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PREFACE

The research described in this report was conducted in support of the Office of Research and Devel-
opment of the Federa Railroad Adminigration (FRA). The FRA program manager for rall integrity re-
search isMr. Dondd Flotkin.

This report describes rail integrity research conducted and managed by the Volpe Nationa Transporta-
tion Systems Center (Volpe Center) over a two-decade period in support of the FRA's Track Safety
Research Program. Particular emphasis is given to the development of anaytica tools based on engi-
neering mechanics principles.

The Rall Integrity Research Program has benefited from contributions by many railroad industry organ-
zations, independent research laboratories, and universities. The Association of American Rallroads has
made mgjor contributions through its management of rail integrity experiments conducted at the Trans-
portation Technology Center.
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EXECUTIVE SUMMARY

This report describes the progress of rail integrity research sponsored by the Federd Railroad Admini-
dration over the past two decades. In this context, rail integrity refers to control of the risk of rail fall-
ureswhich are generdly caused by defectsintherall metd. Such defects form and grow in rallroad rails
from the repeated action of whed loads exerted on the rail by passing trains. The growth rate of rall

defects is relatively dow & firdt, but increases as the defect becomes larger. If the growth is dlowed to
continue unchecked, the defect will eventudly reach a “critical” sze a which the next whed load will

cause the defect to extend rapidly, fracturing the rail into two or more pieces. The period of time from
when the defect becomes visible to crack-detection equipment to when the critical Sizeisreached isre-

ferred to as the safe crack growth life. The safe crack-growth life is usudly expressed in terms of ton+

nage (or million grosstons).

One of the objectives of rail integrity research is to provide guiddines for rail test frequencies based on
the safe crack-growth life concept. This report describes the engineering tools that have been or are
being developed for such purposes. Since rall integrity deds with management of defects, these engi-
neering tools apply fracture mechanics principles. These engineering todls are vaidated with data do-
tained from tests conducted in the laboratory and in revenue service. One of these engineering models
estimates the growth rate of arall defect known asthe detail fracture. Detall fractures account for about
75 percent of the rall defect population in continuous welded rail track in North America. The results
from the engineering model for detall fracture growth indicate that resdud sress, temperature differen
tid, and track curvature have the strongest influence on the growth rate of such defects. Moreover, two
of these three factors are the least controllable of al the factors consdered in the growth rate studies.
Consequently, recent work in rail integrity research has focused on understanding the development of
resdud sressesin ralroad rail. Engineering modds are now under development to estimate rail resdud
sresses from heet trestment and roller straightening during the manufacturing process and from cold
working during in-service loading. Moreover, these engineering tools are being developed to provide
information that may be used to derive scientific and rationd drategies for managing the

effects of service usage on rall integyrity.

Xii



1. BACKGROUND

Rall integrity dedls with the prevention and control of ral failures. Moreover, rail integrity dfects the
safety and economics of the railroad industry. Based on a study of accident data collected during the
period from 1991 to 1997, the problems related to loss of rail integrity accounted for 30 percent of the
harm resulting from train accidents.

Rall fallures usudly occur because defects form and grow as the rail is subjected to repeated wheel
loads. The presence of such defects weaken the strength of the rail to carry load. Consequently, re-
search in ral integrity generdly involves the gpplication of fracture mechanics which is a discipline of
solid mechanics dedling with sructures containing defects in the form of detectable or visble sharp
cracks.

The Office of Research and Development of the Federd Railroad Adminigtration (FRA) has sponsored
rall integrity research for severa decades. Since the 1970's, the Volpe National Transportation Sys-
tems Center (Volpe Center) has been providing technicd support to the FRA by managing and
performing research for the FRA’s Track Safety Research Program which includes a project on rail

integrity.

The generd objectives of rall integrity research are to improve rallroad safety, via reduction of ral fail-
ures and the associated risks of train derailment; and railroad economics, via development of production
or maintenance practices that increase rail service life. The generd gpproach isto gpply the principles of
meta fatigue and solid mechanics to derive rationa drategies for managing the effects of service usage
on ral integrity. Nondestructive ingpection (NDI) is atopic within the scope of rall integrity research.

Rallroads have dways inspected track visudly to detect ral falures, and have been using crack-
detection devices in rail test vehicles since the 1930's. Meanwhile, trends in the railroad industry have
been to increase traffic dendty and axle loads. Therefore, current rail integrity research recognizes and
addresses the need to review and update ingpection strategies in light of the most recently devel oped
goplied fracture mechanics technology and railroad industry trends.

In generd, the approach in conducting rall integrity research is amilar to that of the damage tolerance
design philosophy originally adopted by the U.S. Air Force, and now embraced by the commercid air-
craft industry.  The philosophy assumes that cracks will exist - caused ather by initid manufacturing
processes or by fatigue - and that fracture mechanics analyses and tests can be applied to check
whether cracks can be detected by periodic inspection before they grow large enough to cause struc-
turd falure. In the context of railroad rails, damage tolerance is the capability of therall to ress falure
and continue to operate safely with damage (i.e, rall defects). Thisimpliesthat arail containing a crack
or adefect is weeker than anormal rail, and that the rail strength decreases as the defect grows. Asthe

! “Harm” was defined in the study as a relative measure of loss resulting from a train accident. In this context,

“harm” was calculated from a formula consisting of three factors: the number of fatalities, the number of injuries,
and property damage.



growth continues, the applied stresses will eventudly exceed the rail strength and cause afalure. The
defect is sad to have reeched its critical Sze @ the point of rail failure. Engineering fracture mechanics
are used to determine the growth rate of rail defects and their criticd size. Such information can then be
used to establish guiddines for determining the gppropriate frequency of rall ingpections to mitigate the
risk of rall falure fromundetected defects.

Figure 1-1 shows a schematic of the different dementsinvolved in gpplying the concepts of damage tol-
erance to rail integrity research. Generally speaking, damage tolerance, as gpplied to rall integrity, con
ggts of three mgor parts dress analyss, defect growth analysis, and nspection of rail defects. The
principles of metal fatigue and solid mechanics are applied to analyze defect growth and rail stresses.
The rate of crack growth depends on the defect type and the applied stresses, and usually increases as
the defect grows. From an engineering mechanics point of view, stress andysis and defect growth de-
pend on materid, loading, and geometry. Results from therail integrity research program indicate thet in
order to properly characterize the mechanicd behavior of ral sed, effects from manufacturing proc-
eses such as heat treetment and roller straightening should be taken into account in the dress andyss.
Specificdly, these manufacturing processes contribute to the development of residua stresses (i.e,
dresses that remain in an externaly unloaded rail) which have a srong influence on defect growth rate.
Quantifying the effects of resdua stresses has been a congderable challenge because the residua stress
digribution within the rall is known to change with service life. Loading is affected by train make-up
because the rail bending moments depend not only on the weight of the car but on the spacing of the
axles, trucks, and couplers. The factors that influence geometry arerall profile and type of defect. The
rall profile affects the section properties (e.g., area moments of inertia, centroid, center of twig, etc.)
that are necessary to caculate bending stresses. The rail profile can be dtered by wear fromin-service
usage or by grinding from a deliberate maintenance practice. Clearly, different types of defects have dif-
ferent rates of growth.

Contral of rail integrity is maintained by rail testing usng specidized equipment. The process of rail test-
ing is highly rdliable but not perfect. Therefore, scheduling of rail tesing must  account for the possibility
of undetected defects that remainin rail. In principle, the frequency of rail testing should depend on the
defect growth rate. In practice, scheduling of rail tests aso depends on other factors such as resource
dlocation. A part of ral integrity research is to explore dternative strategies to current practice that
would optimize the frequency of rail testing and resource dlocation while maintaining an equivadent level
of sfety.

Ultrasonics and magnetic induction are the primary methods of choice for rail testing. Research is ongo-
ing to examine the application of other technologies such as dectromagnetic acoudtic transducers to
complement the exising methods.

Another aspect of the rall integrity research program has been to disseminate technica informeation de-
veloped under the research through technical reports, papers published in professond journds, and
conference proceedings. A listing of the various documents produced during the course of the research
is provided in the References.
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Figure 1-1. Elementsof Damage Tolerance Approach to Rail Integrity Research

In carrying out the damage tolerance approach as outlined in Figure 1-1, severa engineering andysis
tools have been and are being developed and vaidated to examine various aspects of rall integrity. Fig-
ure 1-2 shows a schemtic of five engineering models that provide input information to each succeeding
modd. For example, resdud dresses are initidly created in rall during heet treetment, but are affected
later in the manufacturing process when the rail is roller straightened and subsequently during in-service
usage. Thus, three modds are under development to examine the evolution of resdud stresses as the
rall is heat treated, roller sraightened, and used in service. Knowledge of the resdud dress satein the
ral is then used in fracture mechanics-based modes to examine the growth of transverse defectsin the
rall head. Specificdly, a fracture mechanics-based modd was developed for a particular transverse rall
head defect known as the detail fracture. This modd is referred to in Figure 1-2 asthe Detail Fracture
Growth Moddl, and is described in Section 2-2. Once the defect growth rate is known, then rail testing
drategies can be developed and evauated using a ssimulation modd.

This report describes the experimental and andytica efforts performed during the course of the
FRA/Volpe Center rail integrity research program. Following this introductory section, previous and
current research activities are described by reviewing the state-of-the-art in the andysis of rail defects,
andysis of dresses in ralls, and drategies for ingpection or rail testing.  Finaly, recommendations for
future work are given.
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Figure1-2. Rail Integrity Analysis Tools



2. ANALYSISOF RAIL DEFECTS

In principle, rationa strategies can be developed to ded with the problems associated with rail defectsif
their growth rate isknown. Track design, maintenance, train operations, and other factors can affect the
mechanica behavior of ral defects. Andyticd modeing provides an gproach to examine the effect
that various factors have on the mechanica behavior of rall defects. Data obtained from controlled ex-
periments to monitor rail defects can then be used to vdidate the analytica models.

The mechanicad behavior of rail defects typicaly comprises two stages: formation and growth.  Anayti-
ca sudies on defect formation have been conducted as part of the rail integrity research program to
determine the number of defects that can be expected to enter the population, the intervas of service life
over which they appear, and the digtribution of their locationsin track. Analyses on defect growth have
been conducted to determine the intervas of service life over which defects can be expected to evolve
to larger Szesif not detected. Service life for both formation and growth is usudly expressed in terms of
train traffic or tonnage in million grosstons (MGT). Moreover, the indusiry generdly reportsrail service
agesin terms of accumulated MGT and traffic dengtiesin annud MGT (i.e, MGT per year).

Figure 2-1 shows how the different types of defects contribute to the harm resulting from railroad acci-
dents. The bar chart indicates that detail fractures, transverse and compound fissures, and other rail and
joint bar defects account for over 40 percent of the harm resulting from accidents caused by loss of rall

integrity.
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Figure2-1. Digtribution of Harm for Railroad Accidents Dueto Rail Integrity Causes
(Based on Accident Data Collected from 1991 to 1997)



The FRA/Nolpe Center ral integrity research has primarily focused investigations on two types of rall
defects transverse internd defects and bolt-hole cracks. Some studies have been performed to exam-
ine other ral defects such as vertical split heads and web cracks. But particular focus has been given to
an internal transverserail defect known as the detail fracture because it accounts for about 75 percent of
the rail defect population in continuous welded rail (CWR) track in North America. Bolt-hole cracks
account for about haf of the defect population in bolted-joint rail (BJR) track. A trend in the railroad
industry, however, has been to replace BJR with CWR. Consequently, detail fractures are expected to
be the predominant rail defect encountered in railroad rail.

According to the Rail Defect Manual published by Sperry Rail Services, adetall fracture is a progres-
gve fracture garting from a longitudind separation close to the running surface of the rail head, then
turning downward to form a transverse separation subgtantidly at right agles to the running surface.
Figure 2-2 shows a detall fracture originating from an interna horizontal crack called ashdl. Shellsare
typicaly located between 6 to 10 millimeters (mm) beneath the running surface of the rall. Because its
orientation is horizontd or pardld to the running surface, shdlls are not consdered to pose a direct
threat to rail structurd integrity. On the other hand, because detail fractures (DFs) are oriented in the
transverse direction, which is perpendicular to the running surface, DFs do pose a direct threst to rall

integrity.

Figure 2-2. Broken Rail Showing Shell Origin of Detail Fracture
(Courtesy of Transportation Technology Center, Inc.)

Although shells are not classified as rall defects, a small proportion of shells form downward branching
cracks that become detail fractures. Initid modeing efforts, however, assumed that fatigue life corre-
sponded to the formation of detail fractures. At alater sage in the modd development, it was recog-
nized thet the fatigue life prediction ought to be based on shdl formation. The modds to examine shell
formation are discussed as follows.



21 ANALYSSOF SHELL FORMATION

The formation of shells in rails had become prevaent in North America by the mid-1940's, but it was
not until the early 1970's that andyticad methods were gpplied to predict their formation. The engineer-
ing models developed to examine shell formation approximate the rail as abeam on a continuous eastic
foundation and assume that wheel/rail forces create Hertzian contact stresses” in the rail head. More-
over, the models were developed to predict the life to shell formation and the location where a shell may
be expected to occur within the rail head.

The initid model was based on a uniaxid sress andyss (Perlman, et d., 1982). In the modd develop-
ment, rail replacement was recognized as being governed by a competition between fatigue and rall
wear. Wear was modeed as loss of rail head height per 100 MGT.® The mode predicted that detail
fractures originate a the running surface. This prediction was based on assuming that the defect origin
coincides with the location where the longitudind gtress is a maximum. The largest contributor to the
longitudina stress in the modd was the contact stress which was caculated from the Hertz theory for
circular cylinders at right angles. Such Hertzian contact stresses, however, are well above the yidd
drength of rall sed. Results from sengtivity studies conducted with this model showed that the fatigue
life of 70 ASCE rail exceeded the lives of 115 RE and 132 RE sections. These spurious results were
artifacts from applying the genera Hertz contact theory. The sengtivity studies dso showed that the
predicted fatigue life was extremely sendtive to wear rate and relatively insengtive to resdud stress
which were contrary to expectations. At this stage of the model development, however, it became ap-
parent that the fatigue life prediction ought to be based on shell formation rather than the formation of
detall fractures which actudly branch from established shdlls. Since shells tend to form in a nearly hori-
zonta plane, a modd for shell formation should be based on either vertica or triaxial® stresses rather
than longitudina stresses.

Subsequently, an dternative model was developed based on a triaxial stress analysis (Jeong, et al.,
1987) in which the contact stresses were caculated from assuming line contact (i.e,, pardld circular
cylindersin contact). The line contact solution appears to give more redistic estimates of contact stress
in the rail head than the generad Hertz theory. Moreover, the triaxia stress-based model predicted that
the location of the shell origin was about 2 to 4 mm higher than the observed location of shell formation.
The location of the predicted shell origin coincides with the location of the maximum effective stress”
but the reason for the discrepancy between the predicted and observed location of the shdl originis
unknown & thistime,

Contact stresses are caused by the pressure of a wheel on arail over alimited area of contact. Hertzian contact
stresses refersto contact of two elastic bodies, which is a simplifying assumption.

¥ A typica value assumed in the model was 0.03 inch per 100 MGT.

A triaxial staterefersto the simultaneous presence of stress acting in different directions.

Effective stressis a quantity used to relate atriaxial state of stressto amaterial property such asyield strength.



The engineering models predicted that the first percentile® of shells appear between 70 and 200 MGT
for a range of parameters that represent typical revenue service conditions. These values for the first
percentile fatigue life are roughly consstent with field observations of shell formation. In this respect, the
engineering models developed for shell formation provide qudlitative results that are encouraging.

However, additiond refinement is needed to cdibrate the results to field data because the predicted ef-
fect of some factors on shell formation were contrary to field observations. For example, results from
sengtivity sudies using the triaxid stress-based model showed that the rail bending effect is weak. Spe-
cficdly, fatigue life was found to be insengtive to ral sze and foundation modulus. The triaxid Stress-
based model aso predicted that fatigue life was insengtive to wear rete.

Alternatively, the life-to-shdl formation N (in MGT) can be estimated by corrdlating rail defect datawith
aWelbull distribution modd (Weibull, 1951):

F(N) =1- @ (V®)° D)

where a is a shape factor’ and b is a sce parameter. In corrdating the Weibull modd with data ob-
tained from six locations on two railroads (Besuner, et a., 1978), vaues of a were found to range be-
tween 2.9 and 5.5, and the range of vaues for b were from 1,200 MGT to 3,000 MGT.

From the Welbull moded, the first percentile life-for-shell formation in rall subjected to mixed freight traf-
fic is estimated to be between 430 and 490 MGT (Orringer, 1990), which represents the time required
to grow rail defectsto a detectable Sze aswell asto form them. Assuch, the firg percentile life for shell
formation as given by the Weibull mode should be expected to exhibit longer life than the enginesring
mechanics models. The difference in the fatigue lives given by the Webull and the engineering mechan-
ics modds could be interpreted as the time for a shell to turn down and branch to become a detail frac-
ture.

While some preliminary work has been conducted by the Association of American Rallroads (AAR -
Farris, et a., 1992), the development of a mechanics-based mode to examine turning or branching of a
shdl into a detail fracture has not been completed, and appears to be aformidabl e task.

Shell formation life may be consdered to represent an economic limit which can be useful in deveoping
guiddines for scheduling rail replacement. A more comprehengve review of the research conducted on
shdlsinrail can be found in a separate document (Stele, 1988).

2.2 ANALYS SOF TRANSVERSE DEFECTSIN THE RAIL HEAD

First percentile life means the time at which 1 percent of a large sample of specimens can be expected to have
formed a crack.

The Weibull probability density function with a shape factor of a=3.4 resemblesanormal (i.e., Gaussian) distribu-
tion.



Fracture mechanics principles can be gpplied to examine the fatigue and fracture strength of rails con-
taining defects of detectable or vigble sze. In the fracture mechanics approach, different types of rail
defects can be andyzed by varying mathematica expressons for the crack driving force or stress inten+
gty factor. Once the gtress intendty factor for agiven crack or defect is known, the Sate of stressin the
vicinity of the crack tip is completely defined, and growth of the crack can be predicted.

In the FRA/Volpe Center rail integrity research program, studies of defect growth have concentrated on
an internd rail head defect cdled the DF because it is the most common type of fatigue defect encoun
tered in CWR. DFs become detectable by ultrasonic testing equipment when they cover about 5 per-
cent of the rail head cross-sectional area (% HA),? and can be detected with virtua certainty at about
30 percent of the head area.

Various models to examine the growth of detall fractures are described in this section. The firg isan
engineering model that approximates the rail as a beam on a continuous dastic foundation and uses ba-
gc dressintengty factor formulas. The second gpplies the finite ement method and advanced fracture
mechanics principles. Another advanced fracture mechanics concept is used to develop models to ex-
amine the effect of load sequence on defect growth rate. This section aso describes amodd to andyze
another type of rail head defect called the reverse detail fracture.

In generd, the models described in this section calculate the safe crack-growth life of arall defect under
gpecified conditions (e.g., rail section, resdud stress, train makeup, track curvature, etc.). In the pre-
sent context, safe crack-growth life refersto the time it takes a defect to grow from minimum detectable
gze to criticd Sze. Here, “criticd Sz€' means the Sze of the defect a which rail failure may be ex-
pected to occur under the next train. Moreover, the safe-crack growth life defines the window of op-
portunity to find the defect.

2.2.1 Engineering Model for Detail Fracture Growth

The engineering model for detall fracture growth is based on a linear dadtic fracture mechanics solution
for an dliptica crack embedded in the rail head (Orringer, et al., 1988). The detail fracture was mod-
eled with basic dress intengty factor formulas that were modified to account for the effects of finite
boundaries and stress gradients.

The modd was initidly cdibrated by corrdating results with data obtained from six rails tested at the
Feacility for Accderated Service Testing (FAST) a the Trangportation Technology Center (TTC) in
Pueblo, Colorado. The FAST experiment was run from mid-June through mid-December 1982. The
engineering model was kter vaidated with data from 12 other detail fractures in a second FAST ex-
periment on 5° to 6° curved track® (Clayton and Tang, 1992). The mode vaidation aso included cor-
relations with data from compact-tension specimens tested in the |aboratory which smulated the growth

8  The sizes of transverse defects, such as detail fractures, are generally given in terms of percent rail head cross-

sectional areawhere the percentage is based on the areafor brand new or unworn rail.
This validation regquired a minor change in the way that rail residual stressis modeled for detail fractures smaller
than 10% HA.
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of detall fractures. The experimenta procedure for this smulation was developed by the Massachusetts
Ingtitute of Technology (MIT) (Journet and Pelloux, 1987); and was applied later by the Instron, Corp.
(Jablonki, et ., 1990). The crack growth data produced from the experimental smulationswaswithin
reasonable agreement (i.e., within 10 to 20 percent) with the field test data collected at FAST.

The engineering model was based on materia properties for rall sted determined through experiments
performed by MIT (Scuiti, et a., 1984; Journet and Pelloux, 1988). Such experiments were conducted
using compact tenson specimens that were machined from the center of actud rail heads. The fatigue
crack growth rate data obtained from these experiments were correlated to the following crack growth
rate equation:

da DK?
—=C 2
N TRy @

where a isthe characteristic Sze of the defect, N isthe number of stress cycles, K isthe sressintengty
factor range, and R is the dress ratio.”® In the crack growth rate equation, C, p, and g are empirica
constants. Table 2-1 lists the vaues of the empirical constants that provide a reasonable gpproximation
to the crack growth rate data.

Table2-1. Empirical Constantsfor Crack Growth Rate Equation

C Y q
(Sl units) (English units)
1.74 10" 1.00" 10™ 4 1.63
m(MPa-m?)“-cycle™ inch-(ksi-inch”?)*-cycle*

Other crack growth rate equations may be used to predict the growth of rail defects. In a study com
paring two crack growth rate models (Tang et a., 1991), equation (2) was found to be more suitable to
use in comparing predicted lives with results from variable amplitude or spectrum tests over thousands
of cycles.

Sengtivity studies were performed with the engineering modd for detail fractures (Orringer, et al., 1988)
to examine the relative effect of track design, maintenance, operationd, and other factors on safe crack-
growth life and critical Sze (i.e, Sze of the detall fracture a which rail failure may be expected to oc-
cur). The results of the sengtivity studies are summarized in Table 22. Two of the three factors that
have the strongest influence on both the safe crack-growth life and criticd Sze, namdy, temperature dif-

" The stress ratio is the minimum stress divided by the maximum stress in a given cycle. In fatigue crack growth
experiments conducted in the laboratory, the tests are conducted at constant amplitude so that the stress ratio
does not vary. In actual serviceloading conditions, however, the stressratio varies from cycleto cycle.
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ferentia and resdua stress may be the least controllable of dl the factors consdered. For example,
temperature differential depends totally on the vagaries of the weather. Control of residua stresses can
be exercisad through manufacturing and/or rail grinding, but the procedures to accomplish such control
are not well understood at present.

Table 2-2. Sensitivity of Factorson Predictionsfor Detail Fractures

Effect Factor
Safe Crack-Growth Life Critical Sze
Strong Temperature differentia Temperature differentia
Resdud stress Resdud stress
Track curvature Dynamic load factor
Moderate Rall section Rall section
Track foundation gtiffness Track foundation gtiffness
Location of whed/rail contact Track curvature
Average axle load Average axle load
Weak Dynamic load factor Location of whed/rail contact
Location of defect center Location of defect center

2.2.2 Advanced Fracture M echanics Model for Detail Fracture

Modeling of detail fractures was dso performed using a three-dimengond finite ement dress andyss
(Shand Tzou, 1984). In thismodd, the detail fracture was initialy assumed to be a 5 percent HA cir-
cular flaw embedded in the rail head. The shape of the propagating defect was then determined by ca-
culaing the energy release rate at discrete points around the periphery of the flaw and goplying the strain
energy density criterion.™ Although the model uses athree-dimensiond stress andlysis, some smplifying
assumptions were made. For example, a static whed load of 19 kips was assumed to aegte a single
dress cycle. In addition resdua and thermal stresses were neglected. Figure 2-3 shows the predicted
growth patterns, which appear to resemble the shapes of actud detail fractures. Moreover, the calcu-
lated crack growth lives were of the same order as those observed in service. The calculations needed
to execute this model can become tedious because the three-dimensiond finite dement grid must be up-
dated after each increment of growth. For this reason, limited sudies were performed with the three-
dimensiond finite dement modd for detail fractures. The results from this modd, however, demondrate
an application of fracture mechanics concepts and provides additiona confidence in the fracture me-
chanics gpproach to analyze rail defects.

" The strain energy density criterion isafracture mechanics theory that can be used to predict the direction and
amount of crack growth (Sih, 1973).
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Figure 2-3. Incremental Growth of Detail Fracture Predicted from Advanced
Fracture Modd (from Sih and Tzou, 1984)

2.2.3 Effect of Load Sequence

Experiments in which laboratory specimens are subjected to variable amplitude or spectrum loading
have shown that crack growth rate depends not only on the current stress cycle but on the stresses of
prior cycles as well. That is, the sequence of load application appears to have an dfect on crack
growth rate. However, the models described previoudy for andyzing detail fractures neglected the ef-
fect of load sequence.

Higtoricdly, the differencesin the crack growth behavior of arcraft duminum due to load sequence have
been explained by crack closure? (Elber, 1970; Elber, 1971). Anaytica (Jeong and Sih, 1990; Sih
and Jeong, 1992) and experimenta (Jablonski and Pelloux, 1992) studies were performed to examine
load sequence effects and the role of crack closure on the fatigue crack growth behavior of rail sted.

Closure loads were measured during laboratory experiments using compact tenson specimens sub-
jected to two different load sequences or spectra. The first spectrum was a recongtruction of the stress
cycles created from a train consting of typica freight cars used at FAST, and is referred to asthe real

sequence order (RSO) spectrum.  The reconstruction was performed by calculating the vertical bending
component of the rail head dress usng beam theory approximations. The combined effect of therma

and residua stress was represented by a fixed mean stress of 15 ksi. The second spectrum was created
by rearranging the order of the RSO spectrum according to decreasing maximum stress.  For this rea-
son, the second spectrum is referred to as decreasing maximum stress (DMS).  The trends of the results
from the [aboratory experiments and the crack closure caculations were consstent in that the DM S life-
time is longer than the RSO lifetime. But the ratios of DMS to RSO lifetime was 2:1 in the |aboratory

2" Crack closure refers to a phenomenon when the opposing surfaces of a crack are in contact with each other. In
the context of fatigue crack growth behavior, it is assumed that a crack does not propagate when the crack sur-
facesarein contact (i.e., during crack closure).
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experiments, and 3:2 in growth caculations with crack closure. Therefore, the cause of load sequence
effectsin rail sed remains an open question.

2.2.4 Engineering Modédl for Reverse Detail Fracture

The engineering modd for detall fractures was modified to examine the growth of a another transverse
defect that occurs in the rail head, provisondly cdled a “reverse detall fracture” (RDF - Jeong, et al.,
19984). Figure 2-4 is a photograph of this type of internd defect which indicates that therall is heavily
worn.® It is speculated that RDF defects occur in poorly lubricated, curved, worn rail on gtiff track
carrying traffic with high axle loads. The origin of the RDF defect is a the lower gage corner of the rall
head rather than below the running surface near the upper gage corner where detail fractures usualy
initiate. This type of defect had not been examined in previous research. Comparing results between the
detall fracture and reverse detall fracture, the growth rates are initialy comparable, but the safe crack-
growth life for RDF defects is about 20 percent shorter than that for detail fractures under the same
conditions. The percentage of the rail defect population that comprise RDF defects is unknown. RDF
defects occasionally occur near thermite or butt welds, and generaly occur at a shear lip in therail head
which is created from plagtic flow. The correlation between the RDF-defect occurrence and itslocation
relative to welds may suggest an influence of the heet- affected zone from welding. The correlaion be-
tween RDF defect occurrence and shear lip formation suggests that a loca stress concentration at the
shear lip may promote defect formation. These aspects of RDF defect behavior have not been investi-
gated.

Figure 2-4. RDF Defect in Lower Gage Corner of the Rail Head
(Courtesy of Sperry Rail Service)

B Therail shownin Figure 6 is 136 RE, which has an unworn rail head width that is slightly less than 3 inches.
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23 ANALYS SOF BOLT-HOLE CRACKS

Balt-hole cracks account for about haf therall defectsin jointed track. They originate in the rall joints at
the corner between the rail web and the surface of the bolt hole. Balt-hole cracks generdly emanate
from the hole closest to the rail end at gpproximately +45° from the vertical until the crack reaches the
rail head or base (Figure 2-5). Formation of bolt-hole cracks is believed to result from fretting fatigue
when the shank of the bolt bears againgt the surface of the hole in aloose joint.

Figure 2-5. Bolt-Hole Crack in Rail

Experimental and andlyticd studies of bolt-hole cracks have been performed by Arthur D. Little, Inc.
(Mayville and Hilton, 1984; Mayville, et d., 1990). The results from the laboratory experiments re-
veded that the stress intensity factor was nearly independent of crack length between detectable size™
and criticd 9ze (Mayville, et al., 1990) which greetly smplifies the crack growth caculatiion. Moreover,
caculations based on a smplified stress spectrum and the experimentaly determined sress intensity fac-
tor showed that about 10 MGT are required to grow a bolt-hole crack from detectable to criticd sze.

A more detaled anayticd modd of bolt-hole cracks (Sh and Tzou, 1985) was performed using a
three-dimensond finite ement sress andlyss in conjunction with the srain energy dengty criterion.
The drain energy dendity criterion was gpplied to determine the branching and trgjectories of the cracks
emanating from the bolt hole. The results of the finite dement andys's suggest that bolt-hole cracking
causss rall fracture by propagating and penetrating into the rail head before reaching the base. More-
over, the predicted crack trgectories resembled those found from actud rail-end fragmentations, pro-
viding further confidence in the gpplication of fracture mechanics concepts to andyze rail defects.

In modding the growth rate of bolt-hole cracks, the mechanics of the bolted joint should be incorpo-
rated. For example, abolted joint is assumed to carry a moment that is less than the moment carried in
acontinuous rail. The ratio of the moment carried by the bolted joint to the moment carried by a con
tinuous rail is cdled the joint bar efficiency factor. A finite dement beam model was developed to relate
the joint bar efficiency factor with the gap distance between the rall and the joint bars (Mayville and
Stringfellow, 1993). The gap distance was considered as a measure of the joint looseness. The results

¥ A bolt-hole crack becomes detectable when it penetrates the thickness of the rail web, or about 0.6 inches.
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of the finite e ement beam modd indicated that the joint bar efficiency factor decreases from 0.85 to
0.60 as the gap between the rail and joint bars increases from zero to 0.030 inches for a 132 RE rall.
Dynamic loads created by the impact of the whed upon aloose joint were also cdculated. The results
of these finite dement caculations suggest that bolt-hole cracks are at a greater risk of fracture when the
joint isloose, which is consgtent with generd field experience.

24 0OTHER RAIL DEFECTS

Defects known as vertica split heads occur in the center or the gage Sde of the rail head. These defects
gppear to originate from incluson gringers. A generd relaion between crack length and probability of
detection for this type of defect is not known. Fractographic studies of vertical split head defects have
been performed (Mayville, 1985). The results of these studies suggest that the length of the stringer
colony determines the length of the vertica it head. Finite dement andyses (both two- and three-
dimensiona) have been conducted to determine mixed-mode stress intengity factors for a kinked verti-
ca split head crack (Mayville and Stringfellow, 1993). Crack growth calculations based on these
andyses indicate that more than 200 MGT are required before a vertica split head will break out to the
surface.

Defects in the rail web also have been examined. The effect of resdua stresses as a driving force to
propagate web cracks was examined by Wineman and McClintock (1987). The effect of fatigue, from
repeating whed loads during in-service traffic, on web cracks has also been examined wsing both an
edementary engineering modd and a three-dimensiond finite ement andyss (Jeong and Orringer,
1989). The safe crack-growth life of web cracks was strongly sensitive to the level of resdud sress.
However, assuming atendle resdud sressleve of 20 kg, corresponding to the largest assumed magni-
tude of tendle resdud dress in the andyss, about 1200 MGT are required for a web crack to grow
from 0.1 inchto 0.2 inch. No experimenta data are available to verify this result. However, the cacu-
lated growth rate represents extremely dow growth when compared to other rail defects.
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3. ANALYSISOF STRESSES IN RAIL

Stressesin railroad rails may be considered as the superposition of several components. These compo-
nents include contact, bending, thermal, and residua stresses. Contact stresses play a Sgnificant rolein
the andyss of defect formation, but are negligible in the anadlyss of defect growth because detall frac-
tures are located deep enough below the running surface to where the contact stresses have completely
decayed.” Rail bending stresses are created from the continuous repetition of whed loads on the rail.
Therma stresses are created from thermal expanson, and are caculated only for CWR. Resdud
stresses occur from manufacturing processes and cold working during in-service usage. Moreover, re-
Sdua stresses have been found to play a sgnificant role in rall defect behavior. Each of these compo-
nents except contact stresses is discussed in this section.

3.1 BENDING STRESSES

The cdculation of bending sresses in the engineering models for transverse defects in the rall head is
based on the classical theory of beams on eagtic foundation. In particular, the theory developed by Ti-
maoshenko and Langer (1932) has been applied to andlyze stresses in rail. A simplified verson of the
Timoshenko and Langer analyss was developed (Orringer, et a., 1986), and has subsequently been
used in the andlysis of detail fractures and RDF defects. Smilarly, the semi-infinite beam on eadtic fourr
dation theory (Hetenyi, 1983) was used to anayze bolt-hole cracking.

As mentioned previoudy, three-dimensiond finite eement modes have been developed to examine de-
tall fractures (Sih and Tzou, 1984) and bolt-hole cracks (Sh and Tzou, 1985). Finite eement analyses
have dso been performed by Battelle Columbus Laboratories to determine stressesin rail (Johns, et dl.,
1981).

32THERMAL STRESSES
Thermal stresses can be calculated for fully restrained CWR in tangent track from
Sm = Ea(TN -T) €©)

where E is the modulus of dadticity, aisthe linear coefficient of thermd expangion, Ty isthe stress-free
or neutral temperature, and T istherail service temperature. When considering crack-growth behavior,
thermal stresses are detrimenta when tensile. In practice, the caculation of therma stresses from equa-
tion (3) can become dightly complicated because studies have shown that the rail neutral temperature
does not remain congtant and may vary cydlicaly with a decreasing trend (Kish, et al., 1987). The ef-
fect of varying thermd tension can be taken into account in the defect-growth modelsif the variaion of
the temperature difference or therma stressisknown apriori.

> The contact stresses in the rail head have completely decayed within 1 inch of the running surface.
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3.3RESIDUAL STRESSES

Residud stresses are those that remain in an externdly unloaded rail. The nature of resdud stressesin
the rail head is such that an interior region comprising one-third to one-haf of the rail head cross-section
isin agate of triaxia tensgon, which promotes the formation and growth of defects in that particular re-
gion. The fatigue and fracture models developed under the rail integrity research program demonstrate
the significance of resdua stresses. For example, the modds to predict the growth of transverse de-
fectsin ral (Orringer, et a., 1988; Jeong, et d., 1998a) were strongly sengtive to the leve of resdua
dress. In addition, the triaxid stress-based mode for predicting shell formation (Jeong, et d., 1987)
was moderately sengitive to resdud dress. Further discusson on the effects of rail resdua stress on
rail performance can be found in a separate document (Orringer, 1993).

The sources of resdud stresses are; (@) hesat treatment during manufacturing, (b) roller straightening, and
(c) in-service loading.™ Initialy, ressarch focused on understanding the development of residual stresses
from the plagtic deformations caused by the repetition of whed loads during revenue-service traffic.
Moreover, the quantification of resduad stresses by ether experimental or anayticad means has been
found to be a rdatively difficult task. Another source of resdud stressesin rails could be from welding.
To date, however, the development of rall resdud stresses from welding has not been investigated in
the ral integrity research program.*’

3.3.1 Prediction Methods

Repesated whed passages over rails creates cyclic plastic flow which in turn induces resdual stresses
that affect the formation and growth of shells, detail fractures, and verticd split heeds. The residud

dress fidd is believed to sabilize to a quas-steady state or so-called shakedown dtate at an early point
inthelife of arall as cyclic work hardening increases the materid’ s resistance to permanent deformation.
During controlled experiments where a rail was loaded repeatedly dong the same contact patch, be-
tween 2 10° and 1° 10° whedl passes were required to fully develop the residua stress field (Pwiderski
and W\ jtowicz, 1992). More whed passes are required in actua service to reach the shakedown Sate
because the center of contact wanders across the running surface as a rail encounters whed's with dif-
ferent profiles. It has been estimated that between 10 to 100 MGT of traffic are required to fully de-
velop residud stressesin rail (Orringer, 1993).%

A computationa methodology has been developed to predict the residud stress digtribution at the
shakedown limit. The methodology is based on dadtic-pladtic finite dement models in conjunction with
nonlinear optimization agorithms (Orkisz and Harris, 1988; Orkisz et d., 1990). The finite dement
method is used to determine the local variations in stress that satisfy equilibrium conditions. The optimi-
zation method is used to determine the energy states corresponding to possible shakedown levels.

18 Research is ongoing to examine the effect of rail grinding on residual stresses (see Section 5.4).

The development of residual stresses from welding of tank car steelsis currently being examined in support of the
FRA'’s Rail Equipment Safety Research Program.

8 Assuming an average axle load of 33 tons, 10 to 100 MGT of traffic is equivalent to about 3 10° to 3" 10° wheel
passes.
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Yidd grength, load magnitude and sequence, presence of initid stresses, and laterd whed wandering
were found to affect the predicted resdud stress levels and distribution (Orkisz and Holowinski, 1993).
Other computational methods such as the hybrid finite dement method (Holowinski and Orkisz, 1992;
Perlman and Gordon, 1992) and the boundary eement method (Cecot and Orkisz, 1992) have adso
been gpplied in this methodol ogy.

The influence of initid stresses on the find resdud dress gate indicates that manufacturing processes
such as roller sraightening should be considered in the prediction of resdud stresses. Roller sraighten
ing produces resdud stresses in rail through cold working.  Studies have been performed to predict re-
Sdud dresses from roller sraightening using finite ement models and a smple andyticad modd (Wine-
man, 1991). A three-dimensond finite dement mode to examine roller sraightening of rail is now un-
der development.

Efforts have recently begun to understand the residua stresses produced from heat treatment during rall
production. Three-dimensond thermoplagtic finite dement modds are under development for this pur-
pose (Fata, et a., 1998; Jones, et d., 1998). Resdud stresses develop in rail from quenching because
the rail cools non-uniformly due to the complex cross-section.  Predictions from these models are con-
ggtent with experimenta observations of hardened layer depth in modern heet-treated rail. Figure 3-1
shows the axid resdud stress distribution dong the vertica centerline of the rail, as predicted by the
modd for in-line head-hardening heat treatment. Moreover, the figure shows that the maximum level of
tendle axid resdua dress occurs in the interior of the rall head which has been confirmed by
experimenta measurements.
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Figure3-1. Axial Residual Stresses Predicted from Thermoplastic Finite Element
Analysis (from Fata, et al., 1997)
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3.3.2 Methodsto Relieve and Deter mine Residual Stresses

To date, the methods to determine resdud stresses in rails are destructive.  Stresses are relieved by
ether sectioning (i.e, cutting) or high-temperature annedling (i.e., heat trestment). The deformations or
drains associated with the siress relief are measured. Residud stresses are later inferred from the
measured quantities through a data- reduction method based on solid mechanics principles.

The method of sectioning or cutting of rail into smal dices and cubes was developed by Battelle Co-
lumbus Laboratories (Groom, 1983). Before the rail was sectioned, the rail was nstrumented with
gages 0 that strains could be measured as stresses were relieved from cutting. In 1983, nineral sam
ples were examined with this technique at a cost of $20,000 per sample. One of the disadvantages of
the method is that stresses can be introduced when the rail is cut. Also, the resolution of the resdud
sress field depends on the size of the cubes since only the average stress in a cube can be inferred.

An dternative method to relieve resdud stresses was developed at the State University of New York
(SUNY) a Stony Brook (Wang and Chiang, 1993) where dress relief is achieved through high-
temperature annedling. In this method, interferometry was applied to measure the deformetions associ-
ated with dress relief.  In theory, no additional stresses are introduced by hesating as long as the tem-
perature does not exceed the re-cryddlization temperature. The thermd anneding method to determine
raill resdua stresses was most recently applied to rail samples obtained from the rail grinding experiment
a FAST (Wang and Chiang, 1997; Wang et d., 1999). This approach has been referred to as the
Transverse/Oblique Slice Therma Moiré (TOSTM) method. During the conduct of these measure-
ments, however, gratings from two raill samples were destroyed during the therma annedling process.

In-Stu resdud- stress measurements can be made using X-ray diffraction, but the present method is lim-
ited to determining stresses on the surface of agiven sample. The gpplication of neutron diffraction™ to
measure rail resdua stresses was explored through an inter-agency agreement between the Volpe Cen-
ter and the Nationd Inditute of Standards and Technology (NIST). Rail dices asmilar to those that
were used in the high-temperature anealing method were used with the neutron diffraction technique
(Gnéaupd-Herold, et d., 1999). The neutron diffraction measurements were carried out using a spe-
cidly deveoped sysem cdled DARTS, which is an acronym for Double Axis sysem for Resdud

stress, Texture, and Single crysta analyss. The resdua stress measurements from the neutron diffrac-
tion method appeared reasonable. The magnitudes and locations of the maximum tensle stresses were
consstent with previous experimenta results. It remains to be seen, however, whether DARTS can be
gpplied to measure in-dtu longitudina resdua stresses in the head of an actud rail section (i.e., nonde-
gructively).

9 The neutron diffraction measurement technique is similar to X-ray diffraction, but neutron radiation penetrates
about a factor of 1000 deeper into steel than X-raysdo. Thus, it is possible to perform stress measurements at |o-
cations beneath the surface of the specimens.
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3.3.3 Data-Reduction M ethods to Deter mine Residual Stresses

Resdud dresses were initidly inferred from rail sectioning by assuming dagtic unloading and applying
the tangent modulus theory of eadticity (Groom, 1983). Buit ral cutting may induce reverse plagtic flow
in regions with high residua stresses. Therefore, an advanced data reduction method to determine resid-
ua dresses from the interferometry measurements is being developed by the Cracow University of
Technology (CUT). Although this data reduction method will account for plastic deformation, it isaso
assumed that purely dastic unloading occurs during stress rdlief which neglects the Bauschinger effect.

The procedures developed by SUNY a Stony Brook and CUT will be applied specificdly to analyze
the data obtained from rall samples that were used in the TOSTM method and the experiments con-
ducted on the FAST loop a TTC. In particular, the effects of different rail grinding patterns on the de-
velopment of rail resdua stresses will be examined. In these studies, residual stresses are considered as
ameasure of rail performance since they have a sgnificant effect on the formation and growth of rail de-
fects. Moreover, these sudies will investigate how rail grinding may be used to control rail integrity by
dtering the magnitude and digtribution of residud stressesin the rail head through grinding.

% The Bauschinger effect is usually observed in metals when a specimen is plastically deformed in one direction of
loading and then a reverse load is applied in the opposite direction. The Bauschinger effect occurs when the
specimen plastically deforms in the reverse loading direction at a stress level less than the corresponding yield
strength.
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4. STRATEGIES FOR INSPECTION/RAIL TESTING

A mgor god of ral integrity research is to provide technicd information that may be useful to hdpin
formulating industry guidelines for ingpecting rail in the United States. Current practices for rall testing
must comply with 49 CFR 213. Moreover, dternative procedures should provide an equivaent level of
safety to current practices. In this section, two exanmples are described where results of rail integrity
research were integrated to achieve this objective.

4.1 ADAPTIVE SCHEDULING FOR RAIL INSPECTION

In 1990, the results of rall integrity research were integrated in the development of a self-adaptive guide-
line for scheduling of rail tests to detect detall fractures (Orringer, 1990). Here, “sdlf-adaptive’ means
that the frequency of rail ingpection is varied according to the total rate of defect occurrence per test, the
rate of defects found by means other than scheduled tests, and tonnage of traffic carried between tests.
The guiddine incdluded a provison for fine tuning ingpection frequency to account for changes in per-
formance of rall ingpection equipment. The guideline was developed on the basis of rail defect popula-
tion gatistics from four U.S. railroads in the late 1970's (Orringer and Bush, 1983). In afidld trid where
the guideline was applied on one line, the railroad saved $70,000 per year from decreasing inspection
frequency while maintaining the established level of safe performance. Moreover, a benefit from opti-
mizing ingpection frequency is that resources can be alocated according to need.

4.2 RISK/BENEFIT ANALYSISFOR DELAYED REMEDIAL ACTION ON RAIL
REPLACEMENT

Results of rail integrity research were integrated during the development of amodd that Smulates detec-
tor-car utilization on a hypothetica railroad line (Tang, et d., 1995). The smulation model was based on
Monte Carlo methods. Moreover, the model was developed to evauate a test waiver requested by a
magor North American railroad. The waiver is based on the concept of “non-criticd” defects. In this
context, the term “non-critical” refers to defects less than a certain Sze. Under current practice, imme-
diate remedid action (such as a speed reduction, reinforcement with angle bars, rail replacemert, etc.)
must be taken when a defect is discovered in aral. With this restriction, a repair crew or chase gang
closy follows the detector car which can limit the number of ingpected track miles per day. The test
waiver dlows “non-critical” defects b reman in-service for a grace period that would potentidly in-
crease detector car utilization.

A damage tolerance gpproach was adopted in evauating the concept of non-critica defects for rall re-
placement. Moreover, the engineering modd for detail fractures was used to determine the specific
conditions for the waiver (Jeong, et a., 1997). Based upon the results from this damage tolerance ap-
proach, the waiver was granted to the railroad with the following conditions: a 4-day delay period for

23



detail fractures 20% HA or less in winter (defined as November 15 to March 15),? and a 5-day grace
period for defects 25% HA or lessin summer.

The smulation modd and the engineering modd for detail fractures were gpplied to evauate the con-
cept of delayed remedid action for “non-critical” defects (Orringer, et d., 1999). The modd assesses
“rik” as the potentid number of missed detections from underestimating defect Sze during rall testing;
“benefit” is defined by the number of increased miles of detector-car utilization, which provides more
opportunity to detect defects ahead of rail failure. The results from the modd suggest that delayed re-
media action for “non-critical” defects may be a worthwhile concept from a railroad safety viewpoint.
It should be emphasized that in order for this concept to succeed, ral testing equipment must not only
reliably detect the presence of arail defect but also must accurately measure its Size once a defect has
been found.

2 Thewaiver also specifiesaspecial cold weather provision, where no delayed action is allowed if the service tem-
perature for a particular day is anticipated to be below 0°F.
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5. OTHER AREASOF RAIL INTEGRITY RESEARCH

5.1 ADVANCESIN NONDESTRUCTIVE INSPECTION TECHNIQUES

Rail testing has become the primary method for contralling rail defects. A summary of the methods used
for ral teging is given in the Rail Defect Manual compiled by Sperry Rail Service (aso see Orringer
and Ceccon, 1980). Ultrasonic testing equipment was introduced in the 1960's and 1970's, and is the
most common technique used today. Ultrasonic equipment, however, may not detect interna defects if
there are shdls large enough or if the running surface is corrugated or contains heavy head checking.
Also, lubrication on top of the ral may inhibit detection of internd defects. Recent improvements in
magnetic induction technology® appear to overcome these shortcomings in ultrasonic detection. These
advances are currently being developed for practica applications. The coupling of ultrasound and mag-
netic induction as complementary technologies for rall testing should improve the overdl rdiability in de-
tecting defects. In another research fort, the FRA awarded an SBIR (Smal Business Innovation Re-
search) project to International Electronic Machines, Corp. (IEM) in Albany, New York, to develop
advanced NDI technology based on eectromagnetic acoustic transducers (EMATS). Phase | of this
SBIR program was completed in July 1996. The results of the Phase | study demonstrated the feasi bil-
ity of applying EMAT to detect interndl defects in rail with head checking (Mian and Arthur, 1996). A
Phase I was initiated in 1998, with the objective of developing a prototype EMAT system for field op-
erations.

In 1997, afacility was congtructed at the TTC to evaluate the performance of various types of rail flaw
detection equipment. Thisfadility is caled the Rall Defect Test Fecility (RDTF), and was built under the
joint sponsorship of the AAR and the FRA. In 1998, the facility was used to evaluate Sx ultrasonic in-
gpection systems. At that time, the facility contained over 70 flaws which were supplied by AAR mem+
ber railroads. The results of these evaluations were published in an AAR research report (Garcia and
Reiff, 1999). In 1999, the facility was extended in overdl length from about 1,890 feet to over 5,400
feet. With this extended length, the facility contained over 80 flaws from revenue service and 50 artifi-
cd flaws. Benchmark evaduations were performed on the extended RDTF. These eva uations showed
that performance of the detection equipment was comparable to the guideines recommended by the
American Rallway Engineering and Maintenance-of-Way Association (AREMA). Modifications to the
RDTF are planned for 2001 in which the track facility will be divided into two sections. One section
will contain 30 to 40 ral defects over 4,000 feet of track. This section will be used to evduate systems
where detector cars may operate at speeds gpproaching 15 mph or more. A second section will cornt
tain between 75 to 100 rail defects over 1,440 feet of track, and will be used primarily for development
of new and improved technologies for rail flaw detection.

% Magnetic induction was actually the first method successfully applied to detect rail defects, and was the primary
method for about 40 years until the widespread use of ultrasonic equipment.
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5.2FEASIBILITY OF ADVANCED MATERIALSFOR RAIL

Improvements in rail sted qudity in terms of fatigue, fracture, and wear resstance have been achieved
conventiondly by: (1) increasing carbon content, (2) adding dloying ements, (3) heat treatment, (4)
improving metalurgica deanliness by reducing indusions® or (5) work hardening. Rail quality im-
provements through these methods have drived to maintain a pearlitic mecrostructure. For future rail
gpplications, however, dternative methods to improve rail quaity may be required to offset the railroad
industry’s trend in carrying heavier axle loads over thar rails. One possble method to achieve m
provements in fatigue, fracture, and wear resistance may be the production of rail sted with a carbide-
free or banitic microgructure.  Such a microgructure could be attained by controlling the in-line
guenching during rail production and/or dtering therail sted chemica composition by adding dloys such
as chromium, vanadium, and molybdenum. A technica sudy is being conducted to evaduate the
feasbility of producing banitic rail sted. The priminary outlook is that bainitic sted appears to be
suitable for gpplication to frogs.

Other potential methods to improve rail strength may be investigated such as maraging® steels and u-
trahigh carbon (UHC) deds. Finite dement andyses modding heet trestment of rail may be ussful to
evauate the options to improve rall srength. For example, a thermopladtic finite eement modd has
been developed to examine the problem of designing quenching schedules for the production of bainitic
ral (Jones, et d., 1998). The results of this mode suggest that further study is needed to determine
whether bainitic rail can be straightened, by means of conventiond cold-rolling processes, without leav-
ing excessveresdud dressesin therall when it enters service.

5.3 RAIL LUBRICATION

Some railroads lubricate rails to reduce whed and rall wear and to save fud. Experimentsat the TTC
have demondtrated such benefits. But these experiments have dso shown that the occurrence of fa-
tigue-crack formation increases sgnificantly in lubricated rail (Steele and Reiff, 1982). Wear isthe prin
apd life-limiting factor for ral, but as ral weer life is extended, many more rails stay in service long
enough for fatigue cracks to form and propagate. The research studies on rail lubrication have been
conducted by the AAR at the TTC, and have been empiricd in reture.

5.4 RAIL GRINDING AND WEAR

Some railroads gind the ral head to maintain specific profile shgpes. The intent of rail grinding is pri-
marily to control rolling contact conditions and rail wear. Some recent field observations and theoretical
sudies have indicated that particular grinding patterns may either adversdy or beneficidly affect residud
stresses and fatigue cracking behavior inral (Perlman, et a., 1993).

% Metallurgical cleanliness can be quantified in terms of chemical composition by the oxide and sulfide content.
% Maraging steels have low-carbon content, but contain arelatively large percentage of nickel and other hardening
elements. With heat treatment, maraging steels can attain ultrahigh strength.
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Recent experiments also have been conducted at the TTC on the High Tonnage Loop® a FAST (Clay-
ton and Hannafious, 1997). Table 4-1 summarizes the different grinding patterns and frequencies that
were varied in these experiments. Five pairs of transverse and obliquerail dices were cut from each of
these conditions. The rails were 136 RE in size, and 300 HB in Brindl hardness?® The neutron diffrac-
tion technique was gplied to these rall dices to measure resdua stresses (Gnéupe-Herold, et al.,
1999). Moreover, the results from these measurements appear to indicate that grinding has beneficia
effectson rall fatigue life.

Table4-1. Conditions Tested in Rail Grinding Experimentsat FAST

No. Description

Control specimen, no grinding

FAST worn profile, ground every 25 MGT
Two-point contact, ground every 12.5 MGT
Two-point contact, ground every 25 MGT
Brand new rail, not ingaled in track

(W[N]

Although the FRA Track Safety Standards do not address rail wear, technica information has been de-
veloped under the rall integrity research program to estimate wear limits based on rail strength (Jeong,
et a., 1998b). These anayses assumed that wear occurs as uniform loss of materia from ether the top
of rail or the gage-side face?’ Rail section properties that are required for the beam-theory stress
andyss were estimated for these two rail wear patterns. Rail wear limits were estimated on the basi's of
grength criteria that consider failure as ether permanent bending or fracture. The fracture-based wear
limits were found to be more redtrictive (i.e., more conservative) than those based on permanent bend-
ing. Moreover, the fracture-based wear limits gppeared to be comparable to those used by a mgjor
U.S. railroad.

This methodology to develop wear limits was subsequently used to examine the effect of wear on the
safe crack-growth life of rall head defects. The analyses showed that wear had a moderate effect on
the growth of detail fractures, and a strong to moderate effect on the growth of reverse detail fractures.
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The average axle load on the High Tonnage Loop at FAST is 39 tons.

Hardness testing is usually performed by impressing an indenter of fixed and known geometry into a specimen.
Depending on the type of test, the hardness is expressed by a number related to the depth of indentation. When
aBrinell Hardness Test is performed, the hardness number is followed by the symbol HB.

For curved track in general, gage-side wear usually occurs on the high rail, and loss of head height occurs on the
low rail.
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6. SUMMARY

Severd engineering analysis tools have been and are being developed and vdidated in the FRA/VVolpe
Center rail integrity research program.

Fracture mechanics principles have been gpplied to compute the safe crack-growth life of ral defects
under specified conditions (rail section, resdud dress, train makeup, track curvature, etc.) from mini-
mum detectable sSize to a Sze a which rail failure is expected to occur under the next train. The safe
crack-growth life is computed in terms of MGT. Paticular atention has been given to the detall frac-
ture because it is the most common rall defect encountered in continuous welded rail track in North
America

Advanced finite dement techniques are being gpplied to compute the resdua stresses expected in arall
due to repested application of service loads. The service loading is specified as an envelope of peak
loads, and the model has the capabiility to compute residua stresses for peak |oads having an unpredict-
able sequence of laterd locations (i.e., Smulation of redistic whedl/rail contact effects). The outputs of
these finite dement models are the location, magnitude, and extent of resdud longitudind tenson in the
rail heed. Moreover, these characteristics directly affect the safe crack-growth life of detail fractures as
well as other types of transverse defectsin the rail head.

Conventiond finite dement technology is being applied to compute the temperature versus time history
and resdud dsresses developed by quenching heat treatments such as those employed in the
manufacturing of head-hardened ral. Ral metdlurgicd microgtructure can be inferred from the
temperature versus time history output, and the resdua stress output can be used as a specification of
initial resdua dresses for use as input to calculate the resdua stresses developed during service
loading.

Monte Carlo methods have been gpplied to smulate defect detection performance on a hypotheticd
railroad line assumed to contain growing detail fractures subjected to periodic ingpection by aral flav
detection vehicle. The inputs to the Monte Carlo smulaion modd incude seasondly adjusted defect
growth rates, based on the fracture mechanics modd for detail fracture growth, and a curve of detection
probability versus defect Sze, based on empirica estimates from field experience. The outputs of the
smulatiion modd include annud detected defects per track mile inspected, service/detected defect ratio,
and detector car utilization (average miles inspected per day) for various specified annua tonnages and

ingpection frequencies.

Models are under development to Smulate the mechanica effects of the roller sraightening processes
used for finishing rail to meet camber tolerances. Such modds will compute the resdua stresses due to
roller sraightening. The magnitude of these stresses can be used as an indicator of sudden fracturerisk,
and the detailed stresses can be used as input information to the other models.
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/. RECOMMENDATIONS FOR FUTURE RESEARCH

Rall integrity research is an ongoing effort, and will continue as annua tonnages and average axle loads
increase on the nation’s railroads.  The following recommendations for further research are given, in no
particular order of importance or priority.

1. Theorigind data used to vaidate the detail fracture modd were obtained from rails producedin
the 1950's and 1960's. The yield strength of standard carbon sted rail of that era was about
70 ks, and the Brind| hardness was about 250 HB. Rail quality has improved over the last two
decades s0 that yidd strength is equd to about 90 ks, and the Brindl hardness equa to about
300 HB. It appears reasonable to assume the fracture toughness, fatigue life, and crack propa
gation life of ral may have changed aswell. Therefore, experiments Smilar to the origind FAST
tests should be performed using modern rail to determine defect growth behavior under service
conditions. After the test on the FAST loop is completed, the rails should be broken open to
map the contours of the fracture surface to estimate the growth rate from fatigue striation marks.
Resdua stressesin therail head should be measured with the most modern and accurate meth-
ods to date. The ambient temperatures during the test should be recorded. If possible, the neuw
tra temperature variaion should also be monitored and recorded. In addition to fidd service
data, |aboratory tests using compact tenson specimens may aso be required to obtain fracture
toughness (K\c) and crack growth rate data for modern rail stedl.

2. One way to evduate the difference between “old” and more modern rail would be to execute
the shakedown modds to predict resdua siress assuming different values of yield strength de-
pending on rail vintage, as described in paragraph number 1. In other words, a comparison be-
tween a yidd drength of 70 ks versus 90 ks could be examined to estimate the difference in
resdua stresses between older and modern rall which in turn dfect predictions of safe crack-
growth life in transverse defects.

3. A mode to egtimate the potentid error in ultrasonic measurement of transverse defects (particu-
larly, detail fractures) has been developed to estimate the probability that a defect will be incor-
rectly classfied as onethat is actudly larger. Because the model was based on alimited sample
Sze, additiond data are needed for measured versus true defect sizes.

4. The computationa methods predict resdua stresses in uncracked ralls or rails without defects.
What is the effect of redistribution of residua stress as a crack grows through the residual stress
fidd?

5. Thelocation of whed/rall (W/R) contact position “wanders’ on the rall crown. Some prelimi-
nary andyses are being conducted to determine the possible range of W/R contact positions
and load intendties that may occur under normd revenue-service conditions. Thisinformation is
currently being generated as input data for the caculation of rail resdua stresses from the com+
putationa modds. Such information aso can be gpplied to caculations for safe crack-growth
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life, if it is known what percentage of time the W/R contact postion is located at a given loca-
tion.

. Once the computational models to determine rail resdua stresses have been fully developed,
they can be exercised to estimate the interna stress digtribution within the rail head. These re-
aults coupled with the results from paragraph number 5 can then be goplied to the defect-
growth models. For example, resdud dress results from the heat trestment and roller
draightening models can provide input to cdculate shell-formetion life from the triaxid stress-
based model. The foregoing residua stress results aso can be used as input to determine the
shakedown state, which in turn, can be used as input to estimate safe crack-growth lives of
transverse defects. These defect-growth rates then can be used to update the guideline for
scheduling of rail tests and the Smulation modd for detector-car utilization.

. The neutron diffraction technique (DARTYS) can be applied to an actua rail section to determine
the feasbility of measuring residud stresses with this technology. Rather than using transverse
and oblique rall dices, which were used in the previous work with neutron diffraction (Gnéupel-
Herold, et d., 1999), a section of rail could be used. By using a piece of an actud rail section,
the resdua dtresses in the longitudind direction of the rail would be preserved. Moreover, if

this measurement technique is successtul, the rdiability of the procedures to recongtruct rail re-

sdud dresses from the transverse/oblique dice method can be established.

. Nondedtructive inspection of rail defectsis highly rdiable but not perfect. For example, detec-
tion of internal defects under shells or heavy surface damage can be difficult. Researchis
needed to overcome these difficulties. In addition to religble detection of internd rail defects,
detection equipment must also accurately determine the size of the defect if aternative ingpection
srategies such as the delayed remedid action concept are to be successful.

32



REFERENCES

NOTE: References preceded by an asterisk (*) were prepared in support of the FRA/Volpe Center
Rall Integrity Research Program.

Besuner, P.M., D.H. Stone, M.A. DeHerrera, and K.W. Schoeneberg, 1978. “ Statistical Analyss of
Ral Defect Data (Rail Andyss - Volume 3),” AAR Chicago Technica Center Report No. R-302,
Chicago, Illinois

* Cecot, W. and J. Orkisz, 1992. “Estimation of Actual Residual Stresses by the Boundary Element
Method,” Residual Sresses in Rails, Vol. 2, Kluwer Academic Publishers, The Netherlands, 179-
190.

* Clayton, P. and Y .H. Tang, 1992. “Detail Fracture Growth in Curved Track at the Fecility for Accel-
erated Service Tegting,” Residual Sressesin Rails, Vol. 1, Kluwer Academic Publishers, The Nether-
lands, 37-56.

Clayton, P. and J. Hannafious, 1997. “The Effect of Grinding and Rail Metdlurgy on the Fatigue and
Wear Behavior of Railsin a 39 Kip Whed Load Experiment at FAST.” AAR Report.

Elber, W. 1970. “Fatigue Crack Closure under Cyclic Tenson,” Engineering Fracture Mechanics 2,
37-45.

Elber, W. 1971. “The Significance of Fatigue Crack Closure,” Damage Tolerance of Aircraft Struc-
tures, ASTM STP 486, American Society for Testing and Materids, 230-242.

Farris, T.N., Y. Xu, and L.M. Keer, 1992. “Some Factors Influencing the Trangtion from Shelling to
Detail Fracture,” Residual Stresses in Rails, Vol. 2, Kluwer Academic Publishers, The Netherlands,
23-44.

* Fata, R., A.J. Jones, A.B. Perlman, and O. Orringer, 1998. “A Numerical Modd for Estimation of
Temperature-Time History and Resdua Stress in Head-Hardened Rail,” 1ron & Stedl Society Techni-
cal Paper, 39" Mechanical Working and Steel Processing Conference Proceedings — Vol. XXXV,
Warrendae, Pennsylvania, 1037-1044.

Garcia, GA. and R.P. Reiff, 1999: “Test and Evaudtion of Ral Flaw Detection Technologies,” AAR
Research Report No. R-934.

* Gnédupd-Herold, T., P.C. Brand, and H.J. Prask, 1999. “Neutron Diffraction Investigation of Resid-

ud Stressesin Transverse/Oblique Rail Slices Subjected to Different Grinding Strategies.” Nationa 1n+
dtitute of Standards and Technology Report: NISTIR 6305.

33



* Groom, JJ.,, 1983. “Determination of Resdud Stresses in Rails” Find Report, DOT/FRA/ORD-
83/05.

Hetenyi, M., 1983. Beams on Elastic Foundation, Universty of Michigan Press, Ann Arbor, Mich-
gan.

* Holowinski, M. and J. Orkisz, 1992. “Hybrid Finite Element Method for Estimation of Actud Resid-
ual Stresses,” Residual Sressesin Rails, Vol. 2, Kluwer Academic Publishers, The Netherlands, 125-
149.

* Jablonski, D., Y.H. Tang, and R.M. Pdloux, 1990: “Smulation of Railroad Crack Growth Life using
Laboratory Specimens,” Theoretical and Applied Fracture Mechanics 14, 27-36.

* Jablonski, D.A. and R.M. Pdloux, 1992. “Effect of Train Load Spectra on Crack Growth in Rall
Residual Stressesin Rails, Vol. 1, Kluwer Academic Publishers, The Netherlands, 81-98.

* Jeong, D.Y ., O. Orringer, A.B. Perlman, and R.C. Rice, 1987. "Beam Theory Predictions of Shell
Nucleation Life,” Proceedings of the International Symposium on Contact Mechanics and Wear of
Rail/Whed Systems |1, Universty of Rhode Idand, Kingston, Rhode Idand.

* Jeong, D.Y. and O. Orringer, 1989. “Fatigue Crack Growth of Surface Cracks in the Rall Web,”
Theoretical and Applied Fracture Mechanics 12, 45-58.

* Jeong, D.Y. and G.C. Sih, 1990. “Evauation of Elber’s Crack Closure Mode as an Explanation of
Train Load Sequence Effects on Crack Growth Rates,” Final Report, DOT/FRA/ORD-90/06.

* Jeong, D.Y., Y.H. Tang, and O. Orringer, 1997. “Damage Tolerance Anadyss of Detal Fracturesin
Rail,” Theoretical and Applied Fracture Mechanics 28, 109-115.

* Jeong, D.Y., Y.H. Tang, O. Orringer, and A.B. Perlman, 1998a. “Propagation Analysis of Trans-
verse Defects Originating at the Lower Gage Corner of Ralil,” Find Report, DOT/FRA/ORD-98/06.

* Jeong, D.Y., Y.H. Tang, and O. Orringer, 1998b. “Egimation of Rail Wear Limits Based on Rail
Strength Investigations,” Final Report, DOT/FRA/ORD-98/07.

* Johns, T.G., S.G. Sampath, J.C. Bell, and K.B. Davies, 1981. “Engineering Anayss of Stressesin
Rals” Find Report, DOT/FRA/ORD-81/15.

* Jones, JA., A.B. Perlman, and O. Orringer, 1998. “Tailoring Heat Treatment and Compostion for
Production of On-Line Head-Hardened Bainitic Rail,” Iron & Sted Society Technical Paper, 39" Me-
chanical Working and Steel Processing Conference Proceedings — Vol. XXXV, Warrendal e, Penn+
gylvania, 1029-1036.



* Journet, B.G. and R.M. Pdlloux, 1987. “A Direct Method for Laboratory Specimen Crack Growth
Theoretical and Applied Fracture Mechanics 7, 19-22.

* Journet, B.G. and R.M. Pdlloux, 1988. “A Methodology for Studying Fatigue Crack Propaggation
under Random Loading: Application to Rall Stedls” Theoretical and Applied Fracture Mechanics 8,
117-123.

Kish, A. G. Samavedam, and Jeong, D.; 1987: “The Neutrd Temperaure Variation of Continuous
Weded Rails,” American Railway Engineering Association Bulletin 712, VVol. 88, 257-279.

* Mayville, RA. and P.D. Hilton, 1984. “Fracture Mechanics Andyss of a Rail-End Bolt Hole
Crack,” Theoretical and Applied Fracture Mechanics 1, 51-60.

* Mayville, RA. 1985. “Metdlurgicd and Fracture Surface Analyss of Vertica Split Head Defects,”
Interim Report on Contract DTRS-57-80-C-00136, Arthur D. Little, Inc., Cambridge, M assachusetts.

* Mayville, RA., P.D. Hilton, and D.C. Peirce, 1990. “Investigation of Rail Bolt Hole Cracks,” Fina
Report.

* Mayville, RA. and R.G. Stringfelow, 1993. “The Development and Application of Rail Defect Frac-
ture Modd s to Assess Remedid Actions,” Final Report, DOT/FRA/ORD-93/33.

Mian, Z.F. and D.R. Arthur, 1996. “Advanced Application of EMATS in Rail Inspection, Improved
Nondestructive Ingpection (NDI) for Rail,” Phase | Fina Report for SBIR Program No. 95-FR1.

* Orkisz, J. and A. Harris, 1988. “Analysis of Residual Stresses at Shakedown. a Hybrid Approach,”
Theoretical and Applied Fracture Mechanics 9, 109-121.

* Orkisz, J., O. Orringer, M. Holowinski, M. Pazdanowski, and W. Cecot, 1990. “Discrete Analyss
of Actud Residud Stresses Resulting from Cyclic Loadings” Computers & Structures 35, 397-412.

* Orkisz, J. and M. Holowinski, 1993. “Prediction of Residud Stressesin Rails Practical Benefitsfrom
Theoreticad Approach,” Rail Quality and Maintenance for Modern Railway Operation, edited by J.J
Kalker, et d., 273-285.

* Orringer, O. 1990. “Control of Rail Integrity By Self-Adaptive Scheduling of Rail Tests” Fina Re-
port, DOT/FRA/ORD-90/05.

* Orringer, O. 1993. “How Resdua Stresses Can Affect Raill Performance,” Rail Quality and Main-
tenance for Modern Railway Operation, edited by J.JKalker, et d., 253-271.

35



* Orringer, O. and H.L. Ceccon, 1980. “Detection of Rail Defects and Prevention of Rail Frac-
ture,” Proceedings of the 31st MFPG Symposium on Failure Prevention in Ground Transporta-
tion Systems, National Bureau of Standards, Gaithersburg, Maryland.

* Orringer, O. and M.W. Bush, 1983. “Applying Modern Fracture Mechanics to Improve the
Control of Rail Defects in Track,” American Railway Engineering Association Bulletin 689,
Vol. 84, 19-53.

* Orringer, O., JM. Morris, and D.Y. Jeong, 1986. “Detail Fracture Growth in Rails: Test Re-
sults,” Theoretical and Applied Fracture Mechanics 5, 63-95.

* Orringer, O., Y.H. Tang, JE. Gordon, D.Y. Jeong, JM. Morris, and A.B. Perlman, 1988.
“Crack Propagation Life of Detall Fracturesin Rails,” Final Report, DOT/FRA/ORD-88/13.

* QOrringer, O., Y.H. Tang, D.Y. Jeong, and A.B. Perlman, 1999. “Risk/Benefit Assessment of
Delayed Action Concept for Rail Inspection,” Final Report, DOT/FRA/ORD-99/03.

* Perlman, A.B., D.Y. Jeong, O. Orringer, and D.P. McConnell, 1982. “Rail Flaw Growth Inves-
tigations,” American Railway Engineering Association Bulletin 673, Vol. 83, 536-550.

* Perlman, A.B. and J.E. Gordon, 1992. “Application of the Constrained Minimization Method
to the Prediction of Residual Stresses in Actual Rail Section,” Residual Stresses in Rails, Vol. 2,
Kluwer Academic Publishers, The Netherlands, 151-177.

* Perlman, A.B., J.E. Gordon, and O. Orringer, 1993. “Effect of Grinding Strategy on Residual
Stressin Rail Head,” Rail Quality and Maintenance for Modern Railway Operation, edited by J.J
Kaker, et a., 297-306.

* Scutti, J.J.,, RM. Pelloux, and R. Fuguen-Moleno, 1984. “Fatigue Behavior of a Rail Steel,”
Fatigue & Fracture of Engineering Materials & Structures 7, 121-135.

Sih, G., 1973. “Strain Energy Density Factor Applied to Mixed Mode Crack Problems,” Interna-
tional Journal of Fracture 10, 305-321.

* Sih, G.C. and D.Y. Tzou, 1984. “ Three-Dimensional Transverse Fatigue Crack Growth in Rall
Head,” Theoretical and Applied Fracture Mechanics 1, 103-115.

* Sih, G.C. and D.Y. Tzou, 1985. “Rail-End Bolt Hole Fatigue Crack in Three Dimensions,”
Theoretical and Applied Fracture Mechanics 3, 97-112.

* Sih, G.C. and D.Y. Jeong, 1992. “Effect of Load Sequence on Fatigue Life of Rail Steel,” Re-
sidual Stressesin Rails, Vol. 2, Kluwer Academic Publishers, The Netherlands, 63-85.

Steele, R. 1988. “Recent North American Experience with Shelling in Railroad Rails,” AAR
Technical Center Report No. R-699, Chicago, Illinois.

36



Sede, R. 1988. “Recent North American Experience with Shdling in Rallroad Rails” AAR Technicd
Center Report No. R-699, Chicago, Illinois.

Steele, R.K., and R.P. Reff, 1982. “Rall: Its Behavior in Relaionship to Total Systems Wear,” Pro-
ceedings of the Second International Heavy Haul Railway Conference, Colorado Springs, Colo-
rado.

* Pwiderski, Z. and A. W\jtowicz, 1992. “Plans and Progress of Controlled Experiments on Rail Re-
gdua Stress usng the EMS-60 Machine,” Residual Stressesin Rails, Vol. 1, Kluwer Academic Pub-
lishers, The Netherlands, 57-66.

* Tang, Y.H., A.B. Perlman, and O. Orringer, 1995. “Simulation Mode for Risk/Benefit Evauation of
Rail Ingpection Programs,” Draft Find Report.

* Tang, Y.H., A.B. Perlman, O. Orringer, and D.A. Jablonski, 1991. “Comparison of Two Crack
Growth Rate Modds with Laboratory Spectrum and Field Tests on Rall Stedl,” Theoretical and Ap-
plied Fracture Mechanics 15, 1-9.

Timoshenko, S. and B.F. Langer, 1932. “Stresses in Railroad Track,” ASME Transactions 54, 277-
293.

* Wang, B.; T. Zheng, S. Wu, and F.P. Chiang, 1999. “Experimenta 3-D Residua Stress Measure-
ment in Rails viaTherma Anneding,” Find Report, DOT/FRA/ORD-99/04.

* Wang, B. and F.P. Chiang, 1997. “Experimenta Study of Three-Dimensond Resdud Stresesin
Rails by Mairé Interferometry and Dissecting Methods,” Optics and Lasers in Engineering 27, 89-
100.

* Wang, Y.Y. and F.P.Chiang, 1993. “Experimenta Study of Resdua Stressesin Rail by Moiré Inter-
ferometry,” Final Report, DOT/FRA/ORD-94/02.

Weibull, W., 1951. “A Staidticd Didribution Function of Wide Applicability,” Journal of  Applied
Mechanics 18, 292-297.

* Wineman, S.J., 1991. “Residud Stresses and Web Fracture in Roller Straightened Rall,” Ph.D. The-
gs, Department of Mechanica Engineering, Massachusetts Indtitute of Technology, Cambridge, Massa
chusetts.

* Wineman, SJ. and F.A. McClintock, 1987. “Ral Web Fracture in the Presence of Resdud
Stresses,” Theoretical and Applied Fracture Mechanics 8, 87-99.

37



	Cover
	Disclaimer
	Doc Page
	Preface
	Metric Page
	Table of Contents
	List of Abbreviations
	Executive Summary
	Section 1
	Section 2
	Section 3
	Section 4
	Section 5
	Section 6
	Section 7
	References

