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ABSTRACT 

This report covers the work done during a six-month study of design 

of hump yards to achieve increased throughput. The basic functions of 

hump yard operation were analyzed and those factors that limit through

put were studied in detail. A modified yard design and freight car 

control policy was developed that will make possible the design of a 

hump yard with throughputs ranging from 300 ft to 500 ft of car/min. 

An evolutionary hump yard des ign i s outlined to permit initial 

operation at 300 ft of car/min with the capability of increasing this to 

400 or 500 f t of car/ min by the addition and relocation of the control 

retarders.· 
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I INTRODUCTION 

project reported herein was directed toward exploration 

to increase the present throughput of railroad hump yards from 

or four cars per minute to six and eight cars per minute. The 

of this study were to serve as a tool for not only designing new 

but also for modernizing existing yards. Since Southern 

Railroad is contemplating building a large new hump yard by 1971 

Colton, California, the research on this project has used the 

West Colton hump yard as the focal point of the studies. Con-

, the research on this project was scheduled for completion by 

which was the date that preliminary plans and costs must be 

to the Southern Pacific management for approval, This research 

aided by the frequent interchange of ideas and the review of results 

the SRI project team by Messrs. H. V. Williamson, B. Gallagher) and 

Flohr of Southern Pacific. 

Statement of the Problem 

The basic function of a railroad hump yard is to regroup cars from 

trains to form new outgoing trains. This is accomplished by 

cars single file over an incline (called a hump) and switching 

to various classification tracks at the bottom of the hump. Two 

problems arise in the operation of the yard, namely, 

(1) Creating and maintaining sufficient separation between 

consecutive cars in the switching area to allow for 

satisfactory switching operation, and 

(2) Minimizing impacts between cars when these are regrouped 

on the classification (bowl) tracks. Impacts between two 

cars with a velocity difference of 6 ft/s are considered 

undesirable because of the possibilities of damage to the 

cargo, 
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For purposes of the present study, a minimum headway separation 

of 50 ft between consecutive cars has been selected. If this separation 

is not achieved, the switch may not be thrown and a car switched to a 

wrong classification track. This problem of car separation (resulting 

in misswitching cars) is compounded by the fact that cars have widely 

different values of rolling resistance; consequently, the easy-rolling 

cars tend to overtake the hard-rolling cars. The spacing and velocities 

of the cars along the route from the crest of the hump to the classifi

cation tracks are controlled by retarders, which decelerate cars by 

pressing steel beams against the sides of the wheels. By properly 

monitoring the behavior of each car and decelerating the easy-rolling 

cars, cars are guided through as many as a half-dozen switches to their 

proper classification tracks. 

Once the car has reached the beginning of the classification tracks 

(called the tangent point), an individual car may be required to roll as 

far as 3000 ft or as little as 100 ft to the end of the classification 

track, depending on the number of cars already on the classification 

track. Because of this great disparity of distances and the rollability 

differences of cars, the velocities of cars must be adjusted so that 

severe impacts (above 4 mi/h) do not occur as cars couple on the classi

fication tracks. 

C. Acknowledgments 

We wish to acknowledge the guidance and suggestions received from 

H. V. Williamson, B. Gallagher, and B. Flohr. Their suggestions de

rived from extensive experience with the operation and design of hump 

yards have led to many ideas presented in this report. 
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II SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 

Summary of Findings 

As the desired yard throughput increases, the time separation 

cars decreases; consequently, the problems of maintaining suffi

headway between cars of varying rolling characteristics and of 

impact velocities on the classification tracks are aggravated. 

the purpose of this research to pinpoint and alleviate the bases 

impediments to high-throughput hump yard operations, 

between Area--

consideration in yard operation was discovered to be the 

of a car's hump velocity to its velocity in the switching 

particular, for a headway of one car length, (required to avoid 

a hard roller in the switching area 

at least twice the hump velocity. The implications of this 

are significant in terms of c o ntrol o f the cars as they 

the hump to the classification tracks, Specifically, it is 

retarders loca ted bet ween the crest o f the hump and the end 

ching area should be used solely to con t rol separation for 

coupling speeds on the classification tracks should be con

ret arders locat ed aft er t he last swi t ch. Presently, t ypical 

use only two retarders (called master and group) to control 

and coupling speeds simultaneously, It is shown t hat t his 

can severely r estrict the throughput. 

des ign of the grades 

the yard plays a n important pa rt in determining the thro ughput 

Specifically, as the first switch is moved close r to the 

the initia l grade must be steepened in order to produce the 

in the vicini t y of t he first swit ch, Quant i t ative 

relationship a re given. Similarly, the grade in the 

t hat ev en t he hardest rolling cars will pass 

switches with a velocity at least twice the hump velocity. 
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Placement and Control of Retarders--As a result of this study, it 

is proposed that three to four retarders be used along the route of the 

car, rather than the conventional arrangement of master and group 

retarders. The last retarder is placed at the tangent point of the 

classification tracks, It is shown that there exists a direct relation

ship between the hump velocity and the amount of necessary tangent point 

retarder and that any deviation from this amount of tangent point retarda 

tion will either limit the hump speed or cause excessive impact velocitie 

on the classification tracks. Schemes for controlling the retarders are 

proposed. It is shown that the policy of controlling tangent point 

retarders is especially critical for high-throughput yards, 

Design of an Expandable Yard--With an understanding of the problems 

of hump yards, a design is proposed for a yard which could operate 

initially at 6 cars/min and be modified later for 8 or 10 cars/min, 

This design is attractive because of the minimization of the initial 

investment capital required and because the yard can evolve in such a 

way as to minimize the disruption of the yard during periods of evolu

tion, A more detailed treatment of this concept is given in Part B 

below. 

Need for an Accurate Model of the Rolling Resistance of Cars--The 

worst-case situation in hump yard operation is when the easiest rolling 

car follows the hardest rolling car down t o the farthest switch before 

separating, Detailed analysis of this case requires an accurate rolling 

resistance model and knowledge of the variability in rolling resistance. 

Because of the importance of an accurate rolling resistance model, sev

eral field test results available to Southern Pacific were studied by 

the SRI team in conjunction with Mr . Barney Gallagher. It was concluded 

that a rolling resistance model with a static term (Coulomb friction) 

and a velocity dependent term (viscous friction) was appropriate. It 

was also concluded that two ranges of rolling resistance should be used, 

one range in the switching area , and another range in the bowl track 

area. This accounts for the fact that cars become better lubricated and 

consequently roll easier during the latter part of their run through the 
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This model choice was based upon the limited experimental data 

able to Southern Pacific; more extensive experimental data should 

gathered in the future as recommended in Sec. D below. 

Yard Designs for Throughputs of 6, 8, and 10 cars/min 
and Discussion of Expandable Yard Design 

It is shown in later sections of this report that the design value 

yard throughput can be directly related to the grades required in all 

yard, the size of retarders required between hump crest, 

size of the tangent point retarders. These requirements are 

in the following paragraphs for throughputs of 6, 8, and 10 

(assuming an average car length of 50 ft). Subsequent para

describe construction of a yard such that the throughput of the 

is expandable, i.e., the yard can be built with the capability of 

than initial operating capacity. 

Before summarizing the salient points of the West Colton yard de-

for different throughputs, we should define "throughput" so that 

conclusions will not be misinterpreted. First, an average car length 

hence, 6 cars/min is equivalent to about 300 ft of 

feed per minute, 8 cars/min is equivalent to about 400 ft / min, and 

cars/min is equivalent to about 500 ft/min, If the average car length 

in the future (as is the trend), the designs discussed below 

still permit throughputs of 300 ft of hump feed per minute, 

ft/min, and 500 ft/min, although the throughput in cars per minute 

be slightly less than 6, 8, and 10 cars/min respectively, 

discussed in Secs. V and VI. The analyses 

a yard throughput of 6 cars/min r equires an 

crest to tangent point of about 18 ft; for 

cars/min it is about 21 ft, and for 10 cars/min 

track grade is independent of throughput and should 

percent grade , which implies a vertical drop of about 2 

bowl tracks, The guiding principles for 

igns for these vertical drops are discussed in Secs. 
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Grade Designs--The design principles for the grades in the yard 

in those sections show 

(uncompensated) verti

a throughput 

about 24 ft. The 

be about a 

ft along 

the detailed grade profile 
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Retardation in the Front End of the Yard--The estimated total front 

end retarder l ength for throughputs of 6, 8, and 10 cars/min i s about 700, 

800, and 980 ft of retarder, respectively. These est imates are based 

upon t he assumpt ion that the retarders extract about 0.0715 ft of veloc it y 

head per foot l e ngth (a typical figure). These estimates are a lso based 

upon the assumption that the yard i s not built to be expandable to a 

higher throughput at some future time. The case of an expandable yard 

is discussed below. 

Tangent Point Retarders--The total length of tangent point r etarders 

for the 80 bowl tracks at West Colt on increases with increasing through

put. At a throughput of 6 cars/min, a total of about 2320 ft (29 ft per 

bowl track) of tangent point retarders is required. Thi s retardation 

must be increased about 90 percent for a throughput of 8 cars/min. To 

achieve a throughput of 10 cars/min after the yard has been mod ified to 

operat e at 8 cars/min requires an addit ional 40 percent of t an gent po i nt 

retardat i on . 

In addition to adding retarders for each increase in yard through

put, the tangent point retarders should be sect ional i zed and the sect i ons 

s hould be spread apart. The details are discussed in Sec . VI and VIII. 

Table III in Sec. VIII summarizes the approxi mat e t o tal retarder lengths 

required at different stages of the West Col t on yard during its tran s i

tion from a l ow- t hroughput yard to a high-throughput yard. 

Exp andabl e Yard Design--For a yard with initi a l low throughput to 

be increased in future years, it is suggested that the yard grades be 

sel ected on the b asis of the eventual higher throughput. Dur i ng the 

initial low-throughput period, t he front-end yard can be made to behave 

as a s h a llow-grade yard by p l acing some extra retarders in the f ront e nd 

so that the s p eed l evels of the cars in the switching area correspond to 

the speeds of a yard with shal l ow grades and lower hump velocities. The 

add itional length of these extra retard ers in the switching a r ea is qui te 

small: To make a yard, whose grades are designed for 8 cars/min, suit

able for initial operation at 6 car s/min, only about 350 ft of addit ional 

ret arder s are required in the switchin g area. Thi s r epresents l ess than 

10 percent of the total expense for retarders in the initial operation. 
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As the throughput increases over the years, the extra retarders in the 

switching area may be gradually removed (or made inoperative) so that 

the velocity levels in the switching area increase in relation to in

creased hump velocity. Additional bowl track retarders may then be added 

in stages to extract the increased tangent point entrance speeds. Thus 

the yard can be gradually evolved from a low-throughput to a high

throughput yard without any major structural change. 

Table III, in Sec. VIII, summarizes the approximate total r e tarder 

lengths and vertical drops required at different stages of the West 

Colton yard during its evolution from a low-throughput yard to a high

throughput yard. 

Conclusions 

It has been pointed out that high-throughput yards can be designed 

the basic philosophy is to allow cars to travel through t he 

area with velocities of at least twice the hump speed and to 

bring the cars down t o the proper coupling 

on the classificatio n tracks. Although the extra cost of retarders 

high-throughput yar ds will be several times greater than in con-

yards, the total capital cost o f a high-throughput yard will 

t han the cost of convent ional yards, The 

factor is the ratio of the increase in throughput to the 

in t o t al yard cost. 

It was f o und that the factors that limit the throughput include: 

(1) Grade profiles that cannot give the hard roller a veloci t y 

of twice the hump speed in the switching area. 

(2) A control policy in the switching are a that slows cars 

velocities in the switching area below twice the hump speed, 

An initial grade that is too shallow with respect to the 

location of the first switch, 

An inadequate desi gn and c ontro l o f tange nt point retarders, 

which can caus e a succession of collisions (cars piling up) 

at t he tangent point. 

7 



With a careful understanding of these considerations, it is possible 

to design an evolving yard with an initial throughput of 6 cars/min to 

eventually have a throughput of 8 or 10 cars/min, 

An examination of the above design considerations indicates that 

they fall into two categories: grades and retarders, To allow a yard 

to evolve, it is proposed to design the grades to handle the ultimate 

desired throughput and to use retarders to modify the effective grade 

profile for the initial lower throughput, As more throughput is desired, 

the retarders can be added and repositioned as appropriate to correspond 

to the higher throughput. This procedure allows the modifications to 

take place with the minimum disturbance of yard operations since the 

yard does not have to be regraded and the retarders can be added on one 

track a t a time. Also a more efficient allocation of investment capital 

results without restricting the future needs of the yard, 

D. Recommendations for Further Research 

(1) The crucial factor in yard design are the values of 

rollability for the hardest and easiest rollers, These 

values are a function of velocity and with the distance a 

car has rolled from the hump crest. A more thorough quanti

tative understanding of the rollability model would make 

possible improved yard designs. 

(2) A method of improving present rollability measurements is 

discussed in Sec. IV-C of this report. The basic idea is 

to utilize all relevant information concerning a car's 

rolling behavior through the switching section of the 

yard to improve the estimate of the car's rollability 

on the bowl tracks. 

(3) The understanding of the key design factors for high

throughput hump yards should be applied to evaluate the 

potential improvements that can be made in the through

put of existing yards. As was pointed out in this report, 

a major limitation in throughput is the present placement, 
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utilization, and control of retarders. By adding tangent 

point retarders to existing yards and changing the policy 

of operating the retarders in the switching area, a sig

nificant increase in the throughput can be achieved. 

Since this would not require a new track layout or new 

grades, hump yards can be modernized with minimum down 

t ime. 

(4) The assignment of classification tracks and the make-up 

information of cars going over the hump clearly affect 

the hump speed. The magnitude and extent to which these 

considerations affect the hump speed are as yet not com

pletely defined. A detailed study of how the entire 

classification logic is to be defined for the most 

efficient overall hump yard operation is recommended 

for the next phase of the study. 
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III ROLLING RESISTANCE OF FREIGHT CARS 

Introduction. 

In order to design a hump yard properly, it is essential to know 

range of values of the rolling resistance associated with a hard

ling car at one extreme and an easy-rolling car at the other extreme. 

is this variability that introduces some of the main problems of 

design. For example, easy-rolling cars tend to overtake the hard

cars, which introduces a headway-control problem in the 

area. On the bowl tracks, the release velocities of the 

point retarders must be selected in accordance with the rolling 

characteristic of each car to avoid undesirable impacts between cars. 

This requires the measurement of car rolling resistance as well as a 

suitable control scheme for the tangent point retarders. In this sec

tion, the model of rolling resistance that was used for the West Co lton 

design studies is discussed. The experimental data from which this 

developed are also discussed. The latter part of this section 

the measurements of the car resistance. 

B. Experimental Data and Choice of a Model 

In order to design a hump yard quantitatively, a model for car 

rolling resistance as well as the range of the model parameters is 

needed. Many different sets of qualitative terminology are used in 

the literature for rolling resistance, among them "rollability," "car 

frict ion," and "car resistance." In this report we have used e ither 

"rollability" or "car rolling resistance" to refer to a specific quanti

tative model. The model that is us ed was develope d after the review of 

several past e xperiments. Specifically, the model chosen is composed 

of two friction terms: a Coulomb friction t e rm and a viscous friction 

term. Thus, the equation of motion of a freight car rolling on a grade 

of 0 radians has been assumed to be: 

. 
V = 0g - µg - KgV (1) 
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where V = car velocity (ft/s) 

0 = grade in radians 
2

V = car acceleration (ft/s ) 

µ = coefficient of Coulomb friction (dimensionless) 

(s-1)K = coefficient of viscous friction 
2 

g = 32,16 ft/s 

Note: Strictly speaking, the term 0g should beg sin 0, however 

for small values of 0 under cons i deration, sin 0 = 0. 

For our studies the choice of a model for car rolling res i stance 

and t he choice of coefficients for this model that corresponded to hard, 

medium, and easy rollers was made after reviewing the results of two 

previous series of experiments. The two sets of experiments were: 

(1) Experiments conducted in 1956-57 by R, M. Hermes of 

Stanford Research Institute, and 

(2) Experiments conducted in 1960 by representat i ves of 

Union Switch and Signal Co, and Cotton Belt Railway. 

1. Hermes Experiments 

In 1956- 57, R. M. Hermes of the Stanford Research Institute 

Control Systems Laboratory conducted tests at the Santa Clara and 

Rosev i lle yards of Southern Pacific Company to determine the rol l ing 

resistance of freight cars , His conclus i on was that, for car speeds 

above approximately 5 ft/s (about 3 -1/2 ml/h) and car s peed s in the 

normal hump yard range of about 5 to 20 ft / s, the car rol ling resistance 

is essential l y viscous friction, i.e. the car rol l ing resistance is 

approxi mately proportional to velocity: 

(2) 

where Vis the car velocity and Bis a constan t of proportional ity. 

At Roseville, freight cars were observed as t h ey rolled over 

several calibration sections, each located on a di fferent track . The 

grades of each section were measured. The sections were about 250 ft 

long, A total of about 700 runs of about 20 cars (incl uding both 
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journal-bea~ing and roller-bearing types) over the calibration sections 

were made. For ea.ch run, the velocity of the car was measured at the 

entrance to and exit from the calibration section and the travel time 

between these two points was measured. Car speeds over these sections 

ranged from about 10 to 20 ft/s (about 7 to 14 mi/h). In this range 

of car speeds, Hermes found the rolling resistance of cars to be as 

indicated in Table I. These ranges of car rolling resistance are also 

shown in Fig. 1. 

Table I 

CAR RESISTANCE (lb/ton) BASED ON HERMES' TESTS* 
at 7 mi/hr at 10 mi/hr at 14 mi/hr 

Average Car 

Hard Roller 

Easy Roller 

4.48 

9,60 

0,63 

6.40 

13.70 

0.90 

8.95 

19.20 

1.26 

*It is common practice in railroad engineering literature 
to use the units of lb/ton for car rolling resistance. 
It can be shown that, in terms of the parameters given 
in Eq. (1), the car rolling resistance is equal to 
2000(µ + KV) lb/ton. 

2. Pine Bluff Tests 

In the Spring of 1960, tests were conducted at the Pine Bluff, 

yard of the Cotton Belt Railway by the representatives of the 

Switch and Signal Co. and the Cotton Belt Railway. The purpose of 

determine the improvement in coupling speeds that would 

obtained through application of a test computer based on the viscous 

model developed by Hermes. 

In the tests, cars of all weight categories and both journal

and roller-bearing types were released onto two bowl tracks 

a fairly uniform 0.08 percent grade with good cross level. On 

bowl tracks, the cars were observed as they rolled over 

ibration section where the tangent track rolling resistance measure

lb/ton) was measured. The velocity of cars at these calibration 

ranged between 8 and 10 mi / h. Additional sections on the 
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bowl tracks were observed and stop watch measurements of car velocity 

were taken on these sections. About 543 cars were involved in the 

tests. Experimental values of rolling resistance found in the Pine 

Bluff tests have been tabulated by B. Gallager and are displayed in 

Fig. 1. 

3. Analys is of the Data 

After a detailed study of the results of the above noted two 

independent tests studies, B. Gallagher of Southern Pacific and the 

SRI team concluded that a suitable model for car resistance would be: 

R = A+ BV (3) 

where A and Bare constants and Vis the car velocity. 

In relation to this model, it was noted by B. Gallagher that 

cars tended to roll more freely as they traversed more and more distance 

in the yard. The explanation for this behavior seems to be the improve

ment in lubrication caused by the heat generated by the motion of the 

car. In view of these observations, it was suggested by B. Gallagher 

that two sets of the coefficients A and B be used to represent a car's 

resistance; one set for the crest side of the group retarders and one 

set for the bowl-track side of the group retarders . Following this 

suggestion, the limits of car resistance corresponding to hard- and 

easy-rol ling cars in both sections of a yard were found from the Pine 

Bluff data and are shown in Fig. 2. It can be seen that the Pine Bluff 

limits of hard and easy rolling cars compare well with the Hermes 

results in t h e velocity range of the Hermes experiments. The curves of 

rolling resistance as a function of car velocity shown in Fig. l were 

used for designing the grades in the yard and retarder control schemes 

in the switching area as well as in the bowl tracks. 

In t erms of Eq. (1) the parameters µg and Kg corresponding 

to the curves given in Fig. 2 are shown in Table II. 

I 
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Table II 

RANGE OF µg AND Kg USED FOR YARD DESIGN 

Car 
Crest Side of Group 

Retarders 
Bowl Side of Group 

Retarders 
Characteristic µg 

2
(ft/s ) 

Kg 
(s-1) 

µg 
2

(ft/s ) 

Kg 
(s-1) 

Hard Roller 

Easy Roller 

0,0610 

0,00643 

0,0150 

0.00350 

0,0322 

0,00643 

o. 0113 

0,00206 

c. An Improved Scheme for Estimating Car Rolling Resistance 

For satisfactory operation of the yard it is necessary to know the 

rolling characteristic of each car as it moves down the hump in order 

that appropriate control be exerted on it by various retarders. As 

discussed later, the retarders in the switching area could suitably be 

controlled as a function of entrance velocity of the car so that advance 

information about car rolling resistance is not necessary for the 

retarders in the switching area. However, to control the let out veloc~ 

ity at the tangent point retarder properly, it is necessa ry to know the 

rolling resistance of the car and also the available unoc cupied lengt h 

on the bowl track. The conventional method of measuring the rolling 

resistance of cars by an acceleration measurement section placed some

where near the hump has often proved to be unsatisfactory because of 

inaccuracies in the measurements and also because t he rolling charac t er

istic of a car changes as it moves in the yard. Since it would be 

economically infeasible to place an acceleration measurement section 

on e ach bowl track, a scheme is presented that deals with the possibil

i t y of improving one's estimate of a car's rolling resistance a t the 

tange nt point by taking the data from the standard acceleration measure 

ment sections and combining it with data on the car's rolling behavior 

throughout the switching area. The motivation is bas ed on the simple 

intuitive notion (which can be verified mathematically) that measurement 

errors are reduced as the number of indepe ndent me asurements incre ases. 

This assumes, o f course, that the additional measurements are properly 

pr ocesse d. An ex ample of this simple no t ion is t h at t o estimate the 
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value of a quantity accurately, one can take many independent measure

ments and then take the average value of these measurements as the 

estimate. 

A single standard acceleration measurement section can not deter

mine both of the parametersµ and K given in Eq. (1). What a measure

ment section can determine is a lumped value of rolling resistance Rat 

the average velocity in the measurement section, i.e. 

R = 2000(µ + KV ) lb/ton (4) 
ave 

Present hump yards measure rolling resistance at a nominal value 

of velocity on one or several acceleration measurement section early in 

the car's run. It is proposed to supplement this estimate of the car's 

rolling resistance by observing the behavior of the car throughout its 

run from crest to tangent point. 

In the suggested design of high-throughput hump yards, a car may 

roll through as many as three or four retarders before reaching its 

final destination. Since the velocity of a car at the exit of each 

retarder and at the entrance to the next retarder is available, it is 

possible to process this information to obtain additional information 

on the car's rolling resistance, Consider the following simple example. 

Let µg and Kg be the rolling resistance parameters of a car, which are 

to be determined. Let R be the value of resistance determined on t he
0 

acceleration measurement section and R , R , and R be the value of the
1 2 3 

composite resistance determined by using the velocity information at 

each retarder, Then we can let 

where the a. 'sand b. 's are as yet undetermined coefficients. When the 
1 1 

yard is built, controlled tests can be used to determine the coefficien 

a. and b .. In particular, one can set up temporary instrumentation to 
1 1 
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µg and Kg on each bowl track for a series of test cars. Since 

R , R
1

, R
2 

, and R are known for these test cars, the coeffi
0 3 

cients a. and b. can be determined using a least-squares fit, Using
i i 

this procedure, such questions as the accuracy of grades and curved 

resistance versus tangent resistance are inherently accounted for in the 

fitting a curve to the data. 

Summary 

Our study of experimental data has led us to develop a model for 

rolling resistance that combines Coulomb friction and viscous 

The extremes of resistance corresponding to a hard roller and 

an easy roller have been established from existing experimental data and 

are summarized in Fig, 1 and Table II. Also, it has been proposed that 

velocity information that is available throughout a car's run be used 

obtain an improved estimate of what a car's rolling resistance will 

beyond the tangent point. This suggestion is motivated by the fact 

that a car's rolling resistance changes throughout its run . 
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IV MAI N PRINCIPLE OF YARD DESIGN 

Introduc tion 

This sect ion discusses the ma in principle in controlling cars in 

yards to maximize throughput. I n the c ourse of this d iscussion it 

s hown that, in order to avoid misswitching cars, t he minimum vel ocity 

t he switc hi ng area must be greater than twice the hump speed, Based 

t hi s fact , it i s shown t hat the retarde rs in the switching are a 

be used sole ly to control separatio n of c ars, whereas the tangent 

retarders are used solely to decel erat e cars down to the proper 

speeds on the class i ficat ion tracks . Thus, the present pract i ce 

mas ter and group retarders to contro l both separation a nd 

speed is unsatisfactory and can result in r es tricted throughput. 

Minimum Ve loci ty in the Switching Area 

In this s ection, i t is shown that, for a des ired hea dway of 50 f t 

typic a l 50-ft long cars , the vel ocity in t he s wi t ching area 

be at l east twice the hump speed, 

Ass ume that two identical cars of l engt h L, having the same rolling 

res istanc e a r e pushed over the hump with vel ocity VH and fol low each 

other a ll t he way to the l ast s witch . 

Figure 3(a ) shows two cars passing over the hump cre st with a hump 

velocity VH. The hump t h roughput in cars / mi n is: 

hump throughput= L/ VH ( 5) 

Thi s throughput mus t r emain c onstant throughout the s witc hing are a . If 

the throughput in thi s area were l e ss than the hump throughput , thi s 

would mean that more cars / min were entering t h e switching area than 

were l eaving . This will event ually create collision and back-up prob

lems . Likewise, i f the t hroughput i n t he s witching area were greater 
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FIGURE 3 CARS AT HUMP AND SWITCH LOCATION 

than the hump throughput, more cars/min would be leaving the switching 

area than were entering it, and this is impossible! Therefore: 

Switching Area= Hump Throughput= L/ VH (6) 

Throughput 

In the switching area, cars are spaced as shown in Fig. 3(b); that 

is, instead of being bumper to bumper, the cars have gained speed and 

some headway, h, exists between cars. The size of this headway is 

dependent upon the speed, V, of cars in the switching area and the 
s 

throughput. Specifically, 

L+h 
= Switching Area (7)

V 
s Throughput 

which implies 

h = (Switching Area Throughput) V - L (8) 
s 

Upon combining Eqs. (6) and (8), we see that 

(9) 

22 



to prevent misswitching, the headway between cars should be about 

h ~ L 

, substituting R = L into Eq. (9) , we find that (Vs - VH)/VH"'" 

implying Vs= 2VH. Thus the speed of the cars in the switching 

a should be at least twice the hump speed , V. 
H 

Looking at the problem from the reverse viewpoint, the minimum 

in the switching area is a fundamental restriction on through

In particular, the hump velocity is restricted to be approximately 

of the minimum velocity in the switching area, 

Dichotomy between Front End and Back End of the Yard 

Retarders in hump yards have two basic functions: 

(1) Control of separation for switching, and 

(2) Reduction in velocity-head to avoid collisions in the 

classification tracks. 

The appropriate design philosophy would recognize the two distinct 

performed by the retarders and separate these functions, 

to Fig. 4, the front end of the yard is that portion of the 

the crest of t he hump t o the last switch of a given route, 

the yard is from the last switch to the end of the 

ification tracks. If VH is the desired hump speed, then (according 

discussion in Part A) the front end must be designed to give a 

velocity of 2•VH to all cars and the retarders must not reduce 

car below 2•VH. Once the grades have been designed 

hardest rolling cars a velocity greater than 2•VH' then the 

of the retarders in the fro n t end is to control separation. 

if the grades in the front end have been overdesigned to give 

rolling car a velocity greate r than 2·VH, the n the 

--in addition to controlling separation--will be required to 

f o r the excess grade , In s ummary, as shown in Fig, 4, the 

of the yard must deliver to the back end of the y ard cars 

at 2•VH to avoid misswitche s. 
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The retarders at the tangent point must be capable of taking these 

cars traveling at a speed of about 2•VH down to the maximum coupling 

speed Ve. The amount of retardation to accomplis h t his in terms of 

velocity head is 

(10)Retarder Veloci ty Head= 

2where g = 32.16 ft/s . The only variables in Eq. (10) a r e the hump 

speed and the maximu m coupling velocity. If a hump speed of 7 ft/sis 

desired and the coupling s p eed of 6 ft/sis s pecified, then the amount 

of retardation power a t the tangent point is fixed by Eq. (1 0) . In 

order to reduce the amount of retarder power required at the tangent 

point, one must either reduce t he desired hump speed VH or increase the 

maximum coupling speed Ve. This mean s th at either the yard throughput 

must be decreased or higher coupling speeds must be allowed--both un

desirable options . I t is to be noted from Eq. (10) t h at if the desired 
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hump speed VH is less than half of the maximum coupling speed (i.e., 

VH < 1/2 Ve), then no tangent point retarders are required. 

Current placement and operation of the master and group retarders 

do not separate these functions. The release velocity of present-day 

group retarders are designed to create separation and also to ensure 

that coupling speeds in the classification area are small, The require

ment that the group retarders control coupling speeds may limit the 

velocity in the switching area following the group retarder to below 

2·VH. Consequently, according to the previous discussion, the hump 

velocity may be severely restricted by this design and control philosophy. 

D. Summary 

Two very important factors affecting the throughput of the yard 

have been pointed out. Firstly, it was shown that the hump speed is 

restricted by the maximum allowable speed in the switching area, In 

particular it was pointed out that, for a desired headway of one car 

length, the speed in the switching area must be at least twice the hump 

speed, implying that the maximum hump speed cannot exceed one-half of 

the maximum allowable speed in the switching area, Secondly, it was 

shown that the conventional practice of using the master and group 

retarder for controlling both headway and buffing speed is unsatisfactory 

and is a major source in restricting the throughput of the yard. It is 

shown that for high throughputs, the retarders in the switching area 

should be used only for headway control and the buffing speed should be 

controlled separately by tangent point retarders. 
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V DESIGN OF THE FRONT END OF THE YARD 

A. Introduction 

In order to avoid misswitches, it is necessary to maintain a 

certain minimum headway between two consecutive cars traveling in the 

switching area. The necessary headway is produced by a proper initial 

steep grade and is then maintained (within acceptable limits) by an 

appropriate combination of grade profile and retarders, which are placed 

at suitable locations in the switching area. The required minimum head

way depends on the average velocity of the cars during the switching 

period as well as the minimum time needed for the switch to change over 

from one position to the other after the lead car has passed through it. 

For average speeds of 20 to 25 ft/sin the switching area, a minimum of 

35 ft headway between the rear end of the preceding car and the front 

end of the following car is an absolute necessity for satisfactory 

switching. However, in order to compe nsate for the unce rtainties in 

the rolling characteristics of the cars, errors in sensing the speed, 

and operation of the retarders, etc., a minimum required headway of 

50 ft has been selected for the analysis and design of the headway 

control scheme. 

In this section, the principles of grade design, selection of the 

s ize and location of retarders and their control policy are discussed 

in detail. Various aspects of the general principles are elaborated 

with examples. 

B. Grade Design 

The grades from the cre st of the hump to the last switch mus t be 

designed to give sufficient s e paration at switch points based on the 

wors t case c o ndition, viz., the hardest rolle r followed by the easiest 

roller t rave ling toge t her t o the last switch. In the following, the 

considerat i o ns fo r designing the initial , intermediate , and f inal grade 

profiles in the front end of the hump yard are discussed in detail 

(see Fig. 5). 
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FIGURE 5 GRADES FROM THE CREST TO THE LAST SWITCH 

Initial Front-End Grade 

The determining factor in the design of the initi al grade is 

the l ocation of the first switch. For a given hump speed and initial 

grade, there is an optimum l ocati on for the first switch in terms of 

obtaining maximum separation at the switch: Locating the f irs t switch 

either closer or f urther from the hump crest will restrict the hump 

speed. Also, for a given location of the first switch, any i ncrease in 

hump speed requires that the initia l grade be steepened in order for 

cars to clear the first switch. S i milarly, i f the first switch location 

is moved away from the optimum location--ei ther toward or away from the 

hump--the initial grade must be steepened. 

Figure 6 is a plot of the maximum allowed hump velocity as 

a function of the l ocation of the first switch on grades of 3, 4, and 

5 percent. A static rollability model was used in this study, since 

data from Union Switch and Signal (transmitted via Barney Ga llagher) 

tend to indicate the rolling resistance is a constant during th~ f irs t 
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* several hundred feet of a car's run. The plots are based on the hardest 

rolling car being followed by the easiest rolling car achieving 50- ft. 

separation at the first switch with no retardation on the hump. With a 

master retarder on the hump, the initial grade can be more shallow. The 

following two worst-case rollability spreads were assumed: 

Case 1: Hard Roller= 30 lb/ton; easy roller = 0 lb/ton 

Case 2: Hard Roller= 28 lb/ton; easy roller= 2 lb/ ton 

Figure 6 indicates that for a given grade, the maximum hump velocity 

deteriorates quickly as one moves the first switch from the optimum 

location toward the hump crest and not as quickly as one moves from the 

optimum location away from the hump crest. From a practical standpoint, 

if one cannot place the first switch at the optimum, it is generally 

desirable to place the first switch further from the hump crest than 

closer to the hump crest. The distance one holds the initial grade is 

dictated by such consideration as the maximum allowed velocity and the 

desired height of the hump. 

2. Intermediate Front-End Grade 

An intermediate grade is chosen to maintain the velocities and 

separation achieved at the end of initial grade past the first switch 

and into the long lead. This grade should be designed to keep car velo

cities below the maximum allowed velocity. 

3. Final Front-End Grade 

As discussed in Sec. III, the minimum velocity allowed in the 

switching area is twice the hump speed. Consequently, the final grade 

in the switching area must be designed to give the hardest rolling car 

a velocity of about twice the hump speed until the last switch is passed. 

* This results from cancellation of the increase in resistance due to 
velocity by the initial decrease in resistance due to heating of the 
journal oil. 
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t 
4. Curve Compensation 

Since the initial track branches out into several bowl tracks 

(e.g., in case of West Colton, the initial single track at the hump 

ultimately branches out into about 80 bowl tracks), there will always 

be tracks that will have some curved portions. A car traveling on a 

curved track experiences centrifugal frictional forces in addition to 

rolling friction. Thus, to obtain the effect of, say, a grade of 

3 percent on a curved portion, the actual grade must be made slightly 

more than 3 percent to compensate for the additional frictional forces, 

An empirical rule in this regard as given by B. Gallagher is to add 

0,04 ft extra head per degree of central angle, where the central angle 

is the angle between perpendiculars erected at the extremities of the 

curved portion as shown in Fig, 7. 

TA-7685-7 

FIGURE 7 DEFINITION OF CENTRAL ANGLE 

For tracks in which there are some curved portions, additional head 

using the above noted empirical rule must be added to compensate for 

the additional frictional forces, 

C. Selection of Sizes and Location of Retarders 

From an operational point of view, it would be desirable to place 

several small re tarders at short intervals throughout the switching area 

to extract continuously the extra kinetic energy gained by easy rollers 

so that the velocity profile of the controlled easy roller will be 

almost identical to that of a hard roller. This will result in a uni

f orm constant h eadway. However, thi s would not only be uneconomical but 
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imprac tical s i n c e the presence of vari o us s witches at various points 

in the track as well as the existence of curved po r t ions of the 

impo se some limi t ations on t h e placement of the r e t a r ders. A 

of a bout 18 f t o n e ach s ide of a switch is n e cessa r y from mecha nica l 

a nd structural considerations . Under c e rtain circumstances it may 

be des i r able to place the r etarder s i n the curved po rtions of t h e 

Th us only c ert a i n definite po rtions of t h e t rack a r e available for 

plac ing the retarders. Ke eping thes e c ons t raint s and conside r a tions 

in v i ew, a suitabl e approach would be to sel ect the s i ze, location 

control po l icy o f the r e t a r ders so that t he result i ng control l e d 

city profile of t he e a sy rol l ers inte r t wines t h e profile of a h ard 

rolle r as s hown r oughly in Fig. 8 . 
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FIGURE 8 PROPOSED CONTROLLED-VELOCITY PROFILE 
FOR EASY ROLLER 

A f ew trial studies can easi l y be made by s tudy ing the v eloc ity 

and travelled di s t a nce profi l e s of a h a r d roller followed by an easy 

r o ller , s ince this represents the worst case as f a r as c los i ng up the 

h e adway is concerned. If the easy ro l ler i s a llowed to roll f r e e l y, 

it wi l l tend t o c a t ch up with the hard r o ller within a short dis tance. 

The first retarde r s h ould therefore be placed in t h e vicinity where 
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the headway is first indicated to be getting smaller than the desired 

value, The velocity of the easy roller at this point should be reduced 

by a certain amount through retarder action. (To establish a suitable 

value for the reduced speed, a simple control policy is proposed in the 

next section.) The necessary size and location of the second, third, 

etc, retarder can similarly be established through further computation 

of distance and velocity profiles, 

D. A Proposed Control Scheme for the Retarders 

After selecting tentatively the location of retarders, the next 

step is to use a suitable control scheme for the retarders. A simple 

control law of the form of Eq, (11) was tried and a few test studies 

gave quite encouraging results. 

V = V - K (V - V) (11)
E O 1 i b 

where v = Velocity of the hardest roller at the point it leaves 
0 

the retarder 

Vb= Velocity of the hardest roller at the point it enters 

the retarder 

V. = Velocity of any other car at the entrance to retarder 
l 

= Controlled exit velocity of the other carVE 

A suitable constant to be chosen by trial.Kl = 

Note that if Vi= Vb, it implies that the incoming car is a hard roller, 

so 

Vi - Vb= O and VE= v = exit velocity of a hard roller,
0 

which is what it should be, 

It is felt that, with suitable values for K to be found by a few 

the above control law would be a simple and convenient form of 

The implementation of this law requires the measurement of 

car spee d at the entrance of the retarder, Using this information, the 

neces sary exit velocity of the car can be calculated quickly by the 
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computer using Eq. (11) and the retarder may be instructed to reduce 

the velocity to the value found by Eq. (11). The sensing and communica

tion requirements are thus not very elaborate. In this connection it 

is to be mentioned that easy rollers can be differentiated from hard 

rollers by several methods. Two common methods are velocity measurements 

and travel time measurements. Whereas there is no difficulty in modifying 

the proposed control law so as to utilize time measurements instead of 

velocity measurements, we feel that control based on velocity measure -

ments is preferable for the following reasons: 

(1) Velocity measurement is already necessary for proper 

operation of retarders to achieve desired exit 

velocities. 

(2) Time separation may vary for reasons other than varia

tions in rollability, e.g., delays in disconnecting 

the car on the hump. The velocity at the entrance 

point to a retarder is not dependent on the time 

reference and is not very sensitive to initial hump 

velocity because the velocity profile in the yard is 

essentially governed by the grades and the initial 

transient dies out within 100 ft from the hump. There

fore, velocity seems to be a better criterion to dis

tinguish a good roller from a bad roller. 

(3) The control algorithm based on velocity measurement is 

quite simple. 

E. An Example 

The above-noted general approach is now illustrated with a specific 

example wherein we consider some specific values for switch location, 

hump speed, car length, desired headway, etc. These assumed values are 

used only for convenience and to clarify various ideas. The same general 

approach is applicable for other similar hump speeds, desired headway, 

etc. 
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1, Assumptions 

(1) Assume that, for a car rolling freely on a grade, the 

motion is described by 

V = 8g - µg - Kg V (12) 

where V = Speed of the car in ft/s 

8 = Angle of the grade in radians 

2 
g = 32,2 ft/s 

µg and Kg have been assumed to have the following values 

based on various test results: 

Hardest Roller: µg = 0,0611; Kg= 0.015 

Average Roller: µg = 0.0257; Kg= 0,008 

Easy Roller: µ g = 0.00643; Kg= 0.0035 

(2) Car lengths are assumed to be 50 ft. 

(3) Minimum desired headway between centers of the cars is 

taken as 100 ft. 

(4) Assume a humping speed of 7 ft / s. 

(5) The first switch is located somewhere between 350-450 ft 

from the hump. The second, third, etc., switches are 

located in the area 1000-1500 ft from the hump. It is 

not easily possible to place any retarders in the section 

from 1000-1500 ft because of several switches in this 

section. 

2, Design of Grades 

a, Initial and Intermediate Grades 

Considering the case of an easy roller followed by a 

hard roller, it was found after a few trials that an initial grade of 

3 percent for about 200 ft followed by a grade of 2 percent for 

the next 250-300 ft is necessary to produce a satisfactory headway of 
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100 f t betwe en the distance 350 f t to 4 50 ft from t he hump wher e the 

first switch might be located. This, however, is not a unique grad e 

profi l e but i n dicates the minimum i niti al grad e nece s s ary for the given 

l ocation of the first s witch and the g i v en vel ocity at the hump. 

Other c ombinations --e. g ., an initial grade of 5 percent 

for 200 ft an d then a grade of 1 .5 percent f o r the next 200-250 f t -

might produce eq ua l l y acceptable or even better h eadway between 3 50 to 

450 ft. 

Onl y after a few t ria l studies of velocity and dis t ance 

prof iles of a h ard and an easy r o ller c a n one select a reasonably good 

profile. In o r der to compensate for inaccuracies in the c a r rolla bili ty .·•.·• 

models, it was c o ns idered desirable to sel ect an initial 

more tha n t he minimum theoretical value. I t was therefore decided to 

use a 3 . 5 percent gr a d e f o r the f i r st 200 ft and 2 percent for the next 

300 ft . 

b. Front-End Final Grades 

Front-end f ina l grade should be se l ected so tha t a hard 

r oll e r rolling freely and enterin g this grade with the vel ocity i t 

a t tains in t h e intermediate section is gradually brought down to a 

s peed o f about twice the s peed a t the hump. For the initia l and inter

mediate gr ade mentioned above, the veloc i ty of a hard roll e r at the end 

of the intermediate g rade (i. e ., at a d istance of 500 f t from the hump) 

was computed t o be about 2 3 ft / s, To r educe this speed to about 14 ft /s 

(twice t he humping speed) in a r o lling distance of 1000 ft (i.e. , 500 

to 1 500 ft from the h ump), a grade of 0.6 percen t is necessary . A 

shallower grade will reduce the speed to less t h an 14 ft/sand a s t eep er 

grade will result in an easy r o ller attaining too high speeds. Thus a 

suitabl e va lue fo r this pa r t of the yard would be 0 .6 percent . 

t he initial and intermediate grade with the f ina l grade a poss i b l e grad e 

p rofi l e for the yard under the assumed conditio ns i s as shown be l ow in 

Fi g . 9. 
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FIGURE 9 A SUITABLE GRADE PROFILE FOR THE EXAMPLE 

c. Location of Retarders 

To establish the needs and location of retarders, the 

following procedure was followed: 

y (1) The performance of a hard roller followed by an 

e asy r o ller, both rolling fre ely o n the above 

noted grade profile, were computed using a simpl e 

c omputer program that calculates t he distance and 

velocity of the car as a function of time us ing 

Eq. (12). 

( 2 ) It was fo und that the headway builds up to 100 ft, 

when the center of the hard roller (l eading car) 

reaches a distance of 150 ft; it is maintained at 

more than 100 ft (highest value 115 ft when 

l eadin g car at 200 ft from hump ) until the lead 

car reaches a dis tance of about 500 ft after which 

it starts decreasing and ultimately becomes zero 

when the lead car is 700 ft away f rom the hump. 

Thus , strict l y speaking, no retarder is needed 

between humping point and the first swi tch. How

ever , i n view of t he fact that an actua l hard 

r o ller may be s l ight l y worse than the assumed 

model and a n actua l easy roller can be slightly 

better than the assumed mode l (in which case the 

actual headway might be less than 100 ft), i t was 

decided to place a retarder betwee n humping point 

37 



and the first switch. A suitable location appeared 

to be at 300 ft away from the hump. Tentatively 

its length was selected as 40 ft . After the finali

zation of the exact location of the first switch, 

some modification in the size and location of the 

first retarder may be necessary. 

(3) Assuming as a first trial that the first retarder 

is made to release the easy roller with the same 

exit velocity as that of a hard roller at the exit 

point, its further performance was computed, assuming 

a free roll on the track. It was noted that the 

headway between the leading hard roller and the 

following easy roller tended to become less than 

the desired headway, when the lead car is at about 

650 ft (from the hump). Thus it was decided to 

place a second retarder at a distance of 550 ft. 

First its length was tentatively selected as 40 ft; 

after further study, it was changed to 60 ft since 

a 40-ft retarder did not have the capability to 

reduce the speed of the easy roller in accordance 

with the requirement of the control law discussed 

below. 

(4) In view of the fact that no retarder could be 

placed in the section 1000-1500 ft, and rough cal

culation had indicated that one more retarder will 

be needed after the second retarder, it was decided 

to place it as close as possible to the tangent 

point to obtain maximum effectiveness in the area 

between 1000-1500 ft. Thus the third retarder was 

placed at 900 ft with a length of 60 ft as a first 

trial. 

The above-noted considerations indicate the process by 

which retarder placements were established. We now briefly discuss the 

control logic employed. 
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d, Control Policy for Retarders 

Control law of the form of Eq. (11) was used for the 

three retarders mentioned above. The values of K for the three retarders 

used were: 

First Retarder K = 0 

Second Retarder K = 1 

Third Retarder K = 2.5 

Figure 10 shows the distance and velocity profiles of a 

hard roller as well as an easy roller for the example under consideration. 

It is seen that the headway between a hard roller followed by an easy 

roller, between an easy roller followed by another easy roller, between 

an easy roller followed by a hard roller, are all at least 100 ft 

throughout the distance from 100 to 1500 ft. 

With reference to the results of the above example, it 

is seen that between 800 ft and 1000 ft the headway is just 100 ft, 

This is not quite desirable since if the hard roller were slightly worse 

than the assumed model or if the easy roller were slightly better than 

the assumed model, the actual headway might be quite closer than 100 ft. 

Some adjustment in the values of K could be made so as to bring the 

distance profile of the controlled easy roller to come closer to the 

profile of a hard roller, in which case there will be a few feet of 

extra headway available to compensate for inaccuracies in the model or 

in the measurements of speed or the retarder operation. 

A few test studies for this specific example and a similar 

example using the control law in Eq. (12) indicate that, by using a 

fourth retarder and a slight adjustment in the location of retarders, 

an error of about ±1 ft/sin the release velocity of the retarder can 

be tolerated. This tolerance could be relaxed further if additional 

retarders are used. Therefore, for any specific case where grade profile, 

hump speed, switch location, reliability and tolerances in car models, 

sensing and retarder performance are known, the size, number and loca

tion of various retarders can be found out by a few simple test studies 
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using the control law of the form shown in Eq. (12), and following the 

general procedure explained with reference to the example. 

F. Summary 

Var ious factors that influence the design of grade profiles a nd 

principles of s electing the size, location and control policy of the 

re tarders in the front end of the yard have been discussed. It was 

shown that there may not exis t any unique way of selecting the grades 

in this area. Howev er for any set of given conditions such as the 

location of the switches, rollability model of the cars, humping 

veloci ty and t he desired headway etc. there exist only a few combina

tions of initial, intermediate and final grade which fulfill all the 

desired conditions. A suitable grade profil e can therefore be selected 

by a few trial studies. After the selection of the grade profile, the 

size, location and control policy for the retarders can be finalized by 

c onsidering the case of a hard r oller followed by an easy r ol ler and 

computing the headway between them. A simple contro l po licy for 

retarders was proposed in whi ch the retarding force on an easy roller 

is made directly proportional to the excess speed of these rollers in 

comparison to the speed of the hard rollers at the corresponding l oca

tion . An example was presented to elaborate various ideas, 
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VI GENERAL DESIGN CONSIDERATIONS FOR THE BOWL TRACK AREA 

A. Introduction 

Three main desi gn considerations f or the bowl track area of the 

yard are discussed in this section. They are: 

(1) Selection of the bowl track grade, 

(2) Type and size tangent point retarder to be used, and 

(3) Control of the tangent point retarders. 

It is shown how the grade of the bowl t rack is dependent upon the values 

for the rolling resistance of a hard roller and of an easy roller. The 

best type of tangent point retarders seem to be the weight-responsive 

type. It is shown that their size is directly related to the design 

value of the yard throughput. Finally, it is shown that, for a yard 

throughput of 8 cars/ min, in order to avoid damaging collisions of 

cars within the tangent point retarder, a particular type of control 

po licy s hould be used. 

The selection of the size, location and the proposed control scheme 

of the tangent point retarders presented in this section is based on the 

following desired objectives: 

(1) The retarders should be capable of reducing the speed of an 

easiest roller to about 6 ft / sec because of the colli s ion 

constraint. 

(2) Cons ecutive cars destined for the same tracks should not 

collide in the retarder section with intolerable speed 

difference . 

In the present section, the case of two consecutive cars has been 

analyzed in detail. The case of three or more consecutive cars destined 

for the same track requires considerations of some additional f actors, 

e.g., cutting policy and spreading of retarder s ections . However, the 

basic control policy proposed in this section with reference to the 
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case of two consecutive cars is equally applicable to the cases of 

three or more consecutive cars. These cases have been considered in 

Section VII, along with the cutting policies where a modified scheme 

of spreading the retarder sections to minimi ze the collision is 

discussed. 

B. Bowl Track Grade 

The grade of the bowl tracks is a compromise value. It should not 

be so large that an easy roller will accelerate and reach speeds in 

excess of 6 ft / s (otherwise an easy roller would somet i mes couple with 

standing cars with an impact velocity greater than 6 ft/s ). On the 

other hand, it should not be too shallow, otherwise, a hard roller will 

stop shortly after passing the tangent point . 

As discussed in Sec. III, when a car is rolling on a grade of 

value 0, the net car acceleration is given by: 

V = 0g - µg - Kgv (1) 

where e = grade in radians 

µ = coefficient of Coulomb friction (dimensionless) 

(s-1 )K = coefficient of viscous friction 

2 
g = 32. 16 ft/s 

V = car speed in ft /s 

The ranges of µ g and Kg are (from Table II): 

for a hard roller 
µg = (13) 

lo.00643 for an easy roller 

~0.0322 

o. 0113 for a hard roller 
Kg (14)= 

{ 
0.00206 for an easy roller 

Using Eqs. (1), (13), and (14), one can show that an easy roller 

will never exceed 6 ft/s (as long as it is released from the tangent 
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point retarder at speeds below 6 ft / s), if the grade is less than 

approximately 0.06 percent. Furthermore, with this grade, a hard roller 

will roll about 700 ft beyond the tangent point assuming it clears the 

t angent point with a velocity of about 14 ft/s . This 700 ft of clear

ance is considered sufficient to prevent blocking of the retarder, and 

the hard roller will eventually be pushed down the bowl track by other 

cars. 

In summary, a grade of 0.06 percent is satisfactory on the bowl 

tracks. A steeper grade would require additional retarders placed 

a long the bowl track, and a grade more shallow than 0.06 percent would 

result in low coupling speeds and also result in too many cars stopping 

short, 

C. Si ze of the Tangent Point Retarders 

The size (working length) of a tangent point retarder is determined 

by the maximum energy reduction required for a car at the tangent point 

and the velocity head of standard l engths of the r etarder. 

The maximum energy reduction required for a car at the tangent 

point is a direct function of the yard throughput. As discussed in 

Sec. IV, all cars must have a velocity of at l east twice the hump speed 

VH in the switching area . Therefore all cars will reach the tangent 

points with a speed of at least 2VH. Since the last control point for 

cars is at the group retarders, easy rollers wi ll gain kinetic energy 

from the group retarder to the tangent point . Our studies have shown 

that an easy roller gains about 3 ft /s additional velocity in its roll 

from group retarder to tangent points with an assumed grade of 0,4 

percent in this section, Consequently, the tangent point retarders 

must have a veloc ity head of approximately: 

(2VH + 3)2 - v!in 
h = (15)

2g 

where h = velocity head of tan gent point retarder (ft) 

VH = the hump speed (ft/s) 
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V. = minimum let-out velocity (ft/s) of the tangent point
min 

2 
g = 32.16 ft/s 

If the bowl track grade is 0.06 percent it is not necessary to 

release any car (even an easy roller) from the tangent point retarder 

at a speed less than 6 ft/s because this grade will allow an easy roller 

to coast at a constant 6 ft/s along the bowl track when the car is 

released at 6 ft/s, and harder rollers can and should be released at 

speeds above 6 ft/s, after which they will gradually decelerate as 

they roll along the bowl track. Therefore, with a 0.06 percent bowl 

track grade and V. of 6 ft/s, Eq. (15) becomes:
min 

h = 

Consequently, for a hump speed of 7 ft/s (8 car/min throughput) 

the velocity head requirement of a tangent point retarder is 

2 2
(17) - (6)

h = = 3.94 ft
2(32.16) 

The most desirable type of retarder to use at the tangent point 

from a control point of view is a weight-responsive retarder because 

the velocity profile of cars in such retarders is independent of car 

weight and therefore the control of the tangent point retarder is very 

simple and depends only upon the entrance velocity of the car to the 

retarder, and the required letout velocity. The actual retarder length 

to produce the above noted velocity head can easily be calculated 

knowing the characteristics of the retarders. For example, the Abex 

weight-responsive retarders have a typical velocity head of 0,0715 ft 

per ft of working length. Thus, to obtain a head of 3.94 ft, a total 

working length of about 55 ft of this type of retarder will be needed. 

D. A Proposed Scheme for Sectionalizing and Controlling the Retarders 

In the above section the considerations to establish the size of 

the tangent point retarder were discussed. However to minimize the 

collisions between two consecutive cars in the retarder section, it is 
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B ..,_____.;..I_~ 
,,,,,--- CONVENTIONAL CONTROL POLICY 

to sectionalize and control the individual sections 

need to sectionalize the retarder arises because the total 

length i.e., 55 ft is often much greater than the headway between 

ecutive cars as they travel through the retarder. Therefore, parts 

two consecutive cars may frequently happen to be simultaneously in 

retarder. If there was only one long section of the retarder, one 

the other car could obviously not be controlled correctly. Therefore, 

the appropriate control on each car, the retarder must be 

ized into at least two parts, preferably more as will be 

below. 

In the following paragraphs a scheme of controlling the retarder 

sectionalizing it appropriately is proposed, 

In orde r to minimize the possibilities of collisions within the 

the control policy of the retarder should allow each car to 

retarder in the shortest time possible for its particular 

velocity and required letout velocity. In this way , any impacts 

the clearance point retarder occur as far into the retarde r as 

ible, thereby minimizing the impact velocity. The control policy 

achi eves this type of operation is easy to visualize from Fig. 11. 

ENTRANCE 
VELOCITY 

CAPABILITY CURVE 
A 

//PROPOSED CONTROL POLICY 

>
t: 
8 
-' 
w 
> 
a: 
<I; 
u 
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/RETARDERVELOCITY 

DISTANCE BEYOND RETARDER ENTRANCE 
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FIGURE 11 PROPOSED CONTROL POLICY OF TANGENT POINT RETARDER 
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In Fig. 11, Point A corresponds to the maximum entrance speed of 

a car that could still be slowed down by the retarder to the desired 

letout velocity. I f a car enters the retarder at a speed below this 

maximum, such as Point Bin Fig. 11, then the car should be allowed to 

coast (by leaving open the first few sections of the retarder) until it 

reaches Point C and then be retarded along t he curve ACD until the let

out ve l ocity is reached at Point D. In this way the car will clear the 

retarder in the shortest possible time . If the car were slowed immedi

ately upon entering the retarder, as is the present-day practice (i.e., 

along curve BED), the c l earance time would be significantl y larger than 

the minimum clearance time. 

In Fig. 11, Path ACD corresponds to the case where the retarder 

must be closed for the entire time that a car is in the retarder. It 

is the case in which the maximum possible energy is removed from a car 

by the retarder, referred to as the "capability curve" of the retarder . 

E. An Example 

Let us consider an example to elaborate the significance of the 

minimum clearing time policy for the tangent point retarders discussed 

above. 

Consider the case of two consecutive cars. Assume that the first 

car reaches the tangent point with 15 ft / sand must be released from 

the tangent point retarder at 6 ft/s either because the bowl track is 

nearly full or because the car is an easy roller. Assume that the second 

car reaches the tangent point with 17 ft/sand must also be retarded 

to 6 ft/s. Assume that the time separation between the two cars is 

6 seconds, which is a typical value for a humping speed of 7 ft / s. 

These values of speeds and time separat ions have been sel ected to 

quantitatitively e laborate the importance of the proposed control 

policy. The conclusions are, however, equally valid for any other set 

of values. 

Figure 12 shows the velocity and distance traveled as functions of 

time for both cars on the paths discussed above. If the first car is 

ret arded along profile BED of Fig. 12, we see from Fig. 12 that the 
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second car collides with it at time t == 8,2 seconds, with an impact
1 

velocity of about 9.2 ft/s. However, if the first car is retarded 

along profile BCD, the second car does not collide with it until time 

t == 10,6 seconds, and the impact velocity is only about 5,5 ft / s. 

This illustrates the point that the impact between successive cars 

within the tangent point retarders is the least when the minimum 

clearance time control policy is used. 

We remark in passing that the other case, in which the first car 

enters the retarder with a higher speed than the second car, is not 

critical. In fact, if one reversed the two cars in the above example 

it can be shown that the impact velocity is less than 1 ft/s. 

F. Implementation of the Proposed Control Policy 

The steps necessary to implement the proposed control policy are 

now briefly described. The capability curve (ACD in Fig, 11) of the 

tangent point retarder shifts vertically when the letout velocity is 

changed, Figure 13 shows the capability curve of a typical tangent 

point retarder of 55 ft length for different letout velocities. From 

Fig. 13, one could derive an approximate formula for the distance a 

car should be allowed to roll freely before being retarded, in terms 

the required letout velocity and the measured entrance speed. This 

formula could then be stored in the computer and used to control cars 

in the tangent point retarder. The 55 ft retarder length could be 

composed of as many sections as are practically feasible. In case of 

Abex retarders, sections as small as 11 ft are available. Five of 

these sections could be placed end to end, giving the required total 

length of 55 ft. Knowing the distance a car is to be allowed to roll 

freely, the firs t one, two, three, etc., sections can be left open, 

For instance, if only three sections are needed to retard the car, the 

first two sections can be left open and the last three sections turned 

on with a close d-loop velocity sensing on perhaps only the last one or 

two sections. Thus the sensing and communication requirements are not 

very complex. 
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Note in the discussions above that the velocity profile of a car 

in the tangent point retarder has been considered to be independent of 

car length. Actually the profile is to some degree dependent upon the 

car length, and therefore the capability curve of the retarder is to 

some degree dependent upon the car length. However, analysis shows 

that the effect is not significant and so the control policy can safely 

be assumed to be independent of car length. 

G, Summary 

Our analysis has shown that the bowl track grade should be about 

0.06 percent, a grade value that is independent of the throughput for 

which the yard is designed. The same grade should be used for the 

bowl tracks of any hump yard, 

It has been shown that, for a hump speed of 7 ft / s (approximately 

8 cars/min), the tangent point retarders must have a working length of 

about 55 ft. These retarders should be built as a string of short 

sections (Sec. VII discusses this point further). 

It has also been shown that it is important to use a particular 

control policy for the tangent point retarders--the minimum clearance 

time policy. This policy can be described as follows: 

(1) The car speed is measured just prior to entering the 

tangent point retarder. 

(2) Release speed is determined from the fullness of the bowl 

track and the car's rolling resistance. 

(3) The minimum length, LM' of the tangent point retarder 

that is necessary to slow the car to the required 

release speed is calculated (by computer). 

(4) The car is allowed to roll freely into the (open) 

retarder until it is within a distance of LM from the 

exit end of the retarder, 

(5) Full r etardation is then applied until the car clears 

the retarder . 
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VII THE INFLUENCE OF TRAIN MAKE-UP INFORMATION 
UPON YARD DESIGN AND OPERATION 

Int roduction 

This s ec t ion explores the impl ications of t y pica l make -up i nforma tion 

upon car cutting po licies , t ang ent point retarder desig n , and yard 

operating policies. 

Typical cons is t data ( from the Bakersfield yar d) we re s t udied to 

see if groups of two, three or more cars destined for the same bowl 

track occurred fr e que nt l y . I t was fo und t hat indeed they d i d occur 

frequent ly enough to deserve detai l ed conside ration . The question 

nat ura lly a ri s es whether such g roups of cars should be humped as a 

group or should be cut singly o r in some oth e r gr o up arrangement . This 

question i s r e solved in Part C wher e it i s concluded that g enerally it 

is best to cut the g r o ups into single car cuts. 

It is shown i n Part D that because groups of cars occur f r e quently 

it i s desirable t o s pread the tangent point retarder sectio ns along 

each bowl t rac k . This i s especially impor tant a t throughputs o f 8 cars/ 

mi n or more. 

Part E discusses the possibili ties of utilizing car make- up infor

improve ya rd operation, Finally , c onclus i ons are presented 

in Part F. 

B. Cons i st Da ta from Bakersfield Yard 

Sever a l c ompute r printo uts i ndicating the car make-up details o f 

various t r a ins i n Baker sfield y ard were provided to us by Mr. Williamson . 

About 20 t rains were selected randomly from thes e printouts and t h e ir 

make-up was studi ed . It was found that the most frequen t group in 

t h ese trains is t he group o f two cars . Groups o f three cars was next 

mos t f r equ ent group. On an average basis , a bout 20 perc ent of t he cars 

were in gr oups o f two cars and about 10 pe rcent in groups o f three, 

e.g. , in a t ra in of 100 cars, t here will typically be t en pairs o f two 
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consecutive cars going to same track and three or four groups of three 

cars. Groups of more than three cars were quite rare and amounted to 

less than 1 percent of the total number of cars. Assuming that these 

observations would be valid for West Colton as well, it was decided to 

limit the studies to the comparison of single-car cuts with two-car cuts, 

Two more factors contributed to the idea of limiting the study to 

only two-car cuts, First, the length of acceleration measurement section 

will also have to be increased correspondingly if more than two-car cuts 

are to be considered; this is not desirable because of loss of active 

track and costs. Secondly the cutting process becomes more involved if 

cuts of more than two types are allowed, and is liable to create con

fusion for the operating personnel. 

C. Selection of the Car-Cutting Policy 

1. Influence of Different Cutting Policies Upon Headway 

There are numerous possible situations where the decision 

about cutting the cars singly or in groups of two or more might have to 

be made, e.g. 

(1) A roller destined for Track a, followed by two rollers 

destined for Track b, followed by another roller des

tined for Track a. 

(2) A roller destined for Track a, followed by three rollers 

destined for Track b, followed by another roller des

tined for Track a. 

It is easily recognized that if the factor of rolling resis

tance variations is combined with variability of train make-up, there 

will result a multitude of combinations. Fortunately, it does not seem 

necessary to study all possible combinations : The study of one or two 

typical combinations suffices to give enough insight into various aspects 

of the problem. It was therefore decided to study the following two 

typical cases: 
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(1) One roller destined for Track a, designated a ; followed 
1 

by two rollers destined for Track b, designated b and 
1 

b ; followed by another roller destined for Track a,2 
designated a .

2 

(2) One roller destined for Track a, designated a ; followed 
1 

by four rollers destined for Track b, designated b , b ,
1 2 

b and b ; followed by another roller destined for3 4 
Track a, designated a .

2 

Case (1)--In Case (1), there are two possible cutting combinations: 

• Cutting the two cars going to Track bas a group, i.e., 

In case of the first cutting arrangement, three separate 

headways must be considered, viz., between a to b , b to b , and b
1 1 1 2 2 

to a 2 . In case of the second cutting arrangement, only two headways 

need be studied, viz., a to (b + b ) and (b + b ) to a .
1 1 2 1 2 2 

In case of first cutting arrangement the headways between 

to b
1 

, between b to b and between b to a are the typical heada1 1 2 2 2 
ways between two consecutive cars. Various cases of two consecutive 

cars were already analyzed in Sec. V and it was shown that for the 

assumed limits on the rolling resistances the headways remain above or 

equal to the minimum desired limit. This of course is obvious, since 

the grades and retarder in the switching area have been designed on 

the very basis of single-car cuts. The main question is how the head

way between to (b1 + b ) or (b + b ) to a varies when the two carsa 1 2 1 2 2 
going to bare left coupled. 

The travelled distance profiles of cars a , (b + b ) and a 
1 1 2 2 

were computed in a manner similar to those used for Fig, 10, assigning 

random rolling characteristics to the cars within the limits and using 

the same control law, and it was found that the h eadway between rear 

end of car a and front end of the combination (b + b ) as well as
1 1 2 
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between back end of (b + b ) and front end of a varies between about
1 2 2 

165 ft and 95 ft, i.e., much above the minimum limit of 50 ft. 

Case (2)--In Case (2), the following two cutting combinations were 

studied: 

• Cutting the group of four cars going to Track bin two 

groups, i.e. , 

In case of single-car cuts, the headways between a to b ,
1 1 

b to b --b to a are all covered by the analysis of Fig. 10 and are
1 2' 4 2 

therefore within admissible limits. 

In case of second cutting policy, the headways between a to 
1 

(b + b2 ), (b + b ) to (b + b ), and (b + b ) to a were computed1 1 2 3 4 3 4 2 
using the same control policy as mentioned above. In each case it was 

found that the headways remain much above the minimum desired limit, 

i.e., between 95 to 165 ft. 

It is not difficult to see that the results will be similar 

for other situations. Thus, it can be stated that under the assumed 

control policy multicar cuts result in larger headways and t hereby may 

be preferable from the point of view of switching. In the following 

section we discuss the effect of multicar cuts on collisions in the 

bowl track section. 

2. Influence of Cutting Policies 
upon Impact Velocities at the Tangent Point Retarders 

It was shown in the previous section that cutting a string 

of cars into groups increases headway between cars in the switching 

area and is desirable from that point of view. The other question to 

investigate is t he effect of the cutting policy on impact velocities 

and backup within the tangent point retarder. 
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For reasons already explained above, it was decided to 

restrict the analysis to two cutting po lici es: single-car cuts, and 

the cutting of groups of two cars. 

Our studies indicate that, unless the control logic for the 

tangent point retarder is dual - mode (one control policy for a single 

car and a second control policy for a pair of cars), the impact velo

ci ties and ba ckup distances are larger for pair- wise cutting than for 

s ing l e - car cutting. The r eason for this is that a weight -responsive 

tangent point retarder actually has more effective r e tarding power for 

a pair of cars tha n it does for a single car. Therefore the deceleration 

o f a pair of cars i s more rapid than for a single car and high impact 

v elocities are more likely. To illustrate this point, consider the 

retardation of a pair of cars each weighing W tons and that of a single 

car weighing W tons in a tangent point retarder section of length L . 

The v e locity vs time plots for these two cases are shown in Fig. 14. 

(It i s assumed that t he length of the section is shorter than a car 

length . ) 
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FIGURE 14 RETARDATION OF A PAIR OF CARS AND A SINGLE CAR 
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Curve ABCDE is t hat of a single car. From A to B, the 

truck of the car is in the retarder and the deceleration is r g/2 where 
2 

r i s the force-to-weight rat io of the retarder and g = 32 .16 ft / s . 

At Point B, the first truck leaves the retarder at Point C. Then 

Point C to D t he acceleration is again rg/ 2 . At Point D t he car 

the retarder. 

Curve AFGHIJ i s that of a pa ir of car~s. From A to B, the 

firs t truck of the leading car is in t he retarder and the deceleration 

i s rg/4 (not rg/ 2 because the weight of the two cars is twice that of 

a s ingle car, thus t he deceleration i s half that of a single car) . 

This truck l eaves the r etarder at F. From G to H, the second truck of 

the l eading car as well as the first truck of the trailing car are in 

t h e r etarder. If the r etarder were a perfect weight-responsiv e 

the force on each of these two trucks would be r•w, so that the total 

force on the pair of cars would be 2rw a nd therefore t he deceleration 

would be 2rw/(2w/g) = rg. In actuality the retarder is probably not 

ideal, a nd the deceleration is about 3rg/ 4. At Point H the first truck 

of t he trailing car leaves t he retarder, from I to J the de celerat ion 

i s rg/ 4 . Finally, t h e pair of cars l eave the retarde r at Po i nt J . 

This exampl e shows two important points: First, the maximum 

deceleration for a s ingle car is rg/ 2, and 3rg/4 for a pair of cars. 

The refore, for a portion of its travel, t he pair of car s experience 

grea t er deceleration than a singl e car . As s hown in Sec . VI, this 

generally results in higher impact velocities . The second point to 

consider i s that the fi nal ve l ocity of the pair of car s will be l ess 

than that of a s ingle car, since the tota l work done on the pair of 

cars i s rwL/2 + 3rwL/ 2 + rwL/ 2 = SrwL/ 2, whereas for the single car it 

is rwL/ 2 + rwL/ 2 = rwL. Therefore the r atio of the work done on the 

pa ir of cars to the work done on a s ingle car is 5:2, yet the ratio of 

the i nit i al kin '3 t ic energy of the pair of c ars to that of a single car 

is 2 :1. Thus proportionately more work is done by the retarder on a 

pa i r o f car s t ha n on a single car and so t h e final velocity of the pair 

of car s i s l ess than that of a s ing l e car. This means that a pair of 

cars will take a proportionately longer time to clear the retarder. 
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Because of these two facts, cut t ing in pairs is likely to 

result in higher impact veloci ties in the tange nt point retarder than 

cutting singl y . Correspondingly, the backup distance beyond the 

retarder entrance will be worse. 

Unless the retarder control logic has spec ific provisions for 

controlling a pair of cars diff erent l y than a single car, this problem 

cannot be avoided. 

These c onclusions were verified in simulations. A string of 

ten cars having the same bowl track des tination were humped at speeds 

of 7.0, 6.5, and 6 .2 ft / sand released f r om the tangent point r e tarder 

at 6 ft / s (the minimum release speed for any car). (A stri ng of ten 

cars i s sufficiently long for us to observe the resulting collisions 

for any substring of less than ten cars. It is extremely r a r e for a 

string of more than ten cars t o occur.) Figure 15 shows the impact 

velocities in the tangent point retarder for cutting these cars singly 

and in pairs . (The hori zontal scale in Fig. 15 is labeled "car Being 

Bumped" so that a fair comparison between the two cutting policies can 

be made. That is, t he nth collision of a chain of pa ir-wise c ut cars 

occurs between the 2nth a nd (2n + l)th cars in the chain; consequently 

t his collision s hould be compared with the 2nth collision of a chain 

of singly-cut cars for a fair comparison of the alternate cutting 

policies .) 

Figure 16 shows t he backup distances. As can be seen from 

thes e figures, both the impact ve l ocities and backup distances a re 

uniformly worse for cutting the cars in pairs than for cutting the cars 

singly . Furthermore, it i s s e en from these plots t hat if there i s a 

gro up of four or more cars i n the hump feed destined for the same track, 

the humping speed must be reduced from 7 f t / s to a suitable l ower value 

since for such a group even a singl e car c u t policy will result in 

undesirable third, fourth, etc., impacts if hump spe ed is kept at 7 ft / s. 

A possible alternative is to spread the r etarder s ections on a longer 

length. This alternative is discussed in the next section. However, 
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since single-car cuts result in less severe impacts than resulting from 

pair-wise cutting, irrespective of hump velocity, a general conclusion 

on cutting policy can be stated as follows: 

3. Conclusions on Cutting Policy 

For the tangent point retarder design and control policy 

outlined in Sec . VI, the suggested car-cutting policy is: 

Cut all cars singly-- An exc eption to thi s pol i cy is that 

if a pair of cars exist in the hump feed tha t are dest ined 

for the same bowl track, and these cars are not adjacent 

to any o ther cars also destined for t his same track then 

one might as well leave the two cars coupled together , 

although this is o p t ional . 

D. Desirability of Spreading the Tangent Point Retarder Sect i ons 

1. General 

As already discussed , when the hump speed is larger than the 

tangent point retarder release velocity, damaging collisions in the 

tangent point retarder become a problem. As shown in Sec. VI-C, in 

the case of only two consecutive cars going to the same bowl track, the 

impact velocity can be minimized using the a ppropriate control policy 

for the tangent po i nt retarders . However, when the hump feed contains 

groups of three or more consecutive cars destined for the same track, 

the impact velocities on the third , fourth, etc . impacts become 

intolerable unless the hump speed is reduced below 7 ft/s . In thi s 

section, it is shown that in order to keep the impac t vel ocities of 

three or more cars below the tolerable limit without reducing the h ump 

speed, an a lternative solution is to spread the retarder section on a 

longer length on the bowl track. 

In general , the i mpact velocities between consecut i ve cars 

can be kept small by decelerating the cars very gradually in the tangent 

point retarder . Of course there are pract ical limits to how gradual 

the deceleration can be since a very l ong tangent point retarder uses 

62 



up bowl track capacity. To illustrate the fact that gradual deceleration 

reduces impact v eloci ties, c onsider the example depicted in Fig. 17. 
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FIGURE 17 VELOCITY PROFILES OF SUCCESSIVE CARS 

Figure 17 shows the plots of velocity as a function of time 

for three consecut ive cars in the tangent point retarder . Curve ABDF 

is t he velocity of the l eading car, Curve CDF is the veloci ty of the 

next car, and Curve EF i s the velocity of a third car. The vel ocity 

curve of the second and third cars are identical to that of the first 

car (until the c a rs col l ide), except that it is delayed in time by T 

and 2T res pectively, where Tis the time separation of the cars. At 

the time that t he first two cars collide, the value of the impact 

velocity is given by the vertical distance between the two velocity 

* curves. For instance, i f the cars col lide at time t as shown in 

Fig. 17, the impact velocity is 6V. If t hey had approximately the same 

weight, the two cars would move along the velocity profile GHDF after 

the collision . If the third car then collided with the first two, the 

impac t velocity could be as large as 36V/ 2 ( see Fi g . 17) . In general, 

if n cars followed each other into the same tangent point retarder, the 

maximum value of the (n-l)th impact velocity woul d be n6V/ 2 (assuming 

the cars hav e roughly the same weight) . Although t his result i s based 
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upon some simplifying assumptions, it illustrates an important point, 

namely that in order to sustain several consecutive i mpacts in the 

tangent point retarder before the maximum impact velocity of 6 ft/s 

reached, the distance 6V between velocity profiles of consecutive cars 

must be considerably smaller than 6 ft/s. Equivalently, the slope of 

the velocity curves in Fig. 17 must be small, which means that the 

deceleration must be gradual. 
:):: 

2. Some Examples 

Let us consider some examples that illust rate the major point} 

made above. The first point to be considered i s that the magnitude of 

impact velocities i n the tangent point retarder increase direct l y 

the differen ce between the peak hump speed and the minimum letout 

city. To demonstrate this fact, consider a consecutive string of 10 

cars that are humped at speeds of 6.2, 6,5, and 7.0 ft / sand a ll travel \ 

to the same bowl track where they are r etarded and released from the 

tangent point retarder at 6 ft / s. The cars are 50 ft long and are cut 

indiv idually. The tangent point retarder consists of f i ve 

of weight-responsive retarder laid end to end. F igure 18 shows the 

impact velocity behav i or of the string of cars in the tangent point 

retarder. We see that for a hump speed of 7,0 ft / s, onl y two 

can occur before the impact velocity rises above the maximum a llowable 

impact velocity of 6 ft / s . However, if the hump speed were dropped, 

for example, to 6.5 ft / s, five collisions c o uld occur before the impact 

velocities rise above 6 f t/s . 

Th e second major point to be illustrated by example is that 

the impact velocities can be diminished by making the retardation 

gradual. To make the retardation gradual, one can space sections of 

the tangent point retarder. For instance, a yard throughput of 8 

requires that the tangent point retarders have a working length of 55 

But this 55 ft of retarder can be split into sections, which then can 

spaced to make the retardation gradual. 

If the retarder sections are placed end to end (flange to 

flange), then for a portion o f a car's travel through the re t arder, 
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truc ks wil l be r e tarded, ther eby doubl ing the c a r decel eration. Th e 

v e loci ty v s t ime curv e f o r the car then r esembles Curve ABCDE in 

Fig. 19. By spac ing the sections of the retarder properly , it is 

FIGURE 19 VELOCITY PROFILE OF A CAR IN TANGENT POINT RETARDER 
WITH END- TO-END SECTIONS 

possible t o ensur e t h at only~ truck of a car i s r etarded at a t i me . 

In t hi s l atter case, the vel ocity of the car woul d l ook l ike Curve ABE 

i n Fig. 19. This spa c i ng r educes t h e max i mum i mpact ve l ocity t o one

hal f the value wh en t he r etar der sec tions a r e placed e nd t o end. 

As disc usse d previous l y, fo r a yar d throughput o f 8 car/mi n, 

the tangent po i nt retarder has a wor king len gth of 5 5 ft, Thi s can be 

sect i on ed into five sect i ons, each wi th a wor king l ength of 1 1 ft, 
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To illustrate the effect that this spacing has upon impact 

velocities cons ider an example in which 10 c ars of length 50 ft are 

humped at a 7 ft/s h ump speed and then travel to the same bowl.track. 

Consider also that the cars must be slowed to a l etout vel oc i ty of 6 ft/s 

at the tange nt point retarder. Figure 21 shows the impact velocity 

behavior f or the string of cars under the assumptions: (a) t he retarde r 

sec t ions a re placed end to end, and (b) the retarder sections are space d 

as s hown above. 

Figure 21 shows that if t he r etarder sections are placed end 

to e nd and cars are cut s ingly, it is impossible to hump any more than 

three consecutive cars at 8 cars/min before the impact velocity constra int 

is exc eeded. Furthermore, whe n the retarder sectio ns are placed end to 

end, the first two collisions occur with an impact velocity only s light ly 

less t han 6 ft / s. Consequently, if effect s due to differences in car 

length, differences in car spe eds at the retarder entrance, and errors 

in sensing and control are considered, it may well be tha t the end-to-end 

design c annot reliably slow even groups o f two or t hree cars without 

incurring impacts in excess of 6 ft/s . However, if the retarder sections 

are spaced properly, it is poss ible to safel y hump as many as five con

secutive cars at 8 cars/ min before the impact velocity const raint is 

exceeded. :{ 

3. Concluding Remarks 

Consist data for the Bakersfi e ld yard indicates that about 

20 percent of cars corni ng into that yard we re (in the hump-feed) in 

groups of two going to the same bowl track, and that about ten percent 

of the cars were i n groups of three going to the same bowl track, a nd 

that a negligible percentage of cars were in groups of four o r more cars 

goi ng to the same track. Assuming that these statistics would be approxi

mately true for West Co l ton also it is recommended that fo r a yard 

throughput of 8 cars/min, the tangent point retarders be s ectionalized 

and s paced as d iscussed above, to: 

( 1) Ensure that the yard can operate nearl y continuously 

a t a t hroughput of 8 cars/min, while keeping t he 
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impact velocities of groups of two and three cars 

well below the impact velocity constraint. 

(2) Provide a margin of safety for variations in the 

impact velocities due to differences i n car length, 

differences in car speeds at the retarder entrance, 

and errors in sensing and control. 

We remark at this point, that if, initially, the West Colton 

yard is operated at a throughput of 6 cars/min, the corresponding hump 

speed, 5 ft/s, is below the minimum letout velocity of the tangent point 

retarders (6 ft/s). Consequently, there is no need to space retarder 

sections. Bu t if the yard is later modified to operate at a throughput 

of 8 cars/min, then addit i onal retarder length will be needed; further

more, the retarder sections should then be spaced as discussed above. 

E. Utilization of Train Make-Up Information 
to Improve Throughput during Yard Operation 

In this section, we discuss briefly the possibilities of uti li zing 

train make-up information to improve the yard operation, e.g., increasing 

the throughput or assigning the tracks e ff iciently. Our preliminary 

studies indicate that under certain favorable car make- up conditions and 

an appropriate scheme of track designations, the yard can be operated 

with a hump speed higher than the nominal speed, thereby resulting in a 

higher throughput. 

1. Possibilities of Increasing the Throughput 

The design of grades and retarders both in the front end and 

in the back end has been based on worst case considerations, i.e., in 

case of switching area, the grades and r e tarders have been so designed 

that a minimum headway of 50 ft is maintained till the last swlLch is 

cleared, assuming that two consecutive cars always travel together up 

to the last switch and there swi tch over to two different bowl tracks. 

Similarly, in the case of _tangent point retarders, it has been assumed 

that one car i s always followed by another with a nominal time separa

tion of 6 or 7 seconds, i.e., assuming that two consecutive cars are 
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going to the same bowl track. In actual yard operation it may frequently 

happen that no consecutive set of cars are going to the adj acent bowl 

tracks. As an example, consider the following track designations fo r a 

ten-ca r train with reference to the West Colton track arrangements. 

I 3 I 15 120 I 20 j 15 11 I 7 j 17 I 8 j 1 I 
Each box represents a car and the number inside it represents its bowl 

track designation. It can easily be seen that, except for the two cars 

destined for track 20, no other consecutive cars are go ing to the same 

track. Note particularly that 

• Car 8 fol lows Car 1 through only four switches 

• Car 17 fo llows Car 8 through only one switch 

• Car 7 fol lows Car 17 through only two switches 

o The second Car 1 follows Car 17 t hrough only four switches, etc. 

I f this table is completed it wi ll be found that in the train of 10 cars 

under consideration, the maximum number of switches through which two 

consecuti ve cars travel together is onl y four. Therefore for this 

example the headway of 50 ft need be maintained only up the distance of 

the fourth switch. 

The two cars destined for Track 20 can be left coupled together 

without creat i ng any switching o r collision problem. This observation 

indicates the possibility of increasing the hump speed, since the nominal 

hump speed was based on maintaining a headway of 50 ft throughout the 

switching area, i.e., up to the last switch. It is to be noted that a 

favorable condition in swi tching area implies a l so a f~~9X~~e condit i on 

in bowl tracks, since under the above noted condition or other similar 

conditions, the time separation between cars arriving on the same bowl 

tracks will be significantl y more than 6 or 7 seconds and the possibili

t ies of collision will be correspondingl y reduced . Thus, for each 

incoming train, the track designation of each car (if it has already 

been assigned), can be checked with reference to the preceding and 

following car and the maximum distance through which any two cars travel 
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tog~t!.~~ ca_ be esta bl ish ed. If this maximum distance is the dis:acce 

of t~e :as~ s :tc~ . then t he train must be humped with nomi nal htn:;p 

ve l oci:y. i: is si gni f icantly less than this distance ( e. g . . a 

distance co~responding to onl y f our or three switches) , then h ump 

speed ca~ oe increased by a certain amount. A tabl e can be prepared 

i n advance indicating t he maximum allowable humping velocity corres 

ponding to the maximum distance through which the headway is to be 

maintained. 

2 . I mproved Scheme of Track Des ignation 

The above noted ideas were based on the assumption that car 

des t i nat ions have already been assigned . I n actual operation of the 

y ard there may be considerable freedom and flexibi li ty in assigning the 

car dest ination itself . Train make-up information can also be utilized 

to assign favorable track designation, i. e . , assigning the short tracks 

for the maximum number of cars. As an example, suppose an incoming 

train of 50 cars conta i ns the following cars distri buted randomly in 

the original train. 

16 cars destined for City a 

14 cars des tined f or City b 

12 cars destined for City c 

8 cars des tined for Ci ty d 

A favorable track a ssi gnment can then be selected on t he basis of 

following considerations. 

(1) Try to ass i gn t he shortest available track to cars 

destined for City a, t h e n ext shortest to cars des

tined for City b, etc . Conside ration mus t of course 

be giv en to the available e mpty s pace on the bowl 

t racks. The general idea here is to bring t he 

maximum number o f cars as fas t as possible on the 

bowl tracks. This helps in improving the y ard 
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operation, since back-up and collision problems are 

minimized, which in turn can contribute to increased 

throughput. 

(2) Try to assign the tracks such that the distance 

through which the headway is to be maintained is 

minimized, This again has the advantage of contri

buting to increased throughput as already explained 

above . 

The above note~ general observations indicate the strong 

possibility of utilizing the train make-up informatio n to improve the 

yard operation . It is suggested that further detailed studies be con

ducted in thi s respect to develop quantitative relationships between 

humping speed and track assignment scheme. 

F. Conclusions 

It was shown that if a train contains three or more consecutive 

cars destined for the same track, it is preferable to cut them singly 

to minimize collisions on the bowl tracks. However, if there are groups 

of only two cars destined for the same track, preceded and followed by 

cars destined for other tracks, the two cars can be left coupled and 

humped together if this is found to be convenient from other yard 

operating conditions. Otherwise these can be cut singly as well. 

It was also shown that in order to achieve nearly continuous 

operation of the hump at peak throughput of 8 cars / min it is necessary 

to spread the tangent point retarder sections. 

The possibilities of utilizing car make-up information to increase 

the throughput and to develop an efficient track designation scheme 

were explored. It was indicated that such a possibility definitely 

exists and must be studied in further detail. 
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VIII EVOLUTION OF A YARD FROM A LOW THROUGHPUT TO A HIGH THROUGHPUT YARD 

A. A Proposed Method 

The philosophy of designing the front end and the back end of 

the yard separately, suggested in Sec. IV, has an additional attractive 

feature in terms of long term economics of particularly those yards 

where the initial throughput is low but is expected to increase gradu

ally to a higher value over a period of some years. For such yards, 

it is suggested that the grades of the yard be selected on the basis 

of the eventual higher throughput. During the initial low-throughput 

period, the front-end yard can be made to behave as a shallow grade 

yard by placing some extra retarders in the front end so that the 

speed levels of the cars in the switching area correspond to the low 

hump velocity. The additional length of these extra retarders in the 

switching area is quite small, as is shown below. The speed levels of 

the cars at the tangent point will be approximately twice the initial 

low hump velocity. Therefore, during the initial low-throughput period, 

only as few tangent point retarders may be used as are necessary cor

responding to the low entrance velocity . As the throughput increases 

over the years, the extra retarders in the switching area may be 

gradually removed (or rendered inoperative) so that the velocity levels 

in the switching area increase in relation to increased hump velocity. 

Additional bowl track retarders may now be added in st~ges to extract 

the increased entrance speeds. Thus the yard can be gradually evolved 

from a low throughput to a high throughput yard without any major 

structural change. In this connection we have made a few preliminary 

studies taking West Colton yard as a reference. The results of these 

studies are indicated in Table III. It is to be noted that the grade 

in the bowl track is essentially designed on the basis of the easy 

roller not attaining a speed higher than 6 ft / s because of impact con

siderations. Therefore, this grade is designed to be the same irres

pective of the throughput level. The exit velocity of a fast roller 

at the tangent point is brought down to a level of about 6 ft / s through 
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Table III 

APPROXIMATE TOTAL RETARDER LENGTHS REQUIRED 

AT DIFFERENT STAGES OF WEST COLTON YARD 

Total Front-End Retarder Length in Feet* Back-End Retarders* 
Grade Designed for an Ultimate Throughput of: 

Desired 
Throughput 

6 cars/min 

--.) 

.i::. 
8 cars/min 

10 cars/min 

6 cars/min 
(Total uncompensated 
grade drop"" ]8 ft) 

700 

8 cars/min 
(Total uncompensated 
grade drop= 21 ft) 

1050 

800 

10 cars/min 
(Total uncompensated 
grade drop= 24 ft) 

1410 

1160 

980 

Total Length Required 
(total grade drop"" 2 ft) 

2320 

4400 

6080 

Approximate 
Arrangement 

(0;0715 ft/ ft retarder) 

One c ontinucus 29-ft 
retarder in e~ch bowl 
track 

55 ft of retarders in 
each bowl track over a 
length of 150 ft 

76 ft of retarders in 
each bowl track spread 
over a length of about 
420 ft 

Note: The indicated retarder lengths are the estimated sums of all the retarders in the switching area in case o f front end and t h e 
sum of all the retarders for the 80 tracks in case of back end. 

* The estimated lengths are based upon the assumption that the retarders extract about 0.0715 ft of velocity head per ft length. 
This is a typical figure for weight-responsive retarders. 



gugh retarder lengths. The required length depends on the entrance 

Therefore, for higher throughputs--which means fo r higher 

1rance veloci ties at the tangent point --correspondingly more retarder 

b e required, as indicated in the tabl e. However, as indi

colurnn of approximate arrangement, the increased r etarder 

the bowl tracks must also be s pread over r e latively longer 

This may be a limiting f actor, since the available bowl track 

reduced correspondingly. 

An Exampl e 

With reference to Table III , suppose it is desired to have an 

t hroughput of 10 cars/min and that the initial throughput is 

to be only 6 cars/min . The evo lution may then proceed as 

Stage 1 Desired Throughput: 6 cars/minute 

(a) Grades are designed for 10 cars per minute 

throughput; total drop required in the yard 

will be about 24 ft. 

(b) Retarder length distributed appropriately in 

front end of yard= 1410 ft; the e ffec t ive 

grades then correspond to 6 cars/ minute 

throughput. 

( c ) Re tarder l ength required in bowl tracks= 

2320 ft (i.e., about 29 ft pe r bowl tr~ck). 

jif the front yard grades are designed for 6 cars/ min, retarders 

700 ft in the front end and retarders of 2320 ft in the bowl 

will still be required. Therefore the additional r e tarder length 

because of steeper grades is 700 ft , which is onl y about 24 

the total retarder length of t he yard. 

2 Throughput to be raised to 8 cars/min 

(a) Remove a total of 1410 - 1160 = 250 ft of 

retarde rs from the front e nd. 
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(b) Add a total of 4400 - 2320 = 2080 ft of 

retarders length in the bowl tracks . 

Stage 3 Throughput to be raised to 10 cars/min 

(a) Remove another 1160 - 980 = 180 ft of 

retarders from front end. 

(b) Add ano ther 6080 - 4400 = 1680 ft of 

retarde rs in the bowl tracks . 

In the above noted. paragraphs, we have presented the fundamental 

guidelines for the proposed approach with some approximate calculations. 

For act ual implementation, it will be necessary to conduct c omputational 

studies to select the appropriate grades, loca t ion and exact size of 

individual retarders in the switching area, proper location and exact 

sizes of bowl t rack retarders, etc . 

C. S ummary 

I t has been shown how the design of both the front and back end o f 

the yard is d e pendent upon thro ughput . In addition, a scheme has been 

pro posed fo r designing a yard o n a l o ng term basis. By designing the 

front a nd grades slightly steeper and adding onl y about 20 percent 

extra retarder l engths, a yard can be evo l ved from a throughput of 

about 6 cars/min to an e vent ual throughput of 10 cars/ min. The scheme 

offers a f lexible and economical approach for evolving a yard from a 

low throughput to a higher throughput without requir i n g any major 

structural modification, 
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	Figure
	I INTRODUCTION 

	project reported herein was directed toward exploration to increase the present throughput of railroad hump yards from or four cars per minute to six and eight cars per minute. The of this study were to serve as a tool for not only designing new 
	but also for modernizing existing yards. Since Southern Railroad is contemplating building a large new hump yard by 1971 Colton, California, the research on this project has used the 
	but also for modernizing existing yards. Since Southern Railroad is contemplating building a large new hump yard by 1971 Colton, California, the research on this project has used the 
	West Colton hump yard as the focal point of the studies. Con, the research on this project was scheduled for completion by which was the date that preliminary plans and costs must be to the Southern Pacific management for approval, This research 
	-


	aided by the frequent interchange of ideas and the review of results the SRI project team by Messrs. H. V. Williamson, B. Gallagher) and Flohr of Southern Pacific. 
	Statement of the Problem 
	The basic function of a railroad hump yard is to regroup cars from trains to form new outgoing trains. This is accomplished by 
	cars single file over an incline (called a hump) and switching to various classification tracks at the bottom of the hump. Two problems arise in the operation of the yard, namely, 
	(1) 
	(1) 
	(1) 
	Creating and maintaining sufficient separation between consecutive cars in the switching area to allow for satisfactory switching operation, and 

	(2) 
	(2) 
	Minimizing impacts between cars when these are regrouped on the classification (bowl) tracks. Impacts between two cars with a velocity difference of 6 ft/s are considered undesirable because of the possibilities of damage to the 


	cargo, 
	cargo, 
	1 

	For purposes of the present study, a minimum headway separation of 50 ft between consecutive cars has been selected. If this separation is not achieved, the switch may not be thrown and a car switched to a wrong classification track. This problem of car separation (resulting in misswitching cars) is compounded by the fact that cars have widely different values of rolling resistance; consequently, the easy-rolling cars tend to overtake the hard-rolling cars. The spacing and velocities of the cars along the r
	Once the car has reached the beginning of the classification tracks (called the tangent point), an individual car may be required to roll as far as 3000 ft or as little as 100 ft to the end of the classification track, depending on the number of cars already on the classification track. Because of this great disparity of distances and the rollability differences of cars, the velocities of cars must be adjusted so that severe impacts (above 4 mi/h) do not occur as cars couple on the classification tracks. 
	C. Acknowledgments We wish to acknowledge the guidance and suggestions received from 
	H. V. Williamson, B. Gallagher, and B. Flohr. Their suggestions derived from extensive experience with the operation and design of hump yards have led to many ideas presented in this report. 
	2 
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	Figure
	Figure
	II SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 
	II SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 

	Summary of Findings As the desired yard throughput increases, the time separation cars decreases; consequently, the problems of maintaining suffiheadway between cars of varying rolling characteristics and of impact velocities on the classification tracks are aggravated. the purpose of this research to pinpoint and alleviate the bases impediments to high-throughput hump yard operations, 
	between Area--
	between Area--
	consideration in yard operation was discovered to be the of a car's hump velocity to its velocity in the switching particular, for a headway of one car length, (required to avoid 
	Figure
	a hard roller in the switching area 
	at least twice the hump velocity. The implications of this are significant in terms of co ntrol of the cars as they the hump to the classification tracks, Specifically, it is retarders located between the crest of the hump and the end ching area should be used solely to cont rol separation for coupling speeds on the classification tracks should be conretarders located after the last switch. Presently, typical use only two retarders (called master and group) to control and coupling speeds simultaneously, It
	des ign of the grades the yard plays an important pa rt in determining the thro ughput Specifically, as the first switch is moved close r to the 
	the initial grade must be steepened in order to produce the in the vicinity of the first switch, Quantit ative relationship are given. Similarly, the grade in the 
	that even the hardest rolling cars will pass switches with a velocity at least twice the hump velocity. 
	¾ 

	Placement and Control of Retarders--As a result of this study, it is proposed that three to four retarders be used along the route of the car, rather than the conventional arrangement of master and group retarders. The last retarder is placed at the tangent point of the classification tracks, It is shown that there exists a direct relationship between the hump velocity and the amount of necessary tangent point retarder and that any deviation from this amount of tangent point retarda tion will either limit 
	Design of an Expandable Yard--With an understanding of the problems of hump yards, a design is proposed for a yard which could operate initially at 6 cars/min and be modified later for 8 or 10 cars/min, This design is attractive because of the minimization of the initial investment capital required and because the yard can evolve in such a way as to minimize the disruption of the yard during periods of evolution, A more detailed treatment of this concept is given in Part B below. 
	Need for an Accurate Model of the Rolling Resistance of Cars--The worst-case situation in hump yard operation is when the easiest rolling car follows the hardest rolling car down t o the farthest switch before separating, Detailed analysis of this case requires an accurate rolling resistance model and knowledge of the variability in rolling resistance. Because of the importance of an accurate rolling resistance model, several field test results available to Southern Pacific were studied by the SRI team in 
	This model choice was based upon the limited experimental data able to Southern Pacific; more extensive experimental data should gathered in the future as recommended in Sec. D below. 
	Yard Designs for Throughputs of 6, 8, and 10 cars/min and Discussion of Expandable Yard Design 
	Yard Designs for Throughputs of 6, 8, and 10 cars/min and Discussion of Expandable Yard Design 

	It is shown in later sections of this report that the design value yard throughput can be directly related to the grades required in all yard, the size of retarders required between hump crest, size of the tangent point retarders. These requirements are in the following paragraphs for throughputs of 6, 8, and 10 (assuming an average car length of 50 ft). Subsequent paradescribe construction of a yard such that the throughput of the is expandable, i.e., the yard can be built with the capability of 
	Sect
	Figure
	Figure
	than initial operating capacity. 

	Before summarizing the salient points of the West Colton yard defor different throughputs, we should define "throughput" so that conclusions will not be misinterpreted. First, an average car length 
	-

	Sect
	Figure
	hence, 6 cars/min is equivalent to about 300 ft of 

	feed per minute, 8 cars/min is equivalent to about 400 ft/ min, and cars/min is equivalent to about 500 ft/min, If the average car length in the future (as is the trend), the designs discussed below still permit throughputs of 300 ft of hump feed per minute, ft/min, and 500 ft/min, although the throughput in cars per minute be slightly less than 6, 8, and 10 cars/min respectively, 
	Sect
	Figure

	discussed in Secs. V and VI. The analyses a yard throughput of 6 cars/min r equires an 
	crest to tangent point of about 18 ft; for cars/min it is about 21 ft, and for 10 cars/min track grade is independent of throughput and should percent grade , which implies a vertical drop of about 2 
	crest to tangent point of about 18 ft; for cars/min it is about 21 ft, and for 10 cars/min track grade is independent of throughput and should percent grade , which implies a vertical drop of about 2 

	bowl tracks, The guiding principles for igns for these vertical drops are discussed in Secs. 
	5 
	5 

	Grade Designs--The design principles for the grades in the yard in those sections show (uncompensated) vertia throughput about 24 ft. The be about a ft along the detailed grade profile IV and V. 
	Retardation in the Front End of the Yard--The estimated total frontend retarder l ength for throughputs of 6, 8, and 10 cars/min i s about 700, 800, and 980 ft of retarder, respectively. These estimates are based upon t he assumption that the retarders extract about 0.0715 ft of velocity head per foot l e ngth (a typical figure). These estimates are also based upon the assumption that the yard i s not built to be expandable to a higher throughput at some future time. The case of an expandable yard is discu
	Tangent Point Retarders--The total length of tangent point r etarders for the 80 bowl tracks at West Colton increases with increasing throughput. At a throughput of 6 cars/min, a total of about 2320 ft (29 ft per bowl track) of tangent point retarders is required. This retardation must be increased about 90 percent for a throughput of 8 cars/min. To achieve a throughput of 10 cars/min after the yard has been modified to operat e at 8 cars/min requires an additional 40 percent of t angent point retardati on
	In addition to adding retarders for each increase in yard throughput, the tangent point retarders should be sectionali zed and the secti ons should be spread apart. The details are discussed in Sec. VI and VIII. Table III in Sec. VIII summarizes the approxi mat e t otal retarder lengths required at different stages of the West Col t on yard during its trans ition from a l ow-t hroughput yard to a high-throughput yard. 
	Exp andabl e Yard Design--For a yard with initial low throughput to be increased in future years, it is suggested that the yard grades be selected on the basis of the eventual higher throughput. During the initial low-throughput period, t he front-end yard can be made to behave as a shallow-grade yard by pl acing some extra retarders in the front end so that the speed levels of the cars in the switching area correspond to the speeds of a yard with shall ow grades and lower hump velocities. The additional le
	As the throughput increases over the years, the extra retarders in the switching area may be gradually removed (or made inoperative) so that the velocity levels in the switching area increase in relation to in
	creased hump velocity. Additional bowl track retarders may then be added in stages to extract the increased tangent point entrance speeds. Thus the yard can be gradually evolved from a low-throughput to a highthroughput yard without any major structural change. 
	Table III, in Sec. VIII, summarizes the approximate total r etarder lengths and vertical drops required at different stages of the West Colton yard during its evolution from a low-throughput yard to a highthroughput yard. 
	Conclusions 
	It has been pointed out that high-throughput yards can be designed the basic philosophy is to allow cars to travel through t he area with velocities of at least twice the hump speed and to bring the cars down t o the proper coupling on the classification tracks. Although the extra cost of retarders high-throughput yar ds will be several times greater than in con-yards, the total capital cost of a high-throughput yard will t han the cost of convent ional yards, The factor is the ratio of the increase in thro
	Sect
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	It was f o und that the factors that limit the throughput include: 
	(1) 
	(1) 
	(1) 
	Grade profiles that cannot give the hard roller a velocit y of twice the hump speed in the switching area. 

	(2) 
	(2) 
	A control policy in the switching are a that slows cars velocities in the switching area below twice the hump speed, 


	An initial grade that is too shallow with respect to the location of the first switch, 
	An initial grade that is too shallow with respect to the location of the first switch, 
	An inadequate design and control of tangent point retarders, which can cause a succession of collisions (cars piling up) at t he tangent point. 

	Figure
	With a careful understanding of these considerations, it is possible to design an evolving yard with an initial throughput of 6 cars/min to eventually have a throughput of 8 or 10 cars/min, 
	An examination of the above design considerations indicates that they fall into two categories: grades and retarders, To allow a yard to evolve, it is proposed to design the grades to handle the ultimate desired throughput and to use retarders to modify the effective grade profile for the initial lower throughput, As more throughput is desired, the retarders can be added and repositioned as appropriate to correspond to the higher throughput. This procedure allows the modifications to take place with the min
	D. Recommendations for Further Research 
	D. Recommendations for Further Research 

	(1) 
	(1) 
	(1) 
	The crucial factor in yard design are the values of rollability for the hardest and easiest rollers, These values are a function of velocity and with the distance a car has rolled from the hump crest. A more thorough quantitative understanding of the rollability model would make possible improved yard designs. 

	(2) 
	(2) 
	A method of improving present rollability measurements is discussed in Sec. IV-C of this report. The basic idea is to utilize all relevant information concerning a car's rolling behavior through the switching section of the yard to improve the estimate of the car's rollability on the bowl tracks. 

	(3) 
	(3) 
	The understanding of the key design factors for highthroughput hump yards should be applied to evaluate the potential improvements that can be made in the throughput of existing yards. As was pointed out in this report, a major limitation in throughput is the present placement, 
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	utilization, and control of retarders. By adding tangent 
	point retarders to existing yards and changing the policy 
	of operating the retarders in the switching area, a sig
	nificant increase in the throughput can be achieved. 
	Since this would not require a new track layout or new 
	grades, hump yards can be modernized with minimum down 
	t ime. 
	(4) The assignment of classification tracks and the make-up information of cars going over the hump clearly affect the hump speed. The magnitude and extent to which these considerations affect the hump speed are as yet not completely defined. A detailed study of how the entire classification logic is to be defined for the most efficient overall hump yard operation is recommended for the next phase of the study. 
	Figure
	III ROLLING RESISTANCE OF FREIGHT CARS 
	Introduction. 
	In order to design a hump yard properly, it is essential to know 

	range of values of the rolling resistance associated with a hardling car at one extreme and an easy-rolling car at the other extreme. is this variability that introduces some of the main problems of 
	design. For example, easy-rolling cars tend to overtake the hardcars, which introduces a headway-control problem in the area. On the bowl tracks, the release velocities of the 
	design. For example, easy-rolling cars tend to overtake the hardcars, which introduces a headway-control problem in the area. On the bowl tracks, the release velocities of the 

	point retarders must be selected in accordance with the rolling characteristic of each car to avoid undesirable impacts between cars. This requires the measurement of car rolling resistance as well as a suitable control scheme for the tangent point retarders. In this section, the model of rolling resistance that was used for the West Colton design studies is discussed. The experimental data from which this 
	developed are also discussed. The latter part of this section the measurements of the car resistance. 
	developed are also discussed. The latter part of this section the measurements of the car resistance. 

	B. Experimental Data and Choice of a Model 
	In order to design a hump yard quantitatively, a model for car rolling resistance as well as the range of the model parameters is needed. Many different sets of qualitative terminology are used in the literature for rolling resistance, among them "rollability," "car frict ion," and "car resistance." In this report we have used e ither "rollability" or "car rolling resistance" to refer to a specific quantitative model. The model that is us ed was develope d after the review of several past experiments. Spec
	. 
	. 
	V = 0g -µg -KgV (1) 
	Figure
	where V = car velocity (ft/s) 
	0 = grade in radians 2
	V = car acceleration (ft/s ) µ = coefficient of Coulomb friction (dimensionless) (s-1)
	K = coefficient of viscous friction 2 
	g = 32,16 ft/s 

	Note: Strictly speaking, the term 0g should beg sin 0, however for small values of 0 under consi deration, sin 0 = 0. 
	For our studies the choice of a model for car rolling resi stance and t he choice of coefficients for this model that corresponded to hard, medium, and easy rollers was made after reviewing the results of two previous series of experiments. The two sets of experiments were: 
	(1) 
	(1) 
	(1) 
	(1) 
	Experiments conducted in 1956-57 by R, M. Hermes of Stanford Research Institute, and 

	(2) 
	(2) 
	Experiments conducted in 1960 by representati ves of Union Switch and Signal Co, and Cotton Belt Railway. 


	1. Hermes Experiments 

	In 1956-57, R. M. Hermes of the Stanford Research Institute Control Systems Laboratory conducted tests at the Santa Clara and Rosevi lle yards of Southern Pacific Company to determine the roll ing resistance of freight cars , His conclusi on was that, for car speeds above approximately 5 ft/s (about 3-1/2 ml/h) and car speeds in the normal hump yard range of about 5 to 20 ft/s, the car rolling resistance is essentiall y viscous friction, i.e. the car roll ing resistance is approxi mately proportional to vel
	(2) 
	(2) 

	where Vis the car velocity and Bis a constant of proportionality. 
	At Roseville, freight cars were observed as t hey rolled over several calibration sections, each located on a di fferent track. The grades of each section were measured. The sections were about 250 ft long, A total of about 700 runs of about 20 cars (incl uding both 
	12 
	12 

	journal-bea~ing and roller-bearing types) over the calibration sections were made. For ea.ch run, the velocity of the car was measured at the 
	entrance to and exit from the calibration section and the travel time between these two points was measured. Car speeds over these sections ranged from about 10 to 20 ft/s (about 7 to 14 mi/h). In this range of car speeds, Hermes found the rolling resistance of cars to be as indicated in Table I. These ranges of car rolling resistance are also 
	shown in Fig. 1. 
	Table I CAR RESISTANCE (lb/ton) BASED ON HERMES' TESTS* 
	Table I CAR RESISTANCE (lb/ton) BASED ON HERMES' TESTS* 
	Figure
	at 7 
	at 7 
	at 7 
	mi/hr 
	at 
	10 mi/hr 
	at 
	14 mi/hr 

	Average Car Hard Roller Easy Roller 
	Average Car Hard Roller Easy Roller 
	4.48 9,60 0,63 
	6.40 13.70 0.90 
	8.95 19.20 1.26 


	*It is common practice in railroad engineering literature to use the units of lb/ton for car rolling resistance. It can be shown that, in terms of the parameters given in Eq. (1), the car rolling resistance is equal to 2000(µ + KV) lb/ton. 

	2. Pine Bluff Tests 
	In the Spring of 1960, tests were conducted at the Pine Bluff, yard of the Cotton Belt Railway by the representatives of the Switch and Signal Co. and the Cotton Belt Railway. The purpose of determine the improvement in coupling speeds that would obtained through application of a test computer based on the viscous model developed by Hermes. 
	In the tests, cars of all weight categories and both journaland roller-bearing types were released onto two bowl tracks a fairly uniform 0.08 percent grade with good cross level. On bowl tracks, the cars were observed as they rolled over 
	In the tests, cars of all weight categories and both journaland roller-bearing types were released onto two bowl tracks a fairly uniform 0.08 percent grade with good cross level. On bowl tracks, the cars were observed as they rolled over 

	ibration section where the tangent track rolling resistance measurelb/ton) was measured. The velocity of cars at these calibration ranged between 8 and 10 mi/ h. Additional sections on the 
	r 
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	bowl tracks were observed and stop watch measurements of car velocity were taken on these sections. About 543 cars were involved in the tests. Experimental values of rolling resistance found in the Pine Bluff tests have been tabulated by B. Gallager and are displayed in 
	Fig. 1. 
	3. Analysis of the Data 
	3. Analysis of the Data 

	After a detailed study of the results of the above noted two independent tests studies, B. Gallagher of Southern Pacific and the SRI team concluded that a suitable model for car resistance would be: 
	R = A+ BV (3) 
	R = A+ BV (3) 

	where A and Bare constants and Vis the car velocity. 
	In relation to this model, it was noted by B. Gallagher that cars tended to roll more freely as they traversed more and more distance in the yard. The explanation for this behavior seems to be the improvement in lubrication caused by the heat generated by the motion of the car. In view of these observations, it was suggested by B. Gallagher that two sets of the coefficients A and B be used to represent a car's resistance; one set for the crest side of the group retarders and one set for the bowl-track side
	In t erms of Eq. (1) the parameters µg and Kg corresponding to the curves given in Fig. 2 are shown in Table II. 
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	Table II RANGE OF µg AND Kg USED FOR YARD DESIGN 

	Car 
	Car 
	Car 
	Crest Side of Group Retarders 
	Bowl Side of Group Retarders 

	Characteristic 
	Characteristic 
	µg 2(ft/s) 
	Kg (s-1) 
	µg 2(ft/s) 
	Kg (s-1) 

	Hard Roller Easy Roller 
	Hard Roller Easy Roller 
	0,0610 0,00643 
	0,0150 0.00350 
	0,0322 0,00643 
	o. 0113 0,00206 


	c. An Improved Scheme for Estimating Car Rolling Resistance 
	For satisfactory operation of the yard it is necessary to know the rolling characteristic of each car as it moves down the hump in order that appropriate control be exerted on it by various retarders. As discussed later, the retarders in the switching area could suitably be controlled as a function of entrance velocity of the car so that advance information about car rolling resistance is not necessary for the retarders in the switching area. However, to control the let out veloc~ ity at the tangent point r
	of this simple not ion is t h at t o estimate the 17 
	value of a quantity accurately, one can take many independent measure
	ments and then take the average value of these measurements as the 
	estimate. 
	estimate. 

	A single standard acceleration measurement section can not determine both of the parametersµ and K given in Eq. (1). What a measurement section can determine is a lumped value of rolling resistance Rat the average velocity in the measurement section, i.e. 
	R = 2000(µ + KV ) lb/ton (4) 
	ave 
	ave 

	Present hump yards measure rolling resistance at a nominal value of velocity on one or several acceleration measurement section early in the car's run. It is proposed to supplement this estimate of the car's rolling resistance by observing the behavior of the car throughout its run from crest to tangent point. 
	In the suggested design of high-throughput hump yards, a car may roll through as many as three or four retarders before reaching its final destination. Since the velocity of a car at the exit of each retarder and at the entrance to the next retarder is available, it is possible to process this information to obtain additional information on the car's rolling resistance, Consider the following simple example. Let µg and Kg be the rolling resistance parameters of a car, which are to be determined. Let R be th
	0 acceleration measurement section and R , R , and R be the value of the
	12 3 composite resistance determined by using the velocity information at 
	each retarder, Then we can let 
	each retarder, Then we can let 
	Figure
	Figure

	where the a. 'sand b. 's are as yet undetermined coefficients. When the 
	1 1 yard is built, controlled tests can be used to determine the coefficien 
	a. and b .. In particular, one can set up temporary instrumentation to 
	1 1 
	1 1 
	18 
	µg and Kg on each bowl track for a series of test cars. Since R , R, R, and R are known for these test cars, the coeffi
	1
	2 


	03 cients a. and b. can be determined using a least-squares fit, Using
	i i this procedure, such questions as the accuracy of grades and curved resistance versus tangent resistance are inherently accounted for in the fitting a curve to the data. 
	Summary 
	Summary 
	Our study of experimental data has led us to develop a model for rolling resistance that combines Coulomb friction and viscous 

	The extremes of resistance corresponding to a hard roller and an easy roller have been established from existing experimental data and are summarized in Fig, 1 and Table II. Also, it has been proposed that velocity information that is available throughout a car's run be used 
	obtain an improved estimate of what a car's rolling resistance will beyond the tangent point. This suggestion is motivated by the fact that a car's rolling resistance changes throughout its run . 
	19 
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	Introduction 
	This section discusses the main principle in controlling cars in 
	yards to maximize throughput. In the course of this discussion it shown that, in order to avoid misswitching cars, t he minimum vel ocity t he switching area must be greater than twice the hump speed, Based this fact, it i s shown that the retarders in the switching area 
	be used solely to control separation of cars, whereas the tangent 
	be used solely to control separation of cars, whereas the tangent 
	retarders are used solely to decel erat e cars down to the proper speeds on the classification tracks. Thus, the present practice master and group retarders to control both separation and speed is unsatisfactory and can result in r estricted throughput. 

	Minimum Ve loci ty in the Switching Area 
	In this s ection, i t is shown that, for a des ired hea dway of 50 f t typical 50-ft long cars, the velocity in the switching area be at l east twice the hump speed, 
	Assume that two identical cars of length L, having the same rolling resistance are pushed over the hump with velocity VH and follow each other all the way to the last switch. 
	Figure 3(a ) shows two cars passing over the hump crest with a hump velocity VH. The hump t h roughput in cars/ mi n is: 
	hump throughput= L/ VH ( 5) 
	hump throughput= L/ VH ( 5) 

	This throughput must remain constant throughout the switching area . If the throughput in thi s area were l ess than the hump throughput, thi s would mean that more cars/ min were entering t he switching area than were leaving. This will event ually create collision and back-up problems . Likewise, i f the t hroughput i n t he switching area were greater 
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	FIGURE 3 CARS AT HUMP AND SWITCH LOCATION 

	than the hump throughput, more cars/min would be leaving the switching area than were entering it, and this is impossible! Therefore: 
	Switching Area= Hump Throughput= L/ VH (6) Throughput 
	In the switching area, cars are spaced as shown in Fig. 3(b); that is, instead of being bumper to bumper, the cars have gained speed and some headway, h, exists between cars. The size of this headway is dependent upon the speed, V, of cars in the switching area and the 
	s 
	s 
	throughput. Specifically, 
	L+h 

	= Switching Area (7)
	V 
	V 
	s Throughput 
	which implies 

	h = (Switching Area Throughput) V -L (8) 
	s 
	s 
	Upon combining Eqs. (6) and (8), we see that 
	Figure
	(9) 
	22 
	to prevent misswitching, the headway between cars should be about 
	~ L 
	h 


	, substituting R = L into Eq. (9) , we find that (Vs -VH)/VH"'" implying Vs= 2VH. Thus the speed of the cars in the switching a should be at least twice the hump speed, V. 
	H Looking at the problem from the reverse viewpoint, the minimum in the switching area is a fundamental restriction on throughIn particular, the hump velocity is restricted to be approximately of the minimum velocity in the switching area, 
	H Looking at the problem from the reverse viewpoint, the minimum in the switching area is a fundamental restriction on throughIn particular, the hump velocity is restricted to be approximately of the minimum velocity in the switching area, 
	Dichotomy between Front End and Back End of the Yard 
	Retarders in hump yards have two basic functions: 
	(1) 
	(1) 
	(1) 
	Control of separation for switching, and 

	(2) 
	(2) 
	Reduction in velocity-head to avoid collisions in the classification tracks. 


	The appropriate design philosophy would recognize the two distinct performed by the retarders and separate these functions, to Fig. 4, the front end of the yard is that portion of the the crest of t he hump t o the last switch of a given route, 
	the yard is from the last switch to the end of the ification tracks. If VH is the desired hump speed, then (according discussion in Part A) the front end must be designed to give a velocity of 2•VH to all cars and the retarders must not reduce car below 2•VH. Once the grades have been designed 
	hardest rolling cars a velocity greater than 2•VH' then the of the retarders in the front end is to control separation. if the grades in the front end have been overdesigned to give 
	rolling car a velocity greater than 2·VH, then the --in addition to controlling separation--will be required to 
	f o r the excess grade , In s ummary, as shown in Fig, 4, the of the yard must deliver to the back end of the yard cars at 2•VH to avoid misswitches. 
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	FIGURE 4 SEPARATION OF YARD FUNCTIONS 
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	The retarders at the tangent point must be capable of taking these cars traveling at a speed of about 2•VH down to the maximum coupling speed Ve. The amount of retardation to accomplis h t his in terms of 
	velocity head is 
	velocity head is 

	(10)
	Figure

	Retarder Velocity Head= 
	Retarder Velocity Head= 
	2
	where g = 32.16 ft/s . The only variables in Eq. (10) ar e the hump 

	speed and the maximum coupling velocity. If a hump speed of 7 ft/sis desired and the coupling speed of 6 ft/sis specified, then the amount 
	of retardation power at the tangent point is fixed by Eq. (10) . In 
	order to reduce the amount of retarder power required at the tangent 
	point, one must either reduce t he desired hump speed VH or increase the 
	maximum coupling speed Ve. This means that either the yard throughput 
	must be decreased or higher coupling speeds must be allowed--both un
	desirable options . I t is to be noted from Eq. (10) t hat if the desired 
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	Figure

	hump speed VH is less than half of the maximum coupling speed (i.e., VH < 1/2 Ve), then no tangent point retarders are required. 
	Current placement and operation of the master and group retarders do not separate these functions. The release velocity of present-day group retarders are designed to create separation and also to ensure that coupling speeds in the classification area are small, The requirement that the group retarders control coupling speeds may limit the velocity in the switching area following the group retarder to below 2·VH. Consequently, according to the previous discussion, the hump velocity may be severely restrict
	D. Summary Two very important factors affecting the throughput of the yard have been pointed out. Firstly, it was shown that the hump speed is restricted by the maximum allowable speed in the switching area, In particular it was pointed out that, for a desired headway of one car length, the speed in the switching area must be at least twice the hump speed, implying that the maximum hump speed cannot exceed one-half of the maximum allowable speed in the switching area, Secondly, it was shown that the convent
	should be used only for headway control and the buffing speed should be controlled separately by tangent point retarders. 
	V DESIGN OF THE FRONT END OF THE YARD 
	V DESIGN OF THE FRONT END OF THE YARD 

	A. Introduction 
	In order to avoid misswitches, it is necessary to maintain a certain minimum headway between two consecutive cars traveling in the switching area. The necessary headway is produced by a proper initial steep grade and is then maintained (within acceptable limits) by an appropriate combination of grade profile and retarders, which are placed at suitable locations in the switching area. The required minimum headway depends on the average velocity of the cars during the switching period as well as the minimum 
	In this section, the principles of grade design, selection of the s ize and location of retarders and their control policy are discussed in detail. Various aspects of the general principles are elaborated with examples. 
	B. Grade Design 
	The grades from the crest of the hump to the last switch mus t be designed to give sufficient s eparation at switch points based on the worst case co ndition, viz., the hardest roller followed by the easiest roller traveling together to the last switch. In the following, the considerat ions for designing the initial, intermediate, and final grade profiles in the front end of the hump yard are discussed in detail 
	(see Fig. 5). 
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	Initial Front-End Grade 

	The determining factor in the design of the initial grade is the l ocation of the first switch. For a given hump speed and initial grade, there is an optimum l ocati on for the first switch in terms of obtaining maximum separation at the switch: Locating the f irst switch either closer or f urther from the hump crest will restrict the hump speed. Also, for a given location of the first switch, any i ncrease in hump speed requires that the initia l grade be steepened in order for cars to clear the first swit
	Figure 6 is a plot of the maximum allowed hump velocity as a function of the l ocation of the first switch on grades of 3, 4, and 5 percent. A static rollability model was used in this study, since data from Union Switch and Signal (transmitted via Barney Ga llagher) tend to indicate the rolling resistance is a constant during th~ firs t 
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	several hundred feet of a car's run. The plots are based on the hardest rolling car being followed by the easiest rolling car achieving 50-ft. separation at the first switch with no retardation on the hump. With a master retarder on the hump, the initial grade can be more shallow. The following two worst-case rollability spreads were assumed: 
	Case 1: Hard Roller= 30 lb/ton; easy roller = 0 lb/ton 
	Case 2: Hard Roller= 28 lb/ton; easy roller= 2 lb/ ton 
	Figure 6 indicates that for a given grade, the maximum hump velocity deteriorates quickly as one moves the first switch from the optimum location toward the hump crest and not as quickly as one moves from the optimum location away from the hump crest. From a practical standpoint, if one cannot place the first switch at the optimum, it is generally desirable to place the first switch further from the hump crest than closer to the hump crest. The distance one holds the initial grade is dictated by such consid
	2. Intermediate Front-End Grade 
	2. Intermediate Front-End Grade 

	An intermediate grade is chosen to maintain the velocities and separation achieved at the end of initial grade past the first switch and into the long lead. This grade should be designed to keep car velocities below the maximum allowed velocity. 
	3. Final Front-End Grade 
	3. Final Front-End Grade 

	As discussed in Sec. III, the minimum velocity allowed in the switching area is twice the hump speed. Consequently, the final grade in the switching area must be designed to give the hardest rolling car a velocity of about twice the hump speed until the last switch is passed. 
	* 
	* 

	This results from cancellation of the increase in resistance due to 
	velocity by the initial decrease in resistance due to heating of the 
	journal oil. 
	journal oil. 
	Figure
	t 

	4. Curve Compensation Since the initial track branches out into several bowl tracks 
	(e.g., in case of West Colton, the initial single track at the hump ultimately branches out into about 80 bowl tracks), there will always 
	be 
	be 
	be 
	tracks 
	that will have 
	some 
	curved portions. 
	A car 
	traveling on 
	a 

	curved track experiences centrifugal frictional 
	curved track experiences centrifugal frictional 
	forces 
	in addition 
	to 

	rolling friction. 
	rolling friction. 
	Thus, 
	to obtain the effect of, 
	say, 
	a 
	grade of 


	3 percent on a curved portion, the actual grade must be made slightly more than 3 percent to compensate for the additional frictional forces, An empirical rule in this regard as given by B. Gallagher is to add 0,04 ft extra head per degree of central angle, where the central angle is the angle between perpendiculars erected at the extremities of the curved portion as shown in Fig, 7. 
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	FIGURE 7 DEFINITION OF CENTRAL ANGLE 

	For tracks in which there are some curved portions, additional head using the above noted empirical rule must be added to compensate for 
	the additional frictional forces, 
	C. Selection of Sizes and Location of Retarders 
	From an operational point of view, it would be desirable to place several small retarders at short intervals throughout the switching area to extract continuously the extra kinetic energy gained by easy rollers so that the velocity profile of the controlled easy roller will be almost identical to that of a hard roller. This will result in a unif orm constant headway. However, this would not only be uneconomical but 
	From an operational point of view, it would be desirable to place several small retarders at short intervals throughout the switching area to extract continuously the extra kinetic energy gained by easy rollers so that the velocity profile of the controlled easy roller will be almost identical to that of a hard roller. This will result in a unif orm constant headway. However, this would not only be uneconomical but 
	impractical si nce the presence of vari ous switches at various points in the track as well as the existence of curved por tions of the impose some limi tations on the placement of the ret arders. A of about 18 ft on each side of a switch is necessary from mechanical and structural considerations. Under ce rtain circumstances it may be desir able to place the retarders in the curved po rtions of the Thus only certain definite po rtions of the track are available for placing the retarders. Keeping these cons
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	A few trial studies can easily be made by studying the velocity and travelled di st ance profiles of a hard roller followed by an easy roller, since this represents the worst case as far as closi ng up the he adway is concerned. If the easy rol ler i s a llowed to roll f r ee l y, it wi l l tend t o c a t ch up with the hard r oller within a short distance. The first retarder should therefore be placed in the vicinity where 
	the headway is first indicated to be getting smaller than the desired value, The velocity of the easy roller at this point should be reduced by a certain amount through retarder action. (To establish a suitable value for the reduced speed, a simple control policy is proposed in the next section.) The necessary size and location of the second, third, etc, retarder can similarly be established through further computation of distance and velocity profiles, 
	D. A Proposed Control Scheme for the Retarders 
	After selecting tentatively the location of retarders, the next step is to use a suitable control scheme for the retarders. A simple control law of the form of Eq, (11) was tried and a few test studies gave quite encouraging results. 
	V = V -K (V -V) (11)
	V = V -K (V -V) (11)
	E O 1 i b 

	where v= Velocity of the hardest roller at the point it leaves 
	0 
	0 
	the retarder 
	Vb= Velocity of the hardest roller at the point it enters the retarder 
	V. = Velocity of any other car at the entrance to retarder 
	l 
	= Controlled exit velocity of the other car
	VE A suitable constant to be chosen by trial.
	Kl = 

	Note that if Vi= Vb, it implies that the incoming car is a hard roller, so Vi -Vb= O and VE= v = exit velocity of a hard roller,
	0 which is what it should be, 
	It is felt that, with suitable values for K to be found by a few 
	the above control law would be a simple and convenient form of 
	the above control law would be a simple and convenient form of 

	The implementation of this law requires the measurement of car speed at the entrance of the retarder, Using this information, the necessary exit velocity of the car can be calculated quickly by the 
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	computer using Eq. (11) and the retarder may be instructed to reduce the velocity to the value found by Eq. (11). The sensing and communication requirements are thus not very elaborate. In this connection it is to be mentioned that easy rollers can be differentiated from hard rollers by several methods. Two common methods are velocity measurements 
	and travel time measurements. Whereas there is no difficulty in modifying 
	the proposed control law so as to utilize time measurements instead of velocity measurements, we feel that control based on velocity measurements is preferable for the following reasons: 
	-

	(1) Velocity measurement is already necessary for proper operation of retarders to achieve desired exit 
	(1) Velocity measurement is already necessary for proper operation of retarders to achieve desired exit 
	velocities. 
	(2) Time separation may vary for reasons other than variations in rollability, e.g., delays in disconnecting the car on the hump. The velocity at the entrance point to a retarder is not dependent on the time reference and is not very sensitive to initial hump velocity because the velocity profile in the yard is 

	essentially governed by the grades and the initial transient dies out within 100 ft from the hump. Therefore, velocity seems to be a better criterion to dis
	tinguish a good roller from a bad roller. 
	tinguish a good roller from a bad roller. 

	(3) The control algorithm based on velocity measurement is 
	quite simple. 
	quite simple. 
	E. An Example 

	The above-noted general approach is now illustrated with a specific example wherein we consider some specific values for switch location, hump speed, car length, desired headway, etc. These assumed values are used only for convenience and to clarify various ideas. The same general approach is applicable for other similar hump speeds, desired headway, 
	etc. 
	etc. 
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	1, Assumptions 
	(1) Assume that, for a car rolling freely on a grade, the motion is described by 
	V = 8g -µg -Kg V (12) 
	where V = Speed of the car in ft/s 
	8 = Angle of the grade in radians 2 
	g = 32,2 ft/s µg and Kg have been assumed to have the following values 
	based on various test results: Hardest Roller: µg = 0,0611; Kg= 0.015 Average Roller: µg = 0.0257; Kg= 0,008 Easy Roller: µg = 0.00643; Kg= 0.0035 
	(2) 
	(2) 
	(2) 
	Car lengths are assumed to be 50 ft. 

	(3) 
	(3) 
	Minimum desired headway between centers of the cars is taken as 100 ft. 

	(4) 
	(4) 
	Assume a humping speed of 7 ft/ s. 

	(5) 
	(5) 
	The first switch is located somewhere between 350-450 ft from the hump. The second, third, etc., switches are located in the area 1000-1500 ft from the hump. It is not easily possible to place any retarders in the section from 1000-1500 ft because of several switches in this section. 



	2, Design of Grades a, Initial and Intermediate Grades 
	Considering the case of an easy roller followed by a hard roller, it was found after a few trials that an initial grade of 3 percent for about 200 ft followed by a grade of 2 percent for the next 250-300 ft is necessary to produce a satisfactory headway of 
	Figure
	100 f t betwe en the distance 350 f t to 450 ft from t he hump wher e the 
	first switch might be located. This, however, is not a unique grade profile but indicates the minimum initial grade necess ary for the given l ocation of the first switch and the gi ven vel ocity at the hump. 
	Other combinations--e. g., an initial grade of 5 percent for 200 ft and then a grade of 1.5 percent for the next 200-250 ft -might produce eq ual l y acceptable or even better headway between 350 to 450 ft. 
	Only after a few trial studies of velocity and distance profiles of a hard and an easy roller can one select a reasonably good profile. In or der to compensate for inaccuracies in the car rollability .·•.·• models, it was cons idered desirable to select an initial more than the minimum theoretical value. I t was therefore decided to use a 3. 5 percent grade for the fi rst 200 ft and 2 percent for the next 300 ft. 
	b. Front-End Final Grades 
	b. Front-End Final Grades 

	Front-end final grade should be selected so that a hard roller rolling freely and entering this grade with the velocity i t at tains in t he intermediate section is gradually brought down to a s peed of about twice the s peed a t the hump. For the initia l and intermediate gr ade mentioned above, the velocity of a hard roller at the end of the intermediate grade (i.e., at a distance of 500 f t from the hump) was computed to be about 23 ft/s, To reduce this speed to about 14 ft/s (twice t he humping speed) 
	~.5% I ----......_ 2% -200 ft_i,---..._,➔l'-'-.i~,,._________:o~.~G%~--------•• •-------500 ft-----
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	FIGURE 9 A SUITABLE GRADE PROFILE FOR THE EXAMPLE 
	c. Location of Retarders 

	To establish the needs and location of retarders, the following procedure was followed: 
	y (1) The performance of a hard roller followed by an easy r oller, both rolling freely on the above noted grade profile, were computed using a simpl e computer program that calculates t he distance and velocity of the car as a function of time using 
	Eq. (12). 
	Eq. (12). 
	(2) It was found that the headway builds up to 100 ft, when the center of the hard roller (leading car) reaches a distance of 150 ft; it is maintained at more than 100 ft (highest value 115 ft when leading car at 200 ft from hump) until the lead car reaches a distance of about 500 ft after which it starts decreasing and ultimately becomes zero when the lead car is 700 ft away f rom the hump. Thus, strict l y speaking, no retarder is needed between humping point and the first swi tch. However, i n view of t
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	and the first switch. A suitable location appeared to be at 300 ft away from the hump. Tentatively its length was selected as 40 ft . After the finalization of the exact location of the first switch, some modification in the size and location of the first retarder may be necessary. 
	(3) 
	(3) 
	(3) 
	Assuming as a first trial that the first retarder is made to release the easy roller with the same exit velocity as that of a hard roller at the exit point, its further performance was computed, assuming a free roll on the track. It was noted that the headway between the leading hard roller and the following easy roller tended to become less than the desired headway, when the lead car is at about 650 ft (from the hump). Thus it was decided to place a second retarder at a distance of 550 ft. First its length

	(4) 
	(4) 
	In view of the fact that no retarder could be placed in the section 1000-1500 ft, and rough calculation had indicated that one more retarder will be needed after the second retarder, it was decided to place it as close as possible to the tangent point to obtain maximum effectiveness in the area between 1000-1500 ft. Thus the third retarder was placed at 900 ft with a length of 60 ft as a first trial. 


	The above-noted considerations indicate the process by which retarder placements were established. We now briefly discuss the control logic employed. 
	38 
	38 

	Figure
	d, Control Policy for Retarders 
	d, Control Policy for Retarders 

	Control law of the form of Eq. (11) was used for the three retarders mentioned above. The values of K for the three retarders used were: 
	First Retarder K = 0 
	First Retarder K = 0 
	Second Retarder K = 1 
	Third Retarder K = 2.5 

	Figure 10 shows the distance and velocity profiles of a hard roller as well as an easy roller for the example under consideration. It is seen that the headway between a hard roller followed by an easy roller, between an easy roller followed by another easy roller, between an easy roller followed by a hard roller, are all at least 100 ft throughout the distance from 100 to 1500 ft. 
	With reference to the results of the above example, it is seen that between 800 ft and 1000 ft the headway is just 100 ft, This is not quite desirable since if the hard roller were slightly worse than the assumed model or if the easy roller were slightly better than 
	the assumed model, the actual headway might be quite closer than 100 ft. Some adjustment in the values of K could be made so as to bring the distance profile of the controlled easy roller to come closer to the profile of a hard roller, in which case there will be a few feet of extra headway available to compensate for inaccuracies in the model or in the measurements of speed or the retarder operation. 
	A few test studies for this specific example and a similar example using the control law in Eq. (12) indicate that, by using a fourth retarder and a slight adjustment in the location of retarders, an error of about ±1 ft/sin the release velocity of the retarder can be tolerated. This tolerance could be relaxed further if additional retarders are used. Therefore, for any specific case where grade profile, hump speed, switch location, reliability and tolerances in car models, sensing and retarder performance 
	Figure
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	using the control law of the form shown in Eq. (12), and following the general procedure explained with reference to the example. 
	F. Summary 
	Various factors that influence the design of grade profiles and principles of selecting the size, location and control policy of the retarders in the front end of the yard have been discussed. It was shown that there may not exist any unique way of selecting the grades in this area. Howev er for any set of given conditions such as the location of the switches, rollability model of the cars, humping velocity and t he desired headway etc. there exist only a few combinations of initial, intermediate and final
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	VI GENERAL DESIGN CONSIDERATIONS FOR THE BOWL TRACK AREA 
	A. Introduction 
	Three main design considerations for the bowl track area of the yard are discussed in this section. They are: 
	(1) 
	(1) 
	(1) 
	Selection of the bowl track grade, 

	(2) 
	(2) 
	Type and size tangent point retarder to be used, and 

	(3) 
	(3) 
	Control of the tangent point retarders. 


	It is shown how the grade of the bowl t rack is dependent upon the values 
	for the rolling resistance of a hard roller and of an easy roller. The 
	best type of tangent point retarders seem to be the weight-responsive 
	type. It is shown that their size is directly related to the design 
	value of the yard throughput. Finally, it is shown that, for a yard 
	throughput of 8 cars/ min, in order to avoid damaging collisions of 
	cars within the tangent point retarder, a particular type of control 
	po licy s hould be used. 
	The selection of the size, location and the proposed control scheme of the tangent point retarders presented in this section is based on the following desired objectives: 
	(1) The retarders should be capable of reducing the speed of an 
	easiest roller to about 6 ft/sec because of the collision constraint. 
	easiest roller to about 6 ft/sec because of the collision constraint. 

	(2) Consecutive cars destined for the same tracks should not 
	collide in the retarder section with intolerable speed difference. 
	collide in the retarder section with intolerable speed difference. 

	In the present section, the case of two consecutive cars has been analyzed in detail. The case of three or more consecutive cars destined for the same track requires considerations of some additional factors, e.g., cutting policy and spreading of retarder sections . However, the basic control policy proposed in this section with reference to the 
	43 
	43 

	case of two consecutive cars is equally applicable to the cases of 
	three or more consecutive cars. These cases have been considered in Section VII, along with the cutting policies where a modified scheme of spreading the retarder sections to minimi ze the collision is discussed. 
	B. Bowl Track Grade 
	B. Bowl Track Grade 

	The grade of the bowl tracks is a compromise value. It should not be so large that an easy roller will accelerate and reach speeds in excess of 6 ft/ s (otherwise an easy roller would someti mes couple with standing cars with an impact velocity greater than 6 ft/s). On the other hand, it should not be too shallow, otherwise, a hard roller will stop shortly after passing the tangent point. 
	As discussed in Sec. III, when a car is rolling on a grade of value 0, the net car acceleration is given by: 
	V = 0g -µg -Kgv (1) 
	where e = grade in radians 
	where e = grade in radians 
	µ = coefficient of Coulomb friction (dimensionless) 
	(s-1)
	K = coefficient of viscous friction 2 
	g = 32. 16 ft/s 
	V = car speed in ft/s 
	The ranges of µg and Kg are (from Table II): 

	for a hard roller µg (13) 
	= 

	lo.00643 for an easy roller 
	lo.00643 for an easy roller 
	~0.0322 

	o. 0113 for a hard roller Kg (14)
	= 
	= 
	{ 
	0.00206 for an easy roller 

	Using Eqs. (1), (13), and (14), one can show that an easy roller will never exceed 6 ft/s (as long as it is released from the tangent 
	point retarder at speeds below 6 ft/ s), if the grade is less than approximately 0.06 percent. Furthermore, with this grade, a hard roller will roll about 700 ft beyond the tangent point assuming it clears the t angent point with a velocity of about 14 ft/s. This 700 ft of clearance is considered sufficient to prevent blocking of the retarder, and the hard roller will eventually be pushed down the bowl track by other cars. 
	In summary, a grade of 0.06 percent is satisfactory on the bowl tracks. A steeper grade would require additional retarders placed a long the bowl track, and a grade more shallow than 0.06 percent would result in low coupling speeds and also result in too many cars stopping short, 
	C. Size of the Tangent Point Retarders 
	The size (working length) of a tangent point retarder is determined by the maximum energy reduction required for a car at the tangent point and the velocity head of standard l engths of the r etarder. 
	The maximum energy reduction required for a car at the tangent point is a direct function of the yard throughput. As discussed in Sec. IV, all cars must have a velocity of at l east twice the hump speed VH in the switching area. Therefore all cars will reach the tangent points with a speed of at least 2VH. Since the last control point for cars is at the group retarders, easy rollers will gain kinetic energy from the group retarder to the tangent point. Our studies have shown that an easy roller gains about 
	(2VH + 3)2 -v!in h = (15)
	(2VH + 3)2 -v!in h = (15)
	2g 

	where h = velocity head of tangent point retarder (ft) VH = the hump speed (ft/s) 
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	V. = minimum let-out velocity (ft/s) of the tangent point
	min 
	min 
	2 

	g = 32.16 ft/s If the bowl track grade is 0.06 percent it is not necessary to release any car (even an easy roller) from the tangent point retarder at a speed less than 6 ft/s because this grade will allow an easy roller to coast at a constant 6 ft/s along the bowl track when the car is released at 6 ft/s, and harder rollers can and should be released at speeds above 6 ft/s, after which they will gradually decelerate as they roll along the bowl track. Therefore, with a 0.06 percent bowl track grade and V. o
	min 
	min 
	h = 

	Consequently, for a hump speed of 7 ft/s (8 car/min throughput) the velocity head requirement of a tangent point retarder is 
	2 2
	2 2
	(17) -(6)
	h = = 3.94 ft
	2(32.16) 

	The most desirable type of retarder to use at the tangent point from a control point of view is a weight-responsive retarder because the velocity profile of cars in such retarders is independent of car weight and therefore the control of the tangent point retarder is very simple and depends only upon the entrance velocity of the car to the retarder, and the required letout velocity. The actual retarder length to produce the above noted velocity head can easily be calculated knowing the characteristics of th
	D. A Proposed Scheme for Sectionalizing and Controlling the Retarders 
	In the above section the considerations to establish the size of the tangent point retarder were discussed. However to minimize the collisions between two consecutive cars in the retarder section, it is 
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	B ..,_____.;..I_~ ,,,,,---CONVENTIONAL CONTROL POLICY 
	to sectionalize and control the individual sections 

	need to sectionalize the retarder arises because the total length i.e., 55 ft is often much greater than the headway between ecutive cars as they travel through the retarder. Therefore, parts two consecutive cars may frequently happen to be simultaneously in retarder. If there was only one long section of the retarder, one 
	the other car could obviously not be controlled correctly. Therefore, the appropriate control on each car, the retarder must be ized into at least two parts, preferably more as will be 
	below. 
	below. 

	In the following paragraphs a scheme of controlling the retarder sectionalizing it appropriately is proposed, 
	In orde r to minimize the possibilities of collisions within the the control policy of the retarder should allow each car to retarder in the shortest time possible for its particular 
	velocity and required letout velocity. In this way, any impacts the clearance point retarder occur as far into the retarde r as ible, thereby minimizing the impact velocity. The control policy achieves this type of operation is easy to visualize from Fig. 11. 
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	FIGURE 11 PROPOSED CONTROL POLICY OF TANGENT POINT RETARDER 47 
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	In Fig. 11, Point A corresponds to the maximum entrance speed of a car that could still be slowed down by the retarder to the desired letout velocity. I f a car enters the retarder at a speed below this maximum, such as Point Bin Fig. 11, then the car should be allowed to coast (by leaving open the first few sections of the retarder) until it reaches Point C and then be retarded along t he curve ACD until the letout velocity is reached at Point D. In this way the car will clear the retarder in the shortest
	In Fig. 11, Path ACD corresponds to the case where the retarder must be closed for the entire time that a car is in the retarder. It is the case in which the maximum possible energy is removed from a car by the retarder, referred to as the "capability curve" of the retarder. 
	E. An Example 
	E. An Example 

	Let us consider an example to elaborate the significance of the minimum clearing time policy for the tangent point retarders discussed above. 
	Consider the case of two consecutive cars. Assume that the first car reaches the tangent point with 15 ft/ sand must be released from the tangent point retarder at 6 ft/s either because the bowl track is nearly full or because the car is an easy roller. Assume that the second car reaches the tangent point with 17 ft/sand must also be retarded to 6 ft/s. Assume that the time separation between the two cars is 6 seconds, which is a typical value for a humping speed of 7 ft/ s. These values of speeds and time 
	Figure 12 shows the velocity and distance traveled as functions of time for both cars on the paths discussed above. If the first car is ret arded along profile BED of Fig. 12, we see from Fig. 12 that the 
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	second car collides with it at time t == 8,2 seconds, with an impact
	1 velocity of about 9.2 ft/s. However, if the first car is retarded along profile BCD, the second car does not collide with it until time t == 10,6 seconds, and the impact velocity is only about 5,5 ft/ s. This illustrates the point that the impact between successive cars within the tangent point retarders is the least when the minimum clearance time control policy is used. 
	We remark in passing that the other case, in which the first car enters the retarder with a higher speed than the second car, is not critical. In fact, if one reversed the two cars in the above example it can be shown that the impact velocity is less than 1 ft/s. 
	F. Implementation of the Proposed Control Policy 
	The steps necessary to implement the proposed control policy are now briefly described. The capability curve (ACD in Fig, 11) of the tangent point retarder shifts vertically when the letout velocity is changed, Figure 13 shows the capability curve of a typical tangent point retarder of 55 ft length for different letout velocities. From Fig. 13, one could derive an approximate formula for the distance a car should be allowed to roll freely before being retarded, in terms the required letout velocity and the 
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	Figure
	Note in the discussions above that the velocity profile of a car 
	Note in the discussions above that the velocity profile of a car 

	in the tangent point retarder has been considered to be independent of car length. Actually the profile is to some degree dependent upon the car length, and therefore the capability curve of the retarder is to some degree dependent upon the car length. However, analysis shows that the effect is not significant and so the control policy can safely be assumed to be independent of car length. 
	G, Summary 
	Our analysis has shown that the bowl track grade should be about 
	Our analysis has shown that the bowl track grade should be about 

	0.06 percent, a grade value that is independent of the throughput for which the yard is designed. The same grade should be used for the bowl tracks of any hump yard, 
	It has been shown that, for a hump speed of 7 ft/ s (approximately 8 cars/min), the tangent point retarders must have a working length of about 55 ft. These retarders should be built as a string of short sections (Sec. VII discusses this point further). 
	It has also been shown that it is important to use a particular control policy for the tangent point retarders--the minimum clearance time policy. This policy can be described as follows: 
	(1) 
	(1) 
	(1) 
	(1) 
	The car speed is measured just prior to entering the tangent point retarder. 

	(2) 
	(2) 
	Release speed is determined from the fullness of the bowl track and the car's rolling resistance. 

	(3) 
	(3) 
	The minimum length, LM' of the tangent point retarder that is necessary to slow the car to the required release speed is calculated (by computer). 

	(4) 
	(4) 
	The car is allowed to roll freely into the (open) retarder until it is within a distance of LM from the exit end of the retarder, 

	(5) 
	(5) 
	Full retardation is then applied until the car clears the retarder. 
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	VII THE INFLUENCE OF TRAIN MAKE-UP INFORMATION UPON YARD DESIGN AND OPERATION 
	VII THE INFLUENCE OF TRAIN MAKE-UP INFORMATION UPON YARD DESIGN AND OPERATION 

	Introduction 
	This section explores the implications of ty pical make-up information upon car cutting policies , t angent point retarder design, and yard operating policies. 
	Typical cons ist data (from the Bakersfield yard) were st udied to see if groups of two, three or more cars destined for the same bowl track occurred frequently . It was found that indeed they did occur frequently enough to deserve detail ed consideration. The question naturally arises whether such groups of cars should be humped as a group or should be cut singly or in some other gr o up arrangement . This question i s r e solved in Part C where it i s concluded that generally it is best to cut the gr oups
	It is shown i n Part D that because groups of cars occur f r equently it i s desirable t o spread the tangent point retarder sections along each bowl track . This is especially important at throughputs of 8 cars/ mi n or more. 
	Part E discusses the possibilities of utilizing car make-up inforimprove yard operation, Finally, conclusi ons are presented in Part F. 
	B. Consist Data from Bakersfield Yard 
	Sever al computer printouts indicating the car make-up details of various tr ains in Bakersfield yard were provided to us by Mr. Williamson. About 20 trains were selected randomly from these printouts and the ir make-up was studied. It was found that the most frequent group in these trains is the group of two cars. Groups of three cars was next most frequent group. On an average basis, about 20 percent of the cars were in gr oups of two cars and about 10 pe rcent in groups of three, 
	e.g. , in a train of 100 cars, there will typically be ten pairs of two 
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	consecutive cars going to same track and three or four groups of three cars. Groups of more than three cars were quite rare and amounted to less than 1 percent of the total number of cars. Assuming that these observations would be valid for West Colton as well, it was decided to limit the studies to the comparison of single-car cuts with two-car cuts, 
	Two more factors contributed to the idea of limiting the study to only two-car cuts, First, the length of acceleration measurement section will also have to be increased correspondingly if more than two-car cuts are to be considered; this is not desirable because of loss of active track and costs. Secondly the cutting process becomes more involved if cuts of more than two types are allowed, and is liable to create confusion for the operating personnel. 
	C. Selection of the Car-Cutting Policy 
	C. Selection of the Car-Cutting Policy 
	1. Influence of Different Cutting Policies Upon Headway 

	There are numerous possible situations where the decision about cutting the cars singly or in groups of two or more might have to be made, e.g. 
	(1) 
	(1) 
	(1) 
	A roller destined for Track a, followed by two rollers destined for Track b, followed by another roller destined for Track a. 

	(2) 
	(2) 
	A roller destined for Track a, followed by three rollers destined for Track b, followed by another roller destined for Track a. 


	It is easily recognized that if the factor of rolling resistance variations is combined with variability of train make-up, there will result a multitude of combinations. Fortunately, it does not seem necessary to study all possible combinations : The study of one or two typical combinations suffices to give enough insight into various aspects of the problem. It was therefore decided to study the following two typical cases: 
	Sect
	Figure
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	(1) One roller destined for Track a, designated a ; followed 
	1 by two rollers destined for Track b, designated b and 
	1 b ; followed by another roller destined for Track a,
	2 designated a .
	2 
	(2) One roller destined for Track a, designated a ; followed 
	1 by four rollers destined for Track b, designated b , b ,
	12 b and b ; followed by another roller destined for
	3 4 Track a, designated a .
	2 

	Case (1)--In Case (1), there are two possible cutting combinations: 
	• Cutting the two cars going to Track bas a group, i.e., 
	In case of the first cutting arrangement, three separate headways must be considered, viz., between a to b , b to b , and b
	1 11 2 2 to a. In case of the second cutting arrangement, only two headways 
	2 

	need be studied, viz., a to (b+ b) and (b+ b) to a.
	1 1 2 1 22 In case of first cutting arrangement the headways between to b, between b to b and between b to a are the typical head
	1 

	1 1 2 2 2 ways between two consecutive cars. Various cases of two consecutive cars were already analyzed in Sec. V and it was shown that for the assumed limits on the rolling resistances the headways remain above or equal to the minimum desired limit. This of course is obvious, since the grades and retarder in the switching area have been designed on the very basis of single-car cuts. The main question is how the headway between to (b+ b ) or (b + b ) to a varies when the two cars
	a
	1 

	1 21 22 going to bare left coupled. 
	a

	The travelled distance profiles of cars a , (b + b ) and a 
	The travelled distance profiles of cars a , (b + b ) and a 

	11 2 2 were computed in a manner similar to those used for Fig, 10, assigning random rolling characteristics to the cars within the limits and using the same control law, and it was found that the headway between rear end of car a and front end of the combination (b + b ) as well as
	1 1 2 
	1 1 2 

	Figure
	between back end of (b + b ) and front end of a varies between about
	1 2 2 165 ft and 95 ft, i.e., much above the minimum limit of 50 ft. 
	1 2 2 165 ft and 95 ft, i.e., much above the minimum limit of 50 ft. 
	Case (2)--In Case (2), the following two cutting combinations were studied: 
	Figure
	• Cutting the group of four cars going to Track bin two groups, i.e. , 
	Figure
	In case of single-car cuts, the headways between a to b ,

	1 1 b to b --b to a are all covered by the analysis of Fig. 10 and are
	1 2' 4 2 therefore within admissible limits. 
	1 2' 4 2 therefore within admissible limits. 

	In case of second cutting policy, the headways between a to 
	1 (b + b), (b + b) to (b + b), and (b + b) to a were computed
	2

	1 1 2 3 4 3 42 using the same control policy as mentioned above. In each case it was found that the headways remain much above the minimum desired limit, i.e., between 95 to 165 ft. 
	It is not difficult to see that the results will be similar for other situations. Thus, it can be stated that under the assumed control policy multicar cuts result in larger headways and t hereby may be preferable from the point of view of switching. In the following section we discuss the effect of multicar cuts on collisions in the bowl track section. 
	2. Influence of Cutting Policies upon Impact Velocities at the Tangent Point Retarders 
	2. Influence of Cutting Policies upon Impact Velocities at the Tangent Point Retarders 

	It was shown in the previous section that cutting a string of cars into groups increases headway between cars in the switching area and is desirable from that point of view. The other question to investigate is t he effect of the cutting policy on impact velocities and backup within the tangent point retarder. 
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	Figure
	---
	---
	For reasons already explained above, it was decided to 

	restrict the analysis to two cutting policies: single-car cuts, and the cutting of groups of two cars. 
	Our studies indicate that, unless the control logic for the tangent point retarder is dual-mode (one control policy for a single car and a second control policy for a pair of cars), the impact velocities and backup distances are larger for pair-wise cutting than for single -car cutting. The reason for this is that a weight-responsive tangent point retarder actually has more effective r e tarding power for a pair of cars tha n it does for a single car. Therefore the deceleration of a pair of cars i s more r
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	FIGURE 14 RETARDATION OF A PAIR OF CARS AND A SINGLE CAR 
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	Figure
	Curve ABCDE is t hat of a single car. From A to B, the truck of the car is in the retarder and the deceleration is r g/2 where 
	2 
	2 

	r i s the force-to-weight ratio of the retarder and g = 32.16 ft/ s . At Point B, the first truck leaves the retarder at Point C. Then Point C to D t he acceleration is again rg/ 2 . At Point D t he car the retarder. 
	Curve AFGHIJ i s that of a pa ir of car~s. From A to B, the first truck of the leading car is in t he retarder and the deceleration i s rg/4 (not rg/ 2 because the weight of the two cars is twice that of a s ingle car, thus t he deceleration i s half that of a single car) . This truck l eaves the retarder at F. From G to H, the second truck of the l eading car as well as the first truck of the trailing car are in the retarder. If the retarder were a perfect weight-responsive the force on each of these two t
	This example shows two important points: First, the maximum deceleration for a single car is rg/ 2, and 3rg/4 for a pair of cars. Therefore, for a portion of its travel, t he pair of car s experience great er deceleration than a singl e car. As s hown in Sec . VI, this generally results in higher impact velocities . The second point to consider is that the final velocity of the pair of cars will be less than that of a single car, since the total work done on the pair of cars is rwL/2 + 3rwL/2 + rwL/2 = SrwL
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	Because of these two facts, cutt ing in pairs is likely to result in higher impact velocities in the tangent point retarder than cutting singl y . Correspondingly, the backup distance beyond the retarder entrance will be worse. 
	Unless the retarder control logic has specific provisions for controlling a pair of cars diff erent l y than a single car, this problem cannot be avoided. 
	These conclusions were verified in simulations. A string of ten cars having the same bowl track destination were humped at speeds of 7.0, 6.5, and 6 .2 ft/ sand released f r om the tangent point r e tarder at 6 ft/ s (the minimum release speed for any car). (A stri ng of ten cars i s sufficiently long for us to observe the resulting collisions for any substring of less than ten cars. It is extremely r ar e for a string of more than ten cars t o occur.) Figure 15 shows the impact velocities in the tangent po
	Figure 16 shows t he backup distances. As can be seen from these figures, both the impact velocities and backup distances are uniformly worse for cutting the cars in pairs than for cutting the cars singly. Furthermore, it i s s een from these plots t hat if there i s a group of four or more cars i n the hump feed destined for the same track, the humping speed must be reduced from 7 f t / s to a suitable l ower value since for such a group even a singl e car cut policy will result in undesirable third, fourt
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	since single-car cuts result in less severe impacts than resulting from pair-wise cutting, irrespective of hump velocity, a general conclusion on cutting policy can be stated as follows: 
	3. Conclusions on Cutting Policy 
	3. Conclusions on Cutting Policy 

	For the tangent point retarder design and control policy outlined in Sec. VI, the suggested car-cutting policy is: 
	Cut all cars singly--An exception to thi s poli cy is that if a pair of cars exist in the hump feed that are destined for the same bowl track, and these cars are not adjacent to any other cars also destined for t his same track then one might as well leave the two cars coupled together, although this is o pt ional . 
	Cut all cars singly--An exception to thi s poli cy is that if a pair of cars exist in the hump feed that are destined for the same bowl track, and these cars are not adjacent to any other cars also destined for t his same track then one might as well leave the two cars coupled together, although this is o pt ional . 

	D. Desirability of Spreading the Tangent Point Retarder Secti ons 
	1. General 
	1. General 

	As already discussed, when the hump speed is larger than the tangent point retarder release velocity, damaging collisions in the tangent point retarder become a problem. As shown in Sec. VI-C, in the case of only two consecutive cars going to the same bowl track, the impact velocity can be minimized using the appropriate control policy for the tangent point retarders. However, when the hump feed contains groups of three or more consecutive cars destined for the same track, the impact velocities on the third
	In general , the impact velocities between consecutive cars can be kept small by decelerating the cars very gradually in the tangent point retarder. Of course there are pract ical limits to how gradual the deceleration can be since a very l ong tangent point retarder uses 
	Sect
	Figure

	up bowl track capacity. To illustrate the fact that gradual deceleration 
	reduces impact velocities, consider the example depicted in Fig. 17. 
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	FIGURE 17 VELOCITY PROFILES OF SUCCESSIVE CARS 
	Figure 17 shows the plots of velocity as a function of time for three consecutive cars in the tangent point retarder. Curve ABDF is the velocity of the leading car, Curve CDF is the velocity of the next car, and Curve EF i s the velocity of a third car. The vel ocity curve of the second and third cars are identical to that of the first car (until the c a rs coll ide), except that it is delayed in time by T and 2T res pectively, where Tis the time separation of the cars. At the time that t he first two cars 
	* 
	* 

	curves. For instance, i f the cars collide at time t as shown in Fig. 17, the impact velocity is 6V. If t hey had approximately the same weight, the two cars would move along the velocity profile GHDF after 
	the collision. If the third car then collided with the first two, the impact velocity could be as large as 36V/2 (see Fig. 17). In general, 
	if n cars followed each other into the same tangent point retarder, the maximum value of the (n-l)th impact velocity woul d be n6V/ 2 (assuming the cars have roughly the same weight) . Although t his result i s based 
	if n cars followed each other into the same tangent point retarder, the maximum value of the (n-l)th impact velocity woul d be n6V/ 2 (assuming the cars have roughly the same weight) . Although t his result i s based 
	upon some simplifying assumptions, it illustrates an important point, namely that in order to sustain several consecutive i mpacts in the tangent point retarder before the maximum impact velocity of 6 ft/s reached, the distance 6V between velocity profiles of consecutive cars must be considerably smaller than 6 ft/s. Equivalently, the slope of the velocity curves in Fig. 17 must be small, which means that the deceleration must be gradual. 
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	2. Some Examples Let us consider some examples that illustrate the major point} made above. The first point to be considered i s that the magnitude of impact velocities i n the tangent point retarder increase directl y the difference between the peak hump speed and the minimum letout city. To demonstrate this fact, consider a consecutive string of 10 cars that are humped at speeds of 6.2, 6,5, and 7.0 ft/sand all travel \ to the same bowl track where they are r etarded and released from the tangent point re
	for example, to 6.5 ft/ s, five collisions c o uld occur before the impact velocities rise above 6 f t/s. 
	The second major point to be illustrated by example is that the impact velocities can be diminished by making the retardation gradual. To make the retardation gradual, one can space sections of the tangent point retarder. For instance, a yard throughput of 8 requires that the tangent point retarders have a working length of 55 But this 55 ft of retarder can be split into sections, which then can spaced to make the retardation gradual. 
	If the retarder sections are placed end to end (flange to flange), then for a portion of a car's travel through the ret arder, 
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	FIGURE 18 
	IMPACT VELOCITY OF COLLISIONS IN TANGENT POINT RETARDER 
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	trucks will be re tarded, thereby doubling the car deceleration. The ve locity vs time curve for the car then resembles Curve ABCDE in Fig. 19. By spacing the sections of the retarder properly, it is 
	FIGURE 19 VELOCITY PROFILE OF A CAR IN TANGENT POINT RETARDER WITH END-TO-END SECTIONS 
	possible to ensure that only~ truck of a car is retarded at a time. In t his l atter case, the vel ocity of the car woul d l ook l ike Curve ABE in Fig. 19. This spaci ng reduces the maximum impact velocity to onehalf the value wh en the retarder sections are placed end to end. 
	As discussed previously, for a yard throughput of 8 car/min, the tangent point retarder has a wor king length of 55 ft, This can be sectioned into five sections, each wi th a working length of 11 ft, Si nce most cars are 50 ft long, the spacing shown in Fig, 20 will ensure that for most cars, only one truck will be re tarded at a time, 
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	FIGURE 20 SPREADING THE TANGENT POINT RETARDER SECTIONS 
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	To illustrate the effect that this spacing has upon impact velocities consider an example in which 10 cars of length 50 ft are humped at a 7 ft/s hump speed and then travel to the same bowl.track. Consider also that the cars must be slowed to a letout velocity of 6 ft/s at the tangent point retarder. Figure 21 shows the impact velocity behavior for the string of cars under the assumptions: (a) the retarder sect ions are placed end to end, and (b) the retarder sections are spaced as s hown above. 
	Figure 21 shows that if t he r etarder sections are placed end to end and cars are cut singly, it is impossible to hump any more than three consecutive cars at 8 cars/min before the impact velocity constraint is exceeded. Furthermore, when the retarder sections are placed end to end, the first two collisions occur with an impact velocity only slightly less than 6 ft/s. Consequently, if effects due to differences in car length, differences in car speeds at the retarder entrance, and errors in sensing and con
	3. Concluding Remarks 
	Consist data for the Bakersfield yard indicates that about 20 percent of cars corni ng into that yard were (in the hump-feed) in groups of two going to the same bowl track, and that about ten percent of the cars were i n groups of three going to the same bowl track, and that a negligible percentage of cars were in groups of four or more cars going to the same track. Assuming that these statistics would be approximately true for West Col ton also it is recommended that for a yard throughput of 8 cars/min, t
	(1) Ensure that the yard can operate nearl y continuously at a throughput of 8 cars/min, while keeping the 
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	FIGURE 21 
	IMPACT VELOCITY BEHAVIOR WITH AND WITHOUT SPACING 



	Figure
	impact velocities of groups of two and three cars well below the impact velocity constraint. 
	impact velocities of groups of two and three cars well below the impact velocity constraint. 
	(2) Provide a margin of safety for variations in the impact velocities due to differences i n car length, differences in car speeds at the retarder entrance, and errors in sensing and control. 

	We remark at this point, that if, initially, the West Colton yard is operated at a throughput of 6 cars/min, the corresponding hump speed, 5 ft/s, is below the minimum letout velocity of the tangent point retarders (6 ft/s). Consequently, there is no need to space retarder sections. But if the yard is later modified to operate at a throughput of 8 cars/min, then additional retarder length will be needed; furthermore, the retarder sections should then be spaced as discussed above. 
	E. Utilization of Train Make-Up Information to Improve Throughput during Yard Operation 
	In this section, we discuss briefly the possibilities of utilizing train make-up information to improve the yard operation, e.g., increasing the throughput or assigning the tracks e fficiently. Our preliminary studies indicate that under certain favorable car make-up conditions and an appropriate scheme of track designations, the yard can be operated with a hump speed higher than the nominal speed, thereby resulting in a higher throughput. 
	1. Possibilities of Increasing the Throughput 
	1. Possibilities of Increasing the Throughput 

	The design of grades and retarders both in the front end and in the back end has been based on worst case considerations, i.e., in case of switching area, the grades and r e tarders have been so designed that a minimum headway of 50 ft is maintained till the last swlLch is cleared, assuming that two consecutive cars always travel together up to the last switch and there swi tch over to two different bowl tracks. Similarly, in the case of_tangent point retarders, it has been assumed that one car i s always f
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	Figure
	going to the same bowl track. In actual yard operation it may frequently happen that no consecutive set of cars are going to the adjacent bowl tracks. As an example, consider the following track designations fo r a ten-ca r train with reference to the West Colton track arrangements. 
	I 3 I 15 120 I 20 j 15 11 I 7 j 17 I8 j 1 I 
	I 3 I 15 120 I 20 j 15 11 I 7 j 17 I8 j 1 I 

	Each box represents a car and the number inside it represents its bowl track designation. It can easily be seen that, except for the two cars destined for track 20, no other consecutive cars are going to the same track. Note particularly that 
	• 
	• 
	• 
	• 
	Car 8 fol lows Car 1 through only four switches 

	• 
	• 
	Car 17 follows Car 8 through only one switch 

	• 
	• 
	Car 7 fol lows Car 17 through only two switches 



	o The second Car 1 follows Car 17 t hrough only four switches, etc. 
	I f this table is completed it will be found that in the train of 10 cars under consideration, the maximum number of switches through which two consecuti ve cars travel together is onl y four. Therefore for this example the headway of 50 ft need be maintained only up the distance of 
	the fourth switch. 
	The two cars destined for Track 20 can be left coupled together without creat i ng any switching or collision problem. This observation indicates the possibility of increasing the hump speed, since the nominal hump speed was based on maintaining a headway of 50 ft throughout the switching area, i.e., up to the last switch. It is to be noted that a favorable condition in switching area implies a l so a f~~9X~~e conditi on in bowl tracks, since under the above noted condition or other similar conditions, the 
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	tog~t!.~~ ca_ be esta blished. If this maximum distance is the dis:acce of t~e :as~ s :tc~. then t he train must be humped with nomi nal htn:;p veloci:y. i: is signif icantly less than this distance (e.g . . a distance co~responding to only four or three switches), then hump speed ca~ oe increased by a certain amount. A tabl e can be prepared in advance indicating the maximum allowable humping velocity corresponding to the maximum distance through which the headway is to be maintained. 
	2. Improved Scheme of Track Designation 
	2. Improved Scheme of Track Designation 

	The above noted ideas were based on the assumption that car desti nations have already been assigned. In actual operation of the yard there may be considerable freedom and flexibility in assigning the car destination itself. Train make-up information can also be utilized to assign favorable track designation, i. e . , assigning the short tracks for the maximum number of cars. As an example, suppose an incoming train of 50 cars conta i ns the following cars distri buted randomly in the original train. 
	16 cars destined for City a 
	16 cars destined for City a 
	14 cars destined f or City b 
	12 cars destined for City c 
	8 cars destined for City d 

	A favorable track assignment can then be selected on t he basis of following considerations. 
	(1) Try to assi gn t he shortest available track to cars destined for City a, t he next shortest to cars destined for City b, etc. Consideration must of course be given to the available empty space on the bowl t racks. The general idea here is to bring t he maximum number of cars as fast as possible on the bowl tracks. This helps in improving the yard 
	(1) Try to assi gn t he shortest available track to cars destined for City a, t he next shortest to cars destined for City b, etc. Consideration must of course be given to the available empty space on the bowl t racks. The general idea here is to bring t he maximum number of cars as fast as possible on the bowl tracks. This helps in improving the yard 
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	operation, since back-up and collision problems are minimized, which in turn can contribute to increased throughput. 
	(2) Try to assign the tracks such that the distance through which the headway is to be maintained is minimized, This again has the advantage of contributing to increased throughput as already explained above . 

	The above note~ general observations indicate the strong possibility of utilizing the train make-up information to improve the yard operation. It is suggested that further detailed studies be conducted in thi s respect to develop quantitative relationships between humping speed and track assignment scheme. 
	F. Conclusions 
	It was shown that if a train contains three or more consecutive cars destined for the same track, it is preferable to cut them singly to minimize collisions on the bowl tracks. However, if there are groups of only two cars destined for the same track, preceded and followed by cars destined for other tracks, the two cars can be left coupled and humped together if this is found to be convenient from other yard operating conditions. Otherwise these can be cut singly as well. 
	It was also shown that in order to achieve nearly continuous operation of the hump at peak throughput of 8 cars/ min it is necessary to spread the tangent point retarder sections. 
	The possibilities of utilizing car make-up information to increase the throughput and to develop an efficient track designation scheme were explored. It was indicated that such a possibility definitely exists and must be studied in further detail. 
	Sect
	Figure

	Figure
	VIII EVOLUTION OF A YARD FROM A LOW THROUGHPUT TO A HIGH THROUGHPUT YARD 
	A. A Proposed Method The philosophy of designing the front end and the back end of the yard separately, suggested in Sec. IV, has an additional attractive feature in terms of long term economics of particularly those yards where the initial throughput is low but is expected to increase gradually to a higher value over a period of some years. For such yards, it is suggested that the grades of the yard be selected on the basis of the eventual higher throughput. During the initial low-throughput period, the f
	pective of the throughput level. The exit velocity of a fast roller at the tangent point is brought down to a level of about 6 ft/ s through 
	Figure
	Table III APPROXIMATE TOTAL RETARDER LENGTHS REQUIRED AT DIFFERENT STAGES OF WEST COLTON YARD Total Front-End Retarder Length in Feet* 
	Table III APPROXIMATE TOTAL RETARDER LENGTHS REQUIRED AT DIFFERENT STAGES OF WEST COLTON YARD Total Front-End Retarder Length in Feet* 

	Back-End Retarders* 
	Grade Designed for an Ultimate Throughput of: 
	Grade Designed for an Ultimate Throughput of: 

	Desired Throughput 
	6 cars/min 
	--.) 
	.i::. 
	8 cars/min 
	10 cars/min 
	6 cars/min (Total uncompensated grade drop"" ]8 ft) 
	6 cars/min (Total uncompensated grade drop"" ]8 ft) 
	700 
	Figure
	8 cars/min (Total uncompensated grade drop= 21 ft) 
	1050 
	800 
	Figure
	10 cars/min (Total uncompensated grade drop= 24 ft) 
	1410 
	1160 
	980 

	Total Length Required (total grade drop"" 2 ft) 
	2320 
	4400 
	6080 
	Approximate Arrangement (0;0715 ft/ ft retarder) 
	One c ontinucus 29-ft 
	retarder in e~ch bowl 
	track 
	55 ft of retarders in each bowl track over a length of 150 ft 
	76 ft of retarders in each bowl track spread over a length of about 
	420 ft 
	Note: The indicated retarder lengths are the estimated sums of all the retarders in the switching area in case o f front end and t h e sum of all the retarders for the 80 tracks in case of back end. 
	* 
	The estimated lengths are based upon the assumption that the retarders extract about 0.0715 ft of velocity head per ft length. This is a typical figure for weight-responsive retarders. 
	Figure
	gugh retarder lengths. The required length depends on the entrance Therefore, for higher throughputs--which means for higher 
	1rance velocities at the tangent point--correspondingly more retarder be required, as indicated in the tabl e. However, as indicolurnn of approximate arrangement, the increased r etarder 
	the bowl tracks must also be spread over r e latively longer This may be a limiting f actor, since the available bowl track reduced correspondingly. 
	An Example With reference to Table III, suppose it is desired to have an t hroughput of 10 cars/min and that the initial throughput is to be only 6 cars/min. The evolution may then proceed as 
	Stage 1 Desired Throughput: 6 cars/minute 
	(a) 
	(a) 
	(a) 
	(a) 
	Grades are designed for 10 cars per minute throughput; total drop required in the yard will be about 24 ft. 

	(b) 
	(b) 
	Retarder length distributed appropriately in front end of yard= 1410 ft; the effective grades then correspond to 6 cars/ minute throughput. 


	(c ) Re tarder l ength required in bowl tracks= 2320 ft (i.e., about 29 ft pe r bowl tr~ck). 
	j

	if the front yard grades are designed for 6 cars/ min, retarders 
	700 ft in the front end and retarders of 2320 ft in the bowl will still be required. Therefore the additional r e tarder length because of steeper grades is 700 ft, which is onl y about 24 
	the total retarder length of t he yard. 
	the total retarder length of t he yard. 
	2 Throughput to be raised to 8 cars/min 
	(a) Remove a total of 1410 -1160 = 250 ft of retarders from the front end. 
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	Figure
	(b) Add a total of 4400 -2320 = 2080 ft of 
	retarders length in the bowl tracks . Stage 3 Throughput to be raised to 10 cars/min 
	(a) 
	(a) 
	(a) 
	Remove another 1160 -980 = 180 ft of retarders from front end. 

	(b) 
	(b) 
	Add another 6080 -4400 = 1680 ft of retarders in the bowl tracks . 



	In the above noted. paragraphs, we have presented the fundamental guidelines for the proposed approach with some approximate calculations. For act ual implementation, it will be necessary to conduct c omputational studies to select the appropriate grades, locat ion and exact size of individual retarders in the switching area, proper location and exact sizes of bowl t rack retarders, etc . 
	C. Summary 
	I t has been shown how the design of both the front and back end of the yard is dependent upon throughput . In addition, a scheme has been proposed for designing a yard on a l ong term basis. By designing the front and grades slightly steeper and adding onl y about 20 percent extra retarder l engths, a yard can be evol ved from a throughput of about 6 cars/min to an eventual throughput of 10 cars/ min. The scheme offers a f lexible and economical approach for evolving a yard from a low throughput to a highe
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