radius = o). However, the worn wheel
rolling on the worn rail represents a more conformal situation.
For this case, the wheel profile radius at the point of contact
typically is not infinity but more nearly about S in. greater than
the rail profile radius at that point (24, 25). Thus, a large
number of different wheel and rail profile contact arrange-
ments could produce the same contact stress. This is shown in
Figure 12, which has been prepared from the work of Kumar
and Singh (26) for a 36-in. diameter wheel. Here a 5-in. rail
profile crown radius in contact with a 10-in. wheel profile
radius yields a contact stress of about 200 ksi (33-kip wheel
load). The same contact stress could be achieved with an
approximately 9-in. rail crown radius in contact with a 35-in.
wheel profile radius. The equivalent crossed cylinder config-
uration would have a 12-in. rail crown radius.

In recognition of all these uncertainties, the contact situation
for curving (with flanging) has been treated by including both
the 5- and the 20-in. rail crown radii in the calculations.
The results of these calculations are shown in Figures 13
and 14,
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Region believed to have

supported most of wheel load
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FIGURE 9 FAST failed rail (4-degree curve/gage face and tread).
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FIGURE 10 Variation of FAST worn rail crown radius of
curvature across gage side half of rail head.

With all shear stress contributions included and no thermal
stress, both the 5- and the 20-in. rail crown radii lead to
significantly shorter predicted crack growth lives than that
actually observed. However, if the model were to overempha-
size the contribution of the HOW shear, the two different
crown radii would cause the life prediction to bracket the
observed behavior; that is, with the 5-in. (crossed cylinder)
crown radius, the model predicts too short a life, whereas with
the 20-in. (crossed cylinder) crown radius, the model predicts
too long a life.

With the +15-ksi static stress included to represent the
likelihood that a thermal stress would occur in February, the
predicted growth behavior for the 20-in. crown radius (with no
load partitioning) is much closer to that observed. The thermal
stress does not have much of an effect until the defect radius

reaches 5 mm (20-in. crown radius) and 10 mm (5-in. crown
radius).

The initiation life and initiation depth also yield some clues
about the appropriateness of the predictions. As can be scen in
Figure 4, the depth of initiation was about 0.35 in. and the total
service exposure had been estimated to be about 180 MGT (7).
Remarkably, the 20-in. crown radius without HOW shear but
with a +15-ksi tensile thermal stress leads to an initiation-life
prediction of 174 MGT (total life = 220 MGT) and a depth of
initiation of 0.32 in.—which is not very far from what was
actually observed.

The same contact stress calculated to exist with a 20-in.
crown radius (crossed cylinders) could also result from an
8-in. crown radius in conformal contact with a 14-in. wheel
profile radius (Figure 12). The wear pattern and the head
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check-free zone about !/2 in. toward the gage face from the rail
head center (Figure 9) do suggest that this location was the
predominant wheel loading path. At that point, Figure 10
indicates that the rail crown radius should be near 6 to 7 in.

There remain uncertainties about (a) the actual load on that
path (how much is partitioned to the gage face), (b) the wheel
profile radius at contact, (c) the thermal stress level imposed
during initiation and growth, and (d) the actual fatigue charac-
teristics of the failed rail. Thus, in the remainder of the anal-
ysis to be described here, the HOW shears will be included to
provide a conservative estimate of crack growth behavior.

Figures 15 and 16 show the effect of track stiffness on crack
growth for a heavier rail section (136 1b/yd), again with the

components of shear stress turned off one at a time. When the
TD is small, the contact shear stresses have the dominant
effect. With all shear stresses operative, reducing the track
stiffness by a factor of 5 shortens the crack growth life at any
specified crack size by a factor of about 2.

The FAST Defect Initiation and Growth Experiment results
can also serve as a basis for checking the validity of the crack
growth calculations. Orringer et al. (19) have reported the
FAST growth behavior of a number of TDs transplanted from
revenue service into FAST tangent track. At small defect sizes
in the range of 10 to 20 percent, the area growth behavior
appears to be linear, ranging from a low near 0.25 percent/
MGT to a high near 1.3 percent/MGT. (A linear relationship of
defect area with MGT implies that for a circular defect, the
rate of crack front movement decreases with increasing MGT
as the defect becomes larger.) These 0.25- and 1.3-percent
slopes (converted to radial growth) are shown in Figure 16 at
11 percent defect size. They are arbitrarily positioned at 45
MGT to allow slope comparisons. The steeper of the two
slopes is very close to the slope of the calculated growth curve,
where contact and HOW shears at least are operative. This
encourages belief that the transverse crack growth computa-
tion method is appropriate.

Lest one become too confident of that, though, a significant
caveat must be noted: transverse crack growth behavior can
depend strongly on where the crack initiation part of the model
positions the “center” of the TD. Figure 17 shows what can
happen if the ultimate tensile strength used in the initiation
calculation is too low. Specifically, increased wheel load can
be calculated to initiate a shell at much greater depth (a
different position in the residual stress field) so that the crack
growth is actually less rapid. When initiation occurs at the
same (or only slightly different) depth, the heavier wheel loads
increase the rate of crack growth, shortening the growth period
by about 35 percent for the 18 percent increase in wheel load
from 33 to 39 kips.

Crack growth behavior is extremely sensitive to the value of
the power term »n (Equation 1). Although the typical value
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appears to be near 4 (Figure 7), some variation does occur.
Figure 18 shows the very large variation in crack growth
behavior that would be expected for relatively small variations
in the value of n.

The last two paragraphs have exemplified how much the
modeler of fatigue processes is at the mercy of his uncertainty
of material properties as well as of environmental
characteristics.

With these caveats in mind, initiation and growth can be
combined to examine quantitatively the trends to be expected

from variations in wheel load. Because most revenue service
track is less stiff than that at FAST, and to simulate a realistic
support environment leading to relatively rapid crack growth,
a track stiffness of 1,000 psi was selected. The life predictions
(both initiation and total life to 20 percent TD size) are shown
as a function of wear rate in Figure 19. The service lives
calculated here are based on a common residual stress pattern
(Figure 8) for all three wheel loads. In fact, that pattern and
magnitude of stresses would be a function of wheel load. A
rail subjected to only 19-kip wheel loads would be expected to
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behavior: p = 5,000 psi.

exhibit less plastic flow and therefore lower residual stress
levels with a less well-developed pattern. A rail exposed to
only 39-kip wheel loads would be expected to have a some-
what more pronounced residual stress pattern than that used in
the analysis as well as somewhat higher stress levels.
Increasing the wear rate is calculated to have two effects. It
tends to lengthen the initiation life; a flatter (larger-radius) rail
crown curvature tends to enhance the life benefit of an in-
creased wear rate (9). However, it tends to shorten the growth

life. The effects of the wear rate are more noticeable at the
lower wheel loads. Overall, the effect of increasing the wear
rate is to increase the total life. Considering initiation of the
shell alone, the effect of the wear rate on life is predicted to be
even more pronounced with higher-strength rail. This is shown
in Figure 20, which also shows that fatigue life improvement
attributable to the use of a high-premium rail will be expected
to be about a factor of 2 at zero wear rate. However, it will be
closer to a factor of 2.5 at a wear rate near 1.6 mm/100 MGT.
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The wheel-load dependence may be seen more clearly if the
data are plotted as shown in Figure 21. Here the total life to 20
percent TD size is given for both the standard residual stress
case and for the case in which a 15-ksi steady tension stress
has been imposed along the rail. The latter situation can
develop during a cold period or from the creep of rail down a
grade. A revenue service typical wear rate of | mm/100 MGT
was used in the calculation. In both cases, the following
relationship applies:

Service life (Sth percentile, MGT) o (wheel load)n &)

where m is —2 for the standard case. The 15-ksi tension has
reduced expected service life significantly (about 50 percent).
It also has reduced the value of m to —1.5, that is, it has
decreased the wheel-load dependence somewhat.

DISCUSSION

The combined initiation-and-growth model used here appears
to produce believable initiation-and-growth predictions, at
least on a comparative if not an absolute basis. The wheel-load
dependence predicted (m = —1.5 to —2) is in close agreement
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with an analysis of revenue service rail failure behavior made
by Steele and Reiff (7). Both of these predictions are then in
closer agreement with the predictions of Leis and Rice (4) than
with the calculations of Zarembski (5) and of Lieurade
et al. (6).

However, before the reader becomes too convinced of infal-
libility, he should be aware that the model also makes some
other predictions that may or may not be reasonable. Specifi-
cally, the initiation model interprets compression acting along
the rail as beneficial in prolonging shell initiation life. Thus,

YEARS AT 60 MGT/YR

FIGURE 22 Variation of detected defects and ratio of
service failures to detected defects with service exposure for
two different crack growth behaviors.

soft track and light rail sections are calculated to have slightly
longer initiation lives, with all other parameters (especially
crown radius) kept constant. There are some field defect data
(1), the exact wheel loadings and wear rates for which are not
really known, that suggest that lighter rail sections have poorer
rail head defect fatigue service lives. However, there are also
published rolling load test data (27) to suggest that the level of
flexural stress (and by inference rail section and track stiff-
ness) has little effect on shell initiation,

The ramifications of the projections of decreased rail fatigue
life made in this paper for heavier wheel loads will be felt most
keenly in the increased likelihood of service failure occur-
rence. The relationship between rail failure behavior and rail
integrity has been treated by Davis et al. (28). Specifically, the
effects of increased crack growth rate and higher initiation rate
have been considered, albeit separately. Were no other changes
to occur, reducing the crack growth period by 50 percent
would be expected to approximately double the ratio of
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service failures to detected defects. This is shown in Figure 22
for a 60-MGT/year line (17- to 19-kip wheel loads) with
inspections at 25-MGT intervals. Changing from all 17- to 19-
kip wheel loads to all 33-kip wheel loads (keeping crack
growth behavior fixed) would not alter the ratio of service
failures to detected defects (Figure 23) at a fixed inspection
interval. But the number of detected defects would increase by
a factor of 8 to 9 for a fixed inspeciion inierval of 10 MGT.
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The cost analysis performed by Moore (27) did not include
39-kip wheel loads, but examination of the differences in costs
between all 17- to 19-kip wheel loads and all 33-kip wheel
loads is enlightening. Figure 24 gives the calculated yearly
total system costs for 33- and 17- to 19-kip wheel loads. The
crack growth behavior used for the 33-kip wheel loads was
that shown by curve A in Figure 25. For 17- to 19-kip wheel
loads, the crack growth rate used was somewhat slower, re-
quiring 60 MGT instead of 45 MGT to reach 70 percent size.
This is not as slow as the fatigue analysis in this paper suggests
that it should be at the lower wheel loads. But the results are
appropriate enough to illustrate the large cost penalties for an
approximately 80 percent increase in wheel load.

Thus, the projections of this analysis and the analyses made
by Moore (27) suggest that significant increases in yearly total
system cost will occur with the introduction of large numbers
of heavier wheel loads, unless changes are made in any or all
of the following parameters:

e Rail metallurgy and running surface design,
¢ Rail maintenance practice (i.e., grinding), and
e Rail nondestructive inspection (NDI).

Improvements in rail metallurgy (rail with a Brinnell Hardness
Number of 300) and rail head manufactured profile may be
expected to provide very effective compensation for heavier
wheel loads (23). But their introduction may be slow because
of the substantial track mileage that would need to be replaced.
In contrast, rail grinding and NDI are practices easily applied
to in-track rail to preserve integrity. Grinding, which both
reconfigures the rail contact surface and simulates wear, can
alter the defect initiation Weibull parameters, especially in-
creasing the characteristic life, 8. The use of a rail performance
(i.e., rail integrity) guideline for rail defect inspection can
achieve lower total system cost through improved manage-
ment of existing inspection resources. As wheel loads increase
and cause more rapid crack growth, more sensitive inspection
techniques will offer significant cost advantage and will allow
the same level of integrity to be achieved under more adverse
conditions without increasing the number of rail inspections.
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SUMMARY

A means of performing transverse crack growth calculations
(1- to 18-mm radius) has been incorporated into the three-
dimensional fatigue initiation model PHOENIX. In order to
reproduce observed crack growth rates at small defect size, the
inclusion of a shear mode contribution to stress intensity has
been necessary. The complete model has been exercised for
conditions simulating the FAST environment, with results
close to those actually observed experimentally. Projections
made for revenue service conditions (softer track) suggest that
the influence of wheel loads on fatigue life is dependent
appreciably upon wear rate. Large tensile (thermal) stresses
reduce expected life significantly (about 50 percent).
Generally,

Service life (MGT) = (wheel load)™

where m is —1.5 to —2. Although heavier wheel loads can be
expected to reduce rail fatigue life, the problem can be man-
aged satisfactorily by improving rail metallurgy and design,
rail repair practice, rail inspection strategy, or all three.
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APPENDIX
PHOENIX—The Model

This appendix deals with the theoretical basis of the PHOE-
NIX model. Assumptions made by the model as well as
modeling limitations will also be discussed.

INTRODUCTION

PHOENIX is a computer simulation of rail fatigue life under
various operating conditions. It takes into account such factors
as rail size, wear rate, foundation modulus, and wheel size.
With the current stresses calculated and those input into the
model, PHOENIX predicts the initiation of internal defects
within the rail head where wheel and rail contact contributes to
that initiation.
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PHOENIX is designed to perform parametric studies of rail
fatigue behavior for diverse operating conditions. Because of
the statistical nature of fatigue analysis, it is impossible to
calculate absolute values for rail life, but relative comparisons
of different conditions can be obtained. The model can be run
on an IBM personal computer, although extensive parametric
studies should be performed on a larger machine. The model is
easy to use and can be customized for particular conditions
without reprogramming.

BACKGROUND

PHOENIX was designed to provide a more realistic analytical
description of the rail fatigue crack initiation process than has
been possible with the uniaxial model, RFLAP. The uniaxial
model predicts that fatigue crack initiation should occur at the
running surface of the rail, whereas rail head defects such as
shells and TDs from shells, vertical split heads, and compound
fractures actually initiate within the head well beneath the
running surface.

The uniaxial model was made to generate believable fatigue
life estimates by ignoring the short life calculations near the
surface and by arbitrarily selecting a depth that is typical of
shell formation. This approach is fundamentally flawed,
however, because the depth of shell initiation is a function of
the service history of the rail and of the inherent fatigue
resistance of the rail at the region of initiation.

The underlying difficulty with the uniaxial model is that it
ignores the important role of contact stresses in the transverse
and vertical dimensions and that it recognizes neither the
existence of a three-dimensional residual stress state nor its
variation with depth and position within the rail head.

The effective stress that induces plastic flow (and leads to
accumulation of fatigue initiation damage) is the octahedral
shear stress; this reaches a maximum well beneath the running
surface. Continuing progressive plastic flow will occur at and
directly below the running surface of the rail as a result of
repeated wheel passages if the wheel load exceeds some crit-
ical value (approximately 900 Ib/in. of wheel diameter in the
absence of externally imposed surface tractions). This plastic
flow generates an internal residual stress state that is highly
compressive near the surface but becomes tensile at greater
depths.

Typically, shells develop in the region just at the boundary
between the upper, plastically deformed, work-hardened re-
gion and the lower, undeformed base material. Therefore, the
fatigue crack initiation process must respond to the combined
action of varying three-dimensional stresses (both contact and
flexural) and the steady stresses [residual (resulting from mill
processing and service exposure), thermal, and the mean of the
varying stresses]. It is this response that PHOENIX seeks to
describe.

THEORY

The operation of PHOENIX is described in three parts: how
wear enters into the model, the computation and combination
of the three stress systems (flexural, residual, and contact), and

the prediction of crack initiation. Limitations and applications
of PHOENIX are discussed last.
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Time, Tonnage, and Wear

The progress of a PHOENIX simulation is controlled by
tonnage and wear rather than by time. Time does not enter into
the simulation. Because wear is not presently computed inter-
nally, the wear rate appropriate for the given load must be
specified by the user. Wear units are millimeters per 100 MGT.
The simulation also requires a tonnage increment, which spec-
ifies how often the wear and fatigue calculations are to be
made. This is normally set to 10 MGT, but can be changed. A
very high wear rate would require a smaller tonnage incre-
ment, whereas a very low wear rate (well lubricated rail) could
use a longer increment. If a tonnage increment is too long, loss
of accuracy may result; too short an increment will only
increase simulation time.

Evaluation Points

Stress and fatigue damage are evaluated at various depths
beneath the surface of the rail. In the standard configuration
there are 20 points, starting at the surface and spaced 1 mm
apart. These points are positioned relative to the initial rail
surface (at the start of the simulation) and do not move with
the current running surface. Because fatigue damage is com-
puted only at these points, there may be some granularity in
the results. If this proves to be a problem, more points may be
defined (up to 40 in this implementation) or the points may be
redistributed for better coverage of the depth of interest. Of
course, the more points, the longer the simulation will take to
run.

Residual Stress

The triaxial residual stress field is derived from data obtained
experimentally from sample rails. It is internally modelled as a
cubic equation. A scale factor and a bias may be applied. The
bias (or offset) may be used to simulate expansion or contrac-
tion due to temperature changes. Because strain hardening is
assumed to occur much faster than wear as the current running
surface recedes, the entire residual stress field moves with it. It
is important to note that the residual stress calculation is very
empirical and is based on a small amount of data. Residual
stress fields found in rails in service can be expected to vary
substantially.

Contact Stress

Contact stresses are calculated using Hertzian contact, which
implies the absence of surface tractions within the wheel-rail
contact patch. Both the “crossed cylinder” and line contact
configurations can be used. The crossed cylinder configuration
is appropriate for a contact between a new wheel and new rail
where little wear has occurred. The line contact configuration
assumes that the rail head has become quite flat, making the
contact patch very wide. Line contact is difficult to use be-
cause a poor choice of the contact width will cause substantial
errors in the calculated contact stresses.

Flexural Stress

Like three-dimensional residual stress and contact stresses,
three-dimensional flexural stress occurs as the wheel moves
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over a position on the rail. However, unlike the contact and
residual stresses, only the longitudinal component of flexural
stress (for vertical bending) appears to have large enough peak
values to contribute to the effective stress term, .. Several
points should be noted about the longitudinal flexural stress:

o At the running surface of the rail, it changes from mildly
tensile when the wheel is approximately 5 ft away to strongly
compressive when the wheel is directly over the point in
question. Thus, in the head the mean stress associated with the
longitudinal flexural stress is compressive.

e In addition to the overall beam-bending stress system,
there is also a local HOW bending stress system in which the
bottom of the rail head can be placed in tension directly under
the wheel. The tendency for the HOW system to place the
bottom of the head into tension is most evident when the track
is stiff.

PHOENIX flexural stress calculations are based on the
beam on elastic foundation (BEF) theory. A separate BEF
calculation is performed for the rail head bending on the web.
The two stress calculations are then superimposed to provide
the total flexural stress. The present flexural stress package
considers only longitudinal stresses and does not handle lateral
loads.

Effective Stress

The key to the estimation of fatigue damage under the influ-
ence of a three-dimensional stress state is the selection of a
suitable damage criterion. PHOENIX utilizes the Sines crite-
rion, which permits the calculation of an effective stress made
up of both varying and steady components of principal stress.
The form of the criterion is

G = C1 [ (Ac; P12 + C, T o}t

where
i,j = oprincipal stress; i, j=1...3,i#j;
Ac; /™ = differences between the principal stress
amplitudes;

G?ﬂ‘dy = steady principal stresses, including the
mean stresses of the varying stress
ranges;

C, = fixed constant; and

C, = constant, the value of which depends
on the fatigue life, which is calculated
from O .

The term [X (Ao, j’m‘p)z] 172 is directly related to the octahedral
shear stress.

Crack Initiation and Statistical Nature of Fatigue

PHOENIX determines the actual life at each of the evaluation
depths by calculating the damage fraction for each load in a
histogram (spectra) of loads. The tonnage increments are re-
peated until the damage fraction at any one depth evaluated
reaches unity. At this point in tonnage and depth, fatigue crack
initiation is considered to have taken place.
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The damage fraction (DF) is calculated along the lines of
Miner’s law:

where N is the number of cycles in a block of load L only, and
Ny is the total number of cycles expected to cause fatigue crack
initiation for a specified life percentile at the total stress state
associated with (but not necessarily caused solely by) load L.

“Life percentile” refers to the fact that under the influence
of fixed repetitive load (i.e., the stress history), fatigue failures
do not all occur simultaneously; rather, they are spread out
over a period of loading in a relatively well-behaved distribu-
tion. Thus, if one is to calculate ‘“‘life,”” the life percentile must
be specified.

In a fatigue life prediction analysis based on stress state, the
value of N,can be obtained from laboratory constant stress-life
tests (S/N tests). However, a substantial number of replicate
tests must be made at each stress level in order to define the
life distribution from which the life percentile is taken. Nor-
mally, if relatively few laboratory specimens are tested at each
stress level, the S/N plot obtained is presumed to define the
50th life percentile. Typically, PHOENIX calculations are
made at Ist, Sth, 10th, and 20th percentiles, although this is user
specified. The effects of work hardening of the running surface
can also be included by specifying surface and interior hard-
nesses and a depth range over which the hardness transition
occurs.

Limitations and Applications

There are problems in using any fatigue model (including
PHOENIX) to make exact life predictions. First, the residual
stress state within any individual rail or even group of rails is
entirely unknown and cannot be predicted accurately at pres-
ent from a knowledge of service history. Moreover, the actual
applied stress state is not really known either; this is especially
the case for the contact stress because it is highly sensitive to
actual wheel and rail profiles; true Hertzian contact exists only
for new wheel and rail profiles. Finally, the inherent fatigue
resistance character of the rail steel can be highly variable and
is unknown for any individual rail or group of rails. Small
variations in stress state or material fatigue resistance can yield
large variations in life.

In spite of these limitations, modeling the rail fatigue crack
initiation process can be informative if for no other reason than
to allow an engineering estimate of best- and worst-case con-
ditions when some important material, track, or service condi-
tion is altered. For instance, if the cleanest (freest of non-
metallic inclusions) rail steel for which S/N data are available
or a 300-BHN standard carbon rail were compared with the
derived overall rail life distribution (FAST tangent track con-
ditions), significant improvement in fatigue life (2 to 2.5
times) would be expected. Also, the effect of rail wear on rail
fatigue life can be gauged. Modest wear tends to prolong
fatigue life and that effect is most pronounced at larger (more
worn) crown radii and at longer life percentiles.



28

TRANSPORTATION RESEARCH RECORD 1174

Rail Testing: Strategies for Safe and
Economical Rail Quality Assurance

OscAR ORRINGER

Current trends toward increased mainline traffic density,
greater average axle load, and extension of wear life are
expected to increase the rate at which metal fatigue defects
form in rails. A decade of research on rail integrity has led to
better understanding of how rail defects form and propagate.
The research is discussed and examples are presented to show
how the results can be used to provide guidelines for improv-
ing in-service inspection methods and schedules.

A decade of federal government and railroad industry research
on rail integrity has led to better understanding of how rails
respond to the damaging effects of the train loads they must
carry. Major elements of the research now approaching com-
pletion will soon provide guidelines for better rail quality
specifications and better rail-testing strategies. These
guidelines will help to meet two objectives: improved rail
resistance to failures originating from defects and improved
targeting of in-service inspections.

Rail quality has heretofore meant tight dimensional toler-
ances, high static strength, and good resistance to wear. Track
and mechanical departments strive to reduce their respective
wear replacement costs for rail and wheels; a generation of this
competition has led to increases of 35 to 50 Brinell points in
wheel tread and rail head hardness and, on the rail side,
development of premium steels with strengths up to 30 percent
higher than the strength of standard composition rail steel.

In the same generation the transition from 50-ton to 70-ton
freight cars, quickly followed by a further transition to 100-ton
cars, has placed increasing demands on rails and track struc-
ture. Rail defects statistics compiled by the Sperry Rail
Service (1) illustrate the effects of increased axle loads and
subsequent track renewal (Figure 1). The rising defect rate
from 1960 to 1970 (mainly rail-end defects in bolted-joint
track) reflects both increasing distress and better flaw detection
by improved rail test equipment and procedures combining
ultrasonic scanning with the older magnetic induction method.
During the same period several railroads also established their
own fleets of highway-rail-capable vehicles carrying ultra-
sonic test equipment (2). The ability of these vehicles to save
time en route between test zones also increased the ratio of test
hours to operating hours.

By 1970 track rehabilitations had started to turn the defect
rate around, and the new trend was accelerated by improve-
ments in rail testing. The major thrust has been to replace
bolted-joint rail (BJR) with continuous welded rail (CWR), an

Transportation Systems Center, U.S. Department of Transportation,
55 Broadway, Cambridge, Mass. 02142,

effort that continues today at the rate of about 2,000 to 5,000
track-mi a year. Although CWR usually retains some joints to
provide electrical insulation at the ends of signal blocks, these
tend to be high-quality bonded joints fabricated in plants, and
they number only a few per mile in contrast to the hundreds of
unbonded joints per mile of BJR. Hence, it is not surprising to
see that the rail defect rate has declined almost as precipitously
since 1970 as it increased beforehand.

The research program that started in the mid-1970s first
tended to look back to the existing problem. As the effects of
track rehabilitation and improved rail testing became apparent,
however, the research direction gradually shifted from the past
to the future. Three current trends in railroad operations
suggest the future risk potential.

First, the merger wave that began in 1980 and continued in
1987 tends to concentrate more gross tons per year on fewer
miles of track, as Figure 2 shows (3). The major mainlines
naturally receive proportionately more maintenance attention,
and rail stock turnover is accelerated where high traffic
densities have caused excessive shelling or curve wear. New
track technologies (premium-alloy rail, CWR, concrete ties,
etc.) are now being introduced at rates faster than the historical
ones.

Second, the focus on energy conservation stimulated by the
1973 oil shock has caused the railroads to think beyond the
original idea of lubricating a curve rail for wear reduction and
to seriously consider lubrication as a strategy for fuel savings.
It is likely that the railroads will react to the next rise in oil
prices by adopting widespread lubrication to reduce the energy
lost from wheel-rail friction drag. Reduced rail wear rate will
be a beneficial side effect of such a policy (4), but the increase
in average rail service life also brings with it the potential for
an increase in the density of rail defects.

Third, loads might increase again if cars with 110- or 125-
ton capacity can be designed with payload-to-tare ratios
greater than those in the current freight car fleet. A transition
from 100- to 125-ton cars would likely increase the maximum
static axle load from 33 to 41 tons. The Transportation Test
Center (TTC) will be investigating the effects of 39-ton axle
loads in its next phase of testing on the high-tonnage loop of
the Facility for Accelerated Service Testing (FAST). Earlier
captive revenue service experience suggests that such car
loads have the potential to induce rail defect formation faster
than the percentage increase of wheel load would indicate
2, 5. 6).

The accelerated pace at which rail and the demands placed
on it are changing leaves little time for reaction. Therefore, the
research program must be relied on for basic results that track



Orringer

29

n N T I 0 O O
o DEFECTIVE RAILS Found Per 100 Miles T
a8 l
o |
o
w5
n
2 5
g .| | waceaneous Tmcnl
3
40/
g |
e uh‘. . lr
e P—
e HORIZONTAL Ll
g 2 SPLIT HEADS VERTICAL SPLIT HEADS
£ . i | |

e

------ "‘M*!

‘S84 'SS ‘Sg ‘ST 'S8 'SP '60 'e1 'e2 'e3 's4 ‘65 ‘68 '67 '6s ‘69 '70

CES

'TY 'T2 T3 'TA '78°78 ‘7T ‘TR TP 'S0 W ‘82 'S ‘4

FIGURE 1 Annual density of detected rail defects (courtesy of Sperry Rail Service).

AVERAGE FREIGHT CAR LOAD (Tons)

Z 7
69 70 71 72 73

~
'S
~
w
~
o
~
~
~
=]
~
o
®
(=]
©
™
~
@
w

1,000

7

|

69 70 71 72 73 74 75 76 77 78 79 80 81 82

llllllllll[lll]llll

YEAR

FIGURE 2 Annual statistics of railroad operations in the
United States (3).

departments can translate into anticipatory engineering prac-
tices. The basic results and engineering practices have both
economic and safety dimensions. This paper deals primarily
with the safety question of where and how often to test rail for
defects. The research program answers this question by apply-
ing knowledge of fatigue, fracture mechanics, and nondestruc-
tive inspection (NDI) technology to develop trade-offs between
track quality and rail test frequency.

The most numerous rail defects are found to be those types
that originate from metal fatigue. Knowledge of fatigue be-
havior can be used to define average rates of defect occurrence
and to indicate when the rates might be expected to increase. It
is impractical to apply NDI in service at frequencies that would
guarantee opportunities to detect every conceivable defect, but
occurrence-rate trends can provide a basis for adjusting the
frequency to keep the rate at which trains are exposed to
undetected defects within reasonable bounds.

Knowledge of fracture mechanics, that is, the propagation
behavior of rail defects that have become growing cracks, can
be used to translate familiar railroad engineering factors (train
makeup, rail section, track curvature, etc.) into estimates of
time available to detect defects. In practice such estimates are
of most interest for the common defect types, those that should
pace rail-testing schedules. Fracture mechanics can also quan-
tify the potential benefit of improved NDI equipment, since a
crack propagation model relates time available for detection of
a defect to the defect size that the equipment is able to find.

DEFECT OCCURRENCE

The Federal Railroad Administration (FRA) annually publishes
national summaries of accident statistics compiled from rail-
road reports and categorized by cause. The statistics of acci-
dents caused by rail defects provide a guide to the relative
importance of different defect types but must be supplemented
by other data for proper interpretation. A study of railroad
records of rail defect occurrences was undertaken for this
purpose (7). The study encompassed about 25,000 detected
defects and service breaks on some 8,200 track-mi owned by
four railroads (Table 1).

Each railroad has its own system of record keeping for the
purpose of identifying rail defects and monitoring repair and
removal actions. Most of these systems closely correspond to
the definitions established by the FRA for accident reporting.
Those FRA cause codes that are of interest in the present case
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TABLE 1 COVERAGE OF RAIL DEFECT OCCURRENCE STUDY

Total -
Years No. of RSty Total
Territory Track of
Covered | Linesa . Defects
Miles | rratfich
Southwest 1974 6 1,005¢ |Average| 2,478
BJR and CWR to to to
1979 1,049 | High
Northeast 1976 1 247 |Average| 2,000
Line upgraded from BJR to CWR to
during period covered 1980
Midwest with severe 1976 16 6,438 Low 18,944
mid-continent winter climate to to
BJR and CWR 1981 High
Midwest 1976 1 508 High 1,395
Single rail section to
on 80% of line 1980

a As defined by traffic division points.

b Average means 10 to 20 million gross tons (MGT) per year; low density means 1 to

10 MGT/year; high density means 20 to 120 MGT/year.

CFor the years 1974 to 1976.

dFor the years 1977 to 1979.

(together with common industry symbols) are summarized in
Table 2, which also classifies the defects by the source of the
damage causing them.

Practical knowledge of two particular behavior factors is
essential to the understanding of rail defect databases. First,
true broken-base defects result from damage by foreign objects,
for example, a nick from a misapplied spike maul, and propa-
gate in a manner such that a half-moon-shaped piece about 4 to
8 in, long is separated from one side of the rail base. The
consequent increase of base tension under train loads may later
reinitiate a propagating crack and cause the rail to fail, but the
distinctive half-moon separation can still be seen, and the
original defect is easy to correctly classify. True broken-base
defects are rare because damage by foreign objects rarely
occurs. However, other types of defects are often misreported
as broken bases. These mistakes are not made by track inspec-
tors, but errors inevitably occur when others attempt to fit the
inspectors’ informally written descriptions into the formal
definitions of the record-keeping system.

Second, true fissure defects [transverse fissures (TFs) and
compound fissues (CFs)] result from the accretion of excess
hydrogen into flakes that locally embrittle the rail steel and thus
promote early crack nucleation. A high fissure occurrence rate
early in this century led to the general adoption of the con-
trolled cooling process around 1936, and rails manufactured
thereafter generally contain too little hydrogen to form damag-
ing flakes. Fissures can still be found occasionally in rails that
have not been properly cooled, but today fissure reports more
often result from misclassification of detail fractures. Rail test
personnel are generally well versed in the difference between
detail fractures and fissures and rely on interpretation of
ultrasonic signals to classify these internal defects. Ultra-
sonically determined location in the rail head provides a good
guideline for most such defects, which are usually small to
medium-sized when found, but large defects are much less
easily classified (Figure 3). Track maintenance personnel can
visually examine the crack propagation surfaces of a service
break, but they are not skilled fracture specialists and can easily
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TABLE 2 CODES FOR REPORTING RAIL DEFECTS THAT HAVE CAUSED ACCIDENTS
Damage
Code | Symbol Defect Type
Source
130 BHC |Bolt hole crack Fretting
BHB |Bolt hole break fatigue
131 BB Broken base F.O.D.2
132 DFW |Defective field weld Fabrication
133 DPW | Defective plant weld Fabrication
134 DF Detail fracture Fatigue
135 EBF |Engine burn fracture Operations
136 |HWS (O) [ Head-web separation outside the joint bar area Fatigue
137 | HWS (I) | Head-web separation within the joint bar area Fatigue
138 HSH |Horizontal split head Fatigue
139 PIPE | Piped rail Fabrication
141 TF Transverse fissure Fabrication
CF Compound fissure
142 VSH [Vertical split head Fatigue
149 Cause code not reported ---b
aForeign object damage. b Damage sources unknown.
a high percentage in the summary reports that form the national
SMALL LARGE accident database.

@ DETAIL FRACTURE

@ TRANSVERSE FISSURE

FIGURE 3 Locations of detail fracture and transverse
fissure in rail section. L

misclassify a detail fracture as a transverse fissure. Under these
circumstances one should expect a low percentage of mis-
classification for detected defects, a moderate percentage for
the service defects found and classified by track inspectors, and

The national accident reporting system came into being in
the early 1970s, and the raw statistics of accidents caused by
rail defects have been consistent from year to year. The 1975
statistics are compared with aggregates of 1978-1985 and
19831985 in Figure 4. The accidents in each cause code are
normalized as a percentage of the total accidents for the period
covered to provide a common basis for comparison. The
percentage of accidents caused by bolt-hole cracks has de-
clined, as has the density of detected rail-end defects (Figure
1). The data in Figure 4 also suggest that the percentage of
accidents caused by detail fractures has increased, but no other
clear relative trends appear. The absolute trend of accidents
caused by rail defects has been generally downward since
1970. The total number of accidents attributed to all types of
rail defects has declined from a peak of about 500 a year to a
steady rate of about 250 a year at present.
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A superficial assessment of Figure 4 would lead one to
conclude that fissures and broken bases are the most worri-
some types of rail defects, but this appearance results from the
reporting artifacts mentioned earlier. Track inspectors might
naturally tend to use the word “fissure” or its synonyms to
refer to the fractured appearance of a rail failure at a defective
weld, detail fracture, or engine burn fracture. Words such as
“broken through to the base’” might as easily be used to
describe rail failures from bolt-hole cracks, defective welds,
detail fractures, or engine burn fractures. If the raw accident
data are adjusted by reassigning equal proportions of the
broken-base and fissure defects to the indicated categories, the
relative proportions appear as shown in Figure S, in which the
defective welds have also been grouped to simplify the
picture. Defective welds, detail fractures, and engine burn
fractures now appear as significant accident causes in contrast
to their apparently minor roles in the raw data. The recategor-
ization probably overemphasizes engine burn fractures relative
to bolt-hole cracks, defective welds, and detail fractures.

How realistic is the recategorization? One can get some idea
by constructing similar plots of detected defects and service
breaks. The data in Figure 6 illustrate a typical sample taken
from an aggregate of the records of two railroads (Engineering
Economics Division, Association of American Railroads, un-
published data, 1985). The following four adjustments have
been made to account for differences between the FRA
reporting definitions and the classification system used on the
railroad data. First, defective field and plant welds were
reported as a single category, which is shown under the field
weld cause code. Second, head-web separations within the
joint bar area were lumped together with bolt-hole cracks and
are included under the latter cause code. Third, piped rails
were included and are shown under cause code 136 (head-web
separations extending outside the joint bar area). Fourth,
crushed heads, broken rails, and other transverse defects are
shown under the “not reported’” category (149) because
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FIGURE 6 Sample of detected and service defects
(1980-1983).

there are no specific cause codes for these defect types.
However, those defects that the railroad classified as broken
base or fissure have not been recategorized. The percentage of
rail-end defects is much higher than the corresponding accident
percentage, a result that probably reflects the inclusion of
sidings in the sample as well as mainline track. Otherwise the
sample highlights defective welds, detail fractures, head-web
separations outside the joint bar area, and vertical split heads;
fissures appear only as a small percentage and broken base
defects have almost disappeared from the population. The
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ratios of detail fractures to fissures reflect the previously
mentioned difference in classification skill, and comparison of
Figure 6 with Figure 4 reveals the existence of the reporting
artifacts mentioned earlier. The relative proportions of acci-
dent causes are thus likely to lie somewhere between the
proportions shown in Figures 5 and 6.

By what means are rail defects most often found? The
Figure 6 data are replotted in Figure 7 to answer this question.
For each defect type, the proportion found by rail test is shown
as a percentage of the total found by testing and track
inspectors. Bolt-hole cracks, defective welds, detail fractures,
head-web separations outside the joint bar area, and vertical
split heads thus emerge as the most common defect types, and
rail testing emerges as the principal means by which most
defects are found.

PERCENTAGE FOUND BY RAIL TEST

130 131 132 133 134 135 136 137 138 139 141 142 149

BHC BB DFW DF HWS TF  VSH
oPW (0) CF
CAUSE CODE

FIGURE 7 Percentage of defects found by rail test.

The defect occurrence pattern study (7) consistently revealed
bolt-hole cracks, detail fractures, and vertical split heads to be
the most common defect types in rail that has carried at least
100 million gross tons (MGT). The result should not be
surprising, because these types of rail defect are all caused by
metal fatigue. Conversely, defective welds result from imper-
fections in welding processes and reflect transient situations
associated with CWR installation. The economic limit on rail
life, as determined by scheduled replacement of worn rail, lies
between 500 and 700 MGT and might be extended to 1,000
MGT by means of widespread lubrication. Thus, the major
proportion of rail service life is and will continue to be spent in
the fatigue crack nucleation regime, and the crack propagation
behavior of the principal fatigue defect types should be taken
into account when rail test schedules are established.

Compilations of defect rate histories on the TTC FAST track
and a number of revenue lines have shown how exposure of
trains to rail defects is related to tonnage (6). The cumulative
percentage P of defective rails in a rail population is generally
found to follow a Weibull probability distribution with respect
to the cumulative tonnage T that the rail has carried:
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P(T) = 1 — exp[ — (T/B)*] 1)

where the exponent o is about 3 and the characteristic life P is
about 2,000 MGT. Exposure (the rate of defect occurrence per
million gross tons) is obtained by differentiating Equation 1:

dP/dT = (aT% 1/B*) exp[ — (T/B)*] ()

The characteristic life is the cumulative tonnage at which 63
percent of the rail population would have developed defects,
but rail is generally removed from service well before that
point. In the service regime (T’ < 1,000 MGT), the exposure
increases as tonnage accumulates. Fatigue defect occurrences
generally become noticeable at about 250 MGT, when P is
about 0.2 percent. Table 3 shows the increase in cumulative
density and defect occurrence rate as the rail accumulates
tonnage. The occurrence rates in the table are the number of
new defects that would be generated in the next 20-MGT
interval following the accumulated tonnage. On many revenue
lines that have high traffic densities, rail tests are performed at
about 20-MGT intervals.

The foregoing idealized model accurately describes ex-
posure only when applied to short segments of track with
homogeneous structural and operational characteristics. Con-
versely, most revenue lines contain a wide variety of rail,
ballast, grade and curvature, special trackwork, and so on; are
subject to varying load characteristics from the effects of train
handling; and often receive rail renewals piecemeal. Exposure
on a revenue line thus tends to fluctuate as particular track
segments enter the fatigue regime, become problem areas, are
controlled by rail test, are renewed, and relinquish the problem
role to other segments,

The defect occurrence study (7) brought this behavior to
light when analyses of defect density at 1-mi resolution re-
vealed patterns of occurrence in clusters. The lengths and
locations of defect cluster zones tended to remain stable over
the study’s several-year span. As a general rule, the results
suggested that 90 percent of the rail defects in a revenue line
would be located in 30 percent of the track miles, although
there was wide variation from one line to another. For a few
lines, 90 percent of the rail defects were concentrated in as little
as 10 percent of the track miles, whereas for other lines, there
was little or no concentration. The most concentrated zones
were those associated with obvious construction features such
as bridges, where sudden changes in track modulus could be
expected to excite dynamic oscillations in passing trains. Zones
reflecting fatigue of aging rail were similarly concentrated and
were well defined by rail relay boundaries. On the other hand,
well-maintained BJR of uniform age generally showed little or
no concentration of rail defects.

The complexity of the actual behavior makes it difficult to
define a simple measure of exposure to guide the adjustment of
rail test schedules. Some of the measures that have been used
by some railroads or proposed from the research activities are
traffic density, a rising trend of defect density, a rising trend of
service breaks, the ratio of service breaks to detected defects,
cumulative tonnage, and exceedance of a specified number of
defects per mile per test. There is no agreement on how to deal
with exposure, and none is likely in view of the strong opinions
of track engineers based on their own experiences.
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TABLE 3 DEFECT DENSITY AND RATE VERSUS ACCUMULATED TONNAGE

Accumulated Tonnage (MGT)

250 500 750 | 1,000

Cumulative rail defects (percent)

0.2 1.5 5.1 11.7

Cumulative density (defects per track mile) a

0.5 41 13.6 } 31.9

Defect rate (defects per track mile per 20 MGT) a 0.1 0.5 1.1 1.8

aBased on 273 rails per track mile.

Although control of exposure is difficult to translate into a
standard, the results of the research program have suggested
some general guidelines that individual railroads can follow.
For example, an occasional plot of defect reports by milepost is
a good way to spot cluster zones, and such zones can be given
supplemental inspections or special maintenance. One railroad
has applied this technique to 2,500 mi of mainline track that
had previously been tested three times a year. The plot revealed
some 200 mi of cluster zones, a few of which were dealt with
by means of track modifications. Because the line had had a
low accident rate and was already being tested three times as
often as required by the current safety regulations, the railroad
cut back to two complete tests a year and concentrated the third
test on the critical 200 mi. The service break rate has remained
stable during 2 years of the revised test schedule, a result that
suggests that the new strategy saves resources without sacrific-
ing safety.

Another example of a general guideline involves the sched-
uling of a fixed number of rail tests so as to increase the test
frequency toward the end of the rail’s useful service life instead
of keeping the frequency constant. This strategy has been
studied by means of a simulation that combines a defect
occurrence, growth, and detection model (2) with economic
analysis of the expected costs of defective rail removal and
accidents caused by undetected defects (8). The economic
analysis employs cost factors compiled by the Association of
American Railroads (AAR) and uses a national average acci-
dent rate of the order of one accident per 200 service defects.
When a preliminary version of the model was applied to a
hypothetical line with a traffic density of 60 MGT per year, the
lowest-cost strategy was found to be 25-MGT intervals be-
tween tests of new rail, decreasing to 10-MGT intervals toward
the end of the useful service life. These results suggest that
cumulative tonnage can be used to control exposure, but a wide
variety of cases must be analyzed to provide a good basis for
guidelines on test frequency adjustment.

CRACK PROPAGATION BEHAVIOR

Once a defect has formed in a rail, it generally becomes a
propagating crack; that is, its size gradually increases under the
influence of the cyclical stresses that trains impose on the rail.
Sooner or later the defect will grow to a size that has some
chance of being detected, but if not, it will eventually grow
large enough to fracture the rail under a train, The number of
stress cycles or equivalent gross tonnage required to make the

defect grow from the minimum size for detection to the
incipient fracture size is referred to as the safe crack growth
life. If the minimum detection and incipient fracture sizes were
known with certainty, safe crack growth life would be syn-
onymous with the safe interval for rail testing to find the given
type of defect under the given conditions. In practice, however,
these defect sizes are not well defined, and complete coverage
of the possible conditions cannot be guaranteed; therefore, two
or more rail tests must be performed within the safe crack
growth life to properly control the risk of rail failure.

Table 4 gives 10 factors that affect safe crack growth life for
detail fractures. Other kinds of rail defects have many of these
factors in common, but each defect type generally has one or
more unique factors. Because there are so many factors to
consider, one must have a model of each defect type as a
propagating crack in order to make life estimates for the many
possible combinations of factors. Such models can be con-
structed from the principles of engineering fracture mechanics
(9) but are necessarily idealizations of the actual rail defects.
Therefore, both laboratory and field testing are also essential to
establish confidence in the engineering model. Laboratory
specimen testing in accordance with established standards
(ASTM E-399-72) is performed for two purposes: characteriza-
tion of basic material properties and assessment of memory

TABLE 4 FACTORS AFFECTING DETAIL FRACTURE
PROPAGATION

Minimum  Maximum

Quantity Value Value
Track foundation modulus® (ksi) 1 10
Track curvature? (degrees) 0 8¢
Rail section® 100 RE 155 PS
32.64
Average axle load (tons) 10 38.5¢
Normal dynamic load factor (g, rms) 0.1 0.8
Dynamic load factor for wheel anomalics
(g, peak) 1 3
Anomalous wheel density (%) 0 0.5
Rail neutral temperature) (°F) 60 90
Rail service lcmpcratumf (°F) —40 150
Axial residual stress in rail head (ksi) 10 30

4Values shown are for vertical modulus.

bRadius of curvature (ft) = 5,730 : degree of curvature; e.g., R = 5,730 ft
for a 1-degree curve; R = 573 ft for a 10-degree curve.

¢Excludes low-density branchline track.

dUnder current interchange rules.

€] oaded 125-ton cars in unit train.

JAffects CWR only.
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effects. Field testing is required to confirm the validity of the
idealized defect model.

The material property most important to safe life is the
propagation rate (crack size increment per cycle) as a function
of the current crack size and the cyclical stress amplitude.
Several such investigations of rail steel have been made
(10-12). The most conveniently applied life estimation models
simply sum the crack-size increments corresponding to the
spectrum of service stress amplitudes, without regard to the
effect one stress cycle might have on the rate of crack propaga-
tion in succeeding cycles (I13).

Memory phenomena can appear when materials are sub-
jected to varying stresses; variable-amplitude (‘‘spectrum’)
stress tests are required to assess the effect for each material
and service environment. For example, cracks in aluminum
alloys tend to grow more slowly than one would predict under
high-low sequence aircraft stress spectra (/4). Recent experi-
ments on rail steel subjected to a real sequence rail head stress
spectrum simulating heavy-haul train loads have shown that
crack propagation is moderately accelerated (15, 16).

Rails containing detail fractures have also been field tested in
tangent sections of revenue track and the TTC FAST track (17).
The unique FAST traffic pattern (running direction reversed
approximately once per million gross tons) during the test
formed prominent ridges on the crack propagation surfaces,
providing the means for accurate definition of the flaw location
and area as functions of the gross tonnage applied in the test.
The rail residual stresses near one of the FAST test defects were
also measured by strain gauges in a destructive sectioning
technique specially developed for rail residual stress deter-
mination (/8). This detail fracture thus has the least uncertainty
in the description of its service environment.

The crack-size histories for the laboratory spectrum test and
the FAST test defect just mentioned are plotted in Figure 8.
Also shown are predictions of the crack size histories obtained
from a preliminary version of the detail fracture crack propaga-
tion model. The laboratory results have been converted to
equivalent defect area and tonnage and have been shifted to
correctly superimpose the starting point on the FAST test data.
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FIGURE 8 Laboratory simulation and field test results
for detail fracture growth.
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Comparison of the two results shows that the laboratory test
was a reasonable simulation of the FAST test. Comparing the
model prediction of the laboratory test with the data illustrates
the moderate acceleration effect mentioned earlier. The model-
to-test relation for the FAST experiment is similar to that for
the laboratory experiment; that is, the actual safe crack growth
life should be taken as about 80 percent of the calculated life.

Additional confidence was gained when the model was
applied to the analysis of another detail fracture that had been
involved in a derailment on a curve at FAST about 2 years
before the tangent-track field test. Table 5 shows how the
model inputs for this defect differ from those for the test defect.
In Figure 9 the model prediction is compared with an estimate
of the actual defect growth history. The curve of defect size
versus number of wheel passages was obtained by means of
post-test measurements on the crack propagation surface (4),
but there is some uncertainty about what value of average axle
load best represents the FAST train at the time this defect grew.
Because of the unusually severe thermal and residual stresses
in this rail, the defect grew rapidly to 11 percent of the rail head
area, whereas the test defect grew slowly from 12 to 80 percent
of the rail head arca. Nevertheless, actual crack growth life is
75 to 80 percent of the calculated life in the present case,
suggesting that the detail fracture model has a consistent bias.
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FIGURE 9 Application of model
to defect involved in 1980 FAST
derailment.

Tables 6 and 7 show how the model can be used to assess the
sensitivity of safe crack growth life to some of the factors
affecting detail fracture propagation. The FAST test is taken as
the baseline, and the effect of changing a single variable is
examined in each case. Table 6 shows how the safe crack
growth life of the fast test detail fracture is projected to
decrease as the average axle load increases, and vice versa.

The effects of three track construction features are demon-
strated in Table 7. First, heavier rail sections increase safe life,
but little is gained in going from 136 RE to 140 RE rail, and
there is only a modest gain in going to 155 PS, the heaviest
section manufactured for U.S. freight service. Second, a stiffer
track foundation increases safe life. A vertical track modulus of
1 ksi represents poorly maintained wood-tie track, 2.5 ksi
reflects average wood-tie track conditions, 5 ksi represents the
best foundation achievable with wood-tie track or average
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TABLE 5 INPUT FACTORS FOR DETAIL FRACTURES AT FAST

Test 1980
Quantity
Rail Derailment
Vertical track foundation modulus (ksi) 2.5 2.5
Track curvature (degree) a 0 4
Rail section 136 RE 115 RE
Average axle load (tons) 30.8 27.0b
31.0¢
Normal dynamic load factor (“g”-rms) 0.26 0.26
Dynamic load factor for wheel anomalies (“g"-rms) ---d -==d
Anomalous wheel density (%) 0 0
Rail neutral temperature (°F) g95e 609
60 f
Rail service temperature (°F) 62e 209
26f
Axial residual stress in the rail head (ksi) 10 30

aRadius of curvature (ft.) = 5,730 + degree of curvature.

b.c Minimum and maximum estimates.

d Not used; no large wheel anomalies in the FAST train.

e.f Approximate initial and final values for the test period; monthly average
mean values for service temperature.

g Estimated for January-February period during which crack growth occurred.

properties for concrete-tie track, and 10 ksi represents the best
foundation achievable with concrete-tie track. Third, track
curvature decreases safe life. The curvature effect shown here
is that for the high rail, which is subject to severe lateral loads
from the lead wheel of each truck (79). The model predicts that
safe crack growth life of the FAST test defect on a S-degree
curve would have been about half that on the tangent track.

The foregoing results are realistic because they refer to a
detail fracture that grows from 12 to 80 percent of the rail head
area. These sizes are consistent with current detection ca-
pability and knowledge of incipient fracture size under normal
conditions. The safe crack growth life estimates should not be
applied to revenue track, however, because the FAST test
defect was subjected to a unique history of thermal stress,

which might have caused the day-to-day crack growth rate (and
hence the safe life) to differ from the rates and safe lives
associated with typical revenue-track thermal stress histories.
Also, the preliminary detail fracture model still requires some
refinement, and a modified version is now being developed
(20). Nevertheless, the examples show that expected variations
of construction and operational factors can have important
effects on safe crack growth life and that track engineers might
usefully consider the safe rail test interval when they assess
track quality design trade-offs.

The detail fracture is currently the best understood rail defect
from the viewpoint of crack propagation. Similar efforts to
develop models of the bolt-hole crack and vertical split head
are under way. Some factors that affect these defects but have
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TABLE 6 EFFECT OF TRAIN MAKEUP ON SAFE CRACK GROWTH LIFE

Average Safe Crack
Train Makeup Axle Load | Growth Life
(Tons) (MGT) a
Empty unit coal train: 4 locomotives; 9.9 98
111 cars; 3,847 trailing tons
Mixed revenue freight: 2 locomotives; 16.5 40
41 cars; 2,583 trailing tons
FAST test consist: 4 locomotives; 30.8 34
81 cars; 9,957 trailing tons
Loaded unit coal train: 6 locomotives; 32.6 30
111 cars; 15,665 trailing tons
Loaded 125-ton unit coal train: 6 locomotives; 38.5 25
101 cars; 16,950 trailing tons

aFactor of 80 % for acceleration has been applied.

TABLE 7 EFFECT OF TRACK CONSTRUCTION
CHARACTERISTICS ON SAFE CRACK GROWTH LIFE

Safe Crack
Growth
Characteristic Lifea (MGT)
Rail bending stiffness
100 RE 21
115 RE 24
132 RE 36
136 RE 34
140 RE 36
155 PS 40
Track stiffness (vertical track foundation modulus,
ksi)
1.0 21
2:5 34b
5.0 39
10.0 47
Track curvature (degrees)
0 34b
5 18

aFactor of 80 percent for acceleration has been applied.
bBaseline case.

little or no influence on detail fracture growth are rail end
tolerance, train speed, and in-plane residual stress.

Rail end gap and height mismatch can have a strong influ-
ence on bolt-hole crack propagation because such conditions
induce large dynamic wheel loads on the receiving rail. The
dynamic load factor increases with train speed and can be

comparable with the anomalous wheel factors in Table 4 when
the train speed exceeds 20 mph. In this case, however, every
passing wheel imposes a large load on the rail. The effects of
these variables were investigated in a recent test at the TTC,
where crack growth data are now being gathered as bolt-hole
cracks are detected in the FAST track. A laboratory test of a
short length of rail under simulated joint loading conditions
provided the basis for a bolt-hole crack propagation model
@1).

In-plane (lateral and vertical) residual stresses in the rail
head promote the formation and growth of vertical split head
defects, just as axial residual stress promotes detail fracture
growth. The residual stress measurement program has shown
that the in-plane residual stresses are three to four times as large
as the axial stress (18). Development of a crack propagation
model for vertical split heads is just starting, and field test
requirements for these defects remain to be defined.

NDI TECHNOLOGY AND SAFE INSPECTION
INTERVAL

The typical interval of 20 MGT for rail tests on lines with high
traffic density is based on experience with current (i.e., 1960s
to 1970s) technology for rail test equipment. Railroad records
of detected defects and service breaks suggest that the current
NDI systems are finding about 80 to 90 percent of the rail
defects (see Figure 7).
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NDI research projects in the mid-1970s investigated real-
time signal processing, improved display, and automatic con-
trol of sensor alignment on the rail (2). The research goals
were improved flaw detection reliability and the ability to test
rail at higher speed with no sacrifice of reliability.

The current detector-car fleet is generally able to perform
reliable rail testing at 15 mph. Each time a defect is detected,
the crew must also stop to hand-test, verify, and classify the
defect, an operation that generally takes about 1 min. Trains
stacked up behind detector cars cause reduced revenue
throughput, whereas detector cars sitting on sidings cause
available equipment hours to be lost from the rail test
schedule.

The data in Table 8 show the effect of the conflict between
rail testing and revenue traffic from the viewpoint of the
operating department. The example is for 150 mi of single-
track line on which revenue traffic is assumed to travel at 45
mph without interference. The current situation is represented
by a 15-mph rail test operation that is assumed to find one
defect per mile per inspection, that is, corresponding to rail
with just under 750 cumulative MGT (see Table 3). Under
these assumptions, the time required to get the detector car
over the line is 10 hr of travel at 15 mph plus 2.5 hr of 1-min
stops to verify 150 defects, for a total of 12.5 hr of track
occupation at an effective speed of 12 mph. Trains traveling
behind the detector car close at the rate of 33 mph (45 mph -
12 mph). The product of track occupation time and closure
speed (12.5 hr x 33 mph = 412.5 mi) is a measure of the
stackup effect, because the number of trains delayed is simply
the stackup length divided by the average headway. The
second case in Table 8 shows that the stackup length can be
reduced to less than 200 mi if an improved system capable of
lesting at 30 mph is postulated. In the third case a net benefit is
shown even if the improved system is assumed to find more
defects per mile.

Figure 10 shows schematically the difference between cur-
rent and improved equipment in terms of the chance P(X)
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FIGURE 10 Chance of detection versus defect size.

for one rail test to detect a defect of a size represented by X.
The lower limit of detection capability is represented by the
size X, for the current technology and by a smaller size Xj for
the improved technology. In each case the chance of detection
increases until the defect size reaches X, for which detection is
virtually certain. The shaded area between the curves repre-
sents “‘extra” detections by the improved equipment under the
idealized assumption that there exists an infinite number of
defects of all sizes. Because the actual defect population is
finite, however, a detection improvement will cause only a
transient rise in the detection rate as the population of smaller
flaws is initially accessed. The detection rate will return to the
historical level determined by the defect occurrence rate after
one or two tests, a fact that has been illustrated by the
inspection simulations mentioned earlier (2, 8).

Confusion of finite and infinite population effects led to the
misconception that better equipment would always find more
defects, and the reduced attractiveness of the benefit tem-
porarily decreased the interest in research on rail test equip-
ment. The interest has revived in the past 3 years, however, and
an active program is again under way. The current program has
also taken into account the current operational trends and some
of the knowledge gained about defect behavior. The main thrust
of the research at present is the investigation of electromagnetic

TABLE 8 EXAMPLE OF INTERFERENCE WITH REVENUE THROUGHPUT

Assumptions About Rail
Test Operation Hours
i Effective Stackup
Required
Speed Distance
Defect to Test P
Speed . (mph) (miles) a
Density 150 Miles
(mph)
(defects/mile)
15 i 12.5 12 412.5
30 ] 7.5 20 187.5
30 2 10.0 15 300.0

aStackup distance = (hoursrequired) x (45 - effective speed).
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acoustic transmission (EMAT) for getting ultrasonic signals
and returns into and out of rails.

Conventional ultrasonic sensors require a continuous supply
of couplant fluid to form a thin film for signal transmission
between the probe and the rail surface. Heavy rail lubrication
can degrade the couplant properties and signal quality. The
couplant also restricts signal polarization and refracts the
signal at the couplant-rail interface. Refraction limits the
angle at which ultrasound can be injected into the rail without
being trapped near the surface.

EMAT transducers subject the rail to a DC magnetic field
together with a pulsed RF signal. These two electromagnetic
components combine to generate ultrasound and receive return
signals directly in the rail head; thus the refraction problem is
avoided. Electromagnetic transduction between the rail and
the probe also suggests that EMAT systems will tolerate heavy
lubrication interference better than conventional systems. A
prototype EMAT system is now beginning field evaluation
tests at the TTC. The next phase of the research will likely
focus on the performance of signal polarizations not available
in conventional ultrasonic testing equipment, in particular
axially traveling shear waves. The axial shear wave is a 90-
degree beam that fills the rail head and inspects 8 to 12 in.
ahead of the transducer. This type of polarization is expected
to be highly effective in detecting detail fractures, engine burn
fractures, and other transverse defects in the rail head.

Aside from the benefit of increased detector-car speed,
better NDI also has the potential to reduce costs by increasing
the safe inspection interval. A simple model of detection
performance serves to demonstrate this benefit. The chance of
detecting a defect of size X can be represented by the function

PX) =1 —expl - A (X - Xp)/(X; — Xp)) 3)

where X, and X; are defined in Figure 10 and A is a scale
factor. If X is interpreted as the size of a detail fracture in
percentage of head area (HA) and X, and X are taken as 5 and
75 percent HA, respectively, then A = 5 gives about the right
chance of detecting a 10 percent HA detail fracture and about
the right fraction of defects detected based on experience with
detail fracture populations (P, = 0.9; see Figure 7). Taking
the average of P(X) over the interval {X,, X1,

1 (%
Pyy = (X — Xp) f PO dX
XO
=1 - A1 [1-exp( - A 4

gives a reasonable approximation of the detection perfor-
mance P,y for two tests per safe crack growth interval (O.
Orringer, unpublished data, 1987).

An improvement in detection technology might be man-
ifested by either a larger scale factor A or a smaller detec-
tability limit X,,. Chances are that any improvement would
involve a combination of these effects. It is therefore of
interest to inquire what effect a smaller detectability limit
would have on rail test strategy and cost. Because Equation 4
shows that the overall detection performance on a finite
population Py, is independent of X, it follows that safe crack
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growth life and safe inspection interval can increase propor-
tionately when X, decreases without increasing the risk of
higher service break incidence. Early removal of defective
rails would parily offset the direct savings resulting from
fewer rail tests, but a first-order economic analysis suggests a
potential for net savings.

An improved analysis based on current knowledge of detail
fracture detectability and behavior is shown in Table 9. The
basic assumptions of the analysis are full service life of 1,000
MGT, scheduled rail tests starting at 100 MGT, and NDI
improvement that allows the inspection interval to be doubled
from 20 to 40 MGT at the cost of removing every defective
rail 20 MGT sooner than would happen under the current
testing schedule. Application of the crack propagation model
suggests that such a doubling could be made practical by
equipment that would have the same chance to find a 5 percent
HA detail fracture as the current systems have to find a 10
percent HA detail fracture (Figure 11). The analysis has been
applied to 50,000 track-mi, roughly the total U.S. inventory of
medium- to high-tonnage lines. Although the example is
idealized, it does illustrate the way in which fracture me-
chanics can be used to assess the real trade-offs when the
behavior and detectability of all the major defect types are
better understood.

The Canadian Pacific Railroad has recently adopted a
performance specification for rail testing based on average
detection probabilities for finite flaw-size ranges. The CPRR
specification that applies to detail fracture and other types of
transverse defects in the rail head (transverse fissure, com-
pound fissure, engine burn fracture, or defective weld) is as
follows:

Defect Size Range (%oHA)
10-20 2040 40-80

80-100

Required minimum
detection probability  0.65 0.80 0.95 0.99

Application of the previously developed simulation methods
(2, 8) and current knowledge of detail fracture propagation
suggest that this part of the CPRR specification accurately
reflects current rail test equipment performance (O. Orringer,
unpublished data, 1987).

FABRICATION AND MAINTENANCE
QUALITY CONTROL

Although periodic NDI is necessary in a world of imperfect
structures, it is not a substitute for good fabrication and
maintenance quality. The railroads and railroad suppliers have
a long record of product improvement, and the rail integrity
research program has dealt with fabrication or maintenance
improvement from time to time. Examples from both sources
will be cited briefly.

The adoption of controlled cooling to prevent hydrogen flake
defects was mentioned earlier. Other industry improvements in
rail manufacturing include vacuum treatment, hot topping, and
clean steel practice. Vacuum treatment removes hydrogen and
other gases from molten steel, allowing more productive rail
rolling through elimination of the requirement for controlled
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TABLE 9 EXAMPLE OF POTENTIAL SAVINGS FROM IMPROVED NDI TECHNOLOGY

Iltem

Hypothetical
Current
Improved
Technologya
Technologyb

Rail tests covering 100 to 1,000 MGT 46 23
Rail test cost: 50,000 miles @ $70; $M 161.0 80.5
Additional loss of serviceable rail lifec, $M 0.0 32.0
50,000 miles @ 32 defects per mile
20 MGT lost per defective rail @ $1 per MGT
Life cycle cost, $M 161.0 112.5

aTesting at 20 MGT intervals.

bTesting at 40 MGT intervals.

¢ New technology assumed to penalize every defective rail by 20 MGT. Every

defective rail assumed to require complete replacement. Number of defects

based on 1,000 MGT cumulative density from Table 3.
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FIGURE 11 Estimated safe crack growth life for small
and large defects.

cooling. Hot topping reduces ingot discard wastage and also
lowers the incidence of piped rails by avoiding the formation of
excessively weak dendritic seams during ingot solidification.
Clean steel practice, a recent development, reduces tramp-
element inclusion content and thus has the potential to improve
resistance to the formation of vertical split heads.

One of the early efforts in the rail integrity research program
was directed toward reduction of the high bolt-hole crack
incidence that appeared in the late 1960s. Bolt-hole cracks tend

to form as a result of fretting action between the bolt shanks
and the rail, a common phenomenon in mechanically fastened
structures. An idea borrowed from aircraft industry practice led
to the development of equipment and procedures for applying
cold expansion to the bolt holes in older BJR (22). British Rail
has recently improved the procedure by reaming worn bolt
holes to uniform diameter before expanding and is now begin-
ning to apply the cold expansion practice to its older BJR
tracks.

Both government and industry research projects have inves-
tigated improved rail welding methods. Flash butt welds made
in CWR plants generally have low defect rates because the
welding process does not use foreign materials and can be
accurately controlled. However, some premium alloy rails are
extremely sensitive in this regard because they achieve their
properties in part by delay of the austenite-pearlite transforma-
tion to produce a fine grain structure. Research on flash butt rail
welds has shown that martensite formation can be avoided by
delaying and extending postweld heat application, a practice
that adds about 1 min per weld to the production time (4).

Attention has also been paid to field welds, most of which
are made today by means of expendable kits consisting of a
thermite charge and a preformed mold that fits around the rail
ends. Because these kits were originally developed for joining
standard composition rail, a metallurgical investigation was
made into the effects of using both standard and premium Kits
to join premium-alloy rails or to make welds between a
premium-alloy rail and a standard rail (23). The major findings
from this project were that the natural air cooling of a field
thermite weld is slow enough to avoid martensite formation in
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all cases. However, simulated service tests at the TTC showed
that these welds tended to batter because the weld metal and
heat-affected zone generally had lower hardness and lower
yield strength than the parent metal (4). The TTC has recently
started simulated service tests of air-quenched thermite welds,
which have the potential for sufficient strength to resist batter
while still avoiding martensite formation. Whether the air
quenching process can be controlled in the revenue track
environment with sufficient accuracy to avoid martensite
embrittlement is an open question.

The seamless butt weld, a derivative of the thermite field
weld, has recently begun to be applied to the repair of
transverse defects in the rail head. If such defects are to be
locally repaired, it is generally necessary to remove 2 to 3 in.
of rail length to be certain that the entire defect has been
removed. Regular thermite weld kits cannot be used to rejoin
the rail in such cases because they are limited to weld
thicknesses of /2 to 3/s in. The repair practices in common use
have been whole rail removal in BJR and removal of a 10- to
20-ft plug from CWR. The seamless butt weld kit is a rail-end
kit that has been modified to produce the weld thickness
required for defect repair. Seamless butt welds are now
undergoing simulated service tests on the TTC FAST track.

Despite all the effort that has gone into improvement of field
thermite weld products, the process is still susceptible to the
formation of internal sand pockets or lack-of-fusion defects
when maintenance gangs are pressed for time or when welds
must be made during severe cold weather. One good practice
to compensate for these risks is to install safety straps on all
field welds. Safety straps are used today mainly on lines where
the perceived risk of derailment is high, for example, in the
Northeast Corridor to protect high-speed passenger trains.
Safety straps are essentially flexible joint bars that bulge
around the weld upset and can be relied on to maintain rail
alignment for one or two trains should a weld break. One
useful product improvement that has not yet appeared would
be insulated safety straps to provide positive assurance that a
field weld failure would disrupt the track signal circuit and
stop the next train.

A better long-term solution to the field weld defect problem
might be found in alternative welding methods that can be
more easily controlled. Several alternatives have been investi-
gated by the former Japanese National Railways, but all
require elaborate equipment on the track and have therefore
had little appeal to the U.S. railroads. One promising improve-
ment that has been the subject of some research in the United
States is a consumable-guide electroslag weld developed
under railroad sponsorship. The consumable guide is a pre-
fabricated kit in the shape of the rail cross section, and the only
equipment required on track is a portable generator to supply
the welding current. Some of these welds have been made in
the laboratory, and two have been placed in the FAST track.

The final example illustrates the unexpected side effects that
can sometimes result from product improvements. The uni-
form reduction of rail camber by roller straightening makes
widespread CWR fabrication practical, but the price paid for
the improvement is residual stress left in the rail (24, 25). The
residual stress magnitude generally increases as the material
yield strength increases; that is, the same roller-straightening
process leaves higher stresses in high-strength premium-alloy
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rail than in standard composition rail. In some cases, the price
paid for increased hardness and strength can be decreased
resistance to fracture.

Investigation of a 1983 passenger train accident led to the
conclusion that such a combination of high residual stress and
low fracture resistance was a major factor contributing to the
sudden rail web failure that caused the derailment (26).
Similar fractures were later produced in the laboratory (R. K.
Steele, AAR Research and Technical Center, unpublished
data, 1984), the potential of roller-straightening stress to drive
cracks was measured (27), the variation of rail steel alloy
fracture resistance was characterized (28), and the web frac-
ture instability phenomenon was recently confirmed by dy-
namic crack propagation analysis (29) and energy release rate
calculations (F. A. McClintock and S. J. Wineman, Depart-
ment of Mechanical Engineering, Massachusetts Institute of
Technology, unpublished data, 1987).

The 1983 derailment was an isolated case in which abusive
maintenance shortly before the passage of the train triggered
the conditions for initiation of the web fracture (30). A modest
product improvement in the form of a minimum specification
for rail steel fracture toughness can help to reduce the risk of
sudden rail failure from maintenance abuses that would nor-
mally be tolerated by rail without roller-straightening stress.
The research results suggest that most rail steel alloys in use
since roller straightening started would meet such a
specification.

Straightening stress can also increase fatigue crack propaga-
tion rates and thereby decrease safe crack growth life. A recent
case involving rapid propagation of small surface defects
through the rail web thickness is believed to have been caused
by straightening stress and is now the subject of a research
project. Rail makers are also investigating alternative straight-
ening processes that have the potential to produce rails with
low stress as well as low camber, for example, stretch straight-
ening (3/) and combinations of roller straightening with
stress-relieving heat treatment.

CONCLUDING REMARKS

The framework for rational determination of safe rail test
intervals is expected to be completely in place within a few
years. Future rail integrity research will likely concentrate on
product improvement or effects of rail transportation system
modemization.

On the product improvement side, the handling of roller-
straightened rail will likely receive continued attention in the
near future, and new work must be started on the subject of
surface head checking. Widespread surface head checking
(i.e., microcrack formation) has recently started on some
heavy-haul lines and is of concern because surface micro-
cracks can mask other safety-critical defects from detection by
conventional ultrasonic testing.

On the system modernization side, the anticipated transition
to 125-ton cars raises a major question about fatigue behavior.
The first post-transition experience with rail that has been
conditioned under 100-ton service might not provide a good
guide to the behavior of new rail under 125-ton loads. Labora-
tory fatigue experiments suggest that a historical trend from
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low to high loads tends to delay fatigue crack nucleation, not
unlike the retarding effect of occasional overloads on crack
propagation. Whether the useful service life of new rail under
125-ton loads will be lower than the life of preconditioned rail
remains to be seen and will be one of the subjects of the next
phase of experimentation on the TTC FAST track.

Although rail fabrication defects are best dealt with by
means of ad hoc product improvements that increase pro-
duction quality, most kinds of rail defects result from the
repeated application of service loads and will always occur
at rising rates as rail accumulates tonnage. In the long run,
detail fractures and other defects that are the inevitable result
of rolling contact will come to dominate the rail defect
population as product improvements and BJR replacement
continue.

Periodic testing of revenue track will always be required to
control derailment risks arising from exposure of trains to rail
failures. A damage tolerance philosophy based on fatigue
behavior and fracture mechanics provides the unifying
framework for understanding how inspection equipment im-
provements can be traded against test frequency requirements
and how maintenance resources can be efficiently targeted on
critical track sections without sacrificing operational safety.
Examples of both kinds of applications have been presented
and in most cases suggest that safe practices are also econom-
ical practices.
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Production Processes To Yield

Superior Rail Steel

W. H. HobgsoN AND R. R. PREsTON

Today is a time of great technological change in rail produc-
tion. Improvements have been noted in basic rail oxide, sul-
fide, and hydrogen controls, as well as surface inspection
techniques and the use of lasers and computers for rail flat-
ness, straightness, and geometry. Improvements in micro-
structure control and its effect on wear are discussed along
with some of the latest developments in both off- and on-line
continuous mill hardening. Finally, the overall package of
such improved rail offered over a hardness range of 300 to 400
Brinell Hardness Number (BHN) gives the user a wide range
of choices. It is suggested that this freedom of choice will be
characteristic of rail in the next decade.

Finished rail must give a satisfactory life over a suitably long
period. Wear resistance can now be built in, but before full
wear performance can be achieved the rail must be capable of
limiting local stress raisers connected with microinclusions,
microhydrogen, surface defects, surface flatness, and
geomeltry.

The production of basic rail to the required standard of
consistency will be reviewed and the processes capable of
promoting the desired wear properties will be considered in
this paper.

BASIC RAIL

Raw Material and Bloom Production

For consistent results it is better to begin with standard raw
material. For that reason liquid iron from a modem blast
furnace is the ideal starting material. This iron can be pre-
treated before basic oxygen steelmaking. In 250-tonne vessels,
the iron is blown to 0.1 percent carbon steel in around 40 min.
Gas stirring and the addition of low aluminum bring the ladle
almost up to rail steel chemistry. Vacuum degassing and fur-
ther trimming stations allow final chemical control, so that 98
percent of rail steel can be produced within a range of 0.05
percent carbon and 0.10 percent manganese. No aluminum is
added directly, which ensures steel free from angular, brittle
aluminous stringers.

The degassed and trimmed steel, temperature controlled to
+10°C, is then continuously cast under fully tubed and sub-
merged conditions. Sequence lots of around 2,000 tonnes are
typical. These batches are placed into 2,000-tonne insulated
boxes while still at 600°C. With a cooling rate of less than 1°C
per hour, the blooms are given a second hydrogen treatment

British Steel Corporation, Mass Bay, Workington, Cumbria CA14
5AE, England.

for a period of 3 to S5 days. Blooms are removed and are
available for rolling to rail without any need for surface
correction.

Internal Discontinuities

At this early stage decisions have already been made that
preset oxide inclusion type, sulfide amount and distribution,
and hydrogen preflake presence.

Oxide

To date, British Steel Corporation (BSC) has developed a
special low-aluminum process in which no direct additions of
aluminum are allowed. Figures 1 and 2 show the oxide levels
obtained. In this process, the main choice is oxide type—either
aluminum silicate or manganese silicate (Figure 3). Whichever
oxide is used, the level must be minimal.

Sulfide

Sulfide has a generally positive effect in helping to reduce
hydrogen problems but a negative one on toughness and wear.
A balance has to be found. BSC uses a typical sulfur range of
0.01 to 0.015 percent at the moment, but development work is
continuing at BSC Swinden Laboratories.
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Hydrogen

The decisions regarding hydrogen are difficult. Assuming that
a manufacturer avoids the actual production of detectable
flakes, it takes from 3 to 15 years for microflakes to develop by
fatigue into measurable defects. The testing span is therefore
extremely long, and, which is still worse, actual hydrogen tests
are not exact. Figure 4 is a graph showing hydrogen require-
ments typical in the rail industry. The lower dashed line shows
where hydrogen damage—not flakes—has been observed un-
der laboratory test conditions. In view of this and while re-
search is continuing, BSC uses a double hydrogen treatment,
that is, full vacuum degassing and full bloom cooling. The
average hydrogen in the finished rail is around 0.5 ppm.

RAIL PRODUCTION

Blooms are reheated and rolled into rail. At this stage there are
two main options that produce the correct wear resistance.
These will be discussed later.
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FIGURE 4 Hydrogen requirements typical in rail industry.

Rails are produced in multiple lengths to improve straight-
ness control. A single plane roller straightening machine
straightens the rails. Immediately after leaving the machine,
the rails are checked for inclusions, surface defects, and sur-
face flatness. Equipment is being installed to check straight-
ness and section geometry.

Inclusion Testing

All rails are checked for microinclusions by a 16-probe ultra-
sonic machine (Figure S5). The number of rails rejected is
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FIGURE 5 Ultrasonic testing.
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negligible, which should be a comfort to travelers. Back-
ground inclusions are so small that ultrasonic machines are
now of little use. Consequently, although it is only 2 years old
and one of the best available, this latest machine has come at a
time when steelmaking advances have almost eliminated the
need for it.

Surface Quality Assessment

Mirror-assisted visual inspection under ideal light conditions
has been used for many years, but rail standards are now such
that mirror inspection is less acceptable, for two main reasons:

1. Less than 0.25 percent of rails contain any form of
steelmaking defect. It is therefore difficult for an operator to
maintain the concentration required to find 1 defective rail in
400, particularly because for any individual operator the ratio
is 1 rail in 2,400.

2. Modem railmaking requires such defects that are present
to be measured for manufacturing control purposes.

BSC has developed fully automatic eddy current inspection
for the foot of the rail, and during 1987 newly developed rail-
head testing will be installed. The basis of the system is the
measurement of magnetic eddy currents set up in the rail
surface by a coil carrying an alternating current. For defect-
free steel the back effect of the coil is constant. If a surface
defect is present, this change in eddy current pattern can be
picked up either by the original or by a separate coil. The
current system uses six probes spinning at 2,000 rpm, giving a
sweep every 5 mm. Figure 6 shows a schematic view.

Running Surface Flatness Measurement

Rail surface waveforms introduced during manufacture have a
significant effect on the stress pattern and hence life of rail and
associated equipment, and in some instances on structure some
distance away from the track. Although every effort is made to
control these, the sources are many. Accurate measurement is
therefore one way of obtaining feedback for greater control.

In May 1986 BSC introduced a laser system for measuring
rail running surface flatness. The system uses six laser units,
which are calibrated against a straightedge so that datum

FIGURE 6 Eddy current testing.
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positions are established within the controlling computer
software.

At each measurement interval the two outer probes are used
to establish the current position of the straightedge in space.
The central four lasers measure the relative position of the rail
surface, and this information is stored for subsequent wave-
length and amplitude analysis. Characteristic wavelengths and
maximum amplitudes are displayed in tabular and graphical
form. Figure 7 shows the laser system and Figure 8, a typical
waveform printout.

Rail Straightness Measurement

Straightness measurement is a simplified form of surface flat-
ness measurement but taken over a long wave. Three laser
units in both the vertical and horizontal planes are used. The
two outer lasers define the straightedge, and the central laser
measures the deviation from straightness. The equipment is
being installed at the exit from the straightener machine and
should give almost instant feedback to the straightener’s math-
ematical model. Unfortunately, straightness adjustment, al-
though motor driven, will still be manual for some time to
come.

As an aside on rail straightness, rails with a good crown
profile for wheel guidance in track move through the roller
straightening machines more readily and finish as straighter
rails than do more poorly designed rails. The 132-1b American
rail performs well in this respect.

Rail Section Measurement

Lasers are being installed to measure principal dimensions and
twist. It is not anticipated that this equipment will improve the
rail, but it will give customers more peace of mind.

RAIL WEAR PROPERTIES

Other things being equal, the best wear resistance is given by
rails that have 100 percent fine pearlite structure and high
hardness. Wider pearlite spacings or any alternative micro-
structure gives increased wear. Figure 9 shows true fine lamel-
lar pearlite and Figure 10 shows degenerate pearlite, both
originally photographed at x6,250. Both structures look fully
acceptable under a light microscope at X500.

The one known exception to the pearlite rule is austenitic
manganese rail, which gives very good service in certain types
of wear situation only.

Figure 11 shows laboratory results that support site trials
carried out by BSC.

Historically BSC has manufactured rails that range in hard-
ness from 240 to 340 Brinnell Hardness Number (BHN) by a
combination of controlled fan cooling during head transforma-
tion only in the mill and the addition of alloying elements such
as chromium. Up to around 340 BHN the technique was
successful, but above 330 BHN, there was a weld cost penalty.
On increasing hardness over the range 340 to 400 BHN using
alloy systems, it became extremely difficult to avoid the pres-
ence of degenerate forms of pearlite and even some traces of
bainite. Consequently, although the hardness increased, the
wear performance did not improve to the expected degree. For
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FIGURE 9 Fine lamellar pearlite structure (x4,745).

these harder and more wear-resistant rails, BSC had the long-
term aim of using on-line mill heat treatment, but in the short
term turmed to the more immediately available off-line head
hardening type plant. The resulting pearlites follow (Figure
11), at least to the 425 BHN tested.

Off-line treatment was expensive, and even while the equip-
ment was being installed, BSC was cooperating with the Centre
de Recherches Métallurgiques (CRM) in Ligge, Belgium, and
Métallurgique et Miniere de Rodange-Athus (MMRA) in the
development of the new on-line process. The two processes are
briefly described here.

Off-Line Head Hardening

Rails are passed through a four-inductor heating unit that pene-
trates deep into the head of the rail. The rail surface reaches

IN METRES

FIGURE 10 Lamellar and degenerate pearlite (x4,550).

1000° to 1050°C at around 20 mm/sec. After a free air soak
period the rail is precooled with air to transformation tempera-
ture. The major part of the transformation then takes place in
still air.

The hardness profile for a 132-1b carbon rail shows that,
although produced off line, this is very much a deep-hardened
rail. A relatively flat hardness profile is produced, so that the
underlying rail is hard enough to support the wearing top
surface. The base rail in this instance would have a hardness of
290 BHN. All manufacturing parameters are fixed at the start
of a contract and are not altered for any reason. Computer
control is therefore unnecessary. The machine performance is
continuously recorded on a multipoint system, and the charts
can be read once a day to confirm that all rails are treated
within specifications. Obviously all normal mechanical and
hardness tests are also carried out.
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Mill Hardening

The idea for the plant was developed by CRM and the pilot
plant was installed at MMRA. The full 130-tonne/hr produc-
tion unit was installed by BSC and began operating in Septem-
ber 1987.

CRM had been heavily involved in on-line cooling of
lower-carbon steels for over 20 years, and the development to
higher-carbon and rail steels was a logical outcome of their
work. Their first actual trial runs of on-line treated rails were
carried out at MMRA in 1982. By 1984 the feasibility of the
process had been fully demonstrated. The current pilot plant
was completed in September 1985, and this equipment has
successfully worked through a test program of over 14,000
tonnes of rail.

The general layout of the plant at MMRA is shown in
Figure 12, and Figure 13 shows the process control system.

The plant at BSC is similar but with a size difference of
%x2.5. The sequence of events is as follows: The hot rail
passing from the finishing stands at 1000°C is placed head up.
The rail then passes under temperature monitors that supply
the temperature profile along the rail length to the computer.
The rail passes through a cooling train (54 m long at BSC) in
which rollers maintain both drive and straightness of the rail
and water sprays all surfaces continuously as required over the
length of the cooling train. The outgoing rail leaves the cool-
ing area at a dull red heat, and the main transformation to
pearlite structure takes place in still air. The straight rail is
turned on its side and passes down the cooling banks for
finishing in the normal manner.

Needless to say, the whole process is fully computer con-
trolled. In fact, the plant at MMRA at 65 tonnes/hr and that at
BSC at 130 tonnes/hr do not require any operators.

A wide range of sections, including asymmetric shapes,
have been successfully produced at MMRA, and extensive
testing has been carried out by BSC, MMRA, and CRM.

The process is very controllable and a hardness range of 300
to 400 BHN can be encompassed. Figure 14 shows a typical
hardness pattern for a 132-1b rail.
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ROLLING MILL

This rail also has the desirable flat hardness profile of great
depth, and as with the BSC off-line treatment, the still-air
transformation eliminates the possibility of a sharp hardness
cut-off or transition zone.

Full mechanical testing and metallography have been car-
ried out, and when conditions are met, wear results appear as
those in Figure 11.

Full-section fatigue tests have also been carried out at
BSC'’s Swinden Laboratories. Here results were found to be
dependent on steelmaking and rolling techniques rather than
treatment or strength. However, continuing work on push-pull
fatigue testing in the transverse direction indicates that sulfur
may have an effect on fatigue.

SUMMARY

BSC rail development has been aimed at producing a basic rail
that is clean and hydrogen and defect free to the extent that
modern technology will allow. Such rail can be heat treated on
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FIGURE 14 Brinell hardness pattern for 132-Ib rail.
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or off line to give hardness values in a continuous band from
300 to 400 BHN. This new technological package offers the
railroads a complete break from the previous restrictive steps
involved in the chemistry-controlled process. Rail can be pro-
duced anywhere in the 300- to 400-BHN band and can there-
fore give the user the benefit of the correct wear resistance for
his particular system on tangent shallow curves, severe curves,
and million-gross-tonne-per-year traffic, and satisfy his views
on rail grinding. This can bring about a fine balance between
surface fatigue and wear rate.

The majority of these improvements have come about with-
out pro rata increases in cost relative to the improvements
obtained, which is generally possible when the improvements
are brought about by manufacturer push rather than market
pull. The overall package should therefore be a very cost-
effective offer to railroads and sets a pattern for the next
decade.
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Manufacture and Properties of Deep

Head Hardened Rail

H. YosHITAKE, Y. MAKINO, K. SuciNo, H. KAGEyaMA, T. Suzuxi,

K. Fukupa, AND T. MIYATA

Slack-quenched rails made by Nippon Steel have made an
important contribution to reducing the maintenance cost of
railroads, Recently, the number of companies that use heavy
lubrication and grinding of rail heads to improve rail life has
been increasing. Thus, depending on the conditions under
which the track will be used, rails with various types of
hardness and a much deeper hardened layer are in great
demand. To satisfy this demand, Nippon Steel has developed a
new heat-treated rail called the deep head hardened (DHH)
rail, which can be produced by in-line direct heat treatment
with a special cooling system designed by Nippon Steel. Fea-
tures of DHH rail are as follows: (a) various grade types of
hardness, (b) a deep and uniformly hardened layer in the rail
head, and (c) high weldability. The construction of these rails
has been completed and tested. The new rail will be available
late in 1987.

Because of increases in train speed and freight car capacity
aimed at improved efficiency, rails are subject to severer
conditions than ever. The tonnage of trains has increased
markedly, and the axle load and iangential force or impact
force applied to the rails by the wheels have become exceed-
ingly great. )

Recognizing the increasingly severe service conditions for
rails, in 1976 Nippon Steel developed a new head hardened
(NHH) rail that is continuously slack-quenched by air after
being subjected to induction heating (I, 2). In 1979 the com-
pany developed NS-II rail (Super rail), the purpose of which
was to prevent the welded joints from softening (3).

In a test conducted at the Facility for Accelerated Service
Testing (FAST) (4, 5), these rails proved to have excellent
wear resistance. As a result, they have been widely used in the
United States, Canada, Australia, Brazil, and other countries,
in which their use has contributed to a saving in track mainte-
nance costs.

In recent years railways have been making the following
technical changes:

1. Development and practical use of lubrication technology
aimed at improved fuel efficiency in train operation and pro-
longed rail service life (6),

2. Implementation of rail head grinding to secure the op-
timum rail top profile while eliminating rail surface damage
and matching between rails and wheels (7), and

Nippon Steel Corporation, 1-1 Edamitsu Yawata-Higashi-Ku
Kitakyushu-City, 805 Japan.

3. Use of 125-ton or heavier freight cars rather than the
100-ton cars introduced in the 1970s.

These changes made nccessary the development of rails based
on an entirely new concept. The manufacture and properties of
deep head hardened (DHH) rail, developed by Nippon Steel in
response to the foregoing technical changes, are described in
this paper.

OBJECTIVES OF DEVELOPING NEW RAILS

In developing new rails, Nippon Steel gave the recent changes
in rail applications careful consideration and set the following
objectives.

1. To develop rails of different strengths (hardnesses) for
different uses: The use of lubrication reduces rail wear and
causes fatigue layers to accumulate on the rail surface, which
can cause damage to the rail surface. For this reason, it is
necessary to use a rail that is slightly less hard than conven-
tional high-strength rails. On the other hand, with the increase
in freight car tonnage, medium-strength (H,; 285-320) rails
have come to be used in tangent and gently curved tracks.
Thus, rails of different hardnesses are necessary to meet di-
verse service conditions.

2. To increase hardened layer thickness: Rail head grinding
requires that the rail interior have the same wear resistance as
the rail surface. This means that the hardened layer should be
made as thick as possible.

3. To improve weldability: Improving rail weldability is an
important point to facilitate welding work and cut welding
cost.

4. To secure homogeneous rails: In order to ensure a high
level of rail safety under increasingly severe conditions, it is
important to produce rails that are homogeneous throughout.

The off-line heat treatment process based on high-frequency
induction heating currently employed at Nippon Steel cannot
be applied to the manufacture of rails that meet the above-
mentioned requirements without significant slowdown of
hardening speed and marked deterioration in production effi-
ciency. In addition, with this process, it is extremely difficult to
obtain hardened layers of the desired thickness. In view of this,
a direct heat-treatment process was developed to produce such
rails.
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DIRECT HEAT-TREATMENT TECHNOLOGY
Selection of Coolant

Various cooling media were studied and subjected to labora-
tory tests. The test results are shown in Table 1. It was found
that salt, air, and mist might be feasible as cooling media for
the direct heat treatment. These three media were thus sub-
jected to detailed laboratory tests. In addition, the media were
used in a heat-treatment test on rails immediately after rolling.

Test Results
Salt

A salt bath capable of accommodating 4-m rails was fab-
ricated, and a heat-treatment test was conducted on rails im-
mediately after rolling. The test results obtained with standard
carbon steel rails are shown in Figure 1.

By maintaining the salt bath temperature at 400°C, it is
possible to produce rails whose strength is comparable with
that of NHH rails. In order to produce medium-strength (Hp
285-320) rails, it is necessary to raise the salt bath temperature
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to 500°C or higher, which poses the problem of salt evapora-
tion. In addition, immersion of the rails causes the salt bath
temperature to rise. Therefore, a large-scale heat removal
system is needed if a salt bath is to be employed on an
industrial scale.

Mist

A testing facility capable of treating 39-ft rails was built, and a
heat-treatment test was conducted on rails immediately after
rolling. The test results obtained with standard carbon steel
rails are shown in Figure 2.

The test results indicate that it is possible to produce
medium-strength and high-strength rails comparable with
NHH rails. However, the influence of surface properties, es-
pecially scale, was found to be so great that the cooling rate
varied throughout the length of the rail. In addition, local
bainitic or martensitic structure makes it extremely difficult to
secure uniform quality.

Because one of the primary objectives was to produce rails
that were homogeneous throughout, mist, which causes

TABLE 1 SELECTION OF COOLANT FOR STANDARD CARBON STEEL RAIL

Salt bath temperature(C)

Grade High strength rail Medium strength rail | Estima-
Cooling media (Hs = 370) (H. =300) tion
+ Insufficient cooling - Martensitic or banitic
Boiling water capacity » structure
& o) - Martensitic or banitic No good
(98°C) structure
water - Martensitic or banitic + Martensitic or banitic
H(()éo ~70°C) structure structure No good
: ; - Martensitic or banitic - Martensitic or banitic
Qu&nggt‘f 8°0|‘IC) structure structure No good
- Salt evaporation
Salt. (Good) - High cost Adoptable
« Insufficient cooling
Air capacity (Good) Adoptable
. itic structure )
Mist Local hanitic sin + Local banitic structure Adoptable
; (Salt bath temperature:400T)
[
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FIGURE 1 Hardness of rail (test using salt bath).
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FIGURE 2 Hardness (fop) and
macrostructure (botfom) of rail (test
using mist).

substantial variation in rail quality, was judged extremely
difficult to use as a cooling medium.

An example of the variation in cooling with mist is shown in
Figure 3.

Air

The test using air was conducted on rails immediately after
rolling at a testing facility capable of treating 39-ft rails. The
test results, obtained with standard carbon steel rails (Figure
4), indicate that rail quality is homogeneous throughout and
that rails of different hardnesses can be produced by varying
the air pressure. However, it is difficult to produce rails com-
parable in strength with NHH rails.
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Test results obtained with alloy steel rails (which have the
same composition as Super rails) are shown in Figure 5. By
adding elements such as chromium and silicon, it is possible to
manufacture high-strength rails comparable with NHH rails.

Use of Air for Direct Heat Treatment

On the basis of the test results, it was decided to employ air
quenching for the direct heat treatment. As the test results
indicate, direct heat treatment with air quenching produces
rails that are homogeneous throughout, and facilitates heat
treatment of alloy steel. The drawback with this process is that,
because air cannot cool the rails at the required rate, it is
extremely difficult to manufacture high-strength (Hy * 370)
rails of standard carbon steel on an industrial scale. Though
this problem may be solved by raising the air pressure, it is
difficult to apply this method in industrial production.

Eventually it was decided to manufacture high-strength rails
by adding very small amounts of alloying elements. Figure 6
shows initial cooling rate versus rail head surface hardness for
three types of steel. The cooling rate can be controlled by
regulating the air pressure with nozzles designed on the basis
of the test results.

PROPERTIES OF DHH RAIL

The principal properties of rails manufactured by direct
heat treatment using air quenching are described below.

Aimed at maximum
hardness

Aimed at target
hardness(Hs= 300)
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FIGURE 4 Hardness of standard carbon rail (test using air).
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Rails manufactured by this process are called deep head hard-
ened rails.

Mechanical Properties

The mechanical properties of DHH rail in comparison with
those of NHH rail are shown in Table 2. The strength of DHH
rail measured at a point near the surface is almost the same as
that of conventional NHH rail, but at a point further inside, it is
higher than that of NHH rail.

Hardness and Structure

Figure 7 shows the section hardness distribution and mac-
rostructure of direct heat-treated rails manufactured with an
aimed hardness of Hy 370 compared with conventional NHH
rail. It can be seen that the two types of rail have nearly the
same surface hardness, but that the DHH rail has hardened
deeper than the NHH rail. The DHH rail shows a uniform
macrostructure pattern, whereas the NHH rail shows a soft-
ened layer caused by reheating.

Figure 8 shows the microstructure of both types of rail. Like
NHH rail, DHH rail has a fine pearlitic structure.

Figure 9 shows the hardness distribution over the entire
section of DHH rail. The rail head shows a good hardness
distribution.

Wear Resistance

Figure 10 shows the results of a wear test using test pieces
taken from the head surface layers of various types of rail. In
the case of rails that have a pearlitic structure, harder rails
generally show better wear resistance. This suggests that DHH
rail can retain the wear resistance of its surface layer even

TABLE 2 MECHANICAL PROPERTIES OF DHH 370 RAIL COMPARED WITH NHH RAIL
DHH 370 rail NHH rail
ltem 02% Tensile Elonga- Reduc- 0.2% Tensile Elonga- Reduc-
proof strength tion tion Proof strength tion tion
Sampling stress of area stress of area
position (Mpa) (Mpa) (%) (%) (Mpe) (Mpa) (%) (%)
B
® S
. 863 1,294 15 34 843 1,304 15 35
D=6mm
GL =21 mm
(3.5D)
e } Sm
l‘_lﬁm
® 834 1,275 12 29 745 15157 10 25
D=127m(1/2 )
GL =504m=(2 )

GL
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FIGURE 7 Hardness (top) and macrostructure (bottom) of DHH 370

rail compared with NHH rail.

(DHH rail)

FIGURE 8 Microstructure of DHH rail compared with NHH rail.

when the head surface is ground; the wear resistance of its
surface layer is almost the same as that of NHH rail.

Rolling Contact Fatigue Characteristics

Figure 11 shows the results of a rolling contact fatigue test
conducted on DHH and NHH rail. The test was conducted on
rail that was oil lubricated to prevent wear. The DHH 370 rail
showed excellent resistance to damage compared with that of
conventional NHH rail. DHH 340 rail also showed good
resistance to damage.

Residual Stress

Figure 12 shows the residual stress in DHH and NHH rails. In
the direct heat-treatment process, the amount of rail bending
can be minimized by controlling the air blow. Hence the
reduction through roller straightening can also be minimized.
This makes it possible to reduce the surface residual stress in
the rail top to near zero.

Weldability

Figure 13 shows the hardness distribution of DHH rails sub-
jected to flash-butt welding. Compared with conventional
NHH rail, in DHH rail the hardness of welded sections is
subject to less deterioration, which suggests that no heat treat-
ment is needed after welding.

DHH rail that is manufactured by adding a small amount of
alloying elements and by controlling the rate of air quenching
offers excellent weldability, as shown in Figure 13, thanks to
the favorable effect of the alloying elements.

MANUFACTURE OF DHH RAIL

On the basis of the results found during development, Nippon
Steel started construction of production equipment at the be-
ginning of 1986. The equipment was completed at the end of
May.

Each rail is rolled to 150 m, cut to specified lengths, and
immediately subjected to direct heat treatment. It has become
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FIGURE 10 Relation between weight loss by wear test and
rail hardness.

possible to produce large volumes of high-strength rails; for-
merly, production was limited by the capacity for off-line heat
treatment.

The production equipment features a fully automatic rail
conveyor system and an automatically controlled cooling sys-
tem; hence it can stably produce high-strength rails.

Testing of the equipment and an in-depth quality examina-
tion of rails produced by the equipment was completed in
1987, and Nippon Steel has started shipment of high-strength
rails manufactured by this equipment. Nippon Steel plans to
market three types of rails—DHH 340 (/, % 340), DHH 370
(Hp % 370), and DHH 370S (H % 370)—to be produced by
this equipment. All three types can be applied, depending on
track conditions and the use of suitable lubrication. Continued
research and development for further improvement of rail
quality is expected.
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CONCLUSION

Nippon Steel has developed new heat-treated rails called DHH
rail, the features of which are as follows:

1. Various grade types of strength and hardness,

2. A deep and uniformly hardened layer in the rail head,
3. High weldability, and

4. Uniform quality throughout the entire length.
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Nippon Steel has completed the production equipment and
started commercial shipment of DHH rail.
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In Situ Rail Head Rectification on

British Railways

P. LEecH

The economic climate that led to the development of a system
of in situ rail head rectification by planing, the history of its
development, and the equipment used are described. Included
are comments on how rail planing forms an integral part of
the overall strategy adopted by British Railways for the main-
tenance of rail head geometry.

Ever-increasing economic pressures demand that the use of
track components be optimized. On heavy curves it had been
the practice to transpose or turn rails when a side on the high
rail had reached unacceptable levels. Little attention was paid
to the low rail. With the widespread use of continuously
welded rail, turning was no longer an option, but transposition
of rails was. As line speeds increased it was soon discovered
that transposed rails gave an unacceptably poor ride because
of bogie instability.

The “new"” high rail clearly exhibited a flattened crown
radius and often displayed mushrooming; this was caused
when slow-speed traffic transferred a significant proportion of
its weight to the low rail before transposition. Mushrooming
or lipping can also lead to the formation of stress cracks,
which ultimately cause failure of the rail.

The attractiveness of reusing rails rather than purchasing
new ones led British Railways to develop a process by which
to reprofile the head of rails in situ and gain, as it were, a
second life for them. This permitted rails to be transposed on
the same site or to be relocated on another route, that is, to
cascade from a primary to a secondary line where speeds
might still be high (in excess of 75 mph) but axle loads and
gross tonnage lower.

Locating a reprofiling machine in a depot was an alterna-
tive, but it would have incurred substantially higher rail trans-
port and handling costs.

DEVELOPMENT HISTORY

The British Railways network is made up of some 20,000
route km. Because of the legacy of a piecemeal construction
history and many geographical features (which presented rail-
way construction pioneers with barriers that tested their inge-
nuity), much of this network is on curves.

With one notable exception, namely, the London-to-Bristol
route, all the main routes have their fair share of significant
curves, and, in order to cut overall trip times and remain

British Railways Board, Paddington Station, London W21FT,
England.

competitive with other transport modes, railway engineers
designed these curves to the tightest possible standards.

British Railways is a mixed-traffic network. It attempts to
cater to the widest possible range of traffic including, at one
extreme, high-speed passenger trains going up to 200 km/hr
and, on the other, short-wheelbase freight wagons with a
maximum speed of 45 km/hr. The maximum permitted axle
load is 25 tonnes with a speed limit of 96 km/hr, but
freightliners (bogie container-carrying wagons) with a max-
imum axle load of 22 tonnes are permitted to go 120 km/hr.

Therefore for all main lines curve design is a difficult
compromise, but inevitably both high and low rails will expe-
rience substantial forces that cause side wear and flattening
and mushrooming.

It was realized that on curves where rails had been trans-
posed, the flattened head crown radius was producing an
unacceptably poor ride. This led to prohibition of rail trans-
position on all but the slowest-running lines.

The result was the generation of rails that were ultimately
worn to unacceptable limits. If reprofiled, they could have
been reused, because they still contained a substantial amount
of metal, but without such a process, these rails were fit only
for scrap, a waste of a potential asset.

In 1978 Plasser and Theurer offered a machine that re-
profiled the back edge of the low rail to facilitate transposing
(Figure 1). It was designed to treat a maximum of 50 percent
of the head width, and the cutting sequence was as follows:
first cut—one cutter at 45 degrees; second cut—two cutters,
one at 15 degrees and the other at 75 degrees; third cut—a
clean-up profiler.

FIGURE 1 General view of production machine.
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Trials began in 1979, and it was soon realized that it would
be beneficial to adjust the cutters. The new arrangement was as
follows: first cut—one cutter at 45 degrees; second cut—two
cutters, at 30 degrees and 60 degrees; third cut—gage corner
radius profiler.

The profiles thus achieved were disappointing, giving an
equivalent conicity of between 0.3 and 0.45. The target was set
at 0.213, which was achieved by a worn wheel set of a Mark II
passenger coach relative to the standard British Railways
113A flat-bottomed rail.

This machine was able to plane at 55 to 60 m/min, and the
life of each cutting tool was 1.3 to 1.5 km. The cutting tools
were designed for easy changing and adjustment, and the
operators soon learned that the cutters became very hot during
planing. The swarf generated was also red hot, and clearly,
even when it had cooled sufficiently to be handled, it was
unpleasant material to load and dispose of. If left on the
ballast, it presented a major hazard to track maintenance staff
and any electrical equipment. A trolley equipped with four
magnets was soon added to the planing machine to handle this
problem (Figure 2).

FIGURE 2 Earlier swarf collector.

New trials in 1980 involved planing the whole head in 8 and
10 passes. The results this time achieved an equivalent con-
icity of better than 0.213, even though the cutters had been set
for a rail inclined at 1 in 40 rather than the British Railways
standard of 1 in 20. It is interesting to note that at this site the
rails were also corrugated and that the planing successfully
removed all trace of the corrugations.

Further developments involving various ideas for swarf
collection followed, because the magnet arrangement was
slow and less than effective (Figure 3). Great care had to be
exercised near signal equipment to avoid damage leading to
signal failure. A vacuum cleaner was considered but rejected.
A continuous magnetic loading system was preferred, and
amendments to facilitate discharge of swarf from the collec-
tion hopper followed (Figure 4).

As experience was accumulated, other problems came to
light. Some welds caused the cutting tools to shatter because
of the sudden change in hardness.

The program of trials continued in 1981 using the following
cutting sequence:
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. Middle of rail shoulder,

. 45 degree chamfer on gage comer,
Deeper cut than in step 2,

25 and 67 degrees on gage comer,
. Just inboard from cut 1,

. Just inboard from cut 5,

. Center of rail head, and

. Radius cutter on gage corner.

0N A WN

The results showed that if the planing sequence is interrupted
and trains are permitted to run over the rails at an intermediate
stage, no temporary speed restriction is required.

::mi\iiii[i ,";_

FIGURE 4 Later type of swarf collector.

The success of this extended development sequence led to
the placing of an order for four machines in 1982. The major
difference from the prototype concerned the swarf collector. A
twin rotating magnetic-drawn system plus conveyors replaced
the four magnets supported by jibs. A ballast profile plate was
also adopted to avoid the swarf’s being trapped by uneven
ballast.

Since 1984 these machines have formed an important part
of the British Railways rail rectification regime; their prime
purpose is to reprofile lipped and mushroomed rails so that
they can be transposed or relocated (Figures 5 and 6). Cor-
rugation removal is not the primary function of these ma-
chines, although they will successfully eliminate head defects
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FIGURE 5 General view of reprofiled
rail.

FIGURE 6 Reprofiled rail with gage.

of that type. British Railways employs four Speno grinding
machines for the removal of corrugations and recently has
begun some reprofiling with the latest grinding machine. This,
however, is to improve the quality of ride over those rails that
are not to be removed from the track.
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MACHINE SPECIFICATION

The Plasser rail planing machine (PPM-100) is based on the
standard 07 chassis. It is a self-propelled unit capable of
running at a sustained speed of 80 km/hr up gradients of 1 in
500. It can negotiate a curve of 80-m radius and can work on
track curved to 100-m radius.

It is designed for British Railways standard gauge (1432
mm) and is able to reprofile both rails simultancously. The
operating speed is up to 60 m/min and it is able to cut sections
up to 25 mm?2, The cutting heads are controlled hydraulically
and are guided by a series of rollers (Figure 7).

FIGURE 8 Cutting tools.

The unit is designed to be operated by a crew of two. The
cutting process is observed using a TV monitor.

The cutters are of the chip breaker variety to reduce the risk
of producing long lengths of swarf (Figure 8). The operator
can change the cutters without having to stand on the “six
foot™ side, that is, risking being foul of an open track.
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Technical and Financial Appraisal of a
Contemporary Repair Technique for

Rails and Crossings

R. S. JoHNSON

Maintenance welding on British Railways (BR) track is con-
fined to two areas—crossings are repaired to fix the batter and
cracking caused by passing traffic (these repairs outperform
the original crossing material), and plain line is repaired to fix
the damage caused by wheelslip and to remove rolling contact
fatigue (“squat”) defects. These two types of repair operate in
different stress environments; crossings are mainly subject to
impact and plastic deformation, whereas plain line is subject
to rolling contact fatigue and wear. Maintenance repair of
rails within BR was until recently carried out almost ex-
clusively with manual metal arc (MMA) welding using 3.2- or
4-mm diameter electrodes and small portable site welding
alternators capable of producing welding currents up to 250
A. Welder training and repair procedures have been de-
veloped and improved over the years; however, these tech-
niques are governed by the weldability of the base material
and the limitations of the MMA process. Therefore, further
development of the present system for improved productivity
and quality is limited. Semiautomatic welding procedures
using flux-cored wires have been demonstrated in industry to
offer great economic and technical benefits over MMA arc
welding, and the application of the concept to the maintenance
repair of track components has been the subject of an exten-
sive laboratory and field assessment, the results of which are
presented in this paper.

Maintenance welding on British Railways (BR) track is con-
fined to two areas. Crossings are repaired to fix the batter and
cracking caused by passing traffic; these repairs outperform
the original crossing material. Plain line is repaired to fix the
damage caused by wheelslip and to remove rolling contact
fatigue (RCF), or “squat,” defects. These two types of repair
operate in different stress environments; crossings are mainly
subject to impact and plastic deformation, whereas plain line is
subject to RCF and wear.

Maintenance repair of rails within BR was until recently
carried out almost exclusively with manual metal arc (MMA)
welding using 3.2- or 4-mm diameter electrodes and small
portable site welding alternators capable of producing welding
currents up to 250 A.

Welder training and repair procedures have been developed
and improved over the years; however, these techniques are
governed by the weldability of the base material and the
limitations of the MMA process. Therefore, further develop-

Research Division, British Railways Board, Railway Technical Cen-
tre, 303/2 Brunel House, Derby DE2 84P, England.

ment of the present system for improved productivity and
quality is limited.

Semiautomatic welding procedures using flux-cored wires
have been demonstrated in industry to offer great economic
and technical benefits over MMA welding, and the application
of the concept to the maintenance repair of track components
has been the subject of an extensive laboratory and field
assessment, the results of which are presented in this paper.

MMA WELDING

Weld repairs to the permanent way can be broken down into
two main categories: (2) maintenance and repair of crossings,
and (b) repair of plain line surface defects.

Repair of Crossings

The repair of crossings can be broken down into two distinct
types.

Maintenance repair involves the removal of deformed and
defective material, which results from the impact loading of
passing traffic, and its replacement with sound material (Fig-
ure 1). This type of repair is carried out in track, generally
before the amount of wear on the crossing exceeds 6 mm in
depth. Both the wing rails and the crossing nose (frog) are
treated at the same time and in the same manner.

FIGURE 1 Crossing nose undergoing maintenance
welding.
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Structural repairs to crossings are usually executed out of
track and can involve large weld repairs to fatigue cracks or
fabrication defects anywhere within the body of the crossing
(Figure 2). The objective of both types of crossing repair is to
enhance the life of the crossing at minimal cost. Whereas most
maintenance welding can be undertaken with the crossing in
situ, larger repairs necessitate the removal of the unit before its
repair, either at lineside or in a workshop.

FIGURE 2 Crossing nose requiring repair welding.

Repair of Plain Line

The adoption of MMA weldin(g for the rectification of surface
damage and defects in plain line is relatively recent and was
stimulated by the widespread use of continuous welded rail
with its attendant high cost of rail replacement.

Initially repairs were restricted to inherent rail defects (roll-
ing defects) or wheelburns (Figure 3). However, the identifica-
tion of large numbers of RCF defects (Figure 4) in the
mid-1970s (I) enhanced the cost-effectiveness of repairs by
welding as an option to rail replacement. Procedures have
been developed for the repair of plain-line defects, either with
or without possession of the line, to remove cracked or defec-
tive material and restore a smooth-running surface with sound,
defect-free weld metal.

£ L6400

-

FIGURE 3 Typical wheelburn.
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FIGURE 4 Rolling contact fatigue (“squat”) defect.

Weld Metal Considerations

The stress environments encountered in these two types of
repair are quite different. Crossings are mainly subject to
impact loading from the transfer of the axle load from the wing
rail to the crossing nose, or vice versa: Plain line is subject to
cyclic dynamic loading from the smooth passage of the wheel
along the rail. The properties required of any weld metal for
these repairs would appear to be quite different, but this is not
necessarily the case. For crossings, resistance to impact is of
prime importance; other properties required are resistance to
fatigue crack initiation and growth and a degree of ductility. A
hard, tough weld metal is therefore required. Plain line repairs
need to be very resistant to fatigue crack initiation and growth
and should wear at approximately the same rate as the rail
steel. A hard and tough high-integrity weld metal is required.

In 1967 (2) an assessment of electrodes was completed by
BR to determine their suitability for maintenance of crossings.
The results of this work, based on weld integrity and hardness,
showed that ‘‘low alloy,” hydrogen-controlled electrodes (2!/4
percent Cr/1 percent Mo) or “stainless” rutile electrodes (18
percent Cr/8 percent Ni/3 percent Mo) produced deposits
suitable for surfacing BS 11 normal quality steel (see Table 1).
Electrodes of these two broad types were adopted by BR for
welding crossings (3), and several electrodes of each type
were subsequently approved (Table 2).

Following the adoption of these electrode types, a number
of reports were received as to the performance of the repairs.
Some reports indicated that the stainless electrode exhibited
poor resistance to batter, whereas other reports revealed that
although the low-alloy types were more resistant to deforma-
tion, problems were encountered with cracking, either as a
result of inadequate preheat (4) or as a result of weld defects
() (see Figures S and 6).

In 1970 a project was undertaken by the BR Research
Division to investigate further the choice of welding procedure
(including preheating requirements) and the most suitable
electrode for the repair of worn crossing components. This
work culminated in the recommendation that the minimum
preheat temperature for normal quality rail steel be 350°C (6)
and the finding that the most crack-resistant electrodes were
Philips kV3L and Murex Duroid 11. The properties of these
two electrodes are given in Table 3. It was also recommended
that semiautomatic welding methods be investigated (6).
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TABLE 1 RAIL COMPOSITION AND CRITICAL COOLING DATA
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CARBON MANGANESE SILICON CHROMIUM SULPHUR PHOSPHORUS |C.E.* [COOLING DATA FOR
WT% WT % WT % WT % WT % WT % FULLY PEARLITIC
TRANSFORMATION
T 800-400 COOLING
(SEC) RATE
(°C/8)
BS 11 (1978) 0.50 0.95 0.05 - 0.61 40 10.0
NORMAL QUALITY 0.60 1.25 0.35 - 0.05 0.05 0.81
BS 11 (1978) 0.65 0.80 0.05 = 0.73 35 11.4
GRADE A 0.78 1.30 0.35 - 0.05 0.05 0.97
BS 11 (1978) 0.50 1.30 0.05 - 0.72 590 0.67
GRADE B 0.70 1.70 0.50 - 0.05 0.05 0.98
BSC 110 kg mm™* | 0.68 0.80 - 0.95 1.06 1200 0.33
CHROMIUM 0.78 1.20 0.50 1.25 0.04 0.03 1.27
NORMAL 1.0 11.0 -
AUSTENITIC
MANGANESE STEEL | 1.25 - 1.0 - 0.06 0.07 -
LOW CARBON 0.7 12.0 - - =
AUSTENITIC
MANGANESE STEEL | 0.9 16.0 0.4 - 0.05 0.05 -

*CE=C+Mn + Cr + Mo +V + Ni +Cu

6

5 15

TABLE 2 ORIGINAL APPROVED LIST OF MMA ELECTRODES

Electrode Manufacturer Type of deposit

kV3 Philips 2-1/4% Cr/1% Mo
Ferron 42 B.O.C. 2-1/48% Cr/1% Mo
Suprex B Murex 2-1/4% Cr/1% Mo
Duroid 11 B.0.Cx 18% Cr/8% Ni/3% Mo
Armex 2 Murex 18% Cr/8% Ni/3% Mo
Manganese Nickel Murex (Hymet) 0.7% C/11% Mn/4% Ni*

*

crossings only.

Although the foregoing investigation was aimed primarily
at the repair of crossings, the repair of wheelburns was also
being studied (7). MMA, oxyacetylene, and aluminothermic
processes were considered. However, the MMA welding was
found to be the most practical, and, as in the work on cross-
ings, the Philips kV3L electrode was found to be the most
suitable for the repair of wheelbumns.

Used as a work hardening capping layer on cast manganese

FLUX-CORED SEMIAUTOMATIC WELDING
Background

By the early 1970s it was recognized that the use of a contin-
uous wire ‘‘semiautomatic” welding process might be of ben-
efit to the civil engineer, both in terms of productivity and
deposit quality.



FIGURE § MMA repair of cracked plain line.

FIGURE 6 MMA repair of fractured rail.

TABLE 3 CHARACTERISTICS OF CURRENT APPROVED MMA ELECTRODES

TYPE

“Low Alloy"

"Stainless"

APPROVED PRODUCT

Philips kV 3L

Murex Armoid 1 *

electrode : dia. (mm) 3.2, 4.0
length (mm) | 350 300
coating Basic (low hydrogen) | Rutile
type BS2493 - 2 Cr Mo B BS2926 - 20-9-3
AWS Class E 9015 B 3L -
Welding - 0.C.V. 80 80
AC/DC DC+ or AC DCT or AC
tgp. current (a) 4 mm:- 115-165 3.2 mm:- 110-130
Typical C .07 .06
Composition  Si 0.4 .90
(wt %) Mn 0.9 2.03
S 014 .013
P .018 .033
Cr 2.5 20
Ni - 8.2
Mo 1.0 3.2
U.T.S. (N/mm~?) 810 - 903 670 - 760
YsP (N.mm~*) | 602 - 765 450 - 540
% Elong 21 - N 31 - 48
Hardness (Hv 30) 310 - 320 235 - 290

Microstructure

Fine Bainite

Austenitic +
25% Ferrite

* Murex Armoid 1

which is no longer available.

is the current alternative to Murex Duroid 11,




FIGURE 7 Hayter “Mighty Midget” 250a AC welding
machine.

An analysis of typical maintenance repairs to crossings
demonstrated that only 25 percent of the welder’s time on site
was actually spent welding (see Appendix A). The remaining
time was consumed by ancillary operations, some of which
were peculiar to the MMA process (electrode drying and
changing, slag removal, etc.). In addition, a large number of
repairs subsequently failed as a result of welding defects such
as lack of fusion or porosity.

Semiautomatic welding in industry has proved to offer great
economic and technical benefits over MMA welding (in addi-
tion to the improved weld quality), primarily as a result of
higher deposition rates and greater heat input. The concept,
therefore, if applied to track repairs, could both increase the
speed of repairs, thus releasing staff for more repairs,
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and reduce the number of subsequent failures. A further poten-
tial benefit was the possibility of repairing rail steels not
repairable with MMA as a result of the greater heat input.

A preliminary appraisal of a number of products was carried
out between 1968 and 1973. However, the consumables were
off-the-shelf products deposited using conventional heavy-
duty plant, and the appraisal drew attention to their limitations
for use on site. This was primarily because of the need for
additional shielding gas (CO,) and heavy, high-current (350 to
400 A) welding machines because of the large-diameter (3 to 4
mm) wires then available (8).

From this initial review of products, requirements were
formulated for a suitable process for site deposition of a wear-
resisting surface on rails. The basic criteria were as follows:

1. The process should use self-shielding consumables to
avoid the need to supply and transport gas bottles, and

2. The process should operate satisfactorily from existing
portable MMA welding power sources.

Both aspects required considerable development, and al-
though they are obviously interrelated, for the purpose of this
paper they will be examined separately.

Equipment Development

The most common type of MMA welding machine used by
BR is the Hayter 250a AC “Mighty Midget” alternator, of
which approximately 400 are currently in service. The major-
ity are diesel powered (Figure 7). The unit operates nominally
at 427 Hz, and the output is rated as 250 A maximum at 60
percent duty cycle. Machine tests have shown that the

80
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FIGURE 8 Current-voltage relationship for the “Mighty Midget” operating on ac.
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FIGURE 9 Example of an ac-dc rectifier.

maximum current at 100 percent duty cycle, which would be
required for a continuous wire process, can be as low as 160 A,
particularly if deterioration of the equipment is taken into
consideration. In common with other MMA welding plant, the
curve of machine output has a ‘‘drooping’ characteristic,
effectively producing constant current over the normal work-
ing range (see Figure 8).

Most commercially available wire feed systems operate off
“flat” characteristic or constant voltage power supplies, using
the welding current to drive the feed rolls. It was necessary,
therefore, to develop a wire feed unit that would operate from
the MMA supply and be lightweight yet robust in design.
Welding Alloys Ltd. was developing a prototype machine, and
one unit, designated the WASA 70, was purchased for
research.
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Initial welding trials were centered around commercially
available “low alloy” hard facing flux-cored wires 1.6 mm in
diameter (9; W. A. Mosley, private communication, July
1980; 10). Most of these were subsequently found to be
unsatisfactory (see the next section). In addition to poor weld
quality, it was found that when the portable ac supply was
used, only a small amount of weld metal could be deposited
before the duty cycle of the source was exceeded, and the
power supply was cut. Attempts to reduce the wire to 1.2 mm
in diameter to reduce the required welding current resulted in a
variable weld quality due to variations in the density of the
flux fill. Attention therefore was turned to the power supply.
Trials with a dc mains transformer gave no such problems;
additional benefits were a more stable arc, enhanced deposi-
tion characteristics, and increased arc energy (i.e., heat input).
The attachment of an external rectifier or ‘‘converter” (Figure
9) to the output of the ac power supply was found to increase
the output of the unit such that the duty cycle of the machine
was no longer being exceeded (see Figure 10). It also pro-
duced the improved welding characteristics noted for the dc
mains supply (W. A. Mosley, private communication, Oct.
1980).

The WASA 70, operating from a rectified ac supply, was
subsequently used for the first site trials with the process, and
certain modifications became desirable for the production
model, which have subsequently been incorporated into an
improved unit, the WASA 90 (Figures 11 and 12).

Rectified three-phase ac welding machines have also been
investigated and are now recommended as the preferred and
more economical alternative to the purchase of new ac plant
with a separate rectifier. An example of one such unit is shown
in Figure 13; its output is shown in Figure 14.
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FIGURE 12 Equipment arrangement consisting of (A)
welding torch, (B) converter, and (C) ac welding machine.

Development of Wire for Repair Welding
Initial Work

The basic requirements of any deposit on rails are high integ-
rity (freedom from defects), resistance to deformation and
wear, and resistance to fatigue cracking, with good welding
characteristics.

Initial trials with commercially available consumables
proved unsatisfactory. The main problems were as follows:

1. Defects occurred in the weld metal—porosity and slag
were trapped because of premature freezing of the deposit as a
result of the low current available for depositing large-
diameter wires (>1.6 mm) (9).

2. Conventional hard-facing consumables, typically con-
taining high C, Si, and Mn levels, resulted in excessively hard
and brittle deposits (W. A. Mosley, private communication,
July 1980).

3. Consumables containing titanium (added as a deoxidant)
resulted in retention of large titanium carbonitride inclusions
in the weld metal (10), which impaired the fatigue properties.

4. Deposits that were sound, defect free, and metal-
lurgically acceptable were usually too soft compared with

FIGURE 13 Petbow Arc Centre 200 dc welding machine.

MMA deposits (W. A. Mosley, private communication, Oct.
1980).

From the experience gained through this work, the require-
ments of candidate wires became more evident.

Wires had to be limited to 1.6-mm diameter or less and dc
current was necessary to obtain adequate welding characteris-
tics from site plant, and to increase the duty-cycle capacity of
the cquipment. A “stringer” bead welding technique tended Lo
increase defect levels (W. A. Mosley, private communication,
Oct. 1980). Therefore a weave technique was proposed. The
use of deoxidants such as titanium was to be avoided, as were
high carbon and manganese levels. Preheat could be reduced
to 250°C for normal-quality rail steel as a result of the higher
heat input of the process (W. A. Mosley, private communica-
tion, July 1980).

Evaluation Program

To handle the number of products that were expected to be
submitted for assessment, the evaluation program used simple,
low-cost procedures for initial sorting, following by more
sophisticated tests on selected wires.

The program evolved around two deposition arrangements,
with the candidate wire being deposited on mild steel plate for
“undiluted” weld metal analysis and on prepared lengths of
BS 11 normal-quality rail steel for diluted weld metal analysis.
The tests used and their order are given in Table 4 (test
specimen weldments are shown in Figure 15).

A number of possible consumables have been assessed; one
of the most successful is a CR/Mn wire submitted in August
1983. The wire was initially supplied as a single 13-kg reel;
however, additional reels were made available following the
satisfactory preliminary assessment (11).

Laboratory Assessment of CriMn Flux-Cored Wire

Before any test samples were prepared, ‘“exploratory’” weld
deposits were produced to determine the welding parameters.
All welds were made using rectified ac, a 25-mm weave, and a
run length of approximately 90 mm. All the welds on normal-
quality rail were deposited using 250°C preheat.
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TABLE 4 TESTS USED TO EVALUATE WIRES

Test Piece
Bead on MS plate (six-layer pad)

Applicable Test Program

Radiography
Chemical analysis
Metallography
Hardness
Metallography
Chemical analysis
Hardness
Fatigue test
Metallography
Tensile test
Toughness (Charpy V
notch)
Deformation (flow under
impact)
Diffusible hydrogen

Bead on rail (three-layer pad)

Excavated rail

Butt-welded M/S plate

Bead on plate

The results of these exploratory tests are summarized in
Tables 5—8, and the fatigue data are shown in Figure 16 with
comparative data for MMA welds.

Metallographic examination of the weld metal in the un-
diluted form revealed a coarse dendritic structure (Figure 17)
with a very low level of nonmetallic inclusions and no visible
porosity. The microstructure of the weld metal consisted of
coarse bainite and ferrite (Figure 18). The heat-affected zone
in normal-quality rail steel (250°C preheat) showed no evi-
dence of any brittle transformation products.

To assess their relative resistance to deformation, specimens
of weld metal were tested in a “flow under impact” machine
developed by the Research Division. An impact force pro-
duced by a compressed air cyli