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A. INTRODUCTION AND BACKGROUND

EXECUTIVE SUMMARY

- Located in Syracuse, New York.

An under~tanding of car rolling resistance (roll­
ability) is 'critical in the design and operation
of railroad hump yards. Because cars are ac­
celerated by gravity, design engineers must have
a knowledge of rolling resistance to design the
hUlllp height and classification track grades and
to determine the placement and length of retard­
ers so as· to ensure proper switching ,between suc­
cessive cars on the hump and to control coupling
speeds on the classification tracks.

Despite this need, however, rolling resistance
has not been well understood, and an industry­
wide data base has not been developed. Recog­
nizing the impurtance of infonnation on rolling
resistance, the American Railway Engineering
Association (AREA) Committee on Yards and Ter­
minals recommended that this study of rolling
resistance be conducted.

This study was specifically limited to the col­
lection and analysis of existing data on car
rollability and to data that can be obtained
using existing yard sensing devices (e.g., vel­
ocity, position, time, distance-to-couple) and
yard computers. No special instrumentation of
yards, tracks, or freight cars was 1nstalled.
The objectives of the study were to:

• Characterize freight car rolling
resistance distributions in sufficient
detail for use in the design of yard
grades, the placement of switches, and
the placement and size of retarders.

• Determine the influence of a variety of
causal (physical and environmental)
factors on freight car rollability.

• Examine rollability measurement schemes.

B. MAJOR RESULTS

B.I Yard Design

The following railroads agreed to provide. SRI
with the desired ro.1ling resistance infunnation:

• Hinkle yard (Union Pacific)

- GRS 'yard
-'Located in eastern Oregon (near

Pendleton) •

• Northtown Xard (Burlington Northern)

- GRS yard
- Located in Minneapolis.

• OeWitt Yard (CONKAIL)

- GRS yard

xv

• Linwood Yard (Southern)

- GRS yard
- Located in No:th Carolina (near

Charlotte).

• Argentine Yard (Santa Fe)

- \~AHCO yard
- Located in Kansas C1ty.

Chapter 4 presents detailed information on each
yard, including track layout, measurement loca­
tions, weather conditions, and car population.
Chapter 4 also provides detailed rolling resis­
tance histograms for the two measurement periods
(su~ner and winter) and the four measurement
locations where applicable (master retarder,
group retarder, tangent point, and classifi­
cation tracks).

The yards were selected to represent a variety
of yard characteristics and climatic conditions
so that designers of new or rehabil1tated yards
can use them as references. Referring to the
histograms corresponding to the various measure­
ment sections, designers should establish their
own hard and easy rollers, and determine to what
extent they will design for summer or winter con­
ditions. (The establ1shment of the hard and easy
roller on the histogram is a subjective process
and reflects the design "safety" margin.) To aid
designers in this process, Table ES-I lists the
2.5 percentile (easy roller) and 97.5 percentile
(hard roller) rolling resistances in pounds per
ton for each of the five yards; 95% of the cars
fell within each of these bounds. The values
shown are the average energy losses per foot of
travel over the measurement section and include
the effects of track switches and curvature, car
speed and weight, temperature, wind velocity,
and the like. Consequently, the yard designer
need not add in these rolling resistance factors
because they are implic1tly included in the
measurements.

B.2 Understanding Causal Factors

Traditionally, rolling resistance has been be­
lieved to be influenced by such factors as:

• Car speed

• Car weight

• Car type

• Bearing type

• Truck center length

• \Hnd



Table ES-l

ROLLING RESISTANCE SUMMARY FOR DESIGN
(Pounds per Ton)

Class ifica t ion
Master Retarder Group Retarder Tangent Point Trac\{s

Yard Winter Surrnner Winter Sununer Winter ~ ~ ~Hinkle
Easy roller 3.95 2.37 3.72 2.50 4.22 3.50 1. 53 O.O'~

Hard roller 13.97 9.79 21. 70 16.00 14.25 9.31 10.58 7.35

DeWitt
Easy roller 2.63 2.63 4.77 3.73 4.00 2,99 2.52 1.Ql.
Hard roller 16.69 10.58 20.09 14.40 15.35 12.39 15.39 11.17

Northtown**
Easy roller 13.16 10.55 10.71 6.45 N/A N/A N/A NIl.
Hard roller 32.50 19.38 33.79 21.64 N/A N/A NIA N//',.

Argentine
Easy roller N/A N/A 3.73 3.31 3.10 2.72 N/A NIA
Hard roller N/A N/A 15.50 13.97 10.80 9.45 N/A N/A

Linwood Nov. Feb. Nov. Feb.
Easy roller 5.76 4.97 3.52 3.42 N/A NIl\. N/A N/A
Hard roller 16.33 20.41 18.20 20.57 N/A N/A N/A N/A

Notes: Easy roller denotes the 2.5 percentile of rolling resistance.
Hard roller denotes the 97.5 percentile of rolling resistance.

N/A signifies "not applicable"; that is, the computer system did
not provide data.

*This value was caused by a small number of negative rolling resistances
in the classification tracks.

**Just before printing of this report, Dr. Dennis C. Henry of Gustavus
Adolphus College, a consultant to Burlington Northern, indicated to SRI
that the rolling resistance values at Northtmvu Yard were treated as a
"tuning parameter" and arbitrarily adjusted to improve yard operations.
Thus, the Northto\vu Yard data are unreliable.

• Temperature

• Moisture

• Switches and curves

• Distance from crest

• Type of rail.

SRI analyzed the effects of these factors by
linear regression. This technique reveals how
the mean rolling resistance varies as a function
of a set of independent variables (basically the
above factors). Because of the nature of the
data available, however, the effects of certain
factors could not be reliably isolated. The
inability of the statistical regression analysis
to reveal causal relationships between specific
factors does not reflect negatively on the
quality of the data analyzed.

Isolating the influence of any single factor on
rolling resistance is difficult because all
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factors influence rolling resistance simulta­
neously. Where relationships were quantified,
an artifice called "nominal car and nominal COIl­

ditions" was used. In this way, nominal values
could be chosen for all factors except th~ one
being studied, which was allowed to va~y.

Some of the major results of the reg~ession

analysis were as follows.

Car Weight--The relationship between rolling re­
sistance and car weight is inverse: As cars be­
come lighter, they roll harder. Results indicate
that a nominal 30-ton boxcar has a rolling resis­
tance of approximately 8.3 lblton, whereas that
for a nominal 80-ton boxcar is approximately 5.4
lb/ton.

Car Type--Relative to the nominal car (a boxc~r).

"on the average":

• Gondola cars roll abQu~ 1.2 lb/ton
harder.



• Flatcars roll about 0.55 lb/ton harder.

• Tank cars roll about 0.66 lb/ton harder.

The other car types considered--hoppers, refrig­
erator, and vehicular cars--were not signifi­
cantly different from the reference boxcar.

Bearing Type--Cars with roller bearings tradi­
tionally have been assumed to roll easier than
cars with journal bearings. This study, however,
revealed no statistically significant difference
in the rollability of the two types of cars.
Cars with journal bearings constituted about 17%
of the regression sample--more than sufficient
to have revealed any statistically significant
difference.

Truck Center Length--No statistically significant
effect of truck center length on rolling resis­
tance was found. This applied even on curves,
contrasting with the conventional notion that
cars with long wheelbases roll harder because of
a binding effect.

Car Speed--Rolling resistance increases with car
speed. Although a V2 (velocity squared) de­
pendence was found, the actual curvilinearity
appeared to be small both under zero ambient
wind conditions and with a 10-ft/sec headw1nd.
Thus, for most yard applications a linear rela­
tionship with velocity can be used when headwinds
are small.

Wind--A headwind against the motion of a car can
contribute significantlx to the rolling resis­
tance of a nominal car.~ Results indicate that
each foot/second of headwind contributes approxi­
mately 0.2 Ib/ton to rolling resistance, for the
nominal conditions.

Temperature--Cars roll easier with increasing
temperature. The available data sample did not
have extreme cold temperatures. A very slight,
but nonetheless statistically significant, varia­
tion with T2 (temperature squared) was noted.
In the temperature ranges investigated, "on the
average" a car rolls 0.39 Ib/ton heavier for
every drop of 10 of in temperature.

Moisture--The traditional assumption has been
that cars roll easier in the rain but that deep
snow, particularly when it covers the rail,
impedes a car's rolling. Although the data from
the process control computers indicated whether
moisture was present, no differentiation was

*This term is proportional to the square of the
headwind, times the cross-sectional area of the
car, divided by the weight of the car.

made between rain and snow. Moreover, only on a
few days was moisture present (about 3.4% of the
data). There could also have been a discrepancy
between what was automatically recorded in the
cut statistics and the moisture conditions on
the ground. No significant effect of moisture
was found, but the extent to which the above
difficulties are responsible for the lack of
effect cannot be determined.

Switches and Curves--The effect on rollability
of sW1tches and curves appears to be significant,
but a reliable quantification of the individual
effects was not possible based on the data avail­
able. The measurement sections from which the
switch and curve data were recorded were the same
in most cases, so that the effect of each vari­
able could not be reliably isolated. Moreover,
these measurement sections were located just
beyond the oilers, further complicating the
analysis.

Distance from Crest--A statistically significant
increase in rolling resistance farther from the
crest was found--a counterintuitive finding. The
effect was slight, but it was evident in all the
analyses performed. The effect may be related
to the statistical difficulties encountered with
switches and curves.

B.3 Measurement of Rolling Resistance

The procedures currently available for calcula­
ting rolling resistance tended to amplify and
compound small measurement errors in time, veloc­
ity, or distance, so that the error in calculated
rolling resistance was greatly magnified. This
problem could be overcome by taking numerous
redundant measurements and using a least squares
estimation technique.

C. CONCLUSIONS AND RECOMMENDATIONS

The results of this study have greatly augmented
knowlege about rolling resistance, but much more
research remains to be conducted. In this study,
the experimental setup could not be controlled,
and the researchers had to rely on existing
process control sensors and their location and
accuracy. Thus restricted in the types of data
that could be obtained, SRI was restricted in the
results that could be obtained. Consequently,
the next logical step in furthering knowledge
about rolling resistance is to conduct carefully
controlled field experiments.
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CHAPTER 1: INTRODUCTION

1.1 BACKGROUND

An estimated 300 million freight cars are classi­
fied (i.e., sorted into different tracks) in
railroad yards every year (Petracek et al.,
1976). About 80% of these cars are classified
in flat yards and the remainder are classified
in hump yards.* In hump yards, classif~cation
is performed by pushing a large group of freight
cars up a slight hill, or hump, uncoupling them
at the crest of the hump, and then switching them
into the appropriate classification tracks as
they roll freely'down the other side of the hump.
The free-rolling cars are controlled in one to
four short track sections, where mechanical
retarders decelerate the cars.

For proper switching, in a hump yard, sufficient
headway between successive cars must be created
and maintained. At the hump crest, the speed of
the cars is determined by their centers of grav­
ity, and this creates an initial time separation
between the cars. As the cars accelerate in
rolling down the hump grade, the initial time
separation is translated into a coupler-to­
coupler distance separation and time headway.
The retarders maintain sufficient headway (1 to
2 seconds minimum) between freight cars to allow
yard personnel to throw the switches safely. The
retarders are also used to control the coupling
or impact speeds of cars on the classification
tracks within specified speed limits (1 to 6
mph).

The design of the hump profiles and the control
of headway and coupling speeds in hump yards are
difficult because freight cars have different
characteristics and rolling resistances. Faster
rolling cars tend to overtake slower rolling
cars, and the imprecision in predicting the roll­
ability of individual cars on the classification
tracks makes achievement of a desirable coupling
speed more difficult.

The design of a hump grade is usually based on an
assumed hardest (slowest) and easiest (fastest)
rolling car. Hump grades are usually designed
to deliver the hardest rolling car to the clear
point at a specified speed or to a specifie~ dis­
tance into the classif~cation track. The s~ze

and placement of retarder sections are usually
determined by examining a worst-case sequence of
a hardest rolling car followed by an easiest
rolling car traveling to the last switch on the

*For a brief description of operations in hump
yards and flat yards, refer to Petracek et al.
(1976), Troup (1975), and BeCkmann et al.
(1955).

farthest outside track.* The retarders are
placed where the separation between the two
worst-case cars becomes less than a specified
value. When that occurs, the retarder slows the
trailing car to reestablish proper headway. The
length (power) of the retarder is based on the
amount of energy that must be removed from the
trailing car in a worst-case situation. Knowl­
edge of the rolling resistances of cars in the
yard is critical in the hump profile design and
speed control strategy. Unfortunately, such in­
formation on rolling resistances is scarce, and
yard designers therefore must use engineering
judgment based on their experience in previous
yard design projects. Key design variables may
differ from yard to yard, however, and a new yard
may not function as intended. In particular,
poor estimates of car rollability can result in:

• Cars stopping in the switching area,
necessitating temporary shutdown of the
hump.

• Cars being misswitched, causing more
yard engine work.

• Cars stopping short of coupling on the
classification tracks, causing extra
work in train makeup.

• Cars coupling on the classificatinn
tracks with too high a velocity, causing
damage to cars and lading.

• Excessive hump height and grades and
more retarders than needed, adding to
the capital costs of the yard.

Because of the need for and importance of infor­
mation on rolling resistance, the American Rail­
way Engineering Association (AREA) Committee on
Yards and Terminals and other groups and indi­
viduals in the railroad industry recommended that
a study of rolling resistance be conducted.

1.2 OBJECTIVES AND SCOPE

The objective of this study was to improve under­
standing of freight car rolling resistance at
the low speeds typical of railroad freight car
classification yards. This characterization of
freight car rollability is intended to be of
practical value in both the design and operation
of classification yards.

*In a complete study, the dynamics of a
hardest rolling car, followed by an easiest
rolling car, followed by a hardest rolling car
would be examined.



This was an exploratory study, specifically
limited to the collection and analysis of
existing data on car rollability and to data
that could be obtained using existing yard
sensing devices (e.g., velocity, position, time,
distance-to-couple) and yard computers. No
substantial special instrumentation of yards,
tracks, or freight cars was installed.

The study focused on identifying the following
elements:

• The influence of a variety of physical
and environmental factors on freight car
rollability.

• The characterization of freight car
rolling resistance distributions in suf­
ficient detail for use in the design of
yard grades, the placement of switches,
and the pl"acement and size determination
of retarders.

• The examination of rollability
measurement and prediction schemes.

1.3 ORGANIZATION OF THE REPORT

Chapter 2 discusses the basic concepts of car
rollability. Car rollability is defined mathe­
matically in terms of the physics of car motion
down an incline, and the procedure to measure
car rollability in yards is detailed.

Chapter 3 is a review of previous related inter­
national !lUd U.S. research. The information
available on the components and factors of
rolling resistance is also presented. In addi­
tion, Chapter 3 contains previously unpublished
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rolling resistance data obtained by individual
railroads over the years (e.g., CONRAIL's
Elkhart Yard, Southern Paoific's Englewood Yard,
and Santa Fe's Argentine Yard). Appendix A is a
statistical analysis of the Engl~woQd Yard data.
The rolling resistance data collected in this
project and the collection methods are d~scribed

in Chapter 4. Histograms for the data collection
periods and environmental data are presented for
the following five yards: Hinkle Yard (Union
Pacific), Delhtt Yard (CONRAIL), NorthtowfJ Yard
(Burlington Northern), Argentine Yard (Santa
Fe), and Lin-wod Yard (3puthern).

The process control computers at Hinkle Yard and
DeWitt Yard provided an extensive amount of d4ta
in computer-readable form. SRI subjected the
data from these two yards to a statistical r~~

gression analysis to discover and qu~ntify u~~ef­

lying causal factors relating to car rollability.
The causal factors were: car speed, ca~ weight,
car type, wind, temperature, switches apd curves,
moisture, bearing type, and truck "center length.
Chapter 5 presents the results of the statistical
analysis. Appendix B provides a comprehensive
description of the statistical regression anal­
ysis technique, and Appendix C documents the
der~vation of the measurement errOr analysis,
Appendix D describes the software interface and
processing procedures used.

Chapter b presents a metll0dology to assist in
the construction of rolling resistance histo­
grams for a new yard. The methodology is based
on manipulating the data collected at Hinkle
Yard, ,,,hich were the most complete and extensive
data obtained in the project. The methodology
requires that the user specify temperature range
and car weight distributions for the new yard.
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CHAPTER 2: BASIC CONCEPTS ABOUT CAR ROLLABILITY

rna F

If the acceleration of the car is denoted by a,
the resultant force of Fg and Fr. F, is
expressed as'~

The other force acting on the freight car along
its path of travel is a resistive force. For
convenience, Figure 2-1 shows this force as a
single force acting at the vehicle's center of
gravity. However, this resistive force has many
components, such as wind resistance, wheel-rail
friction resistance, and others, that can act at
many points of the car. It is this cumulative
force, resisting car movement down the grade,
that is the subject of this study. The force
acting on the freight car along its path of
travel, Fr , is proportional to the force, Fn ,
that this car exerts normal to the track surface
over which it moves.

8 angle between the track surface and the
horizontal plane.

(2.2)R . mg cos 8F = R . F
r n

R frictional coefficient or rolling
resistance of the car

where

(1) Every body persists in its state of
rest or uniform motion in a straight
line unless it is compelled to change
that state by forces impressed on it.

2.1 DISCUSSION AND DEFINITION OF CAR ROLLABILITY

(2) The change of motion is proportional
to the resultant force impressed and
is made in the direction of the
straight line in which that force is
impressed. (This law is the basis of
the equation, Force mass x accelera­
tion, or'F = ma).

As Figure 2-1 indicates, a freight car rolling
down a" grade is subject to two opposing forces
acting along its path of travel. One force is
the along-track ·component· of the gravitational
force, or gradient force, resulting from the
mass of the vehicle and the acceleration of
gravity. This force is related to the weight of
the vehicle and the angle between the track and
the horizontal plane by the following equation:

The motion of a freight car rolling down a grade
can be analyzed and described by the concepts of
classical mechanics. Of particular importance
are Newton's first two laws of motion:

Fg gradient force

mg weight of freight car

where"

F
g

mg sin 8 '. (2.1)
F - F

g r

mg sin 8 - R mg cos 8

Solving equation 2.3 for R yields

R mg sin ma- -----
mg cos mg ::os 8

(2.3)

m mass of freight car

If the approximation** that cos 8 =1 is made,
and if the tan 8 term is sirlply the grade, G,

g

8

gravitational acceleration (32.2
ft/sec 2)

angle between track and horizontal.

tan 8 a__
g cos 8

(2.4)

*For simplicity and clarity, this derivation
assumes a constant acceleration.

Equation 2.5 is the basic relationship used for
computing a car's resistance.

**This approximation is equivalent to ignoring
the difference between distances measured over
the actual sloping grade and those measured
along the horizontal projection of the grade.

(2.5)G - ~
g

R

Fg =mg sine

FIGURE 2·1 FORCES WORKING ON A RAILCAR

Fn :: mg cos 8----.j~
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The car will accelerate if a > 0; it will travel
with a constant speed if a = 0; and it will de­
celerate if a < O. From equation 2.5, if a = 0,
then

R tan e (2.6)

relative to time (i.e., a = dv/dt or approxi­
mately a = ~v/ fit). From this relationship, the
following equation for the average car accel~ra­
tion over a fixed-distance measurement section
can be derived:

(2.7)

2.2 MEASUREMENT OF CAR ROLLABILITY IN YARDS

velocity measured at positio~ j

~ average acceleration over the test
section

a

Vi velocity measured at position i

V'J

where

Lij= length between points i and j.

Analogous relationships using more than twp
velocity measurements can be developed easily,
Freight car velocity in yards can be measured
almost instantaneously with radar speedqmeters.
A major supplier of speed control equipment 4ses
radar measurements of car velocity in th~ test
section for determining the values of car rolla­
bility to use in the yard's car spe~d control
system. In addition, portable radar deviCes can
be used for field measurements of freight ~ar

velocities and accelerations.

a

A drawback that must be considered in using tris
approach to measure car acceleration an~ rQlla­
bility is the error propagation caused witq for­
mulas based on derivatives. Generally, the
original measurement error doubles after taking
the first derivative. Thus, the original mea­
surements of car velocity must be as precise as
possible. Experience with portable radar speed
measurement devices, however, indicates that the
car rollability data collected with these in­
struments are not as precise as desired an~

therefore must be considered with caution in
calculating rolling resistance.

\.here

The second method of measuring acceleration is
based on the fact that acceleration is the second
derivative of distance, or car position, relative
to time. For a measurement section where the
time of car travel among three or more ppints can
be accurately measured, car acceleration can be
determined. For a test section with three
points, it can be shown that:

(2.8)1% grade < = > 20 lb/ton

therefore,

< = > 2000 lb/ton

By using modern surveying techniques and equip­
ment, engineers can measure track grades \.ith a
very high degree of accuracy. However, as
Alexander (1965) recognized, even with the best
maintenance a track grade can change signifi­
cantly over time because of such factors as soil
compaction or subsidence and frost heave. There­
fore, regular surveying checks of the grade must
be made at every rollability measurement section
in a yard.

100% grade < = > 1 ton/ton

In equ~tion 2.6, the rolling resistance or rolla­
bility- of a car is expressed as the tangent
of the angle of the grade (i.e., the slope of the
grade) on which the car is moving with a constant
speed. The slope of a 100% gradient is equiva­
lent to tanG = 1, 2,000 lb = 1 ton, and R is
defined as the ratio of two forces. Thus, using
these facts produces the relationship that

Measuring the acceleration of a car in the rolla­
bility measurement section can pose some prob­
lems. Basically, acceleration is determined
either (1) by measuring the velocity of a car at
two or more points within the rollability mea­
surement section or (2) by measuring the time re­
quired by the car to traverse a track section
with at least three position and time measurement
p.oints.

The first approach is based on recognizing that
acceleration is the first derivative of velocity

Defining freight car rollability in terms of the
accelerations of a car down a specific grade pro­
vides the basis for measuring car rollability in
hump yards. That is, the rollability of a car
moving down a grade is calculated from measured
or previously calculated values of car accelera­
tion and track grade. Therefore, the precise
determination of a railcar's rollability to four
significant digits requires the measurements of
car acceleration and track grade to the same
level of precision.

*Rolling resistance and rollability are recipro­
cal definitions of the same concept and are
described by the measure defined above. A
freight car that exhibits low rolling resistance
is said to have good (or high) rollability and
vice versa.

a car acceleration (assumed constant
over entire test section)

dij= distance between points i and j

tij= time required for car to travel
between points i and j.

4



One of the major vendors of speed control equip­
ment uses an acceleration measuring system based
on this concept of multiple measurements of car
travel time and position. Similar approaches
have been used for manual measurements of car
rollability.

This approach for measuring car rollability also
has the potential for significant propagation of
the original measurement error. A simple test
of the sensitivity of the acceleration formula
shows that even small errors in the measurement

of car travel time between points (assuming a
lOO-foot test section) can result in unacceptably
large errors in the car acceleration calculated
by this technique. Nevertheless, permanently in­
stalled test sections in yards appear to give
acceptably precise measurements of car accelera­
tion and rollability. Conversely, using manually
actuated stopwatches (with digital display pre­
cision of 1/100 of a second) for measurement of
car rollability results in very little accurate
or useful data on car rollability.
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CHAPTER 3: REVIEW OF RELATED WORK

Even though the industrywide consensus is that a
better characterization of freight car rolling
resistance would be beneficial for the design
and operation of freight car classification
yards, the amount of published research on this
subject is very limited. Undoubtedly, the major
signal companies have the most complete and up­
to-date data, but because these data have com­
petitive value, the companies are understandably
reluctant to divulge them. Many railroads have
collected and analyzed car rollability data, but
for the most part these results have not been
widely disseminated. In fact, the historical
rolling resistance data from CONRAIL and Southern
Pacific, presented in Section 3.3, are being
published for the first time.

This chapter provides an overview of the pub­
lished research available on freight car rolla­
bility. Included are an historical perspective
on major research on freight car rollability and
a discussion of the physical factors that have
been hypothesized to influence car rollability.

3.1 HISTORICAL BACKGROUND

Experimental work on train and rail car resis­
tance was performed throughout most of the Nine­
tee~th Century. Most of this research was
oriented· toward the characterization of train
resistance rather than the rollability of in­
dividual freight cars, but many of the relation­
ships developed for train resistance have been
used to describe car rolling resistance. Unless
otherwise stated, the variables for formulas in
this section are stated in terms of: rollability
in pounds per short ton (R), weight in short tons
(W), and velocity in miles per hour (V).

train resistance increased as train velocity
increased (Muhlenberg, 1978). The truth of this
hypothesis has been demonstrated in numerous
experiments since then and is one of the most
widely accepted concepts relating to both train
and car resistance.

In 1913, Strahl, of Germany, developed the
following formula, which Muhlenberg (1978)
cites: R = 4.0 + 0.001657V2• In 1932, this
was recalibrated to R = 4.0 + 0.001294V2 •
Early in this century, Strahl, Aspinall, and
other Europeans began suggesting the use of
three-term formulas of the form R = A + BV +
ev2, where A, E, and e are constants depending
on the configuration and consist of the trains.

In 1927, Mucklachen, of the USSR, used the
formula: R = 2.4w + .3l9nV + .1709 (1.0 +
.04n)V2 , where n is the number of vehicles
(Muhlenberg, 1978). A 1968 version of the
formula for a 75-ton car was: R = 1.752 +
.0189V + .00076V2 (Muhlenberg, 1978). Of
recent note have been the test results from the
USSR on rolling resistance in two hump yards
(Railroad Transport Editorial Board, 1967). In
this test, the effects of weather on car rolla­
bility were found to be small enough to be
eliminated in the development of car rollability
dLstribution curves.

Japanese research on rollability before World
War II has not been documented in English, but
it is known that until recently several formulas
were used. The general formula now in use was
developed in 1967 by Harada (1967) for freight
cars. Harada expresses rolling resistance as:

R = A + BV + ev2
3.1.1 International Research on Rolling

Resistance where for standard four-axle freight cars,

Research on the rolling resistance of railroad
stock began in the mid-lSUOs. Although the
coefficients of relationships developed abroad
may differ significantly from those developed
here in the United States because of differences
in car design, track weight, and track gauge,
the underlying theories are important and the
structures of the relationships themselves are
quite similar. As early as 1855, Daniel Clark
developed the following formula that related
train resistance to the square of the velocity
of the train (Muhlenberg, 1978):

A (0.7K + 0.275) e-t / 30

B 0.133

This fon"ula is unique because the constants K,
51' S2' and 53 take into account car type
and wheel and track conditions, and t is the tem­
perature in °e. (The units in this formula are
metric.) In recent work, Bernard in France, Hara
in Japan, and Gluck in Germany, have divided the
V2 term into two parts, one for drag and the
other for skin friction (Muhlenberg, 1975).

This formula was used throughout Europe for
nearly half a century. In 1885, research by the
Eastern Railway of France also suggested that

R (3.1)
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Muhlenberg (197S) models the individual air
resistances of cars. He also breaks air
resistance into skin friction and air drag to
weight the shielding effects of surrounding cars
on air drag.



In an article entitled "Tractive Resistance of
Rolling Stock," Koffman (1964) presents a
detailed analysis of many of the factors that
affect the coefficients of rolling resistance
equations. Included are analyses and formulas
based on the physics of bearing friction, wheel
and rail deformation, rail joint resistance,
parasitic motion, sinusoidal motion, one- and
two-point contact running, parallel axles, and
suspension oscillation resistance. This article
identifies important physical properties that
have led to a better understandiqg of rolling
resistance, but the values are too small for
each of these factors to be recorded in an
experimental situation.

3.1.2 U.S. Research on Rolling Resistance

The wind tunnel tests on scale models of trains
and freight cars at Purdue University in the late
l890s apparently represent the first work in the
United States on car or train rolling resistance
(Huhlenberg, 1978). In 1906, an attempt was made
in a full-scale experiment to measure the air
resistance of a street railway car.

In 1965, the Erie-Lackawanna Railroad tested the
resistance of piggyback and auto-rack cars using
the results of dynamometer tests to solve the
modified Davis fo~ula for a new V2 coefficient
(Huhlenberg, 1978). The new coeffici~nt was
three times the previous value, reflecting the
increased air resistance of auto-rack and piggy­
back cars.

Five fonnulas, as quoted by Muhlenberg (1978),
for calculating car rOllabilities for 75-tQn
boxcars are listed below. (The Erie-Lackawanna
formula is not listed b~cause it has been speci­
fically calibrated for auto-rack and piggYback
cars.) R represents rolling resistance in pounds
per short ton.

R 2.87 + 0.019 + O.OOl13V2 (Schmidt) <3.3)

R 0.53 + 0.002V + O.OO290V 2 (Tuthill) 0.4)

R 2.85 + 0.045V + O.00060V2 (Davis) (3.5)

R 1.67 + O.OlOV + O.00093V2 (modified
Davis, (CNR) (3.6)

Source: Muhlenberg (19"18)

o. 10. 20. 30. 40. 50. 60. 70. 80. 90.
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FIGURE 3-1 COMPARISON OF ROLLING RESISTANCES OF A
75-TON CAR CALCULATED BY FIVE DIFFIi:R~NT

FORMULAS

Other research on various aspects of car rolling
resistance has been performed by railroad equip­
ment suppliers, individual railroads, universi­
ties, and other research organizations. In most
cases, this research was not directed towar~

characterizing the rollability of individual cars
or small cuts of cars in classification yard
operations, but rather toward analyzing rolling
resistance in line-haul operations. Moreover,

R = 2.89 + 0.020V + O.00089V2 (Hoerner). (3,7)

Examination of the differences in the coeffi­
cients of these formulas, as well as o~ the
curves in Figure 3-1, indicates that while the
Tuthill formula yields results that diverge sig~

nificantly from the other formulas, the results
of the Schmidt, Davis, and Hoerner equations are
nearly the same and the results of the modified
Davis formula are consistently lower, as wquld
be expected.

In 1926, Davis published the first comprehensive
analysis and report on train rolling resistances.
That report, entitled "Tractive Resistance of
Electric Locomotives and Cars," gives a resis­
tance formula for a single "average" rail car
that demonstrates a relationship between air
resistance and the factors of car \~eight, number
of axles, cross-sectional area, and velocity.
Since its introduction, the Davis formula has
been the one most often used in the U.S. railroad
industry. Innovations in train operations--such
as higher speed trains, a greater percentage of
cars with roller bearings, and newer freight car
designs--have prompted others to determine new
values for the coefficient in the Davis formula.
HO\~ever, the bas ic formula and theory have re­
mained essentially the same.

In 1910, Professor Schmidt of the University of
Illinois published rolling resistance fonnulas
based on his tests of full-size freight cars
weighing 10 to 75 tons and traveling at various
speeds up to 40 mph (Huhlenberg, 1978). In 1912,
Schmidt reported on the relationship of rolling
resistance to car weight and temperature. In
1937, Tuthill, also of the University of
Illinois, extended the upper velocity range of
Schmidt's formulas to 75 mph (Muhlenberg, 1978).
Tuthill's experiments showed that air resistance
caused car rolling resistance to increase dis­
proportionately more at this higher speed.

The most widely accepted recalibrations of the
Davis formula were based on dynamometer tests
run by the Canadian National Railway (CNR) using
modern railroad rolling stock. Tt,ese experiments
led to the development of new coefficients for
the formula, referred to as the modified Davis
formula or the CNR formula. The use of this
formula results in lower values of car rolling
resistance for all velocities, reflecting the
relative efficiencies of cars with roller
bearings and modern car designs.
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the few documented efforts to collect data on
car rollability in yards have been oriented
toward describing car rollability in a particu­
lar yard and not toward collecting related ancil­
lary data that could be used to characterize
freight car rollability more generally. In
addition, most of the data reported have des­
cribed car rollability strictly as a static term,
although it is recognized that rollability
changes as the car rolls from the crest to its
coupling point on the appropriate classification
track.

3.2 COMPONENTS OF CAR ROLLING RESISTANCE

The equations that have been developed to analyt­
ically determine the rolling resistance of rail
cars and trains almost invariably have been of
the form R = A + BV + CV2. This formulation
has been used frequently because it is mathe­
matically convenient and tractable. However, an
engineering examination of the physical mechan­
isms that influence car rollability reveals an
almost natural breakdolm of factors into those
that are independent of car or train velocity,
those that are linearly related to car or train
velocity, and ,those that are nearly related to
the square of car or train velocity. Examination
of the modified Davis formula reveals that the
non-velocity-related factors are dominant in
determining car rollability at the car speeds
typically observed in yard (i.e., under 20 mph).
An analysis of the Tuthill formula, hOl~ever, does
not indicate this dominance as clearly.

3.2.1.1 Bearing Friction Resistance. As shown
in Figure 3-2, the resistance caused by friction
within the freight car's wheel bearings can be
extremely high when starting and at low speeds.
Tests have shown that this resistance can be as
high as 54 Ib/ton for a plain or journal bearing.
However, bearing resistance appears to decrease
rapidly until it is almost constant at speeds
greater than 10 mph. (Researchers have yet to
determine whether this dramatic decrease is due
solely to increased speed or perhaps to other
unmeasured factors, such as increased bearing
temperature and reducec lubricant viscosity.)
For most purposes, bearing resistance is assumed
to be constant for all speeds apart from the
initial starting resistance. Bearing resistance
depends on the type and condition of the car's
bearings, ambient and journal temperature, the
temperature properties of the bearing lubricant,
and the weight of the car. Bearing resistance
is generally assumed to follow the form used in
the Davis equation. That is, Rb = A + Bn/lv,
where W is the weight of the car (tons), n is
the number of axles, and A and B are constants
that depend on the bearing design and condition.
Koffman (19b4) has developed a theoretical
formula for bearing resistance that includes the
effects of the coefficient of bearing friction,
u, the diameter of the bearing, d, and the
wheel, D, as well as the unsprung axle load,

FIGURE 3-2

Source: Tope (19711
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3.2.1 Factors Independent of Car Velocity

The first term in all major rolling resistance
formulas is one describing the various mechanical
resistances that are considered to be independent
of velocity. Velocity-independent mechanical
resistance is considered to be the dominant com­
ponent of total car rolling resistance at the 15­
to 20-mph speeds typical in yard switching opera­
tions. At yard switching speeds, mechanical
resistance can account for more than 60% of the
total rolling resistance (based on calculations
using the modified Davis or CNR formula). Above
30 mph, however, velocity-related terms quickly
become the dominant factors.

The following section is a brief description of
the three categories of physical factors that
influence car rollability. In many cases, the
actual physical mechanisms underlying the in­
fluence of various factors are not completely
understood, and some disagreemep.t exists about
the category to which various factors belong.

Mechanical resistance is primarily caused by
bearing frict~on resistance, track resistance,
rolling friction resistance, and wheel inertial
resistance. There is some disagreement in the
literature about whether a portion of track­
related resistance and rolling friction resis­
tance are the only factors independent of
velocity and I~hether track resistance caused by
track deformation is strictly velocity dependent
(Tope, 1971).
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Wu ' and the total axle load, Wt • A modified
form of this formula is:

(3.8)

This formula does not appear to have been widely
used by U.S. railroads.

Two major types of bearings are used on U.S.
freight cars, friction or plain bearings and
roller bearings. With a friction bearing, the
end of the axle (journal) turns on a brass fit­
ting covered with an oil film to reduce friction
between the bearing surfaces; the lubr~cation

comes from an unsealed well below. Roller
bearings are a sealed set of lubricated cylin­
ders, similar to ball bearings, that rotate
around the axle. Many variations of both of
these bearing types exist.

Tests have consistently shown that roller
bearing-equipped cars, on the average, exhibit
less resistance than friction bearing-equipped
cars. Tests by the Pennsylvania Railroad at
Altoona in 1931 showed that empty cars with
friction bearings had ten times more starting
resistance than cars with roller bear~ngs (Tope,
1971). Comparative tests of car resistance at
various speeds have demonstrated that roller
bearing-equipped cars have consistently lower
rolling resistance than cars with friction
bearings. This difference does not appear to be
proportionately as great at running speeds as
low as those in classification yards. Koffman
(1964) uses constant coefficients of bearing
friction of o.ooa for friction bearings and
0.003 for roller bearings. This implies nearly
a 3 to 1 advantage for roller bearing-equipped
cars in terms of bearing resistance alone. How­
ever, to our knowledge these coefficients have
never been precisely determined for the bearings
found on U.S. railcars.

Theoretically, the oil film of the friction bear­
ing should produce less bearing resistance than a
roller bearing and in fact has done so in labor­
atory tests and rigidly controlled field tests
(UeIvernois et al., 1966). However, this capa­
bility appears to be significantly related to the
condition of the bearing and only occurs under
ideal conditions. Perhaps because of inconsis­
tencies in the maintenance and lubrication of
friction bearings, cars with friction bearings
exhibit a much wider variation around the mean
rolling resistance than cars with roller
bearings.

Bearing friction can vary greatly as tempera­
tures change. These changes in friction are
most directly linked to changes in the tempera­
ture of the bearing and the lubricant. Relating
them to ambient temperatures is more convenient,
although this does not take into account the
difference between the amb~ent temperature and
the temperature of the friction surface. How­
ever, at low speeds very little difference exists
between ambient and lubricant temperatures when
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the ambient temperature is higher than -30 of
(Crisp & Ellis, 1963).

An hypothesis is that friction bearings are more
significantly affected by temperature changes
than roller bearings. No relevant test data on
friction bearings were found in this literature
review, but tests by the Timken Company indicated
that roller bearing resistance can increase dra­
matically (depending on the bearing lubricant)
when the ambient temperature drops to between
20 of and -40 of (Crisp & Ellis, 1963). Pub­
lished results of experiments in the USSR and
Japan also demonstrate a significant increase in
car resistance as the temperature decreases
(Railroad Transport Editorial Board, 1967;
Harada, 1967).

3.2.1.2 Track Resistance. Track resistance,
another mechanical resistance considered to be
independent of velocity, is caused by the de­
formation and deflection of the rail from the
car's weight at the wheel-rail junction. Such
resistance is obviously related to the weight of
the car and the rigidity of the track (based on
the type of steel and the tracks' section modu­
lus). Track resistance is caused by two physical
mechanisms: (1) the loss of the energy r~quired

to depress and deform the wheel or rail and
(2) the extra energy required for the wheel to
run "uphill" out of the depression in the track.

The resistance due to wheel and rail deformation
may be expressed in terms of the wheel radius,
RD = b/8r (pounds per ton), where RU is the
resistance due to wheel and track defonnation, b
is the length of the deformation contact area,
and r is the wheel radius.

3.2.1.3 Rolling Friction Resistance. Friction
between the wheel and the rail constitutes a
third factor of velocity-independent mechanical
resistance. This rolling resistance is a func­
tion of the coefficient of friction and the
weight of the car. The coefficient of friction
varies with the type of metal, maintenance con­
ditions, and weather. Oil, water, or frost may
decrease the rolling resistance, but a track in
poor condition may increase the friction-related
resistance.

3.2.1.4 Wheel Inertial Resistance. Another
factor in car rolling resistance, which can be
considered in the area of mechanical resistance,
is the rotational acceleration of the car's
wheels. As a freight car accelerates down a
grade, its wheels must experience a corres­
ponding angular acceleration. This angular or
rotational acceleration of the mass of the car's
wheels requires the application of some force
that, in effect, reduces the magnitude of the
force causing the translational acceleration of
the car down the grade. The converse is true
when the car decelerates and the inertial energ~

stored in the wheel is dissipated. (At a
constant speed, this factor should not affect
roliability. )

The ARE~Manual for Railway Engineering (AREA,
1976) recommends that this energy storage be



taken into account by reducing the energy head
(he = V2/2g) by using the reducing factor:

or

h (3.9)

3.2.2.1 Flange Resistance. Flange resistance,
caused by the friction between rail and flange,
provides a major portion of velocity-related
resistance. Flange resistance is affected by
many conditions other than velocity. A bad
flange angle (attitude of flange to rail) may
increase friction, and a large flange-to-wheel
clearance will increase nosing action and lateral
oscillations. The flange-to-wheel clearance is
a function of gauge, wheel base, and equipment
upkeep. Occurrences of nosing action and lateral
oscillation increase flange resistance.

3.2.2 Factors Linearly Related to Car Velocity

Some prefer to express the rotat10nal energy
storages as an effective g, ge' where

The condition of the car and track can increase
friction by causing an uneven ride or increased
swaying. Unfortunately, quantitatively mea­
suring these factors is difficult.

Suggested remedies for this situation include
the use of guardrails or retarders at the
tangent point to straighten car trucks. Tests
by SRI have indicated that the use of tangent
point retarders can reduce the mean and variance
of freight car rolling resistance on the
classification tracks, primarily by reducing the
number of hard rollers. These results, however,
were based on a small sample taken at one yard
and may not be un1versally applicable.

3.2.2.2 Truck Skewing. Many cars that are
measured as easy rollers or medium rollers at
the master retarder rollability measurement
section become relatively hard rollers at the
classification tracks. One hypothesis is that
the trucks of these cars may be skewed as they
travel around a curve just before the tangent
point, thereby increasing the flange resistance
of the car. This phenomenon is also referred to
as curve memory, and some experienced rail­
roaders believe that it is the reason a large
percentage of cars are labeled as hard rollers.

3.2.2.5 Internal Truck Resistance. The fifth
velocity-related resistance factor is internal
truck resistance. No researchers have reported
a relationship between velocity or velocity

3.2.2.3 Energy Loss from Vibration. The energy
dissipated by vibration, swaying, and conCUSS10ns
has also been identified as proportionate to
velocity. The amount of such disturbances is
greatly influenced by the design and subsequent
upkeep of individual cars. Poor maintenance of
cars and road beds and irregularities in ~1eels

and tracks increases oscillations and vibration.

3.2.2.4 Sinusoidal Motion. The sinusoidal
motion of conical wheels results in the two
wheels running on different radii, thus leading
to slippage and possibly creating additional
oscillations and flange friction (Troup, 1975).

Heavier, more rigid track and good road bed con­
ditions may decrease the loss of this energy.
Muhlenberg (1978) restates resistance reduction
results from Keller's work. In a test comparing
110-pound and 13U-pound rails, the heavier rail
showed reduction of resistance of lIb/ton. This
reduction may also be attributed to the reduction
in sinusoidal motion and rail deflection.

(3.11)

(3.12)

(3.10 )

w

h +.h
e k

k

W gross weight of car llb).

D car wheel diameter at tread (inches)

w weight of the wheels and axles (lb) of
the car

r = radius of gyration of the wheels and
axles of the car relative to their axis
of rotation (inches)

h velocity head (translational head) (ft)

As mentioned, universal agreement does not exist
on which factors influencing car rolling resis­
tance are related to car velocity and which are
not. For example, many people believe the effect
of track deformation is independent of car velo­
city, whereas others firmly state that it is pre­
dominantly a velocity-related factor.

\~here

This influence on car acceleration naturally
affects measurements of freight car rollability.
Typ1caiiy, this effect is accounted for by using
a correction factor of about 10%, but this sim­
plistic approach may actually exaggerate any
errors because the effect of the wheel inertial
factors will change depending on the magnitude
of the acceleration or deceleration of the car.
In addition, the weight and size of the wheels,
relative to tile car's total we1ght, 1S an impor­
tant factor. For lightweight empty cars, the
\~heel inertial correction factor may be more
than 10% while for heavily loaded cars it may be
less than 5%.

The variable k is also expressed with E as the
equivalent additional weight for the energy
stored as:
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squared and truck resistance, but internal truck
resistance is similar to velocity-related re­
sistance. Internal truck resistance depends on
the condition of the center plate, the condition
of the bolster and side-frame wear surfaces, the
clearance and condition of the side bearings,
the condition of the brakes, and the energy ab­
sorption of the springs (Tope, 1971).

3.2.3.2 Rail Joint Resistance. The resistance
caused by rail joints is due to the kinetic
energy lost by the car in jumping the rail
joint. The following formula is a modification
of one developed by Koffman (1964) of British
Railways to describe rail joint resistance.
Ri represents rail joint resistance in terms
of pounds per short ton.

Koenig's paper on freight car rolling behavior
in classification yards (1966) suggests that the
rolling resistance on a curved track is approxi­
mately 0.3% higher than for a tangent track.

The mechanism of curve resistance is not com­
pletely understood, however, because of the many
factors that can influence it. Measured values
of curve resistance have varied from 0.4 to O.H
pound of resistance per ton of car weight per
degree of curvature. The AREA (1976) has recom­
mended the use of 0.8 pound for most railroad
engineering applications. Use of this figure
results in:

Curve resistance can be a critical element in
the design of yard track layouts. In large hump
yards, the classification tracks in the outside
groups can be particularly affected by the curve
resistance encountered by cars in the switching
area. To reduce the effect of curve resistance
in this part of the yard, for many years yard
designers have been using various types of track
oilers to reduce friction between the rail and
the wheel flange. Although we could find no
evaluation of the effect of such devices in U.s.
yards, Koenig (1966) of the Swiss Federal ~ail­

ways found that rail lubrication achieved about
a 33% reduction of curve resistance.

(3.14)

wheel radius (ft)

rail joint gap (ft)

car velocity (ft/sec)

acceleration of gravity (32.2
ft/sec 2 ).

r

j

v

g

where

If the joint gap is excessively large and the
car velocity is high, this factor can signifi­
cantly influence total car rollability. The
increasing use of continuous welded rail (CWR)
in the construction of new hump yards should
alleviate the influence of this factor.

3.2.3.3 Switch and Frog Resistance. As a
freight car rolls through a turnout, it is
usually raised slightly above the overall track
grade when it rolls over the frog. It is rea­
sonable to expect that an increase in elevation
causes a loss in the car's kinetic energy simi­
lar to the mechanism causing rail joint resis­
tance. Significant lateral forces can also be
placed on the wheel flange by the abrupt change
in the car's direction within the switch mechan­
ism (forces similar to those experienced by cars
traveling around curves). Therefore, switch and
frog resistance would be expected to be related
to the square of the car's velocity. However,
no technical discussions on this postulated
relationship were found. In practice, railroad
design engineers considering switch and frog
resistance use a constant value of energy loss,
regardless of car velocity.

3.2.3.4 Aerodynamic Drag. The aerodynamic drag
of railroad freight cars can be divided into
five principal components: (1) front pressure
resistance, (2) skin friction, (3) airflow
separation drag at the rear of the vehicle (rear
pressure drag), (4) car underbody drag, and (5)
truck aerodynamic drag. These five components
are usually cons~dered to increase railcar or
train rolling resistance in direct proportion to
the square of the headwind velocity relative to
the vehicle. Thus, resistance increases in
direct proportion to the square of car velocity
only when winds are calm. However, even with a
headwind, the aerodynamic drag ma~ still be
expressed in terms of A + BV + CV. Aero­
dynamic drag is expressed as C(vc + Vw)2,
where Vc is the velocity of the car and Vw
is the headwind velocity. Thus,

(3.13)O.H D\~

Factors Linearly Related to the Square
of Car Velocity

D degree of curvature

W = weight of rail car (tons).

Rc additional resistance due to curve
(lb/ ton)

where

3.2.3

3.2.3.1 Curve Resistance. Flanged-wheel
vehicles such as rail cars encounter additional
resistance when traveling around curves because
of the action of the railroad flange on the
curve. The extra resistance from a curve is
believed to be a function of curve radius, gauge,
wheel base, flange-to-rail clearance, and flange
angle. The centrifugal acceleration caused by a
freight car traveling around a curve causes an
additional frictional force to act between the
wheel flange and the rail head. Theoretically,
this force should increase in proportion to a
decrease in the radius of the curve and be
directly related to the square of the freight
car's velocity around the curve. That is, a
two-fold increase in the car's velocity will
increase curve resistance by a factor of 4.

12



In formulas similar to that developed by Davis,
skin friction has been identified as the dominant
factor in producing air drag. V2 terms repre­
sent an average car in a large train consist of
cars ~ith nearly identical drag characteristics.

The front and rear pressure resistance is related
to the size of the front and rear surfaces as
well as their Shapes. In cuts of two cars or
more, the shape and the distance to surrounding
cars also affect these two resistances
(Huhlenberg, 1978).
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FIGURE 3-3 RELATIONSHIP BETWEEN TRUE DRAG
AND SKIN DRAG

To approximate front and rear drag for cars in
the middle of a consist or cut, Muhlenberg (1978)
describes a method that weights the air drag
fonnula according to a comparison of the end
cross-sections and the gap between cars. The
formula is: Rd = F(1/2Y2V2CdA), where
F is between 0 and 1 and is a we~ght of the
equation for the air deflection of surrounding
cars; CdA is the area of the front and rear
drag areas.

If the skin friction coefficient used is an aver­
age between the Davis and the modified Davis for­
mulas, the value given for a skin friction esti­
mate for a single car is: 1/2YlV2(.0085)S,
where S is the area for the two sides and the
top of the car.

Sidewind is an unknown factor in air resistance.
It may disturb airflow around and between cars,
thereby increasing air resistance. Cars in clas­
sification yards are more likely to be affected
by sidewinds because of increased flange resis­
tance. Use of this assumption gives a side-
wind resistance relative to the velocity of the
sidewind squared and the coefficient of flange
resistance:

Muhlenberg (1978) cites an AREA report that gives
the increase in magnitude of air resistance for a
locomotive in a sidewind as 2.8 Ib/ton.

Approximations of the total air resistance for a
single rail car with no shielding effects would
be weighted as 1. Th~s ~ives a formula of: Ra
= 1/2 Y 2v2 CdA + 1/2 Y IV (.0085)S. In
this case, front and rear drag and truck drag
have been eliminated. Muhlenberg uses the rough
approximation one-half the skin coefficient and
0.272 (based on a Davis approximation) for under­
side drag and truck drag, respectively.

Air resistance is only a dominant factor in roll­
ing resistance for large trains at high speeds.

Source: Muhlenberg (1968)
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(3.15)

R A + BVc + C(Vc + Vw)2

A + BVc + C(V~ + 2Vc Vw + V3)

(A + CV2) + (B + 2CVw)Vc + CV2 •

This concept of velocity relative to the air
mass (or wind) is important for classification
yard operation. Although free-roll~ng freight
cars in yards rarely exceed or even approach
velocities (relative to the ground or track)
where air resistance is an impo~tant factor,
their velocity relative to the air can be high
enough that aerodynamic drag becomes a major
component of the car's total rolling resistance.
In many yardS with severe winds, free-roli~ng

freight cars have actually rolled up grades that
they would normally accelerate down in calm w~nd

conditions.

In Davis's formula, the air drag resistances of
the lead and end cars are averaged among all
cars. This is not to say that Davis did not
recognize the effects of front and rear drag.
He reports that the average drag of the trailing
cars is 13.8 to 16.8% of that of the lead car.
This ~nplies that front and rear drag are the
dominant air resistance factors in consists or
cuts of fewer than six to eight cars. Figure 3-3
shows the relationship between true drag and skin
friction for various sizes of trains. A subse­
quent generation of drag resistance formulas
contains separate tenns for front and rear drag.

These types of resistance models do not take into
account any of the added front and rear pressure
resistances or turbulence caused by consists of
aerodynamically inconsistent cars. Muhlenberg
(1978) attempts to remedy this problem by treat­
ing each car separately according to its type
and the type of cars surrounding it. The in­
dividual resistance of each car is then summed
for a train total. This may serve as an example
for the structure of a model of a single running
car.

Skin friction is theoretically related to
Vl.~5, but for simplicity most authors di~cuss
skin friction as if it were relative to V2
(Davis, 1926). This resistance is related to
the airflow of both sides of the railcar and its
roof, as well as the streamlining and surface
roughness. Skin friction increases with airflow
disturbances, such as an open door (Koffman,
1964).
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At lower speeds (less than 35 mph) and with small
trains (one to five cars), as in hump yards, air
resistance becomes a less important factor.
Using a modified Davis formula for a 75-ton car,
the air resistance at 15 mph is 10% of the total
rolling resistance. With a 10-mph headwind, it
increases to 23% of the total, and at 20 mph, it
increases to 36% of the total rolling resistance.

3.3 PREVIOUSLY UNPUBLISHED ROLLABILITY DATA

The historical rolling resistance data presented
here were collected by various railroads. In
all cases except one, the data were provided in
summary, graphical form.

3.3.1 Robert R. Young (Elkhart) Yard

Rolling resistance data were collected in Decem­
ber 1957 and September 1958 by personnel of what
was then New York Central Railroad at Robert R.
Young Yard in Elkhart, Indiana. As Figures 3-4
and 3-5 indicate, the two data sets are dis­
tinctly different: The mean resistance and
variance of resistances are noticeably higher in
the December set.* These trends may be due to
the difference in the weather in September and
December; September may have been relatively
warm and summery, whereas December would have
been colder, perhaps with snow.

As part of the Freight Car Speed Control Study
(Kiang et al., 1980), SRI experimented with
fitting various statistical distribution func­
tions to the cumulative distribution derived by
integrating the histogram of the December data
set. Among them were ;.,.l0g-normal distribution,
with offset parameter, " an algebraic distribu­
tion, and an algebra~c distribut~on with offset.
Figures 3-6 through 3-9 present the results of
these statistical analyses. The algebraic dis­
tribution without offset was used for the analy­
ses in that study. Table 3-1 gives a numerical
tabulation of the fitted distribution shown in
Figure 3-8.

3.3.2 Pine Bluff Yard

In March and April 1960, rolling resistance data
were recorded at Southern Pacific's (Cotton
Belt) Pine Bluff yard in Arkansas. These data
are presented in the form of a histogram in
Figure 3-10 and are correlated with car speeds
in Figure 3-11. The data in Figure 3-11 appear
to be a subset of the data in Figure 3-10, and a
fairly strong correlation with speed is apparent.

3.3.3 Englewood Yard

In fall 1969, SRI had obtained rollability data
at Englewood Hump Yard in Houston, Texas, as part

*In the December set, however, are one or two
outliers at a lower resistance level than in
the September set.

**An offset parameter allows the distribution
to begin accumulating at some rolling resis­
tance value other than zero.
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of a study (Gardiner et al., 1970) to assist
Southern Pacific in designing the hump for the
then-planned West Colton Yard. To collect the
data, SRI attached electronic switches to the
rail on a single hump-to-classification traCk,
which indicated the route, passage times for the
first axle of selected cars. By combining these
passage times with the known locations of the
electronic switches, SRI computed velocities and
hence accelerations and resistances.

Figures 3-12 through 3-17 are histograms of these
data, stratified by track location. Noticeable
in these histograms is the drop in resistance
(and variance of resistance) between section A
(between the master retarder and group retarder)
and B (immediately after the group retarder) and
the more gradual further decline in resistance
values between sections imnediately before the
tangent point (Section C), immediately after the
tangent point (Section D), approximately 600 feet
down the classification track (Section E), and
approximately 1,000 feet do\VTI the classification
track (Section F). These data have also been
plotted as a function of car speed in Figure
3-18. Some dependence of resistance on speed is
evident.

Because these data were available in their origi­
nal numerical distance-time form, SRI could per­
form some further analysis on a subset of the
data (certain cars in the classification track
area). In this analysis, a velocity-dependent
resistance relationship was assumed, and an in­
dividual relationship was fitted to each car.
This approach contrasts with that used in most
other investigations, in which researchers used
the static (velocity-independent) resistance com­
putation formulas to compute a resistance and
then attempted to correlate these resistances
with velocity for a combined agglomeration of
many cars (as would be the case if some relation­
ship were fitted to the data shown in Figures
3-11 and 3-18). The results of this analysis
are presented in Figure 3-19, which shows
resistance-velocity curves for individual carS
in the data base. (Appendix A contains more
detailed discussions of how the Englewood data
were collected and of SRI's new analysis of
these data.)

3.3.4 Morrisville Yard

These data were collected at Morrisville Yard,
Pennsylvania, sometime during the existence of
Penn-Central, so they probably date from the
late 1960s or early 1970s. Figure 3-20 is a
histogram of these data.

3.3.~ City of Industry Yard

These data were obtained from June 8 through 10,
1970, at Southern Pacific's City of Industry Yard
in California. Figure 3-21 is a histogram of
these resistance data, and Figure 3-22 correlates
these resistance data with car speed. Very
little speed dependence is ev~dent in Figure
3-22.



3.3.6 West Colton Yard

Resistance data were collected sometime during
the 1970s at Southern Pacific's West Golton Yard.
Figure 3-23 is a histogram of these data.

3.3.7 Conclusions

Examination of the data presented in this chapter
reveals that little agreement exists among the
empirically observed rolling resistance distribu­
tions at the various yards. For example, the
empirical distributions presented in Figures 3-4
and 3-17 were based on measurements taken on the
classification tracks of Robert R. Young and
Englewood yards, yet their variances differ by a

factor in excess of 4. This difference might be
due partly to additional variable factors such
as wind, although it is doubtful that such
factors could account for the widely differing
results. A more plausible explanation is that
the differing results arise from measurement
error--an explanation especially likely for such
wide variance distributions as in Figure 3-4.
The data presented in Figures 3-4 and 3-5 may
have been taken manually with a stopwatch, which
would tend to increase errors greatly, thus
increasing the variance of the observed
distribution. Chapter 5 and Appendix B present
an assessment of the effects of a number of
variables, such as wind and car speed; Appendix
C presents an error analysis of the measurement
of rollability.

Table 3-1

TABULATION OF FITTED ALGEBRAIC DISTRIBUTION

Zone Zone
Ro lling Cumulative Rolling Cumulative

Resistance Probabi lity Distribution Resistance Probability Distribution
(lb! ton) Function* Func tion*"k (lb!ton) Function* Function**

From To From To

0.000 0.500 0.002 0.002 15.000 15.500 0.307 97.937
0.500 1.000 0.032 0.034 15.500 16.000 0.260 98.197
1.000 1.500 0.162 0.196 16.000 16.500 0.221 98.418
1.500 2.000 0.480 0.676 16.500 17 .000 0.189 98.607
2.000 2.500 1.078 1. 753 17.000 17.500 0.162 98.769

2.500 3.000 2.023 3.776 17.500 18.000 0.140 98.909
3.000 3.500 3.322 7.098 18.000 18.500 0.121 99.029
3.500 4.000 4.880 11. 978 18.500 19.000 0.105 99.134
4.000 4.500 6.483 18.461 19.000 19.500 0.091 99.225
4.500 5.000 7.847 26.309 19.500 20.000 0.080 99.305

5.000 5.500 8.715 35.023 20.000 20.500 0.070 99.375
5.500 6.000 8.958 43.981 20.500 21.000 0.061 99.436
6.000 6.500 8.618 52.599 21.000 21.500 0.054 99.491
6.500 7.000 7.854 60.453 21.500 22.000 0.048 99.539
7.000 7.500 6.865 67.318 22.000 22.500 0.043 99.581

7.500 8.000 5.819 73.137 22.500 23.000 0.038 99.619
8.000 8.500 4.828 77 .965 23.000 23.500 0.034 99.653
8.500 9 ~OOO 3.951 81.916 23.500 24.000 0.030 99.683
9.000 9.500 3.208 85.124 24.000 24.500 0.027 99.710
9.500 10.000 2.595 87.719 24.500 25.000 0.024 99.734

10.000 10.500 2.097 89.816 25.000 25.500 0.022 99.756
10.500 11.000 1.698 91.514 25.500 26.000 0.020 99.775
11.000 11.500 1.378 92.892 26.000 26.500 0.018 99.793
11.500 12.000 1.123 94.015 26.500 27.000 0.016 99.809
12.000 12.500 0.919 94.934 27.000 27.500 0.015 99.824

12.500 13.000 0.756 95.690 27.500 28.000 0.013 99.837
13.000 13.500 0.625 96.315 28.000 INFIN 0.163 100.000
13.500 14.000 0.519 96.834
14.000 14.500 0.433 97.267 100.000
14.500 15.000 0.364 97.631

Equation for cumulative distribution F(R) :

F (R) = 1 - ---"\=---=-b­
1 + a(lO)

*Percentage of cars.
**Cumu1ative percentage to upper zone boundary.

a
b

15

7.14
4.32
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4.1 INTRODUCTION

CHAPTER 4: NEW ROLLING RESISTANCE DATA

Exhibit 4-1

During this study, SRI collected new rolling
resistance data from Hinkle, DeWitt, Northtown,
Argentine, and Linwood yards. These yards were
selec ted on the ba,sis, of the following cri teria:

• Ag,eement o'f the railroad to cooperate.

• Availability of data from the process
..control ('P'C) system.

• 'D'i';erse climate and geographical
'iocationi;.

Exhibit 4-1 summarizes the characteristics of
these yards, and Figure 4-1 shows their
locations.

Data sets for winter and summer were desired to
examine rolling resistance under extreme tempera­
ture conditions; some yards, however, provided
data that had been collected during the winter
and spring.

For Hinkle and DeWitt yards, SRI was able to
extract from the PC computer rolling resistance
data for the following four measurement sections:

• The crest to master retarder
(measurement'section 1).

• The master retarder to group retarder
(measurement section 2). '

• The group retarder to tangent point
(measurement section 3).

• On the classification track (measurement
section 4).

HI N K LE --1----'41)
YARD

SUMMARY OF YARD CHARACTERISTICS

Hinkle Yard (Union Pacific)

• GRS yard

• Located in eastern Oregon, near Pendleton

DeWitt Yard (CONRAIL)

• GRS yard

• Located in Syracuse, New York

Northtown Yard (Burlington Northern)

• (;RS yard

• Located in Minneapolis, Minnesota

Argentine Yard (Santa Fe)

• \,ABCO yard

• Located in Kansas City, Kansas

Linwood Yard (Southern)

• GRS yard

• Located in North Carolina, near Charlotte

Northtown and Linwood yards provided data from
measurement sections 1 and 2, and Argentine Yard
I'rovided data on measurement sections 2 and 3.

NORTHTOWN
YARD

ARGENTINE
YARO

FIGURE 4-1 LOCATION OF RAILROAD CLASSIFICATION YARDS
SELECTED FOR THIS STUDY
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In some cases, the rolling resistances were not
provided directly by the PC computer but were
calculated by SRI software developed uniquely
for the yard. The software processed raw
velocity data provided by the PC computer (e.g.,
velocity data at the entrance or exit of re­
t~rders, track circuits on the classification
track) to calculate rolling resistances. Appen­
dix D describes the software developed for each
yard.

Table 4-1 summarizes the paramerers on which
data were obtained from each of the yards under
the three categories of UMLER car characteris­
tics, cut statistics, and track characteristics.
Th~ tra~k characteristic parameters pertain
principally to measurement sections 3 and 4 and
were obtained for Hinkle and DeWitt yards because
those were the only yards that provided data for
both m~asurement sections. Temperature, wind,
and precipitation data usually were provided by
the PG computer; however, in some cases, this
information was obtained from "Local Climato­
logical Data: Monthly Summary" (obtained from
Natipnal Oceanic Atmospheric Administration) for
~he nearest airport. If the weather-related data
were opt automatically recorded by the PC com­
puter with the cut statistics, SRI manually en-

coded this information at the time the cut was
humped.

Because the yards in this study had PG computer
systems, they necessarily all had continuous
(welded) rail. In addition, all the yard~ haq
oilers at the exit of the group retarders; aqd
Argentine Yard had an additional flange oiler at
the hump crest. Therefore, SRI could not cpmpare
the effects of jointed and continuous rail Or the
effects of the presence and absence of oilerS.

The rolling resistance values presented in this
chapter are the average energy losses Per fopt
of travel over the measurement section and in­
clude the effects of track switches and curva­
ture, car speed and weight, temperature, wind,
and like factors. If the rollin~ resistances
are used for a particular section of the hump
grade, the yard designer thus need not add these
factors.

4.2 HINKLE YARD

4.2.1 Physical Description

Union Pacific's Hinkle Yard is located in
Hermiston, in eastern Oregon. As Figure 4-2

Table 4-1

YARD DATA FILES

Parameters

UMLER car characteristics
Bulkhead cross-sectional area
Car type
Bearings (roller/journal)

Cut statistics
Wind direction
Wind speed
Precipitation (wet/dry)
Temperature (OF)
Headwind component*
Sidewind component*
Car humped weight
Car weight class
Average car velocity
Car rolling resistance

Track characteristics*
Total curvature traversed

(sum of central angles)
Total curved length of track
Number of changes in car
direction

Number of consecutive track
links

Total length of track
Number of switches

Hinkle

x
X
X
X

X
X
X
X
X
X
X
X
X
X

X
X

X

X
X
X

Yards

DeWitt Northtown Argentine Linwood

X X X X

X X X X
X X X X
X X ?C X

X X X-
X X X X
X X X J{

X X X X
X
X
X X X X
X X X X
X X X

X X X X

X
X

X

X
X
X

Note: All the yards in this study had oilers and welded rail.

*Parameters used only for regression analysis.
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TRACKS 31-40

TRACKS 21-30

CLASSIFICATION
TRACKS

TRACKS 11-20

N

t
HUMP

LEGEND:

MS '- MEASUREMENT SECTION
WD - WHEEL DETECTOR
TP - TANGENT POINT
MX - MASTER EXIT
GX - GROUP EXIT
DTC- DISTANCE-TO-COUPLE BOND

CREST

POINTOF

~
MS4- COUPLE

------.. OR STALL
~ 2>__ TPWD
O~C

FIGURE 4-2 HINKLE YARD CONFIGURATION

indicates, Hinkle Yard has one master retarder
and four group retarders. Railcars are humped
into the ~our groups of 40 classification tracks
(10 tracks per group) at a rate of 2 mph. The
signaling and PC systems were installed by GRS.

Velocity measurements stored by the PC computer
system are recorded:

• From the hump crest to the master
retarder .(measurement section 1).

grade. The midpoint of the section is 200 feet
from the crest.

Measurement section 2 also consists of about 80
feet of straight track between the first and
third wheel detectors before each group retarder.
The orientation, grade, and the distance from
the crest (DFC) to the midpoint of the measure­
ment section for each group retarder are tabu­
lated as follows:

• From the master retarder to the group
retarder (measurement section 2).

• From the group retarder to the tangent
point (measurement section J).

• From the distance-to-coup1e bond to the
point of coup1iug (,lleasure",,,nt sectlon
4).

Rolling resistance data and the associated
parameters that might influence rolling resis­
tance were extracted for the four measurement
sections (denoted as MSI through MS4 in Figure
4-2). Measurement sections 1, 2, and 4 are an
integral part of Hinkle Yard's PC computer
system, and car rolling resistances are auto­
matically measured. Thus, SRI extracted these
data as recorded by the PC computer. Car rolling
resistances in measurement section 3 were calcu­
lated by using PC computer-recorded velocities,
the length and grade of the measurement section,
and the rate of acceleration;

Measurement section 1 consists of approximately
80 feet of straight track between the first and
third wheel detectors before the master retarder.
The orientation of the measurement section is 90
degrees (measured clockwise from north) on a 3%

Group Track
Retarder Orientation Grade DFC
Number (degrees) (%) (feet)

2 71 1.030 771
3 77 0.962 796
4 90 0.943 820
5 103 0.943 820

Measurement section 3 includes 40 sections of
track that vary in length from 325 to 615 feet.
Each section of track starts at the group exit
wheel detector (GXWD) and ends at the tangent
point wheel detector (TPWD) located on the
classification track. Each track section has:

• An oiler located before the first sWltch
after the group retarder.

• Some curvature.

• Either a 7-5-7 lap switch and/or No. 7
switch(es).

• An average orientation ranging from 67
to 109 degrees.

• An average grade from the GXWD to the
midpoint of the measurement section
ranging from 0.106 to 0.185%.
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(1) October 25 to November 21, 1979 (3,120
cars).

• An average grade from the GXWD to the
TPWD ranging from 0.042 to 0.134%.

(2) December 5, 1979, to January 30, 1980
(3,920 cars).

A Hinkle Yard data file was created containing
9,660 observations with UMLER matches recorded
during the following three periods:

Rel"tive fregulijllcr (%)
Temperature

-,

(OF) Winte", Summer..,..-- ~

o and below 0.0 0.0
1-5 0.0 0.0
6-10 0.0 0.0
11-15 1.4 0.0
16-20 2.6 0.0
:n-25 5.6 0.0
26-30 13.3 0.0
31-40 56.3 0.0
41-50 17.5 1.8
51-70 3.3 41.6
Greater than 70 0.0 ~

Total 100.0% 100.0%

DISTRIBUTION Of HINKLE YARD ~OLLJNG

RESISTANCE DATA FOR VARIOU~

TEMPERATURE RANGES

Table 4-3

various wind directions. The average tempera­
ture during the observation periods was 36 of
in the winter and 71 of in the summer. Because
the winter temperatures were mild, no data were
obtained for subzero temperatures, as shown in
Table 4-3.

Important Rolling Resistance Factors
During the Periods Analyzed

4.2.2

Measurement section 4 scares at the discance-co­
couple (DTC) bond, which is located after the
clearance point before the TPWD on the classifi­
cation track. Therefore, a portion of measure­
ment section 4 overlaps measurement section 3.
The extent of the overlap and the degree of track
curvature are determined by the length of track
between the DTC bond and the TPWD. After the
TPWD, all the classif~cation tracks are straight
and have an orientation of 90 degrees and a grade
of O.OS%. Because this section ends at the point
of coupling or stall of the car, the length of
measurement section 4 varies with each car. Con­
sequently, the average orientation, grade, and
DFC also vary with each car.

(3) June 16 to August 25, 19S0 (2,620
cars).

The statistics and descriptive information
presented here, however, are for only the winter
and summer per{ods (time periods 2 and 3).
Table 4-2 presents the distribution of car
rollability observations.

Car Population--For quantification of the
dependence of rolling resistance on certain
characteristics of the car itself, the following
parameters were identified for each rolling
resistance observation:

Weather--Eastern Oregon has a dry, semiarid
climate--considerably different from the damp
climate of western Oregon. Only 37 observations
were made at Hinkle Yard when the weather was
wet. The wind velocity measured at the master
retarder usually was less than 5 ft/sec and
averaged 6.4 and 9.4 ft/sec in the winter and
summer, respectively. Figure 4-3 presents the
distribution of rolling resistances data for

• Car type

• Car weight class

• Car weight

• Truck center length

• Bearing type.

Table 4-2

HINKLE YARD DATA COLLECTION PERIODS

Winter Summer
Relative Relative

Number of Frequency Month Number of Frequenl,J1f
Month Observations (%) (1980) Observations (% )

December 1979 309 72.2 June 32 11. 5

January 1980 119 27.8 July 137 49.1

August 110 39.4

Total 428 100.0 279 100.0
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FIGURE 4-3 DISTRIBUTION OF HINKLE YARD ROLLiNG RESISTANCE DATA FOR VARIOUS
WIND DIRECTIONS

The truck center length (TRCNTL) for 54% of the
observations was obtained from the UHLER file.
The car wheelbase (rWEASE), however, was
recorded for every observation by the Hinkle
Yard PC computer. The following calibration
equation provided an estimate of the truck
center length ,,,hen UHLER data ,,,ere unavailable:

The car population at Hinkle Yard during the
study periods comprised the car types identified
in Figures 4-4 and 4-5. Boxcars predominated,
comprising 33.9 and 27.6% of the ,,,inter and
summer railcar populations, respectively.

Each tar was classified as light, medium, heavy,
or extra heavy on the basis of the following
loaded car weight ranges: TRCNTL = &+ B* rWBASE (4.1)

• Light car, a to 35 tons. where

&. -5.90

B 1. 00615

The coefficients estimated by regression were:

• Medium car, 35 to 65 tons.

• Heavy car, 05 to 100 tons.

• Extra heavy car, more than 100 tons.

The predominant car weight was light, but the
distributiori of car~ by weight classification
differed bet,,,een winter and summer, as Table 4-4
indicates. The average weight of the winter car
population was lighter: 62 tons compared with
69 tons in the summer. Table 4-5 compares the
winter and summer loaded car weights.

TRCNTL

rHEASE

&. , B

truck center length as contained
in UMLER
car wheelbase as provided by the
PC computer
coefficients estimated by
regression.
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Table 4-6 presents the distribution of winter and
summer car populations by length. Eighty-six
percent of the cars were known to have roller
bearings, and 9 to 10% had plain or journal
bearings. Data on bearings were unavailable for
the remaining percentage of cars.

One of the rolling resistance models most COm­
monly used for yard design is to assume that the
hardest rolling car begins with a high rolling
resistance value on the hump and gradually
becomes easier rolling on its journey to the
classification track. The data in Figure 4-6
and Table 4-7, however, contradicts this model.

Figures 4-6 and 4-7 are histograms of rolling
resistance at the four measurement sections.
Tables 4-7 and 4-8 indicate the mean, standard
deviation, standard ercor, 95% confidence
interval, minimum, and maximum for the rolling
resistances and average velocities at each of
the four measurement sections.

Rolling Resistance Information for Design

Figure 4-6 indicates that the nominal rolling
resistance values are initially Iowan the ~res~

to master retarder measurement section, increase
in the master retarder to group retarder meas~re~

ment section, and then decrease into the classi­
fication area. This is verified by examination
of the mean rolling resistance values given in
Tables 4-7 and 4-8.
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At first, these histograms appear to be counter~

intuitive. However, closer examination provided
the following explanation. Rolling resistarce
increases with car velocity, so that the increase
or decrease in the mean and variance pf thr roll­
ing resistance values should be highly correlated
with the increase or decrease in the mean and
variance of the car speeds for the four measure­
ment sections. The data in Table 4-7 verify
this.

4.3.1 Physical Description

De Witt is a CONRAIL yard located in Syracuse,
New York. As shown in Figure 4-8, it has one
master retarder and six group retarders. Rail­
cars are humped into the six groups of classifi~

cation tracks at a rate of 2 mph. The signaling

4.3 DE WITT YARD

Figure 4-6 also indicates that the variance in
the rolling resistance values is initially small
on the crest to master retarder section, incnea­
ses in the master retarder to group retarder sec­
tion, and then decreases in the group retarder to
tangent point and classification areas. This is
verified by the standard deviation and tre mini­
mum and maximum values for each measurement SeC~

tion in Table 4-7. This spread can be explained,
at least in part, by the error characteristics
of the way the rollability data were collected
(see Appendix C).
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Table 4-4

DISTRIBUTION OF HINKLE YARD CARS BY WEIGHT CLASSIFlCAT ION
(Percent)

\.Jinter Summer
Relative Cumulative Relative Cumulative

Weight Class Frequency Frequency Frequency Frequency

Light 42.8% 42.8% 35.lI. 35.1%

Medium 16.6 59.3 1'1.7 54./j

Heavy 23.1 82.5 21.5 76.3

Extra heavy 17.5 10u.0 L.3.7 100.U

Table 4-5

DISTRIWTlON OF HINKLE YARD CARS BY WEIGHT
(Percent)

Winter Summer

Car Weight Relative Cumulative Relative Cumulative
(tons) Frequency Frequency Frequency Frequency

20 1.6% 1.6% 1. 8% 1.8%

30 26.9 28.5 20.8 22.6

40 21.3 49.8 21.1 43.7

50 6.8 56.5 6.1 49.8

60 7.0 63.6 3.2 53.0

70 4.2 67.8 4.3 57.3

80 5.4 73.1 8.6 65.9

90 6.3 79.4 7.2 73.1

100 3.7 83.2 3.9 77 .1

110 3.7 86.9 5.7 82.8

120 3.5 90.4 2.2 84.9

130 9.3 99.8 13.6 98.6

140 0.2 100.0 0.7 99.3

150 0.0 100.0 0.4 99.6

160 0.0 100.0 0.4 100.0

and PC systems were installed by GRS.

Velocity measurements stored by the PC computer
systems are recorded:

• From the hump crest to the master
retarder (measurement section 1).
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• From the master retarder to the group
retarder (measurement section 2).

• From the group retarder to the tangent
point (measurement section 3).



Table 4-6

DISTRIBUTION OF HINKLE YARD CARS BY TRUCK CENTER LENGTH
(Percent)

Winter Summer

Length Relative Cumulative Relative Cumulative
(feet) Frequency Frequency Frequency Frequency

20 0.9% 0.9% 1.4% 1.4%

25 4.2 5.1 6.1 7.5

30 10.5 15.7 12.2 19.7

35 2.8 18.5 5.4 25.1

40 39.7 58.2 32.6 57.7

45 29.4 87.6 30.5 88.2

50 4.7 92.3 6.5 94.6

55 1.4 93.7 1.1 95.7

60 1.9 95.6 1.4 97.1

65 4.4 100.0 2.9 100.0
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MEASUREMENT SECTION DURING THE WINTER OBSERVATIONS
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Table 4-7

ROLLING RESISTANCE AND VELOCITY STATISTICS AT HINKLE YARD MEASUREMENT SECTIONS FROM THE \lINTER OBSERVATIONS

Rolling Resistance
(lb/ton)

Average Velocity
(ft/,ee)

Measurement
Sect ion

Master retar4~r

to group retarder 11.261 5.220 .253 10.704- -19
('152) 11.757

Group retarder to
tangellt"'poin~ 8.156 2.778 .134 7.892- - 1

('153) 8.420

Clas.ific.tion 4.821 2.475 .120 4.586- -11
area (1154) 5.056

Cre.t to master
retarller 01SI) 7.915 2.888 .140 7.640­

8.189
27 18.161 .617 .030 18.102- 14 19

18.219

38 25.050 2.049 .099 24.855- 19 31
25.245

22 13.273 2.2U2 .107 13.063- 8 18
13.482

20 9.081 1.996 .097 8.891- 4 15
9.271

*50, standard deviation.
SE, ,tandard error of me.n.
CI. confidence interval for mean.

• From the distance-to-couple bond to the
point of coupling (measurement section
4).

Car rolling resistance is measured and stored by
the PC compu~er for three measurement sections
(shown as MSI. MS2. and MS4 in Figure 4-8). SRI

calculated the car rolling resistance for
measurement section 3.

Measurement section I consists of approximately
53 feet of straight track between the first and
third wheel detectors before the master retarder.
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Table 4-H

ROLLING RESISTANCE AND VELOCITY STATISTICS AT HINKLE YARD MEASUREMENT SECTIONS FROM THE SUMMER UBSERVATIONS

Rolling Resistance Average Velocity
Measurement (lb/ton) (ft/sec)

Section Mean SD* ~ 95% CI Minimum Maximum Mean ~ SEw 95% CI Hinimum Maximum

Crest to master
retarder (MS1) 5.061 1.790 .107 4.850- 0 12 18.665 . •402 • . • 024 . 1H.61&-. 17 19

5.272 18.712

Master retarder 8.317 3.748 .224 7. H75- -15 21 23.640 1. 767 .106 23.432- 18 31
to group retarder 8.758 23.849
0,\S2)

Group retarder to 5.891 1.575 .094 5.705- 13 11.650 2.199 .132 11.391- 18
tangent point 6.077 11. 909
(MS3)

Classification 2.725 2.883 .173 2.3H5- -13 14 8.823 2.303 .141 8.545- 4 16
area (MS4) 3.065 9.101

*50, st~ndard deviation.
SEt standard error of mean.
CI, confidence interval for mean.

N

t
HUMP

CREST

LEGEND:

MS - MEASUREMENT SECTION
WD - WHEEL DETECTOR
TP - TANGENT POINT
MX - MASTER EXIT
GX - GROUP EXIT
DTC- DISTANCE-TO-eOUPLE BOND

FIGURE 4-8 DE WITT YARD CONFIGURATION
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~
MS4--0RSTALL

TPWD

~ O~C
~S . TRACKS 1-6

TRACKS 7-13

TRACKS 14-20

TRACKS 21-27

TRACKS 2B-34

TRACKS 35-40

CLASSIFICATION
TRACKS

The orientation of the measurement section is 90
degrees (measured clockwise from north) on a
2.28% grade. The midpoint of the section is 272
feet from the crest.

Measurement section 2 consists of approximately
80 feet of straight track between the first and
third wheel detectors before each group retarder.
The orientation, grade, and distance from the
crest (DFC) to the midpoint of the measurement
section differ for each group as follows:
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Group Track
Retarder Orientation Grade DFC
Number (degrees) (%) (feet)

1 69 1.3644 777
2 76 1. 3644 789
3 83 0.9219 801
4 93 0.9219 800
5 101 1. 3644 791
6 109 1. 3644 776



Measurement section 3 comprises 40 sections of
track varying in length from 2110 to 480 feet.
Each section of track starts at the group exit
wheel detector (GXWD) and ends at the tangent
point \oheel detector (TPWD) located on the
classification track. Each track section has
the following features:

• An oiler located before the fan after
the group retarder.

• Some curvature.

A preliminary analysis of DeWitt Yard rolla­
bility data for winter was based on a sample of
801 cars. Plots, frequency distributions,
histograms, and statistical descriptions were
derived through SPSS for car rolling resistances
in the four measurement sections and for the
associated parameters. In this preliminary
analysis, some data were determined to be in
error for some car observations. Those data were
classified as "missing," and a second SPSS file
for regression analysis was established.

• A cOlnbination of Nos. 6, ll, and 10
switches.

• An average orientation ranging from 71
to 108 degrees.

• An average grade from the GXWD to the
TPWD ranging from a to 0.173%.

• An average grade from the GXWD to the
midpoint of the measurement section
ranging from 0 to 0.063%.

• A signal for erroneous wheelbase
measurements (e.g., 1 foot) was
overridden, providing some incorrect
velocity measurements.

• The precise location of wheel detectors
was incorrect.

• The original grade profile was incorrect.

A statistical comparison of rollability measure­
ments taken on Group 3 tracks with measurements
taken on the other tracks confirmed Mr. Wetzel's
observation. Consequently, measurements from
Group 3 were excluded from the Summer
observations.

• Some wind speeds were highly erroneous
(e.g., 300 ft/sec).

• The car weight category parameter used
for control in the program matched the
actual weight category only 60% of the
time.

Mr. Jim Wetzel of CONRAIL informed SRI that he
had been \oorking \oith GRS personnel to solve
problems in process control at DeWitt Yard.
While investigating why the rolling resistance
values for cars going to Group 3 tracks were in­
accurate, they had discovered errors in the PC
computer program, including:

Important Rolling Resistance Factors
During the Periocis Analyzed

Measurement section 4 begins at the distance-to­
couple (DT~) bond, which is located after the
clearance point and usually before the TPWD.
Thus, a portion of measurement section 4
overlaps measurement section 3. The extent of
the overlap and the degree of track curvature
are determined by the length ot track between
the DTC bond and the TPWD (0 to 178 feet). After
the TPDW, all the classificatLon tracks are
straight and have an orientation of 90 degrees
and a grade of 0.0 to 8%. The section ends at
the point of coupling or stall of the car, so
the length of measurement section 4 varies with
eaCh car. The average orientation, grade, and
DFC also vary with each car.

4.3.2

Data consisting of 20 trains of cut statistics,
were obtained for two time periods: February 27
and 28, 1980 (winter), and August 16 through Ill,
1980 (summer). The rollability observations for
the winter and summer periods numbered 560 and
465 cars, respectively.

In processing the first few trains of DeWitt Yard
data, SRI found that a significant amount of the
data included two or more cars humped together.
Also, in view of the relatively small sample
available, single car data \oith no UMLER matches
could not be discarded. Therefore, separate
data files were created that included:

• Single-car cuts with UMLER matches

• Single-car cuts with no IMLER matches

Heather--During both the summer and winter
observation periods, there was no recorded
precipitation. The wind velocity, measured at
the master retarder, was considerably higher
during the winter, averaging 13 ft/sec in the
winter and 6 ft/sec in the summer. The general
directLon of the wLnd varied considerably between
summer and \ointer, as depicted in Figure 4-9.
The PC system recorded temperatures according to
six temperature range codes. Based on these
ranges, the average temperature for the observa­
tions was estimated at 19 OF in the winter and
66 OF in the Summer. Because of the sllOrt data
collection periods and the wide-range temperature
categories, however, the distribution of tempera­
tures may not be representative of the 1980
winter and summer months in Syracuse. Table 4-9
presents the distribution of rolling resistance
observations for the six temperature ranges.

• Multiple-car cuts with no UMLER matches.

Statistics and descriptive infonnation are
presented here for only the single-car cuts.
The regression analysis described in Chapter 5
was based on the same data.
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FIGURE 4-9 DISTRIBUTION OF DE WITT ROLLING RESISTANCE DATA FOR VARIOUS
WIND DIRECTIONS

Table 4-9 • Car type

DISTRIBUTION OF DE WITT YARD ROLLING
RESISTANCE DATA FOR VARIOUS

TEMPEKATURE RANGES

• Car weight class

• Car weight

Car Population--The following parameters were
identified for each rolling resistance observa­
tion sO that the dependence of rolling res is­
t~nce on certain aspects of the car itself could
be quantified:

Winter Summer

Relative
Frequency (%)Tempera ture

(°F)

Less than 0
o - 20
20 40
40 - 60
60 - 80
Greater than 80

Total

0.9
Sil.5
40.6
0.0
0.0
0.0

lOU.UIo

U.O
0.0
0.0

21.5
76.3
2.2

10U.01o

• Truck center length

• Bearing type.

Car type, truck center length, and bearing type
were obtained from a 1977 UMLER file. The UMLER
file contained relatively few c~rs that nad been
renumbered to CONRAIL IDs, however. In only 68%
of the cases did the UMLER file and car observa­
tion match. Consequently, in a substantial
number of observations data or these r4rameter~

were missing.

The car population at DeWitt Yard comprised the
car types indicated in Figures 4-10 and 4-11.
As in Hinkle Yard, boxcars were predominant,
comprising a larger percentage of the winter
than the summer population.
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The -DeWitt Yard PC computer classified every car
as either light, medium, heavy, or extra heavy
according to the following loaded car weights:

• Light, 0 to 35 tons

• Medium, 35 to 65 tons

• Heavy, 65 to 100 tons

• Extra heavy, more than 100 tons.

The distribution of cars by weight class was
considerably different during the winter and
sununer, as shown in Table 4-10. Some of ,these
differences may be due to inaccuracies dis­
covered in the DeWitt PC system program for
weight categorization during the summer data
collection period. The inaccuracy in weight
classification resulted in an incorrect
"effective" gravity factor used during the
calculation of some rolling resistances during
the Summer period.
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FIGURE 4-10 DISTRIBUTION OF DE WITT CARS BY UMLER CAR
TYPE DURING THE WINTER OBSERVATIONS
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Table 4-11 presents a more accurate distribution
of these cars by loaded weight. The average car
weight of the car population in the winter was 7
tons lighter than that in the sununer (57.9 as
opposed to 65.2 tons).

The truck center length (TRCNTL) parameter was
frequently missing. For 67% of the observa­
tions, however, the DeWitt Yard PC system had
recorded the cut wheelbase (IWBASE). An
estimate of truck center length for cars having
missing values was perfonned with calibration
equation 4.1. The coefficients estimated by
regression were:
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FIGURE 4-11 DISTRIBUTION OF DE WITT CARS BY UMLER CAR
TYPE DURING THE SUMMER OBSERVATIONS

• Master retarder to group retarder
(measurement section 2).

• Group retarder to tangent point
(measurement section 3).

• Classification track (measurement
section 4).

Rolling Resistance Information for Design

Figures 4-12 and 4-13 are histograms of winter
and summer rolling resistances at the four
measurement sections:

• Crest to master retarder (measurement
section 1).

4.3.3

Table 4-12 presents the distribution of winter
and sununer car populations by length. Forty-nine
percent of the winter car population had roller
bearings, and 22% had plain or journal bearings.
The equivalent figures for the summer car popula­
tion were 43 and 16%, respectively. Information
on bearings was unavailable for the remaining
percentages.
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Table 4-10

DISTRIBUTION OF DE WITT YARD CARS BY WEIGHT CLASSIFICATION
(Percent)

Weight Class

Light

Medium

Heavy

Extra heavy

Winter Summer

Relative Cumulative Relative Cumulative
Frequency Frequency Frequency Frequency

32.1% 32.1% 35.9% 35.9%

38.4 70.5 15.9 51.2

16.1 86.6 27.1 78.3

13.4 100.0 21.7 100.0

Table 4-11

OISTRIBUTION OF DE WITT YARD CARS BY WEIGHT
(Percent)

Winter Summer,

Car Weight Relative Gumulative Relative Cumulative
(tons) Frequency Frequency Frequency Frequency

0 o.n 0.7% 0.4% 0.4%

20 0.9 1.6 1.5 1.~

30 30.2 31.8 29.0 31,0

40 1.8 33.6 7.5 38.5

50 32.0 65.5 9.5 48.0

60 2.0 67.5 4.7 52.7

70 2.9 70.4 3.7 56.~

80 12.9 83.2 17.0 73.3

90 1.6 84.8 6.2 79.6

100 2.1 87.0 2.2 81.7

no 2.7 89.6 3.2 84,9

120 8.8 98.4 10.3 95.3

130 1.6 100.0 4.5 99.8

140 0.0 100.0 0.2 100.0

Tqbles 4-13 and 4-14 present descriptive statis­
tics for the rolling resistances and average
velocities at each of the four measurement sec­
tions for the winter and summer populations.
Figures 4-12 and 4-13 are similar to the Hinkle
Yard rolling resistance histograms showing low
rolling resistance values on measurement section
I, an increase in the values on measurement
section 2, followed by decreasing values on
measurement sections 3 and 4 for both popula­
tipns. Figures 4-11 and 4-12 also indicate a
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larger variance in the rolling resistances for
the winter population than for t~e summer popula­
tion. This is verified by examining the standard
deviation and the 95% confidence intervals for
each populat10n in Tables 4-13 and 4-14. 'I'hese
tables also indicate a possible correlation in
the increase or decrease of mean rOlling resis­
tance values and the increase or decrease of mean
car velocities for the four measu~ement sections
for both populations.



Table 4-12

DISTRIBUTION OF DE WITT YARD CARS BY TRUCK CENTER LENGTH
(Percent)

Winter Summer

Length
(feed

Relative
Frequency

Cumulative
Frequency

Relative
Frequency

Cumulative
Frequency

40

30

20

20

25

30

35

40

45

50

55

60

65

70

2.4% 2.4% 2.3% 2.3%

6.3 8.7 7.4 9.7

14.5 23.2 18.8 28.5

6.6 29.8 8.4 36.9

29.0 58.8 23.5 60.4

21.1 79.9 26.2 86.6

1.8 8L8 0.7 87.2

3.2 85.0 3.0 90.3

3.2 88.1 1.3 91.6

11.6 99.7 8.4 100.0

0.3 100.0 0.0 100.0
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FIGURE 4·12 DISTRIBUTION OF DEWITT YARD CAR ROLLING RESISTANCES BY
MEASUREMENT SECTION DURING THE WINTER OBSERVATIONS
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FIGURE 4-13 DISTRIBUTION OF DEWITT YARD CAR ROLLING RESISTANCES BY
MEASUREMENT SECTION DURING THE SUMMER OBSERVATIONS

Table 4-13

ROLLING RES ISTANCE AND VELOCITY STATISTICS AT DE WITT YARD MEASUREMENT SECTIONS DURING THE WINTER OBSERVATIONS

Rolling Resistance Average Velocity
Measurement Ob/ton) (ft/sec)

Section Mean SD* ~ 95% CI Minimum Maximum Mean ~ SE* 95% CI Minimum Maximum

Crest to master
retarder (MSl) 7.450 3.839 .162 7.132- -14 23 19.B95 .872 .037 19.823- 16 22

7.769 19.968

Master retarder
to group 10.262 4.038 .171 9.927- - 5 26 20.692 1.861 .079 20.537- 15 25
retarder (MS2) lO.597 20.847

Group retarder
to tangent point 8.116 3.881 .164 7.793- -17 41 15.043 2.287 .097 14.853- 22
(MS3) 8.438 15.233

Classification 6.528 3.166 .287 5.960- 19 10.921 2.560 .231 10.464- 18
area (MS4) 7.095 11.378

*5D, standard deviation.
SEt standard error of mean.
CI, confidence interval for mean.
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Table 4-14

ROLLING RES ISTANCE AND VELOCITY STATISTICS AT DE WITT YARD MEASUREMENT SECTIONS DURING THE WINTER OBSERVATIONS

Rolling Resistance Average Velocity
Measurement (lb/ton) (ft/secJ

Section Mean ~ SE* 95X CI Minimum Maximum ~ SO* ~ 95. CI Minimum Maximum

Crest to master
retarder (MS1) 5.666 2.523 .117 5.436- -10 28 20.313 .621 .029 20.256- 15 21

5.896 20.370

Master retarder
to group 7.808 2.803 .130 7.552- 2 24 20.479 .956 .044 2U.392- 17 24
retarder (MS2) 8.063 20.566

Group retarder
to tangent point 6.367 2.473 .116 6.139- - 1 24 11. 777 2.9U6 .136 11. 509- 18
(MS3) 6.595 12.045

Classification 4.410 2.833 .349 3.713 - 20 7.202 2.638 .325 6.554 13
area (MS4) 5.106 7.851

*50. standard deviation.
SE. standard error of mean.
el. confidence interval for mean.

4.4 NORTHTOWN YARD*

4.4.1 Physical Description

Northtown, a Burlington Northern yard located in
Minneapolis, Minnesota, has one master retarder
and eight group retarders (see Figure 4-14).
Kailcars are humped in a southerly direction
into 63 classification tracks at a rate of 2 mph.
GRS installed the signaling and PC systems.

Velocity measurements were recorded by the PC
computer at the following measurement sections:

• From the hump crest to the master
retarder (measurement section 1).

• From the master retarder to the group
retarder (measurement section 2).

copy cut statistics. The data selected were for
single-car cuts humped into an outside group of
tracks (Group 1, Tracks 1 through 7) and into a
center group of tracks (Group 4, Tracks 24
through 31).

Measurement section 1 consists of approximately
80 feet of straight track between the first and
fourth wheel detectors before the master re­
tarder. The measurement section is on a 4%
grade, and its midpoint is 190 feet from the
crest.

Measurement section 2 also consists of approxi­
mately 90 and 80 feet of straight track between
the first and fourth wheel detectors before the
Group 1 and Group 4 retarders, respectively. The
grade and the distance from the crest (DFC) to
the midpoint of the measurement section differ
for each group as follows:

Computer printout data (cut statistics) were
obtained for a sample of trains humped during
January and February 1980 (winter) and during
July 1980 (summer).

Rolling resistance data and tile parameters tllat
might influence rolling resistance were extracted
for measurement sections 1 and 2 (MSI and MS2 on
Figure 4-14). The PC system automatically
records rolling resistances for these measure­
ment sections. The PC system also calculates a
second rolling resistance that takes into con­
sideration tile wind effect. Thus, this discus­
sion presents rolling resistance statistics
calculated with and without the wind effect.

Northtown Yard data exist only on computer print­
outs'and thus were manually processed into
machine-readable form. SRI extracted pertinent
data for a small sample of cars from the hard-

4.4.2

Group
Retarder Grade DFC
Number (%) (feet)

1 0.9 665
4 0.57 784

Important Rolling Resistance Factors
During the Periods Analyzed

*Just before the printing of tllis report, Dr.
Dennis C. Henry of Gustavus Adolphus College, a
consultant to Burlington Northern, indicated to
SRI that the rolling resistance values at North­
town Yard were treated as a "tuning parameter"
and arbitrarily adjusted to improve yard opera­
tions. Thus, the Northtown Yard data are
unreliable.
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Northtown yard personnel had adjusted certain
factors (e.g., length between wheel detectors)
in the rollability calculation to improve the
performance of the system. That was the basis
for SRI's decision to process data on a small
sample of single-car cuts humped onto Tracks 1
through 7 and Tracks 24 through 3l--groups of
tracks where possible irregularities in rolla-
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bility values were not likely. This sample
~omprised data on a maximum 125 cars for each
temperature range in the two time periods. The
s~mple included cars both successfully and un­
successfully matcheq to the UMLER car file.

Weather--According to Northtown Yard personnel,
l5-mph headwinds are not unusual on a normal day.
Winter temperatures were the coldest among all
the yards studied.

Car rollability observations were made on 734
and 464 cars during the winter and summer
periods, respectively. An almost equal number
of observations were randomly selected from
temperature ranges between -15 and 95 of. Tem­
peratures were recorded by the PC computer in
temperature ranges of la-degree intervals. Based
on these ranges, the average temperatures for
the ~bservations were 16 of in the winter and
77 of in the summer; thus, the range of
temperatures did not overlap in the winter and
summer. Table 4-15 indicates the distribution
of rolling resistance observations for the
temperature ranges.

There was no precipitation during the summer
observations, and only 12% of the cars were
humped during wet weather in the winter. The
wind velocity was substantially higher during
the winter at Northtown Yard: The average wind
velocity in the winter was 7.8 mph, whereas it
was 4.1 mph in the summer. Because wind is a
major factor at Northtown Yard, rolling re­
sistance distributions by wind velocity are
presented in Table 4-16. The wind seemed to
oppose the carS more in the winter than in the
~u~ner, but the direction of the wind did vary,
as depicted in Figure 4-15.
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Table 4-15

DISTRIBUTION OF NORTHTO\VN YARD
ROLLING RESISTANCE DATA

FOR VARIOUS TEMPERATURE RANGES

Temperature Relative Frequencr (%)
(OF) Winter Summer

-15 - -5 14.4 0,0

- 5 - 5 17.0 0,0

5 - 15 17.0 0.0

15 - 25 17.4 0,0

25 - 35 17.0 0.0

35 - 45 17.0 0.0

45 - 55 0.0 0.0

55 - 65 0.0 17.5

65 - 75 0.0 +5,9

75 - 85 0.0 29.5

85 - 95 0.0 27.2--.---
Total 100.0% 100.0%

Car Population--SRI attempted to iqentify the
following parameters for each ro~ling fesistance
observation:



Table 4-16

DISTRIBUTION OF NORTHTOWN YARD ROLLING
RESISTANCE DATA FOR VARIOUS VELOCITIES OF WIND

The Northtown Yard PC computer classified cars as
light, medium, heavy, or extra heavy according to
the following loaded car weights:

• Light, 0 to 35 tons

• Medium, 35 to 60 tons

& -1.953

• Extra heavy, more than IUD tons.

• Heavy, 60 to 100 tons

Rolling Resistance Information for Design4.4.3

Table 4-19 presents the distribution of winter
and surmner car populations by length. Sixty-one
percent of the winter cars had roller bearings,
and 23% had plain or journal bearings. Only 49%
of the surmner cars had roller bearings, with 20%
having plain or journal bearings. Data on
bearings were unavailable for the remaining cars.

S .9&294.

The distribution of cars by weight class was
somewhat different for the two observation
periods, as shown in Table 4-17, but the average
weight of the cars in summer and winter was about
64 tons. Table 4-18 presents the distribution
of loaded weights for the car populations.

The truck center length (TRCNTL) was obtained
from the UMLER file for only 35% of the observa­
tions. The car wheelbase (IWBASE), hOl~ever, was
recorded for every observation by the Northtown
Yard PC computer. When UMLER data were unavail­
able, SRI estimated the truck center length using
calibration equation 4.1, which included the
following coefficients estimated by regression:

The preliminary analysis of Northtown Yard data
collected in winter revealed that car rolling
resistance measurements were 5 to 10 Ib/ton
higher than expected. Northtown Yard personnel
explained that such great rolling resistances
are due to high headwinds. Consequently, addi­
tional rolling resistance statistics were encoded
from the cut statistics that were modified by the
yard's PC compucer to exclude the wind effect.

Wind
Velocity Relative Frequency (% )
(ft/sec) Winter Surmner

6.5 6.7

1 5.7 8.0

3 3.7 18.8

4 5.9 8.2

6 3.5 23.3

7 6.4 8.6

9 9.0 12.1

10 6.3 3.2

12 16.6 4.7

13 7.5 0.9

15 4.4 1.3

16 3.0 3.4

18 1.9 0.0

19 0.4 0.0

21 2.5 0.0

22 7.2 0.9

23 3.5 0.0

25 5.2 0.0

26 0.1 0.0

28 0.7 0.0

100.0 100.0

• Car type

• Car weight class

• Car weight

• Truck center length

• Bearing type.

Figures 4-18 and 4-19 are histograms of unmodi­
fied car rolling resistances calculated in winter
and surmner by the PC computer. Although these
values are significantly higher than those for
other yards, the variance of the surmner rolling
resistance values is somewhat smaller on measure­
ment section 1 than on measurement section 2.
This is verified by examining the standard devia­
tion and the 95% confidence interval values for
each measurement section in Tables 4-20 and 4-21.

The data on car type, truck center length, and
bearing type in the UMLER file matched those
recorded for 79% of the car observations.
Figures 4-16 and 4-17 indicate that, again, the
predominant type of car was the boxcar, which
comprised a greater percentage of the winter
than the sununer population. In addition, a
substantial number of cars were special types.

Figures 4-20 and 4-21 are histograms of winter
and summer car rolling resistances modified by
the Northtown Yard PC computer to take into
account the effect of wind. The relationships
the PC computer used to extract the wind effect
from the unmodified rolling resistances were:
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Table 4-22 presents statistics for the modified
car rolling resistance values. A comparison 9£
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BY UMLER CAR TYPE DURING THE SUMMER
OBSERVATIONS

the modified and unmodified rolling resistance
values ~eveals a slight reduction in the mean car
rolling resistance after modification in measure­
ment sect10n 1 (1.e., 1.5 Ib/ton in the winter
and 1.1 Ib/ton in the summer) and a greater re­
duction in mean car rolling resistance after
modification in Measurement section 2 (i.e., 2.7
Ib/ton in the I'linter and 1.9 lb/ton in the sum­
mer). Even after mOdification, hOl'1ever, the car
rolling resistance values remain 5 to lU Ib/ton
h1gher than those recorded at the other yards •.

Rolling resistance at Northtown Yard is consis­
tently harder than at other yards. At this time,
this discrepancy cannot be explained. It may be
due to severe headwinds, track conditions, or a
bias in the measurement sections.

4.5 ARGENTINE YARD

4.5.1 Physical Description

Argentine is a Santa Fe Railway yard located in
Kl;lllsas City. It was constructed in 1969. As
Figure 4-22 shows, Argentine Yard has one master
retarder and six group retarders. Railcars are
humpeJ into 48 classification tracks (8 tracks
per group). A flange oiler is located at the
crest. The signaling anJ PC systems were in­
stalled by WAtlCO.

Velocity measurements l'1ere obtained on cards from
the PC computer for the following measurement
sections:

• From the master retarder to the group
retarder (measurement section 2).

• From the group retarder to the tangent
point (measurement section 3).

Rolling resistances l'1ere calculated for measure­
ment sections 2 and 3 (MS2 and MS3 in Figure
4-22). In the calculation, PC computer-recordea
velocities and lengths, the grades of the mea­
surement sections, and a rate of acceleration
were used. Associated parameters that might
influence rolling resistance were extracted for
the tHO measurement sections.

Measurement section 2 consists of 277 to 354 feet
l)f straight and curved track between the exit of
the master retarder (HXWD) and the wheel detec­
tors located approximately 100 feet from the
group retarder. The measurement section grade
and the total lengths differ for each group as
follol'1s:

Table 4-17

DISTRIBUTION OF NORTHTOWN YARD CARS BY WEIGHT CLASSIFICATION
(Percent)

\hllter SUliuner

Relative Cumulative Relative Cumulative
\.:eight Class Frequency Frequency Frequency Frequency

Light 44.1% 44.1% 40.9% 40.9%

Hedium 19.1:l b3.9 13.b )4.5

Heavy 17.8 81.7 26.7 81.3

Extra heavy 18.3 100.0 18.8 100.0
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Table 4-18

DISTRIBUTION OF NORTHTOWN YARD CARS BY WEIGHT
(Percent)

Winter Summer
Car Weight Relative Cumulative Relative Cumulative

(tons) Frequency Frequency Frequency Frequency

20 4.4% 4.4% 2.8% 2.8%

30 30.9 35.3 30.2 33.0

40 11. 7 46.9 9.6 42.q

50 4.9 51.9 6.5 49.1

60 4.7 56.5 4.1 53,5

70 4.8 61. 3 6.7 60.0

80 9.9 71. 2 10.2 70.2

90 7.7 78.9 6.7 77.0

100 4.0 82.9 6.1 83.0

110 4.0 86.8 5.9 88.9

120 4.1 90.9 6.3 95.2

130 8.4 99.3 4.6 99.8

140 0.5 99.9 0.2 100.0

150 0.1 100.0 0.0 100.0

Table 4-19

DISTRIBUTION OF NORTHTOWN YARD CARS BY TRUCK CENTER LENGTH
(Percent)

Length
(feet)

Relative
Frequency

Winter
Cumulative
Frequency

Relative
Frequency

Summer
Cumulative
Frequepcy

20

25

30

35

40

45

50

55

60

65

70

0.4% 0.4% 0.9% 0.9%

4.2 4.6 6.7 7.5

14.7 19.3 14.0 21.6

8.9 28.2 8.0 29.5

31.1 59.3 22.4 51.9

"29.8 89.1 33.8 85.8

5.9 95.0 8.0 93.8

1.5 96.5 0.6 94.4

0.8 97.3 1.9 96.3

2.6 99.9 3.7 100.0

0.1 100.0 0.0 100.0
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FIGURE 4-18 DISTRI8UTION OF NORTHTOWN YARD CAR ROLLING RESISTANCES
BY MEASUREMENT SECTION DURING THE WINTER OBSERVATIONS
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FIGURE 4-19 DISTRIBUTION OF NORTHTOWN YARD CAR ROLLING RESISTANCES
8Y MEASUREMENT SECTION DURING THE SUMMER OBSERVATIONS

Table 4-20

KOLLING KESISTANCE ANll VELOCITY STATISTICS AT IlORTIlTOWN YAKD ~1r;ASUREMENT SECTIONS DURING THE WINTER OBSERVATIONS

Measurement
Section

Roll ing Res istance
Ob/ton)

Average Velocity
(ft/oec)

Crest tq master
retarder (HS1) 19.771 4.969 .185 19.415-

20.140
12 41 .985 .U37 16.816-

16.960
13 18

Halter retarder
to aroup
retarder (HS2)

20.491 6.254 .231 2U.037-
20.944

41 19.841 1.647 .061 19.721-
19.960

11 25

*so, Itandard deviation.
SEt .tandard error of mean.
ct, confidence interval for rae.n.
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Table 4-21

ROLLING RES ISTANCE AND VELOCITY STATISTICS AT NORTHTOWN YARD MEASUREMENT SECTIONS OUR ING THE SUMMER OBSERVATIONS

Average Ve loc i ty
(ft/sec)

Rolling Resistance
( Ib/ton)Measurement

Section

Cr~.t to master
retarder (Hsll 13.695 2.392 .112 13.474-

13.915
10 27 .• 024 17 .896­

17.990
15 19

H•• ter retarder
to group
retarder (HS2)

13.705 3.763 .'175 13.361-
14.048

4 26 19.345 1.497 .069 19.208­
19.481

11'50, ~tandard deviation.
SEt "tandard error of mean.
CIt confidence interval for mean.
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Table 4-22

MODIFIED ROLLING RESISTANCE (EFFECT OF HEADWIND REIIOVED) STATISTICS AT NORTHTOWN YARD HEASUREIIENT SECTIONS
(Pounds per Ton)

Measurement Winter Sunwner
Section Mean SD* SE* ~5% CI ~ Maximum Mean ~ ~ 95% CI Minimum Maximum

Cr.at t.o ...ter
retarder (K$l) 18.253 4.822 .179 17.901- 6 40 12.593 2.232 .105 12.387- 4 26

18.605 12.799

H••ter retarder
to group 17. 753 6.119 .226 17.309- -3 42 11.851 3.605 .167 1l.523- 28
retarder (HS2) 18.197 12.180

*5D, standard deviation.
SEt standard error of mean.
ex. coqfidence interval for mean.

------

HUMP

CRE:;T
RETARDER

LEGEND:
M$ - MEASUREMENT SECTION
WD - WHEEL DETECTOR
TP - TANGENT POINT
MX - MASTER EXIT
GX - GROUP EXIT

FIGURE 4-22 ARGENTINE YARD CONFIGURATION

FUTURE

-----

CLASSIFICATION
TRACKS

Classification yard calibration information for
3,272 observations was obtained for the time
periods April 2 through 14, 1980 (winter), and
June 29 through July 13, 1980 (summer). The car
rollability observations obtained for these two
2-week periods numbered 1,338 and 1,307 cars,
respectively.

Group
Retarder Grade Length
Number (%) (feet)

1 1.11 277
2 1.11 294
3 1.06 342
4 1.19 354
5 1.01 333
6 1.08 310

4.5.2 Im~ortant Rolling Resistance Factors
During the Periods Analyzed

Measurement section 3 includes track from the
exit of the group retarder (GXWD) to the tangent
point wheel detector (TPWD) located on the clas­
sification track. The lengths of the measurement
sections vary between 523 and 6b6 feet. Each
track section includes some curvature, an oiler
at the exit of the group retarder, and an average
grade ranging from 0.08 to 0.24%.
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The data were on only single-car cuts. An
Argentine Yard data file was created containing
2,645 observations that had UMLER matches.
Statistics and descriptive infonnation are
presented here for the winter and summer UMLER
matches.



Temperature Relative Frequency (I.)
(OF) Winter Summer

30 5.5 0.0
40 17.0 0.0
50 21.3 0.0
60 47.5 0.0
70 8.6 o.u
80 0.0 19.4 w

90 0.0 38.9
Q.

>-f-
100 0.0 16.4 a:
no 0.0 25.2

<{
u

Total 100.0% lOU.O%

Weather--During the observation periods,
recorded precipitation occurred on 9.5% of the
winter observations and none was recorded during
the summer observations.* Wind velocity and
direction measurements were unavailable for
Argentine Yard.

The winter temperatures at Argentine Yard were
moderate, but some very high temperatures were
reached in the summer (observations were recorded
during 110 of temperatures). The average tem­
peratures for the observations were 53 of and
93 of in the winter and summer, respectively.
In view of the short sample data collection
periods, however, the distribution of tempera­
tures may not be representative of the 1980
winter and summer months in the Kansas City area.
Table 4-23 shows the distribution of rolling re­
sistance observations for various temperatures.

Car Population--The following parameters were
identified for each rolling resistance observa­
tion so that the dependence of rolling resistance
on certain aspects of the car itself could be
quantified:

• Car type

• Car weight class

• Car weight

• Truck center length

• Bearing type.

Table 4-23

DISTRIBUTIUN UF ARGENTINE YARD ROLLING
RESISTANCE OATA FOR VARIOUS

TEMPERATURES

Car type, truck center length, and bearing type
were obtained from the UMLER file. As Figures

*The precipitation and supplemental temperature
information '.ere obtained from "Local Climato­
logical Data" recorded at the National Weather
Service Office at the Kansas City International
Airport; these data were unavailable from the
cards provided by the PC computer.
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4-23 and 4-24 demonstrate, the car population at
Argentine Yard was like that of the other yards,
the most predominant type of car being the bpx­
car; it comprised approximately 40% of the car
population.
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J
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FIGURE 4-23 DISTRIBUTION OF ARGENTINE YARD CARS
BY UMLER CAR TYPE DURING THE WINTER
OBSE RVATIONS
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FIGURE 4-24 DISTRIBUTION OF ARGENTINE YAflD GAR~ BY U¥LER
CAR TYPE DURING THE SUMMER OBSERVATIONS



The yard PC computer classified every car as
light, medium, heavy, or extra heavy according
to the following loaded weights:

• Light, 0 to 30 tons

• Medium, 30 to 50 tons

• Heavy; 50 to 100 tons

• Extra heavy, more than 100 tons.

Tables 4-24 and 4-25 indicate that the two car
populations differed little in distribution by
weight class and loaded weight. Compared with

the other yards, Argentine Yard had relatively
few light (or empty) cars. The average car
weight for both populations was 59 tons.

The truck center length (TRCNTL) parameter was
missing for 46% of the cars. The PC computer had
recorded the car length (first axle to last) for
all observations. Therefore, SRI could estimate
truck center length using calibration equation
4.1 and the following coefficients estimated by
regression:

a. = -5.389

S 1.020.

Table 4-24

DISTRIBUTION OF ARGENTINE YARD CARS BY WEIGHT CLASSIFICATION
(Percent)

Winter Summer
Relative Cumulative Relative Cumulative

Weight Class Frequency Frequency Frequency Frequency

Light 15.8% 15.8% 13.9% 13.9%

Hedium 40.1 55.9 45.1 59.0

Heavy 28.6 84.5 23.9 82.9

Extra heavy 15.5 100.0 17.1 100.0

Table 4-25

DISTRIBUTION OF ARGENTINE YARD CARS BY WEIGHT
(Percent)

Winter Summer
Car Weight Relative Cumulative Relative Cumulative

(tons) Frequency Frequency Frequency Frequency

20 3.9% 3.9% 3.3% 3.3%

30 27.9 31.8 28.8 32.1

40 20.4 52.2 21.8 53.9

50 7.3 59.5 7.5 61.4

60 4.5 64.1 3.6 65.0

70 4.0 68.0 3.2 68.2

80 5.9 73.9 5.2 73.4

90 7.0 81.0 7.7 81.1

100 6.9 87.9 4.6 85.8

110 3.3 91. 2 2.11 88.5

120 2.5 93.7 3.2 91.8

130 6.2 99.9 7.7 99.5

140 0.1 99.9 0.5 100.0

51



The distribution of winter and summer car popu­
lations by length is given in Table 4-26. Most
of the cars had roller bearings (77% of the
winter population and 81% of the summer popula­
tion); the remaining cars had plain bearings.

Descriptive statistics for \:he. rolli,,~.resis~
tances are presented in Table 4-27 for the
winter and summer populations. Data were,.'
insufficient for accurate computation of the
average velocities within the.measurement
sections.

Figures 4-25 and 4-26 are histograms of winter
and summer rolling resistance for measurement
sections 2 and 3.

4.5.3 Rolling Resistance Information for Design
Similar to the other rolling resistance histo­
grams, Figures 4-25 and 4-26 show a ~I;eater.,

variance and higher rolling resistance values on
measurement section 2 than on measurement sec-

Table 4-26

DISTRIBUTION OF ARGENTINE YARD CARS BY TRUCK CENTER LENGTH

Length
(feet)

70

.. I
45

I
40

I
35

GROUP RETARDER TO TANGENT POINT (MS31

SAMPLE SIZE, 1338
MEAN,6.274

STANDARD DEVIATION, 1.950

IT' I
15 20 25 30

CAR ROLLING RESISTANCE -Ib/ton

Winter Summer
Relative Cumulative Relative Cumulative
Frequency Freguency Freguency Frequency

0.2% 0.2% 0.0% 0.0%

0.2 0.5 0.4 0.4

2.8 3.3 2.9 3.4

10.3 13.6 9.1 12.5

2.8 16.4 1.8 14.3

46.3 62.7 49.9 64.2

21.1 83.9 21.6 85.8

2.7 86.5 2.4 88.3

3.5 90.0 4.8 93.0

2.2 92.3 3.1 96.1

7.6 99.9 3.9 100.0

0.0 99.9 0.0 100.0

0.1 100.0 0.0 100.0

~ .. I 1-
MASTER RETARDER TD GROUP RETARDER (MS21

SAMPLE SIZE, 1338
MEAN,8,908

STANDARD DEVIATION, 2.973
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FIGURE 4-25 DISTRIBUTION OF ARGENTINE YARD CAR ROLLING RESISTANCES
BY MEASUREMENT SECTION DURING THE WINTER OBSERVATIONS
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FIGURE 4-26 DISTRIBUTION OF ARGENTINE YARD CAR ROLLING RESISTANCES
BY MEASUREMENT SECTION DURING THE SUMMER OBSERVATIONS

Table 4-27

ROLLING RES ISTANCE STATISTICS AT ARGENTINE YARD MEASUREMENT SECTIONS
(Feet per Second)

Measurement Winter Sununer
Section Mean SU* SE* 95. CI Minimum Haximum Mean ~ SE* 95. Cl Minimum ~

Master retarder 8.908 2.973 .081 8.748- 22 7.921 2.631 .073 7.778- 24
to group 9.067 8.064
retarder (MS2)

Group retarder
to tangent point 6.~74 1.950 .053 6.170- -2 21 5.bOO 1.900 .053 5.497- -I 33
(MS3) 6.379 5.703

*5D , standard deviation.
SE t standard error of mean.
el. confidence interval for mean.

tion 3. The histograms also show a slightly
larger variance in the rolling resistances for
the winter than for the summer population. This
is verified by examining the standard deviation
(SD) and the 95% confidence intervals for each
population in Table 4-27.

4.6 LIm~OOD YARD

4.6.1 Physical Description

Linwood (or Spencer) Yard is a Southern Railway
hump yard located at Lim~ood, North Carolina.
As Figure 4-27 indicates, Linwood Yard has one
master retarder and eight group retarders. Rail­
cars are humped into a northeastern direction
onto eight groups of classification tracks,
usually at a rate of 2.25 to 2.5 mph. The sig­
naling and PC systems were installed by GRS.

Velocity measurements are recorded by the PC com­
puter at two measurement sections:

Linwood Yard data were obtained on computer
printout and thus had to be manually processed
into machine-readable form. SRI extracted per­
tinent data for a small sample of cars from hard­
copy cut statistics; the sample comprised every
tenth car of arriving trains, providing it was a
single-car cut with rolling resistance data.

Measurement section 1 consists of approximately
60 feet of straight track between the first and
third wheel detectors before the master
retarder. The orientation of the measurement
section is 45 degrees (measured clockwise from
north) on a 3.22% grade. The midpoint of the
section is 229 feet from the crest.

The tracks between the master retarder and group
retarders contain combination No. 10 and No. 8
turnout lap switches. However, measurement
section 2 consists of approximately 80 feet of
straight track between the first and third wheel
detectors before each group retarder. The
measurement sections are all on a 0.8% grade.

• From the hump crest to the master
retarder (measurement section 1).

• From the master retarder to the group
retarder (measurement section 2).
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Har~-copy listings of cut statistics were ob­
tained for two time periods: November 15-21,
1980 (Period 1), and February 11-15, 1981
(Period ;1).

A Linwood Yard data file was created conta~n~ng

1,048 and 744 cut statistics from~eriods 1 and
2, respectively. The data included single-car
cuts with UMLER matches and single-car cuts with
no UHLER match.

4.6.2

N

/
HUMP

CREST

LEGEND:
MS - MEASUREMENT SECTION
MX - MASTER EXIT
WD - WHEEL DETECTOR

FIGURE 4-27

Important Rolling Resistance Factors
During the Periods Analyzed
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LINWOOD YARD CONFIGURATION

1 and 2, respectively. In view of the brief
data collect ion periods and the wide temperatu!:'e
categories, the d~stribution of temperatures m~y

not be typical of the weather in this pa!:'t of
the United States during the winter months.
Table 4-28 presents the distribution of rolling
resistance observations for the six temperature
ranges.

Table 4-28

DISTRIBUTION OF LINWOOD ROLLING RESISTANCE DATA
FOR VARIOUS TEMPERATURE RANGES

Relative Frequency (%)
Period 1 Period 2

Statistics and descriptive information are pre­
sented here for the sampled cut statistics.
Period 1 observations are presented for cars
successfully matched to the UMLER car file. The
UMLER file was unavailable for processing the
second sample of observations. Consequently,
those observations are presented regardless of
UMLER match.

Weat;her--At Linwood Yard, car rollability obser­
vations with UMLER matches for the Period 1
numbered 804" cars.

Temperature
(OF)

Less than 0
o - 20
20 - 40
40 - 60
60 - 80
Greater than 80

Total

0.0
0.0
0.0

35.2
52.8
!h.Q

100.0%

0.0
0.0

14.0
51.9
25.1
-2.:.Q

100.0%

During Periods 1 and 2, there was recorded pre­
cipitation for 30% and 6% of the observations,
respectively. The wind velocity averaged 7
ft/sec in Period 1 and lU ft/sec in Per~od 2.
The wind direction was recorded in 16 (22.5
degree) categories (i.e., N, NNE, ENE, and so
on). During both periods, the general recorded
directions of the wind were South and West, as
depicted in Figure 4-28.

The PC computer recorded temperatures using six
temperature rqnge codes. Based on these ranges,
the average temperatures for the observations
were estimated at 60 of and 56 of in Periods
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Car Population--The following parameters were
identified for each rolling resistance observa­
tion for quantification of the dependence of
rolling resistance on certain aspects of the car
itself:

• Car type

• Car weight class

• Car weight

• Truck center length

• Bearing type.
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FIGURE 4-28 DISTRIBUTION OF LINWOOD YARD ROLLING RESISTANCE DATA
FOR VARIOUS WIND DIRECTIONS

The car type, truck center length, and bearing
type were available for Period 1 observations
only.

Figure 4-29 indicates the various car types in
the Linwood Yard population during Period 1.
Again, the most predominant type of car was the

boxcar, which comprised 40% of the population
during that period.

The Linwood Yard PC computer classified every
car as light, medium, heavy, or extra heavy
according to the following loaded car weights:

• Light car, 0 - 35 tons

w
a.
>­
f-
a:
<0:
u

___ ._..*_. . . .____ 134)

I EQUIPPED BOX CARS
I.* •••• _-_.--_ ••••• _._ ••• *._ .•••_•••••.•..•._..•_.
I UNEQUIPPED BOX CARS
I
••• ( 8)
I EQUIPPED GONDOLAS
1
******:11:* ( 251)
1 FLAT CARS
I
-_ •••• _._-- ( 39)
1 UNEQUIPPED GONDOLA C
I._. __ ...._--_.-._----_ .....--_.-...------_.- ..
1 UNEQU 1PPED HOPPER CA
I
••• ( 7)
I EQUIPPED HOPPER CARS
I_._ •• • • ._ •• _._ 148)

1 SPECIAL TYPE CARS
I
••• ( 9)
I MAINTENANCE OF WAY C
I
••••••••••• ( 41)
1 REFRIGERATOR CARS
1
•• •••• ( 21 )
1 TANK CARS
1
I •••.•..•• 1 •••••••.• 1 ••••••.•. 1 •....•... 1 •.•••...• 1
o 40 80 120 160 200

190)

178)

• Medium car, 35 - 60 tons

• Heavy car, 60 - 100 tons

• Extra heavy car, more than 100 tons.

Table 4-2Y shows the distribution of cars by
weight class for the two populations, and Table
4-3U d~stributes these cars by loaded weight.
The average weights of cars in the two car popu­
lations were 65 tons and 60 tons.

The truck center length was missing for 18% of
the UHLER matches. The cut wheelbase, used to
estimate the missing truck center length for the
other yards, was not obtained fur Linwood Yard
observations. Consequently, the distribution of
the 657 Linwood Yard cars of known truck center
length is given in Table 4-31. Seventy-seven
percent of the car population during Period 1
had roller bearings, and 23% had plain or
journal bearings.

NUMBER OF CARS

FIGURE 4-29 DISTRIBUTION OF LINWOOD YARD CARS BY UMLER
CAR TYPE (Period 1 Observations)
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4.6.3 Rolling Resistance Information for Design

Figures 4-30 and 4-31 are histograms of Linwood



Table 4-29

DISTRIBUTION OF LINWOOD YARD CARS BY WEIGHT CLASSIFICATION
(Percent)

Period 1 Period 2
Relative Cumulative Relative Cumulative

Weight Class Frequency Frequency Frequency Frequency

Light 26.9% 26.9% 14.7% 14.7%

Medium 29.5 56.3 45.7 60.3

Heavy 19.8 76.1 21.4 81.7

Extra heavy 23.9 100.0 18.3 190.0

Table 4-30

DISTRIBUTION OF LINWOOD YARD CARS BY WEIGHT
(Percent)

Period 1 Period 2
Car Weight Relative Cumulative Relative Cumulative

(tons) Frequency Frequency Frequency Frequency

20 3.9% 3.9% 3.6% 3.6%

30 34.2 38.1 37.1 40.8

40 10.5 48.6 13.6 54.4

50 4.2 52.7 4.3 58.7

60 4.9 57.7 4.6 63.3

70 3.5 61.2 3.8 67.1

80 5.1 66.2 3.5 70.6

90 6.4 72.6 6.6 77.2

100 7.1 79.7 5.3 82.5

110 5.5 85.2 5.1 87.6

120 6.4 91.6 4.3 91. 9

130 7.4 99.0 7.2 99.1

140 0.6 99.6 0.9 100.0

160 0.1 99.7 0.0 100.0

170 0.1 99.9 0.0 100.0

190 0.1 100.0 0.0 100.0

Yard car rolling resistances for the two measure­
ment sections.

Tables 4-32 and 4-33 present the descriptive
statistics for the rolling resistances and
average velocities at each of the two measure­
ment sections for the two populations.

Unlike the other rolling resistance histograms,
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Figures 4-30 and 4-31 show slightly higper
rolling resistance values on measurement section
1 than on measurement section 2. A comparison
of average car velocities for the two measurement
sections at Linwood Yard with those at other
yards, however, reveals a similar increase in
car speed from measurement section 1 tp measure­
ment section 2.
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Table 4-31

DISTRIBUTION OF LINWOOD YARD CARS
BY TRUCK CENTER LENGTH

Period 1
(Percent)

Length Relative Cumulative
(feet) Frequency Frequency

25 4.7% 4.7%

30 13.1 17.8

35 9.4 27.2

40 45.8 73.1

45 18.6 91.6

50 2.1 93.8

55 2.3 96.0

60 2.0 98.0

65 1.4 99.4

75 0.6 100.0

CREST TO MASTER RETARDER (MS1)

SAMPLE SIZE, 804
MEAN,9.945

STANDARD DEVIATION, 2.902

MASTER RETARDER TO GROUP RETARDER (MS2)

SAMPLE SIZE, 804
MEAN,9.491

STANDARD DEVIATION, 3.813

<0 0 5 10 15 20 25 30

CAR ROLLING RESISTANCE -Ib/ton

35 40 45

FIGURE 4-30 DISTRIBUTION OF LINWOOD YARD CAR ROLLING RESISTANCE BY
MEASUREMENT SECTION DURING PERIOD 1 OBSERVATIONS
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FIGURE 4·31 DISTRIBUTION OF LINWOOD YARD CAR ROLLING RESISTANCE
BY MEASUREMENT SECTION DURING PERIOD 2 OBSERVATIONS

Table 4-32

ROLLING RESISTANCE AND VELOCITY STATiSTiCS AT LINWOOD YARD MEASUREMENT SECTiONS DURING PERIOD 1

Measurement
Section

Crest 1;0 mast~r

r~ tarder (MSl)

Master retarder
to group
retarder (MS2)

Rolling Resistance Average Velocity
(lb/ton) (ft/,eel

~ ~ SE* 95% CI Minimum~ ~ ~ ~ ~ Minimum Maximum

9.945 2.902 .102 9.744- 25 18.386 .673 .024 18.339- 15 19
10.145 18.433

9.491 3.813 .134 9.227- 23 21. 350 1.811 .064 21.225- 16 27
9.755 21.476

*SD. standard deviation.
SE. standard error of mean.
CI. confidence interval for mean.

Table 4-33

ROLLING RES ISTANCE AND VELOCITY STATISTICS AT LINWOOD YARD MEASUREMENT SECTION DURING PERIOD 2

Measurement
~ection

ROlling Resistance
(lb/ton)

Average Velocity
(ft/Bee)

Creat to master
retarder (MSl) 10.364 3.804 0.139 10.091­

10.637
-1 34 18.308 0.826 0.030 18.249­

18.367
13 20

Master retarder
to group
retarder (MS2)

10.055 4.335 0.159 9.743-
10.367

33 21. 232 2.283 0.084 21.061-
21. 397

28

*SD, .tandard deviation.
SEt .tandard error of mean.
CI, confidence interval for mean.
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CHAPTER 5: STATISTICAL ANALYSIS OF CAUSAL FACTORS

5.2 CAR WEIGHT

An inverse relationship exists between rolling
resistance and car weight: As cars become
lighter, they roll harder. Figure 5-1 depicts

160

ASSUMED CONDITIONS

CAR WIDTH, 10 It
CAR HEIGHT, 15 ft
BOXCAR
TEMPERATURE, 40' F
WIND, 0 ftlsee
CAR VELOCITY, 16 It/sec
NO CURVES
DISTANCE FROM CREST, 500 It

(PLOTTED CURVE FOR HINKLE YARD;
DE WITT YARD 0.5Ib/ton LOWER)

ROLLING RESISTANCE AS A FUNCTION OF
CAR WEIGHT

~ 00 1m

WEIGHT OF CAR - tons

FIGURE 5-1
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These analyses were performed using data only
from Hinkle and DeWitt yards. The data from the
other yards did not provide the necessary com­
plete quantification of the factors being
examined. In addition, a small but nonetheless
statistically significant difference existed in
the rolling resistances between these two yards.
This difference was about U.S Ib/ton; it per­
sisted even when the explanatory power of all the
available factors was taken into account.* This
residual difference could represent a bias in
the data provided by the PC systems and by plans
in one or both yardS, or it could represent some­
unknown factor varying between the two yards- that
was omitted from the analysis.

5.1 GENERAL

This chapter presents SRI's findings on the in­
fluence of the factors that traditionally have
been believed to influence rolling resistance:
car weight, car type, bearing type, truck center
length, car speed, wind velocity, temperature,
moisture, switches and curves, distance from
crest, and presence of oilers. The type of rail
is also believed to influence rolling resistance,
but this factor could not be assessed because all
the yards had welded rail (common to all modern
yards with PC systems).

The regression analysis results presented here,
unless specified otherwise, include only first­
order tenus, with rolling resistance as the
dependent variable. Details on this analysis,
including the complete calibrated computing for­
mulas, are presented in Appendix B. Appendix B
also presents regression results consid~ring

first-order interactions among the independent
variables and considering resistance force as
the dependent variable. The int~raction term
and resistance force regressions did not add an
appreciable amount of information. Therefore,
the results presented in this chapter should be
sufficient for most design purposes.

The linear regression technique was used, wnich
indicated how the mean rolling resistance varied
as a function of these factors--the independent
variables. Because of its emphasis on the mean,
linear regression does not provide much informa­
tion on the distributional characteristics of
rolling resistance when all these factors are
held constant.* Nonetheless, knowledge of how
mean rolling resistance varies with these
factors can be useful in applying correction
factors to the distributional characteristics
obtained, as in Chapter 6.**

Isolating the influence of any single factor on
rolling resistance is difficult because all fac­
tors influence rolling resistance simultaneously.
Although the regression technique generally indi­
cates the effects of the various factors, the
multidimensional equation that results from the
analysis can still be difficult to grasp. There­
fore, for the quantified relationships, an arti­
fice called "nominal car" or "nominal conditions"
was used. Use of this artifice permitted selec­
tion of nominal values for all factors except the
one being studied, which was allowed to vary.
(Appendix B presents the complex multiple­
variable relationships revealed in these
analyses.)

*The distribution of the "error" in regression
terminology.

~kIgnoring any heteroskedasticity. (See Appendix
B for a discussion of tenninology.)

*The quantification of these factors should be
capable of explaining most, if not all, regional
differences between the two yards.
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ASSUMED CONDITIONS

CAR WIDTH, 10 It
CAR HEIGHT, 15 It
CAR WEIGHT, 48 tons
BOXCAR
TEMPERATURE,40· F
NO CURVES
DISTANCE FROM CREST, 500 It

(PLOTTED CURVES FOR HINKLE YARD;
DE WITT YARD 0.5lb/ton LOWER)

this relationship for the nominal conditions in­
dicat;ed. for example, an "average" 30-ton boxcar
hilS a rolling resistance of approximately 8.3
Ib/ton, whereas an "average" 80-ton boxcar has a
rolling resistance of approximately 5.4 Ib/ton.

5.4 CAR TYPE

Relative to the boxcar (the nominal car), on the
average:

• Gondola cars roll about 1.2 Ib/ton
harder.

• Flatcars roll about 0.55 Ib/ton harder.

• Tank carS roll about 0.66 Ib/ton harder.

The other car types considered--hoppers, refrig­
erator cars, and vehicular cars--were not signif­
icantly different from the reference boxcar.*

5.4 BEARING TYPE
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The traditional assumption has been that cars
with roller bearings roll easier than cars with
journal bearings. In this study, however, no
statistically significant difference was found
between the cars. Moreover, cars with journal
bearings constituted about 17% of the regression
sample--more than sufficient to detect any
statistically significant difference.

5.5 TRUCK CENTER LENGTH

2

5 10 15 20

CAR SPIOED - It/soc

25 30

The truck center length had no statistically
significant effect on rolling resistance. This
appl ied even on curves,'~'~ where convent~onal

,~isdom has been that cars· with long wheelbases
roll harder because of a binding effect.

5.6 CAR SPEED

Rolling resistance depends greatly on car speed;
that is, rolling resistance increases with car
speel!.

Fig~re 5-2 shows this speed relationship for the
nominal conditions indicated. Although a V2

*Cabooses ,~ere omitted from the analysis because
data on them were incomplete in every instance.
Maintenance-of-way and special types of cars
were also omitted because their characteristics
were too variable within their categories. No
distinction was made between equipped and un­
equipped hoppers or between equipped and un­
equipped gondolas.

**See the interaction term regression in Appendix
B. In particular, note the lack of significance
of the interaction between truck center length
and the curve variables.
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FIGURE 5-2 ROLLlN<;3 RESISTANCE AS A FUNCTION OF
CAR VELOCITY

(velocity squared) dependence* exists, the
actual curvilinearity appears to be small under
zero ambient wind conditions and even with a
10-ft/sec headwind. Thus, for most yard appli­
cations curvilinearity can be ignored ~hen head­
winds are slight. (The wind effect is discussed
in Section 5.7 below.)

If a linear relationship is assumed, each f~ot­

per-second increase in velocity appears to in­
crease rolling resistance by approximately 0.32
Ib/ton for the zero-wind condition, and by 0.40
Ib/ton for the 10-ft/sec headwind.

5.7 WIND VELOCITY

A headwind can contribute significantly to the
rolling resistance of a nominal car.** This

*The V2 dependence is statistically signifi­
cant and consists of (1) a componept due to
headwind (even in zero wind conditions, a car
moving at 15 ft/sec has a l5-ft/sec relative
headwind) and (2) a V2 term with all headwind
effects removed. There is also a statisti­
cally sip,nificant first-power V term.

**This term is proportional to the square of
the headwind, times the car's cross­
sectional area, divided by the car's weight
(details in Appendix B).
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ASSUMED CONDITIQNS

CAR WIDTH,10ft

CAR HEIGHT, 15 ft

CAR WEIGHT,48 ton,

BOXCAR

WIND, 0 ftlsec

CAR VELOCITY, 16 Itlsec

NO CURVES

DISTANCE FROM CREST, 500 It

(PLOTTED CURVE FOR HINKLE YARD; ,

DE WITT YARD 0.5lb/ton LOWER)
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FIGURE 5-4 ROLLING RESISTANCE AS A FUNCTION
OF TEMPERATURE
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effect is shown in Figure 5-3 for the nominal
conditions indicated, where negative values of
wind velocity are headwind and impede the motion
of the car. Each foot-per-second headwind con­
tributes approximately 0.2 Iblton to rolling
resistance for the nominal conditions, although
more precise values as a function of wind
velocity can be obtained from Figure 5-3.

TEMPERATURE

FIGURE 5-3 ROLLING RESISTANCE AS A FUNCTION OF WIND
VELOCITY

5.8

o --- 1

-30

(PLOTTEO CURVES FOR HINKLE YARD;
DE WITT YARD 0.5lb/ton LOWER)

HEADWIND TAILWIND
---l-_ I I

-20 -10 0 10 20

WIND SPEED IN DIRECTION OF CAR - ftlsec

30

present, but did not differentiate between rain
and snow. In addition, only about 3.4% of the
data were collected on days when moisture was
present. A discrepancy could also exist between
what was automatically recorded in the cut
statistics and the moisture conditions on the
ground. No significant effect of moisture was
found. To what extent these difficulties are
responsible for the lack of a significant
moisture effect cannot be determined.

Cars roll more easily with increasing tempera­
ture. The available data sample d~d not include
extreme cold temperatures. A very slight, but
nonetheless statistically significant, variation
with T2 (temperature squared) was noted, as
shown in Figure 5-4.* In the temperature ranges
investigated, on the average a car rolls 0.39
lblton heavier for every drop of 10 of in
temperature.

5.9 MOISTURE

It has been assumed that cars roll easier in the
rain, but that deep snow, particularly when it
covers the rail, impedes a car's rolling. The
available data indicated whether moisture was

5.10 SWITCHES AND CURVES

The effect of switches and curves could not be
reliably isolated. Although their effect appears
to be significant, a reliable quantification of
their individual action was not possible because
the measurement sections that provided the switch
and curve data were the same in most cases; thus,
the effects of each variable could not be reli­
ably isolated. Further, these sections were
located just after the oilers, further confoun­
ding the analysis. Appendix B presents a more
extensive discussion of this problem and certain
findings on the effect of curves based on the
interact~on term analysis.

5.11 DISTANCE FROM CREST

*There is also a statistically significant T
first-power term.

A statistically significant counterintuitive
trend was found for the effect of distance from
the crest on rolling resistance: Rolling res is-
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tance increased farther from the crest. As
Figure 5-5 indicates, the effect was slight, but
it was evident in all the analyses. The effect
may be related to the statistical difficulties
encountered with switches and curves. Nonethe­
less, it does not support the commonly held
hypothesis that cars roll easier farther from
the Grest.

5.12 PRBSENCE OF OILERS

No significant effect of oilers on rolling resis­
tance was found. However, the oilers were one of
the variables confounding the effects of switches
and curves, so their effect may have been hidden.
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ASSUMED CONDITIONS

CAR WIDTH,10ft
CAR HEIGHT,15ft
CAR WEIGHT, 48 ton,
BOXCAR
TEMPERATURE,40' F
WIND,Oft/'Qc
CAR VELOCITY, 16 It/sec
NO CURVES

(PLOTTED CURVE FOR HINKLE YARP;
DE WITT YARD 0.5Ib/lon lQWERI

500 1000 1500 2000
DISTANCE AFTER CREST - feet

2500
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FIGURE 5-5 ROL,L1NG RESISTANCE AS A FUNCTION OF
QISTANCE FROM CREST



CHAPTER 6: ESTIMATING THE ROLLING RESISTANCE DISTRIBUTION

This chapter presents a general method for esti­
mating the rolling resistance distribution of
the total car population of a yard, to be used
for design or other purposes. The emphasis is
not on explaining rolling resistance, but on
obtaining a practical estimate of rolling resis­
tance distribution. This method is based on the
only large sample of rolling resistance data
available in this study, that from Hinkle Yard.
The approach may be repeated by users who can
obtain a sufficiently large sample of data for
other yards.

A synopsis of the underlying concept for esti­
mating a rolling resistance distribution is as
follows. The rolling resistance data from Hinkle
Yard can be separated by four categories of
weight and eight ranges in temperature, as indi­
cated by the matrix in Exhibit 6-1. Each cell
in the matrix contains four histograms of rolling
resistance for the four measurement sections,
corresponding to the specific weight category
and temperature. Table 6-1, Parts 1 through J2,
are the histograms for each cell in Exhibit 0-1;
their position in the matrix is indicated in the
exhibit.

Exhibit 6-1

MATRIX SEPARATING HINKLE YARD DATA
BY WEIGHT AND TEMPERATURE

40 OF. Referring tQ Exhibit 6-1. the de~igner

would find that the estimated h~s~ograms a~e

identical to those in Table 6-1. Part 19, If the
new yard had only heavy car~ and the temperature
were between 26 to 30 OF and 31 to 40 Of,
the estimated set of histograms would be qb~ained

by combining the cQrresponding histogf~m in Table
6-1, Parts 15 and 19, in eq~al proportion.

This rationale can be extended to the general
case in which frequency distributions at car
weights and temperature range~ exiSt for the new
yard; based Qn these proportions, eKemplified in
these frequency distributions, the correspond~ng

histograms in Table 1, Parts 1 ~hrough 32, are
appropriately combined. AlthQugh the cOncept is
simple, the specifi~ formulas and proced~res

require the detailed explanation that follows.

6.1 TECHNICAL APPROACH

In this method, the three most common factors
considered to affe~t rolling resi8t~nce are
explicitly considered: ca~ we~gh~, temper~ture,

and wind.

Raw rolling resistance observations were avail~

able in the Hinkle Yard data base at four
measurement sections: .

• From the cres~ to the master retarder
(measurement section 1).

WEIGHT'

• WEIGHT CATEGORIES:
LIGHT. 0-35 TONS
MEDIUM. 36-65 TONS
HEAVY. 66-100 TONS
EXTRA HEAVY. > 100 TONS.

t
w
II:
:::l
I­
<t
II:
w
0.
:E
w
I-

Light Medium Heavy Extra Heavy

11 to 15 Table 7.2 Table 7.2 Table 7.2 Table 7.3
Part 1 Part 2 Part 3 Part 4

16to 20 Table 7.2 Table 7.2 Table 7.2 Table 7.2
Part 5 Part 6 Part 7 Part 8

21 to 25 Table 7.2 Table 7.2 Table 7.2 Table 7.2
Part 9 Part 10 Part 11 Part 12

26 to 30 Table 7.2 Table 7.2 Table 7.2 Table 7.2
Part 13 Part 14 Part 15 Part 16

~t040 Table 7.2 Table 7.2 Table 7.2 Table 7.2
Part 17 Part 18 Part 19 Part 20

t41 t050 Table 7.2 Table 7.2 Table 7.2 Table 7.2
Part 21 Part 22 Part 23 Part 24

51 to 70 Table 7.2 Table 72- Table 7.2 Table 7.2
Pert 25 Pert 26 Part 27 Part 28

>70
Table 7.2 Table 7.2 Table 7.2 Table 7.2
Part 29 Part 30 Part 31 Part 32

• From the master retarder to the group
retarder (measurement sectipn 2),

• From the group retarder to the tangent
point (mea~urement se~tion 3),

• From the tangent point to ~he classi­
fication tracks (measuremer~ section 4?

Because the distrLbution LS esti~ated at these
four locations, two location~depe~dent factors
are implicitly considered:

• The distance frpm qump crest

• Switches and curves (as contained in
measurement sectio~ 3).

RR denotes the r~w ~alue of rolling resistance as
obtained directly. First, RRc • the raw rqlling
resistance with removal of the decelerating
effect of an:t: neadwind (or accj31erating effect of
a tailwind),~ must be computed by using tne
regression results reporteq in Cpapter 5 and
Appendix B.

A~sume that a designer wants to estimate a set
of histograms for the four measurements sections
(MSI through MS4) for a new yard that had only
heavy cars and a temperature range of 31 to
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'~The h(!adwi,nd effect must l>e removed to avoid
bias in ~he rolling resistance di~tri~utions

obtained here to the prevailing wind ~ondi~ions

at Hinkle Yard.



Table 6-;1

DISTRIBUTIONAL SUMMARY OF HINKLE YARD FALL,
WINTER, AND SUMMER DATA: CORRECTED

ROLLING RESISTANCES

Part 1

,
CAl EC:~f1 , ES ROLL.

RESIS.
11. S. 1

ROLL.
RESIS.
M.S. 2

ROLL.
RESIS.
11. S. 3

ROLL.
RESIS.
M.S. 4

SI\~!PU' 8iZE; 18 18 18 18
i'-11~/. "; :-: ..-:~., '~. I.BIT 9.4790 11.4257 9.6546 8.1202

'$T{l. tIE\!. LB/T 2.7204 3.1750 c.6087 2.1054
.~H~l. V!\l. 1.[;l/T 5.92 3.79 2.84 5.10
Mi\)(•. V/\L. LBIT 14.99 17.74 12.85 13.55

PCT. < 0 LB/T' 0 0 0 0
PCT·; n- 2 LBIT 0 0 0 0
·PC-T. 2- 4 LB/T u 5.56 5.I:'S 0
(">Gr, 4- 6 LB/T 5.!"i6 0 5.56 16.67peT. S- 8 LBIT 27.78 0 11. 11 38.89:;;'CT. -:J- ~ 0 I &/T 27.78 16.67 16.67 33.33
rCT. '10-12 L5/T 11.11 33.:."3 44.44 5.56
PCT. 12-1,~ I.B/T 22.22 27.78 16.67 5.56
PCT. 14-1f' LE'.IT 5.56 5.56 0 0
PCT. 16-18 LBIT 0 11.11 0 0
PCT. 18-20 1..6/T 0 0 0 0
PCT. 2n .. 22 I.B/T 0 0 0 0
PCT. 22 2~ LBiT 0 0 0 0
PCT. 2/1-26 l.D/T 0 0 0 0
PCT. 26-?8 LFlIT 0 0 0 0PCT. 28';)0 U:>/T 0 0 0 0
peT. >30 I.H/T (I 0 0 0

Part 2

C/\ T ~:.~t"l.-:>! r:~ Rm.L. RO'_L. ~OLl .. Rell L.
RE="i~. RESlS. RESIS. RESIS.
M.S. 1 M.S. 2 r1. S. 3 11. S. 4

TI7:'IP. : 11 -15
q .. (:!'T: f'H:-:DJ 1Ji'1

:O.~r1I'l E sl;a~ 12 12 12 12
r~l··.' ' . ;-'~-~ JS. LBIT 0.4576 10.2554 9.~528 6.9727
G','~, , n~;'\1 . LB/T 1 .4685 2. 5·"!~3? 1.7408 1 .S338
Mii'!. V,(!.l.. L5/r 6.45 6.10 '5.77 5.56
!~l\~!. , VI\I.., UVT 11 .00 13.85 12.21 12.36

Pf:T. < 0 L<I/T Q 0 0 0
F'(:Y. n· 2 U3iT 0 0 0 0
pl,;l 2·· 4 LB/T 0 0 0 0
pr;r. 4- G UJ,/T 0 0 8.33 33.33
PCT. O' 8 LE·/T 41.67 25.UO 0 60.00
: ...-;. G-l0 I.FI/T 41 .67 8.33 33.33 8.33
r"~:'; 1" 12 Ir/l 18.67 1.11 .67 50.00 0
p", 12- i "I I.B/T 0 25.00 8.'33 8.33
PC"', 1·1-1 G IJ'l/T 0 0 0 0
Pr.T. 1 G .18 I BIT 0 0 0 0
I,'cr. le· Z'":' U~/T 0 0 0 0
F'e"l ;';'(>-~2 I P/T 0 0 0 0
\'C'( . 2 ?,1 L.P/T 0 0 0 0
i:'t":T. :"l..·t ?(, LP.- IT' 0 0 0 0
I'·'.,T. .-j(, ::3 I Y,' /T 0 0 0 0
PC", .. 8f) i .:.:,/'( 0 0 0 0
f·(··, > ;?(J I..D/T 0 0 0 0

Reproduced from
best available copy.
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Table 6-1 (continued)

Part 3

CAif.:0Clr<IES ROLL. ROLL. :<Ol,-L. ROLL.
RESIS. RESIS. RESIS. RESIS.
M.S. 1 M.S. 2 M.S. 3 M.S. 4

Tr::~IP, : 11 -15
\~EIGHT: HEllVY

S.·.MPl.F:: SIZE 17 17 17 17
1'1F71\!\! r,E·~lS. I.G/T 6.1567 7.3727 ~.9504 3.9515
5-QI. flfV. LI'\/T 1.0944 2.6191 1.2742 . 793l!i
r'll H. VAL. LF./T 4.89 3.68 5.31 ~.42
il.';X. V.~L. LE·/T 8.30 11.70 9.57 6.05

PC',. < 0 LB/I 0 0 0 0
r·c', . 0 .. 2 L BIT 0 Q 0 0
PCT. 2- 4 I ",IT 0 5.88 0 47.06
PC"!". ,1- 6 LBIT 52.94 35.29 29.41 47.06
,·Ci. 6· 6 LI)/T 41.18 17.6~ 52.94 5.68
f··(;T. .'3·'10 I BIT 5.88 23.53 17.65 0
pr;': . 10-12 1 El/T 0 17.65 0 0
Pi;', . 1~-14 I.P-/T 0 0 0 0pc"r. 1 '1-; '" LC/T Q 0 0 0
PCT. 16· 16 I.8/T 0 0 0 0
PCT. 15"20 LBIT 1 0 0 0
PCT. ~~O-22 I.BIT oJ Q P 0
PVt. ?':-::~··<;24 LB/T 0 0 Q Q
l.)(;~( . ?4-~f3 lP·/T 0 0 0 Q
PGT. 2r.;-:~8 UVT 0 0 0 0
PC-To ~ :,'''3C I f3/T 0 0 0 0
PCT. >30 LI:;/T Q 0 0 0

!;'a.t 4

CflTEGOH1ES ROLL. ROLL. ROl.L. Rot_J...
RESl&. RESIS. RESIS. RESIS.
M.S. 1 M.S. 2 M.S. 3 M.S. 4

TE~lP. : ll-H5
14:;:\(,1-1''-: )(HEAVY

SA~IPLE SIZE 1!;l 19 19 19
MEAN RF.:SIS. l.B/T e.3·'07 7.0046 6.;<620 4.7648
51'0. Dr-V. 1..81', 1. O~,56 1.7713 1.0261 1. 9179
MIN. VAL. LB/T 4.64 2.99 3.71 2.64
MAX. VAL. U3/T 8.23 9.a~ 8.28 11.27

PCT. < 0 LBIT 0 0 0 0
PCT. 0- 2 1..61T Q 0 0 0
PCT. 2- 4 LBIT 0 5.26 5.26 42.11
PCT. 4- 6 LBIT 36.84 '5.79 21.05 42.11
PCT. 6- 8 LBIT 57.89 47.37 68.42 10.53
PCT. 8-10 I.F\/T 5.26 31.'38 5.26 0
PCT. 10"12 LBIT 0 0 0 5.26
PCT. 12:-14 LBIT 0 0 Q 0
PCT. 14--16 LBIT 0 0 0 0
PCT. 16-1 a L6/T 0 0 0 0
PCl'. 18-20 LB/T 0 0 0 0
PCT. ?,,)-2:? LBIT 0 0 0 0
PCT. ~"2-24 LBIT 0 0 0 0
PCT. ;<.'1'26 LC/T 0 0 0 0
PCT. 2S-28 LB/T 0 0 0 0
PCT. 28-30 LBIT 0 0 0 Q
PCT. >30 LB/T 0 0 0 0
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T:ab1e 6-1 (continued)

Part 5

C,'.TEGI:'RI ES ROLL. ROLL. ROLL. ROLL.
RESIS. RESIS. RESIS. RESIS.
M.S. 1 M.S. 2 M.S. 3 M.S. 4

TI:"tW. : 16-20
WI:I'::IIT: I InHT

S,~M['Lr: SIZE 44 44 43 44
MEr.1I F~r-.S i.g. LEl/T 9.3!'52~ 11.5745 10.5174 7.5379

·S..,.0.1 nr-:v. LSIT 2.7e!82 3.6195 2.9465 4.9130
r~, N. V!\L. l.B/T 3.74 4.53 4.49 -.73
~1.')(. V.~l_. 1..81T 14.28 18.69 21.10 28.81

r"r~T . < 0 LB/T 0 0 0 2.27
P,;T. 0- 2 LB/T 0 0 0 4.55
p\:: r. 2·· -4 LS/T 2.27 0 0 6.82
Fl:T . .<l •• 6 LB/T 6.82 6.82 2.33 15.91
PI;T. 6- 8 l.EVT 2'5.00 11.36 11.63 43.18
r'CT. n··10 .1.•B/T 29>.55 13.64 27.91 18.18
PCI. 1 (1-12 l.B/T 13.18 20,45 32.56 0
PGT. 12-"4 LI3/T 15.91 25.00 18.60 0
PC'''. 1"'·16 I··Fl/T 2.27 11.36 2.33- 0
j;)(;,(, 16"'18 l.I",/T 0 9.09 2.33 4.55
peT. 18-:"'0 L8/T 0 2.27 0 2.27
Pr:T. 20"i:2 L.S/T 0 0 2.33 0
pcr. 22'2~ LS/T 0 0 0 0
Pt;7. 24-26 ·1..Io,/T 0 0 0 0
Pl) I'. 2r.-28 l.r,/T 0 0 0 0
PC;-[ . 28'30 UYT 0 0 0 2.27
PCT. >30 L.B;-" 0 0 0 0

Part 6

GIHr::Gt'lf'1 ES R()LL. ROLL. ROl.l.. ROLL.
RESIS. RESIS. RESiS. RESIS.
M.S. 1 M.S, 2 M.S. 3 M.S. 4

(I '; i ~ : 1E'-20
1-,11 i· ~t 'T I' "DI1Jl"1

Sl\::: I ~ .'.IZE 10 10 10 9
f·lr~. \, ] r-::::·r::>. I.All 7.9586 9.4033 9.5808 6.5406
:,'(1.' . f1f"V . Lf'./T 1 .754"/ 3.1972 4.8152 3.4452
~Ji V/\L. Lt?,/T 5.48 5.76 <l.tl4 2.86
!'! ',', \i1'1_ . LB/T 10.10 16.01 2';>.26 14.88

r-r..,. . < 0 UYT 0 0 0 0
·'C·' '). ? lf'IT 0 0 0 0
,'C, . ~~- 1 I.'·;,·T 0 0 0 11. 11
:)("'-. ,~- 6 1.8/T 20.00 10.00 10.00 44.44

l-T. 6- 0 I..I1/T 30.00 30.00 20.00 33.33
I '~:'! 3"1 'J 1.13/1' 30.00 30. Of) 50.00 0
.;r '( , 10' ,? U;l/T 20.00 iO.OO 10.00 0

i CY, 12· ~4 I..I'/T 0 10.00 0 0
r·"J('! 1~ -16 IJ3/T 0 0 0 11.11
t.=»c t 5 ,1 3 LEIIT 0 10.00 0 0
l~(;T , 1 ~···:-'O LtVT 0 0 0 0

(:', ;."'n, ;.)~ I.orr 0 0 0 0
I~C I ?2 "'~1 I 1",/1 0 0 10.00 0
F'r;, . ~'~'··?S I.B/T 0 0 0 0
t:l(':'f ;2-::; ::·"'0 1..1:\/, 0 0 0 0
1.:t\~T 28-·")0 IB/T 0 0 0 0
l'eT ':>'hj l.r:" r 0 0 0 0

Reproduced from
best available copy.
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Table 6-1 (continued)

Part 7

CATEG'ORIES ROLL. ROLL. Rl;iI,.L. ROLL.
RESIS. RESIS. RESIS. RESIS.
M.S. 1 r,I.S. 2 M.S. 3 ,.,.$. 4

TEMP, : 16-20
~1i:1 GHT: HE..,VY

S;\flrl r:. SIZE 24 24 2'\ 24
MI~,A.;I P'-~'·l S LB/T 5.;1237 7.8116 7.7849 15.0923
STD, DE\!, I BIT 1.1731 2.4149 2.2399 1.15922
MII~, VAL, L6/T 4.16 1. 215 4:39 3.1~

M!\.\f . VAr.~ . '.B/T 8.44 10.97 12.40 9.157

f'CT. < 0 LB/T 0 0 0 0
P(:1', ,-..- 2 LB/T 0 4.17 0 0
pcr. 2- 4 LI3/T 0 4.17 0 29.17
Pl".~( • ~.,. 6 LB/T 154.17 12.150 215.00 45.0~
t-....GT. 6- 8 LEI!"f 37.150 29.17 2!:l.17 20.83
r,··r. 0-10 L!3/T 8.33 33.33 29.17 4.17
PCT. 1 J-12 L6/T 0 16.67 8.33 0
[>CT. 12·14 L13/T 0 0 8.33 0
pel', 14-16 LB/T 0 0 0 0
P";T. 16-18 LB/T 0 0 0 0
P·~T. 1 ~i -20 L5/T 0 0 0 0
r('T. ~,,~, _.~~,.~ LB/T 0 0 0 0
peT. 22- 24 LFl/T 0 0 0 P
PI~T . 2"1--:;:6 L8/T 0 0 0 0
PI·T. ':"'- ·2·~· LB/T 0 0 0 0
PCT. :;-.") '?i"J I E',/T 0 0 0 0
PCT >~o U3/T 0 0 0 0

Part (3

CAT"".0RIES flOLL, Rffl.l ROLL. ROLL.
R'::SIS. RESIS. RES!$. RESIS.
M.S. 1 M.S. 2 M.S. 3 M.S. 4

THIP. : 16-~0

\.,1:::1 DI·rl': XHEAVY

S/\Mr;>LE" SIZE 20 20 19 20
Mr::.c..:'1 n':51.'; . LB/1 6.0876 7.2093 7.0881 6.9276
S·"D. !:,It::\! • LB/T 2.0484 2·1~Q4 1 .. 7673 7.254S
r111',' . \.' '.1_. LI'l/T 4.07 2.47 4.23 2.23
11M( V.(l.L, LB/T 1~.46 10.20 10.93 36.19

PCT. < 0 L13/T 0 0 0 Q
PCT, 0- 2 LB/T 0 0 0 0
Pc:T. 2- 4 LB/T 0 10.00 0 415.00
PI~T . 4- 6 L6/T 60.0C) 15.00 21.05 40.00
PCT. s- a L9/T 35.00 45.00 36.84 lC).OO
''"I:::T. 8-10 Lo/'r 0 20.00 31.58 0
peT. 10-12 LB/T 0 10.00 10.53 0
PCI' . 12-14 LB/T 5.00 0 0 0
PCT, 1 ~-, 6 I. [-\1 T 0 0 0 0
peT. 11;-18 I..B/T 0 0 0 0
PCT ~v-20 LB/T 0 0 0 0
PCT. ?O-~2 LE'l/T 0 0 0 0
PCT. "?-:;>1 IH/T 0 0 0 0
PCT. ;;~.!l' 26 L8/T 0 0 0 0
PCT. ?S-?8 LO/T 0 0 0 0
Pf:T '~C"30 LB/T 0 0 0 0
.'GT. >30 l.C./T 0 0 Q 5.00
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Table 6-1 (continued)

Part 9

CATEClORIES ROLL•. ROLl.. ROLL. ROLL.
RESI~. RESIS. RESIS. RESIS.
M.S. 1 M.S. 2 M.S. 3 M.S. .<I

·fE~lP. : 21-25
WEIGHT: LIGHT

SAMPLE SIZE 81 80 80 78
ME.>.'" PESt:::;, 1.1:)/1' 8.7356 12.1995 9.5451 6.1254
iHD. PEV. LB/T 2.4,90 3.81.\3".> 2. O.'j II 6 2.2027
MIN. VAL, LBIT 1.\.62 2.96 5.40 1.38
j"I.'\X. V.'\L. LB/T 15. O,~ 22.20 i5.11 11.57

peT. < 0 LBIT 0 0 0 0
PCT. o· 2 1_3/1' 0 0 0 1.28
PGT. 2- 1.\ I.B/T 0 3.75 0 15,38
PGT. 4- 6 LBIT 16,05 2.50 2.50 38.46
PGT. s· 8 LB/T 27.16 5.00 18,75 23.08
peT. 0-10 LBIT 2(.40 13.75 40.00 16.67
PGT. 10-12 L5/T 14.81 23.75 27.50 5.13
PCl . 12-,4 L81T 11. 11 20,00 8.75 0
PC r. 1.A -16 '_BIT 2.47 15.00 2.50 0
PGT. 1'3"'0 LB/T 0 11.25 0 0
r'CT, ,8",::-0 Ll3/ r 0 3.75 0 0
Pt'-I" . 20 .. 2?- I.g/T 0 0 0 0
p,' r. 22-24 LB/T 0 1.25 0 0
I~CT . 2.A ·'26 1_F'/r 0 0 0 0
1";1' . 28 .. 213 '.f'lT 0 0 0 0
1""1.:"( • 2·J···.:,I""I I ;_,/1" 0 0 0 0I.,)cr. >:~o I..<"I/T 0 0 0 0

Part 10

CP,Tf:GeJ(.:! f~S ROLL. ROLL. ROLL. ROLL.
RESIS. RESIS. R'::·">IS. RESIS.
M.S. 1 M.S. 2 M.S. 3 11. S. 4

TnlP, : 2.l -2!5
U,"lr)l"lf: !'If:::;")} U~1

(~./'I·ir LF 31Z~ 31 31 31 31
I i!:;",r , Res;'? LS/T 8.2990 11 .3063 8.6556 5.6786
::':1.). n:-v. , BIT 2.0307 3.0225 1.9365 2.9812
r1 i V'\L. I_sn 5.04 4.32 G.52. .83
r;, .'\. VII'. LB/T 12.54 15.90 12.70 17.46

P(:T. < 0 l.BIT 0 0 0 0
PI"': r. 0, :::' Lr:'/T 0 0 0 3.23
PI":!" . 2- .1 Le,lT 0 0 0 19.35
I 1;"( . 4- LBIT 12.90 :;1.23 6.45 48.39
P';T. 6, 8 LBIT 48.39 9.68 35.48 12.90
P'.:T. 13-10 LB/~r 9.613 22.58 ~9.03 9.68
F'(;T. 10-12 I..B/T 22,56 16.13 22.58 3.23
rGT. 12-1-1 LBIT 6.45 25.81 6.45 0
1"8T. "j 01-1 S lB/T 0 22.58 0 0
1·'GT '16 '18 LB/T 0 0 0 3.23
1··I~·r • °1 C ~?:1 U'·/T 0 0 0 0
p.:;r. ?O,,2' ~ I.B/T 0 0 0 0
P(";T. 2?- 2-1 Lfl/T 0 0 0 0
['C" . ;;o!j. ;,")6 1..8/1' 0 0 0 0
I' r:'f. f?6-2G UVT 0 0 0 0
f"I'T. 2f)-30 LB/T 0 0 0 0
F'G f. >30 L8/T 0 0 0 0

Reproduced from
best available copy.

68



Table 6-1 (continu~)

Part 11

CATEGORIES ROLL. ROLL. ROLL. ROLL.
Re:SIS. RESIS. RESIS. RESIS.
M.S, 1 M.S. 2 M.S. 3 M.S. 4

TEMP, : 21-25
~IEIGHT: HEAVY

S/W1PLE SIZE 45 45 45 415
f11::AN RES IS, LB/T 6.0468 8.31152 6.9329 4.19415
STD. DEV. LB/T 1.8969 3.9709 2.0636 1.1014
MIN, VAL, LB/T 3.79 2.74 15.23 '.7'9
MAX. VAL. LB/T 12.37 27.66 16.04 5.69

PCT, 0 LB/T 0 0 0 Q
PCT. 0- 2 LB/T 0 0 0 2.22
PCT. 2- 4 LB/T 4.44 6,~7 0 46.67
PCT. 4- 6 La/T 62,22 17.78 33.33 42.22
PCT. 6- 8 LB/T 17.78 35.156 515.56 8.89
PCT, 8-10 LB/T 11 . 11 13.33 4.44 0
PCT. 10-12 LB/T 2.22 115.56 2.22 0
PCT. 12-14 LB/T 2.22 6.67 0 Q
PCT, 14-16 LB/T 0 :;1.22 2.22 0
PCT. 16-H) LB/T 0 0 2·22 0
POT. 18-20 LB/T 0 0 r;l 0
PCT. 20-22 LB/T 0 0 0 0
PCT, 22-24 LB/T 0 0 0 0
PCT. 24-26 LB/T 0 0 0 0
PCT, 26-28 LB/T 0 2.22 0 0
PCT, 28-30 LB/T 0 0 0 0
PCT. >30 LB/T 0 0 0 0

Pan 12

CATEGORIES ROLL. ROLL. ROLL. ROLL.
RESIS. RESIS. RE&IS. RESIS.
M.S. 1 M.S. ~ M.s. 3 M.S. 4

TEMP. : 21-25
WEI'lHT: XH2AVY

Sf.I·Pl.!: SIZE 43 43 43 43
r1F.A;~ RESIS. LB/T 15.6744 6.880\5 6.4743 3.8677'
STD. DEV. LB/T 1,4798 2.2313 1.9799 1.7244
MIN. 'vAL, LB/T 2.80 3,54 3."'1 .015
I'IM(, I/AL. LB/T 11.46 13.93 13,32 9.89

PCT, < 0 LB/T 0 0 Q 0
PCT. 0- 2 LB/T 0 0 0 6.9"1
PCT, 2- 4 LlVT 9,30 6.98 2,33 4ll.84
PC''- , 4- e LB/T 155.81 32.156 151.16 37.:;!1
['CT. 6- 8 LB/T 27,91 34.88 30.23 2.3g
PCT. S-10 lB/T 4.65 16.28 9.30 4.6
PC''- • 10-12 LB/T 2,33 6.98 4.65 0
PCT. 12-14 LS/T 0 2.33 2.33 0
PCT, 11-16 LB/T 0 0 II 0
PCT. 16"18 l.BI r 0 0 0 0
PCT 18-20 LB/T 0 0 0 0
PCT. ~ ')-22 LBFt" 0 0 0 0
PCT, :?2-24 II'\/T 0 0 0 0
Pf~·( • 21\'26 LB/T 0 0 0 0
PCT. ~C:-~8 I..I'\/T 0 0 0 0
PCT. 23-.30 LB/T 0 0 0 0
PCT. >30 LB/T 0 0 0 0
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Table 6-;1. (continued)

Part l~

CATF.8011IES ROLL. ROLL. ROl.L. ROLL,
RESIS. RESIS. RESIS. RESIS.
f'o1.5. 1 M.S. 2 ~1. S. 3 M.S. 4

TEMP : 26-30
\"'"('HT: L lGliT

:: r.r1PLE SiZe: 318 316 316 313
)"II~! :'~ r.::-SI S. LBIT 8. 6~\-)7 11 .3444 9 24;;3 5.8047
f;'fD. DEV. l BIT 2.<3177 3.9169 2 ,'116,8 ,2.7005

'I'IIN. \/.<11,. LB/T' 3.23 -.04 4.11 -1.82
; j\~1 . \/I\L. LB/T 28.98 23.73 20.62 ~0.63

l-"C I'. < 0 LA/T 0 .32 0 .64
,pc'r 0- 2 L.f'./T 0 0 0 2.24
I·'CT. ~- 4 L.B/T .9-1 .32 0 17.89
PCT. 4- 6 LDiT 1-'1.78 9.18 6.01 41.85
r"GT. 13- (\ L'B/T 32. :3S 11 .08 25.00 24.60
per ~1"10 I..B/T 25.10 16.46 35.44 7.03
peT. 10"12 LB/T 16.9&, ;ill.02 21.<!0 2.88
per. 1 ;:!-1 '! I.P/T 5.30 15.82 9.18 .96
[~ 1","1 111 ·16 I P./T 1.89 13.61 2.53 0
Pt'~T I 1('; .. '18 LB/T . (;3 6.65 0 1.2$
I';; i. 'i f',-~n UVT .63 :'3. ·30 0 .32
PC f. :;10 ;;~2 LI3/T 0 .32 .S:? .32
1"\"'[ • 2== '?'1 : 8·/T 0 .95 0 0, ,; f. ~..:.I ?-:; LP/'f 0 0 0 0
t:t(~ I ;">f'·-7G U'I/T 0 0 0 0
r l'~'r . ,2[' 30 LH/T .31 0 0 0
I'·:.'f. >::0 I.IVT 0 0 0 0

Part 'll,

CI'.TI,n')R i CS RCiI.l ROLL. RGLL. ROLL.
RE31S. RES!S. r:'-,3IS, RESI~.

n.s. 1 r~. s. 2 ~.1. >. 3 11. S. 4

..I'r:-. ~6-3'"'
p'" r1l':'n! '.1M

St.P:-'1 SI7.~ 128 129 129 129
lliir:".:·' ;-:!:.?! 3. I,B/T 7.1'3,1,3 9.921';8 7. 9~';57 5.0530
~"fI.). DE\! , L.BIT 1.8013 3.6814 1 . 8G··~S 2.4319
r'1' N. -','\L, Li'l/T 3.53 2.63 "'.17 -.34
I"I,\;~ . \It\!. , Lt'/T 13.85 27.46 13. ·-:>·8 20.3£

POT. < ° LB/T 0 0 0 1 .55
PGT. ()- 2 l.El/T 0 0 0 2.33
PG (. 2,- 4 1.6/T 3.91 3.10 0 27.13
peT. -1- 6 LB/T 23.44 9.30 13.95 44.96
PCl 6- a U-\/T 42. 19 21 .71 37.98 15.50
!"t:-T. 0'10 I GIl' ;'23, ·14 20.16 34. ,38 6.20
PC'''. 11'"'- ,2 1.1'\/1' '3 ~5 23.26 10.0.'3 0
i(; r, 1;;:>1,".) LEVT .78 1°. 008 3. 10 .78
l 'r~ r . : .~ '16 U1/T 0 6.98 0 .78
PC,". 16·'1 :; U'/T 0 2.33 0 0
PC-'. -, ,<'~- ,:1 I "·/T 0 1 .55 0 0
PC'''. :;on ~.'? I I'/T 0 .78 0 .78
f>lj·r. 12:;- -2'-1 I F\/T 0 0 0 0
1·',:;'(. '7,4. "2::j L6/T 0 0 0 0
PCT. ?6'"")~ I.I',/T 0 .78 0 0
PGT. ['-3-:']0 U'IT 0 0 0 0
p,:.( . -·.-:tn LP·/T 0 0 0 0

~eproduced from
est available copy.
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Table 6-1 (continued)

Part 15

CATEGDRIES ROl.L. ROLL. ROLL. ROLL.
RESIS. RESIS. RESIS. RESIS.
M.S. 1 M.S. ~ M.S. 3 M.S. '!

TE~IP. , 26-30
~IEIGI-IT: HE/IVY

SAMPI.r: SIZE 194 190 19:; 193
MEAN RESIS. LB/T 5. i'194 7.:;479 6.563$ 4,3004
STD. DF-V. LElIT 1.5663 2.8147 1.6738 2.005.
MIN. VII.L. LBIT 3.02 a.18 2.52 -.01
~lf,X. VAL. LBIT 14.62 22.70 14.91 24.10

PCT. < 0 LBIT 0 0 0 .02
PCT. 0- '2 LBIT 0 0 0 4.615
PGT. 2- 4 LBIT 4.64 7.69 2.00 02.33
PCT. 4- 6 LBIT 63.92 22.!,;6 36.41 32.64
PCT. 5- a LBIT 24.74 34.36 47.69 4./;i6
PCT. 8··10 LEl/T 4.12 19.49 9.74 1.50
PCT. 10-12 LEl/T 1.03 10.26 3.09 2.07'
PCT. 12-14 I_BIT 1.03 3.08 0 .52
P,;'f. 14-16 LBIT .02 2.05 .01 .52
PCT. IS-18 LI3IT 0 0 0 0
PCT. 18-20 LBIT 0 0 0 0
PCT. 20-2~ U"/T 0 0 0 0
P'~T . 22-24 LBIT 0 .51 0 0
PCT. 24-26 LBIT 0 0 0 .02
PCT. ~6~28 UVT 0 0 0 0
PCT. 2$-30 LBIT 0 0 0 0
PC·j. >~o LEl/T 0 0 0 0

Part 16

CATI'"GeR1ES ROLL. ~OLL. ROLL. ROLL.
RESIS. RESIS. [lESIS. "ESIS.
~1. S. 1 M.S. 2 ~i. S. 3 M.S. 4

Tr.Hf.:l, : 2<;-30
WEIr-H·r,: X:IEfVY

S.'J1rLr: S!?:F.: 119 119 1111 117
r'il:'!\r' RLSIS. I..B/T 5.S188 7.0137 t;l.1200 4.1941
STD. [)~-V . L8/T 2.2002 2.7561 1.60$9 2.3971
MIl'!. V.\L. LEl/T 2.23 .17 1.66 .10
f'1/\;~ . V/d_ . L.B/T 24.93 13.i?8 11. 84 18.22

POT. < 0 LB/T 0 0 0 0
PGT. 0- 2 LBIT 0 .84 .84 !;i. 98
PCT. 2- 4 LBIT 5.88 13.45 .84 07.26
PCT. 4- 6 LBIT 68.91 24.37 54.62 23.93
PCT. S- 8 I..BIT 19.33 ;>9.41 35.29 7.69
PI";:T. 0-10 LE'·/T 4.20 15.13 0.88 1.71
PI;T. 10-12 LS/T .8<l 10.S2 2.52 1.71
P'~T . 12-1"1 LB/T 0 5.88 0 0
P,,:". 14-16 1.0/1' 0 0 0 .eo
PCT. 16 ·18 LB/T 0 0 0 0
PG-( . i ,_,-20 LBIT 0 0 0 .80
PI_~T • ':0 ·22 I.,B/T 0 0 0 0
peT. ~~:~ - 2<"1 U'l/T 0 0 0 0
I'CT. ;:~j -~6 I_BIT .84 0 0 0
Pl:T. (C"~8 LI:'/T 0 0 0 0
P"T. ,~e.- ~rO LBIT 0 0 0 0
pel'. >30 LB/T 0 0 0 0
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Table 6-1 (continued)

Part 17

c:~ TF"~()? J -:.:; RCII_L. l~OLL . ROLL. ROLL.
'lESIS. RFSIS. Rr~S 1S. RESIS.
I"I,.S. 1 M.S. 2 M.S. 3 M.S. 4

rr:~,r' : ~1 -40
I·!r: [ ~;: , I. 'GI·:r

-:;./,P·'I r- SI7.E 1366 1360 1360 1326
~.1' ~'. •.•• T ,'So • 1 nil 7.3019 10.6290 8.4129 5. 25(~9
c t" :ts:.:\/. ,

,~:/Y 2.3"'23 3 ..S835 2.0738 2.4019
·I·,j··. "/,..L . I 8/T 1.49 .24 3. 15 -3.68

,\''''' LB/T 2'5.91 36.43 10.-15 25.16

:-"'I.~T . < 0 L3/T 0 0 0 .38
,"1>1- • (J - " LlYT .15 .66 0 3.34
;..:>,'", I" . ':~ - -1 LSIT 2.71 1 .99 .37 20. e,9

.~ - 6 I:VT 18. 2~; 7.87 10.?2 48.57
'it; .- '; I :;.iT ;:>6.24 14.:34 ::;5.51 18.33

, "( I.:'/T 26,':::1 22. 12 33. GoP· 4.22
~~ (: I" . >C - ? 1 ,'./"1' 11 .,.,2 '19. 3~ 11\.63 ~:. 19
-'t:. 'j?'. ~ ," I.··~/T 3.07 10.81 "!.34 .68
'I;' ." II'\/T .73 9.71 1 10 .5a

.....,. " L,'\/T .37 5.0r .07 .23
,'I "f' U?;/T .07 1 .69 .07 .23

i"";' ')7 l/?-/T 0 .66 0 0
"I:Y Lr:'/T 0 .29 0 .15
,"1 --:.3 !J'/T .07 .29 0 .08
IJI' ." LPiT 0 0 0 0,', "J 1-1' /"( 0 0 0 0
:1 >:>'1 I ';;iT 0 .15 0 0

Part 18

C.·\T~·(·';"'~':~~ES ROLL. ROLL. ROLL. Rl~LL .
Rr:::-'$. Rests. 1~F.:SJ S. R[~Sj S.

,M.S. 1 M.S. 2 r·'i.::., 3 M.S. 4

Tl'n r . 3i -40
~.Ir·· i , [ -"~ r, , ~ Ii"]

S,';'ll'j ,-
.~ '7E 563 ti64 563 555

I.r:, ~,l ........;. 1 R/T 7, 0-18(1 9.5"178 7.6079 4 .5233
:"'1'\1. r';"':\1 1.r\1 T 1 . :rn ~~::: 3.90l39 2.0995 1 .7484
r;·!\I. \'j., ,.D/ 'r ;2,.03 1 .82 3.73 -.37
~:.'Y.. ",' , I?>/r 1"1 1).'·1 2~.92 19.86 15.·41

rCT. C LB/T 0 '1 0 .54
~ .I: .:- . ~ ~ i..~/T 0 18 0 3.06
p .:.1- 2- l.!~/T 2.66 3.72 .53 38.74
f-'l.~-'- , <:- '5 I..<':./T 28. ~c· 12.9.1 22.38 42.34
Pl.,! r .. (-) 1.OIT 40. 14 21 .81 38. 19 12.25
pc···. 0- 1 0 I nrr 21 ,-19' 20.39 28.50 1 .62
r:-c': '10 1'·" LB/T 5.86 18.62 6.57 .90
P,:T. 1 ? -1 A LS/T .53 11 17 2.49 .36
Pl;T, :4 .,'0 I. BIT 15 6.21 .71 1 ~

Pc"r. : $ -1 :. IB/T 0 2. 81."j 18 0
PG' i (\-21.:-' l.fl/T 18 .53 .36 0
PCr' . ~;' .,:,,? I.I'\/T 0 .53 0 0
PI.. 1 ?:r?'.? -! !.8/T C 18 0 0
PI"" . ~I' --:zs I.I:\/T 0 0 0 0
pc:',' , ::-',)- ~'8 U'liT 0 ,53 0 0
I'll I ; 0 "'(- I.SIT 0 .35 0 0
p,~r . >30 L1'l1T 0 0 0 0
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'fable 6-1 (continued)

Part 19

CA~EGeoRIES ROLL. ROLL. ROLL ROLL.
RE·'5IS. RESIS. RESIS. RESIS.
M.S. 1 ~l. S. 2 M.S. 3 M.S. 4

TEnp. : 31-40
WEIGHT: liEP.IIY

SIIt1r l r. ~.IZF.: 838 835 834 821
r'I~.\N Rr::SI,,:l. LBI"!' 5.4885 7.3723 6.3639 3.9898
bid. I)EII. '-I3/T 1.5126 2.9718 1.7207 1.91155
H\11. VAL. LS/T '2.43 .81 3.64 -.02
N:·.'<. '1.'\' ... Ul/T 313.66 25,22 17.56 lli·83

PCT. < 0 LSIT 0 0 0 .12
PCT. 0- 2 LB/T 0 .72 0 5.60
peT. 2- 4 LBIT 9.19 10.30 2.40 56.03
rCT. 4- 6 LBIT 63.84 24.31 46.52 27.41
PCT. 6- 8 I.f-i,/T 2<1.11 27.19 38.13 7.43
PGT. 8-10 LBIT 2.03 20.60 9.95 1·58
PC''-. ~ 0-12 LBIT .48 10.66 1.68 .ll?
PCT. ;2-14 LBIT 0 4.19 .60 .37
PCT. 14-16 L6/1' .12 1.08 .48 .24
PCT. 16-18 LBIT 0 .48 .24 .24
PCT. 16"20 LBIT 0 .12 0 0
PCT. 20-22 LBIT 0 .12 0 0
PC',. ?~-24 LBIT 0 .12 0 0
PCT. 24-,'?6 L5/T .12 .12 0 0
r")CT. 2':-?8 LBIT 0 Q 0 0
PCT. 28-30 LBIT 0 0 0 0
PCT. >30 LBIT .12 0 0 0

Part 20

CA1"(:'('''1 I ES ROLl_ . ROLL. ROLL. ROLl-.
RESIS. RESIS. RESIS. RESIS.
M.S. 1 M.S. 2 M.S. 3 M.S. 4

Tf]\C' : ::'1-<10
\ T" 1 ~ .. i ~·H:-.J\,VY

'-':1 .. SIZF.: 653 652 652 643
H·., I: i ,:r;IS. LBIT 5.2118 6.7414 5.9274 3.7058
r.::'ITI. pc--:v . LBIT 1.2:>39 3.1718 1.15491 1.7850
["I \.'.1... LBIT 1.50 ,;';2 1.48 -.03
I'll: ~: VAL. LB/T 17.85 22.29 15.15 29.33

f-'CT. < 0 LBIT 0 0 0 .16
I~GT . 0- 2 I BIT .31 2.45 .15 4.04
PCT, 2- 4 LBIT 8.27 12.88 3.53 66.10
PC', . 4- 6 LBIT 75.34 30.67 57.36 23.95
\'I,,;'f. (3·' g LBIT 13.32 27.61 30.98 3.58
p,:r. 8-10 LBIT 1.84 14.57 6.13 1.09
Pi :'1'. 1\1··12 L.B/T .46 6.90 .77 .78
'., .,. 12--1·1 1.13/T .31 1.84 .77 0
.~~'( . 1 ~ lG LB/T 0 1.07 .31 .16
;'>1';"1". 10 1(\ LS/T .15 .46 0 0
pcr. i n-~.!o LfIlT 0 .77 0 0
PI'•. ~'J '~2 L'J/T 0 .61 0 0
r'" 1" • ",::> '-.<1 I f:./T 0 .15 0 0
Pl.:·~· . ,.,' ~..~r:; l.rl/T 0 0 0 0
1"',;,. ~!t) - ,..... 1\ U")/T 0 0 0 0
11"'1'. '; '1~ '10 I r,/T 0 0 0 .16
I ~I '-I' _ >3(1 113/T 0 0 0 0
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Table 6-1 (continued)

Part 21

c,~TEG('R i ES ROLL. ROLL.. ROLL. ROLL.
~ES!S. RESIS. RESIS. RESIS.
M.S. 1 M.S. 2 M.S. 3 M.S. 4

TFri:', : 41-'50
\.I·-~l (,)1'1":': U(,'W

c\I';"U- ~I~F 945 647 647 625
; rt~' '~I'::" is. U31'f Tl.484S 10.3936 7.910'1 4.6568
Sil). !:lEV. L3/T 2.oeB::· 3.9117 2.3031 2.6132
f·cll". VAL. I.B/T 1.82 -.73 .82 -4.~0

Hi\.'.. \lAI_. L~./T 16.66 29.49 18.71 27.00

peT. < 0 LR/T 0 .15 0 2.40
PGT. 1')' 2 LR/T .16 1.70 .62 5.92
I"'~T . 2-- 4 LBIT 3.10 2.32 2.01 30.56
pl:::-!" . 4- G LBIT 20.f'3 8.96 14.53 42.08
P~;i- . ,. 8 \..[,/T 37.36 14.22 38.10 13.12
PC"(, 8 10 LEl/T 27.60 19.32 29.98 2.40
FGT. 10"12 U\/T 8.06 18,55 9.21 1.60
peT. 1:.'-14 L.B/T 2.33 17. :''1 2.94 .96
PI~:'" . 14-16 LBIT .31 10.97 .77 .16
pef. 16--1-3 LB/T .16 4.0~ .46 .48
1"'(''1". 13-;;:1) lFl/T 0 1.24 .31 .16
rl'-;Y. ?n-<,~ LBIT 0 .93 0 0
1"1.; '" • ~:? ';.! -;J u~rl 0 .15 0 0
I" ~ ,'~ ·?s LF'-IT 0 0 0 0
1-1-:( . ~.,c: ',';.9 L.P!T 0 0 0 .16

"
: -,j·:O '-B/'j 0 .15 0 0

P(~ f . >30 lSI r 0 0 0 a

Part 22

(;,.:\·;·FGf'1~It::8 ROLL. Rt:1Ll. ROLL. ROLL.
RiF<;JS. RI;'SIS. nr::s!s. RESIS.
~1. S. 1 f'1. S. 2 M.S. 3 M.S. 4

TEllP. : 41-50
\in: l' 'IT: f~;E[\I ur1

5 "'.~1f'1 ,:
$J~r- 318 316 316 303

1'11'." r.''::' I". 1.:1/ i 6. :;)~O5 9.4416 7.2328 4.4739
~·[(I. OEV. L8/T 1.7866 ~. 9.!}71 1.9238 2.7483
~1l N, vr.. '_: loBIT 3.00 -.79 1.79 -.27
fi ,:x.. V'/\I L3/T 17.71 29.51 13.1\4 27.74

PCT. < 0 LBIT 0 .32 0 .33
PC-f. 0- -!. IO/T 0 .95 .32 10.23
FCT, 2- 4 LBIT 1.26 5.06 2.85 36.63
PI~T • <1- 6 LB/T 30,82 12.66 23.73 34.9B
PGT. 6- 8 LBIT "'-<.77 18.04 39.5E' 12.54
PCT. ,~-1 ') LBIT 19.50 22.47 25.00 1.98
PCT. 10"1;':- I_BIT 5.03 17.41 7.59 1.65
i= (;"f. 12-14 L~l"r .31 10.76 .95 .33
PCT. ! 1\ -1 S LBIT 0 6.96 0 .33
PGT, lEr13 L ~'~/T .31 2.85 0 .33

,. [;OCT. 18<~O U:l/T 0 1.90 0 .33
PCT. 2.1/'-"'"::' LnlT 0 .32 0 0
~C 1". :::~~ -?.. ~ I "IT 0 0 0 0
PGT. 2-!!'-?G L.B/T 0 0 0 0
peT. 26-';:8 LBIT 0 0 0 .33
.I~(;T . t::'~-30 LA/T 0 .32 0 0
PCT. >30 LBIT 0 0 a 0

Reproduced from
best available copy.
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Table 6-1 (continued)

Part 23

GlI TEGOR I ES RoLL. Re'LL. ROLL. ROLl,..
RESIS. RESIS. RESIS. RESIS.
M.S. 1 M.S. 2 M.S. 3 M.S. 4

TE;NP. , dl-F..O
\.1r I ,'I-IT , HEAVY

'SMIFLE SIZE 427 424 421 415
NC.'\~! r"r-=:~'g. Ll3/T 5.2761 7.4913 6.1580 3.8795
.''1n,. [1['\1. L.!3/T 1.1677 3.0369 1.7735 2.3360
r1l N. IJP..L. LB/T 2.71 .HI .18 ·.80
;1./).X. V,"l L6/T 10.72 20.13 12.98 26.96

peT. < 0 L8/T 0 0 0 1.20
P ..... ·, . 0" 2 L.A/T 0 1.42 .23 10.12
peT. 2- 4 lB/T 9.37 7.78 6.32 56.39
peT. 4- .;; LB/f 69.32 25.24 46.84 2Q.96
Pl:T. 6- 8 I.B/T 1<3.50 27.36 32.55 7.23
p(n. 8-10 LB/T 2.11 19.10 10.30 1. 45
PI'T. 10-12 Le/T .70 12.03 2.81 1. 93
PO::T. 12-1 " L6/T 0 4.48 .9«: .24
PGT. 14-1 r:: ·J'·/T 0 .£l4 0 0
PC'T. 16-:8 LB/T 0 .71 0 .24
PG·". 18-20 LB/T 0 .71 0 0
PCT. 20-22 I_BIT 0 .24 0 0
peT. 22-24 I.B/T 0 0 0 0
F·CT. ~4-~!6 LB/T 0 0 0 0
peT. :?r; .. :z.fS LBIT 0 0 0 .24
peT. 28<'0 I "IT 0 0 0 0
pl;T. >:cO LB/T 0 0 0 0

Part 24

C.'.T::'rlf'lRIES Rt:lLL. ROLL. ROLL. ROLL.
RC''>lS. RESIS. RF.SIS. F:ESIS,
11. S. 1 N.S. 2 M.S. 3 M.S. 4

T! r~r.o. : .11 -50
\.!!:. 1 ("~ I"~ : >(I·I':.·.~·.Vy

., i'r'i "'ZE 413 407 412 398
J"j:--:.f't.N r:n::~'~. I.SIT 5.0677 6.4751 ~. e·149 3.7140
:'TIJ. DFV. LBIT 1 .L19~O 3.0019 1.4379 2.0574

r11 'I, V.-.L. U:/T .62 -.61 3.01 .35
MA;(. VAL. I ;.),/T 18.64 22.10 13.20 22.59

rGT. < 0 L5/T 0 .25 0 0
per. 0- 2 I.I;1IT .48 4.42 0 10.30
peT. 2- <; LBIT 12. I 1 13.27 4.37 60.30
F·ey. 4·· 6 U;·/T 7'.62 28.99 58.74 21. I I
FJGT. 6 8 LB/'" 8.96 26.04 :'0.10 4.02
peT. 8-10 I BIT 2.18 16.22 5.10 3.02
rGT. In'l ;? LD.rl .48 6.39 1.21 ,50
PI ...!. 12 -,,,~ I.I')/T .73 2.~6 .49 .25
PCT. 111 - ~ is I.B/T 0 .98 0 .25
I=:lC~1 • 11';-18 l.lJ/T 0 .74 0 0
(:'leT. ~.)~~o I.rVT .24 0 0 0
I:lCT. ~o ~2 18/T 0 0 0 0
p", r. t?~-24 LB/": 0 .25 0 .25
PGT. 2·"!-"=!6 LP./T 0 0 0 0
\'1'(' ;>l'- 28 , r,/T 0 0 0 0
r"'I~'f . ;,'0"30 I.r..' ..... 0 0 0 0
~I~T • >'::0 I.ll/T 0 0 0 0
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Pa.rt 26

~ATf::Qf'l~!ES ROLL. ROLl.. ROL.L, ROLL.
RESIS. REBJ8. RE~IS. RESIS.
M.S. 1 M.S. 2 M,S. ~ M.S. 4

Tr-:r1r. : 51-70
':·1E1P!·1;' I"l':": IJI~

~1\llri '" SIZE: 27"1 274 274 252
{'lr:,".I" 11.-:::1 S, LiVT 5.5376 7. 93P.·2 6.36217 3.6601
S··-~) . r:r-:V. t.SiT 1.6725 3.1976 1.7751 2.5465
11\ N. \/.<\L, LB.'T 2.41 1. ,"!9 2.71 -.21
11.">-: . V."" .. LBIT 10.-19 17.72 16.S5 31.63

PCT. < 0 1.5/T 0 0 0 .79
PGT. 0- 2 LB/T 0 1.09 C) 13.49
PCT. 2- .<I LBIT 16.00 8.39 4.74 57.54
PCT. 4- 6 LB/T 49.64 19.71 41.61 18.65
PCT. 6- 0 LB/T 26.28 2(').80 38.6!1 6.75
PCT. :?,-10 1-13/1' 6.57 25.16 10.95 1. 19
PCT. 1 ')-12 '-I3/T 1.46 14.23 3.28 .79
PCT. 12-14 LSI i 0 6.57 .36 .40
P'·;T. 14-16 LFl/T P 2.92 0 0
PCT. 10 18 LB/T 0 1.09 .36 0
PC"" . 1~-?O LB/T 0 0 0 0
PCT. 20-~..? LBIT 0 0 0 0
r'CT. ??-":4 LB/T 0 0 0 0
PCT. ~c':-~i3 LB/T 0 0 0 0
peT. 26-~.G 1..131",' 0 0 0 0
PCT. 2!~., ·~o LO/T 0 0 0 0
PCT. >30 LB/T 0 0 0 .40
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Table 6-1 (continued)

Part 27

OJ>.TFG"RII':S ROLL. ROLL. ROLL. ROLl,.
RESIS. RESIS. RESIS. RESIS.
M.S. 1 M.S. 2 M.S. 3 M.S. 4

Tt::t1P. : 51-70
WEIGHT: HEAVY

$A~;PL.F.: SIZE 349 349 350 332
rn:',,. ~F.3fS. LB/T 4. ·~·154 6.5796 5.7830 3.4838
STD. Dclf. I..B/T 1.0389 2.7376 1.4168 2.2319
1"1'11. VAL. LBIT 1.34 .49 2.77 -.30
~~.'\X • I/AL LB/T 8.9~ 15.30 12.43 23.63

PCT. < 0 L BIT 0 0 D .30
1'(/,'. 0- 2 LB/T .29 1.72 0 14.16
PCT. 2- .. !_O/T ~4.38 i5.19 6.00 60.54
PCT. 4- 6 LB/T 58.17 29.23 59.71 18.37
PC,. 6- 8 LB/T 6.30 24.36 26.57 3.31
PC;T. .'3-1 (l I. ;';/T .86 19.48 6.57 1.81
PCT. 10-12 U?o/T 0 5.73 .57 0
peT. 12-11\ LB/T () 2.87 .57 .30
P~T. ~ t'!-16 LB/T 0 1.43 0 .90
P·I~T . 1 ti-13 l.B/T 0 0 0 0
p.::r. 18-20 LB/T 0 0 0 0
pcr. 20-22 I.FI/T 0 0 0 0
Pl.-T. ?f?-~~ llVT 0 0 0 .30
I'GT. ~"'!-?6 I BIT 0 0 0 0
peT. ?6-28 LS/T 0 0 0 0
reT. "8-30 I BIT 0 0 0 0
PI:T. >'3n LB/T 0 0 0 0

Part 28

....":Tr'~I'R I F.S ROl.L. ROl.L . ROLL. ROLL.
RESIS. RESIS. RESIS. RESIS.
M.S. 1 M.S. 2 M.S. 3 M.S. 4

Tn·w. : 01-7("
qr' f ()~:T: XHE.'WY

')·.'r:pI.E SIZE 377 374 378 353
1·1F'.n Rr:':SI~. I..BIT 4.2570 5.2515 5.4640 3.1710
STD. PEI/. LB/T 1.0309 2.7071 1.1871 1.6715
r11 r~. I/AI I..BIT .56 .95 3.20 -.13
[If.X. 'i.'IL. U3/T 11.93 17.26 13.17 15.08

t>c'r. 0 LB/T 0 0 0 .28
peT. 0- 2 I.n/T .80 :'.74 0 16.71
PI")T. 2- 4 l.El/T 41.11 19.25 7.94 65.44
PC"!'. 4- 6 I "lIT 53.65 24.33 64.55 13.03
PCT. 6" a Lb/T 3.71 26.61 24.34 2.83
PCT. !'-10 LBIT .27 17.38 2.91 .57
?CY. 10-12 U\lT .27 4.01 0 .28
PCT. 1,~-14 LB/T 0 .80 .26 .57
I'CT. 1.1-16 I.BIT 0 1.07 0 .28
l~(:: . 16-18 1J~l"f 0 .80 0 0
tJI:;r. 18·20 I.f3lT 0 0 0 0
rCT. ;'-0- ?2 l.B/T 0 0 0 0
p~'r . ?~-~.'4 LOIT 0 0 0 0
peT. ~4-'-;"6 UVT 0 0 0 0
POT. ?G-?C LI)/T 0 0 0 0
PC'''. :"'JO'~Q I.B/T 0 0 0 0
peT. >30 LFliT 0 0 0 0
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Tabl~ 6-1 (continued)

Part ~9

CATF.Gt'lRIES RoLl.. ROLL. ROLL. ROLL.
RESIS. RESIS. RESIS. RESIS.
M.S. 1 M.S. 2 M.S. 3 M.S. 4

"F,MP, : >70
'·!I":If,'IH: I..IGHT

3/11'1f'LJ' SI7.:E 471 468 465 433
r;r-:i\I~ n,::~r0. U3/1 4. 68~~a e. (;,103 5·6654 3.1388
:';TD. 1.11,\!, I.n/T 1. '1970 3.2108 1.7612 2.2701
r'ill';' VAL. !J3iT .79 . ~~8 -1 .01 -4.99
H/\X. \//-" ... l.r-liT 19.00 27.2.3 17.36 22.43

PGT < I) LI'\/T 0 0 .22 3.70
PCT. 0- 2 lJ'1/T 3.18 1.28 1 .51 19.40
PCT. 2- 4 l BIT 35.03 5.34 11.18 56.81
peT. ,4- 6 1.13/1' 41 ..40 13.39 50.32 '14.55
peT, 5- 8 U\/T 16.99 22.86 :"'3.80 3.23
FCT. ;'3- i 0 U)/T 2.76 23.29 6.68 .46
r'cr. 10··1:? l.fI/T .42 21 .37 .86 .23
peT, 'j 2-·' t:~ LB/T 0 8.12 ,~2 .69
PCT. 14-16 I.B/T 0 2.56 0 .69
PCT. 1(·-18 LBIT 0 .64 .~2 0
F·",T. ~8-?O lB/T, .21 .21 0 0
PCT. 20·-.c:2 I.I)/T 0 .21 0 0
per. ?2·' 2'4 LB/T 0 0 0 .23
p,-,:- . 21-;>6 IJ.3/~: 0 0 0 0
P(:-( . ?6-;;-·'J Ln/'i 0 .21 0 0
PC'f. t.:a-:J;o LlVT 0 0 0 0
peT. >~o LBl'f 0 0 0 0

Part 30

C,,," TEC'f.1R IE'S RoLl... ROLL. ROLL. ROLL.
RESIS. RES IS. RESIS. RESIS.
M.S. 1 M.S. 2 r1. c" 0 M.S. 4

TI::r1;=, : >70
1;11--: ~ I'!"";' : nF.OIUM

:?>l\I'irL.E SIZE 322 322 322 295
i1r:ilN p'::"I s. L[liT 4.50G:'3 7.5987 5. !S93t! 2.9613
STD. DE:\f. Ulil 1 • ~51 C<9 3.6105 1.4392 1.7730
f"IIN. VAL. LB/T 1.64 -.03 1.97 -2.2~

r·1,",,\' • VAL. LB/T 11.8:, 31.55 11.38 10.09

Pf~T • < 0 1 ,'el/T 0 .31 0 2.37
PC':. 0- 2 L~~/T 1.1'·6 2.17 .31 23.05
PCT. 2- 4 LB/T 40.99 15.84 12.~2 57.63
PCT. 4- 6 LB/T 42.24 18.32 52.80 9.15
PCT. "6- " L.B/T 12.73 15.53 2l~. 5'1 5.08
PCT. 8-10 LB/T 1.24 22.98 4.97 2.37
PCT. 10-12 LB/T .93 16.46 .93 .34
PCT. 12-14 LB/T 0 5.90 0 0
PCT. 14-16 L3/T 0 1.55 0 0
peT. 16 .. Hl LB/T 0 .31 0 0
PCT. 1$-20 LB/T 0 .31 0 0
peT, 20-22 LB/T 0 0 0 0
rCT. 22--24 l.B/T 0 0 0 0
peT. ~4-26 L.B/T 0 0 0 0
PGT. 26-28 LBIT 0 0 0 0
PCT. 2/J-30 LB/T 0 0 0 0
PCT. >'30 LB/T 0 .31 0 0
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Table 6-1 (continued)

Part 31

CATEGORIES ROLL. ROLL. ROLL. ROLL.
Ri;SIS. RESIS. RESIS. RESIS.
M.S. 1 M.S. 2 M.S. 3 M.S. 4

TFMf'. : >70
Wr:! OHT: HEAVY

SArlPLE SIZE 304 302 302 2G9
I·U:I'.t.I RESIS. LBIT 3. ~404 6.0893 ~.0710 9.2708
STD. DEV. LBIT .9026 2.8~69 1.2174 2.4229
MiN. VAL. LBIT 1.21 1.13 1.86 -.30
Nt,;:. VAL. LOll' 9.9~ 21.~4 11.00 20.08

PCT. < 0 lR/T 0 0 0 1. 12
F'eT. 0- 2 LBIT 2.30 4.64 .33 21.93
PCT. 2- 4 LElIT 73.68 19.87 1~.S9 ~6~ 13
PCT. 4- 6 LEl/T 22.70 30.46 64.24 13.38
PCT. 6- 8 LEl/T .99 19.~4 17.~~ 3.72
PC... ·~-1 0 LBIT .33 19.21 1.32 ·74
PCT. 10'-12 l.S/T 0 4.97 .66 1.49
PCT. 1:?-14 LBIT 0 .33 0 .74
PCT. 14-16 LBIT 0 0 0 0
PCT. 1;;-1 e 1.13IT 0 .33 0 0
?CT. 18-20 LB/ i 0 .33 0 .37
PCT. 20-22 LBIT 0 .33 0 .37
PCT. 22'-24 LBIT 0 0 0 0
PCT. 2.1-2'3 LBIT 0 0 0 0
PGT. 26"2'·9 L!;IIT 0 0 0 0
PC"!" . 28-:"0 LBIT 0 0 0 0
PCT. >30 I..BIT 0 0 0 0

Part 32

CATF.GI~:11 ES RO'_L. ROLL. Rl:lL.I". ROLL.
RESIS. RESIS. RFsrs. RESIS.
M.S. 1 M.S. 2 M.S. 3 M.S. 4

TF:r1P. : >70
"'fro:. ~ GtlT: ;(H!:.·.V'I

::-'NT'I..E SIZE 385 384 386 352
[jr~.'\·~ rn;:srs. I..BIT 3.6553 5.8811 5.0203 3.1016
5'10. DEV. LBIT 1.0722 3.1284 1.0749 2.·1770,
MIN. VAL. LBIT -.07 ·.02 2.89 ·.01
N.>,)(. VAl. 1".6/T 11.43 25.69 13.03 21.98

PCT. < 0 LBIT .26 .26 0 .28
PCT. 0- 2 l.B/T 4.42 6.25 0 18.18
peT. 2- 4 LO/-'- 70.13 24.74 13.73 64.20
PCT. 4- 6 LBIT 22.34 21.61 72.28 12.78
PCT. s- 8 L03IT 1.82 25.00 12.9~ 2.27
PCT. 8-10 Le/T .78 17.71 .~2 .~7

PCT. 10-12 LBIT .26 2.08 .26 .~7

PGT. 12-14 LBIT 0 .78 .26 .28
f'CT. 1 1-16 l.B/T 0 .~2 0 0
PCT. !Ei-18 LBIT 0 0 0 .28
PCT. 18-20 LBIT 0 .~2 0 0
P"T. 2(1-22 LBIT 0 0 0 .~7

peT. 22-?4 LBIT 0 0 0 Q
,oCT. 24-26 LBIT 0 .52 0 0
PCT. 26-28 LBIT 0 0 0 0
PCT. 2$-'30 LBIT 0 0 0 0
PCT. >30 LBIT 0 0 0 0
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Equation B.22 gives the regression variable for
headwind resistance as:

in equation 6.5, are studied. This has the
effect of removing that part of the raw rolling
resistance that is due to the impeding effect of
headwind. ,~

,,,here Therefore, RRc is simply computed as:

where the coefficient has been obtained from
Table B-3.

AHEADC2W

A

regression variable name
for headwind effect

the cross-sect10nal area of
the car

RR
c

RR - .00103 . AHEADC2W (6.6)

W weight (tons) of the car.

v ,~he speed (ft/sec) of the car

In computing an estimated rolling resistance,
the headwind term is entered into the regression
equation in the form:

Vw speed of tile w1nd component
par~llel to the direction of
car movement--positive if
moving in the same direc~ion

as the car, negative if moving
in the opposite direction
(ft/sec)

• Weight

• Temperature:

- <OaF
1-)
6-10

- 11-15
16-20

- 21-2:)
- 2b-30
- 31-40
- 41-50
- 51-70
- > 70.

Eacn observation for which RRc is cOmputed can
also be categorized by temperature class and the
car's weight class. The categorizations used in
the Hinkle Yard PC system were the following:

+1 if its argument is positive
o if its argument 1S zero
~l if its argument is negative

sign (.)

;,.
RR

where

I~

C + <xw . AI:EADC2w +L <Xi Xi

i

estimated rolling resistance

, (6,2) L1ght, 0 to 3) tons
Medium, 36 to 65 tons

- Heavy, 66 to 100 tons
- Extra heavy, more than 100 tons.

C regression constant

<x w regression coefficient for wind

Xi the other regression variables,
expressed collectively

<Xi the corresponding coefficients for
the other regression variables,
expressed collectively.

For one particular observation, the discrepancy
between raw rolling resistance and estimated
rolling res1stance may be taken up by a slack
variable, £ , expressed as:

\h th 11 categor1es for temperature and 4 for
weight, a total of 44 (11 x 4) possible combined
categories of weight and temperature exist.
Thus, a single value of RRc might fit into any
one of these 44 categories. Because the com­
plete data base for Hinkle Yard comprised 9,600
observations, data are sufficient to construct
a histogram of observed RRc values wit:lun most
of the 44 categories.

However, because of Hinkle Yard's relatively mild
winter climate, only four cars were observed in
the lowest three temperature categories. These
three temperature levels were thus deleted,

RR=RR+£ (6.3)

This process may be repeate<;l for all the sar,rpled
RRs available, in which case equation 6.3 could
be repeated with subscripts corresponding to
observation numbers. Putting equation 6.2 into
6.3 yields:

RR RR - <X . AlIEADC2W = C ;.-" <X .. X. + £ (6.5)
c w L.J1 1

i
Thu~, the distributional characteristics of the
corrected rolling resistance, RRc ' as defined

or

RR = C ;.- C\w • AllEADC2W + L<X i • Xi + £
i

(6.4)
*RRc can be interpreted as the rol11ng

resistance in the absence of air (i.e., in a
vacuum) or as the rolling resistance if the wind
were blowing in the same direction as the car's
motion, exactly at the speed of the car. This
approach also ignores any portion of the regres­
sion constant, C, attributable to head,,,ind.
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leaving 32 (~ x 4) categories. Table 6-2 pre­
sents the approximate* breakdown of observa­
tions into these 32 categories.

Table 6-2

Table 6-3

PERCENTAGE DISTRIBUTION BY WEICHT
AND TEMPERATURE CLASS AS
OBTAINEP FROM HINKLE YARD

APPROXIMATE FREQUENCIES BY WEIGHT
AND TEMPERATURE CLASS

16-20 44 10 24 20 98

21-25 81 31 45 43 200

26-30 318 129 195 119 761

31-40 1,366 564 838 653 3,421

41-50 647 318 427 413 1,805

51-70 491 274 350 378 1,493

70 -ill -ill ~~ 1,483

Total 3,436 1,660 2,200 2,031 9,327

Within each of these categories, a histogram was
constructed from the available data. For the
purpose of this chapter, presenting these histo­
grams in the form of relative percentages within
each category, rather than as frequencies, was'
more convenient (see Table 6-1). Arbitrary
rolling resistance distributions at each of the
four measurement sections can be constructed
using the information in Table 6-2. The desired
distn.butions are merely the weighted sum of the
distributions in each part of Table 6-1. For
example, Table 6-3 presents the frequencies of
Table 6-2 converted to percentages. If each of
these percentages is divided by 100, they add to
1.0. Doing this to the first cell of Table 6-3
yields, for example, .00193. This, then, is a
multiplier that is applied to the d1stribution
in the first part of Table 6-1. When this
process is repeated for all the cells of Table
6-3, applying each cell to the corresponding
part of Table 6-1, and the resulting products
added across each part, the results in Table 6-4
are obtained. Table 6-4 in fact, presents the
overall, essentially complete sample as obtained
from Hinkle Yard. This table is presented in a
format similar to Table 6-1, and includes

Weight Class

------------- WEIGHT CLASS - .. _----------
TEMP LIGHT MEDIUM HEAVY XHEAVY

11- H5 .193 .129 .11:12 .204

16-20 .472 .107 .257' .~14

21-25 .868 .332 .482 .41>1

26-30 3.409 1.383 ~.091 1.276

31-40 14. 646 6.047 8.985 7.001

41-50 6.937 3.409 4.578 4.4~8

51-70 5.264 2.938 3.753 4.0~3

>70 5.050 3.452 3.259 4.13111

*These are approximate valpes, computed 4sipg
the midpoint rolling resistan~e for eac~ his~o­

gram cell. A rolling resist~nce pf -1 Ib/tQn is
used for the < 0 cell, and 31 Ib/ton is used for·
the > 30 cell.

mean* and standard deviation* as well pS the
combined weighted distributions,

The procedure discussed in the previous ~~ctions

may be extended to any user-s4Pplied weight~

times-temperature percentage distribution. For
example, if the user weights the overall cor­
rected rolling resistance distributions to~ard ~

lower temperature, the weight~times-temperat4re
percentage distribution shown in Table 6-5 might
result. Applying this methodology would produ~e

the overall corrected rolling resistance dis­
tributions shown in Table 6-6.

Basing a yard's rolling resistance distribution
on the assumption Qf widely varying temperatures
is not realistic. The designer usuall~ bases the
design of the hump profile on extreme* htrd
and easy rolling cars, which are assume~ to fol­
low one another successively. Under S4ch circ~m­

stances, it is not possible that one car would
crest the hump at 70 OF and the next call would
crest at 10 OF. Basing the design on ~ ~idely

varying temperature assumption, however, would
yield a rolling resistance distribution ~itr a
higher variance and therefore a more coqserva­
tive design.+

6.2 EXAMPLES FOR ARBITRARY WF.IGHT-TEMPE~TURE
DISTRIBUTIONS i . , I

66191712

Extra
Medium 'Heavy Heavy ~Light

1811-15

Temperature
(oF)

*The frequencies are approximate because the
sample size varied slightly among the four
measurement sections. This was due to invalid
or missing data. The frequencies in Table 6-2
represent the maximum frequency, among the four
measurement sections, within each of the 32
categories.

~kFor example, the extreme points of the 95%
or 99% range.

+The illustrated examples actually do nQt show
a strong variance trend, probably beca~se the
dependence of rolling resistance on temperature
is so weak relative to the inherent vari~bility

of rolling resistance at any temperature.

81



Table 6-4

OVERALL DISTRIBUTIONS OF CORRECTED ROLLING
RESISTANCE FOR HINKLE YARD

ROLL. ROLL. ROLL. ROLL.
RESIS. RESlS. RESIS. RESIS.
M.S. 1 M.S. 2 M.S. 3 M.S. 4

MEAN RESIS. LB/T 6.00 8.46 6.82 4.18
STD. DEI/. LB/T 2.38 3.86 2.27 2.47

PCT. < 0 LB/T ,01 .06 .02 .84
PCT. 0- 2 LBIT .63 1.58 .20 8.92
PCT. 2- 4 LEl/T 16.04 8.49 4.30 46.10
PCT. 4- 6 LB/T 42.02 17.93 37.16 29.59
PCT. 6- 8 LS/T 23.92 21.50 33.03 9.56
PCT. 8-10 LB/T 11.45 19.91 16.67 2.48
PCT. 10-12 LB/T 4,16 13.75 5.94 1.22
PCT. 12-14 LB/T 1.26 8.47 1.94 .47
PCT. 14-16 LB/T .27 4.62 .51 .30
PCT. 16-18 LBIT .12 2.15 .12 .20
PCT. 18-20 LB/T .07 .82 .05 .10
PCT. 20-22 LB/T 0.00 .32 .03 .06
PCT. 22-24 LB/T 0.00 .17 .01 .07
PCT. 24-26 LB/T .03 .07 0.00 .02
PCT. 26-28 LB/T 0.00 .06 0.00 .03
PCT, 213"30 LBIT .01 .04 0.00 .02
PCT. >30 LB/T .01 .03 0.00 .02

Table 6-5

PERCENTAGE DISTRIBUTION BY WEIGHT AND
TEUPERATURE CLASS: HYPOTHETICAL

WEIGHT-TEMPEPATURE
PISTRIBUTION 1

-------------'WEIGHT CLAS5 -------------
TEMP Ll GHT M"n! l!l"l HEAVY XHEAI/Y

6.3 COHPUTATIONAL EXAMPLE

This section presents an abridged set of computa­
tions demonstrating how the data in Table 6-1 can
be used to obtain overall corrected rolling re­
sistance distributions. Th1s example corresponds
to Hypothetical Distribution 1 of the preceding
section, given in Tables 6-5 and 6-6. Only the
calculations for the measurement section 1 cor­
rected rolling resistance distribution are shown.

Computation of the overall corrected rolling re­
s1stance distribution begins w1th the cell per­
centage in the upper left hand corner of Table
6-5. This value is 3%, or 0.03. This multiplies
the measurement section 1 resistance distribu­
tion in Part 1 of Table 6-1, giving:

11-15 3.0(1) 3.000 3.000 3.000

16-2P 5.000 5.000 5.000 5.000

2'1-25 6.000 6.000 6.000 6.000

26-3C 4.0.... 0 4.000 4.000 4.000

31-40 2.000 2.000 2.000 2.000

41"50 2.000 2.000 2.000 2.000

51,70 1.500 1.500 1.500 1 ',50Q

>70 1.500 1.500 1.500 1.500

Tables 6-7 and 6-8 illustrate an example of
basing the overall rolling resistance distribu­
tion on a more restricted temperature range.
Table 6-7 was prepared under the assumption that
the temperature when two successive Cflrs '.ere
humpe9 WOuld be about 40 OF; therefore, only
the two temperature ranges bracketing 40 OF are
given any weight.* This assumption results in
the overall corrected rolling resistance distri­
bution in Table 6-8.

o
o
o

5.56
27.78
27.7'8
11.11
22.22
5.56

o
o
o
o
o
o
o
o

x 0.03=

o
o
o

.1668

.8334

.8334

.3333

.6666

.1668
o
o
o
o
o
o
o
o

(6.7)

*The two temperature ranges are weighted
equally.
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This process continues, working across the row 1
of Table 0-5 (,.hich is the order 1n which the
parts of Table 6-1 are presented). For example,
the calculations for the extra heavy category of
row 1 of Table 6-5 would be:



Table 6-6

OVERALL DISTRIBUTIONS OF CORRECTED ROLLING RESISTANCE
FOR HYPOTHETICAL WEIGHT-TEMPERATURE DISTRIBUTION 1

ME."N RESIS. LB/T
STD. DEV. LB/T

PCT. < 0 LB/T
PCT. 0- 2 LB/T
PCT. 2- 4 LB/T
PCT. 4- 6 LB/T
PCT. 6- 8 LB/T
PCT. 8-10 LB/T
PCT. 10-12 LB/T
PCT. 12-14 LB/T
PCT. 14-16 LB/T
PCT. 16-18 LB/T
PCT. 18-20 LB/T
PCT. 20-22 LB/T
PCT. 22-24 LB/T
PCT. 24-26 LB/T
PCT. 26-28 LB/T
PCT. 28-30 LB/T
PCT. >30 LB/T

ROLL.
RESIS.
M.S. 1

6.7lS
:/:.1l0

. 00

.22
7.37

38.22
29.311
13.80
6.99
a.all
.~ll

.Oll

.04
0.00
0.00

.04
0.00

.01

.00

ROLL.
RESIS.
M.S. 2

8.86
3.72

.04

.81
6.08

111.29
23.63
19.58
15.49
9.98
1l.02
2.76

.72

.12

.16

.02

.18

.02

.01

ROLL.
RESIS.
M.S. 3

7.68
2.72

.01

.10
2.16

27.01
32.11
21.26
11.87

3.911
.60
.28
.01
.14
.50

0.00
0.00
0.00
0.00

ROLL.
RESIS.
M.S. 4

1l.00
3.0lS....
4.77

Bll.61
34.311
111.113
1l.37
1.37
.. 62

.71

.lS

.1f!

.06

.02

.02

.01

.12

.26

Finally, the right-hand' sides of all th~
computations such as in equations 6-7 through
6-9 are summed to yield:

Table 6-7

PERCENTAGE DISTRIBUTION BY WEIGHT
AND TEMPERATURE CLASS:

HYPOTHETICAL WEIGHT-TEMPERATURE
DISTRIBUTION 2

---- .. -------- WEIGHT CLASS -------------
TEMP LIGHT MEDIUM HEAVY XHEAVY

11 -Ill 0.000 0.000 0.000 0.000

16-20 0.000 0.000 0.000 0.000

21-211 0.000 0.000 0.000 0.000

26-30 0.000 0.000 0.000 0.000

31-40 12.500 12.500 12.500 12.1100

41-50 12.1100 12.500 12.50') 12.500

111-70 0.000 0.000 0.000 0.000

>70 0.000 0.000 0.000 0.000

o
o

2.27
6.82

211.00
29.1111
18.18
15.91
2.27

o
o
o
o
o
o
o
o

x 0.05 =

Q
o

.1135

.3410
1.2110a
1.477lS

.9090
• 7915lS
.1135

o
o
f)

o
o
o
o
o

(6.9)

o
o
o

36.84
57.89

1l.26
o
o
o
o
o
o
o
o
o
o
o

x 0.03=

o
o
o

1.1052
1.7367

.1578
o
o
o
o
o
o
o
o
o
o
o

(6.8)

0 0 Q .00
0 0 0 .22
0 0 .11311 7.31

.1668 1.1052 .3410 38.22

.8334 1.7367 1.2500 29.311

.8334 .1578 1.47711 13.80

.3333 0 .9090 6.99

.6666 0 . 791111 3.35

.1668 + .... + 0 + .11311 + .... = .1511 (6.10)
0 0 0 .pll
0 0 0 .04
0 0 0 0,00
0 0 () 0.00
0 0 0 .04
0 0 0 0.00
0 0 0 .01
0 0 0 .00

This is the result that was given in Table 6~6.

6.4 EFFECT OF HEADWIND
The process then repeats across all subsequent
rows. For example, the calculations immediately
following equation 6.~ above would be:
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The preceding rolling resistance distributions
have been corrected for wind. In design aqd



Table 6~8

OVERALL DISTRIBUTION OF'CORRECTED ROLLING RESISTANCE
FOR HYPOTHETICAL WEIGHTrTEMPERATURE DISTRIBUTION 2

ROLL. ROLL. ROLL. ROLL.
RESIS. RE,sIS. RESIS. RESIS.
M.S. 1 M.S. 2 M.S. 3 M.S. 4

MFAN RESIS, I_BIT, 6.31 8.51 6.93 4.27
STD. DE\!. I_BIT 2.11 3.87 2.16 2.34

PCT. < 0 LBIT 0.00 .09 0.00 .64
PCT. 0- 2 LBIT .14 1.56 .17 6.60
peT. 2- 4 LBIT 6.08 7.16 2 80 45.70
PCT. 4- 6 LBIT 47.78 18.95 35.04 32.67
PCT. 6- 8 LBIT 27.67 22.08 35.51 9.81
PCT. 8-10 LBIT 12.96 19.35 18.59 2.17
PCT. 10-12 LBIT 4.06 13.74 5.57 1.31
PCT. 12-1.<1 LBIT .91 8.50 1.69 .40
PCT. 14-16 LBIT .17 4.74 .42 .23
PCT. 16-18 LI3IT .12 2.115 .12 .19
PCT. 18-20 '.B/T .06 .87 .09 .09
I'CT. 20-22 LBIT 0.00 .43 0.00 0.00
PGT. 22-24 LBIT 0.00 .14 0.00 .05
PCT. 24 -26 LBIT .02 .05 0.00 .01
PCT. 2"'-28 LBIT 0.00 .07 0.00 .09
PCT. 2D-:l:"J LBIT 0.00 .10 0.00 .02
PCT. >30 LBIT .02 .02 0.00 0.00

• Vw ' wind speed (ft/sec).

Parameters A and Ware treated from the stand­
point of the easy and hard rolling cars. For
the easy rolling car, RRf will be increased
the least when A is small and W is large.

Nominal values are selected for V and Vw•
(This concept of nOminal values for these two
var~ables is analogous to that used in Chapter 5
to display tile regression results.) For example,
typical values might be:

Equation 6.11 contains the following variables:

• A , car cross-sectional area (ft 2)

• \1 car weight (tons)

• V car speed (ft/sec)

Oft/sec (zero ambient w~nd).

16 ft/sec
• V

analysis, the additional resistances due to
headwind must be taken into account to obtain
correct results. The best way of handling head­
wind is during the analysis itself. Because the
headwind effect· at every point changes as a
function of car speed (see equation 6.1), it is
mo~t properly handled by a differential equation
formulation taking this dependence into account.
However, such an approach would complicate the
analysis m?re than many designers would wish.

Another complication arises from che fact that
tlle parameters A and H in equation 6.1 are' also
subject to random variability from car to ~ar.

Thus, the additional res~stance due to headwind,
when added into the overall corrected resistance
distributions, as sho\ffi in Tables 6-4, 6-6, and
6-8, will generally cause the variance of the
total resistance distribution to increase over
that which would apply if A and W were constant~.

Addressing this problem mathematically is pos­
sible, but the approach is cumbersome. The
following paragraphs treat this problem from the
standpoint'of the extreme cases.

The approach described here is intended to be
simple to use. It is aimed toward the special
situation \~here the rolling resistance distribu­
tion is desired only for the selection of hard
and easy 'rolling cars for design. It is assumed
that the designer has constructed a table similar
to Tables 6-4; 6-6, and 6-8 and has selected
design hard and easy rolling cars from it.

Combining equations 6.1 and 6.6 yields a conver­
siQ~ from the corrected rolling resistances,
RR (the distribution of which was obtained in
the previous section), to the effective rolling
resistances, RRf, which includes the impeding
effect of headwind:

S~m~larly, for the hard rolling car, RRf will
be increased the most when A is large and W is
small.

The user selects "large" and "small" values of
these parameters for the particular application.
Tables 6-9 and 6-10 are presented as an aid in
making this selection. Using the tenth and
ninet~eth percentile levels in the Tables 6-9
and 6-10 results in the approximate values:

• E1jsy roller

A 8U ft 2

W l2U tons

RR + .00103c '
. sign (V-Vw) /W

A(V-V )2
w

(6.• 11 )
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Table 6-9

DISTRIBUTION OF "A," CAR BULKHEAD
AREA (SQUARE FEET) FOR 10% OF

HINKLE YARD SAMPLE

RELATIVE ADJUSTED CUM
AB·,)e'LUTE FREQ FREQ FREQ

CODE FREI) (PCTl (PCTl (PCT)

30.00 4 .4 .4 .4

40.00 6 .6 .6 1.0

5.:1.00 23 2.2 2.3 3.3

60.00 10 1.0 1.0 4.3

70.00 19 1.8 1.9 6.2

80.00 41 3.9 4.1 10.3

go.oo 8 .8 .8 11.1

100.00 17 1.6 1.7 12.8

110.00 10 1.0 1.0 13.8

120.00 ·15 1.4 1.5 15.3

130.00 22 2.1 2.2 17.5

11.!0. 00 33 3.2 3.3 20.8

1 ~n. on 72 6.9 7.2 28.0

160.00 667 64.1 66.7 94,7

170.00 19 1.8 1.9 96.6

180.00 31 3.0 3.1 99.7

190.00 3 .3 .3 100.0

0 40 3.8 ~il S.S I NG

"OTAL 1040 100.0 100.0

• Hard roller

A 158 ft 2

\~ 28 tons.

Table 6-10

DISTRIBUTION OF "W,II CAR LOAJ)ED
WEIGHT (TONS) FOR 10% OF

HINKLE YARD SAMPLF

REL".TII/E ADJUSTr::D CUM
ABsnl.UTE FREQ FREQ nlEQ

C('lOE FREQ (PCT) (PCT) (PCT)

20 00 16 1.5 1.5 1.5

30.00 26'3 25.3 25.3 26.8

40. 00 198 19.0 19.0 45.9

50. 00 65 6.3 6.3 52.1

60.00 57 5.5 5.5 57.6

70.00 50 4.8 4.8 62.4

80.00 69 6.6 6.6 69.0

90.00 68 6.5 6.5 75.6

100.00 43 4.1 4.1 79.7

110.00 48 4.6 4.6 84.3

120.00 36 3.5 3.5 87.8

130.00 114 11.0 11.0 98.7

140 00 8 .8 .6 99.5

150.00 .1 .1 99.6

160 00 .1 .1 99.7

100.00 .1 ,1 99.8

190.00 2 .2 .2 100.0

TOTAL 1040 100.0 100.0

where

RRc,e effective rolling resistance of
easy rolling car (lb/ton)

Using the above values in equation 6.11 results
in:

• Easy-rolling car

RR + .00103 • 80 • (16-0)2/120
C,e

• Hard-rolling car

RR + .00103 • 158 . (16-0)2/28
c,h

RRf,e

RRf,h

RRc,e + 0.18

RRc,h + 1.49

(6.12)

(6.13)

85/86

rolling resistance (lb/ton) of
easy rolling car as selected by user
from distributions constructed as
discussed in Sections 6.2 through
6.4

effective rolling resistance of
hard rolling car (lb/ton)

rolling resistance in (lb/ton) of
hard rolling car as selected by
user from distributions constructed
as discussed in Sections 6.2
through 6.4.
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APPENDIX A: STATISTICAL ANALYSIS OF ENGI,£WOOD YARD
EXPERIMENTAL DATA

A. 1 METHODS USED TO COLLECT THE DATA Table A-I

TYPICAL ENGLEWOOD YARD DATA SET FOR ON~ CAR:
RUN 91

SRI collected these data on Englewood Yard
during a study conducted in 1970 for Southern
Pacific (Gardiner et al., 1970).

To collect the Englewood Yard data, SRI used
special electronic switches* taped to the rail
at 32 locations on one track route from the hump
to the classification tracks. These electronic
switches gave the passage times of selected cars
at each location by timing the passage of the
first wheel; which caused each electronic switch
in turn to close.

Paired with each passage time at an electronic
switch was the kno\~ location of that switch,
measured as the distance from an arbitrary origin
(essentially the hump crest). Distance control
was maintained by surveying the location of each
electronic switch. Thus, the data consisted of
paired distance-time points [(X,t) points].
Table A-I presents data on the rolling of one of
the cars in the Englewood Yard data set (selected
arbitrarily as a typical case). Such data were
obtained for 56 cars in the data base. The num­
ber of data points for individual cars varied
fairly uniformly from 8 to 16; to have sufficient
points for the analysis, any cars for which there
were fewer than 8 points were excluded.

The electronic switches were also paired at about
lU-foot intervals to create a speed trap for
estimating the car's speed (V). (These estimated
speeds are indicated in Table A-I.) In this
analysis, however, these estimated speeds were
not required (with one exception), so the pairing
of successive electronic switches was ignored.

t (sec)

03.000

63.994

81. 782

82.874

101.061

102.206

121.251

122.609

142.427

143.649

164.390

165.878

187.648

189.000

211.314

212.044

X (ft)

2123.02l

2133.84 j
2322.5UI

2333.89 f

~521.541

2532.79 j

272U. 64 l
2733.77f

2923. 25 1

2':/34.2':/ f

3121. 33 1

3134.50 f
3321. 95 l
3333.37 f
3521. 79l
3533.03 j

v (ft/s)

10.8~

10.43

9.83

9.67

9.03

8.85

1:L45

8.45

In this analysis, only that portion of each
car's roll that occurs on the "constant-grade"
section of the classification track \~as con­
sidered; this restriction eliminated additional
complexity in the analysis. A "constant" grade
is a theoretical concept because irregularities
arise during construction and from settling.
Therefore, SRI made precise survey measurements
of the elevation of the top of the rail near each
electronic switch and used in the analysis an
average effective grade: the drop from the first
to last electronic swi~ch d~vided g~ the distance
between these electron~c sw~tches.

A.2 /.{ULLf\lllLITY HOUEL UtiW FOR AMLYSI~

In this analysis, one of the most co~on rOlla­
bility models (Wong et al., 1981) was used, th~t

is, that each car's rolling resistance varies
linearly as a functio~ of its sReed, Each caf
was treated for the purpose of it~ dynamics af ~

point mass, tile motion of which is governed by
the following differential equations:

(A.l)

ct = (A.2)

*Not to be confused with rail switches; to avoid
this confusion, the special instrumentation is
referred to as "electronic switches."

**The first and last switches were those actually
used and varied from car to car.

A-I

(A.4)



where

({i..ll)

(A.12)

(I}. 9)

(A.lO)

a = g(G - )l)

For convenience, one further change was made.
in equations A.9 and &.lU the resistances are
expressed in the unit less form appropriate for
analysis. However, expressing the resistance in
pounds per ton is more convenient for reporting
purposes. Therefore, equations 11..9 and A.IO
were rewritten as:

for settling) and that has no switches, retarders
or ~urvature was deliberately selected; thus C,
S, and R in equation A.2 were all zero. Further,
the wind effect was not considered as a separate
tenn (no matching wind data were available), so W
in eqyation A.2 and Wv in equation A.3 were
zero. n In addition, the inertia effect of the
rotating ,.,heels was ignored, making I zero in
equation A.4. \~ith these simplifications,
equations A.2 and A.3 can be rewritten as,
res\,ectively:

distance from an arbitrary origin (ft)
velocity of the car (ft/sec)
time (sec)
the sum o~ all static terms contrib­
uting to the acceleration of the car
(ft/sec 2 )
the sum of all velocity-dependent terms
con.tributing to the acceleration of the
car (sec-I)
the effective acceleration of gravity
used to account for energy stored in
"the rotating ,.,heels of the Car
(ft/sec 2)
acceleration of gravity (ft/~ec2)
grade (dOlvugrades taken positive)

(ft/ft) "
stdtic rolling resistance (lb/lb)
curve resistance, if applicable (lb/lb)
wind resistance (lb/lb)
velocity head lost in switch if appli­
cable (ft)
velocity head extracted by retarder 1f
applicable (ft)
length of the section of track (ft)
velocity-dependent resistance coeffi­
cient (lb/lb per ft/sec)
velocity-dependent wind resistance
coefficient (lb/lb per ft/sec)
weight of the car (lb)
additional weight of the car to account

for the rotation of the wheels (lb).

B

x
V
t
a

g
G

'I
I

)l

C

'"S

where

The solutions of the differential equati,on "for
13 '" U anq taking V = V0 and X = Xo at t = U
are:

v -*+ (* + vJ exp(3t) (A.5)

static component of car resistance
( lo/ton)
velocity-dependent component of car
resistance (lb/ton per ft/sec).

A.3 STATISTICAL ANALYSIS

Equations A.l through A.4 ,.,ere simplified con­
siderably for this analysis. A track section
that has essentially a constant grade (except

For S" = 0 (i.e., only static rolling resistance),
the solutions reduce to the well-known case of
uniformly accelerated motion ~for the above
boundary conditions), as follow~:

The S = 0 ease is the usual static rolling resis­
tance formulation and is the one used in most
other analyses in this report. Equation ~.H is
indeed mathematically the limit of equat10n A.o
as 6->-0.

x = X + V t + 1 at2
002

*This effectively includes the wind resistance
into the )l and ].IV terms.

**In Table A-I, subtract 63.000 from all the
values in the t coluHln and subtract 2123.02
from all the values in the X column.

The solutions of the differential equations,
specifically equations A.6 and A.8, provide an
analytical relationShip between a car's distance
and time that precisely matches the empirical
data obtained 1n the Englewood Yard study (Table
A-I). The general solution of differential equa­
tion A.6 is in a nonlinear form, but nonlinear
regression statistical techniques can be used
calibrate the parameters a and S or alternatively
H.s and Kv ' Further, because the origins used
for t and X in the data (Table A-I) are entirely
arbitrary, the first (X,t) data point for each
car can be treated as the origin for that analy­
sis with no loss of generality; this is done by
subtract1ng to from all the other t values ~~d

subtracting X
Q

from all the other X values. no_

This s1mple transformation ensures compliance
with the boundary conditions used to derive equa­
tions A.5 through A.8, and further eliminates the
parameter Xo '

(A. 7)

(A.6)

(A.8)

v = V + at
0"

~ t - 1 (~+ V ) [1 - exp(Bt)]
6 6 6 0

x
o

x

and

and
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NUMBER OF CARS

The parameter V0 is required in equation A.b
or A.8; it could be estimated as a part of the
regression or it could be estimated using the
first two (X,t) points in the data for each car,
as shown in Table A-I. The latter approach was
used in this analysis.

SRI used a procedure in SPSS (Nie et al., 197i;
Robinson, 1977) to perform a separate nonlinear
regression for each car in the Englewood Yard
data base. The procedure progresses iteratively.
It must be supplied with an initial starting
point; on the basis of past experience, SRI used
Rs = 2.1 lb/ton and Rv = 0.55 lb/ton per
ft/sec for all cars. The procedure then modifies
the parameters Rs and Rv so as to improve the
fit* of the theoretical relation (equation A.6
or A.8) to the empirical data (as in Table A-I).
The iterations proceed until a local, global
minimum is attained. As with many iterative
procedures, convergence 1S not guaranteed.

FIGURE A-1 HISTOGRAM OF STANDARD OEVIATIONS
BETWEEN FITTE;·D THEORETICAL RELATION.
SHIPS AND EMPIRICAL DATA

generally excellent. Figure A-2 \s ~n example
of the fidelity of the fitted relationship to the
empirical data points. This plot of the data and
fitted relationship for Run 91, shown earlier in
Table A-I, reveals that the difference betweeq
the empirical data and the fitted curve i$ b~rely

discernible.
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Equations A.6 and A.8 treat X as the dependent
variable with t being the independent variable;
but in the Englewood Yard data these roles were
actually reversed. Although the strict statis­
tical approach would have been to solve equation
A.b (A.8) for t as a function of X, the transcen­
dental nature of equation A.6 prevented that ap­
proach. Consequently, for each car t was treated
as if it were the independent variable and equa­
tion A.6 (or A.8) was used to estimate X. This
approach was most likely to produce practical,
pragmatic results.

"Reasonable"*~' results were obtained from the
regression for 39 of the 56 cars in the data
base. In most cases, the fitted relationship
(equation A.6) gave an excellent representation
of the car's rolling behavior on the classifica­
tion track. Figure A-I is a histogram of the
standard deviations of the empirical points about
the fitted relationships (for each car in the
data base for which reasonable results were
obtained, one standard deviation value was
obtained). For one car, the standard deviation
can be considered as representing the average
error in using the theoretical relationship to
estimate the car's position in place of the
actual empirical data. These standard devia­
tions are generally quite small, mostly on the
order of 2 feet or less over a total distance
of more than 1,000 feet. Even considering that
the accumulative nature of a distance-time trace
tends to make errors in a regression small, the
quality of the fitted curves to the data is

~'The fi tis ,aeasured as the sum of the squared
differences between the empirical data points
and the theoretical relation, using the latest
estimate of the desired parameter values.

FIGURE A·2 DATA POINTS AND FinED REI,.ATIONSHIPS
FOR RUN 91

As mentioned, reasonable results for 17 of the
cars in the ~ata base were not obtaine4 because:

**rn this c~ntext, Itreasonable" means that the
nonlinear iterative regression process con­
verged and that the resulting parameter values
roughly agreed with our own experience and with
the literature.

• Eight cases failed to converge to a
solution.

• Seven converged to a solution that was
unreasonable.

A-3
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• Two converged to a reasonable solution
but had minor data errors and so were
discarded.

Table A-2 presents the <X,t) points for Run 213,
which converged but to unreasonable pal:ameter
values. As the table indicates, the speeds of
the car were highly inconsistent. The actual
data collected were times, not speeds, and the
inconsistent nature of the time is best repre­
sented graphically in Figure A-3, where the data
problems are revealed as a "wavy" X-t plot.
These problems may be due to el1roneou:;; times
given by the electronic switches or to condi­
tions not accounted for in the rollability model,
s\.lch as gusty, variable winds, \,heelli badly out­
of-round, curve memory, or s loshi ng of 1 iquid in
tank car.

therefore, among tile 3<) cases for which reason-
able results were obtained are a few for \,hich
reasonableness is marginal.
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FIGURE A-3 DATA POINTS FOR RUN 213

Figure A-4 is a histogram of the distribution of
the parameter Rs ' tl1e static portion of the
rolling resistance. Similarly, Figure A-5 is a
histogram of Rv • the velocity-dependent portion
of the rolling resistance. The range of values
for both paramt=ters appears to be cons1stent with
values reported in the literature. The empirical
~istributions of both parameters include zero
\,ithin their range. Thus, at least some of these
parameters might be expected not to differ sig­
nificantly from zero in the statistical sense.
iIO\'ever, only an approximate statistical test 1S
available to test such an hypotheses--namely,

STATISTICAL ANALYSES ON FITTED RESIS. PARAM. FOR ENGLWO. DATA

FILE NONLPAR (CREA T 1ON DATE 81/015/07. )

Rs FITTED STATIC PART OF ROLL. RES., La P T
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1
1

3. *****_•••••• *.*** •• *._********. ( 6)
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9)

In every case that failed to converge to a solu­
tion, or that converged to unreasonable results,
proble~s e~isted in the data that were similar to
those shown in Table A-2 and Figure A-3. Fur­
ther, in the 39 cases that yielded reasonable
results, the data invariably appeared to be
fairly valid and were usually totally valid.
Thus, the nonlinear regression technique may be
a good indicator of the validity of the data on
each car. Deciding \,hether data are "reasonable"
or "unreasonable" is a subjective decision;

A-4
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MINIMUM -12.000 MAXIMUM 6.000 SUM 59. 000
C.V. peT 208.410 .95 C. 1. .491 TO 2.!S35

VALID CASES 39 MISSING CASES a

FIGURE A-4 DISTRIBUTION OF RsPARAMETER
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FIGURE A-5 DISTRIBUTION OF Rv PARAMETER

STATISTICAL ANALYSES ON FITTED RESIS. PARAM. FOR ENGLWD. DATA

FILE NONLPAR (CREATION DATE II: 80103/19.)
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that based on the assumption of a linear esti~

mator. Using this test, SKI found that 11 of
the 39 estimated values of Rs and 10 of the 39
estimated values for Rv did not differ signif­
icantly from zero.

-15

o 5 10 15
VELOCITY - It/sec

20

Note that the total, or gross, resistance for
anyone car at any given speed is computed by

(A.13 )

FIGURE A-6 TOTAL RESISTANCE AS AN INSTMjTANr;:OUS
FUNCTION OF VELOCITY FOR FITIEQ RELATION·
SHIPS FOR ENGLEWOOD YARD DATA

where

RR total. or gross. resistance of the
car at speed V (lb/ton)

V instantaneous speed of the car
(ft/sec).

Equation A.13 defines a straight line in the
RR-V plane; to better represent the nature of
these data. in Figure A-6 the 39 resulting
straight lLnes are plotted for the cars tor
which reasonable results were obtained. The
curves in the range of 5 to 15 ft/sec are drawn
with bolder lines. Most of the speeds in the
Englewood data set were in this range; the
lighter portions of these lines are essentially

extrapolations. The four lines noticeable ~s

outliers represent the most questionable cases
of the 39 that were accepted as being reason,..
able. The general trend indicated in Figure A-6
is for resistance to increase with increasing
speed; however. a number of exceptions are
evident. Nevertheless. the general tendency to
LJ\crease noted in tnLs illustration agrees witn
the literature.

To investigate whether any relationShip exists
between the parameters Rs and Rv for a car.
SRI performed a correlation analysis (or bivari­
ate regression). treating the fitted values of
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Rs as observations of an independent variabl~

and Rv as observations of a dependent varlable.
Fig1.lre A-7, a scatterplot of; the Rv data points
as a function of the Rs points, pvesents the
results of this analysis. A strong relationship
between these parameters appears to exist. In­
deed, the statistics printed in Figure A-7 indi­
cate that Rv can be estimated from ~s by the
relationship,

.44 - .138 ,~ Rs (1\.14)

The standard deviation about this regression
equation is 0.202 lb/ton per ft/sec, a reduction
by more than a factor of 2 from the standard
deviation of Kv by itself (reported in Flgure
A-5): 0.489 Ib/ton per ft/sec.

However, whether the trend ev~dent in Figure A-7
represents an actual physical relationship is not
clear. To a considerable extent, a significant
tr1de-off is possible between the parameters Ks
and Rv for a single car. This is most easily

STATISTICAL ANALYSES ON FITTEQ RESIS, PARAM, FOR ENGLWD, DATA 81/05/07, 15.3 PAGE 3
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explained qualitatively in tenns of the lines in
Figure A-6. Consider the region roughly outlined
by the largest mass of heavy lines--the region
that supplied most of the data for the analysis.
A line can be drawn passing through this region
by--

• Making Rs small (e.g., ~ zero), but
compensating for this by increasing Rv
(e.g., ~.333 lb/ton per ft/sec).

• Making Rv small (e.g., ~ zero), but
compensating by increasing Rs (e.g.,
~ 4 1p/ton).

This trade-off could yield precisely the type of
relationship indicated in Figure A-7. \~ithout

more data covering a wider range of speeds and
conditions, it is not possible to determ1ne to
what extent this trade-off has brought about the
relationship shown in Figure A-7. Statistical
estimation theory, however, would indicate that
a portion of the trend of Figure A-7 is due to
this trade-off, rather than to an underlying
physical relationship.

A.4 CONCLUSIONS

This appendix presents a methodology for esti­
mating speed-dependent rolling resistance rela­
tionships on a car-by-car basis. It is distinct
from approaches used in most other rollability
investigations, in which only the relationships
for a mass of many cars are studied. Thus, those
investigations do not isolate the relationships
applying to particular individual cars. This
analysis has shown that the linear speed de­
pendence parameter is usually sign1ficant.
However, the question arises of whether this
speed-dependent relationship truly adds a statis­
tically significant amount of information over
that which would be obtained if the regression
\vere to be repeated using a model having only a
static resistance term (i.e., delete the B term
from equation A.l). This additional analysis is
one avenue for future work. The model of equa­
tion A.I could also be expanded to include a
squared speed dependence term (e.g., a Y V2

term could be added). This would bring this
model into conformance with the most commonly
mentioned model in the literature, allowing
investigation of the V2 dependence.

Also, Vo could be added as a parameter to the
least-squares estimation process using equation
A.6. This would permit additional flexibility in
fitting the model to the data and would probably
reduce the sensit1vity of the model to errors in
the data--especially in situations where errors
o~curred in the first two (X,t) points, which
were used to estimate Yo'

Another avenue for further work would be to esti­
mate the parameters using the (V,t) points rather
than the (X,t) p01nts (e.g., using equations A.S
or A.n. The empirical (V,\:) relal;:ionship \vould
usually be less smooth than the (X,t) relation­
ship and so might yield a poorer fit to the
model; at least this would be an interesting
alternate to study.

Obtaining data from a \vider range of conditions
would also be worthwhile. Not only would this
wider data base shed more light on th~ validity
(or lack thereof) of the relationship shown in
Figure A-7, but it could allow extension of the
analysis to include situations involving switches
and track curvature, perhaps also permitting
calibration of these effects.

Finally, further work could be conducted within
the limited context of the analysis reported
here. For example, when data points are
obviously erroneous, those points could be
elim1nated and the analysis repeated. Because
this was a preliminary analysis, SRI did not
attempt such "massaging" of the data. Rather,
only a preliminary investigation was attempted
of t~e workability of the nonlinear regression
approach to the study of the indiv1dual car's
behavior. In future rollability studies, the
approach documented in this appendix would be
perhaps the strongest for obtaining useful,
valid results.
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APPENDIX B: DETAILED DISCUSSION OF REGRESSION ANALYSES

B.2 SOME MATHEMATICAL DETAILS OF THE REGRESSlON

Depending on the measurement section, vqrious
VI' V2 , and V3 values may themselves have
been est1mates.

(B.2)

estimated value of the
dependent variable y

~ the independent variables
calibration coefficients
estimated by the regression
analysis.

y

exit speed from the measurement
section.

y

where

In addition to revealing dependencies between
the dependent variable and the independent vari­
ables, regression analysis ca11brates an actual
relationship that can be used to estimate t~e

dependent variable from the independent vari­
ables. This relationship is of the fonn:

The analyses discussed here are stepwise, multi­
ple linear regressions, using rolling resistance
or resistance force as the dependent variable
against a host of independent variables. The
approach used was largely exploratory, several
regressions being performed in an itenat~ve man­
ner to obtain a qualitative as well as quantita­
tive grasp of the nature of the dependencies in
the data.

B.l GENERAL

This appendix describes the regression analyses
that were performed to investigate and calibrate
the effects of several variables on freight car
rolling resistance. Certain problems in the data
due to the way in which they were collected are
discussed, as are the actions taken to address
them. The specific quantitative results obtained
are discussed at the end of this appendix:

The data available from Hinkle and DeWitt yards
are detailed in Chapter 4 and briefly reviewed
below. The analyses described in this appendix
are based solely on these two yards.

The rolling resistance observations were made in
four measurement sections between the crest and
the classification tracks. The first two mea­
surement sections were short, and the th1rd and
fourth were generally long. Coupled with each
rolling resistance observat10n in each measure­
ment section \~as a "vector" of independent; vari­
ables. The set of observed variable values (both
dependent and independent) corresponding to one
observation at one point along the track is
called a case. This is the terminology used in
SPSS (Nie et 'II., 1975), the commercial software
package that was used to perform these analyses.
The four observations on a single car \~ere

treated as separate cases. Thus, the indepen­
dent variables varied in different ways--some
were constant within the cases for a single car
(e.g., truck center length), some were constant
within the cases for a single measurement section
and track (e.g., curve variables), and some
varied for every case regardless of car and/or
measurement section (e.g., car speed).

One important variable is the car's speed within
the measurement section. Measurement sections 1
and 2 were short, so for these sections an esti­
mate of the measurement section midpoint speed
was also used as the average speed within the
measurement section. Measurement sect10ns J and
4 were long and had varying geometry within them
on a single route. Therefore, in these measure­
ment sections the average speed was computed as:

Vav estimated average speed within the
measurement section

VI entry speed to the measurement
section

V2 midpoint speed of the measurement
section

where

V
'IV

VI + Vz + V3
---4--

(B. 1)

The individual Xi variables can be directly
available variables or transformations of
directly available variables. (Various classes
of Xi are discussed later.)

A strel~th of regress10n analysis is 1tS abi11ty
to assess the effect of each independent variable
in conjunction with the effects of all other in­
dependent variables, thereby unmasking effects
hidden ~len only bivariate relationships are
examined. For example, Figure B-l(a) is a plot
of hypothetical y values against an Xl inde­
pendent variable. A bivariate relationshP
between y and Xl would yield the relationship
shown in Figure B-l(b). However, the points fall
into two distinct groups. Supposing that these
groups represent two distinct values of a third
variable, x2' including both independent vari­
ables Xl and x2 1n the equation results in •
much ",ore significant explanation of the rela­
tionship between y, Xl' and x2' as shown
in Figure B-l(c).* In Figure B-l(c), the t;wo
curves can be thought of as the x2 contours of
the regression surface in the y, Xl plane.
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FIGURE B-1 HYPOTHETICAL REGRESSION
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The lndividual Xi can be powers of other Xi,
for example,

for some time. * Therefore, this distance was
set as "infinity" for the measurement sections
preceding the master and group retarders. Where­
as "infinity" cannot be handled in a regression,
the reciprocal of "infinity," z,ero, can be,

One problem often encountered in regression
analyses is that when two or more independent
variables tend to vary in much the same way
(i.e., are highly correlated), discerning among
the effects of these variabJes may be difficult
or impossible. This problem, called multi­
colinearity, occurred with some of the indepen­
dent variables reported here and are discussed
in Section B.3.1.

The rest of this section discusses the nature of
the xi used in the regression.

0.2.2 Polynomial Power Terms

(n.5)

It is often customary to take a transformation of
some directly observed independent variable to
account for nonlinearities, which by engineering
judgment are believed to exist. For example,
such a transformation might be:

B.2.1 Simple Nonlinear Transformations However, a transformation such as in equa~ion

B.5 would generally result in the entrance into
the equation of two highly correlated indepepQent
variables, which is undesirable. To avoid this
problem, squared terms were entered inco the
equation in the alternative form:

(B.3) x~ (1l.6)

Another transformation used \.as of the fonn:

This logarithmic transformation was actually made
for one of the variables used In this analysis,
liistance from hump'crest. This variable was a
surrogate for the ,.arlil-lip of the journal bearings
as the car rolled farther and farther. However,
this warm-up was not expected to continue indef­
initely; eventually, the journal bearings should
tend to,.ard some steady-state temperature. The
logarithmic transformation is useful because it
enabled SRI to create an indepentlellt variable
that conformed approximately to this behavior.

,
+ +

,
x'+y a a x a

0 3 3 4 4

a' + a' + a '(x - )2 +x x
0 3 3 4 3 3

(a
,

+
, j(2) + (a

,
- 2a' x ) + a' x2 +a x ...

0 4 3 3 4 3 3 4 3

I~here 3[3 is the mean value of all the observed
values for the variable x3' The X4 term
primarily picks up only that part of the depen­
dence of y on x3 that is of a squared nature,
allowing testing of such squarea dependence, and
drives down the correlation between x3 and
x4' The regression using the x4 term can be
transformed after the analysis into the form
that would have existed had ~quatiori B.4 been
used, by noting ,

(B.7)a+ax+ax+
03344

"variable" as entered in the
regression analysis

'" some varlable that would be actually
measured or available (such as distance
from the hump crest to the measurement
section).

x3

where

x3 = l/x3 (B.4)

This reciprocal transformation ,.as used for the
car weight independent variable, because the
rolling resistance i~~theoreticallY the inverse
of the car's weight." A reciprocal transfor­
mation for the distance from the most recently
traversed oiler was also used. Not only was the
oiler's effect expected to taper off in some
"decay" manner, but also the cars initially
humped were expected not to have passed an oiler

where

a a'+ a' x2
0 0 4 3

a 2a
,

Xa
3 3 4 3

a a
4 4

*Note also that the bivariate relationship be­
tween y anti x2' in the absellse of Xl' would
also explain very little.

Squared tenns were used as in equation B.6 for
the average measurement section speed and for
temperature. The squared term for speed enabled
SRI to check for the V2 dependence often :
reported in the literature; the squared term for

**I~eight ,.as used directly as the independent
variable in the case ,.here res is tallce force \.as
the dependent variable.

*Oiled or greased wtleels tend to defeat the
effect of the retarders. Therefore, a common
design practice is to attempt to route cars so
as to avoid oilers before humping.

B-3



Higher power (x~, x~, etc.) terms IVere not
included in the

1
anarysis.

temperature enabled SRJ to check for first order
nonlinearities with temperature, as might be
expected because the freezing point of water
(32 OF) ,vas 'veIl within the range of data
collected.

"Dummy" variables IVere also included in the re­
gression. A dummy variable ind1cates all individ­
ual observation's membership in a group: If the
observation is a member of the group, the dummy
variable is I; othenvise, the dummy variable is
O. In this study, tlVO dummy variables that 'vere.
immediately apparent IVere--

• Moisture conditions*:
othenvise.

converted to the form of equation 13.8 by some
simple algebra, resulting in mo<;lified
coefficients.

Higher level interaction terms (e.g., the prod­
ucts of three, four, and more variables) could
</lso be defined. However, because of the quality
of available data and to keep the proDlem to
manageable size, such terms were not considered
in this analysis.

With 22 independent variables being considered,
the number of interaction terms could haVe become
quite large.* Therefore, the number of first­
order inter</ctions 'vas kept ~o the minimum.
Typical interaction terms considered were c-ar
type \Vi th the headwind term"'* (to take into
account varyil,g car cross-sect1onai sllupes) ail(!
bearing type with weight (differing bearing
frictions).

1 if 've t, U if

Dummy VariablesB.2.3

• A car's bearings: 1 if friction, 0 if
otherwise (i.e., roller bearings).

"hen there were several I\Itjtually dis t inc t groups
(SUCII as type of car--boxcar, flatcar, tauk car,
and the like); one of the groups IVas selected as
a "reference group" and had no dummy variable
associated ",ith it (e.g., boxcar). Duumy vari­
ables IVere then created to inliicate memberShip
in the remaining groups (tank, flat, and so on).
In tins exalnple, if the car is a tank car, tile
tank dummy variable for the car is set to I, and
the other car type clUlmny variables are set to ().

l{oLlaU111ty med~uremellt section J conta1ned
switches and curves, and section 4 usually had
sOllie curves. If S'v1tcl1 and curvature var1ables
had been put directly into the regression equa­
tion, erroneous results could have been obtained
because the rolling resistance as meGisured acrosS
tilese measurement sections 'vas an average value
that included curvature and sW1tches, as well as
varying amounts of straight track~ The same
velocity head 106s could be measured across a
long tangent section, owing to its length, or
across a short C4rved section, olVing to the
(presumed) additional curve resistance.B.2.4 Interaction Terms

8.2.5 Special Transformations for Switches and
Curves

..,
The data collected did not distinguish between
rain and snow.

Jiowever, IVith this form x4 usually has an un­
desirably high correlation with one or both of
x2 and Xj' This correlation can be reduced
by usiug the alternate form:

Equation B.9 was used in the analysis. Note the
similarity of e'Juation 13.9 to the squared term,
equation B.6. In both equations 8.6 and B.9, an
interaction term is primarily sensitive to the
interaction effect of the variables. Also as is
the case IVith equation 8.6, equation B.9 can be

**Defined in Section 8.2.6.

• Lach switch traversed extracts a veloc1ty
nead loss of Hs from the car, regard­
less of the switch type or of the
orientation of the slVitch relative to
the car. Therefore, if Ns switches
are traversed in a measurement sectipn,
tile total velocity head loss due to the
switches is NsHs '

• The tangent track rolling resistance, R,
applies everywhere. R is assumed to
1nclude all resistance terms except those
pertaining to switches and curves. On
curves, an additional rolling resistance,
Rc ' applies. Rc may be assumed to be
a function of certain curvature vari­
ables. Tlms, the total resistance on
tile curve is R + Rc '

In deriv1ng a correct set of independent switCh
and curve variables to be used in the regression
analysis, the assumption IVas that:

"'If tnere are n independent variables, ttle num­
ber of potential first-order interact10ns is
n( n-l) / 2 •

(13.9)

(B.8)x2 x3

Sometimes the effect of one independent variable
on the dependent variable varies depellding on
the level of another independent variable, in
which case the effect of the second independent
variable depends on the level of the first inde­
pendent variable. Such behavior is customarily
handled by incllld1ng a f1rst-order interaction
tenl, usually of the fornl:

B-4



Using these assumptions, the velocity head rela­
tionship applicable to a measurement section can
be depicted as in Figure B-2.

N H L R
R -~~ + -.£..£ + R

m L L (B.l3)

V 2
1

2i"

I.. CURVE ~I

L

VELOCITY
HEAD LINE

V 2
2

2il

The numerator in the middle tenn on the ri~ht­

hand side is the total head loss, Hc ' due to
the curve resistance, that is,

(B.14)

However, head loss on a curve is usually ex­
pressed in terms of loss per degree of central
angle, fi:

("/l.IS)

where

velocity head loss per degree central
angle
total central angle (degrees).

FIGURE B-2 VELOCITY HEAD/RESISTANCE
RELATIONSHIPS IN ROLLABILITY
MEASUREMENT SECTION WITH
SWITCHES AND CURVES

The raw rolling resistance, ~n' as measured in
this section is:

Furthennore, hc has often been expressed as a
function of degr~e of curve; for example,
Southern Pacific" recommends the curve compen­
sation shO\4O in Taple B-1.

Table B-1

CUKVc COMPENSAtION

measured rolling resistance (lb/lb)
grade (ft/ it)
speed at start of measurement section
(ft/sec)
speed at end of measurement section
(ft/sec)

= length of measurement section (ft)
acceleration of gravity (32.2
ft/sec 2 ) •

*For un lubricated curves. For lubricated curves,
values are approximately half those tabulated.

where

V2

L
g

R
m G - (B.IO)

Degree of Curve

0°00'-3°00'
30 U1'-6°00'
6°01'-8°30 '
8 0 31'-1OoUO'

Compensation* (feet per
degree of central angle)

.035

.040

.045

.050

The relationship shown in Table B-1 can be
closely approximated by a linear equation of the
form:

However, using the velocity head relationships
from Figure B-2, the measurement section exit
velocity head can be computed as:

ex + I3D (B.16)

V2 V2
2. = -.2.. _ N H - L R + L(G - R)
2g 2g s s c c (B.ll) Ct 13

D
coefficients to be fitted
degree of curve.

or, rearrangi.ng tenns: Putting equation B.16 in B.15 results in

G -
N H L R
~+-.£..£+R

L L
(B.12)

H
c

Ct fi + 13 D fi (B.l7)

Comparing equation B.12 \4ith equation B.IO
results in

B-5

*Source: Barney ~allacher.



The D~ in equation B.17 with coefficient B is
in the form of an interaction term. Therefore,
for consistency with the interaction term
approach discussed earlier, we replaced D~ with
(D-D)(~-~). Further, for completeness, aD
term was included alone in the equation, re­
sulting in an expression for Hc of

H
c

(B.18)
sign (x)

'vind drag force
drag coefficient
cross-sectional area of car
speed of the car
speed of ttle 'vind component parallel
to the car's direction of movement-­
positive if moving in the same elirec­
tion as tlte car, and negative if
moving in the opposite direction
1 if x is positive,
-1 if x is negative.

Therefore, the regression variable constructed
for th is term was ",<t;;omparillg e4uation B.ll:! ,nth e4uatioll 1>.14, and

making tile implied substitution intu e4uat~on

B.IJ, results in A(V - V )2 sign (V - V )/wIv w (B.Z2)

R
m

N II
~+ rJ.~ + B(D-D) (6.-(;) + }'R + R

L L
(B.19)

'vhere

ioJ = 'veight of the car (tons).

Because all rolling resistances used in t:he
analysis were in pounds per ton, equation 1>.19
can be written as:

H
s

R
m

(lb/ton) COO~ Ns ) + a(ZOOLO D)

+ B[ZOOO(D-~)(~-~)J

+ yeOO~ D) + R(lb/ton)

(8.21))

Tne 4uant~ty A 'vas obtained from the UMLEK file
as the product of extreme Ividth times extreme
height.

An average value of Cd over all cars was in­
cluded as part of the regression coefficient, as
'vas a "sllape" factor ar~sing from the fact tnat,
in most cases, tile extreme widtn times extreme
Ileigllt yields a rectangular pseudo-cross-section
larger than the actual cross-section of tile car
(e.g., compare the circular cross-section of a
tank car with the rectangle in Which it is in­
scribed). The interaction term analysis does
provide the capability to d~fferellt~ate betlVeen
tile headwind effects of different car types.

B.3 DIFFICULTIES IN THE DATA

Several difficulties were encountered in the
regression analyses because of tile nature of the
data aVdilable frol1l tile process control computer
systems. Because these systems \Vere designed to
control IlUmpeu cars, the provis~on of data for
statistical studies IVas a secondary considera­
tion. In particular, the experimental design
~~oseel by the process control computer system
IVas some'vhat inadequate to support: an analysis
as exte,,&ive as that reported here. The next
sections discuss the problems in detail.

Equation B.ZO is precisely ip the form amenable
to inclusion in the regression. The rightmost
term, R, collectively includes all regression
terms except'those for switches and curves. The
left-hand side is precisely the dependent vari­
able that was used in the regression. The quan­
tities in brackets in equation 11.20 became the
independent variables for switches and curves
useq in the regression (i.e., the Xi in the
notation of the previous sections), and tl~ pa­
rameters Hs , a, B, and Y became the regres­
sion coefficients. In measurement sections 1
and 2, which had no switches or curves, the
variables Ns ' ~ , and D were set to zero.*

B. 3. 1 ~rulticolinearity

The headwind variable was constructed in accor­
dance witll the class~c 'Hnl! elrag luodel, 'vllicll is
of the form:

8.2.6

D

where

Effect of Headwind

(1,.21)

The switch variable as defined in equation B.20,
die three curve variables also def~ned ~n e4ua­
t~on ll. 20, anu tl,e rec ~procal distance-rrom­
oiler var~able discussed in Section B.2.1 all
IVere highly multicolinear. This IVas due to the
way the yard and process control system were
designed: Only measurement section 3 had

~'Note that the "interaction" ten" for i) 'Ind ~
is not zero for tangent measurement sections. 15
and r; Ivere taken over all observations, in­
cluding the zero values for tangent sections.

B-6

*"'j~() division by \oJ 'vas used 'vhen resistance
force IVas tile dependent variable; thus, tile
tenn in that case was A (V-VIV ) 2 sign
(V-V,.,) •



switches,* plus the bulk of the curvature.
furtnermore, the only oilers encountered were at
the beginning of measurement section 3. The
correlations among these variables were some­
times in excess of .90, so it was very difficult
for the regression procedure to separate the
individual effects of these variables.

should have an adverse effect on the regression
analysis, provided the underlying data base r~p­

resents a diverse set of conditions.

B.4 RESULTS OF THE ANALYSES

B.4.1 General

The rolling resistance of a car is an important
variable determining its speed, and the speed
may also affect the rolling resistance. SRI
wished to examine the latter effect through the
analyses. 'rhe nature of tile data from the pro­
c~ss control systesm, and the manner in Which
these data were collected created two problems:

• The speed in certain measurement
sections--especially section l--caused
the speed to be an almost linear
function of resistance in those
sections. This relationsllip did not
represent the underlying physical
relationship, but instead was an
artifact of the way the data were
collected.

• Assuming that an underlying uependence
of rolling resistance on speed exists,
the motion of each car would be governed
by an appropriate differential equation
taking this relationship into account.
HO\~ever, the way tile process control
system measures rolling resistance
ignores the possibility of such a
relationship.

NUlletheless, these variables collectivly had an
important effect on rolling resistance. There­
fore, they had to be included in the analysis in
some manner so that their effects would not
affect the calibration of the other independent
variables. Because of this multicolinearity
probleln, the ir.teraction term (i.e., the term
\~ith coefficlellt Ii in equation 1i.20) between
degree of curve D and central angle 6 had to be
eliminated. This had no detrimental effect be­
cause in view of its high correlation with the D
and 4 tenns, the interaction term added little
information. SRI then proceeded with the re­
maining multicolinear terms--6, D, Ns ' and
the oiler variable. Although this problem pre­
vented the accurate calibration uf the effects
of these variables, separate analyses indicated
that, at least in the case of the noninteraction
term regressions, the calibration of the other
variables was not adversely affected. (This
problem is discussed in more detail in Section
B.4.)

(B.;m.•.. - .8629

+ .003775*CAVTSV-16.72)2 + ....

... + 6. 211*(WrT
I
ONS - • 02110) * (AVTSV - 16.72) + ...

(B.24)

The results of three regression analyses are
reported in this section:

The actual quantitat1ve results of these analyses
are presented in Tables Ii-) tnrough 1i-5. A com­
mon fOrltlat is used in all these tables to indi.~

cate the presence or absence of i,nteractiQn
terms. These tables present sufficient informa­
tion to develop actual computing formulas for
predicting mean rolling resistance, given value~

for the independent variables. For example, the
prediction equation implied by Table li-J reads
in part:

• Rolling resistance as a dependent
variable without interaction terms.

• Rolling resistance as a dependent
variable with selected interaction terms.

RR 89.19* (WT~ONS) + .2546*AVTSV

• Resistance force as a dependent variable
without interaction terms.

Here, the "hat" on RR denotes tnat it 1S an
estimated rather than observed value. The
interaction term equation in Table 1i-4 would
yield similar terms but would be much longer.
for example, the term due to the interaction
between RIVTTONS and AVTSV would be computed as

A total of 17 independent variables were con­
sidered, excluding the interaction terms. Thesll
variables are listed in Table B-2. Of these 17
terms, not all were logically distinct. Two
(AVTSV2 and TEMP2) were simply second-power terms
as described in Section B.2.2. Others, such as
AHEADC2W, were a logical composite of several
other variables.

Relationship Between Rolling Resistance
and Speed

B.3.2

These problems are discussed more fully in Appen­
dix C. Nonetheless, neither of these problems

1i.4.2 Rolling Resistance as Dependent
Variable; No Interaction Terms

*We had no data that would permit inclusion
of the switches between the master and group
retarders.

The results presented in Table B-)--the first­
order noninteraction term equation with RR as
the dependent variable--are discussed in Chapter
5. This equation has an R2 value of 0.478,
meaning that the regression "explains" 47.l!% of
the squared variation about the "grand" mean

B-7



Table B-2

VARIABLES USED IN REGRESSION ANALYSES

Dependent variables

RR

RFORCE

RWTTONS

[\'IT~~NSJ

AVTSV

AVTSV2

HCURVT

HDEGCURV

Independent variables

HSWTLOSS

RDFOMTS

LDFCMTS

MOIST

TEMP

TEMP 2

SIDEC

AHEADC2W

[AH~~DC2J

TRCNTL

BEARDUM

Car type

GONDUM

FLATDUM

HOPDUM

REFDUM

TANKDUM

VEHDUM

DEWITDUM

Rolling resistance in lb/ton

Resistance force in lb (RR*WTTONS).

Reciprocal of car weight in tons, i.e., RWTTONS = l/WTTONS, where WTTONS
is car weight in tons.

RWTTONS was used with RR as dependent variable, and WTTONS was used with
RFORCE as dependent variable.

Average measurement section velocity, in ft/sec (see equation B.l).

AVTSV squared term: [AVTSV - mean (AVTSV)] (see section B. 2.2.).

Term for total central angle of curve. Its coefficient can be read
directly as feet of velocity head lost per degree of central angle.*

Term for average degree of curvature in measurement section (D term in
equation B.20). Its coefficient can be read directly as feet of
velocity head lost per degree of central angle.

Term for switch loss (Ns term in equation B.20). Its coefficient can be
read directly as velocity head lost per switch.*

Reciprocal of distance from oiler (in feet) to middle of measurement
section.

Natural logarithm of distance from crest (in feet) to middle of mea­
surement section.

Dummy variable: 0 dry, 1 wet.

Te~perature in of.

Temperature squared term: [TEMP - mean (TE1'1P) ] (see section B. 2. 2).

Sidewind component in ft/sec.

Headwind term (see section B.2.S).

AHEADC2W - AHEADC2/WTTONS
AHEADC2W was used with RR as dependent variable, and AHEADC2 was used
with RFORCE as dependent variable.

Truck center-to-center length in feet.

Dummy variable: 0 if roller bearings, 1 if friction bearings.

Dummy variable: 1 if gondola car, 0 if otherwise.

Dummy variable: 1 if flatcar, 0 if otherwise.

Dummy variable: 1 if hopper, 0 if otherwise.

Dummy variable, 1 if refrigerator car, 0 if otherwise.

Dummy variable: 1 if tank car, 0 if otherwise.

Dummy variable: 1 if vehicular car, 0 if otherwise.

Dummy variable: 0 for case from Hinkle Yard, 1 for case from DeWitt
Yard.

*Ft-tons of energy lost with force as dependent variable.
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rolling resistance. The standard deviation of
the observed values of KK about tne predicted RR
is 2.61 lo/ton; ttlis can be interpreted roughly
as being the average error valne in using the
prediction equation as a substitute for the
observed values of RR.

Table B-4 presents the results of a regression
with RK as dependent variable, including selecteJ
interaction tenns among the independent vari­
ables. Attempting to il~lude all first-order
interaction terms in the analysis ,"ould have ex­
ceeded the capacity of SKI's computer; thus,
engineering judgment ,"as used to select only
those tenns tllat were believed l~kely to have a
significant effect.*

The statistical difficulties reported with multi­
colinearity in the noninteractioll regression Here
magnified in the interaction tenn regression. In
botll Hinkle and llel.;itt yards, ttle lIteasurement
sections where most of the curve data and all the
swi tch data 'vere ob ta ined '"ere the sallie (sec t: ion
3). Further, this section was just after the
oilers, so the four variables IlCURVT, HllEGCLJRV,
HSHTLOSS, and RDFOHTS '"ere all highly !l1ulticolin­
ear. Because the switch variable was part~cu-

The interaction term regression offered only a
slight improvement in the prediction of RR COm­

pared with the noninteraction results. TIle K2
increased to 0.538; the standard deviation about
the predicted RR decreabed only sliglltly, to
2.47 Ib/ton. Further, Some aspects of the
behavior of the prediction equation as a function
of certain independent variables are unexplain­
able and may reflect biases in the data. Con­
sequently, the use of this e'luation is not
recommended. Results frum the illteraction tenn
regress ion analys is are presented be lUI", IIOI"eVer.

• The multicolinearity among the variables,
most of '-lhose variation (from non-zero
values) occurred in measurement section
3. TIle positive association between the
curve variables and resistance, presented
belOl", ,"auld tend to cause a negative
association bet,"een other multicolinear
variables, such as oilers, ~nd

resistance.

However, no Severe multicol~nearity problems
occurred between these different sets.

• A generdl depression of res~stance values
'nth speed in tneasurement section 3.
The oiler variable, most of the variation
of which occurred in this section (due
to proximity), '"as merely a convenient
variable for the regression procedure to
implicate in this bellav~or.

etc.

[HCURVT x LDFCHTS, HDEGCUKV x LDFCNTS,
RDFUNTS x LDFCMTS 1

larly troublesome, it was eliminated and any
switch losses were combined into tlle curve
losses. ,',

[HCURVT, l!DECCllRV, RDFOHTSj

A strong negative interaction was found between
the car speed and oiler (AVTSV and RDFOMTS)
terms. The effect of this term was to invert
ttle usual relationship bet'"een speed and rolling
resistance, after the car had recently passed an
oiler, as shOl.o in Figure 13-3. This illustra­
tion '''as dra,,,n using a reference car, in ttle same
manner as the illustrations in Chapter 5. As
can be seen, the rolling resistance actually
decreased with increasing speed at car speeds
greater tllan about 14 to 15 ft/ sec; the effect
applies only ,"hen an oiler has recently been tra­
versed (see the "oiler SUO it upstream" curves).
The curve::; for "no oiler" are some\vhat more rea­
sonable, although the concavity of the curves is
counterintllit~ve. However, IIIUS t 1lllportant, the
effect of the oiler is greatly exaggerated, as
can be seen by cOlnparing tile "no oiler" and the
"oiler 500 ft upstream" curves. The behavior
diagramed in Figure B-3 does not really reflect
the effect of oilers at all, but rather reflects:

[HCURVT x AVTSV, HDEGCURV x AVT..,V, !WFOHT'" x
AVTSvl

The interaction terms involving each of these
variables '"ere also highly Inulticolinear ,"ithin
the category of a single additional interacting
variable. That is, the multicolinear~ty

problems occurred within the sets consisting of:

R,?lling Resistance as ])~.E!:.nd~nt Variable
,n th Interac Lion Terms

B.4.3

These results illdicate ttlat, '"lule KK does vary
signficiaTltly as a function of tile independent
variables, much unexplained variation remains.
This could be indicative of the omission of Some
important explanatory variable, but all important
independent variables that have been reported in
the literature were included. Conse'luently, con­
s~derable random variation most lik.ely inherently
exists in the rolling resistance data analyzed.
This could be because each car's rolling behavior
is in great part random in nature or because ran­
dom errors arose frOtl! the ,"ay each car's roll ing
resistance ,"as measured. (The error analysis,
presented in Append~X C, ~nd~cates tl1at the
mauner in wlliclJ 1110St yard process control systems
estimate a car's rolling res~stance can be sub­
jec t to much error.)

*Based on SKI's judgment, as well as tile liter­
ature. Certain statistical d~fficultieb forced
tlle exclusion of certain variables and some
interaction terms.

*Thus, the interpretation of the curve loss
terms should be regarded as an average value
including both curve and some s,"itcll loss.

B-12



16 D ~ degree of curvature (degrees).

HL~ .UUll91V6 - .OU~5uU6 + .OlJ6bD
(non-tank car)

FIGURE B-3 ROLLING RESISTANCE AS A FUNCTION OF CAR
VELOCITY, HEADWIND, AND 01 LER LOCATION
FOR INTERACTION TERM REGRESSION

The interaction term analysis indicates that the
additional velocity head loss over the length of
a curve, over and above the losses due to a
car's baseline tangent track resistance, can be
computed from the relationships:

(U.26)

.OOl191V - .008500
D+ .01366 6 (non-tank cars

.001191V - .008500
D+ .004055 6 (tank cars)

Resistance Force as Dependent Variab~el

No In'teraction Terms
B.4.4

Note also that the contribution of 6 to ilL is
negative (i.e., implying energy gain) up to a
speed of about 7 ft/sec. However, the overall
effect of the curve is a net loss for virtually
all conditions likely to occur in a real design.

Note that this relationship expresses the curve
loss in terms of the total head loss alo~g the
entire length of the curve. Because expressing
curve losses per degree of central angle is
often customary, the relationShips in equation
B.25 can be divided through by 6 to yield:

These relationships are presented graphically in
Figure B-4.

That a tank car would lose less head on a curve
is in agreement with conventional wisdom, which
is that the inertia of the liquid cargo
"slOShing" has the tendency to propel these CqrS
through such loss areas.*

In this analysis, a car's resistance force was
used in each measurement section as the depen­
dent variable. This approach is more in confor­
Inance with theory, where it is force compon~nts

that are linearly additive. The results of this
analysis were presented in Table B-5. Statisti~

cally, the analysis offered certain moderate im­
provements over the noninteraction regression
with rolling resistance ase dependent variable,
The R2 was U.524, roughly the same as for the
interactioll ten" analysis, but without the un­
desirable behavior exhibited by the latter. The
significant variables and the signs of their
coefficients (Table B-5) are in rough agreement
Wi~l those provided by the noninteraction rolling
resistance analysis (Table B-3). Further, most
of the coefficients in Table B-5, "Ihen divideq
by the average car weight (or roughly equiva­
lently, mu1tip1ed by the average reciprocal car
weight given in Table B-4), give a coefficient
fairly close to that in Table B-3, as would be
expecteu. Neither of the second power tenns-­
AVTSV2 and TEMP2--was significant with force as
the dependent variable; these are not, however,
among the more heavily weighted terms when
rolling resistance is the dependent variable.
One interesting result is that by removing the

30

(B.25)

25

+ .004U551)

o HEADWIND,
OILER 500ft
UPSTREAM

10 15 20

CAR SPEED - ftlsec

5

ASSUMED CONDITIONS

CAR WIDTH,10ft
CAR HEIGHT, 15 ft
CAR WEIGHT, 48 tons
80XCAR
TRUCK CENTER LENGTH, 45 ft
ROLLER BEARINGS
TEMPERATURE,400 F
DRY
SIDEWIND,O
DISTANCE FROM CREST, 1,000 ft

HL~ .OOl191V6 - .OO~500

(tank car),

The preceeding discussion ,.as a prelude to the
discussion of the effects of curves, presented
belm., and is intended to ind~cate some of the
problems inherent ill the same analysis from
which the curve effects ,.ere derived. Thus,
although the magnitude of these curve effects
Seems reasonable, we cannot recommend their use
due to the closely related counterintuitive
behavior as discussed above.

12

4

14

2

c

~'0
I

w
tJ
Z

~ 8
iii
a:
lE
~ 6
a:

,mere

HL~ velocity head loss (ft) (over and above
tangent track rolling resistance losses)

V car speed (ft/sec)

6 = central angle of the curve (degrees)

*Such wisdom neglects the effect of the
liquid's rebound, which would subsequentlY
s 10\. the car.
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FIGURE B-4 CURVE LOSS AS A FUNCTION OF DEGREE OF CURVE,
CENTRAL ANGLE, AND CAR SPEED

reciprocal relationship between a car's rolling
resistance and its weight, the resistance force
analysis indicates that resistance force in­
creases as a car's weight increases, whereas
rolling resistance decreases, in general, as the
weight of a car increases. This is to be ex­
pected, since the frictional resistance forces
are directly proportional to the car's weight.

An interaction term regression analysis was not
performed with resistance force as dependent
variable, because--

• Rolling resistance, not force, was the
variable cOlmnonly used ~n design.

• Undesirable behavior occurred when the
interaction term regression used rolling
resistance as dependent variable.
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APPENDIX C: ERROR ANALYSIS OF ROLLING RESISTANCE

G.I INTRODUCTION y

This appendix reports on t\.o error analyses that
SRI perfonned to assess ttle magnitude of unc~r­

tainties in the rolling resistances of cars
arisi~g from inconsistencies in the method used
to compute them. The first analysis lVas based
On the assumption that the most commonly used
rolling resistance model (static resistance,
i.e., no velocity dependence) lVas applicable, and
the uncertainties in Ineasured rolling resistances
arising from measurement errors lVere computed.
Error expressions lVere derived for the tlVO most
commonly used methods for computing static roll­
ing resistance, IVhich are based on (1) the speed
of a car at two points and (2) the travel time
of a car through tlVO track sections. The error
characteristics for the first method were lVithin
the range of acceptability but the error char­
acteristics of the second method were not.

Further, suppose that each xi is subject to an
uncertainty, xi, where each of the /:; xi have
been computed under the same prob~bility of
occurrence. Then it can be shown that the
error in y, /:;y, can be computed approximately"'*
by the relationsh1p

b.y

This relationship is used 1n the derivation of
error formulas in sections C.2.1 and C.2.2.

C.2,1 Rollability Computation from Speeds at
'l\.oPoints I

**The relationship is exact for a linear
function of normally distributed Xi'

,"5. J. Kiine and F. A. McClintocK; "Describing
tile Uncerta1nt1es 1n S1ngie-SilHlple Exper1.ments,"
Mechanical Engineering, January 1954, pp, 3-8,

R measured rolling resistance (unitless)
G grade (unitless)
VI car speed at an upstream point I
V2 car speed at a dOlVnstream point 2
L distance from point I to poiqt 2
g acceleration of gravity.

(C.3)R =G -

+Often this relationship is expressed in terms
of elevation rather tllan grade, reflec~ing the
fact that under the static formulation the car's
drop really determines its terminal speed in a
track section, ~Iich need not be oq a constant
grade (lVithin lim1ts, e.g., the car must not
stop). 1I00.ever, grade is used in this analysis
because it 1S more commonly seen and UlOre
convenient to use.

In tllt! trad1t10nal formula for cuulputing II c'lr I s
rolling resistance, the speeds of tqe car at twa
points are used; the speeds can be obtained by
radar or from two successive speed trap zones.
This formula actually computes the rolling
resistance by computing the car's acceleration.
\~hen ~qua\:10n 2.9 (Chapter 2) is put +~tO
equation 2.5, the equation becomes+

IVhere

*The car's resistance force does not change at
different speeds. Speeds at different points
(1.e., acceleration) are, how~ver, used to cor,l­
pute each car's resistance.

By far the most common model of car dynamics
used in the rail industry is based on the
assumption that each car's rolling resistance is
independent of its speed.* Most of the data
available for this study lVere obtained under
this assumption. Two methods are commonly used
to measure static rolling resistances, and each
is discussed belolV.

Before discussing the errors ar1s1ng from these
tlVO methods, however, a description of the gen­
eral relationship used to analyze errors for both
methods is necessary. Suppose a dependent vari­
able, y, is a function of a set of independent
variables xi, that is,

C.2 ERRORS IN MEASURING·THE INDEPENDENT
VARIABLES FOR STATIC ROLLING RESISTANCE
MODELS

In the second analysis, th~ the assumpt10n lVaS
that the underlying rolling resistances were
speed dependent. The objective was to anslVer
the question of whether valid results can be
obtained IVhen (1) independent observations of
rolling resistance and speed are unavailable and
(2) relationships derived from the asswnption of
an underlying static resistance model are used
to compute resistances IVhile in fact the under­
lying model is speed dependent. The conclusion
was that valid results could' be obtained, pro­
vided the data were collected from a lVide variety
of speeds and conditions; that is, analyses
should be bqsed on data combined from many
resistance measurement sections.
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In Ih~rLvlll,\' <lIl expreSS1Uil for fj, J(, ~vt2ry tenl ~n

eqtJatiol1 (;.3, including g,* is COllsieJered to
be Slll).jl~(~t to error. Applying eqtlation C.:? to
e(!Llat lon ':.3 yields tltp genl~rdl prrur
relationship fur tll~ rolling resistanc~ mC':lsl1reJ
by t=qll,tt:llJll C.3:

llR

C1Vl~1I t.vpi"'~31 v'-'tlLt~s of ~arameter!:), and ttIcir

ert-ur:;" cqIJati()n t;·.i+ pru'Jidl~S a ';'l..!ut?c;-ll I~Xt'l~~-

.sipn tvr COlllputin6' an d~)lJroxi..1'ilai..'.! ecror J 11 "" LII

Tile luajur ~rrurs usually are beli~ved to occur
in !::.l\\~ spe2d I'H~,l:-"llr~:.H~nLS. Ab.sdJ.lilli.~ that Ill)

8rrors r'xist 1.11 tIle otl1t.=r parm,leters <.. l.e., IJ. \.
/1c = /1., = ,j), .ild assu~;!.~"g /1V 1 ,; /1 V:, ,

e(pJat~on C.,+ Sil:1plifi.t-~~., t.o''''

111~ folLu\v'lllb excterpts de~crluirlJ llI~s sp~c:Li]­

cation a.re frv,n an analys is by Robert L. Kiang
(19:;U): "Sol"e l"e.:Jlistic vallll's for g, L, VI,
<Iud V2 .:Jre:

g 32.2 ft/sec 2

L 50 ft
V1= 11) ",pit ,1J.Lu fL/see;
V:I.= ':J lfll'l1 (iLI.07 ft/"ec)

"T1i8 iullo\"lIlg eX~fI1plifies thr~t2 different \.Jays.
of specifying accurnCY:

"i\. rt...~3sun3ble 111{ is
loU lb/ton or
.u',: grade, then
/1V " v.03 mph .

Till':" requirelilelll is quite severe.

lilt d :r~~l:-,' Ill.! I) Ie value uf lU>o 1S used,
tllen

for I' 1 lb/tlJll) /11J U.OUJ IlIplt,

for " L ills/CUll, /1v O.uUr, llljJlt,

lur l' ' J.I.I~/ tllll, /1v v.UJ lllpil.

",\5 can Ih-' :'-.t2l"lJ tll'7 !:J.pec or. 6.v is no
]{)Il(>\~r d ..,lll/,lt-.' II I!LUll.~r.

/1R (C.S)

"H CU1,lldPrC.Lal r<..1.J...tl ULtlt Ila~ a accura.cy

1>1 dL.\lJUt i.t.l ,.ljJll ....... t lu 11lph.

If !( is to be IT It2dSUrl.:)t! \ ..... 1 tIl <l ct' rta 111

3CCdr.:JCY, l.:::yuat lon C.) C<.JJ1 :>e used to

t.Jhat th~ nature of a sppcifirati()n of

dep,r(;-'!2' u£

..In.J 1:'l22

f:j, '/ \v(lU 1II

Tht'll

fj,,{ ..: J.u U).-::>!lIJL.

"TIII~ vallll~ ot g--a CUnVl;'ltlt'Ilt 1II,.11,.! le"--i.~

often l110dified in "tuning" a yard.

-:.. ··:\\fe perEvrLlt·'J d. 1'\Or~ f.lg0rous dl~r LVdLLUIL ot

this relatit)flsltip asslluing that fj, \j L 1no
l:1 V2 were normally uistr.luuteJ I'dll:1UI' 'I.:lrl­

al)lp<.; \..... itll hle:an zero and VJr~arlCt; 0 2 . This

(~('r l'/,ltion is not giv,~n IH::rt~ :h:!C.\U ...,~· Lt l!-, '.')'t.·,

and In.1tIH'l'\atic31l'l tt2dious. Il\)',J(~vt2r) ',Il') :()'! I!

th~ e~{peclation a;ld vdria:lct~ III ~ 1\ tf) l),',

respectively,

E (11R) = 0

or,

'l,IIS <-1n,ilysl!:J. ITJdlc3tes t.llat. C01l")lderable errlHS
ill l'ledsurl2d rollIn;..; rt~Si~~;1nce c.an be eXrt~cterl

to OCCllr unle~;s tth' sl.)(~ed r\l~flSllr(~lOent ~s Ilighly
dl:cur,'lte. incorrecl t,e(:ed Illeasun.!llll~nt h'i1L in­

Cr\,;:~,lse tILe var l.<1Il\.:t'; 01 tlll~ rH~asureJ l\. values tur
tile Cdr populatlull ()Vt.:l \\'l1at \voulJ be obtainetl It
;( \Jere ,\eolsurt~d \..... ith zero errur. This can be
Cl)rrt~C tt)d :;or, hU\.Jt:.!ver, by increas ing the sample
si;~e. l'sin,; the lO~;-lI()rn<ll distribution fitted
to the ,jaca vf Figure 4.:3 (Clldl'ter 4), the
~ldnd ..tlJ 1.Il.!V.ldtluli ul ttl~ rolllr~b resistanc(~

Jistrillution ean I)e CO'''1'"teJ to be 3.:1.4 lb/ton.
Using tllis v...tlUt~ a~ 1t it rL-::pr~bents tlle true
standard Jeviation of an underlying population
(i.e., asslll.ling 1t reflect" only on tile expected
saf'lplin~ error but not on measurl~ment error),
treatill" ("" /1;, of J.b ill/ton deriverl above ab
ttl~ st.Jhdard UeV.lallOll of tIle. 111l::aSUreld~l1t errOl,
and as&lllHing tllt: lueasurelllcnt error for E:dch car
to be llH.lept!IHtenl of the true underlying roll ing
rp.sistanee of that car, tile standard deviation
of tIle 1,1t-~d:;urt"""d sample Cdr! be cOlllputed as

Because VI and V2 are usually much greatpr
than 0v' the a~ term may be dropped inside the
square root, yielding a result confirming
equation C.S (with 0v < = > llv)'

C-2
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C.2.1.2 Errors in Other Variables

10 mph (14.67 ft/sec)
5 mph (7.33 ft/sec)
O.OUI ft/ft (U.l%)
500 ft
32.2 ft/sec 2•

relative errer in each of five parameters. It
is immediately apparent from equation C.6 that
the sensitivity to errors in g and L becomes
negligible the closer V2 is to VI' It is
also apparent that whatever the absolute error,
~ G, in G, at least that much absolute error in
R will be guaranteed. For the parameter values
given in Section C.2.1.1, V2 and VI are
fairly close; using those values and the values
for g and L enumerated and assuming that G = 3%,
the following relationship is obtained for fiR
(in lb/ton) in terms of p shown in the relation­
ship expressed in equatibn C.7 below.

Suppose, however, that VI and V2 are de-
cidedly different (as could apply in measurement
section 3 of Hinkle Yard). For example, let us
assume the following typical values for Hinkle
Yard measurement section 3:

Ily far tile greatest sensitivity is to errors l.n
VI and VZ' In fact, for the parameter values
assumed above, errors of the same relative size
in the other parameters can essentially be
ignored. For a 1% error in each parameter (p =
.OI), equation C.7 gives ~R = 3.5 Ib/ton, which
is in approximate agreement** with results cited
earlier. The size of ~R is directly proportion­
al to p; therefore, if p and ~R double (e.g.,
with a 2% error in each parameter), ~R = 7.0
lb/ton. These errors can become quite large,
even for a relatively modest Z% expected error in
each of the five independent variables. However,
in the above analysis, most of the error was con­
tributed by the VI and Vz terms. As discus-
,sed in section C.2.1.I, an error in VI and V2
is more likely to be on the order of 1%, so those
conclusions still hold.

(C.6)

,~

Contrib.
of
flL

(V~ - vi)2
2gL

-----­Contrib.
of

flV
2

~

Contrib.
of
fig

2 2 2]1/2
+ (Vz - Vl:.)

2gL

-----­Contrib.
of

flV
1

--.-­
Contrib.

of
fiG

fiR =

Then the width of the con~idence interval for a
200-car sample for the sample mean will increase
from 0.90 lb/ton (based on the 3.24 lb/ton
value) to 1.34 Ib/ton (based on the 4.~4 lb/ton
value). This is still considered acceptable for
the analysis because (I) for IIIOSt analyses tile
sample was several times larger than 200 cars
and (2) the analysis is conservative, since the
empirical distribution cited probably already
had considerable measurements error.

Strictly speaking, errors in such parameters as
L, G, and g should be considered as fixed errors
(or biases) rather than as random errors. How­
ever, if the analysis data base is combined from
many measurement sections in such a way that the
average error in L, G, and g is nearly zero,*
equation C.4 is still approximately correct.
Suppose an error of 100% exists in each of the
parameters in equation C.3; substituting VI =
pVI' V2 = pV2' etc., into equation C.4
produces:

Thus, each term can be used to assess the
sensitivity of rolling resistance to the same

Then, using equation C.6, fiR (in lb/ton) is
shown in the relationship expressed in equation
C.S below.

lIR ZOOO P V .01171 + .01785 + .00016 + .00090 + .00016
~ '~ ------ ~ ------Contrib. Contrib. Contrib. Contrib. ,(;ontrib.

of of of of of
flVl lIVZ flL fiG fig

lIR- 2000 p V·000179 + .000011 + .000025 + .000001 + .0000Z5
~ ~ ~ ~ ------Contrib. Contrib. Contrib. Contrib. Contrib.

of cf. of of of
lIV

l
flVZ flL fiG fig

(C.7)

(C.S)

*For ~xample, L - Lt + Le where Lt is the true but unknown value for a specific section and Le
is the error. Combining measurements from many separate measurement sections, the various
Le's can be treated as separate observations of a multinominal1y distributed random variable,
with E(Le ) ~ 0 and cr(Le ) ~ flL. A similar argument can be made for G and g.

**The results do not agree exactly because earlier we used V = flV l = flV2 , whereas here we use
flVl = flVZ'
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acceleration of ~ car
distance from wheel detector 1 to
wheel detector 2
passage time from wheel detector 1 to
wheel detector 2
distance from wheel detector 2 to
wheel detector 3
passage time from wheel detector 2 to
wheel detector J.

The bulk of the sensitivity still applies to
errors in the measured speeds, particularly in
VI' A 1% error in each parameter produces an
error of only 0.3 Ib/ton in R. This error is
much 10l'er than in the previous analysis and
arises from each error term except G, contribut­
ing a quantity to the error inside the square
root, which is inversely proportional to the mea­
surement sect10n length, L. Because L is large,
it tends to reduce the sensitivity to relative
errors in the parameters. Because greater dif­
ferences between VI and V2 are usually asso­
ciated with larger test sections, the greater
differences affect1ng the error contributions of
I:i Land I:i g tend to be compensated by the longer
test section length.

where

d2

t2

2(d2t] - dj t 2)

a = <t-j + t2) tj t 2
(C.lO)

These parameters are diagramed in Figure C-l.
If equation C.IO is put into equation 2.5, the
product is

However, there is also one other case where VI
and V2 could be decidedly different but where
the measurement section could be short: at the
master retarder measurement section (measurement
section 1) when that section is on a steep grade.
At Hinkle Yard, this sec tion is about 80 feet
long and has about a 3.1% grade. The Hinkle
data base for measurement section 1 indicates
that a 2-lb/ton easy-rolling car will enter this
80-foot measurement section at about 17 ft/sec
and exit at about 21 ft/sec. Putting these
values into equation C.6 yields the relation­
ship expressed by equation C.9 below.

These results are not appreciably different from
those discussed earlier for equation C.7; again,
the errors in the speeds themselves contribute
most to the overall error. Using equation C.9,
a 1% error in each of the parameters would yield
a 4.22-lb/ton error in R.

2.2 Rollability Computation from Passage Times
Through Two Track Sections

R
2(d2tj - dj t 2)

G ---------
g(t2 + t2)tj t 2

(C.lI)

New process control systems use a revised ap­
proach to measuring rolling resistance. This
method is used cOlmnonly and is the one used at
Hinkle Yard. This approach computes acceleration
using equation 2.10. With the parameters changed
slightly, this relationship is

FIGURE C-l ROLLABILITY MEASUREMENT SECTION USING
PASSAGE TIMES THROUGH TWO TRACK SECTIONS

Proceeding as in the previous section, applyinp,
equation C.2 to equation C.ll produces the rela­
tionship expressed in equation C.12 below.

lIR

lIR 2000 p ..J .01259 + .02931 + .00087 + .00096 +, .00087------ ------ ---- ---- -----Contrib. Contrib. Contrib. Contrib. Contrib. (C.9)
of of of of of. lIVl lIV2 lIL lIG lIg

(C.12)
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Because the result is laborious, the approaCh of
choice is that ~n Section C.2.1.2, assuming the
same relative error p in each of the parameters.
For the master retarder rollability measurement
section at Hinkle Yard, a 2-lb/ton easy-rolling
car should be traveling at about 19 ft/sec at
the second wheel detector. Combining this speed
with other data and with the geometry of this
measurement section, and making some simple
calculations yields the following parameter
values for equation C.12:

3.1%
32.2 ft/ sec2

4U ft
40 ft
2.212 sec
1. 939 sec.

Substituting these values in~o equation C.12
yields the relationship expressed in equation
C.l3 below.

Equation C.13 reveals that the measured rolling
resistance is sensitive to errors in both the d
and t parameters. For example, a 1% relative
error (i.e., p = .01) in all six parameters
yields a 6 R of 11.3 lb/ton--far in excess of
the assumed 2-lb/ton actual underlying rolling
resistance. Even if only one of the parameters
is in error by l%--for example, tl--an error
in R in excess of 5 lb/ton still arises. The
error size does not diminish appreciably for
harder rolling cars; for a car with an actual
rolling resistance of 10 lb/ton, tl and t2
must be updated. For 10 lb/ton, the mid-test
section speed is about 17.5 ft/sec, yielding

tl 2.411 sec
t2 2.162 sec.

Other parameter value~ remain the,same. The
analogous error equation in terms of p becomes
the relationship expressed in equation C.14
below.

moving at a relatively high speed through the
measurement section, so that tl and t2 become
quite small and therefore must be measured very
accurately if 6 R is to be small.

Thus, the rollability measurement technique that
is based on the measurement of a car's passage
times through two track sections is much more
error prone than the technique that measures the
car's speed at two points. However, this con­
clusion is based on the assumption that the same
relative errors apply to each of the parameters
directly measured for each of the two techniques.
If the 1% error assumption used in the aQove
analysis should prove to be markedly different
for one technique vis-a-vis the other, a dif­
ferent conclusion could be reached. However,
the general equations derived (equations C.4 and
C.12) may be used to explore and compare the
techniques for detecting errors of other sizes,
if desired.

C.3 ERROR ANALYSIS OF RELATIONSHIPS BETI~EEN

ROLLING RESISTANCE AND SPEED

Appendix B, Section B.3.2, discusses two problems
in the rolling resistance data collection and
analysis:

(1) Lack of independent observations of
rolling resistance and speed.

(2) Differential equation formulation as
opposed to static computational
relationships.

Described here is the error analysis performed
to address these two problems. The thrust was
toward addressing problem 2, but information on
problem 1 was also obtained. The conclusion of
this analysis was that neither problem prevents
tile analyst from obtaining conclusions of prac­
tical utility, provided that rolling resistance
data are collected for a wide variety of speeds
and conditions. These problems are discussed in
detail before the error analysis is described.

C.3.l.l Lack of Independent Observations of
Rolling Resistance and Speed--Equation C.3 gives
a relationship between rolling resistance and
speed applicable in measurement sections with
uniform geometri~ characterist~cs. This equa­
tion may be used to estimate a raw measurement

The expected errors are still nearly as great:
a 1% error in each parameter yields a 61{ of
9.6 lb/ton, and a 1% error in tl alone yields
a 6 R of 4.2 lb/ton. That the error for a harder
rolling car does not decrease much is not s~r­

prising; for this measurement section, the steep
grade off the hump, much more than the rolling
resistance, governs each car's speed. Therefore,
virtually the entire population of cars ~~ll be

C.3.l Detailed Discussion of Rolling
Resistance--Speed Problems

liR 2000 p V.0715 + .0884 + .0633 + .0970 + .0009 + .0010 (C.13).- --- ------ --- ~ ,~

Contrib. Contrib. Contrib. Contrib. Contrib. Contrib.
of of of of of of

lid
l

lid
2

lit
l

litz lig liG

liR ZOOO P V~ + .0631 + .0448 + .0695 + .0007 + .0010 (c. 1,,)------ ------ ------ -- ~Contrib. Contrib. Contrih. Contrib. Contrib .. Contrib.
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section rellin& rllaioll.taACtl, Rm. ~'urther, the
relationship may .... il_ec~d. to yield

Finally, an analogous but opposite problem
existed in measurement section 3: The raw
rolling resistance itself was estimated using
equation C.3.+ Using this rolling resistance,

Figures C-4 and C-S show the rolling resistance
versus speed relationships for measurement
sections 3 and 4, respectively. In measurement
section 4, a similar problem existed but to a
lesser extent. Here, the process control system
did provide independent estimates of speed and
rolling resistance. In the computations, the
rolling resistance was used in computing the
average test section speed for extrapolating
tangent point speed upstream to obtain test
section entry speed and downstream to obtain
test section exit speed. These speeds were then
used to compute test section average speed, as
explained in Section 5.2.5.

In measurement section I, an independent measure­
ment of speed was not availaDle. Therefore, the
measurement section 1 miepoint speed (which was
used as the average test section speed) was esti­
mated usin~ equation C.lS. The VI speed in
equation C.lS was not really really random; the
hump sReed was treated as a constant in this
study.- Therefore, most of the variation in
speed at t:leasurement section I was due to the
tenn with the most widely varying randomness in
equation C.1S for measurement section I, Rm.
This resulted in a nearly total coupling of
these two important variables in measurement
section 1, as shown in Figure C-2'h~ for tile
Hinkle Yard data. A similar problem existed in
measurement section 2 but was not as extreme
because the VI term contained more variation
(the master retarder let GlUt speed). Additional
randomness existed in the measurement section
because the calculatien w.s mace over the varying
geometries of seven Qr eight group retarder track
sections. In Figure C-3, the effect can be seen
only as a pronounced "grain" of negative slope
in the data. Note that the overall correlation
is slightly positive (i.e., opposite to the
grain) but nonetheless significant.

If rolling resistance really depends on speed, a
differential equation formulation should be used
in the car's motion and resistance computations.
Neither the process control systems nor our
subsequent data processing programs used such an
approach, however. The relations given earlier
in this appendix are based on the static (i.e.,
nonvelocity-dependent) formulation.

a midpoint speed was then interpolated f for
the overall average speed. However, there were
several degrees of freedolll in the resul ting com­
putation because both the entry and exit speeds
were independently obtained random measures, and
the varied geometries of each route induced
additional variation.

C.3.1.2 Differential Equation Formulation

When the data from all four test sections were
combined, as in Figure C-6, the effect of the
computational relationships were reduced,
although there was still a pronounced grain to
the data. As with the multicolinearity problem,
the undersirable side effects of this computa­
tional coupling of speed and rolling resistance
were reduced still further by combining the data
for more than one yard. This is demonstrated by
Figures C-7 and C-8. Figure C-7 shows the four
DeWitt Yard measurement sections combined; it is
analogous to Figure C-6 in interpretation and
behavior. Figure C-ll shows the four measurement
sections of Hinkle Yard and the four measurement
sections of DeWitt Yard combined into a single
data base. Only a slight grainine&s remains; it
is much less noticeable in Figure C-8 for the
two combined data bases than for either of the
two considered alone. Consequently, the Hinkle
and DeWitt Yard data bases were combined for the
regression analysis.

Assuming only a linear dependence of rolling
resistance on speed, the basic differential
equation governing each car's motion was
discussed in Appendix A, and was given in
equation A.l. The more general solution of the
equation was given in equation A.S and A.6.

One casualty of the problem was the interaction
term between spe,ed and distance. Since the
interaction term would have attempted allowing
rolling resistance to have a separate slope w1th
speed within each measurement section, it would
obviously be unduly sensitive to the strong
relation shown in measurement section 1. Thus,
this interaction could not be included in the
analyis.

(C.lS)vi + 2gL(G-Rro )

*This was simply a constant obtained from yard
personnel.

'b"The r~maining variation evident in Figure C-2
is due primarily to using four values of effec­
tive gravitational acceleration, ge, for the
four car weight classes.

+Test section midpoint speed was computed
halfway between these two points, usually
after but occasionally before the system
provided speed at the tangent point.

fU~ing the actual grade geometry, but ignoring
specific corrections for switch and curve
effects, which were not knovrn but were included
in an average sense because they affected the
value of Rm as discussed in section B.2.S.

C-6
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Elimination of the variable t from these
equations produces

x - X
o

.! (V-V )
8 0

• (C.16)

This information was also shown graphically in
Figures A-6 and A-7. Figure A-6 is a scatter
diagram of the fitted parameter Rs plotted
against av. Each point on this diagram repre­
sents the two parameters for one particular car •
The instantaneous overall resistance R at any
speed can then be computed from the relationship

Table C-l

Therefore, in this study the above approach was
not recommended. The nature of the errors in­
volved in using a static rolling resistance
formulation in this study were analyzed, how­
ever, and the results are reported in the next
section.

This equation is in the form that would have to
be used, assuming that measured speeds had been
measured at several points along the track.
Further, the parameters()<: andf3 would be expected
to change with every change in geometry, switch,
and so on, further compounding data requirements.
If data were sufficient, the parameters would
have to estimated by an iterative numerical tech­
nique such as nonlinear regression or the solu­
tion of simultaneous nonlinear equations.*

Each car's rolling resistance was assumed to be
linearly dependent on its speed. Then, each
car's motion was described by the differential
equation A.l (Appendix A). In the analysis of
Englewood Yard data on distance versus time for
a sample of 39 cars (Appendix A), the statisti­
cal distribution information presented in Table
C-l was found for the parameters Rs and Rv
of the differential equation.** That is, each
car's behavior is governed by the correlated
pair of random variables (Rs ' Rv ).

(C.lnR = Rs + RvV.

This was done for the 39 points shown in Figure
A-6, and the resulting straight-line R as a func­
tion of V relationships were shown in Figure A-7.

However, in the primary data base for this pro­
ject static relationships were used in estimating
rolling resistances both in the on-line process
control system and in the software developed for
this project. One common relationship used to
estimate rolling resistance was discussed in
equation C.3. This equation was derived under
the assumption that rolling resistance is inde­
pendent of speed. Therefore, SRI wished to
determine what the errors would be if a relation­
ship such as equation C.3 were used to estimate
rolling resistance, when rolling resistance in
fact depended on spe~d. An analytical solution
to t_hil:l que.stion proved to be cumbersome;
conl:l~quently, a simple Monte Carlo
simulation program, ERRDE (error-ignoring differ­
ential equation), was writt~ This program sim­
ulates the four (numbered 1 through 4) measure­
ment sections for a yard data collection system
similar to Hinkle Yard. In fact, the Hinkle Yard
geometry is programmed into ERRDE. No attempt
was made in ERRDE to model detailed aspects of
the yard, such as the process control system or
the detailed geometry. Nor were retarder let-out
speeds correlated with resistances, as in a real­
life system. The emphasis in ERRDE was to repli­
cate only those features most pertinent to

,arriving at a valid conclusion.

MethodoloiYC.3.2

DISTRIBUTION OF PARAMETERS Rs AND Rv

Rv = .44 - .138 Rs ( .202 lb/ton per
ft/sec).

Correlation of Rs and Rv -.914.
Estimation equation:

Parameter Mean Value

1.513 Ib/ton

0.236 lb/ton/
ft/sec

Standard
Deviation

3.513 Ib/ton

0.429 lb/ton/
ft/sec

Each simulated car in ERRDE was assumed to be
governed by equation A.l. Assuming that both
parameter~Rs and Rv were ~ormally distri­
buted, the information of table C-l was used to
generate a correlated pair' (Le., jointly
bivariate normal) of valuet Rs and Rv 'for
each simulated car. A separate set of cars was
generated for each of the four measurement
sections; however, the underlying parameters for
each of the car populations were identical-­
namely, those in Table C-l.· Each measurement
section was sim~lated in a simplified manner.
Within the simulation of the behavior of a
single car, a constant grade was assumed (from
one car to the next, the grade could change, see
Table C-2). The speed of the car was obtained
at two points, Xl and X2 (the speeds at these
points were VI and V2, respectively). These
speeds were co~puted by .u~ing equation A.6 to,

*The choice of the technique would depend on
the number of data points available.

**Rx is assumed to be the algebraic sum of
all static resistances, and Rv is the sum of
all velocity-dependent resistances. The above­
mentioned parameterization is obtainep by sub­
stituting equations A.ll and A.12 int~'A.l.

*RS is assumed to be the algebraic sum of
all static resistances, and Rv is the sum of
all velocity-dependent resistances. The above­
mentioned parameterization is obtained by
substituting equations A.ll and A.12 into A.l.

C-14



'fable C-l

ASSUHEll PAllAKE'rr:R VALUr:S OR 11ISTIU8UTIONS
USED IN THE ERROE SIMULATION

Meaaurement Section
Par.-eter

Zero point
for a i.ulated
IIKltion

G

Creat

Conatant value; entrance
to apeed trap. IbO feet
frOlll creat

Conatant value; exit
from speed trap, 240
feet from creat

Constant value; hu.p
speed (2.933 ft/sec
at Hinkle)

Conatant 0.03 aa per
Hinkle geometry (crest
dynamics ignored)

Exit from "aater
retarder

Starl: of apeed trap;
four different lengths
for each of the four
track groupa. Each
car'a group waa aelected
randonlly, each group
with an equal probability

End of .peed trap al
appropriate to the
track group selected
as above.

Normally diatributed
exit speed from ma.ter
retarder calibrated
from available Hinkle
data: raean· 22.3 ft/
seci SU· 2.U ft/sec

Depended on track
group selected as for
Xl above.

Exit from group retarder

Exit frOID group retarder

End of meaaurement
aection 3; 40 different
lengths depending on
destination classifica­
tion track. Destination
cla.aification tracka
selected randomly, each
with an equal probability.

Normally diatributed exit
apeed from group retarder
calibrated from available
Hinkle data: mean II: 14.8
ft/sec; SO • 2.5 ft/aec

Depended on destination
class i fication track
selected as for X2 above.

4

Tangent point

Tangent point

Target coupling pOint
(car may have stopped
sooner) . Assumed uni­
fonnly distributed in
interval (100, 2,500
feet), approximating
Hinkle.

Normally distributed
tangent point velocity
calibrated from avail­
able Hinkle data: mean

• 11.3 ft/sec; 51> ..
2.4 ft/sec

Constant 0.0008 aa per
Hinkle geometry.

find the times the car passed points Xl and
X. These'times, tl and t2, had to be
obtained by solving this equation numerically
for t. The values obtained for tl and t2
were then fitted into equation A.5 to find VI
and V2'* VI and V2 were then used to
compute a static value of rolling resistance,
using equation C.3.

the mean of all the Rv' The average speed V
used in this calibration was computed as

(C.18)

where

VM speed in the middle of the
measurement section.

VM was computed using the measured rolling
resistance, R. This is in conformance with the
definition of average speed used for long
measurement sections (i.e., 3 and 4) in the
primary data base (see Section 4.2.5).

*The regression line itself is not affected by
the heteroskedasticity--the least squares slope
and intercept are derived from mathematical
assumptions requiring no more of the variance
than that it be finite. However, the hetero­
skedasticity does violate the underlying distri­
butional assumption of the statistical tests.

ERRDE was applied in a run consisting of 320
simulated cars (cases) equally split among the
four measurement sections. Figures C-7 and C-8
and the top portien of Table C-3 present the
results. In Figure C-8, a marked heteroskedas­
ticity (unequal spread of data about the regres­
sion line at different points along the line) ~s

evident. Thus, these confidence intervals (and
significance tests) can at best be used only as
a general guide in making evaluations.* The

Table C-2 elaborates on the assumed parameters
and on the distributions of those parameters
that were assumed to be random. Occasionally,
normally for measurement section 4, a solution
for X2 could not be obtained. This meant that
the car had stopped before it reached X2' In
this case, V2 was set to zero, and a revised
value for X2 was obtained by using equation
C.16 (i.e., with V set to zero) to find the
point where the car stopped. This was also
analogous to the way in which the measurement
section 4 data were computed, such as obtained
from Hinkle Yard.

The measured, or total static, rolling resis­
tance, R, computed by equation C.3 could then be
compared with the average test section speed, V.
Ideally, the linear regression of R as a function
of V should yield a relationship close to the
original relationship--that is, with intercept
Rs approxi~ately equal to the mean of all the
Rs and with slope Rv approximately equal to

*In measurement sections 3 and 4, Xl was at
the origin, so that VI = YO' Therefore, in
these cases, only V2 had to be obtained.

C-lS

C.3.3 Results and Conclusions



Table C-3

ERRDE SIMULATION RESULTS

Estimated
Parameter Value*

Parameter values based on Englewood Yard Data

Generated population

1.646 lb/ton
0.223 Ib/ton/ft/sec

Regression of total static R
as a function of V

4.361
0.026

Parameter values based on higher average Rv

Generated population

1.089
0.874

Regression of total static R
as a function of V

1.299
0.8i3

*Sample mean in the ~ase of Rs and Rv ; estimated parameters in
the case of Rs and Rv '

Sample Standard' 95% Confidence
Deviation Interval

2.911
0.441

2.556 to 6.167
-.072 to 0.124

2.708
0.410

-.085 to 2.683
0.727 to 0.899

confidence intervals of both Rs and Rv
clearly do not include the means of their
respective generated populations. This might
have been due in ,part to the heteroskedasticity.
However, the overall region occupied by the data
points in Figure C-8 is not unlike the region
occupied by the straight-line relationships in
Figure A-6, except that the range of speeds
generated in Figure C-8 extends considerably
beyond that for which the data in Figure A-6
were obtained. These higher speeds generally
correspond to measurement section 2; in a simula­
tion run omitting this test section, the esti­
mated parameters Rs and Rv came much closer
to the population means for Rs and Rv .**
Considering that the average speed dependence
(mean Rv ) in the simulated population was not
~specially strong, the computed values Rs and
Rv were believed to be sufficiently accurate
for practical use.+ However, when the average

**The confidence interval for Rs included the
mean Rs , while the confidence interval for
Rv was such that the mean Rv fell just
about at the upper boundary of the confidence
interval.

+Most designers, seeing such a comparatively
low speed dependence, would probably cQmput~ an
overall R using some "typical" speed in equation
C.17 and then use the more convenient static
computational relationships.

C-16

speed dependence is stronger, the analysis must
represent it accurately. Therefore, the ERRDE
simulation was repeated in exactly the same
manner, except with two changes, both increasing
the 'mean Rv :

• The intercept term in the estimation
equation in Table C-l was increased from
0.444 to 1.0.

• When generating the bivariate pair
(Rs ' Rv) any RV less than zero was
rejected, and another pair was
generated. *

The results of this run are shpwn in Figures C-9
and C-IO and in the lower portion of Table C-3.
Table C-3 indicates that the 95% confidence
intervals for both Rs and Rv do include the
sample means of the Rs and Rv ' However, in
Figure C-IO a strong heteroskedasticity is still
evident; thus, this test should be used only as
a general guide. In the case reported here,
both the intercept Rs as well as the slope
Rv were believed to be sufficiently close to

*This truncates the bivariate distribution
below zero Rv, distorting the distribution
away from true bivariate normality. Because of
the correlation between Rs and Rv, this
also tends to reduce the mean Rs '



;'

r

? 0
­ .....

K :: & c ~ I :­ II
:

-8
.2

56
-6

.3
15

-4
.3

74
-2

.4
33

-.
49

2
1.

45
0

3.
39

1
5.

33
2

7.
27

3
9.

21
4

.+
---

-.-
---

+-
---

+-
---

+-
---

+-
---

+-
---

+-
---

+-
---

+-
---

+-
---

+-
---

+-
---

+-
---

+-
---

+-
---

t--
--+

---
-+

---
-.-

---
+.

2.
28

8
+

.
1

1
+

2.
28

8
1

•
1

1
1

1
1

1
1

1
1

1
1

1
•

1
1

1
2.

06
0

+
1

1
+

2.
06

0
1

1
1

1
1

1
1

I
1

•
1

1
1

1
1

1
1

1.
83

3
+

•
•

1
1

+
1.

83
3

1
1

1
1

1
1

1
1

1
•

1
1

1
1

•
1

•
1

1
1

.6
0

5
+

•
•
•

•
1

.
1

+
1.

60
5

1
2

.
2

1
1

1
1-

--
--

--
--

--
--

--
--

--
--

--
--

--
-•

•-
-
3

-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
1

1
•

1
1

1
1

1
1

1.
37

8
+

•
1

•
•
•
•
•
•

1
+

1.
37

8
1

•
•

2
r

2
2

•
1

I
r

•
•

•
.2

r
1

1
•

•
r
.

2
•
•
•
•

1
1

1
I
.
.
.

3
.

2
..

•
1

1
u

s
a

+
•

.
.
1

•
2

2
.
.
.

1
+

1.
15

0
1

1
.2

.
•

•
2.

1
1

1
•

1
.

•
.3

2
•

3
r

1
1

1
•
•

•
•

2.
3

•
•
•
•
3

.
.

1
1

r
1

•
.2

2
.

.2
..

•
•
•

•
•

1
1

.9
23

+
r

•
•

2
.

•
2.

3
.2

.
.
2

.
•
•
•
1

.
+

.9
23

r
1

•
2.

2
2

.
.
.

1
1

1
r
.
.

3
.

2
.
.
.
.
.

•
1

1

1-
--

--
--

--
--

--
--

--
--

--
--

--
--

--
--

--
--

--
--

-2
.--

--
--

••-
--2

-.3
---

••
•2

--
.--

--
--

--
--

--
--

--
--

--
--

--
--

--
--

--
--

-1
r

I
.
.

•
•

2.
•

•
•

1
1

.6
9

5
+

r
.

•
•
•
.•

.1.
+

.6
95

1
r
.
.
2

.
2.

4
3

.
•
•

1
1

r
2

.
.
.
.

2
..

•
•
•
•

•
•

•
1

1
I
.
.

.
.32

.
•

1
1

1
.

•
•

1•
•
2

..
1

.4
68

+
I
'

2
•
•
•
•

3
.1

.2
.

+
.4

68
1

r
.
1

.
•

1
1

1
•

•
•
•
•
•
•

2.
1

1
1

.
•
•

2.
•
•
•
•

•
1

1
1

•
•

1
*

•
•

1
.2

40
+

1
.

1
.
3

•
•

+
.2

40
-I

1
I
.

2.
2.

.1
1

1
•

1
•

•
1

1
1

I
.
.

•
•
•

•
1

.
0

1
3

·
!
,

i
.

~
.

•
•

r.
01

3
-+

--
--

+-
--

-+
--

--
+-

--
-+

--
--

.--
--

+-
--

-+
--

--
+-

--
-+

--
--

+-
--

-+
--

--
+-

--
-+

--
--

+-
--

-.-
--

-+
--

--
.--

--
+-

--
-+

--
--

+.
-9

.2
27

-7
.2

86
-5

.3
45

-3
.4

03
-1

.4
62

-
.4

79
2.

42
0

4.
36

1
6.

30
3

8.
24

4
10

.1
85

R
s

-I
b

/t
o

n

-
~
-
-
-

S
T

A
T

IS
T

IC
S

.•

C
O

R
R

E
L

A
T

IO
N

(R
)

­
S

T
D

E
R

R
O

F
E

S
T

S
IG

N
IF

IC
A

N
C

E
A

S
IG

N
IF

IC
A

N
C

E
8

P
LO

T
T

E
D

V
A

L
U

E
S

-
32

0

-.
88

38
4

.2
06

88
.0

00
01

.0
00

01

E
X

C
LU

D
E

D
V

A
L

U
E

S
-

0

R
S

Q
U

A
R

E
D

IN
T

E
R

C
E

P
T

(A
)

S
LO

P
E

(8
)

M
IS

S
IN

G
V

A
L

U
E

S
-

0

.7
46

22
1.

01
67

8
-.

13
08

1

S
IG

N
IF

IC
A

N
C

E
R

S
T

D
E

R
R

O
R

O
F

A
S

T
D

E
R

R
O

R
O

F
B

.0
00

01
.0

12
47

.0
04

28

F
IG

U
R

E
C

-9
S

C
A

T
IE

R
D

IA
G

R
A

M
O

F
E

R
R

D
E

S
IM

U
L

A
T

IO
N

R
A

N
D

O
M

L
Y

G
E

N
E

R
A

T
E

D
V

A
L

U
E

S
O

F
R

v
V

E
R

S
U

S
R

s•
W

IT
H

M
O

R
E

P
R

O
N

O
U

N
C

E
D

S
P

E
E

D
S

E
N

S
IT

IV
IT

Y
-

3
2

0
C

A
S

E
S

IN
F

O
U

R
M

E
A

S
U

R
E

M
E

N
T

S
E

C
T

IO
N

S



2.
72

5.
74

8
.7

6

*

I I
*

.. I 1
*

1 I .. I 1 I 1
~
.

I
I

..
-5

j2
--

-..
-
-
-
8
~
1
-
-
-

..-
-
1
0
~
9
-
-
-

..-
--

1;
li-

-..
--

f
5
~
-
-
-
~
-
-
-
1
8
~
3
-
-
-

..
-
-
-
2
0
~
1
-
-
-
..-

-
-
2
3
~
0
9
-
-
-

..
--

-2
;5

7-
-..

-
-
-
2
8
~
5

V
-f

t/
st

lC

.+
--

--
3.

24

1* I
*

2
.7

2
..

*

4.
48

6.
97

9.
45

11
.9

3
14

.4
1

16
.8

9
11

9.
37

21
.8

5
24

.3
3

26
.8

1
.+

--
--

.--
--

+-
--

-+
--

--
+-

--
-.-

--
-+

--
--

+-
--

-+
--

--
+-

--
-+

--
--

+-
--

-+
--

--
+-

--
-+

--
--

+-
--

-+
--

--
.--

--
--

--
+-

--
-+

.
32

.9
5

..
1

I
*

..3
2

.9
5

I
I

1
*

1
1

I
I

*
I

1
I

I
1

1
I
.

I
1

~
~
.
.

I
I

..
~
~

1
I

*
I

I
I

I
I

I
I

I
1

I
I

I
I

I
26

.9
0

..
I

*
I

..
2

6
.9

0
I

I
1

*
1

I
I

I
1

I
*

*
*

I
I

I
**

I
2

3
.8

8
..

I
*

*
..2

3.
88

I
I

*2
*

*
1

1
--

--
--

--
--

--
--

--
--

--
--

--
--

--
--

--
--

--
--

--
--

--
--

--
--

--
*

--
-

--
--

--
-*

--
--

--
--

--
--

--
--

--
--

--
--

--
--

--
--

--
-1

I
I

*
*

*
1

2
*

*
*

I
I

I
2

*2
*

*
I

2
0

.8
5

..
1

*
*2

*1
*

*
*

..
20

.8
5

I
I

**
I

*
*

I
J

I
*3

*
*

*
*

*
I

I
I

**
**

*
*

I
1

I
~

32
1

*
1

17
.8

3
..

1
~O
"l

•
12

*
..

17
.8

3
1

(,
'0

*
3*

I
*

*
*

I
I

•
\~

*
*

1
*

I
1

",
V

*
5

I
*

*
I

I
$1

-0
*

*
*

52
1

*
*

*
1

14
.8

1
..

...<
?-Q

*
*

*
1

*
*

*
..

14
.8

1
I

~r
-

*
*

2
2

1
*

*
1

I
1

**
*

.
j

I
'

**
1

1-
--

--
--

--
--

--
--

--
--

--
--

--
--

-.-
--

--
--

-*
--

--
--

--
--

--
--

--
--

--
6*

--
--

--
--

--
--

--
--

--
--

*-
--

--
*-

--
--

--
--

--
-1

'I
*

*
*1

2
*

*
2

I
1

11
.7

8
..

*
•

*
*

1
*

3*
I

..
11

.7
8

I
*

*
*1

2
**

**
*

1
I

I
2

2
1

*
*

1
*

*
~

*
/
~

~
2*

:
*

*
;
*

~
G

S
L

O
P

E
0

.3
2

*
8.

76
..

2
2

*
I

2
*

3
I

E
I"

S
'{

..
f\

O
L

L
IN

~
2*

**
*

2*
*

*
*

*
~

*
**

*
*

~
_

_
_

1
*

2*
**

*
*

*
*

I
1

*
**

*
'1

5
.7

4
..

1-
1*

**
*

*
I

*
*

*
*

c ~ I a:

? .... 0
0

S
T

A
T

IS
T

IC
S

•.

C
O

R
R

E
L

A
T

IO
N

(R
I

­
S

T
D

E
R

R
O

F
E

S
T

S
IG

N
IF

IC
A

N
C

E
A

S
IG

N
IF

IC
A

N
C

E
8

P
LO

T
T

E
D

V
A

L
U

E
S

-
3

2
0

.7
28

22
4.

60
89

0
.0

30
71

.0
00

01

E
X

C
LU

D
E

D
V

A
L

U
E

S
-

0

R
S

Q
U

A
R

E
D

IN
T

E
R

C
E

P
T

(A
I

S
LO

P
E

(B
)

M
IS

S
IN

G
V

A
L

U
E

S
-

0

.5
30

30
1.

29
87

3
.8

13
31

S
IG

N
IF

IC
A

N
C

E
R

S
T

D
E

R
R

O
R

O
F

A
S

T
D

E
R

R
O

R
O

F
B

.0
00

01
.8

91
90

.0
42

92

F
IG

U
R

E
C

-l
0

S
C

A
T

T
E

R
D

IA
G

R
A

M
O

F
E

R
R

D
E

S
IM

U
L

A
T

IO
N

S
T

A
T

IS
T

IC
A

L
L

Y
C

O
M

P
U

T
E

D
R

E
S

IS
T

A
N

C
E

S
(R

)
V

E
R

S
U

S
C

A
R

's
M

E
A

S
U

R
E

M
E

N
T

S
E

C
T

IO
N

A
V

E
R

A
G

E
S

P
E

E
D

(i
h

FR
O

M
R

U
N

W
IT

H
M

O
R

E
P

R
O

N
O

U
N

C
E

D
S

P
E

E
D

S
E

N
S

IT
IV

IT
Y

-
32

0
C

A
S

E
S

IN
F

O
U

R
M

E
A

S
U

R
E

M
E

N
T

S
E

C
T

IO
N

S

~



their respective s~nple means to yield results
of practical value for design and control
applications.

The heteroskedasticity in Figures C-B and C-IO
was not unexpected. With the speed dependence,
the range of total resistance computed in
equation C.3 would be much higher at higher
speeds. The slopes for the straight-line hard­
and easy-rollers (drawn by eye) of the swarm of
points in Figures C-B and C-IO should roughly
equal the extreme values of Rv in Figures C-7
and C-9, respectively. For the straight lines
drawn in Figures C-B and C-IO, this is so.

The behavior of the simulated data does, in a
broad sense, accurately replicate much of the
observed behavior of the Hinkle Yard data.
especially noticeable is the band of data points
with negative slope through the centers of
Figures C-8 and C-IO. This represents the data
from measurement section 1 and can be seen more
clearly in Figure C-ll. This figure is a simula­
tion run of ERRDE using the Englewood Yard
parameterization, which simulated only measure­
ment section 1. The low amount of variation
from a straight line evident in this figure is
due to the relatively small "degrees of freedom"
contributing to each data point in measurement
section 1. The hump speed is a constant, so
that only the parameters Rs and Rv vary with-
in a single case (and Rs and Ry are not inde­
pendent, but highly correlated, so collectively
they do not provide a full 2 degrees of freedom).
The negative slope is a reflection of the fact
that hard-rolling cars roll slowly, rather than
of the underlying dependence of resistance on
speed (compare Figures C-8 and C-ll with Figures
C-6 and C-2, respectively).

Figures C-12, C-13, and C-14 show ERRDE runs of
measurement sections 2, 3, and 4, respectively.
Again, the Englewood parameterization was used.
The behavior of tile measurement section 4 data
(Figure C-l4) also resembles the equivalent
real-life data for this section from Hinkle Yard

C-19

(Figure C-S). The envelopes of both sets of
points appear t. reach a maximum roughly at .a4ut
a car speed of 10 ft/sec and a minimum at aDowt
a car speed of 13 ft/sec (excluding the two
outlying points in Figure C-S). At lower car
speeds, the rolling resistances measured seem to
be concentrated in a small band clustered roughly
around 4 Ib/ton.

An erroneous relationship between total car re­
sistance, R, and average test section car speed,
V, would be drawn were any of these measurement
sections analyzed in isolation. All four mea­
surement sections yielded a significant negative
dependence of R on V (i.e., a higher V is pre­
dicted to give a lower R, in an average sense).
The combined results, however, yielded a reason­
able relationship between Rand V. Thus, it was
believed to be that the rollability analyses com­
bine data from a wide variety of car speeds and
geom~tric conditions--such as the four measure­
ment sections from ~ne yard or, preferably, from
more than one yard. This lends further
support to the decision to combine the Hinkle
and DeWitt Yard data bases for analysis.

Measurement section I, despite the strong but
erroneous relationship obtained there, did add
accuracy to our ability to obtain the correct
relationship between R and Vin the combined
sample from all four measurement sections. This
was shown by making ERRDE runs that simulated
only measurement sections 2, 3, and 4. The
effect was especially noticeable for the popula­
tion with increased speed sensitivity (i.e., in­
creased mean Rv ) discussed earlier. Figure
C-15 is the scatter diagram of measured resis­
tance, R, plotted against speed; Table C-4 sum­
marizes the related numerical results. As can
be seen in Table C-4, the confidence interval
for Rv did not include the sample mean of Rv '
Thus, the accuracy obtained by increasing the
variety of data by including measurement section
1 in the analysis more than offsets the detrimen­
tal effects of the strong but erroneous negative
correlation between R and V in that section.

*Provided that no unexplainable biases exist
between the yards.
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Table C-4

-~RRDE SIMULATION RESULTS: SECTIONS 2, 3, AND 4 ONLY

Parameter Values Based on Higher Average Rv

Generated population

Regression of total static R
as a function of V

Estimated
Parameter Value*

1.046 lb/ton
0.883 lb/ton/ft/sec

1.732
0.756

Sample Standard
Deviation

2.834
0.419

95% Confidence
Interval

0.388 to 3.076
0.6b9 to 0.843

*Sample mean in the case of Rs and Rv ; estimated regression parameters in
the case of Rs and Rv.

C-25/C-26





APPENDIX D: DESCRIPTION OF SOFfWARE INTERFACE
AND PROCESSING PROCEDURES

READ A RECORD
FROM STORAGE
MEDIUM ITAPE.

CARD. ETC,)

Each yard required the development of specialized
software to process the available yard data into
a common file structure for further processing by
SPSS. However, the overall structure of the pro­
cessing was the same for each yard, as diagramed
in Figure D-1.

FIGURE D·l S"fRUCTURE OF OVERALL PROCESSING PERFORMED
WITH SRI·DEVELOPED SOFTWARE TO PROCESS RAW
YARD DATA

First, the raw yard data were put into a form
readable on SRI's CDC 6400 computer. The stor­
age medium for the raw yard data varied markedly
among yards. At Hinkle Yard, a computer tape.in
coded form was available, and developing the
software to read this tape was relatively
straightforward. The DeWitt Yard data were
available only on a NOVA disk pack incompatible
with SRI's CDC 6400. Therefore, these data were
copied onto tape and then read on the SRI com­
puter using a special software program developed
to convert the NOVA 16-bit word to the CDC 60­
bit word. Argentine Yard data were received on
cards. For Northtown and Linwood yards, however,

NO

YARD
GEOMETRIC

DATA

WEATHER DATA
(IF NOT AVAILABLE

IN INPUT FILE)

ATTEMPT TO
MATCH CAR 10
IN UMLER FILE

WRITE DATA TO
PR IMAR Y 0 UTPUT

FILE

YES
DONE

SET VARIABLES
THAT CHANGE

ONLY WITH TRAIN

NO

WRITE AVAILABL.E
DATA TO

ALTERNATE FILE

1)-1

no machine-readable data were available, so a
sample of these data were manually coded and
punched onto cards.

From this point on, the data processing software
was relatively similar for all the yards and was
built around a common library of procedures. De­
Witt and Hinkle yards had certain variables that
changed only with the train being humped. This
train information comprised a special record pre­
ceding the individual records for each car on the
train.

Further processing of unacceptable records was
undesirable. Consequently, SRI checked certain
variables or "flags" to determine whether the car
record was acceptable for inclusion in an output
file. Based on certain parameters, the following
cars (cuts) were excluded from the yard output
data file and discarded at this point:

• Multiple car cuts (two or more coupled
cars humped together).*

• Cars invoved in a catch-up before
coupling or stall in the classification
yard.

• Cars for which the classification track
was unknown or questionable (usually
misswi tches).

For each car, certain geometric data were
combined with the data read from the tape or
cards to produce additional variables for the
output file. For example, curve data for the
appropriate classification track were added to
the information wrltten into the Hinkle and
DeWitt output files.

For most of the yards, environmental parameters
were contained within the yard data for each car'
or train. For Linwood and Argentine yards, how­
ever, certain parameters were missing or data on
them were missing. For Argentine Yard, missing
temperature data and occurrence of precipitation
were obtained from the records of the National
Weather Service Office at Kansas City Interna­
tional Airport. Precipitation information for
Linwood Yard was also obtained from the records
of the National Weather Service Office at Douglas
Municipal Airport in Charlotte, North Carolina.
The supplemental weather data, based on the
recorded time the car was humped, was comb1ned
with the data read from the tape or cards. (Wind
direction is reported as the direction the wind
is blowing toward, in conformance with stan~ard

vector notation.)

*Certain of these multiple car cut data were
saved in an additional alternate file for DeWitt
Yard. These data were not analyzed, however.



where

• Northtown--Measurement sections 1 and 2.

• DeWitt--Measlirement sections 1, 2, 3',
and 4.

(D. 1)

and 2.• Linwood--Measurement sections

ge = effective'acceleration of gravity (ft/
sec2 ) based on the weight class of the
car, as follows:

Light, 30.23 tons
Medium, 30.92 tons
Heavy, 31.39 tons
Extra heavy, 31.70 tons

These were measurement sections where a car's
velocity before it entered the section was known.
The calculated midpoint velocity was used to fur­
ther calculate an average velocity for those mea­
surement sections where car velocities at the
entrance and exit of the measurement section were
known (i.e., Hinkle and DeWitt yards' measurement
sections 3 and 4 and Linwood Yard's measurement
sections 1 and 2). At all measurement sections
where one of the available speed points was loca­
ted at the exit of a retarder, tile assumption was
that the given speeds were recorded without resi­
dual retardation applied by the retarder. The
midpoint velocity (Vm) was calculated in feet
per second by use of the following equation· and
parameters:

• Average velocities

During data processing, SRI calculated the
following parameters, which were not directly
available in the yard's process control (PC)
system or from supplementary data:

The car ID was used aa an index to search the
~LER file for the matching record. Development
of software to use the UMLER file was a major
effort in this project. The UHLER file, as it
existed on the SRI computer, comprised approxi­
mately 1.1 million random-access records; a
binar~ search routine was used to search this
file. Car records successfully matched were
then written into the primary output file and
included information o~tained from the UMLER
file; car records not matched were written to an
alternate output file without the UMLER data.
For the Hinkle Yard tapes that were processed,
approximately 87% of the cars were successfully
matched. For DeWitt Yard, the matching rate was
considerably lower (68%) because the UMLER file
made available to SRI dated from 1977 (early in
CONRAIL's history) and so had comparatively few
cars renumbered to CONRAIL IDs. Consequently,
for DeWitt Yard, with its low rate of UMLER
matches, it proved necessary to use the alternate
file not matched with UMLER data.**

The primary and alternate output files for all
yards were as similar a~ pessiale but could not
be identical because of variations in the avail­
able data bases at the yards. The majority of
the information in the Hinkle and DeWitt yard
files did consist of a common subset, thus per­
mitting the two yards' data to be combined for
regression analysis.

car velocity at the start of the track
segment (ft/sec)

• Headwind component

• Sidewind component

• Car rolling resistance

• Car behavior in the tangent point
and on the classification track.

These vari~bles were calculated as follows:

R

average grade from start of the track
segment to the middle of the measurement
section (ft/ft)

car's effective rQllina resistance before
modification through measurement· section
( lb/lb)

The midpoint velocity was used as follows to
calculate the car's average velocity (Va)
th~ough a measurement section:

LIM distance from the start of the track seg­
ment to the middle of the measurement
section (ff).

Ave~age Velocities--Two types of car velocities
were calculated: midpoint velocity and average
velocity. A midpoint velocity was calculated in
the processing of Hinkle, DeWitt, Northtown, and
Linwood yard data for the following measurement
sections: •

• Hinkle--Measurement sections 1, 2, 3,
and 4. V 1 + 2VM + V 2

4
(D.2)

*At most, 21 records must be examined to either
find the desired matching record or determine
that the desired record does not exist in the
file.

where

VI = car velocity at the start of the measure­
ment section (ft/sec)

**Processing of these data with SPSS presented
no problem, because SPSS has a provision.for
handling missing data.

car velocity at the middle of the
measurement section (ft/sec)

D-2



'•.. ~~i
car velocity at the exit of the measure­
ment section (ft/sec).

Headwind Compofjent--The headwind component (VIl )
was calculated in feet per second at all measure­
ment sections for Hinkle and DeHitt yards. The
follOl,ing equation and parameters I'ere used in
this calculAtion:

(D.3)

aw = direction wind is blowing (degrees),
measured clock..ide frolll north

Vw .. ind speed (ft/sec)

Car Behavior in Tangent Point itnd Classification
Track--Euch carls motl.on in th~ rallg~nt pUlnt anti
classificatlon areas I,as calculated to obtain
midpoint and average speeds and effective mea­
surement sectioll length (in caS~5 where the car
stalled) •

This calculation was done by integrating the
values provlded by the Yl- system for tangent
point speed, coupl1ng speed, and tangent track
rolling resistance I,ith the relevant track
geometry. In this manner, for a stopped car the
effective test section length could be obtained
as the distance from the entry to the estimated
stall point. For a section on a constant grade,
the stall point was estimated by tne equat1un

degree of track orientation in direction
of car movement, measured clockwise from
north'~

(D.6)

car velocity at the middle of measurement
sections 1 and 2 (ft/sec) or average car
velocity in measurement sections 3 and 4
{it/sec}

~ = wind direction relative to the moving car
(a w - aT)

LIs = distance to stall from entry of
section (ft)

grade to stall point (I.)

VI! COlolp0nent of I,ind speed in direction of
car.

Sidewind Component--The sidewind component was
calculated in feet per second at all measurement
sections for Hinkle and DeWitt yards using the
above parameters and the following equation:

v Iv sin <pIs w

~lere Vs = sidewind component.

(D.4)

and other parameters were as previously
defined.* By using the value for the stall
point or for the coupling point when the car did
not stop, the mea~~rement section midpoint speed
and average speed" could be calculated in a
manner similar to that describea earlier.

In addition, an objective was to determine the
effect of changes in the parameters listed in
Table 4-1 on the rolling resistanc.e values at
various yard locations.

Car Rolling Resistance--Sufficient 1nfonnation
was obtained to calculate rolling resistance for
cars at measurement sections 3 at Hinkle and
De\~itt yards and 2 and 3 at Argentine Yard.

The rolling resistance equation use~ was:

SRI attempted to determ1ne, illsofar as poss1ble,
the mean, standard deviation, and extreme values
of the rolling resistance distributions at each
location as"a function of these parameters. Of
particular importance was the variation of
rolling resistance among the various yard
locations. :

measurement section exit speed (ft/sec)

measurement section length (ft)

R

where'

(D.5) This was accomplished by placing the data ob­
tained on the items in Table 4-1 for each car
and yard into SPSS data files. Then the SPSS
statistical analysis techniques were used to
reveal underlying relationShips between rolling
resistances and attributed parameters. HUltiple
regression analysis was used to examine the
influence and relationShip of the variables on
rolling resistance.

GIZ average grade over length of measurement
section.

(The other parameters were defined previously.)

*A weighted average track orientation was used
on longer measurement sections with changes in
direction.

D-3

*The calculation was slightly more complex when
the measurement section consisted Qf vaJ:'ying
grades.

**VZ in equation D.2 was equal to zero if the
car had stopped; otherwise, it was equal to the
coupling speed.




