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Rail Research: Meeting the Challenge
of Modern Traffic Loading

Allan M. Zarembski

The current trend in the railroad industry toward heavier cars and in-
creased wheel loads and the subsequent effect of this trend on rail are
discussed. Because of the increased loadings, the replacement criterion
for rail in main-line tangent track has changed from rail wear to initia-
tion of rail fatigue defects. An analysis of field data shows that this
initiation of fatigue defects is a function of both wheel load and rail
size. Rail research in North America and its thrust toward improving
and extending rail service life are also discussed.

In light of the current trend in railroading toward heavier
cars and trains, the railroad track structure is being
called on to perform under an increasingly severe load-
ing environment. As a result, the very nature of rail
failure has changed. This change in the modes of rail
failure has resulted in changes in criteria for rail re-
placement and consequently in changes in inspection

and maintenance practices,

Track rail once lasted until it literally wore out.
Under today's severe loads, however, fatigue-initiated
cracks in the railhead can result in premature fracture
of the rail. Furthermore, it is often not possible to see
the fatigue crack, even at its critical point. Ultrasonic
or magnetic inspection techniques must be used to de-
tect these hidden defects so that they can be removed.

Rail-end batter, the traditional replacement criterion
for tangent track, has been significantly reduced by the
increasing use of continuously welded rail. In its place,
however, fatigue-induced defects, either in the rail or
at a weld, have emerged as the dominant rail-
replacement criterion for tangent track. On curves,
severe gage face wear, plastic flow of the railhead, and
even crushed rail are all major problems that combine
with initiation of fatigue defects to shorten the service
life of rail.

To better understand the problem, one must only con-
sider that a stationary 91-Mg (100-ton) car with a static
wheel load of 146 kN [33 000 1bf (33 kips)] transmits a
contact stress of 1200 MPa (175 000 1bf/in®) to the head
of the rail. The yield strength of the rail steel is only
520 MPa (75 000 1bf/in®). The result can be seen in
Figure 1: rail wear, fatigue defects, or both.

Thus, in recent years, rail research has been di-
rected toward the problem of defining, quantifying, and
ultimately extending rail service life, It is the purpose
of this paper to briefly define and quantify some of these
modes of rail failure and to discuss the current and fu-
ture directions of rail research in North America.

FATIGUE DEFECTS

The modes of rail failure, particularly the types of rail
defects that can occur and that result in rail failure, are
amply described in the literature (1-3). In recent years,
examination of track test sites—such as the six sites
maintained by the American Iron and Steel Institute
(AISD), the Association of American Railroads (AAR),
and the American Railway Engineering Association
(AREA) as part of the Joint Cooperative Rail Research
Program on the Union Pacific and the Atchison, Topeka,
and Santa Fe Railroads—has shown the growing pre-
dominance of the detail fracture-shell type of defect
under mixed freight loading (4). This trend is clearly
indicated in Figure 2, which shows that where there is

a predominance of mixed freight traffic with some unit
trains, defects of the detail fracture type tend to domi-
nate the failure-inducing defects that result in rail re-
placement and rail maintenance.

Further examination of the occurrence of detail frac-
ture defects with gross loading on the track indicates
that there is a point at which the rate of defect occur-
rence increases dramatically (see Figure 3). This
means that, after an initial period in service, there is
a significant increase in the rate at which defects in rail
occur, Recent probability analyses of defect data indi-
cate that this increase occurs in the range of 182 million-
636 million gross Mg (200 million-700 million gross
tons) (5).

Evaluation of transverse defect data from the Facility
for Accelerated Service Testing (FAST) at Pueblo, Colo-
rado, where a unit-train type of operation is simulated,
also shows this behavior (Figure 4), It should be noted,
however, that the point of transition for the FAST data
occurs at a significantly lower load level than for the
mixed traffic cases shown in Figures 2 and 3 for the
same size rail. This observation—that increased load-
ings, such as those produced by heavy 91-Mg (100-ton)
cars in unit train service, results in reduction of rail
service life—is supported by recent analyses of the fa-
tigue life of rail (6,7). These analyses, which use loads
and stress values for different types of traffic together
with data on the fatigue properties of rail material, in-
dicate that as the severity of loading increases—i.e., as
the size of the freight car and the corresponding axle
loads increase—the fatigue life of rail in service de-
creases (see Figure 5). This effect agrees with general
observations made in the field by track engineers (8) and
clearly illustrates that the use of heavier cars results in
a direct increase in maintenance costs. Thus, whatever
benefits accrue from the use of freight cars with larger
loading capacities, they must be balanced against these
increased maintenance costs in order for a true cost/
benefit comparison to be made (9, 10),

The analyses shown in Figure 5 also indicate that a
definite benefit can be gained in rail service life by in-
creasing the weight, and correspondingly the size, of
the rail section in the track. This behavior is supported
by field data such as those illustrated in Figure 3, which
shows the number of defects versus car weight for two
sections of track on the Atchison, Topeka, and Santa Fe
Railway under similar traffic conditions but with differ-
ent rail-section sizes. As Figure 5 further shows, this
benefit of increased rail size occurs under differing traf-
fic mixes and loading conditions as well,

These investigations, together with other ongoing
work in the areas of fatigue failure, fatigue crack propa-
gation, fracture mechanics, and rail stresses (11), rep-
resent the current state of the art in the study of fatigue
defect behavior in rail steels.

RAIL WEAR

Rail wear remains the dominant criterion for rail re-
placement on curved track in North America. It also
remains one of the most important causes of rail re-
placement. Thus, the ability to predict rail-wear life
and to decrease the rate of rail wear has been of great



Figure 1. Rail exhibiting detail fracture combined with
extreme curve wear.

concern to the track engineer.

In 1969, AREA developed an equation for the calcu-
lation of rail life based on railhead wear (12). This
equation, which was empirically derived from field mea-
surements, provided the following relation (since the
equation was formulated in U.S. customary units of mea-
surement, no SI equivalents are given):

T = KWD %565 (N
where

T = life of rail in main-line track (million gross tons),

K = constant reflecting level of track maintenance and
type ajnd condition of track structure (average =
0.545

W= wezght of rail (Ib/yd), and

D = annual tonnage density (million gross tons).

More recently, the Canadian Institute of Guided
Ground Transport (CIGGT) has developed a rail-wear
model that uses a combined empirical and analytic ap-
proach (13). This model has a capability for predicting
rail wear that enables the user to define track and traffic
conditions and obtain an analytic prediction of wear life,
Such a prediction is shown in Figure 6, which also shows
the effects of axle loads, rail heat treatment, and lubri-
cation on rail wear.

Investigation into the mechanism of rail wear repre-
sents another approach taken in the understanding of
wear and in the development of techniques to improve
wear life. The recent work of several authors (14-16)
represents the state of the art in the study of rail-wear
behavior.

Additional research in the area of improving rail
metallurgy, particularly that oriented toward improving
characteristics of rail wear, is being pursued extensively
both in North America and abroad {11). The resuits of
this research, in particular the results on the different
types of metallurgy and heat treatment, are being evalu-
ated under service conditions and at FAST (17). Pre-
liminary results from the accelerated service testing at
FAST are shown in Figure 7. In the figure, each point
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on the curve represents the mean value of railhead area
loss for a random mix of rail-cant and shoulder-width
test sections. These preliminary results show that im-
proved rail-wear characteristics can be obtained from
improvements in rail steel.

WEAR VERSUS FATIGUE

As noted earlier, because of the current tendency to-
ward heavier rail cars and increased wheel loads, the
nature of rail failure in general, and the maintenance
criterion for rail replacement in particular, are under-
going significant changes.

The emergence of the problem of the initiation and
growth of fatigue defects in rail has resulted in major
changes in rail inspection techniques and rail replace-
ment practices. Because of the serious safety conse-
quences of rail defects, rail must often be removed from
track long before it has worn out, and this represents a
serious economic consequence (9, 10).

A recent comparison of the wear life of 136 RE stan-
dard carbon rail with the fatigue life of the same rail for
different wheel loads is shown in Figure 8 for tangent
track. The nominal wheel load represents the largest
static wheel load imposed on a section of track that ex-
periences a defined mix of traffic. Actual dynamic loads
that corresponded to these static values were then used
to determine the respective lives, The fatigue line on
this curve was obtained by using the slope of the S-N
curve for rail steel and the calculated fatigue life of 136
RE rail under the defined loading conditions (7). The
wear line was obtained by using the AREA wear formula
(Equation 1).

Figure 8 shows that, as the static wheel load (i.e., the
weight of a four-axle freight car) increases, the failure
mode of the rail shifts from wear to fatigue. For traffic
with nominal static wheel loads greater than 124 kN
(28 000 1bf)—i.e., greater than 63-Mg (70-ton) traf-
fic—fatigue failure emerges as the criterion for rail
replacement. This appears to be in agreement with
field experience (7).

Further examination of Figure 8 shows that the curve
for fatigue life versus wheel load has a very steep slope.
This suggests that there are significant rail-life penal-
ties associated with additional increases in wheel loads.
Figure 5 confirms this observation, Thus, any further
increase in wheel loads should only be made after there
is adequate understanding of both the safety and economic
consequences (8,9).

CURRENT RAIL RESEARCH

Rail research is currently directed toward understanding
the mechanisms of rail failure and developing techniques
to extend and improve rail service life. Recently, sev-
eral conferences and presentations have examined the
various aspects of rail research, both in North America
and abroad (11,18,19)., Therefore, only a brief over-
view of current, ongoing rail research in North America
is presented here,

Current investigations into the failure mechanisms of
fatigue and fracture in rail steel include empirical eval-
uations of test site data, such as those from the joint
AISI-AAR-AREA test sites on the Union Pacific and the
Atchison, Topeka, and Santa Fe Railroads (4,11, 20,21);
FAST (17); and others (22), Also included are ongoing
laboratory investigations into {a) cyelic fatigue behavior
(Northwestern University), (b) fatigue and fracture of
rail steel [Carnegie-Mellon University (11) and U.S.
Steel (23)7, and (c) residual stresses in steel and analy-
ses of service-developed defects [U.S. Steel (21)7.
Finally, analytic investigations, such as AAR ar analyses
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of fatigue-defect initiation (6,7), and analyses of stresses rail-wear mechanisms (a) on tangent track [Illinois In-
around verse fissure flaws [ Battelle- Columbus Labora- stitute of Technology (16)7, (b) on curved track [Colorado
tories (11)7 are also ongoing. 15 14,
In current research in rail wear and rail corrugation, Rail-wear modeling work is currently being pursued at
ongoing studies of rail wear include basic evaluation of

Figure 2. Distribution of rail
defects at Union Pacific test site.

Figure 3. Cumulative rail defects
versus cumulative traffic loading
at Atchison, Topeka, and Santa
Fe Railway test sites.

School of Mines (15)7, and (c) in general service (14),

the Canadian Institute of Guided Ground Transport (13).
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Figure 4. Cumulative rail defects at FAST.
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Work on rail corrugation has been done by Kalousek

(24) as part of the Track-Train Dynamics program.
Finally, an empirical investigation of wear is ongoing

at FAST, where the wear characteristics of different rail
metallurgies are being studied (17). Also ongoing at
FAST are investigations into the occurrence of rail cor-
rugations,

Other rail research programs include investigation
into and development of improved rail metallurgies (11,
19) and development of improved techniques of rail-flaw
inspection (25,26). In the latter area, both AAR and the
Federal Railroad Administration are particularly em-
phasizing the extension of existing ultrasonic and mag-
netic inspection techniques to increase depth of penetra-
tion and speed of inspection. Work in the area of inspec-
tion of field and plant welds is also being pursued. This
effort, together with studies to improve the Thermit
welding process (at Arizona State University) and to de-
velop homopolar welding techniques (al the University of
Texas), is aimed at expanding and improving the state of
the art in rail welding technology.
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Figure 7. FAST comparison
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SUMMARY

The railroad track structure, and particularly the rail
itself, are being called on to perform under increasingly
severe loading conditions. Consequently, new modes of
rail failure are demanding that the railroads improve,
and in many cases change, their basic maintenance prac-
tices. As these new failure modes become more prev-,
alent, railroads are finding that a more complete under-
standing of rail behavior under load is necessary to im-
prove rail performance. This is the objective of current
rail research. This paper is intended to serve as a brief

300 400 300 600 7008009001,000
LIFE (MGT)

1300 2000 3,000 4,000

introduction to the problem of decreasing rail service
life under increasing traffic loading and to the efforts of
rail research in searching for solutions to that problem.
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Evaluation of Rail Behavior at the
Facility for Accelerated Service Testing

M. B. Hargrove, F. S. Mitchell, R, K. Steele, and R, E. Young

Results of two experiments conducted at the Facility for Accelerated
Service Testing to investigate the wear and defect behavior of various

rail metallurgies under unit train operations are presented. Five types of
rail were used: standard carbon, high-silicon, head-hardened, chrome
molybdenum, and fully heat-treated. The load demarcation between the
two experiments was at a traffic loading of 122 million gross Mg (135
million gross tons). In the first experiment, a condition of underlubri-
cation existed up to 36 million-41 million gross Mg (40 million-45 mil-
lion gross tons), after which point lubrication could be described as
generous, a condition maintained throughout the second experiment.
Railhead profile measurements taken in both experiments revealed that
head-hardened and chrome molybdenum rail exhibited the best resistance
to high-rail curve wear. In the first experiment, there was a strong
lubrication-metallurgy interaction that caused the premium metallurgies
to benefit less than standard rail from generous lubrication. In the under-

lubricated condition, the 1:14 tie-plate cant produced about 20 percent
more gage-face and head-area loss than the other cants. The cant effect
was considerably reduced by generous lubrication. Position-in-curve
effects were dependent on the level of lubrication. When generous
lubrication permitted the accumulation of greater loads on the rails,
fatigue failure became the dominant failure mode in both railhead and
weldments. Standard rail exhibited the greatest number of failures from
railhead fatigue.

'The rail metallurgy experiment at the Federal Railroad
Administration's Facility for Accelerated Service Testing
(FAST) has as its primary intent the development of in-
formation on rail wear in a controlled environment.
However, useful information on rail and weld failure
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behavior has also been forthcoming.
The FAST track (see Figure 1) is a specially con-

structed 7.7-km (4.8-mile) loop divided into 22 sections
in which specified combinations of track components and

structures are installed for testing.

Figure 1. Diagram and profile of FAST track. &
N

It contains 3.5 km

(2.2 miles) of tangent, 0.64 km (0.4 mile) of 3° curve,
0.48 km (0.3 mile) of 4° curve, and 1.8 km (1.1 miles)
of 5° curve; the remaining 1.29 km (0.8 mile) is in tran-
sitional spirals.

The FAST consist is made up of four-axle locomotives
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Figure 2. Layout of FAST section 3.
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Table 1. Average chemical analyses of rail in first FAST metallurgy
experiment.

w/o
Sec- Metal- Man- Phos- Chro- Molyb-
tion lurgy Carbon  ganese phorus Sulfur Silicon mium  denum
3 HH 0.79 0.84 0.009 0.018 0.16 - -
HiSi 0.76 0.96 0.028 0.027  0.83 - -
FHT 0.69 0.81 0.018 0.032 0.18 - -
CrMo 0.80 0.82 0,026 0.025 0.25 0.78 0.20
Standard  0.78 0.86 0,027 0.025 0.15 - -
13 HH 0.77 0.88 0.015 0.025 0.18 - -
HiSi 0.77 0.88 0,029 0.024 0.68 - -
FHT 0.77 0.81 0.020 0.041 0.15 - -
Standard  0.73 0.86 0.024 0.020 0.17 - -

Figure 3. Measurements and extremes of railhead
profile.

peAmASARSen SRas Smes et cnaa,,
- -

I

| 1.59 cm

STANDARD -

HEAD
HARDENED

1:14 Cant
119 Million Gross Megagrams

1 cm = 0.3937 in

that normally haul a 75-car, 8616-Mg (9500~ton) train.
The majority of the cars are 91-Mg (100-ton) hopper or
gondola cars; the remainder are 91-Mg-capacity tank
cars and laden trailer on flat cars. The average train
speed 1s 65.9 km/h (41 miles/h), and the maximum speed
is 72.4 km/h (45 miles/h).

Tests are run five days a week. Each test run begins
in the afternoon, continues all night, and ends the next
morning. On each run, the consist makes approximately
120 laps of the track, imposing a traffic loading of about
0.907 million gross Mg (1 million gross tons) on the
track and putting about 966 km (600 miles) on the cars
{throughout this paper, loads are in gross megagrams
and gross tonnage),

The rail metallurgy tests have been conducted on
track sections 3 and 13. Section 3 is a 1097-m (3600~
ft) long 5° curve. The north half is on a 0.9 percent
grade, and the south half is virtually level. Section 13

is a 381-m (1250-ft) long 4° curve that is level through-
out its length (Figure 1).

As of June 1979, two rail metallurgy experiments
had been completed. The first extended until 122 mil-
lion Mg (135 million tons) was imposed on the track, and
the second extended for an additional 263 million Mg
(290 million tons) until a load of 385 million Mg (425
million tons) was imposed. At the beginning of the first
experiment, rail lubrication was provided from track
lubricators in sections 5 and 17 only, However, be-
tween 27 and 45 million Mg (30 and 50 million tons), two
additional lubricators were installed in sections 2 and 18,
and the section 17 lubricator was moved to section 14,
Thus, two regimes of behavior, one of underlubrication
and the other of generous lubrication, existed in the first
experiment, the transition occurring at 36-41 million
Mg (40-45 million tons). In the second experiment, only
the generous lubrication was used.

The physical layouts of the first and second experi-
ments in section 3 are shown in Figure 2. Section 3 was
laid with American Railway Engineering Association
(AREA) standard carbon, high-silicon (HiSi), chrome
molybdenum (CrMo), fully heat-treated (FHT), and head-
hardened (HH) rail, all in rail sections of 65.5, 617.5, or
69.5 kg/m (132, 136, or 140 l1b/yd). In both experiments,
the same five metallurgies and three tie-plate cants
were the primary test parameters. However, the change
in physical layout was necessitated by an unexpectedly
large number of weld failures in the first experiment
and by a concern that the short lengths of each metal-
lurgy segment in the first experiment—19-24 m (62-78
ft)—would produce nonrepresentative wear results.
Possible position-in-curve effects were compensated
for by providing at least three replications of the metal-
lurgies around the curves.

In each experiment, section 13 was configured almost
identically to section 3 except for a reduced number of
metallurgies and the use of 1:40 tie-plate cant through-
out, In the first experiment, four metallurgies were
tested: standard, HiSi, FHT, and HH, each replicated
four times. All rail in section 13 was 57.1 kg/m (115
1b/yd).

The average ladle chemistries of the rails tested in
the first experiment are given in Table 1. With the ex-
ception of the FHT rail tested in section 3, which had
a carbon content slightly less than 0.70 percent by weight
(w/0), and the standard rail tested in section 13, which
had a carbon content slightly less than 0.75 w/o, all
metallurgies had average carbon contents in the range
of 0.76-0.80 w/0. The average manganese levels ranged
from 0.81 to 0.88 w/o.

Wear measurements were taken by using profilo-
meters that produce 1:1 tracings of the railthead, be-
ginning at the fishing surface under one side of the head
and tracing around to the other. Correction procedures
were applied to compensate (sometimes only partly) for
instrument and operator variability. In addition, a
change in the correction procedure was introduced at
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72.5 million Mg (80 million tons), and this change was
believed to be responsible for the transients in wear data
observed at that load. Measurements were taken at in-
tervals of approximately 18 million-23 million Mg (20
million-25 million tons), at a minimum of two measure-
ment sites on each test rail.

Profiles were digitized and then processed to produce
the dimensions shown in Figure 3 along with gross area
(complete area above the lines projected from the fishing
surfaces) and total head area (above projections from the
fishing surfaces but within the original profile). Portions
of these data have been subjected to two types of statisti-
cal analysis by independent organizations. The Associa-
tion of American Railroads (AAR) made the more elabo-
rate, and more rigorously correct, analysis of covari-
ance by using all original data for decisions about sta-
tistical significance in which wear is described by a
linear wear model. The Transportation Systems Center
(TSC) of the U.S. Department of Transportation made
the second, simpler, analysis, This analysis also used
a linear wear model and determined the parameters of
the model by regression techniques, but testing for sta-
tistical significance was applied only to the wear rates
derived from the regression analysis and the original
data were not used.

Results of both analyses are presented for rates of
gage-face wear from the first experiment in section 3.
The more elaborate method has also been used to study
the head-height loss and head-area reduction indicators
of wear in section 3 (first experiment). The simpler
method has been applied alone to the rates of gage-face
wear from section 13 (first experiment) and from section
3 (second experiment); at this time, results are avail-
able only for the high rail.

WEAR

The extremes of profile shape that occur after approxi-
mately 118 million Mg (130 million tons) in conditions

of combined underlubrication and very generous lubrica-
tion are shown in Figure 3. The standard rail has a
well-developed "front porch' formed by metal flowing
down the gage face. This porch forms in the under-
lubricated regime. All of the other metallurgies are
far less susceptible to this behavior than is standard
rail.

The wear data on gage-face loss for all five metal-
lurgies on the 1:40-cant tie plate in section 3 are shown
in Figure 4. The scatter for standard and HiSi rails was
substantially greater than that of the other metallurgies
because there were about 10 different heats of standard
and HiSi rail but only one or two different heats of the
other metallurgies.

The wear rates for the three different measures of
wear above and below the transition in lubrication and
for the different tie-plate cants are summarized in Table
2. The results indicate that both tie-plate cant and
metallurgy have a significant effect on all three mea-
sures. Wear rates above 41 million Mg (45 million tons)
are substantially lower than those below 41 million Mg.
At <41 million Mg, the 1:14 tie-plate cant yields about
20 percent higher wear rates for gage-face wear and
head-area loss and the 1:40 cant produces higher rates
of head-height loss. Typically, wear rates for HH and
CrMo rail are lower than those for the other metallur-
gies. HH shows the least gage-face wear, but CrMo
shows the least head-height loss. The degree of differ-~
ence between the behavior of the different metallurgies
is less above 41 million Mg than below that load, which
does suggest the presence of a metallurgy-lubrication
interaction.

To explore this last point further, figures of merit

(FMs) were calculated for all the metallurgies in each
lubrication regime to provide a quantitative average
ranking of each metallurgy., The FM is the number of
times better a premium rail wears (on average) than
does standard rail tested under the same condition. The
FMs are given in Table 3. This type of presentation re-
veals clearly that generous lubrication tends to decrease
the advantage in wear resistance achieved by using a
premium metallurgy.

The decrease is most marked for gage-face wear,
where only HH rail seems significantly better than stan-
dard rail in the generously lubricated regime. In addi-
tion, the ranking of the metallurgies is not the same for
head-area and gage-face loss. Although FHT rail is no
better than HiSi rail in its resistance to gage-face loss,
it is significantly better in terms of head-area loss.

Tables 4 and 5 illustrate that the agreement between
the two different types of analysis is very good even if
the transition traffic load is shifted slightly to 36 million
Mg (40 million tons). Based on observed standard de-
viations, the FMs for gage-face wear have a tolerance
of +25 to -15 percent.

The simpler TSC method of analysis is more easily
implemented and was used, therefore, to test for
position-in-curve effects and to provide a preliminary
glimpse of the data from section 13 (first experiment)
as well as those from section 3 (second experiment).

The magnitude of the position-in-curve effect in sec-
tion 3 is illustrated by the data given in Table 6. In the
underlubricated regime, the section 4 end of section 3
produced slightly higher wear rates on average than did
either the middle or the section 2 end. In the more
generously lubricated regime, however, the relative
differences were greater, the highest wear occurring
at the center of the curve. Again, the behavior was not
strongly dependent on where the lubrication transition
was selected. Table 7 summarizes the results of sta-
tistical testing for significance and shows that, indeed,
the position-in-curve effect tended to increase at the
expense of the primary metallurgy and cant effects as
lubrication improved,

Rates of gage-face wear from section 13 (first ex-
periment) are summarized in Table 8. The same gen-
eral pattern was observed as that in section 3 except
that a statistically significant position-in-curve effect
was not noticed. HH rail gave the highest resistance to
gage-face wear, and FHT rail was noticeably better than
HiSi and standard rail. In the more generously lubri-
cated regime above 36 million Mg (40 million tons), the
behavior of all metallurgies was essentially the same.

Before the results from the second experiment in
section 3 are discussed, it will be informative to com-
ment briefly on the effect of heat-to-heat variations that
occurred in the standard rail of the first experiment.
There were four combinations of high~wear-rate heat
and tie-plate cant. If these four combinations were re-
moved, variations of the standard rail data set would be
comparable to those of the premium metallurgies. For
all three measures of wear, however, the removal of
these combinations would reduce average wear rates by
only 10 percent, and the FM would be reduced by a cor-
responding 10 percent.

Preliminary results on gage-face wear from the sec-
ond experiment in section 3 are summarized in Table 9.
The table below compares these results with results from
the first experiment (1 cm/Mg = 0.358 in/ton):
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Gage-Face Wear {cm/million Overall, the observed wear rates in the second experi-
Mg) ment were only one-third to one-half the magnitude of
those observed in the first experiment.

First Second
Location Experiment Experiment Table 10 summarizes the pertinent statistical infor-
S ) i mation, Tie-plate cant did not appear to be statistically
:’ﬁ((:itt;(l): i g‘ggifé) 835 8‘88: %? significant, although the position-in-curve effect did ap-
Section4end  0.0014-0,0022 0.001 03 pear to be statistically significant when tie-plate cant was

included in the analysis. If tie-plate cant was removed
as a variable, the statistical strength of the position-in-
curve effect weakened.

It will be informative to consider how these results
compare with those from other investigations. Figure
5 shows the range of wear rates (head-area loss) for
the metallurgies tested in section 3 (5° curve) relative
to those reported by others (1-3). The data of Hay and

The results in terms of FM are in close agreement with
those from the generously lubricated regime of the first
experiment except that the CrMo rail performed some-
what better than the HH rail. The reader must exercise
some caution in deciding whether the difference in FM

for CrMo and HH is real because it was only in the section
tion 2 end that both appeared to be appreciably different.

Figure 4. Gage-face wear of all five 1 778+
metallurgies on 1:40-cant tie plates in section 3. - Std . Hisi
1 372+
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Wear in Thousandths of Centimeters

Note: Numerous data points
are multiple.

1l cm = 0.3937 in
1 Mg = 1.1023 tons
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Table 2. Wear rates above and below the 41 000 000-Mg lubrication transition for various tie-plate cants.

HH HiSi FHT c
resee ikl rMo Standard
Wear Cant Below Above Below Above Below Above Below Above Below Above
Gage-face 1:40 0.00757 0.000 83  0.016 17  0.000 86  0.01536  0.002 20  0.009 91  0.002 0
; { . : 3 00201 0.02259  0.002 01
wear (cm/ 1:14 001072 0.00251 0.01975 0,004 16 0.01838 0003 10 0.01240 0.003 77 0.02332  0.003 77
million Mg)  1:30 0.00832 0.00151 0.01433 000271 001531 0.002 85 0.01120 0.00276 002173  0.002 76
ﬂ(ead;:}rea loss 1:40 0.005 49  0.00328  0.058 0.007 85 0.05028  0.00328  0,03207 0.0065% 0.09193  0.01f 03
em®/million 1:14 0.003 67 0.00657 0.06478 00085  0.04764 001064 003021 000764 0.08893  0.009 07
] : i v 3 0.009 07
Mg) 1:30 0.00303 .0.00693 0,050 57 0.011 0.04478 0.01307 0.03443 0.066 07 0.08778 0.011 14
Head -height 1:40 0.003 54 - 0.00402 -* 0.002 71 0.002 04 -
: ! e ] " 0,007 15 0.000 03
loss (cm/ 1:14 000304 -* 0.003 74  -* 0.00156 0.000 14  0.00148 - :
» 2 " " . N i 0.
million Mg)  1:30 0.002 51 -+ 0.003 41  -* 0.0 %S oo

.002 20 -t 0.001 45  0.000 16 0.006 23 0.000 83

Note: 1cm/Mg = 0,368 in/ton; 1 cm? /Mg = 0.14 in? /ton
2No significant wear.
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Table 3. Figures of merit above and below

P e 1:40 Cant 1:14 Cant 1:30 Cant Av
the 41 000 000-Mg lubrication transition £
for various tie-plate cants. Wear Metallurgy Below Above Below Above Below Above Below Above
Gage-face HH 3.0 2.4 2.2 1.5 1.8 1.8 2.6 1.9
wear HiSi 1.4 1:3 1.2 0.9 1.0 1.0 1.4 X:1
FHT 1.5 0.9 1.3 1.2 1.0 1:0 1.4 1.0
CrMo 2.3 1.2 1.9 1.2 1.0 1.0 2.0 1.2
Std 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Head-area HH 2.6 3.6 2.4 1.4 2.9 1.6 2.6 2.2
loss HiSi 1.6 1.5 1.4 1.1 1.7 1.0 1.6 1.2
FHT 1.8 3.6 1.9 0.8 2.0 0.8 1.9 1.8
CrMo 2.9 1.8 2.9 1.2 2.5 1.8 2.9 1.6
Std 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Head-height HH 2.0 -* 2.1 - 2.5 - 2.2 -*
loss HiSi 1.8 - 1.7 - 1.8 -* 1.8 -t
FHT 2.6 -* 4.2 =~ 2.8 -t 3.2 -
CrMo 3.5 =* 4.9 - 4.3 -* 4.2 -
Std 1.0 -* 1.0 - 1.0 =t 1.0 =*

Note: Figures of merit = standard carbon wear rate + premium metallurgy wear rate on specific tie-plate cant.

*No significant wear,

Table 4. Average gage-face loss for section 3: comparison of results of AAR and TSC analyses.

Below Lubrication Transition

Above Lubrication Transition

TSC

AAR (<41 000 000 Mg) <41 000 000 Mg <37 000 000 Mg

TSC

AAR (>41 000 000 Mg) >41 000 000 Mg >3'7 000 000 Mg

Gage-Face Gage-Face Gage-Face Gage-Face Gage-Face Gage-Face

Wear (cm/ Wear (cm/ Wear (cm/ Wear (cm/ Wear (cm/ Wear (cm/
Metallurgy million Mg) FM million Mg) FM million Mg) FM million Mg) FM million Mg) M million Mg) FM
HH 0.0089 2.6 0.0086 2.8 0.0089 2.8 0.0016 1.9 0.0022 1.4 0.0025 1.8
HiSi 0.0187 14 0.0167 1.4 0.0178 1.4 0.0025 1.1 0.0033 0.9 0.0042 1.1
FHT 0.1620 1.4 0.0159 1.5 0.0170 1.5 0.0028 1.0 0.0025 1.2 0.0038 1.3
CrMo 0.0112 2.0 0.0114 2.1 0.0117 2.2 0.0025 1.1 0.0030 1.0 0.0036 1.3
Standard 0.0226 1.0 0.0243 1.0 0.0254 1.0 0.0028 1.0 0.0030 1.0 0.0044 1.0

Note: 1Mg= 1.1 tons; 1 cm = 0,3837 in

Table 5. Tie-plate-cant effect for section 3.

Gage-Face Wear (cm/million Mg)

Below Lubrication Transition

Above Lubrication Transition

TSC TSC
AAR AAR
Cant (<41 000 000 Mg) <41 000 000 Mg <37 000 000 Mg (>41 000 000 Mg) >41 000 000 Mg >37 000 000 Mg
1:40 0.0142 0.0145 0.0156 0.0015 0.0022 0.0031
1:30 0.0142 0.0145 0.0156 0.0025 0.0031 0.0036
1:14  0.0170 0.0173 0.0178 0.0033 0.0033 0.0044

Note: 1cm =0.3937 in; 1 Mg = 1.1 tons.

others (1) are shown as average curves. FAST data are
consistent with the trend of results reported by Curcio

and others (2) for unit-train-type operations in Australia.

FAST wear in the underlubricated region was substan-
tially more severe than that reported by Hay and others
for more general types of railroad service in the United
States. Even wear reported by Rougas (3) for heavy unit
train service on the Bessemer and Lake Erie Railroad
was less severe than FAST wear.

The expression proposed by Kalousek and Bethune
(4) for volumetric wear can be recast into the following
form:

ViV, =(C,/Cy) - (Hy*2/H, *1) )

where

V = volumetric wear,

H = hardness,
1 and 2 = different metallurgies, and
C and & = empirical constants.

The presumption is that lateral force, lateral and ver-
tical creep, and the angle of the gage face to the lateral
force vector are not functions of metallurgy. Thus, the

ratio V,/V, is really an FM if V, is taken to represent
standard rail. If volumetric wear is thought to be best
represented by head-area loss, the FAST FM can be
plotted versus the gage-face hardness ratio, as shown
in Figure 6.

Two different linear plots (¢, o, = 1) appear to ob-
tain for the premium rails—one for heat-treated rails
and the other for alloy rails. Furthermore, the slopes
of the lines appear to be a function of lubrication and the
heat-treated rails to be less influenced by lubrication
than alloy rails. Whether the gage-face-wear results
for the CrMo rail in the second experiment contradict
this will not be known until the data on head-area loss
are analyzed and hardnesses are taken on the gage face.

RAIL AND WELD FAILURE

The very low wear rates of standard rail observed under
conditions of generous lubrication would project to a
total rail life (on a 5° curve) between 680 million Mg
(750 million tons) (first experiment results) and 1.134
billion Mg (1.25 billion tons) (second experiment results)
for a 19-mm (0.75~in) gage-face-wear condemning limit.
However, long before these traffic loads were reached,
appreciable amounts of rail would have to be replaced



12

because of fatigue. Indeed, FAST hus been a prodigious
generator of fatigue failures, in both rail and weldments,
in the well-lubricated regime. Table 11 summarizes
the total number of weld- and head-type failures that
have occurred to 227 million Mg (250 million tons) in

the first and second metallurgy experiments.

In the first experiment, 24 percent of the plant welds
in section 3 and 27 percent in section 13 failed. Although
only 22 (section 3) and 10 (section 13) field welds
(thermite) were placed in the original construction, the
total number of field weld failures exceeded these num-
bers because replacement welds also failed. These weld

Table 6. Positian-in-curve effect for section 3.

Gage-Face Wear (cm/million Mg)

Above Lubrication
Transition

Below Lubrication
Transition
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ailures, along with rapid wear in the underlubricated
regime, necessitated the rerailing of sections 3 and 13
at 122 million Mg (135 million tons). However, limited
traffic load was accumulated in the first experiment,
and relatively few head-type defects occurred; of those
defects, three each were in FHT and standard rzil, two
were in HH rail, and one was in HiSi rail.

In the second experiment, less wear and greater load
resulted in the generation of more head-type defects.

In addition, redesign of the experiment configuration re-
duced the number of plant weld failures to 8 percent in
both sections 3 and 13. Although the number of field
weld failures was reduced, it still remained at an incon-
veniently high level.

Not all of the rail defects should be considered true
fatigue defects. Since four of the head defects that oc-
curred in section 3 were at or very near the ends of
metallurgy segments, they can be related to mechanical
joint assemblies or maintenance problems or both. If
these four defects were removed from consideration,

Location <41 000 000 Mg <37000 000 Mg 41000000 Mg ~37000000 Mg along with five head defects associated with an apparently
Section 2 very dirty heat of standard rail in section 13 (5), the
Meggl ggi:g ggigg 888?,2 ggggg overall defect rates would drop to 12 defects/km (20
e ; : ! i §
Sectiond defects/mile) for section 3 and 6 defects/km (10/defects
end 0.0170 0.0187 0.0014 0.0022 mile) for section 13. These rates would be relatively un-
Note: 1cm=0.3937 in; 1 Mg = 1.1 tons.
Table 7: Results of statistical tests for sngplflcapce 90 Péreent Loval 95 Bercant Level
for section 3: gage-face-wear rates for various tie- Lubrication  Effect
plate cants and positions in curve. Transition  or Observed F F
(Mg) Interaction F Required Significant Required Significant
<37 000 000  Cant 7.98 6.23 Yes 3.63 Yes
Position in curve 16.79 6.23 Yes 3.63 Yes
Metallurgy 90.96 4.1 Yes 3.01 Yes
Cant position in
curve 3.13 4.17 No 3.01 Yes
Position in curve/
metallurgy 1.27 3.89 No 2.59 No
Metallurgy/cant 0.75 3.89 No 2.59 No
>37 000 000 Cant 3.86 6.23 No 3.63 Yes
Position in curve 57.97 6.23 Yes 3.63 Yes
Metallurgy 14.85 4.1 Yes 3.01 Yes
Cant/position in
curve 4.57 4,717 No 3.01 Yes
Position in curve/
metallurgy 0.96 3.89 No 2.59 No
Metallurgy/cant 2.19 3.89 No 2.59 No
Note: 1Mg=1.1 tons,
Table 8. Gage-face-wear results for section 13. Table 9. Preliminary gage-face-wear results for
second tests on section 3.
Gage-Face Wear by Position in Curve
Lubrication (em/million Mg) Gage-Face Wear by Location
Transition Avg (em/million Mg)
(Mg) Metallurgy A B (¢} D Avg FM
Section Section
<37 000 000 HH 0.0058 0.0047 0.0070 0.0058 0.0061 3.5 Metallurgy 2 End Middle 4 End Avg* FM
HiSi 0.0145 0.0137 0.0125 0.0120 0.0131 1.6
FHT 0.0106 0.0106 0.0095 0.0103 0.0103 2.1 HH 0.0011 0.0008 0.0005 0.0008 2
Standard 0.0176 0.0257 0.0262 0.0167 0.0215 1.0 Hisi 0.0016 0.0019 0.0014 0.0016 1
Avg 0.0123 0.0137 0.0139 0.0128 FHT 0.0014 0.0016 0.0014 0.0014 1.2
47000000 HH 0.0039 0.0033 0.0008 0.0028 0.0028 1.3 el G o e e d
HiSi 0.0070 0.0003 0.0016 0.0039 0.0033 1.1 = ' - )
FHT 0.0056 -0.0003 0.0028 0.,0033 0.0028 1.3 Note: 1cm =0.3937 in; 1 Mg = 1.1 tons.
Standard 0.0044 0.0028 0.0028 0.0044 0.0036 1.0 *Rounded off
Avg 0.0053 0.0017 0.0019 0.0036
Note: 1 cm/Mg=0.358 in/ton; 1 Mg = 1.1 tans,
Table 10. Results of statistical tests for significance 99 percent Level 95 percent Level
of section 2 gage-face-wear rates: second DPresence of
experiment. Cant Effect Effect Observed F F Required Signiiicant F Require Significant
Present Metallurgy 71.496 9.15 Yes 4.53 Yes
Position in curve 11,806 10.9 Yes 5.14 Yes
Tie-plate cant 3.791 10.9 No 5.14 No
Removed Metallurgy 42,115 7.01 Yes 3.84 Yes
Position in curve 6.995 8.65 No 4.46 Yes
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Figure 5. Comparison of wear-rate data
from various sources with those from the

first FAST experiment.
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defects, for a rate of 27 defects/km (44 defects/mile)
of rail. HiSi rail was nexi, with only two defects for a
rate of 11 defects/km (18 defects/mile). HH rail had
only one head defect that was not at a segment end or
weldment, which yielded a defect rate of 5.5 defects/km

biased for head defects to 227 million Mg (250 million
tons).

Figure 7 shows the location by metallurgy and tie-
plate cant for plant weld and head-type defects in the
high rail of section 3. Without counting defects near
segment ends, standard rail had five head-type fatigue

Table 11. Total rail failures in metallurgy test sections 3 and 13.

Plant Welds Field Welds Head Defects

Initially Initially Rate
Experiment Section Installed Failed Installed Failed® Total (defects/km)
1* 3 180 44 22 44 2
13 64 17 10 17 T
2° 3 120 10 0 12 15 17
48 4 0 8 T 6° or 18.6°

Note: 1 km =0.62 mile,
® Includes replacement weids that also failed.
®Traffic load of 123 million Mg (135 miilion tons).
<Teatfic load of 227 million Mg (250 million tons),
9 Indicates defect rate at 142 million MgMhkm (250 million tans/mile) of track.

°Defect rate adjusted to eliminate failures and rail length associated with “"dirty” standard rail.

Figure 7. Occurrence of weld and head failures in high rail of section 3.
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(9 defects/mile). FHT rail had only one head defect, and
it was at a segment end.

HH rail had the most plant weld failures—six. Stan-
dard rail had two plant weld failures, and CrMo and FHT
rail had only one each within the metallurgy test section.
In section 13, standard rail had two plant weld failures,
and FHT and HiSi rail had one failure each,

The 1:14 tie-plate cant was associated with 9 failures
(4 plant weld and 5 head defect), the 1:30 cant with 10
failures (5 plant weld and 5 head defect), and the 1:40
cant with 3 failures (1 plant weld and 2 head defect).
However, some of these did occur near segment ends
and may therefore be considered suspect. In addition,
the experiment design placed the 1:14 and 1:30 cants in
the midregion of the curve whereas the 1:40 cant was
positioned at the ends of the curve under standard, HH,
and HiSi rails,

The relation between rail failure and traffic load is
shown in Figure 8 for two of the rail metallurgies tested
in section 3, The behavior of standard rail in FAST
section 22 (continuous welded rail, tangent track) and
that of rail in some western U.S. main-line service (6)
are also shown for comparison. In section 3 (5° curva-
ture), the percentage failure of standard rail at 181
million Mg (200 million tons) has been approximately 10
times that of standard rail in section 22 and more than
100 times that of the average of rail in some western
U.S. main-line service. HiSi rail has a slightly lower
failure rate than standard rail. There were not enough
fatigue failures in FHT, HH, and CrMo rail to permit
any quantitative assessment of how much better they
might be than standard rail. Although the rail popula-
tion of each metallurgy is small and a larger sampling
might have produced less extreme behavior, the heavier
wheel loads and unit train character of the FAST opera-
tion, along with the relatively high portion of curved
track, have contributed to a substantial increase in the
rate of rail fatigue failure.

Typically, both plant and field welds have a nearly
horizontal web crack that extends to either side of the
weld region. However, the plant weld failure originates
from a transverse vertical crack that develops at the
edge of the shear drag region under the gage side head-
web fillet. A substantial period of vertical fatigue
growth [~18 million Mg (~20 million tons)] frequently
occurs before the crack turns horizontal in the web. On
the other hand, the field weld failure sometimes appears
to be initiated in the heat-affected zone, the crack then
propagating through the weld itself. Detail fractures
initiate at depths near 9.5 mm (0.375 in) below the gage
corner just beneath the heavily cold-worked surface
region. The growth of the transverse crack develops
clearly demarked growth rings because of the change in
train direction each day [~0.9 million Mg (1 million
tons)]. The period in which the crack grows from the
10 percent size [10-mm (0.4-in) diameter] to final frac-
ture at a radius of 40.6 mm (1.6 in) is typically between
9 million and 13 million Mg (10 million and 15 million
tons).

CONCLUSIONS

The wear tests in the first and second metallurgy tests
have shown that HH and CrMo rail exhibited the best re-
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sistance to wear in the FAST loading environment.

There was a strong interaction between lubrication and
metallurgy and, under conditions of generous lubrication,
the premium metallurgies did not appear to benefit as
much from lubrication as did standard rail.

In the underlubricated wear regime, the 1:14 tie-
plate cant produced about 20 percent more gage-face
and head-area-loss wear than did the other cants. How-
ever, the 1:40 cant produced somewhat greater head-
height loss. The tie-plate-cant effect was diminished
considerably under conditions of generous lubrication,
and position-in-curve effects depended on the level of
lubrication (they reversed in character as lubrication
level varied from one extreme to another).

When conditions of generous lubrication served to
extend rail life substantially, fatigue failure—both in the
head of the rail and in weldments—became the dominant
failure mode. At 227 million Mg (250 million tons) of
traffic, the true FAST head-defect rate was near 6-12
defects/km (10-20 defects/mile). Substantially more
rail and plate weld failures were associated with the
1:14 and 1:30 cants than with the 1:40 cant. The fatigue
failure rates of standard rail in track with a 5° curve
and in tangent track were approximately 100 and 10
times, respectively, that reported for rail in some
western U.S. main-line service,
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Deformation Behavior of Rail Steels

D. H. Stone, S. Marich, and C. M. Rimnac

The cyclic deformation behavior of three rail steels was determined under
conditions of uniaxial plane-strain compression. Two loading programs
were used: (a) one load (simple loading) for the entire test and (b) two
loads (split loading) in which the load was increased at set intervals dur-
ing the test. The results for simple loading showed that the steel softened
under cyclic compression; i.e., for a constant stress, compressive cyclic
loading caused an increase in strain. Increasing the applied stress in-
creased both the rate and the amount of softening. Rails with higher
hardness and yield strength showed an increase in deformation resis-
tance. Split loading produced either increased or decreased resistance

to deformation, depending on the type of steel. An equation is pre-
sented that can be used to predict the expected amount of plastic flow

in rail in service.

The deformation behavior of rail steels has taken on
great importance with the increasing severity of service
conditions. The average weight of a carload has risen
20 percent in 10 years, and train speeds have also in-
creased (1). Consequently, rails are wearing and fail-
ing at higher than expected rates. Research into this
problem is being done by several agencies, including
Battelle Memorial Institute and the Association of Amer-
ican Railroads (AAR).

Research at Battelle showed that fully reversed cyclic
straining caused softening of standard rail steel at low
strain levels and hardening at strain levels greater than
0.6. However, when the steel was cycled with a mean
tensile or compressive strain, softening occurred over
the entire strain range. In addition, the softening rate,
or relaxation rate, was the same for both mean strains.
The results of the Battelle studies indicated that tests
made with fully reversed strain amplitudes may not ac-
curately duplicate the straining of rail in service (2).

Because rails undergo compressive loading, Marich
and Curcio (3) proposed that deformation tests on rails
should be made in compression, thus eliminating the
Bauschinger effect and approximating more closely ac-
tual service conditions. Their work on rails tested in
monotonic plane strain compression showed that, as the
yield strength of the rail increased, the depth of defor-
mation in the railhead decreased, thus decreasing the
occurrence of shelling and transverse defects. In addi-
tion, the work-hardening behavior of a hot-rolled pearl-
itic steel was related to dislocation processes occurring
in the ferrite lamellae, a decrease in the interlamellar
spacing, and dislocation tangles in the cementite,

As an initial part of this study, the deformation pat-
tern and microstructure of rails that had undergone 468
million-662 million gross Mg (515 million-728 million
gross tons) of traffic were evaluated to characterize
service-induced deformation behavior. The resulting
hardness profiles and microstructures serve as standard
to ensure that laboratory experiments are reproducing
service conditions.

This present investigation is part of the AAR's effort
to increase research and development on the improve-
ment of rail performance. The purpose of this prdject
is to study the deformation behavior of several ra'.
steels under cyclic uniaxial plane strain compres sion.

OBSERVED BEHAVIOR IN RAILS

MITAMATUTITN TNARMT QTIRIITAT
VILIVIUY 1Y CORVWJIVL DLvy Lo

Three rails removed from service on the Union Pacific
Railroad were used to characterize rail work hardening
attributable to plastic flow and the change in microstruc-
ture that accompanies deformation. Two of the rails had

undergone 468 million gross Mg (515 million gross tons)
of traffic, and one of the rails had undergone 662 million
gross Mg (728 million gross tons) of traffic. Figure 1
shows the results of two Vickers microhardness test
surveys made at the gage corner of the rail. The rails
typically had been work hardened to 85-95 Vickers hard-
ness above the base hardness [Vickers microhardness
numbers are approximately equivalent to Brinell hard-
ness numbers (BHN)]. It is important to note that, be-
tween 6 and 8 mm (0.24 and 0.31 in) in depth, a zone of
work-softened material exists. It has been shown, by
Leis (2) for rail steel and Park and Stone (4) for wheel
steels, that these pearlitic steels work soften under
cyclic strains of less than 0.6 percent.

There are also dramatic changes in the microstruc-
ture that may be associated with work hardening. Fig-
ures 2-4 show scanning electron microscope photomicro-
graphs of the same rail specimen, after 662 million
gross Mg (728 million gross tons) of service, at depths
of 2.25, 6.75, and 7.5 mm (0.09, 0.27, and 0.30 in), re-
spectively, At 2.25 mm (Figure 2), the material has
been work hardened to 320 BHN and exhibits a very
heavily deformed microstructure within which the ce-
mentite plates either have become kinked (in a wavelike
pattern) and cracked or have thinned out. The difference
in deformation behavior could be associated with the
orientation of the cementite plates within individual cells
relative to the applied load. In the work-softened zone,
the cementite is either straight with some cracking or
slightly deformed in a sinusoidal pattern. In the base
material at 7.5 mm (Figure 4), the cementite plates are
in their normal straight and undeformed condition.
Several investigators have observed the same micro-
structure as that shown in Figure 2 in cold-drawn,
high-carbon steel wire (5, 6).

TESTING PROCEDURE
Materials

Three rail steels were tested: (a) hot-rolled carbon
steel, (b) heat-treated carbon steel, and (c) pearlitic
chromium-molybdenum (CrMo) alloy. Their composi-
tions and mechanical properties are given in Table 1.

The hot-rolled carbon steel had a fully pearlitic
microstructure. The heat-treated carbon steel was
also pearlitic but had a smaller grain size. The alloyed
pearlitic rail was also fine grained.

Samples were cut from the railhead with the deforma-
tion face parallel to the running surface (Figure 5). The
samples were 6.35 mm (0.25 in) thick and, except for
the heat-treated samples, which had a width of 23.8 mm
(0.9375 in), were 25.4 mm (1 in) wide.

Because the hardness of rails varies with depth from
the surface, the average hardness of each sample was
determined and any sample that varied more than 2
points Rockwell C from the average was discarded. The
hardness values given in Table 1 are thus the average of
the samples tested.

Mechanical Testing

The compression test used in this project was designed
by Watts and Ford (7) for testing steel shéet and strip.
The test consists of applying a compressive load to the
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sample by means of two parallel indenting dies (see
Figure 6). The width b of the dies was equal to the
thickness t of the samples. It has been found that the
true yield stress is achieved only when t is an integral
multiple of b. By keeping b small in comparison with
sample width w, the deformed region of the sample is
constrained in the width dimension by the undeformed

Figure 1. Hardness
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carbon steel rail in the o " /2
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Figure 2. Microstructure of rail specimen 2.25 mm (0.9 in) below
running surface (4900X etched in Nital).
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material on either side. Thus, the sample deformed
under plane strain conditions. This test approximates
the loading conditions experienced by rail in service,
especially in tangent track and on the low rail of curves.

Figure 3. Microstructure of rail specimen 6,75 mm (0.27 in) below
running surface (4900X etched in Nital).

Figure 4. Microstructure of rail specimen 7.5 mm (0.3 in) below
running surface (4900X etched in Nital).
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Table 1. Composition and mechanical properties of
rail steels.

Type of Rail Steel

Yield
Strength Rockwell C
Composition (%) (MPa) Hardness

As-rolled carbon steel

Heat-treated carbon

steel

CrMo steel, pearlitic

0.69-0.82 carbon, 0.7- 1.0 manganese,

0.04 max phosphorus, 0,05 max sul-

fur, 0.1-0.25 silicon 517 22-23
0.69-0.82 carbon, 0.7-1.0 manganese,

0.04 max phosphorus, 0.05 max sul-

fur, 0.1-0.25 silicon 827 38-39
0.78 carbon, 0.84 manganese, 0.22

silicon, 0.72 chromium, 0.19

molybdenum, 0.026 phosphorus.

0.022 sulfur 752 35-36

Figure 5. Test sample
as taken from the head
of a rail.

Figure 6. Apparatus for
testing uniaxial plane
strain compression.

Testing was done on a Material Testing System elec-
trohydraulic close-loop machine in load control (cyclic
deformation tests are usually run in strain control, but
in this case load control was the simpler mode).

The ideal loading is zero to P,,, (compressive). How-
ever, because of the instability of the samples at zero
load, samples were loaded from -13 kN (-3000 1bf) to
P.... Loads were applied following a sine wave function
at frequencies from 6 to 18 Hz, P,,, varied from 110 to
200 kN (25 000-45 000 1bf).

To reduce friction effects, the contact surface of the
specimens was covered with Teflon tape. In order to
record the progressive deformation behavior, the re-
duction in sample thickness was measured by a micro-
meter to the nearest 0.002 54 mm (0.0001 in) after a set
number of cycles. To facilitate plotting on logarithmic
paper, thickness was measured after 1, 2, 5, 10, 20,
50, and 100 cycles, up to 100 000 cycles or 10 percent
reduction in thickness, whichever came first. After
each measurement, the surface was again covered with
Teflon tape. In replacing the samples, care was taken
to align the indentation with the dies. The load was then
applied again for the next cyclic increment.

Note: 1 MPa = 145 Ibf/in?

Two loading patterns were used. The first pattern
(simple loading) consisted of cycling at the same load
for the entire run. Simple loading was done for a range
of loads to observe the effect of increasing stress on de-
formation behavior. The second loading pattern (split
loading) consisted of cycling the sample at one load for
100, 1000, or 10 000 cycles and then finishing the run at
a higher load. Split-loading tests were run after the
simple-loading tests so that the low loads could be chosen
for little or no cyclic deformation and the high loads for
marked cyclic softening behavior. One split-loading set
(three runs) was done for each rail type.

Calculations

The axial compressive stress for plane strain compres-

sion in this case is simply the applied load divided by the

area being deformed:

o=P/wb (1)
Each measurement of sample reduction was converted

to true strain by the following formulas (derived from the

Von Mises yield criterion): For percentage reduction in

thickness,

(to - )/t =€, 2)

For plane strain,

In(l-¢)=¢, 3)

For true strain,

(2/\/5 €, =€ 4)

Graphs of true strain versus cycles were thus obtained
for the rail steels for simple and split loading.

TESTING QUALIFICATIONS

Frequency Effect

The frequency of the wheels of a train going over a sec-
tion of rail is about 3 Hz. Tests previously run at AAR
were conducted at a low frequency (6 Hz) to approximate
service conditions. Because of time limitations, how-
ever, the current tests were conducted at higher fre-
quencies. The effect of frequency on strain was there-
fore examined.

The curves produced by progressive cyclic loading
of hot-rolled carbon steel rail at 6, 12, and 18 Hz and
at 827 MPa [120 060 Ibf/in® {120 kips/in® ] are shown in
Figure 7. From these curves, it was concluded that
there was no significant frequency effect and the tests
could be run at 18 Hz. This result was not unexpected.
In this range, steels generally do not show a frequency
effect. If the magnitude of the strain range were great,
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Figure 7. Effect of frequency on compressive cyclic |
softening of rail steel.
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Figure 8. Schematic of hardness traverse (values in
Rockwell C hardness numbers) across deformed region of
standard rail steel specimen [¢ = 1102 MPa (140 000
Ibf/in2}].
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or if the tests were run in an aggressive environment,
a frequency effect could be expected.

Extent of Deformation

Because more than one region of each sample was used
for tests, it was desired to determine how much ma-
terial on either side of a deformation region was af-
fected. A hardness traverse was therefore made across
the deformed area of a specimen (see Figure 8). The
results showed that the hardening effect was well con-
fined directly under the dies.

RESULTS AND DISCUSSION
Simple Loading

The results for the hot-rolled carbon steel rail are shown
in Figure 9. At all stress levels, strain increased as
the number of cycles increased, which indicated that the
steel was softening. As the stress level increased, so
did the rate of softening and the total amount of softening.

It appears that, at 896 MPa (130 000 Ibf/in® or less,
the softening behavior would eventually stabilize if the
cycling were continued beyond 100 000 cycles. However,
above 896 MPa, the metal appeared to soften continu-
ously, Cycling at the higher stresses was not continued
to 100 000 because the sample thickness had been re-
duced 10 percent and cracks were forming. It was pre-
sumed that those samples would fail before the softening
stabilized.

The other steel types also showed increased softening
with increasing stress (see Figures 10 and 11). Note,
however, that the effect is less severe for the heat-
treated rail and the softening effect is even more damped
for the pearlitic CrMo steel.

The increasing deformation resistance is probably
partly a function of the increasing hardness and yield
strength of the steels. However, the heat-treated carbon
steel had slightly greater hardness and yield strength
than the pearlitic CrMo steel but exhibited worse defor-
mation behavior. Therefore, other factors must be con-
sidered in the deformation behavior. The alloying addi-
tions in the CrMo steels might increase deformation re-
sistance by inhibiting dislocation movements.

100
CYCLES

Split Loading

The results of the split-loading tests are less clear than
those for simple loading. In the case of the hot-rolled
carbon steel, preloading at a lower stress caused an in-
crease in the softening rate at the higher stress (see
Figure 12)., For the heat-treated rail (see Figure 13),
preloading improved the deformation resistance at 100
and 10 000 cycles and decreased deformation resistance
when the load was increased after 1000 cycles. Pre-
loading the pearlitic CrMo steel improved its deforma-
tion resistance at the higher stress (see Figure 14).

The reasons for the variable effects of preloading on’
the different steels are not clear. Preloading of the
plain carbon steel may promote dislocation movement
in the pearlite, whereas the alloying additions in the
other steels may inhibit dislocation movement and thus
improve deformation resistance at the higher loads. The
heat-treated rail, at 1000 cycles, must reach some crit-
ical dislocation arrangement that promotes the increased
softening behavior. Further study is under way to ex-
plain this behavior more fully,

Microstructure of Deformed Specimens

The microstructure of a deformed specimen 0.5 mm
(0.02 in) below the surface is shown to be comparable to
that of service-deformed rail steel (see Figure 15).

Prediction of Plastic Flow

Deformation as a function of stress, number of cycles,
and microstructure can be calculated by a modified form
of an equation developed by Langford (8) for deformation
caused by cold rolling. Langford's equation for axisym-
metric compression of pearlite is

0 =0¢ + (kA/2d) exp (€,/2) (5)
where
¢ = compressive stress,
oo = friction stress (76.4 MPa), i
k = Hall Petch constant (0.5 to 0.68 MN/m%),
d = pearlite spacing, and
€, = plane strain,
Rearranging terms,
€, = 2{1n [(/Zd/K) (0 - 0p)1} (6)

and, from Equation 4,

e=(4R/3) {In [/2d/k) (o - 00) 1} @)
Figures 9-14 show that ¢, is made up of the strain
after one cycle ¢, and the cyclic strain ¢, if more than
one cycle is considered. In addition, each increment
of ¢, is accompanied by the log of a cycle of stress.
Therefore, for more than one cycle of stress, Equation
7 can be modified as follows to fit the curves presented:
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Figure 14. Effect of split loading on deformation T

resistance of pearlitic CrMo rail steel.
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Figure 15. Microstructure of standard rail steel specimen 0.5 mm
(0.02 in) below deformed surface (4900X etched in Nital).
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Evaluation of the curve, for 689 MPa (100 000 1bf/in®) in
Figure 9, gives a mean value of 0.17 MN/m (11 680
Ibf/ft) for A, and Equation 8 reduces to

€.-6=4.27 x 10° In N {In [(/Zd/X) (0 - 0,) 1} Q)

A set of experiments was performed by Code (9) in
which brass pins were inserted in railheads that were
then placed in service. The rails were removed after
varying amounts of traffic load and were sectioned, and
the deformation of the pins was measured. For two pins,
after 68 million gross Mg (75 million gross tons) of traf-
fic, the average true strain can be calculated from
Code's data as 0.023 and 0.017. In 1951, the average
freight carload was 38 t (42 tons); adding 28 tons for the
empty car weight gives a gross load of 63 Mg/car (70

© 827 To 1103 MPa 1103 MPalIeON
0(1207To 160 ksi) = )
1 2278920 ksi)
o 100 1,000 10,000 100,000
CYCLES

tons/car). This provides an estimate of 4.3 million
cycles for the duration of Code's test (number of cars
times four axles). Substituting this value into Equation
9 gives a strain of 0.016. This value is in close agree-
ment with the values measured in the field, which run
from a maximum of 0.046 at the surface to 0 at a dis-
tance of 8 mm (0.34 in) below the surface.

CONCLUSIONS

1. When cycled in plane strain compression, plain
carbon steels, heat-treated steels, and CrMo steels ex-
hibit softening. The rate and the amount of softening
increase with increasing stress.

2. Deformation resistance increases with increasing
hardness and yield strength of the steel.

3. The behavior of steels under split loading varies
depending on steel type. The reason for the difference
is not clear.

4, The wavy pearlite microstructure developed in
rails during service is duplicated in laboratory speci-
mens.

5. The average flow in rails can be predicted if
stress, microstructure, and number of cycles are known.
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Nondestructive Testing of Railroad Rail

Harold Berger

Techniques of nondestructive testing {NDT) of railroad rail in service are
reviewed with the aim of assessing the state of the art and future needs.
The contributions to the industry of the primary NDT methods—ultra-
sonic and magnetic inspection—are noted, and their limitations are ex-
amined. The limitations of ultrasonic inspection include ensuring the
coupling of the ultrasonic signal into and out of the rail, setting the sensi-
tivity level of the inspection system reproducibly, and relating the ampli-
tude of the return ultrasonic signal to the size of the defect. Magnetic
inspection is generally limited to the railhead. The two systems used to-
gether provide the most reliable inspection, the magnetic system pro-
viding special assistance with defects located near the edges of the rail-
head. Recommendations for improving rail NDT include greater use of
these two complementary systems (now available on only about 50
percent of U.S. rail test cars), greater attention to operator training and
characteristics and to the inspection of new rail before installation, and
changes in government regulations that will lead to more effective use

of rail test cars. In addition, research is needed to relate defect growth
to rail service conditions so that realistic decisions can be made about
leaving defective rail in use, Developments leading to improved tech-
nology are also discussed.

The subject of nondestructive testing (NDT) of railroad
rail is a complex one that involves technical considera-
tions (such as types of inspection, the types and sizes of
flaws that can be detected, and the reliability of detec-
tion), economic considerations (such as how often to in-
spect and the sizes of defects that should lead to rail re-
placement), and regulatory questions (such as how much
leeway railroads should be permitted in inspection and
rail replacement). Obviously, the performance of rail
depends strongly on traffic density, axle loading, condi-
tion of equipment (flat spots on wheels, for example),
and many other factors. This paper focuses on the tech-
nical aspects of rail NDT but also attempts to take some
of these other issues into account,

Field NDT of railroad rail began in an organized way
in the United States in 1928 with the introduction of a rail
test car designed by Sperry (1). The NDT method used
in this first car was an inductance method in which vari-
ations in the electromagnetic field induced by electric
current in the rail were sensed by a pickup coil (2, 3).
Since that early work, other magnetic and ultrasonic
methods have come into prominence in the field inspec-
tion of railroad rails (4). In addition, eddy-current,
liquid-penetrant, and magnetic-particle methods are used
to assess new rails and/or repairs (5-7).

The use of these NDT procedures to inspect in-place
rails has undoubtedly been of great benefit to the nation's
railroads. In 1965, Magee of the Association of Ameri-
can Railroads (AAR) estimated that rail inspection saved
the railroads almost $200 000 000/year by minimizing
service failures and the costs associated with these fail-
ures (1), Although rail failures have not contributed in
a major way to railroad fatalities, the inspection pro-
gram has also saved lives.

There have been obvious benefits from rail inspection.
Yet, in the past few years—as Figure 1 (8,9) shows—
there has been an increase in track-related accidents
while other causes of train accidents have stayed about
constant. Rail problems remain a significant factor (9).
The nuimber of defective rails found by NDT and replaced
each year showed a dramatic rise in the late 1960s and
early 1970s and now appears to have leveled off some-
what (10), in spite of the fact that total kilometers of
track in the United States continues to decrease each
year (11), We must also consider the increasing axle
loading in recent years as 91-Mg (100-ton) cars have

become more common [see Figure 2 (11)7, and we must
recognize that the increased loading on remaining rails
may cause defects to grow at a faster rate. This means
being alert to the possible need for detecting smaller
rail defects or inspecting rails more frequently.

NONDESTRUCTIVE TESTING METHODS

Ultrasonic Testing

Ultrasonic inspection is normally done in a pulsed mode;
some portion of the ultrasonic pulse is reflected or scat-
tered back to a receiving transducer, sometimes the
same transducer that transmitted the energy in the first
place. The ultrasonic pulse travels at a known velocity
in the rail [typically 5900 m/s (19 350 ft/s) for longi-
tudinal waves]. Therefore, the time at which the re-
flected signal is received can be related to a distance in
the metal rail. One can use electronic gates on the ul-
trasonic instrument to confine the inspection to a certain
—region, if desired. Typical ultrasonic frequency is
2.25 MHz.

Jltrasonic testing has many advantages for detecting
cracks and similar discontinuities, A large part of the
ultrasonic signal is reflected from such interfaces. How-
ever, if the receiving transducer is to receive a signifi-
cant amount of the reflected energy, it must be in the
correct location.

An easy flaw to detect is an extensive horizontal split
head (see defect 1 in Figure 3) because an ultrasonic
beam directed straight down the head toward the web and
base will be reflected back toward the transducer. This
same (0°) transducer also provides good inspection of the
web area. Note, however, that, if the defect is a hori-
zontal split head that does not extend over the web area
(defect 2 in Figure 3) or a vertical split head (defect 3
in Figure 3), a transducer aimed straight down will
probably receive only a very small reflection signal.

To detect such defects by using ultrasound, it is neces-
sary to use angled ultrasonic beams. Common angles,
from the vertical direction, are 30°-60°% 37.5° 45° and
70°-80°. The capabilities of such angled beams for de-
tecting common defects in rails are summarized in a
report by Kaiser and others (12),

If the types of rail defects can be anticipated, the
proper angular ultrasonic beam and the preferred loca-
tion of the receiving transducer can be determined. In
practical situations, however, there are some problems.
For example, the transducers must be coupled to the
rail in order to get as much ultrasound energy as neces-
sary into and out of the rail. Two common approaches
are to place the transducers in a liquid-filled rubber
wheel or in sleds that slide along the rail. Liquid cou-
pling is used between the wheel or sled and the rail.
Both of these approaches impose some restrictions on
the angular orientations and the number of transducers
that can be used. Note that the curvature at the edges
of the top of the railhead makes it necessary to place the
transducers above a point near the center of the rail.
This contributes to the difficuity of detecting defects io-
cated near the edges of the railhead. Defects located
near bolt holes, rail ends, or welds also present prob-
lems because the reflections from these interfaces mask
closely located defects.

Another significant problem is that of maintaining
coupling while the test car is moving. Obviously, some
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Figure 1. Train accidents by major cause (at inflated
thresholds).
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Figure 3. Orientations of several rail
defects: defects T and 2, horizontal split
heads; defect 3, vertical split head.
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bounce is introduced. This can be checked for the 0°
beam because the equipment should show a strong back
reflection from the bottom of the rail base. For some
of the angled beams, this is not the case, and coupling
can be lost or become intermittent without the operator
realizing it. In some cases, however, the angled trans-
ducers are deliberately located in the same coupling
area as the 0° transducers to provide at least some in-
dication of coupling.

Checking the sensitivity of rail inspection equipment
is a significant problem. Ideally, one wants to adjust
equipment sensitivity by using the same material and
geometry as those of the object to be inspected. Natu-
rally, it is difficult to carry a rail around and get it into
position to test. A good sensitivity check would there-
fore involve something already in the rail. The Southern
Railway System, for example, uses the reflection from
bolt holes to set sensitivity. This seems to be a reason-
able approach, but it does not work well for many of the
angled beams. Certainly, the question of sensitivity
adjustment merits further consideration.

23

Among other problems is the fact that surface defects,
such as burns and shells, and welds often interfere with
the transmission of ultrasound and therefore impede the
detection of defects below those areas.

The presentation and interpretation of data are also
important, of course., Most U.S. rail-car systems use
pen recorders. The electronics system gates the return
pulses so that only those pulses of interest cause pen de-
flection, A typical system described by Thomas and
others (13) has two pens tied to a 0° ultrasonic trans-
ducer. One pen detects reflections in the head, web, or
base of the rail; the other notes a loss of base reflection.
In this system there are two ultrasonic transducers at
37.5° and one recorder pen is tied to each transducer.
There are also two transducers at 70° both of which are
tied to a single recorder. The operator must watch the
recorder pens (five in this case) and watch the track
through an operator's window [see Figure 4 (14)]. X a
suspicious signal is detected, the test car is stopped and
the operator gets out to check the suspect area with a
portable ultrasonic system. The hand check indicates
either that the signal was a false alarm or that it was
valid. Inthe latter case, some sizing of the defect is
attempted.

Inspection speeds for rail test cars in the United
States are in the range of 6-21 km/h (4-13 miles/h)
(12,15). Although inspection speeds in some other
countries are reported to be as high as 100 km/h (62
miles/h) (12,15), many foreign rail cars appear to op-
erate in the 32- to 40-km/h (20- to 25-mile/h) range.

In many of these cases, the inspection car does not stop
to investigate; inspection data are recorded and analyzed
later (15), Inthe United States, where rail cars stop to
confirm and size defects, the average inspection speed
is about 11 km/h (7 miles/h).

In some cases, a hand-operated ultrasonic unit,
pushed along the rail by a walking inspector, is used to
check rail (3,7). These instruments are used to inspect
areas that are not tested by the rail cars (switches, for
example) and to go over critical areas such as rails as-
sociated with tunnels or bridges.

Magnetic Inspection

Two basic approaches are used in magnetic testing of
rail. One is the inductance method used in the original
rail test car by Sperry (1-8). In this method, current
is put into the rail either by direct contact or by the
movement of a strong magnetic field. Perturbations in
the current flow that are caused by defects are detected
by pickup coils. In the other approach, a magnetic field
is set up in the rail. Flaws perturb the magnetic field,
and variations in the residual magnetic field are sensed
by a detector several meters away (to avoid detection of
the active magnetic field). A diagram of a typical unit
is shown in Figure 5 (13). This unit provides a longi-
tudinal magnetic field, which yields good detection of
transverse defects that would break the magnetic flux
lines. In addition, magnetic fields are usually intro-
duced across the railhead by following this unit with one
that has a permanent horseshoe magnet whose pole pieces
are at either side of the railhead. The resulting trans-
verse magnetic field provides good detection of longi-
tudinal defects.

Magnetic testing is usually limited to inspection of
the railhead. Therefore, the number of rail defects
discovered by using magnetic testing is generally less
than the number found by using ultrasonics. Neverthe-
less, the two methods complement each other and are
sometimes used together on the same test car.

The speed of magnetic inspection cars falls in the
same range as that of ultrasonic cars; the higher speed
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Figure 4. Ultrasonic rail test car used by British Railways (note
operator in car window at right).

Figure 5. Diagram of AAR residual magnetic
method for rail inspection.
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of 21 km/h (13 miles/h) represents a magnetic system
on good track. Kaiser and others (12) estimate that the
speed capabilities of the electric-current or eddy-
current methods can be as great as 80 km/h (50 miles/h)
whereas the top speed for residual magnetic systems
(systems of reasonable size) may be only about 27 km/h
(17 miles/h).

Although coupling the magnetic field into the rail
sounds simpler than what is required in ultrasonics,
bouncing of the magnetic yoke and changes in the small
air-gap structure on either end can lead to variations in
the magnetic field that introduce false indications.

CURRENT PROBLEMS IN RAIL
TESTING

NDT methods for rail provide signals that must be in-
terpreted by the operator. Although a considerable
amount of money has been spent on rail-testing equip-
ment, it is less clear how much effort has been ex-
pended, on an industrywide basis, to ensure that oper-
ators are well trained and motivated. Since the operator
is such a vital part of the NDT process, some additional
industry effort would seem to be appropriate in this area.

The problem of operator performance is not unique to
the rail industry. Infact, the nature of the problem is
indicated by this quotation from a representative of an
aircraft manufacturer, quoted by Robinson (16): '"The
burden is on the inspector to react on the spot and make
a go or no-go decision on the basis of not altogether
unambiguous information."

It is recognized that differences in the inspection
equipment used by individual railroads present some-
thing of a problem in training operators. It is also
recognized that the operator's motivation can outweigh
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technical training when it comes to the quality of inspec-
tion., Therefore, even if industrywide training of NDT
operators is not pursued, research into the behavioral
and psychological areas should be accelerated. It would
be extremely beneficial to know what characteristics a
good inspector should possess and how motivation can
be maintained.

The NDT equipment currently available for rail test-
ing is basically capable of performing the task, but one
has to be aware of its limitations. In using ultrasonic
equipment, for example, one depends heavily on the
amplitude of a reflected signal. Yet, for several rea-
sons, the amplitude may be low: If the defect is poorly
oriented, the ultrasonic coupling is not good, or the cali-
bration of the instrument is off, a low-amplitude signal
can result. Since as many as six 70° ultrasonic trans-
ducers in a rail car are often tied to one recorder pen,
it is entirely possible that one transducer may not be
working properly. Yet this would not be known to the
operator. Although we may not be able to do anything
about poorly oriented defects, we can pay attention to
calibration and coupling problems.

Some of the rail defects that grow in service un-
doubtedly stem from defects that were in the rail as de-
livered. Greater attention should be given to inspecting
new rail to detect inclusions, piping, and similar de-
fects that are likely to grow in service and lead to later
rail replacement. Although this would not eliminate the
defects that are caused by rail stresses, flat wheels, and
other difficult conditions and thus would not eliminate in-
service inspection, it would reduce costs for rail re-
placement in the field. It would probably also raise the
average speed of rail test cars because fewer stops
might be needed.

About 70 rail test cars are currently in use in the
United States. About two-thirds of these are owned and
operated by the railroads themselves (3), and the other
third are owned and operated by the Sperry Rail Service
(10). Except for one ultrasonic car used on the New
York subway system, all of the Sperry cars use combined
inductance-ultrasonic systems. Of the cars owned by
U.S. railroads, about 10 percent are magnetic cars (re-
sidual magnetic method) and about 25 percent use com-
bined residual magnetic-ultrasonic systems. The re-
maining 65 percent are ultrasonic cars.

In recent years, the use of ultrasonic inspection for
rails has been emphasized. This is demonstrated by the
preponderance of ultrasonic systems among the rail test
cars and also by current development efforts in this area.

Nevertheless, the use of two complementary inspec-
tion systems is desirable. A combined ultrasonic~
magnetic system appears to offer greatly improved de-
fect detection (and signal interpretation) for the railhead.
The additional use of the magnetic system offers more
reliable detection for common railhead problems, such
as vertical split and detail fractures. When these de-
fects are located near the edges of the railhead, mag-
netic inspection is most useful. For other defects, par-
ticularly those located in the web or base of the rail,
ultrasonics will continue to provide the best inspection.

It would appear that U.S. railroads are not testing
rails as extensively as they could with currently avail-
able equipment and personnel. As indicated before,
test cars typically provide an average speed of 11 km/h
(7 miles/h). By taking 70 available cars and allowing
each car to operate 8 h/day at 11 km/h, the industry
could potentially inspect more than 6000 km (3600 miles)
of track a day (by using only one shift). This translates
into a capability to inspect almost 1.5 million km (0.9
million miles) of track a year. Certainly this would be
reduced by factors such as track availability, Never-
theless, the actual number of kilometers of track now
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tested is probably considerably less than half that fig-
ure (10).

Although there may be some discussion about the
numbers, there seems to be agreement about the con-
clusion that greater use could be made of available rail
test cars. Part of the problem is certainly government
regulation, in that railroads are compelled to remove
defective rail quickly (often within 24 h) or drastically
reduce train speeds. What often happens is that the rail
test car is sent packing once it has located an amount of
rail that can be replaced by the maintenance crews, A
better approach would be to determine likely rates of
flaw growth based on service conditions and to take this
into account in the replacement schedule. It will require
more extensive work, however, to relate flaw growth to
anticipated stresses.

CURRENT DEVELOPMENTS

A few words about developments in progress in rail NDT
may be appropriate to show the directions in which the
industry is headed. Work has been going on for many
years on electromagnetic transducers for ultrasound.

A major advantage of these transducers is that physical
contact with the object under inspection is not necessary
and thus coupling problems are minimized. A great deal
of work in this area has been reported in the Soviet
Union, including potential application to problems of
rail inspection (17)., Development of electromagnetic
transducers is now proceeding in the United States (18),
and a test of these novel transducers for rail inspection
is planned. In addition to ease of coupling, these trans-
ducers offer the potential for electronic variation of the
angle of the ultrasonic beam.

The major developments directly associated with rail
NDT are in the area of data processing and presentation.
Investigators at the Transportation Systems Center (TSC)
are working on a consolidated B-scan presentation that
would present a cross-sectional view of the rail to the
operator when a defect signal is detected and pinpoint
the location of the defect (19). Other programs that are
being pursued at TSC include an improved magnetic sys-
tem to complement ultrasonic inspection and a fully
automated rail test car that will have the capability for
sizing defects. The British are also working on im-
proved data processing., Their present system collects
inspection data during night runs of the track. These
data are later analyzed in a central location (15). New
efforts in Great Britain are directed toward a completely
automated system (20).

These appear to be representative of the major de-
velopment efforts directly concerned with the detection
of defects in rail by nondestructive evaluation. Other
major problems, of course, are residual stresses and
longitudinal forces in rail. These problems have par-
ticularly come into focus with the introduction of all-
welded rail (21), This paper has not addressed that
problem nor problems that are associated with nonde-
structive evaluation of welds.

Other developmental efforts that will possibly affect
rail NDT involve ultrasonic testing and attempts to use
portions of the signal in addition to, or instead of, ultra-
sonic amplitude, As indicated earlier, the amplitude of
reflected or scattered ultrasound can be misleading.
Current development work includes efforts to use spec-
tral, phase, and other signal parameters to identify the
type and approximate size of defects (22-24). These
etforts should be followed. -

CONCLUSIONS AND RECOMMENDATIONS

Rail NDT is strongly operator dependent, and the equip-
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ment has some limitations. Improvements in rail NDT
could be made. The following are some near-term
recommendations:

1. Pay more attention to the inspection of new rail;
elimination of defects at that point can minimize more
expensive problems in the field. However, it should be
clear that in-service inspection would still be necessary.

2. Consider an industrywide training program for
NDT operators. Not much attention appears to have been
paid to the operator, a vital part of the present NDT sys-
tem. At the very least, the railroads should join with
other industries to help in determining the character-
istics of a good inspector. Strong motivation is probably
more important than textbook knowledge.

3. Take steps to be sure present equipment is func-
tioning and the sensitivity is properly set, Adopt wide-
spread use of cars that make use of two complementary
NDT methods (ultrasonic and magnetic).

On a longer-term basis, the industry should move
toward the following:

1. Work to help set reasonable government regula-
tions and policies so that the full range of NDT capability
can be used with minimum penalty. To do this realis-
tically, more work will have to be done to relate flaw
growth to rail service conditions.

2. Improve the presentation of NDT data to ease
interpretation and minimize errors. On a longer-term
basis, the industry should work for the development of
more automated test systems. This is necessary if a
significant increase in the speed of rail inspection is
desired.

3. Develop improved techniques, such as ultrasonic
methods in which coupling can be checked or the effects
of coupling variations are minimized. Improved mag-
netic approaches, such as rapidly changing field direc-
tions, should also be factored into developmental plan-
ning.

These recommendations are made in an attempt to
improve rail inspection and reduce the cost (both in
terms of money and lives) of rail-related accidents. It
is obvious that rail NDT has served the industry well in
the past 50 years and will continue to do so in the future.
But its impact can be enhanced if improvements are made
along the lines suggested here.

ACKNOWLEDGMENT

1 am pleased to acknowledge helpful discussion concern-
ing the subject of this paper with many people in the
railroad industry. The information presented in this
paper was gathered during my service as a member of
the Materials Advisory Committee, Research and Test
Department, AAR. The committee is chaired by Morris
Cohen of the Massachusetts Institute of Technology.
Helpful background information was obtained at a one-
day Seminar on Railroad Nondestructive Evaluation, held
under the auspices of AAR and cochaired by Daniel Stone
of AAR, Discussions with Aviva Harvey and George
Way of AAR helped me to formulate some ideas relating
to railroad accidents and rail problems. In addition,

W. J. Harris, Jr., and A. G. Payne of AAR; H. Ceccon,
C. Fraser, and A. L. Lavery of TSC; and T. C. Rohr
and C. N, Scott of the Southern Railway System provided
constructive criticism of the initial draft of this paper.

I am pleased to acknowledge their assistance.



26

REFERENCES

1. G. M. Magee. Preventing Rail Failures in Track.
Materials Evaluation, Vol. 23, No. 10, 1965, pp.
508-511,

2. Rail Defect Manual. Sperry Rail Service, Auto-
mation Industries, Danbury, CT, 1968, pp. 26-29.

3. The Track Cyclopedia, Section 9. Simmons-
Boardman Publishing Corp., Omaha, 1978,

4, W. E. Chapin, R. Kins, H. C. Festel, and R. H,
Breslin. A Bibliography of Rail Technology.
Federal Railroad Administration, U.S. Depart-
ment of Transportation, Rept. FRA/ORD-77/15,
19717,

5. J. Banks and D. C. Hansford. Examination of Sur-
face Cracks in Carbon and Manganese Steel Rails by
the Eddy-Current Technique. British Journal of
Nondestructive Testing, Vol. 18, No. 6, 1976, pp.
174-179.

6. J. Banks. Magnetic Particle and Dye Penetrant
Techniques as Aids to the NDT of Rails. British
Journal of Nondestructive Testing, Vol. 15, No. 6,
1973, pp. 176-178,

7. A. K. Gurvich and others. Flaw Detection in Rails,
Federal Railroad Administration, U.S. Department
of Transportation, Rept. FRA/ORD-77/10, Dec.
1978.

8. W. H. Dempsey. Supplement to Statement on Rail-~
road Safety to Subcommittee on Transportation and
Commerce of the Committee on Interstate and
Foreign Commerce, March 15, 1978, Assn, of
American Railroads, Washington, DC.

9. A. E. Shulmanand C. E. Taylor. Analysis of
Nine Years of Railroad Accident Data, 1966-1974.
Assn. of American Railroads, Washington, DC,
Rept. R-223, April 1976.

10. AI Sperry Railer. Sperry Rail Service, Automation
Industries, Danbury, CT, Vol. 47, No. 1, 1979,

11. Yearbook of Railroad Facts. Assn. of American
Railroads, Washington, DC, 1979,

12, W. P. Kaiser, R. H. Byers, D. Ensiminger, H. C.
Meacham, J. H, Flora, W. C. Bruce, L. Becker,
and G. Pogakony. Rail Inspection Systems Analy-
sis and Technology Survey. Federal Railroad Ad-
ministration, U.S. Department of Transportation,
Rept. FRA/ORD-77/39, Sept. 1977.

13. J. M. Thomas, C. S. Davis, T. W. Rettig, and
P. R. Bosinoff. Strategy and Methods for Cost-
Risk Analysis of Defective Rail. Failure Analysis
Associates, Palo Alto, CA, Rept. FAA-78-12-1,
Dec. 1978.

Review of Rail Research

C. O. Frederick and E, G, Jones

The rail research program of British Railways, which is aimed at under-
standing and reducing the severity of various mechanisms of rail failure,
is described. An important part of the work is the measurement and
prediction of rail stresses and the study of force-free temperature for
continuous welded rail. To reduce failure problems, it is necessary to
develop laboratory-based techniques to assess the performance of rail
steels and welds. This requires a knowledge of the dynamic and static
stress environment of the rails and computer programs to calculate these
stresses. The study of failures includes the study of Thermit and flash-

Transportation Research Record 744

14. Ultrasonic Eyes Aboard British Testing Train.
Materials Evaluation, Vol. 29, No. 6, 1971, pp.
16A-18A.

15. W. D. Kaiser and R. H. Byers. Rail Flaw Inspec-
tion Technology. Paper Summaries, National Fall
Conference of American Society for Nondestructive
Testing, Denver, Oct. 1978, pp. 393-396.

16. A. L. Robinson., New Testing Methods Could Boost
Air Safety. Science, Vol. 205, July 6, 1979, pp.
29-32,

17. V. V. Vlasov, V. A. Lanchak, N. A. Oluhkov, and
I. V. Ivanov. Ultrasonic Method of Testing Railway
Rail Tracks Using Electromagnetic-Acoustic Con-
verters. Defectoskopiya, Vol. 3, 1971, pp. 94-98.

18. R. B. Thompson. New Electromagnetic Transducer
Applications. Air Force Materials Laboratory,
Wright-Patterson Air Force Base, Dayton, OH,
Rept. AFML-TR-78-55, May 1978, pp. 340-344.

19. D. Lavery and H. Ceccon. State of the Art of Rail
NDT in the U.S. Seminar on Railroad Nondestruc-
tive Evaluation, National Bureau of Standards,
Washington, DC, May 15, 1979.

20. H. Jenkins. Track Maintenance for High-Speed
Trains. AREA Bull., Proc. Vol. 77, No. 658,
June-July 1976, pp. 511-513.

21. J. J. Yavelak and C. N, Scott. Requirements of
Residual Stress Measurements Peculiar to the
Railway-Freight Industry. Extended Summaries,
Meeting of Society for Experimental Stress Analy-
sis, Indianapolis, Oct. 23-25, 1978, pp. 17-18.

22. B. R. Tittman and R. K. Elsley. Experimental
Measurements and Interpretation of Ultrasonic
Scattering by Flaws. Air Force Materials Labora-
tory, Wright-Patterson Air Force Base, Dayton,
OH, Rept. AFML-TR-78-55, May 1978, pp. 26-36.

23. L. Adler, K. Lewis, P. Szilas, and D. Fitting.
Identification of Flaws from Scattered Ultrasonic
Fields as Measured at a Planar Surface., Air Force
Materials Laboratory, Wright-Patterson Air Force
Base, Dayton, OH, Rept. AFML-TR-78-55, May
1978, pp..36-43.

24, R. Shankar and A. N. Mucciardi. Application of
Adaptive Learning Networks to Ultrasonic Signal
Processing: Detecting Cracks in Stainless Steel
Pipe Welds. In Ultrasonic Materials Characteriza-
tion (H. Berger and M. Linzer, eds.), American
Society for Nondestructive Testing, Columbus, OH
(in preparation).

Publication of this paper sponsored by Committee on Track Structure
System Design.

on British Rail

butt weld failures, tache ovale defects, star cracks at bolt holes, and
squat defects. It has been found that the majority of Thermit weld
failures can be attributed to poor welding practice. Fiash-buit weid
failures are much less frequent but may become more of a problem

as the more wear-resistant rail steels are introduced into welded track.
The need to develop better steels for switch and crossing work has pro-
vided an impetus to develop a weldable austenitic manganese steel

and also bainitic steels of high strength and toughness. These develop-
ments are reviewed.
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Rail research should reflect the future objectives and
problems of the railways concerned. British Railways
(BR) is a high-speed railway, and this has tended to
cause rather special problems. In addition, the move
to continuously welded rail (CWR), while solving some
problems, has created new ones—all of which has pro-
vided the impetus for research.

The thermal stresses in long, welded rails are, of
course, invisible and are commonly overlooked; never-
theless, they are large and very significant in controlling
the modes of failure. In designing a railway with CWR,
it is always necessary to choose the force-free tempera-
ture with care. Too high a force-free temperature will
assist the rapid growth of transverse fatigue cracks and
brittle fracture of the rail in winter, whereas too low a
force-free temperature will create a buckling problem
in the hot weather of summer. After a spate of buckling
incidents in 1969, BR raised the force-free rail tempera-
ture by 5.5°C to improve track stability, Subsequently,
an investigation was conducted into the factors that affect
track buckling with a view toward improving track de-
sign. The rise in force-free rail temperature may ex-
plain why there has been an increase in transverse rail
defects in recent years. There have, however, been
other problems, two of which are closely associated
with high-speed lines: squats and short pitch corruga-
tions.

The current maximum strict axle load on BR is 250
kN. This is higher than on most European railways and
lower than U.S. values, which can exceed 298 kN. Rail-
crushing and side-wear problems are much less severe
in the United Kingdom than in the United States. Never-
theless, rail side wear still limits rail life on curves.
For large-radius, high-speed curves, where use of the
correct transverse rail profile is important to good rid-
ing, it has been necessary to prohibit the practice of
transposing side-worn rails. Thus, there are incentives
to use more wear-resistant rail. The standard BR rail
steel [710-MPa ultimate tensile strength (UTS}] is some-
what less wear resistant than the standard U.S. compo-
sitions. However, BR is using an increasing quantity
of wear-resistant Union Internationale des Chemins de
Fer (UIC) grades (880-MPa UTS) and 1 percent chro-
mium rails (1080-MPa UTS) in sharply curved situations.
These rail steels bring with them some welding prob-
lems and slightly less toughness, There is a need for
simultaneous improvements in wear resistance, tough-
ness, and weldability.

The BR rail research program has sought to estab-
lish an understanding of and to lessen the existing prob-
lems and also to look to the future to see what might be
achieved by new rail steels. This paper is an account
of some of the main lines of investigation.

FORCE-FREE RAIL TEMPERATURE
Track Buckling

The force-free rail temperature is defined as the rail
temperature at which long welded rail experiences zero
resultant longitudinal force. This temperature is de-
termined by the procedures used to install the welded
rail, In deciding this temperature, it is desirable to
have an understanding of track-buckling behavior. Some
early experiments in track buckling were done in Mouse-
hole Tunnel between 1956 and 1959 (1). At first, the
buckling theories could only account for the behavior of
an infinite sinusoidal irregularity in straight track (2).
More recently, a more advanced theory has been de-
veloped that allows for an individual irregularity on
straight and curved track (3). This is an important ad-
vance because it shows for the first time the importance
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of the longitudinal restraint between the rails and the
sleepers, If this restraint is large, it helps to prevent
feeding of rail compression into the buckling zone as a
misalignment develops. The new theory also shows that
there is a fairly clearly defined value of the maximum
rise in rail temperature at which thermal buckling will
not occur despite the presence of misalignments. This
'safe'' maximum increase in rail temperature is shown
in Figure 1, where it can be seen that, in the curve for
temperature increase versus deflection, there is first a
peak followed by a trough. The height of the peak is
very sensitive to misalignments, but the height of the
trough is insensitive to these and provides a better de-
sign limit.

The calculated variation in the safe temperature in-
crease with lateral and longitudinal resistance for
standard BR track components is shown in Figure 2.
Buckling experiments have recently been under way at
Old Dalby to check these predictions, The value at
which buckling took place was always above the calcu-
lated safe temperature increase and was sensitive to
rail straightness. After the first experiment, the rail
developed a permanent lateral set. Even when the track
and rails were laid apparently straight, the built-in set
in the rail strongly influenced the buckling behavior.

Rolling Out

There have been many observations of BR in-service
rails experiencing a general drop in force-free rail
temperature, a phenomenon referred to as ""rolling out",
This should be distinguished from changes in the distri-
bution of force-free temperature along the track, which
is caused by creep of the rail along the track associated
with movement through the fastenings or movement of
the sleepers in the ballast. The rolling-out effect is
caused by the rails becoming longer. The magnitude of
this effect has been measured by taking out 240-m
lengths of rail, measuring their length, and then re-
placing them, Reductions in force-free temperature of
approximately 6°C in a year have been measured for new
rails, It is thought that this effect will stabilize and
considerably lessen over the years. Nevertheless, it
means that a higher initial rail tension is required to
prevent track buckling (1°C is equivalent to 1.7 Mg for
56-kg/m rail),

RAIL STRESSES

Wheel-Rail Contact

It is fitting to start an investigation of rail behavior by
considering the stress environment of the rail steel.
Clearly, the highest stresses come from wheel-rail
contact force, These stresses, however, are very de-
pendent on the precise profiles of wheel and rail. Iter-
ative computer programs have been written to calculate
the shape of the contact area for different wheel-rail-
profile contact arrangements. Contact at the gauge
corner will tend to produce an elliptical contact patch
that is long and thin, whereas contact of worn wheel and
rail near the rail center line tends to produce a wide and
short contact patch. These programs must be iterative,
since the dimensions of the contact patch depend on the
out-of-plane surface deflections. It is customary to as-
sume elastic material behavior and to assume that the
surface deflections arethose of a semi-infinite half-plane.
The latter assumption is somewhat dubious for gauge-
corner contact. Since it is well known that rails plas-
tically deform, it may be thought that the assumption of
elastic behavior is also dubious., However, the plastic
deformation of rails is something that occurs slowly
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under many thousands of cycles, and the plastic defor-
mation that occurs under one cycle is almost certainly
negligible compared with the elastic strains.
Calculations of the Hertzian stresses caused by wheel-
rail contact do not usually allow for flexure of the rail as
a beam, nor do they allow for phenomena such as bending
of the railhead as a beam supported by the rail web. To
investigate these effects, it is usually necessary to re-
sort to finite-element analyses of some sort. These
analyses allow the true shape of the rail to be included
but make crude assumptions for stresses and strains
that occur in the immediate contact zone. When con-
ventional three-dimensional finite elements are used,
the computation rapidly becomes very large because of
the large number of unknowns. The Research and De-
velopment Division of the British Railways Board has
found the most promising analysis method to be one that
combines finite elements and Fourier techniques (4).
This analysis divides the rail up into longitudinal prisms
of quadrilateral cross section. Although the loading
must itself be expressed in Fourier harmonics along the

rail, a good representation of a localized load is possi-
ble. This program has been used successfully to analyze
the effect of off-center vertical loads on strains in the
rail web (see Figure 3).

In the past, lateral forces have been measured for
experimental purposes by measuring the bending of the
rail web at two positions that are vertically one above
the other. This arrangement is, however, affected by
off-center vertical loads (5), and this can be demon-
strated by using the computer program. In the future,
it should be possible to design improved load-measuring
systems by using an array of gauges and a small on-line
computer.

Dynamic Load Variations

In calculating stresses in rails, it is usually necessary
to consider dynamic wheel loads. Dynamic variations

in load are especially important at high speeds or when
the wheels have formed flats. There are very few data
on wheel and rail roughness, but it is clear from calcu-
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lations that contact forces can vary substantially with
very small levels of roughness (6). These variations
are so large because the wheel-rail contact spring is so
stiff and because the rail inertia is significant at high
frequencies of oscillation. When longitudinal profiles
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have been measured by using an inertial trolley, it has
been found that rail roughness usually decreases under
the influence of traffic unless some phenomenon such as
corrugation is at work. It is worth noting that, at high
speeds, wheel-rail contact forces can be expected to in-
crease if rail weight is increased; thus, mechanisms of
rail surface damage are likely to get worse with heavier
rails.

Tensile Stresses in Railhead

In considering rail fracture, it is especially important
to consider the extreme values of tensile stress in the
railhead, since failures rarely initiate in the rail foot
(the exceptions in the United Kingdom being defective
welds or cracking from corrosion pitting or chair gall).
The highest tensile stresses are attributable to a com-
bination of the effects of cold-weather contraction and
wheel-flat impact. Thus, the tensile stresses caused
by hogging of the rail at either side of the point of im-
pact are more important than the stresses immediately
under the point of impact. There has been a substantial
program of research to study wheel-flat impact (7), and
it has been found that the resultant hogging bending waves
propagate very rapidly along the rail and lessen only
slowly with distance. As a result, all of the rail will
experience to some extent the hogging stresses caused
by a wheel flat, although the maximum stresses occur
where the quasistatic procession wave is combined with
the dynamic effect.

The dynamic testing of rails reflects the importance
of tensile stresses in the railhead and is described later
in this paper.

Residual Stresses

Recently, there has been an increased interest in resid-
ual stresses among BR researchers. It is well known
that European rails show high residual tensile stresses
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Figure 6. Computer algorithm for correction of an irregular weld. 1r
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Table 1. Physical properties of rail steels.

Coefficient of Young's Modulus (GPa)

Linear Expansion

Material (°c™'x 10°%) -15°c  20°C  50°C
BS 11 normal quality 11.25 2186 213 211
UIC grade B 11.4 211 208 206
1 percent chromium 11.8 216 213 212
Cast LCAMS 17.0 181 180 178
Rolled LCAMS 17.1 201 200 197
Bainitic* 11.6 211 209 207

2 Composition {percentage by weight) = 0.16 carbon, 0.19 silicon, 1.01 manganese, 0.23 sul-
fur, 0.025 phosphorus, 1.40 chromium, and 0.563 molybdenum.

in the railhead after manufacture and that these stresses
are modified by traffic loads (8) so that the longitudinal
residual stresses near the running surface are converted
from tensile to compressive stresses (see Figure 4),
According to German researchers (9), the original re-
sidual tensile stresses are caused by the roller straight-
ening process. These residual stresses in the railhead
are undesirable because (a) they must increase the mag-
nitude of the rolling-out process and (b) they will prob-
ably increase the tendency of cracks to propagate down-
ward across the rail section rather than parallel to the
rail surface.

Alternative systems of rail straightening are being
examined, and the possibility of a computer-controlled
gag press is being considered. Such a device would re-
quire a preliminary measurement of longitudinal rail
profiles (vertical or lateral) followed by a traverse of
one or more automatically controlled presses that obey
pressing instructions worked out according to a com-
puter algorithm. Such a system would not produce large
residual tensile stresses in the head of the rail.

Work is proceeding to identify suitable computer algo-
rithms. Figure 5 shows the effect of one computer algo-

RAIL LENGTH

| AFTER FOURTH BEND

Figure 6. White phase embedded in rail running surface.

rithm in correcting an irregular vertical weld profile.

Physical Properties

Thermal stresses in CWR are, of course, dependent ou
the temperature change from the force-free condition,
but they are also dependent on the product of Young's
modulus and the coefficient of expansion. There are
slight differences (+5 percent) in the values used in dif-
ferent countries for the coefficients of expansion of
pearlitic rail steels. These differences could be very
significant when it comes to selecting a rail steel. We
decided, therefore, to obtain some reliable comparative
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data., The results, which are given in Table 1, seem to
show that any variations between pearlitic and bainitic
steels are unimportant, although these two steels are
very different from austenitic steels.

LIMITS ON RAIL LIFE

Sleeper Condition

The bulk of rails withdrawn from BR service are with-
drawn as a consequence of the normal track relaying
pattern. The commonest determinant of relaying pri-
ority is poor sleeper condition, since there are still
many lines with timber sleepers. It has been found that
rails removed from straight or slightly curved track for
this reason are no longer suitable for use in high-speed
lines because of rail-end batter, corrosion, galling of
the rail seating area, or localized loss of railhead pro-
file. Nevertheless, the 710-MPa UTS rail steel in cur-
rent use performs adequately with long-lived sleepers
and gives a life of more than 20 years in most lines.
More sharply curved track, however, presents a very
different picture, and the life of 710-MPa UTS rail can
be much less than 2 years. This has led to some use of
900-MPa UTS rail steels. The use of these steels is
currently restricted by welding problems and to some
extent by availability, Chromium rail steel with 1080-
MPa UTS has so far been used on a very restricted ex-
perimental basis.

Corrugation

Corrugatory wear on both straight and curved track
leads to a shortening of service life and, although its ap-
pearance has been reported since the 19th century, the
causes are still not understood. The incidence of this
phenomenon on BR is increasing, and at present the only
remedy is periodic grinding, which obviously will lead
to a shortening of rail life. The effect of corrugations
on general track deterioration is slowly emerging and

is giving cause for concern.

The loosening of iron shoulders cast into concrete
sleepers has been observed where rails are severely
corrugated, and it is also thought that the corrugations
may shorten the fatigue life of the rail. The steel at the
crests of corrugations is often severely deformed plas-
tically, and small cracks have been observed that follow
the same direction as the plastically deformed grain
boundaries. Ina joint exercise with Speno International
SA to study the effectiveness of rail grinding, it was
found that ground rails subsequently developed squat de-
fects, which may well have initiated from cracks that
were not completely removed in grinding (10).

Corrugations on high-speed lines usually exhibit
patches of "white phase' on the crests. This is very
similar in appearance to martensite and is very hard.
The possibility that corrugations worsen because of dif-
ferential rates of wear or corrosion is currently being
examined. In this context, the presence of white phase
could be important, since it is frequently observed on
BR rails. White phase could also play a role in surface-
initiated fatigue mechanisms since, as Figure 6 shows,
hard pieces of white phase can become embedded in the
surface and cause severe plastic deformation (11), These
investigations are still exploratory, and the importance
of white phase in surface damage mechanisms has still
to be ascertained.

Rail Fracture

Sometimes rail fracture causes premature withdrawal
of rails from service. Ina passenger-carrying system,
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safety is of the greatest concern, and so some forms of
fracture are regarded as more serious than others. The
most dangerous forms are those in which a piece of the
running surface is removed. In general, a single trans-
verse fracture in CWR is not so dangerous and is usually
detected promptly by its effect on track circuits.

In plain track, the following fracture types are of
prime interest:

1. Squat fractures—surface defects initiated by
rolling-contact fatigue that propagate at a shallow angle
and then turn down to form transverse fractures (see
Figure 7);

2. Tache ovales—in the United Kingdom, hydrogen-
flake-initiated fatigue fractures in the center of the rail-
head;

3. Star cracks—fatigue-initiated cracks that start in
the bore of fish bolt holes;

4, Wheel burns—isolated depressions in the running
surface of the rail that lead to (a) high dynamic stresses
and subsequent fatigue cracking or (b) continuous trans-
formation of the running surface of the rail, causing
hardened microstructures with subsequent fatigue or
brittle fracture; and

5. Weld fractures—Thermit weld failures, which
generally initiate from a lack-of-fusion defect, and flash-
butt failures, which initiate from "flat spots" (entrapped
oxide plates on the weld center line).

In all of these fracture types, final fracture is al-
ways by brittle cleavage and causes either a complete
transverse fracture through the rail or detachment of a
portion of the railhead. A star-crack fracture often re-
moves part of the running surface. Tache ovales and
wheel burns are particularly dangerous when they initiate
at multiple sites at short intervals along the rail.

TESTING OF RAIL STEELS

As demonstrated above, the service life of rail is re-
duced by wear, rolling-contact fatigue, fatigue, and
brittle fracture. To improve service performance, it
first becomes necessary to understand how these mech-
anisms are induced and how rail steels respond.

The assessment techniques used by BR in the evalu-
ation of rail steels have been described in detail else-
where (12). The basic approach adopted has been to
quantify the environment that the rail is subjected to and
then use the data so obtained to define a suitable labora-
tory test. This allows quicker and cheaper evaluation
of possible improved materials. This approach also
lends itself to gaining an understanding of how the met-
allurgical structures of rail steels are affected by the
various detrimental environmental mechanisms and
leads to a materials design concept.

Laboratory Assessment of Fatigue Life

The occurrence of the squat type of defect in BR track
has required the development of laboratory assessment
methods for failure under rolling-contact fatigue. Pre-
liminary work to date has been carried out on Amsler
twin-disc-type machines and small-diameter specimens.
Initial experiments indicated that a liquid contaminant
(water in this case) was necessary to induce failures.
The work to date has been concerned with studying the
effect of different creepages—i.e., the percentage of
sliding between the two rollers—and contact stresses on
the failure rates of a range of rail steels.

In the Amsler tests, it is customary to fix the load
and creepage , thereby generating in the test cer-
tain levels of contact stress o, and traction force T. For
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normal-grade BR rail steel (710 MPa), it was found that
cycles to failure N depended approximately on the square
of the contact stress. When the creep rate was varied
with a range of steels, it was found that the shortest
lives occurred at a creep rate of 0.3 percent for all
steels. It is thought that this minimum is associated
with zero traction at zero creep and, when creep is

Figure 7. Longitudinal vertical section through a typical squat defect.

Figure 8. Rolling-contact fatigue results for a range of steels.
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plotted against the parameter NT for a given contact
stress, the minimum disappears. Figure 8 shows a
plot of NTo? versus creep for a range of steels. These
resulls tend to indicate a relationship of the following
form:

N=/To2)f(y) (1)

where the function f depends on the steel, Since the
work is at an early stage, this result can only be viewed
as provisional; it may be a function of the test machine
and the limited variation in possible specimen geome-
tries. Specimens of narrow width deform plastically at
the loads used so that the original geometry and contact
stress are lost. Work is continuing to determine the ef-
fect of geometry on contact stress and may lead to a re-
quirement for a larger-scale test rig.

Research on rail wear has continued, but a change of
direction has taken place, Previous work was aimed at
producing semiquantitative relations between laboratory-
generated wear data and service experience and attempt-
ing to relate wear performance over a wide range of test
conditions to a single property parameter. More recent
work has been aimed at relating wear to the conditions
that exist in the wheel-rail contact zone. A nonlinear
curving theory that predicts the forces, creep rates, and
contact-zone sizes for a given set of conditions has been
developed (13), Current work is aimed at developing an
extension to this theory that will lead to wear-rate pre-
dictions. Several hypotheses that relate wear rate to
traction force T, creep rate v, and either the contact-
zone width 2b or the contact-zone area are under inves-
tigation.

A series of laboratory tests performed by using a
small-scale Amsler wear-testing machine and a range
of creep conditions (1-10 percent) and contact stresses
(500-1300 MPa) indicated that two regimes of wear were
operating. These regimes were termed mild and severe
and were characterized by the debris. Wear rates in the
severe regime were found to be dependent on both con-
tact stress and creep rate, whereas in the mild regime
wear rate could be independent of creep rate, Correla-
tions were then attempted between wear rates and ex-
pressions such as (T,"/2b). In the mild-wear regime,
where there was no interdependence on creep rate, no
correlation was obtained. Inthe severe-wear regime,
when combined wear rates (the total wear rate of both
rollers) were considered, it was found that neither of
the two parameters—(Ty/2b) or (T*/2b)—gave a satis-
tactory relationship. However, when the value of n = 1.5
was substituted, a better relationship was obtained (see
Figure 9).

Currently, the effect of contact-zone geometries on
wear for given contact stresses is unknown, and there-
fore the general validity of the wear parameters cannot
be established. Further work will investigate this ge-
ometry effect and also explore whether the relations
apply to other rail steels.,

Toughness of Rail Steels

The toughness of steels depends on ambient temperature
and rate of load application and, to a large extent, the
effects of these two parameters are interchangeable.
The lowest toughness can be expected at the highest rate
of loading and the lowest ambient temperature. It has
been estimated that for BR these arce 100 GPa/s and
-15°C, although clearly there will be rare occasions
when these values will be surpassed. The rate of load
application corresponds to the impact of a wheel flat.

t steels show a transition in toughness from a
lower to an upper plateau as the temperature rises,
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Most pearlitic rail steels, including the UIC grades and
1 percent chromium steel, are on the lower plateau at
normal ambient temperatures and slow rates of loading
so that the reductions in toughness caused by higher load-
ing rates and lower temperatures are not very large, al-
though they can be significant. When a new, tougher rail
steel is produced, however, it is usually found to be in
the transition region so that loading rate and temperature
are significant. The fracture-tough rail steel developed
jointly by BR and the British Steel Corporation is in this
category (12).

The effective toughness of rails is affected by resid-
ual stresses and also by the size of the specimen. As
a result, to measure toughness it is now the practice to
test both small specimens and full-section rails. To
generate the necessary high loading rates for full-sized
specimens, a drop-weight test facility is used. Before
testing, a notch and a fatigue crack are formed 6 mm
deep across the head of the rail. The rail is tested in
bending with the head in tension to simulate wheel-flat
loading on a rail with a head defect, Strain gauges are
used to identify the load at which the crack begins to run,
The drop-weight test facility has also been used in the
laboratory to simulate the dynamic loads caused by a
wheel flat.

WELDING OF RAILS
Procedures

Considerable effort has been applied to improving the
service performance of welds in rails (14). BR uses
three basic weld procedures. Flash-butt and Thermit
welding are used for producing butt joints, and build-up
repair is being increasingly applied because of increases
in the number of defects in the rail running surface and
the rising cost of replacing rails. In this method, the
defects are usually repaired by grinding and building up
the surface with metal arc-welding deposit.

Causes of Defects

Until comparatively recent times, the only rail steel used
on BR in considerable quantity was the 710-MPa grade.
In the two butt-welding processes this material presents
few problems; failures are largely confined to Thermit
welds., A survey of all Thermit weld failures carried

out in 1971 and 1972 indicated that 80 percent of all fail-
ures were attributed to operator errors. These failures
resulted from (a) lack of fusion, generally in the foot and
lower web area (50 percent of all failures); (b) hot tears,
usually in the head area (7 percent of all failures); and
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Table 2, Composition of commercial rail steels.
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Minimum Composition (percentage by weight)
UTS
Grade (MPa) Carbon Silicon Manganese Sulfur Phosphorus Chromium
Normal-quality BS 11 710 0.45-0.60 0.05-0.35 0.95-1.25 0.050 max 0.050 max -
UIC grade A 880 0.60-0.75 0.50 max 0.80-1.30 0.050 max 0.050 max
UIC grade B 880 0.50-0.70 0,50 max 1,30-1.70 0.050 max 0.050 max -
One percent chromium 1080 0.68-0.78 0.35 max 1.10-1.40 0.04 max 0.03 max 1.00-1.30

(c) porosity (6 percent of all failures).

Lack~of-fusion defects are considered to result from
poor rail-end preparation, inadequate rail gap, use of
oxidizing flame during preheating, and cold additions to
the Thermit reaction. Hot tears emanate from prema-
ture release of rail tensors, or clamp slip on rail ten-
sors, and porosity results from the use of damp or con-
taminated molds or luting sand. All of these can be
attributed to operator deficiency. As a result of the
investigation, a major change in the Thermit process
was introduced on BR. From an aluminothermic quick-
welding process referred to as the SmW process, which
requires 6-7 min of preheating, BR went to a quick-
welding process called the SkV process, which requires
1-2 min of preheating, thus reducing the operator de-
pendency involved in preheating [these processes are
derived from a German company and marketed by
Thermit Welding (GB), Ltd.] The other aspects of op-
erator deficiencies were covered by retraining and ade-
quate supervision of welders in the field. The perfor-
mance of the SkV weld is currently being evaluated by a
further survey of weld failures. Supplies of Thermit
consumables are rigidly inspected under a BR specifica-
tion that ensures a regular supply of consistent con-
sumables.

The failure rate of flash-butt welds is much lower
than that of Thermit welds: 0.1/1000 compared to
1.0/1000 for 710-MPa steel. However, investigation
of flash-butt-weld failures indicates that 80 percent can
be attributed to welding machine and post-weld-treatment
deficiencies (40 percent of failures result from incom-
plete fusion and 40 percent from postweld treatments
such as weld trimming and arc spots). Some of the
faults can be remedied by good housekeeping;
incomplete-fusion defects, however, arise because
of machine malfunction or incorrect machine settings
that are either electrical or mechanical in action. This
type of defect becomes more evident in the welding of
higher-strength rail steel.

Higher-Strength Steels

The non-heat-treated, higher-strength rail steels-UIC
grades A and B and 1 percent chromium—rely on higher
alloy content to develop the higher strength and wear re-
sistance that are their desirable features. However, the
higher alloy content also reduces the weldability of these
steels, which may require special processes and pro-
cedures to produce satisfactory butt and repair welds.
Table 2 gives the composition ranges of commercially
available rail steels.

UIC Grade A

UIC grade A steel relies on an increase in carbon con-
tent to raise its strength level to the 880-MPa minimum
value specified, compared with the 710 MPa for normal-
grade steel.

Flash welds made with the settings used for normal-
grade steel gave good results, Metallographic sections
of the heat-affected zones (HAZs) were fully pearlitic in

microstructure, and the mechanical properties were
satisfactory. Some flat spots—i.e., small oxidized areas
that are the remains of arc craters—have been found on
the weld line. These can initiate fatigue cracking and
subsequent complete transverse fracture of the welds
and must therefore be minimized by optimization of the
machine controls.

Thermit welds were also found to be satisfactory with
fully pearlitic HAZ microstructure and good mechanical
properties. Samples put in track showed some '"cupping"
(local wear) in the weld zone, but this was attributable
to the use of a Z80 Thermit portion—i.e., one with 795~
MPa tensile strength—whereas a Z90 (880-MPa) strength
would now be recommended as matching the rail steel
properties.

UIC Grade B

UIC grade B steel derives its extra strength from a 0.1
percent increase in carbon content and an increase of
0.45 percent in manganese content compared with the
normal-grade steel. The manganese has a considerable
effect on the transformation time, which has to be al-
lowed for during welding. Segregation of manganese ag-
gravates this problem and can lead to the formation of
small bands of hard microstructures in HAZs.

In flash welding this steel, difficulties were encoun-
tered in optimizing the flash-welder control settings to
(a) reduce the flat spots on the weld center line and (b)
obtain consistent mechanical properties in commercial
production, Flash welding in FB 113A section rail with
the optimized machine settings gave cooling rates that
were generally slow enough to avoid the formation of
hard microstructural phases, although isolated cases
of these phases were observed. To minimize the occur-
rence of flat spots and to maintain good mechanical prop-
erties, it was necessary to set machine controls to give
(a) an adequate power to flash off the rail, (b) a low
enough voltage to avoid deep craters, (c) a high accel-
eration to avoid oxidation, and (d) a correct flashing dis-
tance.

It was also found to be necessary to carry out the in-
vestigation on full 18-m-length rails since a consider-
able variation in results was obtained when welds were
made with ""shorts', apparently because of power losses
through earth leakage. It was concluded that with ade-
quate care and supervision satisfactory welds could be
produced in this grade of steel with the current flash-
welding machines but that future machines should incor-
porate feedback control systems.

For the Thermit welding of UIC grade B steel, it was
necessary to ensure that a good sound weld with a
matched weld metal and nonhardened HAZ was produced.
The soundness of welds was attained by use of the SkV
short-preheat Thermit process (15), and a Z90 (880-
MPa tensile strength) portion was used to give a weld
metal that matched the rail in tensile strength and wear
resistance. Cooling rates of welds made in FB 113A
section rail by using this process were measured at
about 20°C/min between 800°C and 400°C. Considered
in relation to the continuous cooling transformation dia-
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gram for this steel, this would appear to give adequate
protection against undesirable hard phases in weld HAZs.
However, since these cooling rates were determined
under ideal laboratory conditions whereas in-service
ambient rail temperatures could be much lower, the ef-
fect of muffle cooling was determined. An insulated
muffle placed over the welded joint after weld trimming
(completed 6 min after weld tapping) reduced the cooling
rate from 20°C/min to about 10°C/min in the 800°C-
400°C range. Welds produced by using this process and
proportion and muffle cooling were free from defects and
had good mechanical properties. Further work must be
done on the effect of adverse weather conditions and the
use of muffle cooling.

One Percent Chromium Steel

The high tensile strength (1080 MPa) of 1 percent chro-
mium steel is generated by the use of as much as 0.78
percent carbon and the addition of as much as 1.4 per-
cent chromium; the alloy additions again had to be al-
lowed for in welding such a steel.

Flash welding was carried out, and machine control
settings similar to those used for UIC grade B steel
were found to produce welds of good quality. However,
the normal cooling rate for flash welds (46°C/min in FB
113A section) produce hardened microstructures in the
weld HAZ. Several procedures for retarding the cooling
rate were investigated. Direct postheating in the welding
machine reduced the cooling rate; about 4 min of post-
heating was required to produce a satisfactory cooling
rate, Muffle cooling was found to be inadequate, but a
special flame heating rig in which the joint was heated
for 5 min retarded the cooling rate to about 28°C/min.
This last treatment gave fully pearlitic microstructures
in the HAZs and gave the best and most satisfactory
mechanical properties. This procedure reduces delay
time in production by not occupying the welder as in di-
rect postheating.

For the Thermit welding of this steel, the SKV short-
preheat process is used, and a special high-strength
portion has been developed by Thermit Welding (GB),
Ltd., to produce matched weld properties. Metallo-
graphic examination and mechanical testing indicated
that fully pearlitic HAZ microstructures were obtained.
However, as with the UIC grade B steel, the recom-
mended practice in service is to use muffle cooling to

counter possible effects from adverse weather conditions.

Repair Welding of Rails

Normal-quality rails that have isolated defects in the
railhead are often repaired on BR by using the metal arc
process, and codes of practice have been issued for the

repair of defects such as isolated wheel burns and squats.

Work is continuing to extend the procedures to cover the
higher-strength rail steels and is aimed at determining
preheat levels, the suitability of consumables, prepara-

tion geometry, welding techniques, and finishing methods.

Work is also being carried out to explore the use of
semiautomatic processes for rail repair, and an evalu-
ation of welding machines and consumables is currently
under way. A longer-term objective in this area is the
development of fully automatic machines for the repair
of railhead defects.

NEW DEVELOPMENTS IN RAIL STEELS

The higher-strength pearlitic steels discussed previ-
ously are likely to be sufficiently resistant to wear and
fatigue to satisfy BR needs for plain line rails in the
foreseeable future. However, the loading environment
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is more severe in switch and crossing work, and further
improvements in rail steels are needed.

BR currently uses a range of crossing types. For
the severest locations, cast austenitic manganese steel
(AMS) crossings are used. For the less severe loca-
tions, the crossing types listed below are used:

1. Bolted AMS crossings (machined from FB 113A
section AMS rails),

2. Bolted BS 11 normal-grade crossings (machined
from FB 113A section rail), and

3. Semiwelded BS 11 normal-grade crossings (the
vees are produced by electroslag welding FB 113A sec-
tion rail, and wings are attached by bolting).

These various types of crossings generally perform
adequately in service but have deficiencies of various
kinds that could be overcome or minimized by material
or fabrication changes. Cast AMS crossings are diffi-
cult to produce without casting defects, which lead to
structural failure, and the alloy in current use is vir-
tually unweldable. Furthermore, rolled AMS crossings
are prone to fatigue cracking that results from the dam-
age produced when the bolt holes are drilled. BS 11
normal-grade crossings deform quickly in heavy-traffic
locations because of inadequacies in material strength,
There is a need, therefore, for crossing materials that
can be produced without defects and are weldable and of
adequate strength, Two material developments have led
to new fabrication procedures and modifications to exist-
ing fabrication procedures.

The problems of casting defects and poor weldability
with AMS arise from the high coefficient of expansion
and the thermal instability of the conventional Hadfield
alloy. The coefficient of expansion of the alloy is much
higher than that for the pearlitic rail steels; this, coupled
with the narrow range of freezing and the long, narrow
castings needed for crossings, results in gross shrink-
age cavities and hot tears in the finished product.

The original Hadfield alloy has a carbon range of
1.1-1.4 percent and is used in the water-quenched con-
dition. Subsequent heating above 300°C in welding pro-
cesses results in carbide precipitation and severe em-
brittlement of the otherwise high-toughness alloy.

The testing of an experimental series of alloys of
varying carbon and manganese levels (16) has shown that
they are thermally stable—i.e., there is very little car-
bide precipitation and resultant embrittlement, provid-
ing the carbon level is below 0.9 percent. The decrease
in tensile strength properties that results from this re-
duced carbon content can be offset by increasing the
level of manganese. The work has indicated that good
mechanical properties and thermal stability can be
achieved within the composition ranges 0.7-0.8 percent
carbon and 14-17 percent manganese. This composition
is now referred to as low-carbon austenitic manganese
steel (LCAMS). Commercial quantities of rails have
been produced in this alloy, and flash and Thermit weld-
ing procedures and consumables have been developed for
butt welding of rails in CWR. The high coefficient of ex-
pansion of this alloy still limits the use of long, welded
rails to locations that have small variations in rail tem-
perature, such as tunnels. However, in the manufacture
of crossings, the improved weldability of the alloy lends
itself to the production of (a) semiwelded crossing vees
and (b) shorter-cast crossing centers with welded-on
legs. The development work on semiwelded vees, which
is being pursued jointly with Thomas Ward (Railway
Engineers), Ltd., is nearing completion, and crossings
that incorporate such vees will shortly be installed in
track for service evaluation, The production of short-
cast crossing centers will relieve the casting defect
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Figure 10. Charpy impact curves for bainitic steels.

TESTING TEMPERATURE { °C)

problem considerably, and welding techniques for the
attachment of legs have been developed. Trial track
installations will be made for service evaluation.

The remaining problem in the use of LCAMS is the
need to weld it to pearlitic rail steels. The alloy con-
tents of the two steels result in the formation of very
brittle phases when fusion welding is attempted. Prac-
tical solutions are still being sought.

The limitations of LCAMS prompted a search for al-
ternative materials with the desirable properties of
LCAMS, such as high strength, impact resistance, and
fracture toughness, but without the undesirable proper-
ties (the material would have an acceptable coefficient
of expansion and could be welded to pearlitic rail steels),
The work of Irvine and Pickering (17, p. 292) indicated
that such properties could be obtained in the as-rolled
condition by an air-cooled, low-carbon bainitic steel.
These structures are achieved by the suppression of the
ferrite-pearlite transformation, which is best achieved
by additions of molybdenum and boron.

Although some data were available on the mechanical
properties of some low-carbon molybdenum-boron
steels, no systematic study of the effect of carbon,
manganese, and chromium on mechanical properties
had been carried out. These alloy additions depress the
bainitic transformation temperature and thereby im-
prove the tensile properties. An experimental
molybdenum-boron alloy series with suitably vary-
ing levels of carbon, manganese, and chromium has
been produced and tested (18), Tensile strengths as
high as 1525 MPa have been achieved, and the fatigue
limits were all higher than those of normal-grade steel.
The Charpy impact curves were generally much higher
than those for normal-~grade steels and, in some cases,
higher than those previously developed for fracture-
tough rail steel (see Figure 10). Work is currently pro-
ceeding to evaluate the extent to which these properties
can be maintained in commercial production,

CONCLUSIONS
Although the main trend of rail research must be toward

improved steels and a better choice of steels and oper-
ating practices, it is clear that many problems are still
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inadequately understood and as such difficult to quantify.
It is clear that in the future greater priority must be
given to understanding the wear and fatigue mechanisms
that act at the surface of rails and how these mecha-
nisms interact. Until this is done, the practicality of
defining an optimum steel for a particular set of cir-
cumstances must be questionable,
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Dilemma of Direct-Fixation

Fastening Systems

W. R. Hamilton

A short, nontechnical discussion of the shortcomings of present direct-

fixation fastening systems is presented. The state of the art is reviewed,
and some suggestions are made on corrective solutions to existing prob-
lems.

The phenomenon of the modern railroad track is a mix-
ture of ingenuity, experience, and long trial and error.
From the early years of the rail bolted to the flat stone
sleepers to the modern integrated structure, there has
always been a delicate balance between the mechanical
and track design improvements, The problem, how-
ever, has always been the same: how to keep the train
on the track and provide a low-maintenance running sur-
face. The balance between the track and the train was
radically tipped by the dieselization of the railroads and
the economics of the maintenance of way so that the track
no longer could support the loading forces or provide
longevity of running surfaces.

This problem will ultimately be solved as problems
in the railroad industry have always been solved,
Fortunately, the industry now recognizes the folly of
deferred maintenance and acknowledges the track-~train
relationship as a total system that must be treated as a
whole if all of its parts are to operate successfully.

Today, with aid from the federal government, there
are literally hundreds of research programs being
undertaken in the academic and scientific community.
The interface between rail and wheel is being studied;
ballast, subgrade, and tie performance is being ana-
lyzed; and rail metallurgy is at the moment extremely
important, Research in all of these areas can add
dramatically to our fund of knowledge and greatly assist
in future development of the railroad system.

One area included in these studies, and in my opinion
a most important one, is the interface between the tie
and the rail, the rail-fastening system. It is not the
intent of this paper to analyze mathematically or theo-
retically the performance of this area of the structure
but merely to point out, in general terms, the effect of
the fastening system on the performance of the total
track structure.

In the broadest sense, the rail-fastening system can

be defined as a device that can accurately position two
rails with respect to each other and with respect to the
earth below them. More specifically, rail-fastening
systems are generally considered to concern the method
used to affix the rails to the ties. Further, this device
should have the capability to selectively absorb or
transmit the various loads imposed on the track structure
by the rail-wheel contact of passing trains. Without
this capability, the remainder of the structure may be
subjected to damaging forces that will require additional
maintenance and perhaps shorten the life of the struc-
ture. However, without the input rail-wheel forces, the
structure will also remain relatively inert. We may
therefore assume that the fastening device will ex-
perience only those forces generated statically by
thermal changes in the rail and dynamically by the
wheel rolling over the rail.

If one conceptualizes in three dimensions a wheel
moving along a rail, it can be seen that many forces
are working in all three planes, the longitudinal, the
vertical, and the lateral. There are three longitudinal
forces. One is the static or thermal force, and the
other two are dynamic and are caused by the wave
action of the track and the drafting and braking forces
of the train. The lateral force created by the wheel
has now become a major concern in overturning rail
and wheel climbing. The vertical forces are created
in a downward direction by the wheel load and con-
verted into an uplift force through the wave action of
the track. Imposed on this is the vibration effect
caused by the wheel on the rail. This effect has been
much ignored because most vibration is short lived
and of a greatly varying nature in terms of amplitude
and frequency. It does, however, occur in the longi-
tudinal, vertical, and lateral planes; in the lateral
plane, it occurs more in curves than in tangent track.

Quantifying the various track loads is beyond the
scope of this paper. Available data on the magnitude
of longitudinal track loadings, for example, are highly
variable. Each researcher has made measurements
that he or she believes to be correct but that rarely
agree with those made by fellow resarchers. In a
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personal survey, track engineers were asked what was
the maximum static longitudinal pull-apart load in their
track. The answers received ranged from 445 to

2670 kN [100 000-600 000 lbf (100-600 kip)], which
indicates that we really do not know. On the other hand,
it also points out that measurements made in one area
are not necessarily always valid in other locations.

At the present time, therefore, we use state-of-the-art
numbers derived from the conventional tie plate, anchor,
track spike concept in designing other fastening sys-
tems to suit specific needs. By designing to meet a
given longitudinal restraint based on experience, with-
out actually knowing the specific longitudinal load in-
volved, we can assume that the system will work,

In present systems, however, there are two areas
that are not only critical but are also being overlooked.
These are the uplift of the track and the transmission
of the intermittent vibrations through the fastener sys-
tem to the substructure.

As a basis for discussion, I would go back to work
done by Talbot (1) at the University of Illinois undexr
the auspices and with the cooperation of the American
Railway Engineering Association (AREA). This work is
outstanding, since it did not depend entirely on mathe-
matical hypothesis but rather included actual track
measurements. By using existing theory, Talbot de-
termined that the rail performed as a continuous beam
on elastic supports and that the vertical movement of
the crosstie varied with the elasticity of ties, ballast,
and subgrade. This he defined as the track modulus.

In addition, Talbot's investigators measured rail
stresses and found that the passage of a wheel caused
compressive stresses in the upper fibers of the rail
but also that tensile stresses equal to approximately
half of the compressive stresses occured in the same
location before and after the passage of the wheel. This
stress reversal indicates that the rail is rising from
its neutral position in front and in back of the wheel.

To join these two dissimilar facts, it was further
shown that the higher the track modulus is, the greater
is the stress reversal or uplift. As the track becomes
softer or less rigid and the load is distributed further,
the total downward deflection becomes greater and at
some point the stress reversal ceases, only to become
a variation in the compressive load. Zero, however, is
never reached. From a practical standpoint, the worst
condition would occur on a continuous surface, such as
a rigid slab with a very rigid rail fastener. The initial
failure of the fasteners at the Kansas slab test track
and in earlier tests at the Pere Marquette track are
two good examples of uplift.

How does the conventional railroad track handle this
particular problem? The line spike on the tie, even
though driven home, in most cases will shortly back off
sufficiently to allow the rail to breathe on the tie or
essentially to '"float". In the conventional structure,
if this does not occur, the tie lifts in the ballast, creating
the "pumping' phenomenon, which is most undesirable.

Generally speaking, accelerations greater than 100
Hz have been discounted, since most vibration is quickly
damped and of short duration. Recently, however,
renewed interest has been shown in the frequency bands
and their harmonics and repeating patterns. The highest
activity is found where the continuity of the rail surface
is broken or where flat spots on wheels impact the rail-
head. These impacts have been measured at greater
than 80 ¢g and 800 Hz.

Probably one of the reasons vibrations have been
disregarded is the lack of transmission through a wood
tie into the substructure. When the rail is "floating'
on the conventional structure, vibration is only trans-
mitted periodically when the rail base is in contact with
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the tie plate, and what is transmitted is damped by the
wood. Changes in load, speed, and location change the
magnitude of the vibratory effects. In some initial re-
sults in field studies being run by Portec, Inc., it ap-
pears that vibration effects on various types of struc-
tures are the same in the rail—through the fastening
and into the tie regardless of track stiffness. The
structure of the tie, however, has a great effect on the
amount of the forces transmitted to the ballast and
subgrade.

Having isolated three of the acting forces in the rail-
tie interface—i.e., longitudinal loads, uplift, and
vibration—it can now be shown what effect these three
forces have on the fastening problem and why what is
being done today may be more detrimental than bene-
ficial to the track system.

Until the 1950s, asking a track designer to fasten a
rail and tie together was unthinkable, but that is pre-
cisely what is being advocated today through the in-
troduction of the direct-fixation systems. The concept
comes from Europe and was introduced originally in
the 1930s in the form of the "GEO fastener". This was
abandoned after some test installations because of cost,
complexity, and poor performance in track (pumping
ties). In the 1950s, the introduction of concrete ties
revived this concept. Since a spike cannot be driven
in concrete, it was necessary to provide some other
method. These fasteners have now begun to appear
on wood ties as well.

In the conventional track construction of tie plates,
spikes, anchors, and wood ties, the loading factors are
absorbed from rail to tie through a number of separate
pieces. The uplift is generally ignored, since the rail
is not constrained vertically. The plate is constrained
to the tie so that other loads are transferred through the
plate and spikes to the tie and the anchors transfer the
longitudinal loads from the rail to the tie. Vibration is
somewhat damped in the wood.

In the fastening system, a single device reacting
against the rail base produces a 'toe load" that is
suppose to accomplish restraint longitudinally and
vertically., This is done through the use of various
types of springs that are supposed to make the fastener
flexible. They are instead semirigid. This concept is
in itself a design enigma. On the one hand, this spring
device must have the capability to restrain longitudinal
rail running, and therefore this toe load must be high,
Conversely, the spring must be flexible enough to allow
the rail to move upward without affecting the tie and
ballast. This, then, requires either a lower toe load
and/or a spring with a very low spring rate, Un-
fortunately, it is next to impossible to achieve both with
a single device, and generally the compromise is toward
higher toe loads because the designer feels that longi-
tudinal restraint is more important than the uplift effect.

In defense of these systems, and remembering the
European origin, testing has shown that the original
systems lack longitudinal restraint but that they do allow
the fastener to breathe with the rail. With lighter wheel
loads, the uplift is minimized and the accelerations
applied to the system are reduced. This, coupled with
the lighter spring system, allows the rail to move up-
ward so that the uplift is absorbed into the fastener and
the tie or ballast is not disturbed. Unfortunately, track
parameters in North America are quite different from
those in Europe, and most fasteners fell far short of
the necessary loads.

In order to meet the longitudinal requirements, most
manufacturers modified their systems to provide a
stronger spring but also a more rigid fastener. Most
marginally meet the longitudinal parameters but have
now increased the spring rate, which, coupled with the
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larger steel section, has changed the characteristics
of the system. In addition, the higher wheel loads in-
crease the uplift forces.

Now, with the higher spring constant, greater uplift
loads, and the same rate of loading, the stiffer spring
cannot absorb the force rapidly enough so that the load
is transferred to the tie. The uplift force being larger
than the weight of the tie, it tends to move the tie
vertically. Even though these excursions are relatively
small, they are the beginning of ballast migration,
center binding, pumping, and fines rising to the surface.

Under real-world operating conditions, one wheel
with a single wave does not occur. There are many
wheels, complex wave motions, and a myriad of bands
and intensities of vibration traveling in some six direc-
tions at any given point under the train, As a train
approaches a given point, the rail preceding the lead
wheel begins to vibrate. Anyone who has walked along
continuously welded rail can attest to the audible
"singing'' of the rail sometimes long before a train ap-
pears. It must also be remembered that this vibration
is traveling in the opposite direction back of the wheel
and that this pattern is repeated for the second, the
third, and all wheels. The same is true of loads on
the rail., Over a given fastener, the loadings and the
frequency spectrum of the vibration are constantly
changing, and this causes sharp changes in the motion
of the spring. This confusion may cause the spring to
stagnate so that the loads are transferred directly to
the tie; it may cause the spring to resonate, which may
account for the massive movements seen in track ties;
or, because of differences in mass, it may cause the
tie and the rail to move in opposing directions vertically.

Let us look for a moment at the effect of fasteners on
the design of concrete ties. Since its introduction, this
concept has changed considerably until the tie we know
today, which meets AREA requirements, is a 340-kg
('750-1b) behemoth designed according to criteria far
in excess of loads measurable in track performance.

In addition, when the present structure is used with
concrete, it must be ballasted with coarse, hard ballast
since the concrete tie abrades ballast, Initially, it was
thought that concrete ties could be put on centers as
high as 77 cm (30 in), but today, although the ties are
designed to the 77-cm parameters, they are rarely
spaced beyond 61.5 cm (24 in).

Conversely, there is an installation in which con-
crete ties are installed on 77-cm centers in volcanic
ash ballast. The tie is designed to much lower stan-
dards and weighs only 255 kg (560 1b), considerably
less than the AREA tie. This installation has been in
track since 1970 on a class 6, 113-km/h (70-mile/h)
track and has seen more than 181 million gross Mg (200
million gross tons) of traffic. During this period, the
track has been surfaced once and gravel ballast has
been added. The track has performed satisfactorily.
By comparison, adjacent tie installations that have the
semirigid type of fasteners have not done as well with
many problems of tie skewing and pumping.

The common denominator of these installations on
concrete is the fastener. There is undoubtedly general
agreement that today's concrete tie designs are success-
ful and that they have performed admirably at the
Facility for Accelerated Service Testing., Successful or
not, the fact remains that they do move under dynamic
loading. Isn't the reason for the hard-ballast require-
ment perhaps the fact that the movement of the tie
grinds or crushes the softer ballast, creating fines that
ultimately foul the ballast or migrate to the surface?

If there were no tie movement, would this ballast re-
quirement be the same? In addition, one might ponder
the fastener effect on design and spacing. Obviously,
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in view of the tie movement on the semirigid fasteners,
the dynamic requirements of the concrete will be much
higher than in the free-floating concept, where the tie

is more or less inert in the ballast. From such evidence,
one might be tempted to arrive at the wrong hypothesis.

It must be agreed that there are many unknowns at this
point and much to learn.

The direct-fixation system has one big advantage,
and that is the simplicity of its parts. This, of course,
is reserved for the drive-on type of system. Usually,
the removal of one part on each side of the rail frees
the rail from the tie. This, compared with removing
anchors and pulling spikes, makes the new system most
attractive. This would be particularly true in curved
sections, where heavy traffic loads require frequent
transposition or relay of the rail. For this reason,
direct fixation has found its way into wood-tie applica~-
tion, Use of these ties mounted on tie plates allows
the rail to be removed without pulling spikes or remov-
ing anchors, The only questions I would ask are the
following: Since the uplift reaction has now been trans-
ferred to the tie surface, how will the interface between
tie plate and tie react? If a 340-kg (750~Ib) concrete
tie lifts in the ballast, what will happen to the 68-kg
(150-1b) wood tie?

At this point, one might think the direct-fixation
fastener has very little merit in the present-day track
system. Quite the contrary, this system has much to
offer in stabilizing the track and decreasing maintenance.
The fact that what we know today presents problems and
the technology is incomplete should only add spice to the
challenge of resolving the problem,

This paper only serves to point out what we con-
sider to be shortcomings in current devices in the hope
that users will recognize these areas and either be
prepared to live with them or demand better fastening
systems. The fastener designer should recognize the
effect the designs have on the overall performance of the
track and at the very least be prepared to provide cor-
rective solutions and ultimately to design to meet the
requirements.

There is one bright spot in this situation that will
alleviate, if not correct, the present problem. Remem-
ber that most of the present systems are adaptations of
lighter systems that lose much of the original perfor-
mance when stiffened. North American suppliers are
now beginning to recognize the merits of direct fixation,
and new devices are entering the marketplace that are
designed to meet the heavier requirements unhindered
by past designs of lighter systems. These systems
may make the best compromise for all the known load-
ings and, although they are not the ultimate solution to
the total problem, they are a great improvement to
track performance.

At this point in time, there is a great deal about
fastener performance that is unknown. To unlock these
secrets from the track will require a return to basics
by the researcher, This means the accumulation of
data from the structure itself. In areas where questions
are unanswered, modeling will not suffice. This infor-
mation gathering is not a short-term proposition but
will require several years. My own organization has
been doing this for three years, and we have barely
scratched the surface. We find that much must be done
in instrumentation, for without good means of measure-
ment the data are either incomplete or useless. Data
should be taken under every possible condition, and
analysis done with extreme caution.

The answer is there and will ultimately become
obvious. In achieving this goal, each step must be
taken carefully and fully documented. Through this
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method, we stand to improve design and performance
rather than hinder it.
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Comparison of Performance of
Wood-Tie Fasteners at FAST

Howard G. Moody

The results of experiments with wood-tie fasteners at the Facility for Ac-
celerated Service Testing are reported. Since the beginning of the use of
91-Mg (100-ton) freight cars, there has been an increasing problem with
wood-tie fasteners. The resulting high axle loads have caused an increase
in the deterioration of wood ties from spike killing and tie-plate cutting
and have taxed the cut-spike fastener to the limit in preventing rail roll-
over and wide gage. The objective of the wood-tie fastener tests at the
Facility for Accelerated Service Testing is to find an alternative to the
cut spike that would alleviate some of the problems that have occurred
in revenue service. Two test cycles have been completed, and a third is
currently being run. In the first test, an excessive amount of rail wear,
attributed to high flanging forces and a lack of effective lubrication, re-
sulted in two rail transpositions. The rail was regaged each time, which
eventually “spike killed” the ties. In the second test, in the elastic-

clip segments, a large number of the hold-down fasteners failed, which
resulted in wide gage. This led to a redesign for the current test to in-
corporate four hold-down fasteners, twice as many as in the second test.
The results have not yet demonstrated that there is a wood-tie fastening
system that will perform better than the cut spike. The results of the
third test, however, may change this conclusion,

For the past 10-15 years, the increasing dynamic forces
imposed on track by the 91-Mg (100-ton) cars on North
American railroads have, in many instances, created
conditions in which the traditional cut-spike fastener has
not performed well. In particular, the heavy wheel loads
in curved track have resulted in rapid rail wear, which
has led to frequent transposition, relay, and replacement
of rail. These maintenance activities and heavy axle
loads have resulted in wide gage from spike-killed ties.
In addition, it is apparent that on sharp curves the cut-
spike fastener is less than optimal in preventing rail
rollover and the looseness of the fastening system that
can lead to tie-plate cutting.

Many railroads, including the Atchison, Topeka, and
Santa Fe Railway Company, the Bessemer and Lake Erie
Railroad Company, and the Canadian National Railway,
have recently been testing alternative fastening systems
in main-line track in curves that would resist gage
widening and rail rollover, eliminate respiking, and re-
strain the rail longitudinally without the use of rail an-
chors. The systems that are being tested include a va-
riety of elastic fasteners and compression clips that are
designed to alleviate the problems associated with the
cut spike.

At the Facility for Accelerated Service Testing
(FAST), similar fastening systems and others that are
not currently being used in revenue service are being
tested to find the elusive alternative to the cut spike as
a wood-tie fastener.

BACKGROUND ON FAST

A general description of the FAST track, the cons’st
used, and the test conditions is given in the paper oy
Steele and others elsewhere in this Record. The dia-
gram of the FAST track shown in Figure 1 pinpoints
section 7, where wood-tie-fastener testing is being con-
ducted.

A record of the traffic load accumulated to July 1979,
before a major summer rebuilding, is shown in Figure
2. The traffic load to that date was 381 million gross
Mg (419 million gross tons) (traffic loadings throughout
this paper are in gross megagrams and gross tonnage).
This rapid accumulation of load greatly accelerates the
wear and fatigue life of the track components. Track
components that might normally experience 27 million
Mg (30 million tons) in revenue service in one year will
accumulate 136 million-182 million Mg (150 million-
200 million tons) at FAST.

In addition to the heavy traffic loads at FAST, other
factors should be taken into consideration in evaluating
FAST results in relation to revenue service. These
factors are

1. The lack of flat wheels in the consist;

2. The speed range of 64-72 km/h (40-45 miles/h);

3. The 5- to 7.6-cm (2- to 3-in) underbalanced con-
ditions in the curves;

4. The short test duration and relatively mild, dry
climate, which tend to reduce environmental effects; and
5. The grade and track configuration of each test

section with which comparisons are being made.

TEST DESCRIPTION

The wood-tie-fastener tests are conducted in section 7
of the FAST (rack, which consists of a 303-m (1000-{t)
long, 5° reverse curve with a 0.07 percent grade that
has been divided into test segments. Since the test sec~
tion is a reverse curve and, as shown in Figure 3, the
train speed through the curve is generally between 68
and 72 km/h (42 and 45 miles/h), the curve is one of
the most severe environments at FAST. Histograms of
the vertical and lateral forces produced by the consist
operation are shown in Figures 4 and 5. These data
were taken on the high rail. In this curve, witha 5- to
7.6-cm (2- to 3-in) underbalanced condition, the high
rail has higher dynamic loads than the low rail. The
mean lateral forces are greater for the lead axles, which
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is almost always the case in curved track.
The means and standard deviations for vertical wheel

load (Figure 4) are as follows (1 kN = 224.8 1bf):

Standard
Mean Deviation
Rail (kN) (kN)
High 145,19 33.89
Low 122.73 27.09

The means and standard deviations for lateral wheel
load (Figure 5) are as follows:

Standard
Mean Deviation
Axle (kN) (kN)
Lead axle, lead truck 40.57 14.72
Trail axle, lead truck 23.26 6.58
Lead axle, trail truck 46.44 14.01
Trail axle, trail truck 21.13 7.03

The primary intent of the wood-tie-fastener tests is
to determine qualitatively and quantitatively the ability
of different fastening systems to restrain the rail later-
ally and to prevent rail rollover. A secondary objective
is to determine what types of fastener systems minimize

Figure 1. FAST track.

WOOD TIE FASTENER
TEST SECTION
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tie-plate cutting and "spike killing" of ties in the test
section. Each test sequence—and there have been three
to date—is expected to last until there are component
failures that cause wide gage throughout the test section
or until there is a deterioration of the ties that results
in a substantial number of ties being replaced.

One of the overall objectives of the FAST experi-
ments is to permit comparison and evaluation of as many
different components as possible while adhering to and
maintaining statistically sound practices. In the wood-
tie-fastener experiment in section 7, everything except
the fasteners has remained the same from one test to
another, with few exceptions. The ballast, curvature,
grade, and continuously welded rail (CWR) have re-
mained constant. Except for one case in the third test,
the ties have also stayed the same.

Two sequences of tests have already been performed,
and a third sequence is in progress. The past tests were
used partly to establish which fastener components war-
ranted further investigation and under what conditions
further testing was required. The first test ran from
September 1976 to September 1977 and accumulated a
traffic load of 0-122.347 million Mg (0-134.582 million
tons). The second test ran from November 1977 to
November 1978, accumulating 122.434-326.007 million
Mg (134.678-358.608 million tons). [In reality, the
second test was effectively terminated in July 1978 at
249 million Mg (274 million tons).] The third test began
in January 1979 at 326.55 million Mg (359.21 million
tons).

All fastener types have been and will be compared
with the performance of 35.5x20-cm (14x7.75-in) 1:40
American Railway Engineering Association (AREA) tie
plates with 15x1.6~-cm (6x0.625-in) cut spikes and con-
ventional rail anchors.

In the first test, there were five 61-m (200-ft) seg-
ments., The second and third tests had (have) ten 30.5-m
(100-ft) segments. The location of a particular test
component within the curve may change, but there will
always be at least a single test control segment that has
the standard AREA plates and cut spikes. In general,

Figure 2. Accumulated traffic load. 425
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Figure 3. Track and locomotive-speed profiles. -0.15% s, GRS
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all new test components are installed at one time to pre-
vent differentiating effects caused by changes in operating
variables. Failed components are replaced in kind from
the same lot of components.

The experiment design is intended to limit the num-
ber of controlled variables that affect fastener perfor—
mance. Ties are selected for the test from the same
species and if possible from the same treatment lot, All
of these ties are new. The ballast cross section is con-
stant throughout the test section. As a result, there
should be uniform track support conditions throughout
the test section. To achieve this, a high degree of track
maintenance is performed in section 7 so that anomalies
of track geometry that could affect fastener performance
will not occur.

A 30.5~m (100-ft) test segment contains 61 or 62 ties
on 49.5-cm (19.5-in) centers. Each segment can be con-
sidered to consist of a ceniral test zone isolated firom
the adjacent segments by transition zones. If a sample
of 30 ties in the central zone is accepted as statistically
big enough to permit the drawing of valid inferences
about a large population, and if each transition zone con-
tains 6 ties, then the 30.5-m test-segment length is more

TRACK SECTIONS

than adequate.
tion zones,

Table 1 gives the layout for each of the three test se-
quences. The ballast is slag, and in the past two tests
the rail has been 69.5-kg/m (140-1b/yd) RE CWR.

The properties of the test components that help to
determine fastener performance are spring rate or re-
siliency, toe load, and fatigue strength. Because of the
short test segments, toe load or fastener longitudinal
restraint was not measured.

Several static and dynamic measurements have been
taken in section 7 to meet the stated objective, These
measurements are (a) static gage and gage point wear,
(b) track geometry (gage only), (c) tie-plate cutting, and
(d) vertical track modulus.

The static gage and track-geometry-gage measure-
ments are similar in that they both measure the net gage
widening under little or no load. The measurement of
static gage and gage point wear is taken by using a stan-
dard gage bar to measure the gage and a snap gage de-
vice to measure the wear on the gage corner of the high
rail. By subtracting the wear on the rail from the stan-
dard gage, a true value of track gage is obtained. These
measurements are made at specified intervals in five
locations in each segment. The measurement of track
geometry gage is taken from the track geometry data
as measured daily by the EM-80 track geometry car.

It is a continuous measurement and serves as a check
on the static gage measurement.

The measurement of vertical track modulus is used
to define track support conditions by using the beam-on-
elastic-foundation theory (because the equation is formu-
lated in U.S. customary units, no SI equivalents are
given), in which

No measurements are taken in the transi-

k=Y P [64ETY? (n
where

k = track modulus (I1bf/in?),

P = applied load (1bf),
EI = stiffness of the rail (Ibf/in’), and

Y = deflection of the rail under load (in).

The dynamic measurements are (a) wheel-rail loads,
including rail vertical load V and rail lateral load L;
(b) dynamic gage widening; (c) lateral railhead deflec-
tion H; and (d) lateral rail-base deflection B. The dy-
namic measurements are used to characterize the dy~
namic load environment in each track segment. At one
location in each segment, wheel-rail loads and lateral
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Table 1. Layout of FAST section 7 for three wood-tie-fastener tests.
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Segment Tie No. Type of Fastener

Test 1*

1 001-123 35.5x20-cm 1:40 AREA A plate, four 15x1.6-cm cut spikes, box anchored every other tie

2 124-246 35,5%20-cm 1:40 AREA A plate, 15x1.6-cm cut spikes (two line) and lock spikes (two hold-down), box anchored every other
tie

3 247-370 35.5x20-cm 1:40 AREA B plate, two compression clips, two 15x1.6-cm cut spikes

4 371-492 Plate and elastic clip, two lock spikes

5 493-616 35.5x20-cm 1:40 AREA A punch plate, 15x1.6-cm cut spikes (two line), screw spikes (two hold-down), box anchored every
other tie

Test 2"

1, 10 001-061, 553-616  35.5x20-cm 1:40 AREA B plate, three 15x1.6-cm cut spikes, box anchored every other tie

2, 6 062-122, 308-368 35.5x20-cm 1:40 AREA A plate, two compression clips®, two 15x1,6-cm cut spikes

3. 17 123-184, 396-428  1:40 elastic-clip plate, two 2.7-cm screw spikes

4, 8 185-245, 429-490 1:40 elastic-clip plate, two 15x1.6-cm cut spikes

5, 9 246-307, 491-552 1:40 elastic-clip plate, two 1.9-cm cone-necked drive spikes

Test 3

1 001-060 Standard 35,5%x20-cm 1:40 A punch plates; five 15x1.6-cm cut spikes: on gage side, one plate holding and two line: on field
side, one plate holding and one line; every other tie box anchored

2 061-121 1:40 elastic~clip plates; four 0.8-cm screw spikes, one each corner of plate; one elastic clip each side of rail, diagonally
opposite

3 122-182 1:40 elastic~clip plates; four 0.8-cm screw spikes, one each corner of plate: one elastic clip each side of rail, diagonally
opposite

4 183-243 1:40 elastic-clip plates; four 1.9-cm cone-necked drive spikes, one each corner of plate: one elastic clip each side of rail,
diagonally opposite

5 244-304 1:40 elastic-clip plates; four 1.6-cm lock spikes, one each corner of plate; one elastic clip each side of rail, diagonally
opposite

Note: 1cm=039in; 1m=33ft 1 Mg= 1.1 tons. ———

“All ties were 18-cm » 23-€m » 2.7-m southern yellow pine.
"Terminated May 8, 1978, at 198 million Mg.

“Ties for segments 1, 3, 4, and 5 are 18.cm » 23 cm x 2.6-m southern yellow pine; segment 2 ties are 18-cm » 23-cm ¥ 2.6-m mixed hardwoods.

Figure 6. Static gage widening.

Accumulated MGMg

0 20 40 60 BO 100 120 140
T T T F’\ T T T
£ 1ty —2.5
o ] N
= 10k b\ 3.0
~ o LOW-RAIL
= I RELAY
s 08 I 75.4 milionMg =20
% ‘ (B3 million tons) g
o 0.6 = —1.5
&
(=
2 04 -1.0
2
% 0.2 = 0.5
0.0 | 1 1 1 1 1 1

0 20 40 60 80 100 120 140 160
Accumulated Tonnage, MGT

railhead and rail-base deflections are measured simul-
taneously at frequent intervals of approximately 23 mil-
lion Mg (25 million tons). By using the lateral load and
the deflection measurements, which are referenced to
the tie, the rail and fastener spring rate or stiffness and
the fastener's ability to resist rail rollover and gage
widening are defined. The dynamic gage-widening mea-
surement determines the widest gage that occurs during
one passage of the consist at both the railhead and the
rail base. Since it only measures the greatest excursion
or spread of the two rails, it reflects a "worst-case"
condition. These measurements are taken at five loca-
tions in each segment.

With the exception of the dynamic gage-widening
measurement, none of the dynamic measurements were
taken in the first two tests in section 7.

RESULTS

The first test was terminated in September 1977 after
122.347 million Mg (134.582 million tons) because of

wide gage from spike-killed ties. This condition resulted
from constant regaging, between 19 million and 29 mil-
lion Mg (21 million and 32 million tons), during a period
when the rail wear was very rapid, and again at 75 mil-
lion Mg (83 million tons), when the low rail was relayed.

The high rate of rail wear in the first 29 million Mg
was a result of a lack of lubrication. In section 7, al-
most 1.9 ¢cm (0.75 in) of wear in the high-rail gage corner
occurred in this early period. At 29 million Mg, the
rail was transposed. After another 45 million Mg (50
million tons), the plastic flow on the railhead in the low
rail became excessive and rail from the bypass track
was relayed into section 7. In addition, as Figure 6
shows, the track gage at this time was rapidly deterio-
rating because of the regaging done earlier. Conse-~
quently, when the rail was relayed, the track was re-
gaged. After another 36 million Mg (40 million tons),
the gage became increasingly difficult to maintain and
gage bars were applied, which effectively terminated
the test.

There were few component failures during the first
test, and there was no tie-plate cutting in any of the test
segments. Any comparison of the fastener groups in
their ability to hold gage was confounded by the constant
regaging.

Section 7 was rebuilt during October 1977, and the
second test was begun in November 1977 at 122.434 mil-
lion Mg (134.678 million tons). In this test, the compo-
nent segment length was reduced to 30.5 m (100 ft), and
replications of each segment were included to determine
any position-in-curve effects.

The first component test that had to be terminated
was associated with segments 2 and 6. The
compression-clip bolt (see Figure 7 for installation)
loosened, and the clip backed out of the tie plate and
came off the rail. Sixteen clips out of 488 were removed
by hand on March 9, 1979. In the next two months, sev-
eral other clips backed out. Since it was difficult to re-
apply them, it was decided to terminate the test in seg-
ments 2 and 6.

A combination of events led to the termination of the
test. Because the ties were not prebored, the surface
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Figure 7. Compression-clip assembly.
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of the clip bolt hook (see Figure 8) did not always fit
properly under the tie plate. The 1.9-cm (0.75-in)
punched hole in the tie plates used in this test usually
had a small radius on the edge of the hole that prevented
the clip from fully engaging the bottom of the tie plate.
This radius is a normal result of the hole-punching op-
eration when the plates are manufactured. In addition,
there was enough dimensional tolerance in the bolt and
tang of the clip to allow the bolt to back out of the
punched hole in the plate when the punched hole was
slightly worn.

Figure 9. Failure of elastic-clip plate.

Table 2. Failures of
wood-tie-fastener
components in second
test.

Component

35.5%x20-cm 1:40 AREA
plate, three 15x1.6-cm cut
spikes, box anchored
every other tie

38x20-cm 1:40 elastic-clip
tie plates, two 2.7-cm
screw spikes, two elastic
clips

38x20-cm 1:40 elastic-
clip tie plates, two 15x1.6-cm
cut spikes, two elastic clips

38x20-cm i:40 elastic-clip
tie plates, two 1.9-cm
cone-necked drive spikes,
two elastic clips

Spike Qut 2.5 cm or More or

Elastic Clip Out or Off Failed
Broken Tie
Gage Side Field Side Plate Gage Side Field Side
Rail Rail No. Rail No. Rail No. Rail No,
NA NA Inside 0 Inside 0 Inside 0
Outside 0 Outside 1 Outside 0
Inside Inside 5 Inside 10 Inside 151 Inside 10
Outside Outside 11 Outside 2 Outside 8 Outside 4
Inside Inside 6 Inside 22 Inside 10 Inside 4
Outside Outside 2 Outside 19 Outside 2 Outside 0
Inside inside z Inside @ Inside 8 Inside 5
Outside Outside 1 Outside G Outside 25 Outside 18

Note: 1ecm=0.38in
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Compression clips were used in the first test in sec- Figure 14. Static gage 122(MGMg)
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at 141 million Mg (155 million tons)], a few elastic-clip
plates began to fail. These bending failures occurred
at the lead edge of the plates where the outside of the
rail edge contacted the plate (see Figures 9 and 10).

As data given in Table 2 show, 65 of these failures oc-
curred out of a sample population of 732 plates. Forty-
one of the failures occurred in cut-spike segments 4 and
8. These were the original plates from the first test.
By the time the second test was terminated, they had
almost 12 million load cycles on them. There were not
enough failures to determine a characteristic curve on
the plate but, in contrast, over an accumulation of 213
million Mg (235 million tons), 38 AREA tie plates out of
a lot of 22 120 failed.

It is not known whether or not these failures have oc-
curred at all in revenue service and, since the choice of
the hold-down fastener may have contributed to the fail-
ures, it is difficult to say whether or not this would oc-
cur outside of FAST. However, the manufacturer has
since redesigned the plate to considerably increase the
cross-sectional area in which the fractures occurred.
These new plates should perform substantially better.

Beginning at 36 million Mg (40 million tons), the hold-
down fasteners in elastic-clip segments 3, 4, 5, 7, 8,
and 9 began either to work out of the tie or to fail. A
complete tabulation of these problems is given in Table
2. These problems were most pronounced in screw-
spike segments 3 and 7. In a period of 127 million Mg
(140 million tons), 173 of 484 spikes in these segments
either failed (see Figure 11) or came out of the tie more
than 2.5 cm (1 in) (see Figure 12). A plot of the failure
rate is shown in Figure 13. At about 118 million Mg
(130 million tons), the failure rate began to escalate,
eventually causing the test to be terminated at 128 mil-
lion Mg (141.1 million tons).

The majority of the fractured screw spikes, drive
spikes, and cut spikes failed in bending about 5-7.6 cm
(2-3 in)below the head of the spike. When these failures
occurred, the stub end of the spike was driven through
the tie and a resin tie filler was used to fill the hole as
a new spike.

The result was a deterioration in track gage. Figure
14 clearly shows that, except for segment 7, there was
a rapid deterioration in gage after about 73 million Mg
(80 million tons) of traffic {200 million Mg (220 million tons)
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overall]. The dynamic gage widening was also becoming
severe, as shown in Figure 15.

The other problem of note in section 7 is elastic-clip
fallouts, which are listed in Table 2. These are ad-
dressed in another FAST report and will not be discussed
here.

It was evident from the results of the second test that
the number and type of hold-down fasteners needed to be
changed. Consequently, the number of screw and drive
spikes was increased to four, and the cut spikes were
replaced by lock spikes. In addition, a segment of hard-
wood ties with screw-spike fasteners was added to dup-
licate a similar test in revenue service,

Early data taken in section 7 on railhead deflections
(see Figure 16) and comparisons of rail fastener stiff-
ness [L/(H-B)] (see Figure 17) indicate a substantial
difference in the responses of cut spikes and one kind of
elastic clip. Relative railhead movement is much
greater with the cut spike, which results in more gage
widening, as Figure 15 shows. However, the rigidity
of the elastic clip puts a premium on providing adequate
hold-down capacity between the tie plate and the tie. In
the second test, it was obvious that there were not enough
fasteners of this type.

SUMMARY

The results of wood-tie-fastener testing at FAST to date
have shown that the alternative clastic clip or compres-
sion clip has not performed better than a conventional
cut-spike fastener. The dynamic effects of traffic on
each system are much different, which indicates that
different design considerations must be taken into ac-
count. The elastic clip puts a premium on the type and
number of hold-down fasteners used to hold the tie plate
to the tie, whereas the cut spike allows so much rail
movement that there is a greater probability of gage
widening and, as has been demonstrated in revenue ser-
vice, a likelihood of spike-killed ties. Given these basic
conditions and the results of the second test, the current
test is much more likely than the second test to result
in an adequate design alternative to the cut spike.

Publication of this paper sponsored by Committee on Track Structure
System Design.

Development of an Analytical Approach
to Track Maintenance Planning

A. E. Fazio and Robert Prybella

Current research being conducted in a joint effort by the Consolidated
Rail Corporation and the Federal Railroad Administration to develop an
integrated maintenance-of-way planning model is reported. To develop
a rational plan for maintenance-of-way expenditures, it is necessary to
predict the effect of increased “‘basic’’ track maintenance on the require-
ment for ““discretionary’’ maintenance. Basic (routine} track maintenance
is performed by small, labor-intensive section and subdivision gangs. Dis-
cretionary track rehabilitation is performed by large, mechanized track
maintenance gangs that move about the track system. Basic-maintenance
gangs generally complete a particular task at a higher unit cost than
discretionary-maintenance gangs. The frequency of the discretionary-
maintenance cycle varies as some function of the level of basic mainte-
nance—i.e,, as the level of basic maintenance is reduced, the interval be-

tween discretionary-maintenance cycles is shortened. The limiting case,
in which basic track maintenance is restricted to complying with safety

requirements, requires the most frequent performance of discretionary

maintenance. For various reasons, it is generally desirable to fund basic
maintenance at a level greater than this minimum.

One of the most serious problems currently facing
America's railroads is the deteriorated track struccure.
For many years, as profit margins decreased, rail-
roads reduced their operating costs by a somewhat sub-
jective program of deferred maintenance. The absence
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of an analytically based planning methodology made it
difficult to identify much of this deferred maintenance

at the time at which it occurred, and this made the
overall financial situation of the railroads appear to be
better than it actually was. In the recent rail renais-
sance, there has been an intensive effort by railroads

to rehabilitate their physical plant, particularly the track
structure.

Total maintenance-of~way expenditures for class 1
railroads in the United States in 1978 exceeded $3.4
billion (1). The apportionment of these funds between
"discretionary' and '"basic' maintenance was generally
not accomplished by using a standard planning model;
instead, money was budgeted and spent on the basis of
subjective techniques that varied from railroad to rail-
road. Once this upgrading is completed, it will be
necessary to apply a maintenance-of~-way planning
methodology that will normalize track maintenance
cycles and clearly and objectively identify incidences
of deferred maintenance.

An analytical planning technique that is capable of
fulfilling these needs is currently being developed in a
joint effort by the Federal Railroad Administration
(FRA) and the Consolidated Rail Corporation (Conrail).
Because the model is currently under development, its
theoretical basis and the specific tasks prerequisite to
the formulation of a working model are presented here
by using hypothetical data, where required, for illus-
trative purposes.

CURRENT PRACTICE IN TRACK
MAINTENANCE

Track maintenance is generally grouped into two broad
categories: (a) rehabilitation, or discretionary main-
tenance, and (b) routine, or basic, maintenance.

The basic-maintenance track gang evolved from the
"section gang", which, in its original form, is nearly
extinct in the United States. The section gang predated
the development of sophisticated machinery for track
renewal and repair and consisted of a dozen, or fewer,
men who were assigned to perform all required main-
tenance on a specific, limited [approximately 50-km
(30-mile)] section of track. Contemporary basic-
maintenance forces were created by placing section
gangs in trucks and enlarging and combining their
territory of responsibility. The development of
mechanized rehabilitation gangs changed the role of
these basic-maintenance forces.

Consider, for example, tie renewal, Before the
advent of the mechanized tie gang, subdivision gangs
were required to replace all deteriorated ties in their
territory. They would therefore replace all ties in
their territory over the life cycle of the ties. Now,
however, with a periodic visitation by a mechanized tie
gang, the section gang need only replace a portion of
the ties that deteriorate and could even totally abstain
from spot replacement of ties. Since mechanized gangs
replace ties at a lower unit cost than do subdivision
gangs, it might appear to be preferable not to use sub-
division forces at all to replace ties. But other factors,
including (a) the fact that the rate of deterioration of a
good tie depends on the percentage of bad ties around it
and (b) the limited availability of mechanized tie-
renewal machinery, dictate that some tie renewal be
performed on a routine basis by subdivision (basic-
maintenance) forces.

There currently exists no analytical method of ap-
portioning maintenance-of-way activities, such as tie
renewal, between discretionary- and basic-maintenance
operations. To develop an integrated approach to track
maintenance planning, the model must identify the
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impact that a given level of basic-maintenance funding
has on the required frequency of the discretionary-
maintenance cycle.

CHARACTERISTICS OF MAINTENANCE
GANGS

The most common discretionary-maintenance gangs are
generally classified as rail, tie-renewal, or surfacing
gangs and are characterized as follows:

1. They use track maintenance machinery—e.g., tie
inserters and tie-spiking machines—extensively.

2. They are a large force of relatively inexperienced
and unskilled labor, generally 40-80 men, performing
repetitive tasks in an assembly-line type of operation.

3. The work must be planned well in advance. Be-
cause of the size of the gang and the fact that most of
the track machinery is rail-bound, the gang cannot
readily relocate. A summer's rehabilitation is gen-
erally planned the preceding winter.

4, They are designed to replace or repair a specific
track component, such as ties, and modify or replace
other components only to the extent necessary.

5. The gang has the capability to replace or repair
a particular track component at the minimum unit cost.

Basic maintenance is performed by small gangs that
may operate anywhere in a particular jurisdiction.
These gangs have the following characteristics:

1. They make very limited use of track machinery
and instead rely heavily on hand tools.

2. They are a small force, generally 3~10 men.
Each individual, however, generally possesses a higher
degree of skill and has had more varied track-work
experience than personnel on rehabilitation gangs.

3. They have relatively high mobility. They may,
in fact, perform maintenance in locations up to 80 km
(50 miles) apart during the course of the day. Their
mobility is a result of their limited use of track-bound
machinery. Because of this, their work need not
(although it may) be programmed in advance.

4. They are equipped to replace or repair a wide
variety of track components.

5. The replacement or repair of a track component
by basic-maintenance gangs is generally done at a
higher unit cost than when it is done by discretionary-
maintenance gangs.

Basic-maintenance gangs complement discretionary-
maintenance gangs in that they (a) protect against
catastrophic occurrences, such as a derailment, by
giving prompt attention to discrete track failures, such
as a broken rail; and (b) control the rate of deteriora-
tion of the track during the interval between service
by the discretionary-maintenance gang.

QUANTIFICATION OF TRACK
CONDITION

Prerequisite to the formulation of an analytical model
for track maintenance planning is the development of a
mathematical measure (or measures) of track quality,
In general terms, track quality can be defined as the
ability of the track structure to meet its functional re-
quirements (2). According to this definition, the type
of operations supported by the track will influence the
selection of the parameters used to measure quality.
Although many railroads have "in-house'' estimators
of track quality—such as Conrail's "¢ondition index"
(3)—existing estimators either lack universality or re-
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Figure 1. Hypothetical track deterioration curves.
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quire the collection of excessive amounts of field data
to calculate the parameter for a given track segment.

A current FRA-sponsored research project is
attempting to formulate measures of track quality,
called "track quality indices" (TQIs), which can be
derived either totally or primarily from data col-
lected by automatic track geometry cars. Parameters
that can be measured by these cars include gauge,
cross level, warp (rate of change of cross level), and
alignment (4). The FRA-owned cars are capable of
recording measurements every 0.8 m (2 ft) at speeds
up to 242 km/h (150 miles/h) and carry on-board com-
puters so that a computer tape of the collected data, in
addition to the strip chart supplied to maintenance-of-
way personnel, is available at the conclusion of the
survey. Each of these parameters of track geometry
has a unique distribution over a section of track. The
current FRA-sponsored project is investigating the
suitability of various statistics of these distributions as
TQIs.

Although it would be desirable to develop the TQIs
solely from data that can be collected automatically, it
will probably be necessary to supplement these parame-
ters with other track data, such as bad-tie counts. This
might be avoided by developing the capability to esti~
mate track modulus—the ability of the track to resist
deflection under load—by using automatic track geom-
etry cars.

Operating conditions will affect the selection of TQIs.
One should expect different TQIs, for instance, to be
applicable to tracks that support 80-km/h (50-mile/h)
freight traffic and tracks that support 160-km/h (100~
mile/h) Metroliner service.

The current FRA-Conrail project is focusing on
operating conditions that are common to many North
American freight railroads: mixed freight trains of
50-100 cars operating on conventional track (wood tie
and stone ballast) at speeds of 64~80 km/h (40-50 miles/
h). In Europe, the Office of Research and Experiments
(ORE) is also attempting to develop an easily measurable
quantifier of track condition based on automatic track
geometry cars (5).

DEVELOPMENT OF TRACK
DETERIORATION CURVES

The rate of deterioration of track structure is a function
of (a) structural parameters, such as ballast type and
depth, tie size and spacing, rail weight and cross sec-
tion, track gradient; and alignment; (b) usage parame-~
ters, such as annual traffic load and its wheel-load
distribution, and train speed; (c) environmental factors,
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such as annual rainfall and freeze-thaw cycles; and (d)
the amount and type of basic maintenance performed.

Currently, there is no proven method of predicting
the deterioration of track as a function of these vari-
ables (6,p.2). The development of a workable set of
TQIs will permit the experimental development of track
deterioration curves. These curves would show the
change in the quality of the track, as measured by the
TQIs, as a function of time.

Figure 1 shows hypothetical track deterioration
curves; each curve shows the degradation of track
quality with time at constant levels of expenditure for
basic maintenance E, where E; > E;,. Various levels
of expenditure (E;) for basic maintenance provide for dif-
ferent rates of track deterioration. For allE; <E,,
deterioration to the minimum standard eventually
occurs. The minimum would represent, at worst,
the FRA standards for each class of track. Since FRA
standards are minimum standards, as dictated by
safety considerations, many railroads prefer to define
their minimum standard at a slightly higher track
quality.

In Figure 1, E, represents the limiting case of zero
expenditure for basic maintenance—i.e., once the track
is rehabilitated, almost no maintenance is performed.
Even in this case, there will be expenditure for certain
required basic-maintenance tasks, such as safety in-
spections. Curve E; represents a slightly higher level
of expenditure for basic maintenance. Thus, if E, =
$50/year/track-km ($80/year/track mile), and this
was expended for inspections and emergency repairs,
E: might be $150/year/track-km ($242/year/track mile),
the incremental expenditure being used for spot tie
renewal, tightening joint bars, and other miscellaneous
basic-maintenance tasks that serve to retard track
deterioration.

At the level of expenditure Eo, the track is usable for
some time but deteriorates rapidly. The other ex-
treme, shown in Figure 1 as E,, represents an intensive
basic-maintenance effort. At this level of expenditure,
no significant deterioration of the track occurs; this
would be representative of track maintenance before
the advent of mechanized discretionary-maintenance
gangs. Conrail's current unit costs for renewal of
one main-~line tie by discretionary-maintenance and
basic-maintenance gangs, respectively, are approxi-
mately $30 and $50. Obviously, the level of basic
maintenance E, does not capitalize on the inherent
lower unit costs associated with mechanized gangs
and is thus not desirable. This leads to the con-
clusion that the role of basic-maintenance forces should
be to regulate the rate at which track deteriorates and
not to maintain track at a steady-state condition. Thus,
the level of expenditure for basic maintenance should
be less than E,.

Certain parameters that measure a particular aspect
of track quality may actually show improvement of the
track with use. Track modulus increases as trains
are operated over newly rehabilitated track (7). This
is attributable primarily to the compaction of the ballast
as trains operate over track whose surface has recently
been reworked. Even as this compaction is occurring
and track modulus is increasing, individual components
of the track structure (ties and rails) are continually
deteriorating. Thus, although overall track quality
increases for a short period of time immediately after
the reworking of the track surface, the increase in
track modulus caused by ballast compaction eventually
comes to an end and deterioration begins.

It is generally agreed that the rate of deterioration
of track is a function of its condition and, as the con-
dition worsens, the rate of deterioration increases (8,
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Figure 2. Suspended rail joint in good condition.
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Figure 3. Suspended rail joint in poor condition.
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p. IV-40). A qualitative illustration of why this occurs
can be obtained by considering the suspended rail joint
shown in Figure 2, which supports a point load, the
wheel, where shown. A currently used design practice
calls for the assignment of 50 percent of the dynamic
axle loading to tie 2 and 25 percent of this loading to
each of ties 1 and 3 (9). This assumes that the joint
bar is stiff, the wheel rolls over a smooth joint, and
the rail acts as a continuously supported beam in
supporting the wheel load (10).

Although this may be a good assumption for track in
perfect condition, use of the track causes the joint bar
to loosen. As the joint bar loosens, the rail end begins
to act more like a cantilever than a continously sup-
ported beam. This causes a greater loading on tie 2
and, thus, accelerated deterioration of this tie and of
the ballast beneath it. As the tie and ballast degrade,
the structure loses its ability to support the load with-
out significant movement. A differential movement
between rails of 0.39 cm (0.125 in) or more is not
uncommon and causes rapid deterioration of the rail
because of the deformation that results from cold
working of the steel. This is manifested in rail-end
batter and surface bending of the rail, as shown in
Figure 3. Ties 1 and 3 also deteriorate at an ac-
celerated rate because of the impact loading imposed
on them when the wheel crosses the joint.

FACTORS THAT AFFECT
DETERIORATION

For a given level of expenditure E;, different deteriora-~
tion curves will evolve for each variation of the signif~
_dcant structural and usage parameters. For example,
Figure 4 qualitatively demonstrates the effect of
doubling the yearly gross traffic load while all other
parameters remain unchanged. Figure 5 shows the
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Figure 4. Track deterioration as a function of traffic
load.

TRACK
QUALITY

18 000 000 9000 000
MG/YEAR MG/YEAR

Note: 1 Mg = 1.1 tans,

TIME

Figure 5. Track deterioration as a function of
curvature.
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Figure 6. Alternate maintenance strategies.
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effect of track curvature on rate of deterioration.
In general, the change in track quality can be ex-
pressed as

ATQI = f(e, S, T, P, V, M) '€))
where

e = level of basic maintenance;

S = structural characteristics of the track, such
as continuously welded or jointed rail, ballast
depth, and subgrade type;

T = annual traffic load;

P = wheel-load distribution of the annual traffic

load;
V = train speed; and
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M = miscellaneous parameters, such as weather
and train consist.

Current research in the FRA-Conrail program is
attempting to determine the sensitivity of ATQI to each
of these factors and to determine which set of factors
will account for the bulk (80-90 percent) of track deg-
radation. The functional dependence of the change in
track quality on each of these significant factors must
then be determined for inclusion in the deterioration
model. Graphically, this means that a unique family
of deterioration curves must be developed for each
variation of the factors that are found to significantly
affect the change in TQI.

DEVELOPMENT OF BASIC-
MAINTENANCE STRATEGY

Once the track deterioration function is formulated, the
TQI can be graphed as a function of time for any given
set of structural and usage parameters. Curves that
indicate the desired condition of the track, as mea-
sured by TQI, at any given time can then be super-
imposed on this coordinate system. Such curves
describe a ""basic-maintenance strategy'.

Two typical strategies are shown in Figure 6. The
selection of a particular strategy may be based on a
variety of criteria. A curve such as A in Figure 6 can
be selected for certain freight-only lines when it is
desirable to keep basic maintenance to a minimum.

The presence of passenger service or hazardous
materials on a certain route may indicate the selection
of curve B, for, as Figure 6 indicates, the probability
of "slow orders'" and track-caused derailments in-
creases, and ride quality decreases, as track quality
decreases. Thus, strategy B allows the track to spend
more time in a condition in which ride quality is good
and probability of derailment is low.

Note that both strategies must prevent the track from
deteriorating beyond the minimum standard and, for
purposes of comparison, the minimum standards for
both cases are assumed to be identical. In practice,
however, the minimum standard for a line with pas-
senger service or hazardous materials might well be
fixed at a better quality of track. When the track
reaches its minimum, discretionary maintenance should
be performed to return the track to the "new'" condition.
Note that a rehabilitation gang—a tie-and-surfacing
operation, for example—does not quite return the track
to the as-constructed standard because conventional
rehabilitation gangs are not designed to effect a com~
plete renewal of track structure.

The total cost of a given maintenance strategy over
a complete cycle of deterioration and renewal consists
of the cost of the discretionary-maintenance operation
plus the cost of the basic~-maintenance strategy. The
latter is given by the expression

Ca= f e(dt) 0]
A

where C, is the total cost of basic maintenance for
strategy A and e is the expenditure for basic maintenance
for an increment of time dt. The integral is computed
along curve A.

The total cost of maintenance if strategy B is selected
is the cost of rehabilitation plus the cost of basic
maintenance for strategy B. The latter is

Cs = f e(dt) 3)
B
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where the integral is computed along curve B. In the
case shown in Figure 6, since both rehabilitation opera-
tions are identical and occur at the same time, the

total cost of maintenance strategy A will be greater
than that for strategy B by the expression

AC =[f e(dt):l —U e(dt)jl 4
B A

Because an analysis of this type relates the condition
of track at a given time, and its rate of change, to the
funding level for basic maintenance, it can be used in
conjunction with the unit costs for discretionary main-
tenance to determine the total cost of a desired main-
tenance cycle. It can therefore be used to evaluate
alternate maintenance strategies—for example, the
effects of varying the interval on which discretionary
maintenance is performed.

This model also identifies the avoidable costs related
to maintenance of way, such as the cost of providing
commuter service. In addition, it clearly identifies
occurrences of deferred maintenance as occasions in
which the maintenance strategy allows the track quality
to fall below the minimum standard.

EXAMPLE OF USE OF THE MODEL

The following example of the use of this model has been
developed by using purely hypothetical data and is in-
cluded for illustrative purposes only. Some of the
terms used in the equations are given in SI. For the
most part, however, the equations have been formulated
in U.S. customary units, without SI equivalents.

Assume a track quality index @ whose value im-
mediately subsequent to the passage of tie~and~-surfacing
gangs to tangent, jointed rail track is 100 and whose
minimum accepted value for this type of track is 76.
Also assume that, for the fixed structural parameters
of this type of track, the following three usage param-
eters are found to account for 90 percent of the rate
of track degradation: (a) annual tonnage (T), (b) per-
centage of tonnage that moves in cars larger than 100
gross tons (P), and (c) average speed (V).

Assume that track quality Q as a function of time t is
given by

Q=0Qo - A(t?) (5
where
A=f(T,P,V,e) (6)
and where
Q() = 100,
t = time (years),
T = annual tonnage (million gross tons),
P = percentage of tonnage in cars larger than 100
gross tons,
V = average speed of trains, and
e = level of expenditure for basic maintenance.

Further assume that it has been shown experimentally
that A is determined by the functional relation

A =(T/10) (P/50) (V2 /900) (E, /e) (7

where E, is the minimum level of basic-maintenance
funding necessary to meet requirements for inspection
and emergency repairs.

Now the basic-maintenance budget for a selected unit
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Figure 7. Hypothetical track deterioration curves at three funding levels.
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of track can be developed. Assume that the track to be
budgeted for has the following usage parameters: T =
100 million gross tons/year, P = 25 percent, V = 30
miles/h, and E, = $100/track-km/year. Substitution
of these values into Equations 4 and 6 yields

Q=100 -(50/e) t? (8

Figure 7 shows deterioration curves for this track
at three levels of basic-maintenance funding: E, =
$100/track-km/year, E, = $200/track-km/year, and
E: = $300/track-km/year. Suppose that the discre-
tionary maintenance required to return the track quality
to Q = 100 is to be performed on a 12-year cycle. The
expenditures for any basic~maintenance strategy can
now be easily calculated.

Consider strategies A and B in Figure 7. Strategy
A provides the minimum total basic maintenance for
the 12 years. The cost per kilometer of this strategy
is as follows:

fn
t=0

Further assume that this route carries commuter
trains that must be ""slow ordered' when Q is less than
80. Since commuter trains would be slow ordered for
six years under basic-maintenance strategy A, another
strategy might be preferred.

Strategy B, which is defined mathematically as

12 12
e(dt) = (7) (100) +f e(dt) = 700 -if (50/24)t2 (dt)
2 7

=700 + 962 = $1662/track-km (9)
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Q=100-(2t) fort> 4 (10)
and
e=E, fort<4 an

allows trains to operate at normal speed for a greater
period and would be more acceptable. Note that, each
year after the fourth, strategy B requires an incre-
ment in the level of basic-maintenance funding. Its
total cost is

12 12
f e(dt) = 4(100) +.f e(dt)

t=0 4
12
=400+ (25t)dt
q
=400 + 1600 = $2000/track-km (12

Figure 8 shows basic-maintenance expenditure for
strategies A and B as a function of time. The total ex-
penditure for each alternative is the area under its
curve in this figure.

The avoidable costs of track maintenance associated
with the commuter service (strategy B) can be graph-
ically identified on an annual basis., If this service had
been provided at the bequest of a government agency,
e.g., an operating authority, these costs could be billed
to that agency.

‘This model could also be used for the costing of
freight service. If, for example, a particular ship-
per's traffic were to double the percentage of annual
tonnage moved in cars that weigh more than 91 gross
Mg (100 gross tons), the additional costs incurred could
be readily identified by adjusting the value of the coef-
ficient A in Equation 6.

SUMMARY

An analytical, integrated methodology for railroad
track maintenance planning would be of use to the rail-
road industry. The following tasks are currently being
researched jointly by Conrail and FRA:

1. Formulation of parameters of track quality
entirely from data generated by automatic track geom-
etry cars,

2, Identification of variables such as average speed
and annual traffic load, which account for 80-90 percent
of track deterioration as measured by TQIs;

3. Identification of the basic-maintenance tasks that
optimize a given level of basic-maintenance expenditure;

4. Formulation of a track deterioration function that
expresses the change in track quality as a function of
track use and level of basic maintenance; and

5. Integration of the track deterioration model with
an existing discretionary~-maintenance planning meth-
odology to form a combined model that can then be used
as the basis for analytically planning both the basic and
discretionary maintenance of track.
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PROFILE: Gradient Simulation for
Rail Hump Classification Yards

William A. Stock, Masami Sakasita, Carola Elliott, and Peter J. Wong

Designers of rail hump yards traditionally execute a long, tedious manual
process to optimally design hump grades and retarder placements. This
design process entails checking the velocities and headways of a worst-
case sequence of cars to ensure that proper values of these variables can
be maintained on the gradient. The computer simulation model PROFILE
automatically computes these quantities and thus frees the designer from
tedious work and allows him or her to generate and study more design
alternatives. The madel uses the usual static (velocity-independent)
rolling-resistance formulation of car rollability but includes the option
of using velocity-dependent rolling resistance. User input requirements
and program-generated output are described, and an example of the ap-
plication of the model to a typical design problem is given.

In rail hump yards, classification is performed by
rolling a cut of cars down a grade and switching the
cars into various classification tracks. To perform
switching properly, sufficient headway between cars
must be created and maintained. The principal prob-
lems in the design of the hump profile and in the de-
velopment of an effective speed-control scheme are to
ensure that (2) the headway maintained in the switching
area [e.g., 16.2 m (50 ft)]is sufficient to throw switches
and prevent catch-up in retarders, (b) speed restrictions
[e.g., 24.1 km/h (15 miles/h)] at switches and curves
are observed, and (¢) proper coupling occurs on the
class tracks within specified speed limits [e.g., 3.2~
9.7 km/h (2-6 miles/h)]. Controlling headway and
speeds would not be difficult if all cars had identical
characteristics and rolling resistances (or rollability)
because the initial time separation established at the
crest would result in a uniform and predictable head-
way between cars..

However, car rollability is not uniform; it varies:
with weather and type of car and changes during the
rolling of a car. Nonetheless, the profile designer
must ensure that a large percentage of the cars (e.g.,

99.9 percent) are delivered to the bowl tracks in a
manner that satisfies the above design constraints.
Moreover, because car speed is directly translatable
into hump throughput, it is desirable that the fastest
car speeds meeting these constraints be used.

Achievement of these aims is usually approached by
considering the hardest-rolling (slowest) and easiest~
rolling (fastest) cars. Hump grades are usually de-
signed to deliver the hardest-rolling car to the clear
point at a specified speed [e.g., 6.4 km/h (4 miles/h)]
or to a specified distance into the classification track
le.g., 152.4 m (500 ft)]. The sizing and placement of
retarder sections are usually determined by examining
a worst-case triplet of a design hardest-rolling car
followed by a design easiest-rolling car followed by a
design hardest-rolling car traveling to the last switch
on the farthest outside track. The retarders are placed
where the separation between the two lead cars becomes
less than a specified value; the retarder slows down
the second car to reestablish proper headway. The
length (power) of the retarder is based on the amount of
energy that must be removed from the sccond car in
this worst~-case situation (of course, railroad policies
may require sufficient retarder power to stop any car).
At the same time, caution must be exercised to ensure
that the second (easiest-rolling) car is not slowed so
much that the third (hardest-rolling) car catches it.

The purpose of the PROFILE model is to provide
the yard designer with an iterative and interactive com-
puter design tool to perform such an analysis and to
ensure that the design constraints are satisfied. The
need for some automation of the hump design procedure
has long been recognized. The labor and hours in-
volved in plotting velocity head diagrams and converting
them to car velocity, integrating velocity of cars to ob-
tain time-distance plots, and finally comparing time-
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distance plots of cars to obtain headway have severely
restricted the number of design alternatives that the
yard designer could consider. The PROFILE simula-
tion model is intended to automate this process, and the
automation also offers the designer the option of select~
ing a more advanced model of car rollability (over the
usual static-rolling~-resistance formulation), if desired.
PROFILE does not automate the entire yard design
process or replace the designer; it extends the abilities
of the designer by permitting him or her to evaluate
many more design alternatives in shorter time than is
possible in the manual process.

The PROFILE model has been used to support the
yard design efforts of the Boston and Maine Corpora-
tion (1), the Consolidated Rail Corporation (2), and the
Union Pacific Railroad (3).

OVERVIEW OF THE MODEL

PROFILE is a one-track simulation; that is, the user
selects one route from the crest to the bowl and sim-
ulates only that route in a run. With repeated runs, all
routes to the bowl can be simulated, if necessary. The
profile gradient along this route is represented as a
series of track sections., All parameters are assumed
to be constant within a given track section.

Only single-car cuts are modeled, although longer
cuts can be approximated as a single car of unusual
length.

Within each track section, each car is treated for
the purpose of its dynamics as a point mass, the motion
of which is assumed to be governed by the following dif-
ferential equation:

d2X/dt? =dV/dt =a+ gV (1)
a=g. [tan @ -u -C-W-(S/L) - (R/L)] (1a)
B=ge (-uy -Wy) (1b)

g.=[T/(T+Dlg (lo)

where
X = distance from an arbitrary origin (m);
t = time (8);
V = velocity of the car (m/s);
« = sum of all static terms that contribute to the
car's acceleration (m/s%);
B = sum of all velocity-dependent terms that con-

tribute to the car's acceleration (s-1);
g = effective acceleration of gravity used to account
for energy stored in the rotating wheels of the
car (m/s”);
acceleration of gravity (m/s?);
angle of the grade below horizontal;
grade (downgrades taken positive) (m/m);
static rolling resistance (N/N);
curve resistance, if the track section is ona
curve (N/N);
wind resistance (N/N);
velocity head lost in switch, if the track sec-
tion is a switch (m);
length of track section (m);
velocity head extracted by retarder (if the
track section is a retarder) (m);
velocity-dependent resistance coefficient
(N/N per m/s);
velocity-dependent wind resistance coef-
ficient (N/N per m/s);
weight of the car (kg); and
additional weight of the car to account for the

a

n = Ar g o™
non (T T (TR

T
o

s -
< ©
Il 0]

S
non
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rotation of the wheels (kg).

Obviously, in any given track section, not all the
terms will be applicable. For example, a conventional
retarder and a switch would never be found in the same
track section. The various parameters are assumed to
be constant within each track section; whenever any
parameters change, a new track section must be speci-
fied. This happens, for example, in specifying the
beginning and end of a retarder. Specification of a new
track section is also required whenever the grade
changes. Vertical curves are approximated by a series
of track sections of constant grade.

The solutions of the differential equations for g # 0
and taking V=Voand X = X, at t = 0 are

V = (a/B) + [(a/B) + Vo] exp (B (@3}
and
X =Xo-(@/B)t-(1/B) [(@/B) + Vo] [1 -exp (Bt)] 3)

For 8 =0 (i.e., only static rolling resistance), the solu-
tions reduce to the well-known case of uniformly ac-
celerated motion (for the above boundary conditions),

as follows:

V=V, +at “4)
and
X =Xy + Vot +(1/2) at? (5)

The 8 = 0 case is the usual static~rolling~-resistance
formulation, for which computational techniques based
on energy relations are well developed. However,
although these energy relations are easily applied to
obtain velocity, integrating the velocities over a vary-
ing grade to obtain distance~time plots and hence head-
ways between cars can become tedious. Even when a
static-rolling-resistance formulation is being used,
PROFILE has great utility as a quick means of calcula-
tion.

Although wind resistance would usually be handled
by a V? term, in PROFILE only a V term is used. At
the low speeds in a hump yard, the curvature of a V*
relation should be sufficiently slight that it can be
satisfactorily approximated by a linear term.

The retarders treated in the present version of
PROFILE are the conventional clasp type, which are
usually controlled by a process control computer. Cur-
rently, PROFILE does not consider the distributed
types of retarders that offer quasicontinuous control
through purely mechanical-hydraulic analog logic sys-
tems (as offered by certain European vendors). The
conventional retarder system is quite complex: The
process control computer controls both the overall
amount of retardation and the detailed dynamics of
car-retarder interactions while the car is within the
retarder. Several algorithms are in use to decelerate
the car within the retarder. They are all based on
achieving a desired exit speed from the retarder. These
algorithms can be roughly categorized into three types,
as shown in Figure 1 and discussed below:

1. Retardation at the earliest moment-—~Retardation
at the earliest moment is probably the most common
algorithm for retarder control (4-6). The retarder
closes as soon as the car enters; when the car reaches
the exit velocity, either the retarder opens and the car
rolls freely for the rest of the length of the retarder or
the retarder opens and closes in an attempt to maintain
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Figure 1. Retarder deceleration algorithms,
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the car at approximately the desired exit speed. This
scheme tends to restrict hump throughput because the
car travels at minimum average speed for the length
of the retarder. It also causes a disproportionate
amount of retarder wear to oecur near the front.

2. Retardation at the last moment (4)—The algorithm
for last-moment retardation is based on a prediction of
the rollability of the car and the power of the retarder.
The retarder initially remains open when the car enters
il. By using lhe predicted parameters, the retarder is
then closed just at the time expected to produce decel-
eration of the car to the desired exit velocity. This
scheme generally permits a high throughput because the
car moves at maximum speed throughout the retarder.
This algorithm, however, lacks a safety margin for
cases in which the car rolls faster than predicted be-
cause of errors in predicting rollability, grease on the
wheels or rails, or the like. This algorithm also
causes a disproportionate amount of retarder wear to
occur near the rear of the retarder.

3. Retardation with constant deceleration—Under
the constant-deceleration algorithm, the retarder is
commanded either to open and close several times (7)
or to exert a constant retardation force (5); in either
case, the aim is to achieve the desired exit speed with
approximately constant deceleration. Some modern
commercial retarder systems achieve this ideal at
least approximately ’S}) This scheme maintains better
throughput than algorithm 1 and maintains a safety
reserve of retarder power that is lacking in algorithm 2.
It also causes the retarder to wear approximately
uniformly throughout.

In the PROFILE model, the third type of decelera-
tion scheme, constant deceleration, is assumed to
apply. Under constant deceleration, energy (i.e.,
velocity head) is extracted at a uniform rate during
the car's transit of the retarder, and the total amount
of velocity head extracted within the retarder, when
divided by the retarder length, acts simply as an addi-
tional resistance term—hence, its appearance in
Equation 2.

PROGRAM DESCRIPTION

PROFILE is a time-step simulation written in ANSI
standard FORTRAN. Events are assumed to occur
either at integral multiples of a predetermined time
step At or within the time step for certain easily
calculated events (such as the entry of a car into a
new track section). The time-step method has been
selected because of the ease it affords in the calcula-

Transportation Research Record 744

tion of transcendental solutions to differential equations.

The simulation starts by humping the first car at
simulation clock time zero. From the length of the
cars involved and the hump speed, the hump time for
the second car is computed and stored until the simula~-
tion clock is equal to that hump time. At the calculated
hump time, the second car is humped and put into the
system. The hump time for each car is so computed
until all cars that the user wishes to put into the system
are humped.

Once a car has been humped, movement of cars along
the track is accomplished by advancing the simulation
clock in increments of At. At each time step, the dif-
ferential Equation 1 is solved for the instantaneous
velocities and the distances of cars along the track.
Each time a car enters a new track section, the program
solves an initial-value problem based on the general
solution to the differential equation and the specified
configurations of the new track segment. These coef-
ficients are used in subsequent calculations for this car
on the track at steps of At until the car leaves the track
section.

At each time step, the coupler-to-coupler headways
between the cars in the system are checked to maintain
a safe operating distance between the cars and to avoid
mis-switching, catch-up in retarders, and collisions.
If headway is insufficient, the program writes a warn-
ing message to the output file. If a collision occurs or
if a car stalls, the program stops and writes a message
to the output file. Thesc messages show the simulation
clock time when the catch-up occurred, the distance
along the track for each car, and the velocities of the
cars at that time. The user can then analyze the output
and change retarder placements, the length of the
retarder, or any other parameter and start a new com-
puter iteration.

Data on each car are collected at each print interval
as specified by the user. For each car, the simulation
clock time, instantaneous velocity, velocity head, dis-
tance from the hump crest, and distance and time head-
ways from the preceding car are written to and stored
in a print buffer. Data in the buffer are written to the
output file whenever the simulation stops, If no col-
lision or stall occurs, the simulation stops when the
last car has come to the end of the last track section,

Figures 2-4 show sample partial outputs (the
program is calibrated in U.S. customary units of mea-
surement),

DESCRIPTION OF INPUT

The first input variables are general: the time step At,
the hump speed, the data print interval, switches con-
trolling the printing of tables and plots, and the printer
width (in characters). To model the occurrence of
events accurately, the time step chosen should be suf-
ficiently small but not so small as to cause an inordinate
increase in running time (1 s is usually satisfactory).
Data output frequency is controlled by the data print in-
terval variable, which should be chosen in integral
multiples of the time step but should never be less than
the time step.

Next, the following data for the track sections are
specified (in U.S. customary units):

1. Length of track section (ft);

2. Grade of track (percent);

3. Rolling resistance, static, easy roller (lbf/
ton-f);
4. Rolling resistance, static, hard roller (Ibf/
ton.f);
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5. Rolling resistance, velocity, easy (lof/ton-f per
ft/s);

6. Rolling resistance, velocity, hard (lbf/ton-f per
ft/s);

’;. If the section is a switch, switch loss, in

velocity head (ft);
8. If the section is a retarder, amount of retarda-
tion to be given easy-rolling car, in velocity head (ft);
9, If the section is a retarder, amount of retarda~-
tion to be given hard-rolling car, in velocity head (ft);
10. If the section is a retarder, maximum retarda-
tion of the retarder, in velocity head (ft); and
11. Track section alphanumeric identification.

The static and velocity resistances can be specified
separately for each track section for the two types of

car—easy or hard rolling. Specifying rolling resistances

in this manner allows them to vary along the simulated
track. If the track segment is a switch or retarder
section, additional parameters are required as shown.
Additional data for the cars constitute the final set
of information specified to the program. First, the
type of car must be specified (easy or hard rolling).
Then the car length, in feet; the weight of the car,in
tons; and an equivalent rotational weight for the wheels,
in tons, must be given. Each car is associated with
static (Ibf/ton.f) and velocity-dependent (Ibf/ton.f per
ft/s) wind-resistance terms. These values may vary

Figure 2. Echo-back and collision information for trial run 2 of Yermo Yard.
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depending on the type of car (box car, flat car, gondola,
ete.).

DESCRIPTION OF OUTPUT

The output from PROFILE consists of four parts. The
first part is an "echo-back' of the input data (Figure 2),
simply a listing of the user's input given for documenta-
tion and verification. The second part, which imme-
diately follows the echo-back of car data, lists any
special events that might have occurred during the
simulation, such as a catch-up of two cars within a
retarder, a collision between two cars, or a car stall-
ing. Note that, if no special events occurred, this
portion of the output is omitted.

The third part is the numerical output from the
simulation proper. This consists of a series of tables,
one table for each car. Figure 3 shows an example of
a portion of such a table, Each line in a table gives a
number of variables that define the status of that par-
ticular car at a point in time. The lines are generally
printed at uniform increments of simulated time,
although whenever a car enters a new track section
an additional line is printed. The print increment is
specified by the user and is usually on the order of 1 s,

The fourth output section gives optional line printer
plots of selected variables. These plots, which include
relevant annotation, consist of (a) yard profile versus

YERMO NO 8 FILE - TRIAL RUN 2 - ELIMINATE MASTER RETARDER

SIMULATION TIME STEP, DELTA T, SEC 1.0000
HUMP SPEED, MILES PER HOUR 2.5000
DATA PRINT INTERVAL, SEC 1.00
TABLE SWITCH 1
PLOT SWiTCH 1
PRINTER WIDTH (CHARACTERS) 132
TRACK DATA
D b e B T 4omeo-e fomcmeememe e 4 B +
+TRK+ LEMG + CUM. +GRADE+ RES! STAN C E S +SWITCH+ RETARDATION + MAX. ¢ DESCRIPTION +
+SEC+ (FT) ¢ LENG +{PCT)4----=---cccacoc-coodo-cnan + LOSS + (FT. OF VEL. +RETAR-+ +
*ND. ¢+ + (FT) + + ROLLING motuz +(FT OF+ MEAD) +DATION+ +
+ o+ + + L it ettt +CURVE #VELOC.#-----4--~-~ +---~-+(FT OF+ +
+ 4+ + + + STATIC +VELOCITY +(LB/T)+MEAD) +CAR HCAN 2+CAR J+VELGC. + +
LI + + HLa/TeN) +(LB/TON) /+ + + + + +HEAD) + +
+ o+ + + +(FT/SEC) f + + + + + + +
+ ¢ + L et it Attt S + + + + + + +
+ ¢ + + tEAsv*HARD’EAsvaﬁow + + + + + + +
D i s R L $eee #eeean - 4o D Hmm e +
1 80.0 0.0 3.00 4.0018,00-0.00-0 00 +0.00 -0.00 -0.00 -0.00 -0.Q0 -0.00 CREST TO EVC
2 71.0 50.0 4.23 4.0018.00-0 00-0.00 -0.00 -0.00 -0.00 -0.00 -0.00 -0.00 EVC TG FORMER M. RET.
3 72.0 121.0 3.99 4.0018.00-0 00-0.00 -0.00 -0.00 0.00 0.00 O0.00 6 72 FORMER MASTER RET.
4 24.0 183.0 1.44 4.0018,00-0.00-0.00 -0.00 -0.00 -0,00 -0.00 -0.00 -0 OO0 FORMER M. RET. TO KING 8W.
8 1.0 217.0 1.44 4.0018.00-0 00-0.00 -0.00 06 -0.00 -0.00 -0.00 -0.00 KINO SW
] 25.0 218.0 .30 4 0018 00-0 00-0,.00 -0.00 -0.00 -0.00 -0.00 -0.00 -0.00 KING SW TO LAP
k4 1,0 243.0 50 4 0018.00-0.00-0.00 -0.00 06 -0.00 -0 00 -0 00 -0.00 LAP SW
8 100.0 244.0 S0 4.0018,.00-0 00-0.00 11.30 -0.00 -0.00 -0.00 -0.00 -0 00 LAP SW TO PY
9 98,0 244.0 50 4.0016.00-0.00-0.00 -0.00 -0 00 -0.00 -0 00 -0.00 -0.00 PT YO GR. RET
10 100 0 439.0 1.20 4.0018,00-0.00-0.00 -0.00 -0.00 0.00 5 24 O 00 6.72 GR. RET.
11 17,0 539.0 10 2.0070.00-0.00-0.00 -0.00 -0.00 -0.00 -0 00 -0.00 -0.00 GR TO LAP 2
12 1.0 5B86.0 10 2.0010,00-0.00-0.00 -0.00 06 -0.00 -0.00 -0 00 -0,00 LAP 2
13 700 887 0 10 2.0010.00-0.00-0 00 3.2 -0.00 -0.00 -0 .00 -0.00 -0.00 LAP 2 TO HF 2
14 28.0 627.0 10 2.0010.00-0 00-0.00 -D.00 -0.00 -0.00 -0 00 -0.00 -0.00 HF 2 TO SW 3
18 1.0 658 0 10 2.0010.00-0.00-0.00 -0.00 06 -0.00 -0 00 -0.00 -0.00 SW 3
16 70.0 656.0 10 2.0010.00-0 00-0.00 S.25 -0.00 -0.00 -0.00 -0.00 -0,00 SW 3 TO HF 3
17 30.0 726.0 10 2.0010.00-0 00-0.00 -0.00 -0 00 -0.00 -0.00 -0.00 -0.00 HF 3 TO SW 4
18 1.0 7%6.0 10 2.0010.00-0 00-0. 00O -0.00 06 -0.00 -0.00 -0.00 -0.00 SW 4
1@ 70.0 787.0 10 2.0010.00-0.00-0,00 9.2% -000 -0.00 -0.00 -0.00 -0.00 SW 4 TO HF 4
20 68,0 827.0 10 2.0010.00-0.00-0.00 12.25 -0.,00 -0.00 -0.00 -0.00 -0 00 HF 4 TO CLEAR
21 143.0 693.0 10 2,0010.00-0.00-0.00 12,23 -0.00 -0.00 -0 00 -0.00 -0 OO0 CLEAR TG POT
22 18.0 1040.0 10 2.0010.00-0.00-0.00 -0.00 -0.00 -0.00 -0.00 -0.00 -0 OO POT TO PTT
23 300.0 1085.0 08 2.0010 00-0.00-0.00 -0.00 -0.00 -0.00 -0.00 -0 00 -0 0C PTY TO END
CAR DATA
TYPE,OF ROLLER, 1 = EASY, 2 = HARD
CAR TYPE CAR WEIGHT EXTRA WIND WIND
NO. ROLLER LENGTH GF CAR  WEIGHT RES|S RESIS
WHEEL STAT VELOC
ROTATION (LB/T)
(FT) (TONS) (TONS) (LB/T)  /(FPS)
1 2 6000 64.00 1.00 -0.00 -0.00
2 1 60.00 133 00 1.00 -0.00 -0.00
3 2 60.00 64.00 1.00 -0.00 -0.00
A COLLISION OCCURRED AT TIME 93.82 SEC. BETWEEN
CAR | - VEL = .02 MPH, DIST = 1129.01 FT., TIME ON TRACK = 93.82 SEC.
CAR 2 - VEL = €.00 MPH, DIST = 1069.01 FT., TIME ON TRACK = 77 48 SEC.
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Figure 3. Example of car history table: partial output of car 2 (easy roller) for trial run 2 of Yermo Yard.

CAR NO. 2
DISTANCE TIME
DISTANCE HEADWAY HEADWAY INSTAN- INSTAN-
CAR TRAVEL SYSTEM ALONG BETWEEN BETWEEN TANEOUS TANEOUS VELOCITY TRACK
TIME TIME TRACK PREC CAR PREC CAR VELOCITY VELOCITY HEAD SECTION
(SEC) (SEC) (FT) (FT) {SEC) (FT/SEC) (MPH) (FT) NUMBER TRACK SECTION DESCRIPTION
0.000 16.364 0.000 102.770 7.382 3 667 2.%00 210 [ ] =sas TRACK SECTION BOUNDARYssaw
636 17.000 2.515% 111.681 7.772 4.236 2. 688 281 1 CREST YO EVC
1.636 18.000 7.198 128.776 8.328 9.13¢ 3.499 412 ] CREST TO EVC
2.638 19. 000 12.777 139.847 8,822 6.026 4,109 . 868 1 CREST YO EVC
3.6306 20.000 19.2%0 192, 447 9. 266 6.92) 4.719 .749 1 CREST 70 EVC
4.636 21.000 26.619 164.261 9 68563 7.816 8.329 . 986 1 CREST 7O EVC
5.636 22.000 34.883 174.880 10.022 8.711 5.939 1.187 1 CREST 7O EVC
6.636 23,000 44.04) 184.238 10.347 ® 606 6.%%0 1. 443 1 CREST TO EVC
7.240 23.603 $0.000 189.322 10.830 10.146 6.818 1.610 W/ 2 mzwsaTRACK SECTION BOUNDARY=ss»
7.636 24,000 84.126 192,984 10.642 10.657 7.266 1,777 2 EVC TO FORMER M. &
6.636 28.000 65.427 189.028 10. 892 11.945 8.14% 2,232 2 EVC TO FORMER M. REY.
9.638 26.000 78.016 204.087 11.097 13.23%4 9.023 2. 740 F EVC TO FORMER M. RET.
10.636 27.000 91.694 207.8%83 11. 263 14,522 ®.90% 3.289 2 EVC TO FORMER M. RET.
11.636 28.000 107.060 209.683 11.38% 15 810 10.779 3 910 2 EVC TO FORMER M. RET,
12.489 28,892 121.000 210.3386 11 484 16 808 11._9528 4.472 2/ 3 ss3sTRACK SECTION BOUNDARYumus
12.636 28, 000 123.513 210,368 11 498 17.087 11.631 4,967 3 FORMER MASTER RET.
13.636 30.000 141.206 2090.688 11.574 18.2989 12.477 8 238 3 FORMER MASTER RET
14,636 31,000 160.11" 207.669 11.999 19.810 13.302 3 953 3 FORMER MASTER RET.
18.636 J2.000 180.227 204.324 11.587 20.722 14.128 8. 7V7 k) FORMER MASTER RET.
16,242 32.606 183.000 201,728 11.494 21.4%6 14.629 7 200 3 4 =snaTRACK SECTION BOUNDARY=zsenw
16. 6386 33 000 201.49 199 877 11.438 21 612 14.73% 7 306 4 FORMER M. RET. TO KING SW
17.349 33.713 217.000 196 445 11.323 21 893 14.928 7.499 4/ S mess TRACK SECTION BOUNDARY=smm
17.398 33.759 218.000 196.189 11.318 21 828 14.881 7.481 3/ 8 #xxsTRACK SECTION BOUNDARY®sas
17.636 34000 223.2869 19%.010 11.272 2). 848 14.896 7.467 6 KING SW TO LAP
18.9838 34 901 243 000 190.603 11.096 21,935 14,955 7.826 6/ 7 wxasTRACK SECTION BOUNDARYsssew
18.583 34,947 244 000 190 381 11.086 21 881 14. 899 7.469 7/ 8 munwTRACK SECTION BOUNDARYsm=ws
18.636 3%8. 000 243.188 180.127 11.07% 21.847 14.896 7.468 ] LAP SW TO PT
18 636 36.000 266.962 185.424 10.6889 21.762 14.838 7.408 a LAP SW TO PT
20.636 37.000 288 682 180.901 10.622 21.877 14780 7.381 8 LAP SW 7O PT
21.636 38,000 310.317 176,338 10.373 21.3593 14.722 7.293 8 LAP SW TO PT
22 636 38,000 331 .868 172.104 10.118 21.308 14.668 7.236 8 LAP SW TO PT
23. 201 39,963 344.000 169.9%20 9.0871 21 .460 14.632 7.204 8/ 9 wx3aTRACK SECTION BOUNDARYzmax
23 636 40,000 383.3981 167.483 9.839 21 %502 14.660 7.232 9 PT TO BR. RET.
24 636 41,000 374.900 162. 388 8. 576 21.%98 14,726 7.297 9 PT TO GR. RET.
25.636 42,000 396. 546 187.381 9.286 21.694 14,791 7.362 1] PT 7O GR. RET.
26.636 43.000 418.288 181.873 8 999 21.790 14.697 7.427 9 PT TO BR. RET.
27.58% 43,949 439.000 146.418 8.731 21.881 14,919 7.489 9/10 =s=sTRACK SECTION BOUNDARY=saw
27.636 44,000 440.124 146 116 8. 717 21.811 14.871 7.442 10 GR. RET
28.636 4%.000 461,287 140.879 6.484 20.456 13.947 6.346 10 OR. RET
29 636 46, 000 481,033 136.734 8.337 19.100 13.023 3.707 10 GR. RET.
30.636 47.000 499, 4%8 133.733 8,266 17,748 12.099 4.926 10 BR. RET
3} .636 48 000 816, 328 131.878 8.2%7 16 390 11.178 4.202 10 GR. RET
32.636 49 000 832.237 131.168 8 317 15 038 10. 231 3. 336 10 GR. RET
33.096 49 439 339000 131.229 B8 368 14.412 9 827 3 249 1w0/1 wesaTRACK SECTION BOUNDARY=xmz
33 636 50. 000 $46.793 131 433 8433 14.412 9.827 3.249 n
34 273 50.639 336 000 131.627 8,812 14 412 9. 827 3.249 11712 SECTION BOUNDAR
34.34% S0.709 387 . 000 131.649 8.520 14 279 9.736 3.189 12713 SECTION BOUNDARY
34.636 81 .000 361.188 131.760 8.586 14296 9,719 3.179 13 2 TO HF 2
Figure 4. Distance headway versus distance for trial run 2 of Yermo Yard.
PLOT OF HEADWAY IN FEET (DOWN) VS. DISTANCE IN FEET (ACROSS)
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distance, (b) speeds of all cars versus distance, and (c)
distance headways between all cars versus distance
(Figure 4).

APPLICATION OF THE MODEL

The sample application problem described in this sec-
tion is based on a modified specification for the Union
Pacific Railroad's Yermo Yard in southern California.
The hump profile design requires several levels of
decision making on cost- and performance-related
matters. The considerations on cost and performance
would be reflected in the retarder types to be used,
hump-crest height, humping speed, impact speed, and
number of mis~-switched cars. After having determined
the-type of retarder and retarder configuration to be
adopted, the designer must iteratively examine both the
horizontal and vertical design to arrive at a final design
that satisfies the specified goal.

The application problem discussed here is only one
stage of the process of hump profile design in which a
given profile design is evaluated and modified to a better
design through iterations of PROFILE runs.

The design, as used in trial run 1 (not shown in the
figures) in this example, has a master retarder of 28.3 m
(93 ft) and three group retarders of 30.5 m (100 ft).
Each group retarder leads to 10 classification tracks.
The distance between the hump crest and the tangent
point of the outermost track is 323.4 m (1061 ft).

The runs for this design were based on the simulation
of a conventional hard/easy/hard-rolling triplet of cars.
A worst-case condition was assumed: Since the easy-
rolling car is going to a nearly full-class track, it must
be retarded to a low target speed by the tangent point
[9.6 km/h (6 miles/h)]; meanwhile, since the hard-
rolling car must penetrateas far as possible an adjacent
empty-class track, its retardation is minimal.

The objective of the study was to test the feasibility
of the design by examining the following design require-
ments:

1. The hump speed is at least 4.0 km/h (2.5 miles/h),
3.67 cars/min.

2, The hard roller must not stall before the tangent
point.

3. The maximum speed of the easy roller at the
tangent point is 9.6 km/h (6 miles/h).

4, The maximum speed of a car in the switch seg-
ments is 24 km/h (15 miles/h).

5. The coupler-to-coupler headway is at least
15.2 m (50 ft) at each switch.

6. There is never more than one car in the same
retarder at any time.

7. No catch-ups should occur before the clearance
point of each track.

The major assumptions used in the design process
were the following:

1. Only static rolling resistances apply.

2. The hard roller has a rolling resistance of 9
N/KN (18 Ibf/ton-f) between the hump crest and the exit
from the group retarders and 9 N/kN (10 lbf/ton.f)
thereafter.

3. The easy roller has a rolling resistance of 2 N/
kN (4 Iof/ton.f) between the hump crest and the exit
from the group retarder and 1 N/kN (2 Ibf/ton-f) there-
after.

4, The velocity head loss attributable to each switch
is 0.018 m (0.06 ft) when the car travels along the
curved track and is assumed to be zero if a car travels
on the straight track. This value is constant for all
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turnout numbers.

5. The velocity head loss attributable to a curved
section of track is 0.012 m (0.04 ft) per degree of
deflection angle.

6. The average car length is 18.3 m (60 ft).

7. The average car weight is 58 Mg (64 tons) for the
hard roller and 122 Mg (135 tons) for the easy roller.

8. The extra weight of the car attributable to wheel
rotation is 0.91 Mg (1 ton).

9. The wind resistance is zero.

A general interactive and iterative design procedure
was used here to select an example design. The steps
in this procedure are the following:

1. Select the configuration and type of retarder and
the method of retardation.

2. Determine the car-speed constraints at the
tangent point and at other points along the track.

3. Design a trial horizontal layout.

4, Determine the hump height from steps 2 and 3.

5. Select the trial grades along the track.

6. Run PROFILE.

7. Examine the output. If the result is satisfactory,
go to step 8. If the result shows speed violations, go
back to step 3. If the result contains catch-up prob-
lems, go first to step 5. If the catch-up problem cannot
be solved by changing grades, go to step 3.

8. Determine whether any segment, especially the
retarder segment, is excessively long; if so, go to step
3. Otherwise, the design is complete,

It should be noted that other procedures not shown here
have been developed to enable the PROFILE user to
select a hump speed and a retarder control policy.

The example discussed here illustrates one step of
the interactive and iterative design procedure presented
above. The objective in trial run 2, the partial output
of which is shown in Figures 2-4, was to try to eliminate
the master retarder. This change necessitated shorten-
ing the distance between the hump crest and the first
switch by 6.4 m (21 ft), which shortened the distance to
the tangent point to 317.0 m (1040 ft). A comparison
between the collision-related output for trial run 1 (not
shown) and the same information for trial run 2 (Fig-
ure 2) revealed that the collision point decreased
from 398.1 to 334.0 m (1306-1099 ft) from the hump
crest. Since the latter value is still well past the
clearance point (in fact, past the tangent point), the
design of trial run 2 satisfies the design requirements.
Examination of other performance measures output by
the model, as shown partially in Figures 2-4, reveals
that all other design requirements are also met by the
design of trial run 2. Under the assumptions used in
this example, the design changes effected between trial
runs 1 and 2 demonstrate a considerable cost reduction
and point up the advantage of having the PROFILE model
available to try such "what if'' experiments.

Figure 3 shows a part of the output for car 2 (the
easy roller). All of the necessary data related to the
movements of car 2 are included in this table.

From the plot of speeds of the cars as a function of
distance (not shown) or data such as those in Figure 3,
it has been determined that the easy roller in trial run
2 attains a maximum speed of slightly less than 24 km/h
(15 miles/h). This satisfies the maximum-speed con-
straint in the switching area. It can also be verified
that the easy roller satisfies the 9.6-km/h (6-mile/h)
speed constraint at the tangent point and that the un-
retarded hard roller satisfies both speed constraints.

Figure 4 shows a plot of distance headway between
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successive cars. The number 2 indicates the headway
between cars 1 and 2, and 3 indicates the headway be-
tween cars 2 and 3. Figures 3 and 4 show that suf-
ficient headway exists between cars to detect individual
cars and to throw the switch in all switch segments.

FURTHER WORK AND CONCLUSIONS

Further work is in progress to enhance the interactive
capability of the PROFILE program. Specifically,
simplifying the user input procedures and increasing
the amount of graphical output are being considered.
In addition, more work is required to characterize
and quantify the nature of car rollability. Freight-car
rolling behavior, which is essentially an input to
PROFILE, is a critical determinant of the final profile
design.

This paper has shown that PROFILE can be used to
eliminate the tedious manual process of evaluating
hump profile designs by using scale drawings. In addi-
tion, PROFILE gives a precise prediction of catch-up
problems between cars. The program allows the yard
designer to evaluate many more design alternatives
than it was previously possible to evaluate, thus
ensuring production of the most cost-effective design.
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Conflicts Between Urban Areas and
Railroads: A Status Report

Richard G. McGinnis

The development of conflicts between urban areas and railroads in the
United States is examined, and the nature and magnitude of the cur-
rent problems and present and past efforts to resolve them are described.
Many American cities developed primarily as a result of the railroads,
but changes in urban activities and transportation operations have al-
tered somewhat the relation between the cities and railroads, Contin-
uing expansion of urbanized areas and increases in vehicle travel have
intensified the conflict. Cities have reacted by pushing for elimination
of railroad-highway grade crossings and, in some cases, for consolida-
tion, relocation, and/or removal of railroad tracks from the center city.
Many city planners see the railroads as a hindrance to rejuvenation ef-
forts. insome cities, underutilized raiiroad properties are in strategic
locations that could be important in urban redevelopment plans. High-
volume rail lines that pass through congested downtown areas can
cause massive traffic jams and delays unless crossings are grade sepa-
rated. Railroad-highway grade crossings pose safety problems to the
motorist and restrict mobility, which is particularly important for
emergency vehicles. In addition, the slow train speeds mandated by

local municipalities, frequent grade crossings, and large numbers of
trespassers are not compatible with efficient railroad operation. But
new rail routes are difficult to locate and expensive to build, and
there are many implementation problems involved in other, less ex-
pensive solutions, such as consolidation or abandonment.

Conflicts between U.S. railroads and urban com-
munities have existed, to varying degrees, ever since
railroad operations began in 1830, Initially, most of
the concerns about urban railroads had to do with
safety, Safety problems included dangers associated
with grade crossings, runaway trains, and derailments.
However, since train speeds through towns were rela-
tively slow and vehicle traffic crossing tracks was of
low volume, the safety of rail operations in urban areas
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was of relatively minor importance during the 19th
century.

Although concerns about conflicts between urban
areas and railroads were articulated frequently during
the early development of the railroads, most cities
realized the great economic advantages inherent in rail-
road development. Thus, community leaders often com-
peted fiercely to entice railroads to locate in their com-
munities rather than in neighboring towns. Towns
located at railroad terminals and transshipment points
grew rapidly in population,

Initially, inefficient means of overland transport
encouraged most new urban development to occur close
to the rail lines and to form linear and radial types of
development patterns. The desirability of being close
to railroads began to decrease as train operations in-
creased in speed and frequency and highway transporta-
tion improved. By the early 1900s, conflicts between
motor vehicles and trains at grade crossings were be-
coming a major safety problem. Rail lines were
physical and sometimes psychological barriers that
separated one type of a neighborhood or land use from
another type, and residents were becoming less tolerant
of the adverse environmental impacts of the trains.

By 1920, the railroads' dominance of the transporta-
tion market was beginning to wane. The near-monopoly
enjoyed by the railroads during their first 90 years of
operation was being threatened by the truck and the
automobile while government was imposing tighter con~
trols on railroad operations. Cities were reacting to
their growing conflict with the railroads by planning
for grade separations, studying possibilities for railroad
relocations, and implementing ordinances to control
train operations through towns.

Between 1929 and 1970, railroad consolidations and
abandonments resulted in a 17 percent decrease in
kilometers of railroad lines, to 332 685 km (206 265
miles). More efficient freight operations, because of
longer trains with higher-capacity freight cars, per-
mitted a 30 percent reduction in train kilometers,
although ton kilometers of freight increased by 71
percent (1).

Much of the new urban development that has taken
place since 1920 has occurred at population densities
lower than those that prevailed before 1920. The
greater flexibility provided by automobiles allowed
residents to move farther away from established em-
ployment centers and rail transportation facilities,
Expansion of the urban street system and concomitant
increases in volumes of motor vehicle traffic resulted
in an intensification of the problem of highway-railroad
grade crossings.

CURRENT PROBLEMS

The nature and magnitude of conflicts between railroads
and urban areas vary widely among communities but can
usually be classified into one of five categories: safety
problems, mobility constraints, environmental prob-
lems, land use conflicts, and railroad operational
problems,

Safety Problems

Concern about the safety of railroad operations in
urban areas is probably the most common problem aired
in discussions of railroad relocation projects, Most
safety problems arise from conflicts involving railroad-
highway grade crossings, fears about train accidents
involving rail cars that are carrying hazardous ma-
terials, or dangers to pedestrians and trespassers.
Concern for safety at railroad-highway grade cross-
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ings has resulted in the construction of grade separa-
tions or installation of gates and/or flashing lights at
some of the more dangerous crossings. However, of
the 95 102 grade erossings in urban areas, 65 228 still
have only passive warning devices, such as crossbucks
and stop signs (2).

Current accident statistics do not provide for break-
downs between urban and rural accidents. It has been
estimated, however, that 60 percent of accidents at
highway-railroad grade crossings occur in urban areas
(3). Estimates for 1977 (4) are that 7375 accidents
occurred at urban railroad-highway grade crossings,
including 375 fatalities and 2775 injuries. If we use
values established by the National Highway Traffic
Safety Administration for the societal costs of fatalities
and injuries (5) and update these values to 1978 dollars
by using a 6 percent annual inflation rate, the total eco-
nomic cost to society of railroad-highway grade-crossing
accidents in urban areas is estimated to be about $150
million/year.

Seventy percent of the ton kilometers of transporta~-
tion of hazardous materials in the United States is by
rail, During 1975 and 1976, railroads were responsible
for only 2 fatalities involving hazardous materials and
trucks for 43 (6). Of the 1977 fatalities that involved
hazardous materials, 4 were caused by railroads and
30 by trucks (7). Because of the safety advantage that
railroads have over trucks in the movement of hazardous
materials, it is likely that railroads will continue to
transport major quantities of hazardous materials in
the future,

Hazardous materials, which include toxic materials,
explosives, flammable products, corrosive substances,
and radioactive materials, present potentially cata-
strophic dangers to the urban areas through which they
must pass during transport. Because the main lines of
many railroads pass through urbanized areas, it is very
difficult, if not impossible, to route these materials
around cities., Extensive precautions are taken by the
railroads when they move hazardous materials; how-
ever, the tremendous volumes of these materials that
are being moved by rail increase the probability that
some accidents will occur, although this probability is
significantly lower than it would be if movement were
by truck.

During 1977, 525 pedestrians and trespassers were
killed on railroad facilities, Trains and railroad yards
have always been an attraction, especially to children,
Seven~-eighths of the people killed were illegally tres-
passing on railroad propertingf. Applying the values
used in the grade-crossing ysis for societal costs
of fatalities, a societal cost of $185 million/year can
be placed on railroad-pedestrian casualties,

Mobility Constraints

Non-grade-separated railroads in urban areas act as
barriers to highway and pedestrian transportation, and
delays are experienced at grade crossings whenever a
train occupies the intersection. Furthermore, street
networks are often distorted so that drivers must travel
a circuitous route to get from one side of the tracks to
the other. Travel delays are especially detrimental to
emergency vehicles, and some communities have had to
build additional police stations and firehouses to ensure
that essential services are available to both sides of
the track at all times. The annual cost of time delays
and additional operating costs attributed to urban grade
crossings in the United States is estimated to be about
$1 billion in 1978 (8).

Railroads have historically created psychological
barriers in urban areas, often separating neighborhoods
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of differing ethnic or socioeconomic characteristics,
which sometimes leads to designations of certain areas
as the "right" side or "wrong' side of the tracks. Some
city planners also feel that railroads that limit access
to a central business district (CBD) are preventing, or
at least inhibiting, revitalization of the center city.

Few data exist to show whether or not removal of a
railroad would eliminate the psychological barriers that
have developed over long periods of time. However,
most studies have concluded that railroad relocation is
not a panacea for revitalizing urban areas.

Environmental Problems

Most railroads were designed and constructed at a time
when function rather than environmental compatibility
was the primary design criterion. This philosophy car-
ries over today in freight car design, right~of-way
maintenance procedures, and the architecture of many
railroad facilities and generally has a negative effect
on the aesthetics of bordering neighborhoods.

In addition to negative impacts on the visual quality
of an area, railroads produce noise, vibrations, air
pollution, and, in some areas, water pollution.

The magnitude of these environmental problems in-
creases with the density of train operations and the
population density of the areas adjacent to the railroad.
Noise problems emanate from such factors as train
horns, locomotive noises, the squeal of brakes and
steel wheels on sharp curves, grade-crossing warning
bells, and classification yards. Noise problems are
worse in the vicinity of grade crossings because of the
legal requirement in most states that trains sound their
horns before each grade crossing as a warning to
motorists.

The environmental intrusion of the railroad is re-
flected in the value of land ajacent to the right-of-way.
The negative impact of railroad operations on property
values is greatest for residential areas; thus, decreases
in property values close to railroads are a measure of
the "cost" of the environmental degradation caused by
the presence of the railroad.

Land Use Conflicts

Railroad facilities, particularly in urban areas, often
restriet higher-value land use. Many cities have CBDs
that contain sizable tracts of land owned by railroads,
and in some cases these facilities are abandoned,
out-of-service, or underutilized by the railroads.
Freeing this land for other land uses could be an im-
portant first step in revitalizing the CBD.

Even if the railroad facilities are currently being
fully used, restructuring of rail operations, including
relocation of some facilities, may prove to be cost-
beneficial for community development reasons., Over
the years, changes in railroad operations may have
obviated the need to have certain operations in down-
town business districts.

Railroad Operational Problems

Railroads are not able to operate as efficiently in urban
areas as they do in less congested rural areas. Most
operational problems associated with urban operations
can be attributed to two causes: slow running speeds
and large numbers of grade crossings.

Grade~crossing accidents, in addition to killing and
injuring many people, inflict time and money costs on
the railroads. These costs result principally from
disruptions in operations, filing of accident reports,
damages to equipment, and liability suits. In addition,
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most states require the railroads to maintain grade-
crossing warning devices and crossing surfaces.

Many local municipalities have ordinances that set
maximum running speeds for trains through urbanized
areas, In some cities, the tracks actually run right
down the middle of busy downtown streets and trains
are restricted to maximum speeds of 8 km/h (5 miles/
h). These low speeds, while necessary for safety rea~
sons, delay train movements, increase labor costs,
and decrease equipment utilization, all of which leads
to inefficient operation. In 1970, the annual cost to the
railroads associated with low-speed operation in urban
areas was estimated to be approximately $75 million-
$100 million (8).

PRESENT AND PAST EFFORTS TO
RESOLVE CONFLICTS

Conflicts between railroads and urban areas can be
ameliorated in either of two ways. The most common
way, and usually the less expensive one, is to modify
the railroad-urban area interface so that the conflict is
either eliminated or minimized. Warning devices and/
or grade separations at grade crossings, elevation or
depression of rail lines, and installation of buffer zones
or barriers along rail lines are examples of methods
that can be used to reduce conflicts between urban
areas and railroads. A second approach is to remove
the railroad by either abandoning it or relocating it.
These solutions are usually considerably more expen-
sive than the above method, but they do entirely
eliminate the conflict.

Grade-Crossing Protection and
Elimination Programs

Background

From 1920 to 1930, the railroads carried out an ex-
tensive program of grade separations and grade~
crossing protection. During this period, the casualty
ratio [(injuries + fatalities) x 10**]/(train kilometers x
vehicle kilometers) dropped almost 70 percent, from
98.3 to 30.4. After 1930, there was a four-year period
when the railroads stopped spending and almost nothing
was done to improve grade crossings, Starting in 1935,
some special federal programs to improve safety at
railroad-highway grade crossings were initiated and
carried forward to the war period, After the war,
grade~-crossing work was again resumed, and sub-
stantial amounts of money from federal-aid highway
programs were used (9).

The Federal-Aid Highway Act of 1944 amended the
law to provide special funding ratios for projects that
would eliminate railroad-highway grade~crossing
hazards on the federal-aid system. Under the pro-
visions of this law, as much as 100 percent of the con~
struction cost and 70 percent of the cost of right-of-way
acquisition of such projects can be paid from federal
funds. As much as 10 percent of the total federal-aid
highway system funds apportioned to each state in any
year can be spent by using the above ratios. Additional
grade-crossing projects can be undertaken at the regular
(usually 70 percent) funding ratio (9).

Increased congressional interest in railroad-highway
safety and in the urban railroad problem led to the
Railroad Safety Act of 1970 and the Highway Safety Act
of 1970. These acts required the Secretary of Trans-
portation to make a comprehensive nationwide study of
railroad-highway grade-crossing safety (3) and report
his recommendations to Congress (10).

The Highway Safety Act of 1973, as amended by the
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Highway Safety Act of 1976, provides funding at a 90:10
ratio for grade-crossing safety improvements. Proj-
ects for crossings on the federal-aid system can be
financed with Highway Trust Fund money, whereas off-
system projects must be financed from general fund
appropriations. At least half the funds authorized and
expended must be for protective devices. In addition,
the states are required to conduct and maintain a survey
of all grade crossings that may require separation,
relocation, or protective devices and implement a
schedule for this purpose (9).

Problems with Current Programs

Possibly the greatest problem in improving safety at
grade crossings has been in increasing the rate of in-
stallation of active warning devices. Although reliable
figures on the rate of installation of these devices are
difficult to obtain, it appears that the current rate is
somewhat higher than that of the early 1970s. However,
it continues to fall short of achieving the goal of 3000
active warning devices/year recommended by the 1972
report to Congress.

Active warning devices have traditionally been
regarded as an effective means of significantly reduc-
ing the number of accidents at grade crossings. A
study of the number of accidents at 1552 crossings
in California before and after active warning devices
were installed (11) supports this view. The study found
that, in California, the relative accident expectancy at
similar crossings that have standard devices is as
follows: 1.00 for crossings with crossbucks, 0.33 for
crossings with flashing lights, and 0.13 for crossings
with automatic gates. For example, if 100 accidents
were expected at a crossing where the warning device
used was crossbucks, the installation of flashing lights
would reduce the expected number of accidents to 33
and the addition of automatic gates would reduce it to
13. Other studies have shown that train-activated
devices reduce accident severity in addition to reducing
accidents.

Rates of accident severity by type of warning device
faccording to data given in Federal Highway Administra-
tion (FHWA) Notice N5120.3 of November 1975] are
given below:

Fatalities per Injuries per

Accident Accident
Device Rural Urban Rural Urban
Crossbucks 0.32 0.13 0.82 0.55

Flashing lights 0.19 0.10 0.42 0.45
Automatic gates  0.09 0.04 0.27 0.28

Relocation and Consolidation Programs

A joint report written by FHWA and the Federal Rail~
road Administration (FRA) in 1976 (12) discussed the
nature of conflicts between urban areas and railroads
and estimated the magnitude of the problem in the
United States. By using an analysis performed by the
Stanford Research Institute, estimates of $1.8-1.9
billion were given for the cost of consolidation and
relocation projects in which benefits could be expected
to exceed costs.

As part of its study, FHWA conducted a survey of
the states and railroads to determine the number of
projects that had been completed since 1950 and the
number that are currently in some stage of planning.
The results of this survey are given in Table 1(8, p.
52).

Section 163 of the Federal-Aid Highway Act of 1973
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authorized 12 cities to develop demonstration projects
for relocation of railroad lines and/or elimination of
railroad-highway grade crossings. The Federal-Aid
Highway Amendments of 1974 and the National Mass
Transportation Assistance Act of 1974 each added one
additional city. Four more cities were added by the
Federal-Aid Highway Act of 1976, and the 19th and
final city was authorized by the U.S. Department of
Transportation and Related Agencies Appropriation
Act of 1977. As of December 1978, $548.4 million had
been authorized for the demonstration cities.

Table 2 (13) gives the cities that are currently in-
cluded in the demonstration project and their share of
obligated federal funds as of December 31, 1978, The
table also includes 1978 cost estimates for each of the
projects.

HINDRANCES TO FUTURE PROGRESS

There are many obstacles to implementing solutions to
conflicts between railroads and urban areas. These
obstacles can be grouped into four categories: financial,
institutional, statutory, and operational.

Financial Obstacles

High Cost of Projects

Perhaps the single most important obstacle to relieving
conflicts between urban areas and railroads is the high
cost associated with these types of projects. Estimates
of implementation costs for individual projects in the
FHWA demonstration program run as high as $114
million.

If relocation must be accomplished by establishing a
new railroad corridor, the cost will be high, particularly
if new right-of-w : 'nust be purchased. In addition to
the high cost cf Lind for right-of-way in urban areas,
construction costs of approximately $465 000/track-km
($750 000/track mile) are not uncommon. If other
structures and facilities are required, costs can be even
higher. To get full benefit from the relocation, it is
usually necessary to provide for grade separation of the
highways that cross the railroad right-of-way. One
grade separation can cost as much as several million
dollars. Additional costs arise from the use of track
and signal devices required to connect the new corridor
to the existing rail lines.

When railroad relocation is carried out by con-
solidating several railroads into an existing railroad
corridor, costs are usually lower. Costs, in this case,
are determined in part by the amount of connecting track
needed, the sophistication of the signalization required,
and the capacity and level of classification of the up-
graded track.

Financial Condition of Cities and
Railroads

According to the report of the Stanford Research In-
stitute on urban railroad relocation (8), not more than
10 percent of cities that experience serious conflicts
with railroads would be willing (or able) to contribute
more than 10-20 percent of project costs. Much of the
U.S. railroad system is suffering from problems
similar to those of the cities. Maintenance and
operating costs are increasing faster than revenues.
The past practice of many railroads of deferring
regular maintenance has contributed substantially to
the problem. Poor track conditions, undependable
motive power, and car shortages have also led to a
general decline in service. Many railroads have been
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Table 1. Summary results of survey of completed and
proposed relocation projects.

Completed Projects Proposed Projects

Cost ($000s)" Cost ($000s)*

Type of
Project Number Average Total Number Average Total
Relocation 69 3385 233 565 32 6912 221 184
Consolidation 21 927 25029 35 2 804 98 140
Combination relocation
and consolidation 32 5554 177 728 45 12 659 569 655
Elevation 22 9716 213 752 15 9 887 148 305
Depression 20 5117 102 340 7 10 081 70 567
Relocation of yards
and terminals 50 56317 281 850 21 17 069 358 449
Unspecified 1 4518 31626 30 10 196° 305 8617
Total 2217 1065098 185 1772 1687
"In 1973 dollars. :
b Average cost for all planned projects was used.
Table 2. FH_WA Railroad-Highway Demonstration Federal Funds  Estimated
Program projects. Type of Obligated® Project Cost®
Project City ($000s) ($000s)°
Relocation Elko, Nevada 8 851 26 000
Lincoln, Nebraska 1998 31 600
Wheeling, West Virginia 96 24 800
Carbondale, Illinois 2 263 63 200
East St. Louis, Illinois 2 881 21 100
Springfield, Illinois 3579 114 300
New Albany, Indiana 2 575 2 700
Brownsville, Texas/
Matamoros, Mexico 1210 24 400
Lafayette, Indiana 360 61 800
Hammond, Indiana 589 57 000
Metairie, Louisiana 251 40 000
Augusta, Georgia 306 97 000
Pine Bluff, Arkansas 255 55 400
Grade separation Blue Island, Illinois 230 5 900
Dolton, Illinois 210 4 500
Anoka, Minnesota 2 987 3 600
Greenville, Texas 353 8 200
Sherman, Texas®
Terre Haute, Indiana 285 6 000
Total 29 279 645 500

°As of Dec. 31, 1978.

® Federal share is now 95 percent for all cities in the program

“1n 1978 dollars,

dWithdrew from the demonstration program

forced into bankruptcy, and others are only marginally
solvent,

Even the financially strong railroads are unable to
provide much support for relocation projects. The poor
condition of the industry as a whole [an average 1.26
percent rate of return on investment in 1977 (1)] has
generally made it difficult for railroads to raise cash
in the equity markets. Even if the railroads are able
to regain the confidence of the private investment com-
munity, it is not likely that they would be eager to
finance railroad relocation projects. Dollar benefits
to the railroads from urban railroad relocation are gen-
erally small and can even be negative. (Railroad bene~-
fits average about 20 percent of total benefits for the
FHWA demonstration cities that have filed financial
reports. However, railroad benefits are as low as 1
percent of total benefits for one city.) There are bene~
fits to be derived from improving the public image of
railroads, but these benefits contribute little to financial
integrity. Furthermore, if new equity became available
to the railroads, they would be interested in funding
projects of their own that would produce much higher
rates of return than relocation projects.

Limited State and Federal Funding
A 1975 survey of geveral states indicated an unwilling-

ness on the part of the states to finance urban railroad
relocation projects (8). Most states reported that they

were not even able to handle their current highway needs
with existing funding and that additional funding sources
would be needed for railroad relocation. Since 1975,
the increased maintenance requirements of the aging
Interstate and federal-aid highway systems have
worsened the financial condition of most state highway
departments and left little, if any, money for rail-related
projects.

The federal government is seen by most officials
to be the only entity capable of funding urban railroad
projects. Congress has authorized the current Railroad-
Highway Demonstration Program, but there is some
question as to whether there will be sufficient funds to
complete the demonstration program.

Inflation

Since the inception of the Railroad~-Highway Demonstra-
tion Program in 1973, the United States has been in a
period of high inflation, particularly in the construction
industry. The Federal-Aid Highway Act of 1973
authorized a total of $90 million for its 12 designated
demonstration cities. As of December 1978, FHWA
estimated the costs of these projects to be more than
$300 million. The current estimated total cost of the
entire 18-city demonstration project is $646 million

(in 1978 dollars). At current rates of inflation, this
price tag could increase by as much as $60 million each
year the projects are delayed.
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Institutional Obstacles

Multijurisdictional Problems

In most railroad projects of any magnitude, the operat-
ing and environmental impacts generally extend to more
than one locality. In some cases, project limits extend
beyond state boundaries and even national boundaries
(the Brownsville, Texas, demonstration project, for
example, is a joint U.S.-Mexico undertaking). Agree-
ment on a final plan c¢an be difficult when individual
jurisdictions have different goals, priorities, and
resources. Local jealousies, unequal distribution of
project benefits and negative impacts, and conflicting
objectives can hinder the acceptance of a unified plan
of action.

Governmental Conflicts

Localities not included in the FHWA Railroad-Highway
Demonstration Program must compete for other limited
federal and state funds. One of the most likely sources
of funds for railroad relocation is the federal funds
available for eliminating hazards at railroad-highway
grade crossings both on and off the federal-aid highway
system. These funds are administered by FHWA and
are given to the state highway and/or transportation
departments for allocation to specific projects. The
selection criteria used at the state level in disseminating
these funds may make it very difficult for an urban rail-
road project to qualify for these funds on a priority
basis.

Intraindustry Competition

Railroads are private enterprises that operate in a
regulated, but nonetheless competitive, environment.
Railroads compete with other railroads as well as with
other modes of transportation. Competitiveness between
railroads often surfaces in relocation projects. Some
of these projects involve the consolidation of rail lines
of more than one company into a single corridor, which
may require joint use of a right-of~way or even joint
use of track, When two railroads share the use of the
same track, one usually assumes the responsibility for
operational control and maintenance while the other
pays trackage-right fees to cover its share of the costs.
Satisfactory agreements between railroads are some-
times difficult to negotiate.

Railroad-Labor Relations

Railroad-labor conflicts usually emerge in relocation
projects that involve the elimination of a railroad yard
or restructuring of a terminal area. Union contracts
generally have written into them a specific reporting
location for the employees. If a railroad yard is
relocated or its use changes, it will probably be neces-
sary to negotiate new contracts with the unions involved,
particularly if the reporting location is changed,

Local Conflicts

In most railroad relocation projects, some segment of
the population will be adversely affected. It is virtually
impossible to relocate a railroad in an urban area with-
out some dislocation. Residents who are close to the
project but not close enough to be displaced may also
be adversely affected.

Negative impacts can evolve from the visual in-
trusions, vibration, noise, air pollution, and dangers
associated with the higher volumes of highway traffic
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that result from altered travel patterns. Increased
volumes of train traffic because of rail-line consolida-
tion can have similar impacts on homes and businesses
in the vicinity of the tracks. Bridges and other struc-
tures associated with relocation projects can affect the
aesthetics of an area and, in doing so, lower property
values. Strong neighborhood opposition to relocation
plans may develop and result in the slowing down or
termination of the project. In many cases, the phi-
losophy is, "Let's get the railroad out of downtown,
but don't put it in my neighborhood."

Lack of Lead Agency

Railroad relocation projects have no strongly unified
proponents at the state or federal level. The existing
congressionally sponsored demonstration program
has been criticized for its special-interest orientation.
One of the main reasons for the lack of unified
support for railroad relocation has to do with the nature
of project benefits. Most railroad relocation projects
are characterized by a wide dispersion of benefits and
low benefit/cost ratios (0.65-1.55 for the FHWA dem-~
onstration cities). The benefits include savings in
highway-user travel time, reduced potential of highway-
railroad grade~-crossing accidents, improved mobility
for emergency vehicles and other highway users, reduc-
tion or elimination of the frustrations associated with
waiting for trains to clear grade crossings, removal
of rail facilities that are contributing to urban blight,
removal of barriers between neighborhoods, improve-
ment of area aesthetics, release of urban land for
redevelopment, increased tax base, opportunity for
economic development and urban renewal, improve-
ment in railroad operations and in the public image of
railroads, and a reduced probability of major catas-
trophies resulting from accidents involving hazardous
materials. In most relocation projects, the benefits
that accrue to any one segment of the population are
not sufficient in themselves to justify funding the project.
Although the total aggregated benefits may justify
project costs, the disaggregated benefits are not great
enough to get the attention of special-interest groups.

Statutory Obstacles

Statutory Limitations of Local
Governments and Authorities

Local government units receive their legislative and
operating authority from the state. Therefore, the
statutory abilities of local governments to carry out
railroad relocation projects vary from state to state.
The problems that typically arise in connection with
relocation projects are problems of debt limits and
taxing abilities.

The amount of bonded indebtedness that a munic-
ipality can carry is usually limited to a set percentage
of the municipality's tax base. For most communities,
it is unrealistic to assume that relocation projects can
be funded by floating municipal bonds. The report by
Moon (8) estimates that the costs of railroad reloca~-
tion projects, as a share of municipal outstanding debt,
average from about 30 percent for communities of
50 000~100 000 to 141 percent for communities of
5000-10 000. Some areas have avoided the indebtedness
limit by establishing a special-purpose authority to
conduct the relocation project. Such authorities have
their own indebtedness limits, which can be used
entirely for their stated special purpose.
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Interstate Commerce Commission and
State Public Utility Commission
Requirements

Because of their heavy involvement in interstate com-
merce, railroads are closely controlled by the Inter-
state Commerce Commission (ICC). Any modification
of railroad operations in a community that is sub-
stantial enough to benefit that community will un-
doubtedly require ICC approval.

The ICC approval process can be lengthy, partic-
ularly if any opposition to the project exists. In rail-
road relocation projects, it is sometimes proposed
that rail service to local industries located on Light~
density lines be eliminated. Because of the prospects
of increasing freight costs, these industries may choose
to plead their case before ICC, which can delay or even
block the relocation project. The Railroad Revitalization
and Regulatory Reform Act of 1976 attempted to speed
up the ICC process by stipulating maximum time limits
for the ICC approval process for railroad mergers,
consolidations, and joint use of tracks or other facili-
ties,

In addition to the ICC requirements, most relocation
projects contain elements that come under the jurisdic-
tion of state public utility commissions (PUCs) or
similar organizations, Typically, highway-railroad
grade crossings are controlled by the state PUC, as
are railroad abandonments and consolidations.

Railroad Title Problems

In some relocation projects, railroads have had dif-
ficulty in producing clear titles for the lands that they
want to sell. Sometimes the railroad holds only an
easement for the property that is valid only if the
property is used for railroad purposes. Sometimes
the railroad's ownership of the land is subject to
reversion to the previous owner's heirs if the railroad
is abandoned. The problems of reversionary interest,
easements, and other legal clauses in the original
transfer documents add considerably to the cost and
time involved in acquiring railroad rights-of-way. In
some states, condemnation may be necessary in order
to obtain clear title.

Another problem occurs when a railroad is not able
to define clearly what land it actually owns., Conflicting
deed descriptions, nonexistent deeds, and undocumented
right-of-way maps add to the problem of obtaining clear
title to railroad lands. Currently, much of the railroad
property in the Northeast and the Midwest is, in some
way, under the control of bankruptey-court-appointed
trustees. Sale of these properties must be approved
by the trustees, which may be difficult. Even railroads
not involved with bankruptcy procedures may have
trouble disposing of land because of mortgage restric~
tions. In certain loans made to railroads, land has
been used as collateral, and it cannot be sold without
restructuring the loan agreements, which generally
results in higher interest being charged to the railroads.

Operational Obstacles

A feasible plan for railroad relocation must consider
the needs of both the urban area and the railroads. The
general public does not adequately understand railroad
operations. Professionally trained urban planners
usually have little experience in railroad operations
and have historically tended to plan around the rail-
roads. On the other hand, consultants sometimes

hire former employees of railroad engineering depart-
ments, whose perspective is often very narrow.
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The tendency of people who are not experienced in
railroad operations is to oversimplify operational
needs. Problems arise when railroad officials reject
community~generated relocation plans because of
technical deficiencies. Community planners and
engineers are unable to separate justifiable railroad
operational needs from dispensable railroad demands.
Thus, good, workable solutions to urban railroad prob-
lems are often difficult to achieve.

Train Speed and Length

A common complaint of communities is that trains take
too long to clear a grade crossing and therefore cause
massive traffic backups. In some cases, cities have
passed laws that limit the time a train can block a
railroad-highway intersection. Since most of these
cities have also legislated maximum speeds for trains,
their time restriction in fact becomes a restriction on
train length, and this affects the railroad's ability to
operate more efficiently by running long trains with
small crews.

Joint Use of Track

Many railroad relocation plans call for two or more
railroads to share the use of the same track or set of
tracks. In addition to the problems that arise from
railroad competition, other operating factors must be
considered in planning for the joint use of track. Rail
lines in a particular city represent only a small portion
of a large, regional, integrated network of railroad
operations. Trains are usually run on preset schedules
to expedite the transfer or switching of cars from one
train to another at transfer points. Changing schedules
generally have systemwide effects on all railroads.

Conflicts may occur on consolidated trackage when
line-haul operations are mixed with local deliveries
and pickups. Stopping trains to set out or pick up
locally generated traffic can cauce delays to through
trains., Track capacity is substantially reduced when
local switching operations occupy the tracks for ex-
tended periods of time.

CONCLUSIONS

Conflicts between urban areas and railroads are wide-
spread among cities nationally, although the nature and
magnitude of the problems vary widely from city to city.
Few systematic analyses of the benefits of railroad
relocation have been conducted, but the few data that
are available indicate that benefits are quite diverse
and are usually not much greater than project costs.

In some proposed projects, benefit/cost ratios have
been less than 1,0, Consequently, urban railroad
relocation projects have generally been given lower
priority than other urban projects.

It is likely that conflicts between urban areas and
railroads will intensify in the future and that this will
cause an increased interest among cities in resolving
these problems. The U.S. Conference of Mayors has
recently become active in promoting rail relocation
projects primarily aimed at economic development.

To aid cities in their search for solutions to conflicts
between urban areas and railroads, the conference has
published a document that explains ''the real story on
rail relocation' (_1_‘2i

New federal funding directed specifically toward
urban-~railroad relocation is very unlikely. The best
way for cities to get federal assistance in solving rail-
road problems is to include railroad relocation as an
element in other urban projects. For example, it could
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be an important part of a downtown urban renewal
project or part of a highway-~transit improvement
project. Thus, railroad relocation could become a
means by which to solve specific urban problems rather
than a panacea for urban decay.
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Addendum

Robert Schumacher

Editorial comment: The first five papers in this Record were presented
in Session 3 of the 59th Annual Meeting of the Transportation Research
Board. The following remarks by a participant and the presiding officer
were made in the course of that session.

Instead of spending so much money running an expensive
train around a test track, such as the one at the Facility
for Accelerated Service Testing (FAST), why couldn't
those same tests be made along some selected main-
line track under normal traffic? Mention has been made
that wear accumulates 5-10 times faster at FAST. First,
I know of no exceptional urgency for the results, and,
second, is the wear rate that much faster than it is on

a heavy-traffic freight line in the Northeast, on the Santa
Fe or the Union Pacific?

Controlled conditions were also mentioned. What
does this mean? Of what value are controlled conditions
except as they replicate the actual conditions under which
North American railroads operate ?

The need to make measurements does not seem to be
a justification, since I know of no measurements that
could not easily be made between regularly scheduled
trains.
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Discussion
William J. Harris, Jr.

In response to Schumacher's question about testing on
main-line track instead of a test track, the more rapid
accumulation of data is important, For example, rail
must be tested under 181 million-272 million gross Mg
(200 million-300 million gross tons) of traffic before
significant trends in behavior can be established. In
revenue service, this may take 5-10 years before a new
set of choices is possible. During that time, the char-
acter of the traffic may change, thus altering the experi-
mental conditions. FAST is intended to introduce 3.7
million-4.5 million gross Mg (4 million-5 million gross
tons) of traffic per week. Thus, significant data are
available in 1 year rather than in 5 or 10, and the test
track provides much earlier information on track com-
ponent behavior than can be accumulated in revenue ser-
vice. If improvements and problems can be clearly
shown in 1 year rather than 10, great advantages can
accrue to the railroad industry. There is a need for
much more rapid progress in the evaluation of new tech-
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nology so that it can be applied to improve transporta-
tion effectiveness and safety.

The second question raised by Schumacher refers to
controlled conditions. There are many circumstances
in which one new component, such as an advanced rail
material, is used by one railroad and another new com-
ponent is used in revenue service by another railroad.
The differences in traffic are such that comparisons
within several percent are not feasible, This is another
of the basic reasons why FAST was established. The
railroad industry representatives responsible for the
planning of FAST determined that it was essential to
have uniform traffic on the test track to permit more
precise comparisons of behavior. The cars and the lo-
comotives used at FAST are identical to those in use on
U.S. railroads.

The nature of the failures in car and track components
is similar to that encountered in service, We know that
not all conditions of service are duplicated at FAST. For
example, the speed is below track hunting speed, and
any effects associated with hunting are not observed at
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FAST. Nevertheless, there are enough similarities be-
tween revenue service and FAST operations that useful
results can be obtained.

In regard to Schumacher's third question, there is no
possibility that the kinds of measurements required at
FAST can be made in revenue service. This would mean
that the train must be stopped in daylight for about 8 h
to take data on rail, ties, tie fasteners, ballast, and
other components. At FAST, cars exposed to uniform
operating conditions are taken out of service at frequent
intervals so that measurements can be made on wheels,
truck components, and other systems in the cars. There
is no way in which a track can be vacated long enough to
permit these kinds of measurements or that cars can be
exposed to uniform operations and measured in revenue
service as they are at FAST.

Railroad interest in and support of FAST are demon-
strated by the willingness of individual companies to
make available locomotives, cars, track components,
and personnel on a continuing basis.





