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PREFACE 

The work described in this report was performed in the context 
of an overall program at the Transportation Systems Center to pro­
vide a technical basis for the improvement of rail safety and ef­
fic iency. The objective of this project was delineation and exam­
ination of the major factors constraining combined operation of 
passenger and freight service in high-traffic rail corridors. The 
program is sponsored by the Freight Service Division, Office of 

Research and Development, Federal Railroad Administration. The 
•

study was carried out by the author under the overall direction of 
John B. Hopkins, whose suggestions and comments have been most 
helpful. The following Raytheon Service Company personne l assisted 
in the preparation of this report: Ronald Karr, Technical Editor; 
Conni Sergerstedt and Mary Melo, Technical Typists; and the Art 

Department, Gene Adelezzi, Director. 
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1, INTRODUCTION 

1.1 BACKGROUND 

Foreign railroad experience, as in Japan and Europe, in­
dicates that if a commitment is made to completely new roadbed, 
track, structures, rolling stock, and signal and control systems, 
safe, comfortable and reliable passenger service at speeds of 125 
MPH or greater is possible, and can achieve substantial consumer 
acceptance. Major advances have been made in the area of on-board 
equipment for passenger trains, particularly with regard to braking 
and acceieration capabilities, suspensions, and aerodynamics. 
Although high-quality track structures and sophisticated control 
systems are well within the limits of technical feasibility, they 
are typically not characteristic of potential HSPT corridors in 

the United States. 

The cost of complete line reorganization to render a physical 
plant fully suitable for high speed passenger train (HSPT) service 
comple tely new signaling and control systems, curve realignments, 
right-of-way fencing, etc. - has been estimated to be between 0.2 

and 1.2 million dollars per mile for some corridors, and the cost 
for the signal revisions alone has been estimated at between $30,000 

and $500,000 per mile, depending in part upon the sophistication of 
the control system, 

Thus, problems arise when attempts are made to provide high 

speed rail service utilizing existing facil i ties during consumer 
acceptance or demonstration operations for which full-scale re­
organization of the line is not possi ble. The determination of 
maximum train speeds feasible without a major commitment to upgrade 
the physical plant is a problem being studied throughout the world. 1 

1u.s. Department of Transportation Report, .!.!!!..2!2ved Passenger Service 
for the Northeast Corridor Pan-Technology Consulting Corp., Report 
FRA-ORD&D-74-3, April 1973~ 
U.S. Department of Transportation Report, Improved Passenger Service 
for Three Corridors, Pan-Technology Consulting Corp., Report 
FRA-ORD&D-74-4, April 1973. (continued) 
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Advanced rolling stock can readily be used on a temporary or trial 

basis, but this is obviously not true of fixed plant such as improved 
track and signal systems. Within this constraint, full-scale re­
construction of track and roadbed is precluded. However, if it is 

assumed that the rolling stock and track structures in a particular 
case will permit operation of high speed passenger trains, it re­
mains necessary to consider the form and potential costs of the 
signal and control system necessary to assure safe operation at 

desired speeds. A second consideration of particular importance 
to trial or demonstration situations is the impact of HSPT service 
on freight traffic moving in the same corridor. 

1. 2 OBJECTIVE 

The overall objective of this study is examination of both 

factors in sufficient depth to permit a general assessment of the 

magnitude of the problems involved, A brief review of the prin~ 

ciples of block signal systems (virtually universal in the U.S.) 

is accompanied by a description of factors affecting train stopping 
distances, including discussion of various means of meeting the 

signaling requirements necessary to the safe and efficient opera­

tion of HSPT's. The several recognized classes of train control 
systems are summarized, and FRA data are analyzed to provide a 
measure of the level of safety - and safety benefits attainable 

through automatic train control systems, The question of the im­
pact of HSPT's upon freight service operations is addressed in a 

generalized manner through train graph analysis applied to several 
specific, though idealized, cases. Recommendations based 

upon the study are then summarized, 

(Continued) 
J,W, Diffenderfer, "High Speed Passenger Transportation in the 
Northeast Corridor of the United States of America Utilizing 
Existing Facilities," presented at the I. R. C ,A. - U. I. C. High­
Speeds Symposium, Vienna, 1968. 

J.L. Cann and J.T. Wilson, "Development of a High Performance 
Train System for the Toronto-Montreal Corridor," presented at 
the I.R.C,A, - U.I.C. High-Speeds Symposium, Vienna, 1968. 
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1.3 SCOPE 

As indicated above, the primary focus of this study is signal 
and control aspects of HSPT operation, with safety and efficiency 

as criteria. Other elements of physical plant, such as roadbed 
2requirements and costs, and adequate grade crossing safety, are 

not treated in this study. 

This examination does not include surveys of specific rail 
corridors. The study is based upon two general assumptions which 
appear to be realistic for U.S. operations: 

1, All potential demonstration high speed HSPT routes will 
be in existing rail corridors and over existing high 
density rail lines - routes likely to be characterized 
by approximately 40 or more trains per day . (For example, 
on the rail corridor between New York and Washington there 
are about 570 train origins per day. A "snapshot" look 
at the traffic on that corridor at 5:30 pm would find 
about 45 passenger and 10 freight trains.) 

2. Existing rail lines have been operated and designed - in 
terms of signaling, curvature, rail, etc. - primarily for 
freight traffic. 

It is to be noted that site-specific surveys are especially 
important in assessing the problem of freight train congestion 
caused by interference from high speed passenger train operation. 
Studies of this type , with specific consideration of four potential 
corridors, have been prepared by Pan-Technology Consulting Corp. 
for the Federal Railroad Administration, 3 

2The subject of grade cross ing protection is not examined here 
and is only mentioned peripherally. For a more complete dis­
cussion. see: 

J.B. Hopkins , Grade Crossing Protection in High-Speed, High 
Densit6, Passenger-Service Rail Corridors, Report FRA-ORD&D-74-14 
Septem er 1973. 

3Improved Passenger Service for Northeast Corridor, Op. Cit.; 
Improved Passenger Service for Three Corridors, Op. Ci t. 
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2, BLOCK SIGNAL SYSTEMS 

2.1 INTRODUCTION 

The basis of virtually all railroad signal/control is the 
block system, in which the railroad network is divided into spe­

cific segments - "blocks" - which may range from hundreds of feet 

to several miles or more in length. In general, if a block is oc­

cupied by a train, other trains are either forbidden to enter, or 
may do so only at a speed which permits stopping within sight dis­

tance. Such a system can be based upon manual control by railroad 

employees who communicate train entrance and exit information to 
one another and set signals accordingly, or by actions of a dis­

patcher. However, any significant volume of traffic generally war­
rants use of an automatic system utilizing track circuits, in which 

each block is isolated electrically from adjacent segments. The 
electrical short-circuit between rails caused by the wheels and 

axles of an occupying train is readily detected and can operate 
a signal system without direct human intervention. In more soph­

isticated systems, a block entrance signal can also be controlled 
by the occupancy condition of one or more blocks in advance of the 
one in question, in what is referred to as a "multi-aspect" signal 

system, illustrated in Figure 2-1. In this way an engineer can be 
informed, for example, that the block he is entering is vacant, 

but that the next block is occupied, which could imply a second 

train stopped just inside the entrance to the second block. A 

clear and comprehensive review of this subject can be found in 
Armstrong 1 s All About Signals. 4 

All high density rail corridors in the U.S. include an auto­
matic block signaling system . Approximately 50 % of all the track 

mileage, and approximately 95 % of all the multiple track mileage 

in the U.S., has an automatic block signaling system presently in­

stalled. 5 The safety and operating efficiency benefits of automa­

tic block signaling have been appreciated by the railroad industry 

John Armstrong, All About Signals, Kalmbach Pub. Co., 1957, 26 pp.
5 Unpublished Statistics compiled by the Federal Railroad Admin-
istration, Office of Safety, 1973 data. 
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for decades. The system has proven itself to be economically viable 
on high or even medium density lines and its existence on all po­

tential high speed routes is virtually assured. 

A crucial question is whether or not it is possible to offer 

HSPT service without having to respace the blocks (increase their 
length) and block signals. This section consirlers the determination 

of maximum safe operating speed in terms of compliance with block 
signals, given an existinR block spacing and track profile. It 

will be shown that not all existing spacings will be suitable for 
all anticipated speeds. For those corridors where the existing 

spacing would be insufficient for HSPT operation, a listing of 
technical alternatives is included. 

2.2 BLOCK LENGTH 

There is no Federal or industry standard for block lengths. 

Block spacings are determined by each individual railroad accord ing 
to its own needs and requirements. Federal regulations require 

only that speed limits be such that a restrictive block signal can be 
complied with by other than an emergency brake application. 6 Each 
railroad, or signal supplier, generates its own set of braking or 

stopping curves for different speeds and conditions of grade, track 

curvature, and train length. Figure 2-2 shows three stopping dis­
tance curves out of a typical set. The curves of Figure 2-2 were 

constructed from data which the Air Brake Division of Westinghouse 
Air Brake Co. (WABCO) furnishes to railroads upon request. The 

WABCO data have actually been measured and verified over a long 
series of braking tests and are accepted by both the Association of 
American Railroads (AAR) and the Air Brake Association. 

When blocks are initially laid out, the railroad first decides 

the maximum speed at which it wishes to operate. The top speed 

and the stopping distance curves, plus an individually determined 

safety distance, determine the block spacing. Conversely, when 

speed limits are initially set (exclusive of Track Safety Standards 

or other considerations), the block spacing and the safety distance 

6 Code of Federal Regulations, Title 49, part 236.24 (197~). 
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determine the maximum speed. 

Stopping distance data are readily available. Safety distances, 
however, are more difficult to determine. Safety distances are 
included to compensate for changing conditions, to provide an ade­

quate stopping distance in the event that cars are overloaded, and 
also to allow for the possibility that not all of the cars in the 
consist have properly functioning brake rigging. (Federal regula­
tions allow up to 15% of a freight car consist to be without proper­

7ly functioning brake apparatus. ) A figure of 10% of the total 
calculated stopping distance is a reasonable estimate of the min -
imum safety distance that any railroad would use for freight or 
should use for HSPT operation. (The line between New York and 
Washington has an average block spacing of about 9,020 feet, with 
track, in most sections, capable of 100 MPH operation. The Penn 
Central Railroad, however, restricts all freight trains to 60 MPH, 
and this, from Figure 2-2, allows a distance safety margin of about 

15%.) 

The traffic densities and track capacities of potential HSPT 
routes imply relatively high existing speed limits for mainline 
freight trains - on the order of 55 to 70 MPH. This speed range 
would require stopping distances of between 7,000 and 11,000 feet, 
assuming a 10% safety distance and the data from Figure 2-2. There­
fore, a three-aspect automatic block signaling system would be based 
on a min i mum block length of 7,000 feet, and a four-aspect system 
would assume a minimum block length of 3,500 feet. 

2.3 STOPPING DISTANCES 

The distance required for a train to come to a full stop is a 
function of many variables - train speed and size, type of brakes, 
topography, weather, condition of tracks, etc. This subject is 
reviewed in some detail in the appendix, with special empahsis on 
limitations arising from braking systems, wheel rail adhesion, and 

7code of Federal Regulations, Title 49, part 232.1 (1974). 
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passenger comfort, Results from this treatment will be used below 

to provide a measure of attainable system performance for various 
cases. 

Figure 2-3 shows the nominal stopping distances of the Metro­

liner and a 97 car "typical" freight train, and the calculated 

stopping distances of a hypothetical HSPT, based upon the adhesion 

demand limitations described in the appendix. Figures 2-4 and 2-5 

show the stopping distances for the same trains on a -1% and +1% 
grade, respectively. The stopping distances of the freight train are 
as would be measured, but the calculated HSPT stopping distances are 
somewhat longer than would usually be measured. Air resistance or 
aerodynamic drag would have the effect of decreasing the total 

stopping distances (from 150 to O MPH) by about 20% (assuming a 

four coach Metroliner or Turbotrain-type train). However, the 

braking contribution of aerodynamic drag cannot always be counted 

on, since a strong (SO to 60 MPH) tail wind would diminish the ef­
fect by about 70%. 

Figure 2-6 shows the maximum safe HSPT speed as a function of 
the freight train speed for which the signal system has been de­

termined, for three grade conditions. Worst-case adhesion limits 

are assumed, as described in the appendix. For level, descending, 

or only slightly ascending track, 125 MPH operation with existing 

block spacing is seen to be generally feasible. There is a problem, 

however, on steeply ascending grades, as the decelerating effect 
of the grade is greater for heavy freight trains than for light­
weight HSPT's. 

The cost of complete signal re-spacing has been estimated at 

about $20,000 per mile. 8 This estimate is probably somewhat low 

if one adds in the cost of new centralized train control (CTC) 
equipment, new grade crossing configurations, etc. For most cor­

ridors, this cost, as well as the time delays to be encountered 

while the respacing work is being completed, can be eliminated 
if speed limits of 125 MPH are acceptable. 

8 Im roved Passen er Service for Northeastern Corridor, op. cit.; 
Passenger Service or Three Corri ors, o~. cit. 
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For those corridors where top speeds of 150 MPH are required, 
or for corridors located in very hilly terrain where grades of 1% 
or more are common, corrective action will have to be taken. The 

next section describes a set of alternative possibilities. 

2,4 ALTERNATIVE CORRECTIVE ACTIONS FOR INADEQUATE BLOCK LENGTH 

2.4.1 Introduction 

As described in preceeding sections, it is assumed that all 

potential high speed passenger corridors will have an automatic 

block signaling system currently installed, with block spacing 

and signal aspects suitable, in most cases, for 125 MPH operation, 
but not for 150 MPH operation. For those corridors that require 

signal system modification, various options are available. This 

section suggests options to be considered. Only the block signal­

ing system is considered; train control is discussed in the follow­
ing section. 

As part of this study a literature search covering foreign 

techniques and policies was carried out. The following discussion 
draws upon that activity. 

2.4.2 Operating Within the Existing Block Signaling System 

The British Railway System (BR) is especially interesting 

because the overall rail system in Britain is more nearly similar 

to that in the United States than any other European or Asian 
country. For the 125 MPH High Speed Train (HST) the British have 

decided to operate within the existing signal system, rather than 

increase either the block spacing or number of signal aspects. On 

all mainline sections of track BR uses a four-aspect automatic 

block signaling system with a standard block spacing of 3,345 feet 

on level, tangent track. Mainline trackage carries high density 
traffic consisting of a mix of conventional passenger trains with 

a maximum speed limit of 100 MPH and freight trains with a max­

imum speed limit of 60 MPH. The signaling system consists of d.c. 
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track circuits and pole lines, with some interlockings. For all 
mainline trackage, BR also uses a two-aspect, intermittent, in­

cab auditory warning system. 

Initially, the Signaling Department at BR expressed reserva­
tions concerning 125 MPH operation without the use of continuous 
cab signaling, particularly with respect to crew burden under ad­
verse conditions. However, the management at BR felt this was not 

economically justifiable. (The Signaling Department did not ob-
ject to the speed limit in terms of aspects or signal spacing,) BR, 
for HSPT, assumes a worst case adhesion limit of Z.O MPH/Sec. for 
0 to 125 MPH, and therefore assumes that the 125 MPH train can al­
ways be stopped in less than 6,000 feet, or in approximately 90% 
of the available distance. 9 

2.4.3 Providing an Additional Signal Aspect 

If, for a particular corridor, the maximum speed possible with 
the existing block spacing is deemed insufficient, the most desir ­
able approach is likely to be use of an additional signal aspect. 
This approach would be relatively inexpensive - on the order of 
$2,000 per track, per mile - and would have the advantage of not 
increasing headways. Thus line capacities would not be reduced 
when HSPT's are not involved, as would result from use of longer 
blocks. In addition, this approach would provide sufficient stop­
ping distances at near-minimum headways when HSPT's are involved. 
The additional aspect would be ignored (i.e., considered to be the 
same as a "line clear" indication) by all trains other than HSPT's. 

Adding an additional signal aspect is an approach used by 
the French on many high speed routes. Over the past ten years , 

speeds on the SNCF (French National Railway) have been increased 
to 100 MPH. Sufficient stoppin~ distances were maintained by in­
creasing braking power and by relocating distaat signals. However, 
in 1968 SNCF decided to attempt to increase speed limits, first to 

9t~Roberts, "Improved Braking Raises BR's Inter-City Speeds," 
Railway Gazette International, February 1973; 
J.F.H. Tyiei, ·Railway Division Jouinal, Institution of Mechanical 
Engineers, Vl, pt. 3, 1970. 
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125 MPH and then 150 MPH, with the eventual long term objective 
of operation of a few lines at 200 MPH. SNCF felt that, with the 
exception of both high density and very high speed lines, the high 
cost of complete line signal reorganization was not justified,10 

In searching for a less costly solution for those lines not meeting 
the reorganization criteria, SNCF decided to add an additional 

signal aspect - flashing green - which would be applicable only to 

HSPT's. The additional-aspect signal system is now in operation 
on the SNCF for trains with a speed limit of 125 MPH, 11 

The SNCF rail system is somewhat diverse, but the sections of 

interest here are mainline track servicing both freight and con­

ventional passenger trains, Either three or four-aspect automatic 

block signaling systems, with interlockings, are used. The al­
lowed braking distances are about 4,800 feet, implying minimum 

block lengths of 4,800 feet for three-aspect signaling systems, 

and 2,500 feet for four-aspect systems, on level track. On these 
lines SNCF also uses a two-aspect, in-cab warning system, The 

warning system is mechanical in design and uses a "crocodile ramp" 

actuator, located between the rails just in advance of the wayside 
signal mast, which conveys mechanically to the locomotive cab whe­

ther or not a restrictive signal is about to be passed. If a loco­

motive passes a restrictive signal and there is no acknowledgement 
by the engineman or brake application, the train's brakes are auto­
matically applied. 

To add the additional aspect, SNCF uses an audio frequency 

a.c. pole line overlay transmit/receive system which transmits the 

status of each wayside signal back to the next wayside signal. 

(Actually, to add an additional aspect to a three-aspect system, 

the overlay is not necessary, as the information could be carried 

through the polarity of the d.c. signal.) For those lines operated 

lOJ. Michaux and M. Laplaiche, ••Braking and Signaling Problems 
Arising with High Speed Trains," Proceedings of IRCA-UTC "High 
Speeds" Symposium, Section II, p. 390, Vienna, 1968. 

11 "SNCF Adds a Signal Aspect for High Speed Trains," Railway 
Gazette International, April 17, 1970. 
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with a speed limit of 125 MPH, SNCF also removed the mechanical 
"crocodile ramp" warning system and installed either a four- or 
five aspect intermittent cab signaling system, using inductive 
transmitting and receiving loops. 

This is an interesting approach; hardware and installation 
costs are held to a minimum, and substantial benefits are accrued, 
especially in terms of the problem of interference between slower 

moving freight trains and high speed passenger trains. The hard­
ware and technology is proven, and consists essentially of off-the­
shelf items. While flashing green may not be the ideal aspect to 
add, the concept of providing an additional aspect is a viable and 

economical approach. 

2,4.4 Manual Blocking 

During demonstration or consumer acceptance operations in 
those cases where the maximum speed possible with the existing 
block length is deemed unacceptable, it has been suggested that a 
manual block system be used . Not only does this approach compro­
mise safety - di spatchers are not infallible - but also the traffic 
densities and existing line capacities involved tend to make this 
approach impractical. Line capacity is, roughly speaking> inversely • 
proportional to block spacing. If the manually controlled block 
lengths are kept short - on the order of 2 to 5 miles - the high 
labor costs associated with adding addit i onal dispatchers will 

almost certainly be unacceptable. If the block lengths are in-
creased to 20 miles or so, the reduction in line capacity is also 
quite likely to prove unacceptable. The changeover from a three-
aspect automatic block signaling system with a block spacing of 

9,000 feet to a manual block system with a block spacing of 16 
miles reduces capacity by about 80%. 
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3, TRAIN CONTROL SYSTEMS 

3.1 INTRODUCTION 

The signal system previously discussed provides block 
occupancy information necessary to safe movement of trains. The 

typical automatic block signal system is based upon display of 

this information on wayside signals. This section deals with means 

of providing such information within the locomotive cab and of by­

passing the engineer under certain circumstances. The various 

methods of accomplishing these additional functions are commonly 

characterized as "train control systems." 

The engineman's responsibilities while operating a train are 
complex, the degree of complexity increasing disproportionately with 

higher speed. He is essentially deluged with information, all of 

which he must accurately receive, understand, assimilate, and act 

upon. In addition to receiving information about the locomotive's 

operating equipment, he must also observe signal indications, sta­
tion stop information, grade markers, whistle boards, mileposts 

and other position landmarks. These activities are in addition to 

the fundamental task of obstacle detection through visual inspection 
of the track ahead. All of these inputs are necessary pieces of 
information; all are vital for safe operation. Total dependence 
upon visual detection of wayside block signals, even with adequate 

block spacing, would raise severe questions of safety. Note that 
at 120 MPH a sight distance or 1/4-mile would allow only 8 seconds 
for determination of the aspect. Thus, a varjety of ~eans of sun­

plementing the crew sensinR capabilities with automatic devices 

have been developed and implemented. 

Federal regulations currently restrict both freight and pas­
sen~er train speeds to below 80 MPH unless both the lead locomotive 

12and the district are equipped with a compatable tr~in control system. 
11 Train control systems," for these purposes may be described in 
t erms of 1ve genera1 c1 • f • • l3 eyf • assi 1cat1ons. Th are: 

i~Code of Federal Regulations, Title 49, Part 236.567 (1974). 
Within each of the five general classifications there are a number 
o~ variances, and in addition, the names of each of the class­
ifications are not universally accepted. One of the signal supply 
companies rerers to Automatic Train Protection (ATP) rather than 
Automatic Train Stop. The two, however, convey the same meaning. 
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1. Automatic Cab Signaling Systems intermittent (ACS)i 

2. Automatic Cab Signaling Systems continuous (ACS)c 

3. Automatic Train Stop Systems intermittent (ATS)i 

4. Automatic Train Stop Systems - continuous (ATS)c 

s. Automatic Speed Control Systems (ASC) 

3.2 AUTOMATIC CAB SIGNALING SYSTEMS - INTERMITTENT (ACS) i 

Intermittent cab signaling sys tems are the least expens i ve and 

offer the least protection of any form of train control equipment. 
With this system , wayside signal aspects are repeated and displayed 
in the cab. However, the in-cab aspects are not updated con­
tinuously but rather, intermittently, at the entrance to each 

block. Intermittent systems are almost invariably installed as 
an addition to an existing block signaling system. Completely new 
signaling instalations - new block signaling as well as new cab 
signaling - generally involve continuous rather than intermittent 

systems. 

Intermittent systems in the United States operate on the 
principle of electromagnetic coupling between a wayside trans-
mitter and a locomotive mounted receiver. 14 The system is comprised 
of four major elements: 

1. A transmitting loop or coil of wire usually buried between 

the rails and located just in advance of the entrance to 
the corresponding block, 

2. A locomotive-mounted receiving loop or coil. 

3. A device, usually a permanent magnet, l oc ated just in 
advance of the transmitting loop, designed to cancel the 
old i ndication just be f ore the new aspect is registere<l. 15 

14
Early cab signaling systems did use mechanical devices to trans-
mit the signal indication from the wayside to locomotive. Some 
Systems in Europe and Asia st ill use mechanical actuators. 

15
often elements 2 and 3 are combined by wrapping a coil of wire 
around a permanent U-shaped magnet. 
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4, A display panel and audio announcer mounted inside on 

the locomotive cab. 

Federal regulations consider cab signaling systems, both con­

tinuous and intermittent, to be in the same general class as train 

control systems. Cab signaling systems are, therefore, subject to 

the same rules, standards, and instructions and therefore offer 

compliance with the 79 MPH rule, etc. The only function of both 

intermittent and continuous cab signaling systems is that of pro­
viding information to the engineman. The display panel 11 rememberst1 

the indication of the last wayside signal. It is a Federal require­
ment of all cab signaling systems that an audible warning be 
issued to the engineman, in the event that the on-board cab 

signaling equipment detects a change from a less restrictive to 
a more restrictive signal aspect, It should be pointed out, however, 

that with cab signaling alone, failure of the engineman to respond 

to the audible warning does not result in an automatic brake 

application or in any other automatic corrective action. 

The other principal disadvantage of intermittent cab signaling 
systems is that the panel always displays the indication of the 

last signal that the locomotive passed. The engineman does not 

have the advantage of being able to "feel ahead." He is not 

immediately notified of changing conditions. Thrown switches, rock 

slides, and trains reversing direction all would present potential 
hazards where safety is dependent on the timeliness of the engine­

man 1 s response. The long block lengths common in the United States 

tend to decrease the effectiveness of intermittent systems. While 

a few intermittent cab signaling and intermittent train stop systems 
are currently in use in the United States, most installations within 
the past forty years have been overseas. The shorter block lengths 

of Asian and European systems are somewhat more adaptable to inter­

mittent systems. 

The cost of adding intermittent cab signaling to an already 

existing automatic block signaling system would be approximately 
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$3,000 per track-mile plus an additional expenditure of approxi­
mately $8,000 per locomotive. 16 

3.3 AUTOMATIC CAB SIGNALING SYSTEMS - CONTINUOUS (ACS)c 

Continuous cab signaling systems are similar to intermittent 
systems except that coded (modulated) track circuits are used, 
rather than inductive loops, to relay the information from the 
wayside to the locomotive. This system has the advantage of 
providing the engineman with continuously updated information 
concerning the status of the next approaching signal. This 
capability, which enables the engineman to 11£eel ahead," is a 
significant improvement over intermittent systems. 

Most of the existing automatic block signaling systems in the 
United States are either three- or four-block systems. In the 
event of rapidly changing conditions a sufficient stopping distance 
may not remain if the information is not relayed to the engineman 
until the locomotive reaches the next signal. There are definite 
benefits to be derived from advance notice of signals ahead. In ­
creased operating efficiencies can accrue in allowing a long freight 
train or high speed passenger train to resume speed, knowing that 
the track ahead has just recently been cleared. 

In most installations, an a.c. coded signal is superimposed 
over the d.c. track signal, The d.c. track circuit is used for 
train detection. The coded a.c. signal is used to transmit 
signal indications to the locomotive and, in some installations, 
to activate the wayside signals. The use of coded track circuits 
does, therefore, improve the degree of "failsafe" protection, in 
the sense that the d.c. signal must be first detected before the 
a.c. signal can be transmitted and detected at the other end of the 
track. 

rr-. 
This and the other cost estimates in this section should be con-
si?ered rough estimates for an "average" railroad environment 
which d?es not have extremes in switching complications, noisy 
track circuits, grade crossings, etc., in 1974. Accurate cost 
estimates can only be prepared after considering a specific system 
on a specific section of a specific railroad. 
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The approximate cost of adding a cont inuous automatic cab 
signaling system to an already existing automatic block signaling 
system would be approximately $30,000 per track-mile plus $8,000 
per locomotive, 

Cab signaling systems also form the basis for Automatic 
Train Stop and Automatic Speed Control systems, The basic limita­
tion of cab signaling systems is that, although additional informa­

tion is supplied to the engineman, the system still rel ies upon 
him to take the appropriate action, 

As of January 1, 1973, there were 2,855 miles of automatic 
cab signaling installed in the United States, and 3,143 miles of 

17either automatic train stop or automatic speed control. Thus 
less than 3% of the railroad mileage in the United States is 
equipped with any form of train control or cab signaling systems. 
As of that same date, approximately 5,420 locomotives and multiple 

unit self-propelled (MU) passenger cars were equipped to accept 
either cab signals, Automatic Speed Control, or Automatic Train Stop. 

3.4 AUTOMATIC TRAIN STOP SYSTEMS (ATS) 

Automat i c Train Stop systems are direct extensions of cab 
signaling systems; the primary difference is that if the engineman 

does not acknowledge the passage of a restrictive signal aspect, 
the ATS system wil l automatically in itiate an emergency brake 
application. Once this '1penalty" emergency brake application 
begins, there is no means by which the eng ineman can cancel it and 

prevent the train from coming to a full stop. As with intermittent 
ACS systems, intermittent ATS systems control the train only at 
specific discrete points (at the entrance to each block) through 
the use of inductive transmitting and receiving loops. With 

continuous systems, control is applied continuously, through the 
use of coded AC track circuits . 

I?Unpublishea Statistics compiled by the Federal Railroad 
Administration, Office of Safety, January 1, 1973. 
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There is considerable variation in the types and operation 
of ATS systems presently in use in the United States. Some systems 
do not provide a visual display of the signal aspects in the 
locomotive. ATS systems, while protecting the engineman from 
gross violations (i.e., disobeying a signal), allows him to use 
his skill in operating the train. The principle weakness of all 
ATS systems is that the control is lacking in finesse - it has 
only two states: full stop, or any speed that the engineman wishes. 

As of January 1, 1973, there were 2,370 road miles of ATS 
systems installed on Class I railroads in the United States, most 
of which were intermittent systems. As of that same date, there 
were approximately 1,000 locomotives and MU cars suitably equipped, 
Approximately 1% of all the road mileage and approximately 5% of 

all the road-service locomotives and MU cars have been equipped for 
Automatic Train Stop systems. 

The approximate cost of adding an intermittent ATS system to an 
existing block signaling system would be $3,000 per track-mile plus 
$8,000 per locomotive. 18 For a continuous system, the cost per 
locomotive would be the same and the cost per track-mile would be 
approximately $30,000. 

3. 5 AUTOMATIC SPEED CONTROL SYSTEMS (ASC) 

The last and most elaborate form of automated train control 
to be considered here is Automatic Speed Control {ASC). All ASC 
systems are built around continuous Automatic Train Stop systems 
with the addition of an on-board computer-driven servo system. 
The servo system enforces speed limits by tapering the velocity 
down to an accept~ble level after the locomotive passes a restric­
tive signal, while going around curves, or through interlockings, 
station· areas, etc. In the event that the locomotive passes a 
restrictive signal aspect and the engineman does not respond by 
applying the brakes or acknowledging the aspect, the on-board 

18The cost figure quoted here to equip a locomotive suitable for 
ATS includes the cost to include a cab signaling display panel. 
Aiso see Im roved Passen er Service for the Northeast Corridor, 
Op. Cit; Service or T ree Corn ors, p. .it. 
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computer, which keeps track of the locomotive's speed and position 

within the block, adjusts the train's speed accordingly. 

These systems are by their very nature continuous systems, 

and, as a result of the on-board computer-driven servo system, 

offer a much more refined (or gradual) form of control than do 
continuous ATS systems. ASC systems have proven to be extremely 

effective in the prevention of collisions and derailments resulting 

from overspeed conditions. In addition, the system allows the 

engineman to "feel ahead" to react to rapidly changing conditions 
and also offers fairly complete protection against the possibility 

of a gross error in judgment or perception by the engineman. 

A distinction is commonly drawn between automatic train 
control (ATC), which provides only for overspeed protection, and 
automatic train operation (ATO), in which speed can be both in­

creased and decreased to meet a specified velocity profile, con­

sistent with block occupancy conditions. 

The costs involved in upgrading an Automatic Block Signaling 
system to include an ASC capability would be approximately $30,000 

per track-mile and $15,000 per locomotive. 

As of January 1, 1973, 640 miles of Class I railroad line 
were equipped with Automatic Speed Control equipment and 490 

locomotives were equipped for ASC. That is, less than ,3 per cent 

of the trackage and less than Z per cent of locomotives were 

equipped for Automatic Speed Control. Full ATO has been used only 

in a few specialized ore-train and rapid transit applications. 

3.6 CENTRALIZED TRAFFIC CONTROL (CTC) 

Centralized Traffic Control, generally known as "CTC," is not 
a train control system in the sense defined previously in this 

section, but will be described here for completeness. CTC is, 

as the name implies, a means for controlling traffic and not a 

safety system for preventing collisions. In essense, it is a 
system in which a dispatcher has the means to control and direct 

traffic over a portion of the railroad by remotely changing block 

signals and switches. The dispatcher receives a continuous indication 
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of block occupancy (determined by track circuits) and "sets up" a 
route for any particular train through electrical circuits which 
control signals and track switches. Varying degrees of automation 
are possible in this process. However, system safety resides 
within the basic signal system upon which CTC is imposed: should 
a dispatcher attempt to set up an unsafe condtion (throw a switch 
in front of an on-coming train or give one train a signal allow­
ing entry at unrestricted speed into an occupied block), the basic 
signal system would ignore these commands. The CTC dispatcher can 
never provide a less restrictive indication than that permitted by 
the automatic block signal system. 

The major benefit of CTC is efficient operation, particularly 
in high traffic areas or through complex track configurations. 
The experienced dispatcher chooses routes and assigns priorities 
in a manner which minimizes delays and conflicts. (Note that the 
signal system per se merely prevents collisions, and in complex 
configurations could easily generate the safe but undesirable con­
dition of all trains at a standstill.) CTC can thus permit much 
greater traffic capacity then would otherwise be the case, par ­
ticularly in operating traffic in both directions when trains fre­
quently must either go into a siding or to a passing track. CTC 
is commonly installed as traffic in single track territory approaches 
40 trains per day. Modern installations can permit control of more 
than 1000 miles of railroad from one dispatching room. ("Cen­

11tralized Traffic Control , Bulletin No. 176 of the Union Switch 
and Signal Division, Westinghouse Air Brake Co., provides a de-
tailed description of the workings of a variety of CTC applications.) 
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LL SAFETY IMPLICATIONS OF TRAIN CONTROL SYSTEMS 

4.1 INTRODUCTION 

Consideration of the role of automated train control devices 

and systems requires examination of the potential benefits and 
the effectiveness of each type of system. This section addresses 

the ability of train control devices to prevent accidents which 
result from conditions applicable to operation of high speed 

passenger trains. Predictive accident-rate calculations will be 
developed for Automatic Block Signaling Systems and then for each 
of the train control systems described in Section 3. The primary 

source of data to be used for this analysis is the Summary of 
Accidents Investigated, published by the Office of Safety of the 

Federal Railroad Administration for the fiscal years 1970, 1971 
and 1972. 

4.2 METHODOLOGY 

In the past, studies have been conducted for the Federal 
Railroad Administration and others to determine the causal factors 

in railroad accidents. 19 In addition, a general study of train 
control devices and their potential effectiveness was completed 
for FRA in 1969. 20 

The primary source of accident data for those reports has 

always been the Accident Bulletin. 21 The Bulletin lists the number 

19 
Rail Safety Research Plan for the Fiscal Years 1971 - 1975, 
R.E. Morris and J.A. Richardson, DOT Report No. DOT-FR-9-0047, 
October 1969; "Signals and Operating Rules as Causal Factors in 
Train Accidents," NTSB Special Study, NTSB Report Number: NTSB­
RSS-71-3, February 1972. 

20 study carried out for FRA by Walter P. Quintin, Jr., consultant. 
21 

Accident Bulletin, published each year by the Office of Safety, 
rederal Railroad Administration, Department of Transportation 
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of deaths and injuries caused by train accidents each year, cate­
gorized by the class of person injured and the primary causes of 
the accident. 

The Bulletin does not, however, give a further breakdown of 
accident location (i.e., within yard limits or on a main or branch 
line); the signaling system in operation at the time (i.e., manual 
block, automatic block, ATS, none, etc.)~ or the types of trains 
involved (i.e., fre ight or passenger). Moreover, in the event 
that - as is orten the case - an accident resulted from multiple 

causes, the Bulletin will only show the direct cause of the ac­
cident. Some accidents, while not caused by either a signal system 
failure or negligence of employees, might very well have been 
preventable by some form of automatic train control - for example, 
an accident caused by malicious tampering with a switch when an 
approaching train is within the same block as the switch might 
very well have been prevented, or the seve ri ty lessened, by a con­

tinuous ATS system. Lastly, most of the infor mation that the Office 
of Safety uses to generate the Bulletin is supplied by the rail -
road on which the accident occurred; a formal, objective investi­
gation is generally carried out only when fatalities or extensive 
property damage result. 

Since those previous studies were prepared, a new source of 
data has become available. Each year the Federal Railroad Adminis­
tration investigates approximately 120 serious railroad accidents. 
The FRA publishes a few of the original accident reports and now 
also publishes one report containing a summary of each of the 120 

22final accident reports. Use of the accident summary report, 
supplemented by the Bul le tin, would appear to solve most of the 
problems associated with using just the Bulletin•, as the summaries 
are detailed and not aggregated. That approach has been followed 
here. 

Summary of Accidents Investigated in the Fiscal Year 1969 -
1970, 1970 - 1971, and 1971 - 1972, U.S. Department of 
Transoortation. Federal Rai lroad Administration. 
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Two calendar years were selected for the analysis, 1970 and 
1971. 23 Figure 4-1 shows a plot of the number of train-train col­

lisions and derailments which resulted in casualties, the number 
of train miles, and the total number of casualties resulting from 

train-train collisions and resulting from derailments for the 

years 1968-1973. As can be seen from the plots, calendar years 
1970 and 1971 appear to be typical years in terms of railroad 

accidents and casualties. 

4.3 ACCIDENT RATE CALCULATIONS - HISTORICAL 

An examination of the accident summaries for 1970 reveals 
that the FRA investigated 38 train-train collisions resulting in 

casualties. These 38 collisions resulted in 22 deaths and 249 
injuries 24 In addition, the examination indicates that, of the 

38 collisions, 19 were accidents which resulted from conditions 

applicable to the operation of high speed passenger trains. Acci ­
dents which occured in nonsignaled territory and resulted from a 

di s regard of train orders or the time table, accidents caused by 

shifting or exploding lading, accidents which took place within 
yard limits, etc., are not considered to have resulted from condi­

tions applicable to hiih speed passenger trains, and were therefore 

23only two complete calendar years of dates are currently avail­
able. A Summary Report on 240 accidents is not a statistically 
perfect sample, but allows useful insight into the problem.

24The FRA uses a slightly di+ferent criteria for renorting in the 
Bulletin than is used for the Accinent Reports. Therefore. 
the numbers listed in the Bulletin may not always correlate 
one for one with the Accident Investigation Reports. However, 
judging from the magnitude o+ the number of casualties result­
in~ from train-train collisions reported in the Bulletin 
versus the number from the Accident Investigation Summaries, 
it would seem fairly certain that the FRA does investigate all 
of those accidents which cause almost 100 percent of the 
casualties. 
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omitted. Those 19 applicable collisions resulted in 13 deaths and 

198 injuries. That is, of all the train-train collisions investi­

gated by the FRA, 50 percent of the collisions, 80 percent of the 
injuries and 60 percent of the deaths occurred in situations 
applicable to high speed train operation. 

In addition, the 1970 summaries indicate that 16 of the train­
train collisions, 11 of the deaths and 178 of the injuries would 

have been prevented by a continuous ATS or ASC system. 25 Also, the 

summaries indicate that 15 of the collisions, 11 of the deaths, and 
59 of the injuries would have been prevented by an intermittent ATS 

or ASC system. That is, 84 percent of the applicable train-train 

collisions, 85 percent of the deaths, and 90 precent of the in­

juries would have been prevented by a continuous ATS or ASC system; 
and for that same year, 1970, 78 percent of the train-train colli­
sions, 85 percent of the deaths, and 30 percent of the injuries 
would have been prevented by an intermittent ATS or ACS system. 

Table 4-1 summarizes the above analysis. A similar analysis 

was conducted for the derailments in 1970 and the collisions and 

derailments in 1971. Those results are shown in Tables 4-1 and 
4-2. 

4.4 APPLICATION OF ACCIDENT RATE CALCULATIONS TO HSPT 1 S 

There are many inherent difficulties involved in attempting 

to determine the future through an analysis of the past. The dif­
ficulties are even greater if, as in this case, the future in­
volves rapidly changing conditions. However, the past is often 

the only meaningful source of information upon which to base an 

estimate. What is to be presented here is a simplified set of 

25 For th i s determination, it is assumed that the effectiveness of 
any on - board automatic train control equipment is 100 percent. 
That i s , it is assumed that the equipment would have been 
functioning properly and that the engineman, once alerted to the 
impending danger, would have either taken the appropriate 
action, or would have ignored the warning completely. If a 
warning is ignored on ATS or ASC systems, the brakes are auto­
matically applied and power is removed. 
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Collisions 
Which Resulted 
in Casualties 
(Train-train) 

Deaths Which 
Resulted f rom 
Train-Train Collisions 

lojuries Which 
Resulted from 

l,.I Train-Train Collisions .... 

Derailments 
Which Resulted 
in Casualties 

Deaths Which 
Resulted from 
Derailments 

Injuries Which 
Resulted from 
Derailments 

TABLE 4-1 . 

Investigated 
by FRA 

38 

22 

249 

17 

8 

81 

COLLISIONS AND DERAILMENTS,1970 

Applicable to Preventable by 
HSPT Operation ATS(c) or ASC 

number % number % 

19 so 16 84 

13 59 11 85 

198 BO 178 90 

13 76 2 15 

6 75 0 0 

68 84 6 9 

Preventable by 
ATS(i) or ACS 

number % 

15 79 

11 85 

59 30 

1 8 

0 0 

2 3 
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calculations, based upon the past history of rail accidents, 
designed to permit estimation of the need for and potential bene­
fits of train control systems. 

4.4.1 Comparison of Accident Rates for Passenger and Freight 
Trains 

From Tables 4-1 and 4-2 and from Figure 4-1, it is apparent 
that the historical rate of serious ttain-train collisions re­
sulting from conditions applicable to HSPT 1 s is approximately 
3.5 collisions per 100,000,000 train miles. 

That historical accident rate of 3.S collisions per 100,000,000 
train miles is, of course, very heavily based on the record of 
freight trains. 26 I t is believed by some that train crews and rail­
road operations in general are more safety conscious and less prone 
to neglegence (and accidents) in passenger service. That theory 
woul d indicate that the rate of 3.5 collision per 100,000,000 train 
miles is higher than is really appropriate. However, the accident 
data for 1970 and 1971 tend to refute the contention that passen­
ger trains are less prone to conditions which cause train-train 
collisions. The rate for passenger trains for 1970 and f or 1971 
was approximately 4.0 collisions per 100,000,000 train miles. It 
should be pointed out that of the six serious, applicable train­
train collisions involving passenger trains in 1970 and 1971, two 
resulted from negligence of train crews and three would have been 
prevented by some form of automatic train control. Not all acci­
dents which are train - control preventable result from negligence 
of the crew of the passenger train. 

4.4.2 Aggregated Train Miles 

The annual number of train miles is a compos ite of train miles 
accumulated in time table and train order territories and automatic 
train control and cab signaling territories. The listing of HSPT-

26 For the years 1970 and 1971 freight trains accounted for approxi­
mately 86 percent of the total train miles. 
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applicable train-train collisions does not include accidents which 
occurred in time table and train order territory, so the accident 
rate shown might be an underestimation. However, since over SO 
percent of the route mileage in the United States has an automatic 

block signaling system installed, and the installation has tended 
to be on high and medium density lines, it seems fair to assume 

that a very small percent of the train miles were actually accu­

mulated on other than automatic block signaling systems. 

4.4.3 Accident Rate Calculations 

Consider a hypothetical corridor, characterized by the follow-

ing parameters 

Length: 200 miles 

Passenger Train Density: 50 trains per day 

Freight Train Density: 60 trains per day 

Passenger Train Capacity: 300 seats 

Passenger Train Load Factor: 50% 

Probability of a Collision: 4/100,000,000 train-miles 

Such a system would record a total passenger traffic of 550 million 
passenger miles per year; these numbers are in reasonable accord 

with proposed actual corridors and agree with Amtrak's present 

schedule between New York and Washington. In recent years the 

fatality rate associated with scheduled domestic air carriers, 

buses, and rail service has been on the order of 0.2 deaths per 
hundred-million passenger-miles. Applied to the corridor described 

above, that rate would imply 1.1 fatalities per year. 

From the previous section it seems reasonable in the corridor 

without any form of train control to assume an accident rate of 4 

train-train collisions per 100,000,000 train-miles. Assuming that 
a train-train collision results in 75 deaths - admittedly a very 

approximate but not unreasonable assumption, considering the speeds 

involved - the hypothetical corridor defined above would result in 
0.15 collisions per year or 11 deaths per year. That accident rate 

would imply a system fatality rate 10 times greater than now found 
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in public intercity transportation. In addition, this assumes~ 
deaths from any other source, such as grade crossing derailments 
or collisions. 

If the same corridor is considered with the addition of an 
Automatic Speed Control system, Tables 4-1 and 4-2 would indicate 
a collision probability on the order of 0.4 train-train collisions 
per 100,000,000 train-miles. This would result in a fatality 
record for this hypothetical corridor of 1.1 fatalities per year, 
or .2 deaths per 100,000,000 passenger-miles. Over a 10 year 
period this would result in a potential savings of approximately 
100 lives, and would approximately match the safety of other modes. 

However, the costs of upgrading such a corridor are sub­
stantial. In the last section, the cost to modify an Automatic 
Block Signaling system to include Automatic Speed Control has been 
estimated to be approximately $30,000 per track mile, plus $15,000 
per locomotive. It is important to remember that not only the lead 
locomotive of passenger trains, but also the lead locomotive for 
all freight trains operating in the corridor must be equipped if 
the system is to be fully effective. Assuming that the corridor 
is a two - track line, and that SO passenger trains and 100 freight 
locomotives are to be equipped, the cost to up -grade such a corri­
dor would be approximately 15 million dollars. 
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5, THE IMPACT OF PASSENGER TRAIN OPERATION ON FREIGHT SERVICE 

5.1 INTRODUCTION 

A primary function of this report is to outline the potential 

signaling and control problems involved in operation HSPT's in a 
high density rail corridor. It is therefore appropriate to consider 

the general operating efficiency of the line, as well as the safety 

of the passengers and train crews. Previous portions of this re­
port have dealt with safety considerations. This section considers 

headways, track capacity and operational efficiency. More specifi­

cally, it deals with adverse affects on freight operations asso­
ciated with the introduction of high speed passenger trains. 

General headway formulas will be developed and a train graph 

analysis will be presented for a hypothetical 200 mile corridor. 

A sensitivity analysis of the train graph model is presented and 

major areas of decreased freight service efficiency will be dis­

cussed. 

5.2 HEADWAY MANAGEMENT 

5.2.1 Headways 

In order to determine the effect on line capacity of intro­
ducing high speed traffic, one must first consider changes in head­

ways. Maximum line capacity, for a given set of operating con­

straints, occurs when all trains in the system are operating at 

or near minimum headways. 

The function of headway management is to insure that under 
normal operating circumstances trains never interfere with one 

another. That is, a following train is never forced to reduce 

speed and the engineman in a following train never sees a restric­
tive signal aspect under normal operating conditions. Maximum 

line capacity implies that all trains are separated by the minimum 

distance necessary to prevent interference. From Figure 5-1, the 
minimum headway (distance separation of the leading ends of succes­
sive trains) for a three-aspect signaling system, for uni-directional 
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train movements occurs when the leading train is occupying only the \ 
last few feet of a block, and is given by: 

h = L + 0 + S + 2(BL) (1) 

and, 

H = V/(60h) (2) 

and, 

C 60/H (3) 

where: 

h = Headway between trains (feet) 

H Headway between trains (minutes) 

L Length of the preceeding train (feet) 

O Overlap or the distance from the wayside signal to the 

entrance to the block which it governs (feet) 

S Sight distance or the distance from the wayside signal 
where the engineman first is able to view the displayed 

aspect (feet) 2 7 

BL= Block length (feet) 28 

V Speed of the preceeding train (feet/second) 

C Track Capacity (trains/hour). 

From equations 1, 2, and 3 a corridor with all trains trav­

eling at the same velocity of SO MPH, a block spacing of 9,000 
feet, a three-aspect cab signaling system, and trains 8,000 feet 

29in length, the following parameters are defined: 

27 For a continuous Automatic Cab Signaling System, this distance 
should be considered to be equal to the block length. 

28 For a three-aspect signaling system, the block length must 
be greater than the distance required for the heaviest train 
to stop from the highest running speed. 
For a four-aspect signaling system the "ZBL" ter·m in equa­
tion 1 would be replaced by "3BL," but the block length need 
only be greater than half the longest stopping distance. 

29 For a four-aspect cab signaling system the corresponding 
numbers would be 5 miles, 6 minutes, and 10 trains/hour respec­
tively, assuming a 4,500 foot block length. 
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h = 6.5 miles 

H = 8 minutes 

C = 7.5 trains per hour. 

If, however, one attempts (as in this case) to operate trains 
of varying speeds with, in some cases, faster trains following slower 
trains, the problem is more complicated. Under those circumstances, 
passing tracks or sidings must be used and a more complex form of 

analysis must be used. In this report a train graph analysis is 
selected; that model is presented in the next section. 

5.2.2 Train Graphs 

The traditional and most easily understood method of planning 
train schedules and dispatching policies is through the use of a 
train graph analysis. Figur e 5-2 shows a train graph. A train 
graph is a plot of time versus distance for a train on a particular 
section of track. The train is represented by the wide strip, 

with the front of the train identified with the left-most edge of 
the strip. The physical end of the train is indicated by the dashed 
parallel line somewhat to the right of the left edge. The right 

edge of thestriprepresents the end of the zone of protection which 
may be thought to trail behind the train. 30 In addition, the slope 
of the strip repres ents the train' s velocity at any particular point 
in time. The Y-ordinate of the left edge of the strip represents 
the distance of the head end of the train from the starting point 
at some particular point in time, X. (A horizontal strip would 
represent a stopped train, and a vertical strip would represent one 
moving at infinite velocity.) Lastly, the vertical width of the 
strip represents th e minimum dis tance-headway of the train, and the 

horizontal width of the strip represents the minimum time -headway 
of the train. 

30 The zone of protection is, of course, equal to two block lengths 
plus the sighting distance, plus the overlap. 
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Figure 5-3 shows a train graph for two potential dispatching 
policies, each involving a faster train following a slower train. 
A passing siding is shown beginning at mile post 30 and continuing 

to milepost 32.5, drawn as a horizontal bar, since the siding i s 
always at the same location, independent of time. In es sence, the 

only place that the strips which represent trains can cros s safely 
~sat a siding. I n Phase I of the t r ain graph, train A(l) is dis­
patched at time T = 0, at a speed of approximately 50 MPH. The 
alternate dispatching policy - policy #2- involves dispatching train 
A(Z) at T = 20 minutes with a speed of approximately 35 MPH. As is 
seen in Phas e II of the train graph of Figure 5- 3, the firs t alter­
native results in tra in A( l) going into the s iding, thus clearing 
the main track for train B, a 79 MPH express train which was dis­
patched at T = 50 minutes. The second alternative results in train 
A(2) interfering with, and in this case bei ng struck by train Bat 
mile post 12 at approximately T = 55 minutes. The second alter­
native is unacceptable. Phase III shows train B continuing on ahead 

of train A(l) , and train A(l) leaving the siding and continuing on 
the main t rack. 

5.2.3 Application of the Train Graph Model 

The analysis which follows i s dependent upon the a s sumptions 
and characterization parameters used to define the t r ains and hypo­
thetical cor ridors . I t is appropriate, therefore, t o delineate those 
assumptions and characterizat ions to indicate how the a ssumed 
parameters are likel y to diff er from reality and to suggest the 
likely effects of thos e differences. 

5 .2.3.1 Signal ing System - For this analysis, a three-aspect, 
continuous cab signaling s ystem i s assumed. The block spacing is 
assumed to be equal to 9,000 feet, with zero overlap distance. 
Because of the presence of continuous cab signaling, sighting dis­
tance is cons i dered to be equal t o block length. It is als o assumed 
t ha t the corridor is equipped with either Centralized Tr affic Con­
trol (CTC) or Automatic Interlockings, s o that power switches can 
be thrown i n the pr oper sequence by r emot e control, in advance of 
train arrival. 

The above assumptions concerning the signal and control system 
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are the most standard of any used in this analysis . The possible 
exceptions are tho se of slightly different block lengths or the use 
of a four-aspect rather than a three-aspect signal syst em. Neither 
of these changes would affect the results to any substantial 
degree. 

S.2.3.2 Track Profiles and Train Performance - For this analysis, 
the hypothetical corridor is assumed to be comprised of entirely 
straight, level track, without grades or curves. In addition, it 
is assumed that all traffic consists of through or express trains 

that operate without switching moves or intermediate station stops. 

The effect of these three assumptions is to simplify and 
generalize the model. Actual corridors are , of course 1 comprised 
of both ascending and descending grades, as well as level, tangent, 
and curved track. In the absence of accurate track profiles for 
any particular corridor, it is probably not worthwhile to attempt 
to include grades or curves . The effects of such variations on 
line capacity and line effi ciency are, however, substantial. 

Freight trains, with their low power-to-weight ratios - typically 
in the range of 1 to 2 horsepower per trailing ton - are severely 
affected by ascending grades. The top speed of a 2 HP/Ton train on 
a 1 percent grade is approx imately 40 MPH. On the other hand, 
high speed passenger trains have much greater accelerating abil -
ities - typically 7-15 horsepower per ton - and are not likely to 

be affected by any but the steepest grades. Thus, grades reduce 
line capacity by slowing freight trains. 

Curves, on the ot her hand, will effect HSPT 1 s much more than 
freight trains. Federal regulations restrict maximum train speed 
on curves as a function of the supere levation or t r ack banking in­

volved . However, even at the maximum permissible amount of banking. 
all trains are restricted to speeds below 113 MPH on a 1 degree 
(5,730 ft radius) curve, 80 MPH on a 2 degree (2,860 ft radius) 

31curve, and 66 MPH on a 3 degree (1,910 ft radius) curve. In many 
parts of the country, curves of between 1 and 2 degrees are common 

31code of Federal Regulations, Title 49, part 213.57 (1974). 
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and may, in those areas, comprise 5% to 10% of the route mileage. 
Curves, however, will not affect line capacity as adversly as will 
grades, since the effect is to cause the HSPT to slow down. This 
effect, in and of itself, will tend to increase line capacity. 
Thus the problem with curves is in increasing total HSPT trip time. 

S.2.3.3 Station Stops - In this analysis no attempt is made to 
include the effect of either HSPT station stops or freight train 
switching moves. The effect of HSPT station stops would be to slow 
the passenger train, thereby increasing line capacity. Switching 
moves, on the other hand, would have the effect of slowing the 
freight train and would thus decrease line capacity. Except for 
those times when HSPT's are not running, the delays caused by a 
switching move may be unacceptable. 

S.2.4 Train Graph Analysis 

S.2.4.1 Case I - Passenger Trains at 80 MPH, Freight Train at 50 
MPH - This section presents the train graph model sensi ­

tivity analysis. Figure 5-4 shows a train graph of a 200 mile cor­
ridor with 80 MPH passenger trains being dispatched once every 
hour. Freight trains are shown traveling at a speed of SO MPH. 
Sidings are shown uniformly spaced every 15 miles. The figure re­
presents a steady-state condition. For clarity, different shadings 
will be used as indicated in this and in subsequent train graphs 
to distinguish between freight and passenger trains. The freight 
train graphs will be omitted in certain portions of the figures 
where the pattern simply repeats. 

All traffic on this particular train graph is shown to be uni­
directional. (A double track corridor is assumed, without cross­
overs.) In addition, for this graph all train meets are considered 
to involve a stopped train, located on a siding. In subsequent 
graphs running meets, passing tracks, and crossovers will be con­
;idered. 
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This situation will be the baseline characterization for this 
analysis. Figures 5-5 through 5-11 attempt to indicate the effects 
of changes in corridor topography, train speed, and dispatching 
policies on track capacity and travel time. As can be seen in the 
graph of Figure 5-4, this characterization would result in a 
maximum track capacity of five (5) freight trains per hour, plus the 
single 80 MPH passenger train. Freight train travel time is 320 
minutes and HSPT travel time is 150 minutes. 

5.2.4.2 Case II - HSPT's at 125 MPH, Freight Train at SO MPH - For 
Case II, which is shown in Figure 5-5, all parameters are as they 
were in the baseline except that the speed of the HSPT is taken as 
125 MPH. As can be seen in the graph, the HSPT trip time decreas ed 
36% (to 96 minutes), track capacity decreased 33% to three (3) 
freight trains per hour, and average freight train travel time in­
creased 18% to 380 minutes. 

5.2.4.3 Case III - HSPT's at 150 MPH, Freight Train at SO MPH -
Case III is similar to Case II except that the speed of the HSPT 
is now 150 MPH rather than 125 MPH. As can be seen in Fi gure 5-6 , 
HSPT tri p t i me becomes 80 minutes, while freight train travel time 
is 450 minutes on average, an increase of 40% over Case I, and 
track capacity is now limited to two (2) freight trains per hour, 
a decrease of 50% over Case I. 

5.2.4,4 Case IV - HSPT's at 125 MPH, Freight Trains at 3S MPH -
In Case IV, HSPT speed is reduced to 125 MPH, and the maximum speed 
of the fr eight train i s taken as 35 MPH. Figure 5-7 shows that, 
compared to Case I, track capacity has been r educed 50% to two (2) 
freight trains and one (1) HSPT per hour. HSPT trip time is now 
96 minutes, as in Case II. Freight train travel time, however, 
has increased to 525 minutes, an increase of 50% over Case I. 

5.2.4.5 Case V - HSPT's at 125 MPH and Sidings Every 10 Miles -
Case V uses the same parameters as Case II, except that passing 
sidings are now located every 10 miles, rather than 15. Figure 
5-8 shows that HSPT tr ip time is unchanged at 96 minutes. Freight 
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train trip time is unchanged from Case II at 380 minutes. Track 
capacity, however, ha s been increased 20% to Strains per hour. 
Also, as can be seen in the train graph, a siding spacing of 10 
miles essentially saturates the corridor. More room does not exist 
in which to run trains. In this particular case, a siding spacing 
of les s than 10 miles would not increase track capacity. 

Lastly, while the closeness of the strips would t end to indicate 
that the corridor is operating at a high level of efficiency, the 
effect of a slight perturbation, such as a mechanical fa ilure of 
one unit of a multiple-uni t locomotive consist on a s ingle freight 

train, is l ike l y to have severe ramifications and cause substantial 
delays. 

S.2.4.6 Case VI - HSPT's Every Two (2) Hours - In Case VI all par­
ameters are as they were in Case II (HSPT at 125 MPH, Freight Train 
at 50 MPH) except that now HSPT's are dispatched once every two (2) 
hours, rather than once every hour. Figure 5-9 shows a train graph 
of the situation represented by Case VI. That graph shows that ~or 
this case track capaci ty, compared to Case II, has increased by 25% 
to allow 4.5 freight trains per hour . HSPT trip travel time is 96 
minutes, as in Case II. Freight train travel time, however, has 
now decreased to 320 minutes, a reduction of 16% relative to 
Case II. 

5.2.4.7 Case VII - Passing Tracks - Figures 5-10 and 5-11 show 
the effect of using a continuous pass ing track, connected to the 
mai n track periodically, in place of separate sidings. This case 
is similar to Case II, in that HSPT train speed is 125 MPH, frei ght 
train speed is 50 MPH, and high speed crossovers are located every 
10 miles, producing the discontinuities of freight train occupancy 
of the two tracks at those points. It is assumed that HSPT 1 s use 
the running track at all times, with freight trains crossin g to the 
passing track as required. As can be seen in Figure 5-10 , this 
approach would result in fairly high capacity for the running track 
(6 freight trains per hour), twice that of Case II, and a fre ight 
train trave l time of 320 minutes, which is equal to that of Case II. 
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However, the passing track, as shown in Figure 5-11, is left 
virtually useless in terms of adding additional traffic, and 
certainly could not accommodate any reverse traffic. 

The results of the train-graph analysis are summarized in 
Table 5-1, which shows operating characteristics for the various 
cases. Freight train travel time and track capacity are also com­
pared to the freight-only situation. Cases III and IV, which i n­
volve the greatest disparity in speeds, accordingly create the most 
disruption. Case VI reveals that even relatively infrequent pas­
senger service - every two hours - still has strong negative effects. 
(Examination of the graphs suggests the extreme impact that still­
more-frequent passenger service would have.) 

5.3 OPERATING EFFICIENCY 

The negative effects on rail freight service when high speed 
passenger trains are introduced are substantial. It is important 
to keep in mind that increases in total freight train travel time, 
as well as decreases in line capacity, can have very severe ram­
ifications. The costs of delayi ng a freight train are substantial. 
In order to increase the degree of schedule compliance, a detailed 
cost characterization should include the expenses associated with 
decreased freight car and locomotive utilization in addition to 
the costs of addit ional train crew hours, increased fuel costs, 
and the probable necessity of having to increase the power-to-weight 
ratios of the freight trains. 

The characterization should also take into account the fact 
that detaining a train crew may involve more than just additional 
crew hours. Current ICC train crew regulations restrict to twelve 
(12) hours the amount of time that any crew can be on duty. There­
fore, a delay may result in the necessity of using two train crews 
rather than one. Also, the true social effect of increases in total 
trip time may very well be more than the sum of the economic costs, 
if one considers recent experiences with both power and freight car 
shortages. 
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In addition to increasing the cost of rail freight transpor­
tation, the introduction of high speed passenger trains may result 
in a decreased railroad share of intercity freight traffic. 
Lang, ,Reid, and others have found that a key factor in a shippers' 
modal choice is transit time reliability. 32 The addition of HSPT's 
into an existing rail freight corridor will quite likely decrease 

transit time reliability, and therefore may decrease the rail por­
tion of intercity freight traffic. 

Data gathered for the MIT reports mentioned above reveal that 
the likelihood of a mechanical failure resulting in a delay of an 
hour or more in this hypothetical corridor is approximately one 
such delay for every seven trains. While the likelihood of a 
mechanical failure is the same whether or not HSPT 1 s are operating 
in a corridor, the congestion caused by the introduction of HSPT's 
would result in a greater number of trains being affected. A 
mechanical failure in one freight train, lasting one hour, could 
result in delays to as many as seven other trains if all trains 
were scheduled to operate under tight headways. Moreover, break­
downs or accidents could cause blockage of the corridor for days 
if extensive repair or cleanup is required. (It should be noted 

that such occurrences are by no means rare in conventional freight 
service.) 

Finally, these calculations have been based on the assumption 
that very precise scheduling and speed control can be assured. In 
actual operations such accuracy might well be either impossible 
to achieve or unacceptably expensive, particularly when allowance is 
made for normal track maintenance, and equipment variations, weather, 
etc. Impact on operations could then be substantially greater than 
calculated. 

5.4 SUMMARY 

It has been shown that a substantial decrease in line capacity 
and increase in freight travel time is virtually certain to result 

32
A. S. Lang and C. D, Mantland, 11 Reliability in Railroad Opera­
tions," Studies in Railroad Operations and Economics, Vol, 8, 
Report MIT R72-74, Massachusetts Institute of Technology Cam-
bridge, Mass., 1972. ' 
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for any case in which HSPT speed is markedly higher than freight 
train speed. A complete and detailed description of the particular 
corridor in question is necessary to asse ss the effect on track 
capacity travel time and operatinp efficiency of the introduction 
of high speed passenger service in any speci~ic case. More 
generally, it is clear that as traffic densities and speeds in­

crease, detrimental effects will increase for +reipht operations, 
and o~ten for passenger service as well. 
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6, CONCLUSIONS 

1. For passenger service at speeds of 100 to 125 MPH, the 
signal systems in existing freight-service corridors may generally 
be expected to permit safe operation with relatively little modi­
fi cation. This results from the markedly better braking perform­
ance poss ible for passenger trains. 

2. For speeds in the 125-150 MPH range, it is likely that 
maj or s ignal system modification will be required in most corri­
dors if safe operation is to be obtained within practical operat ­
ing constraints. 

3. A preliminary examination indicates the strong desirabil­
ity of cab signal and automatic train stop equipment for high 
speed operation. However, a study far more detailed and compre­
hensive than was possible in this project will be required to 
establish well-founded signal and control system requirements for 
high-speed trains. Such an undertaking would necessarily encom­
pass behavioral considerations, physical and technical capabilities 
and constraints, further analysis of accident statistics, and 
computer simulation. More generally, an effort of this nature 
could provide greater insight and more firmly-based regulations 
for lower speeds in both freight and passenger service. (Current 
Federal regulations allow passenger trains to operate at speeds up 

to 59 MPH in non-signaled territories, up to 79 MPH in areas equipped 
with an Automatic Block Signaling system alone, and up to 109 MPH 
in areas equipped with an intermittent Automatic Train Stop system. 
These regulations should be re-evaluated as signal and control 
systems are upgraded. 

The publicat i on of individual accident reports by FRA pro­
vides an excellent source of data for further studies in determin­
ing the causal factors in railroad accidents. This information 
can be used not only in regard to high speed passenger trains, 
but for freight and ra i l commuter operations as well. The efforts 
presented here should be considered onl y as the first step i n a 
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long and continuing analysis of train control requirements. It 
is highly desirable that this process continue. 

4. Serious consideration should be given to research and 
development directed toward lower-cost signal and control equip­

ment and systems. 

The high cost of the equipment plus the poor financial health 
of the industry currently presents a major deterent to the in­

stallation of train control systems, in spite of the general view 
of the railroad signaling community that such devices do prevent 

accidents and save lives. The cost of upgrading an Automatic 
Block Signaling system to an Automatic Speed Control, continuous 

Automatic Train Stop,or a continuous Automatic Cab Signaling 
system is often approximately $30,000 per track-mile plus a sub­
stantial amount for each locomotive. Wayside railroad signaling 

equipment is almost universally built around relay logic. Often 
the cost of the relay hardware is approximately SO percent of the 

total cost of the wayside equipment, installation labor making up 

the remainder of the cost. The major potential for improvement 
in this area appears to be via application of solid-state elec­

tronic technology, which has proven to be very effective in re­
ducing the total system costs in other applications - process 

control, highway signaling, etc. However, the railroad environ­
ment is extremely difficult for solid-state equipment, and 

a thorough study will be required to determine both technical 

feasibility and economic benefits within the constraints of fail­

safe operation and high reliability. This area is particularly 

relevant to HSPT operations, for which such systems are especially 

important. 

5. Operation of a significant number of high speed passenger 

trains in a freight corridor will have a marked detrimental effect 
upon freight train capacity and speed, becoming more severe with 

increasing HSPT frequency and speed. Based upon these considera­

tions alone, with no assessment of track structure aspects or safety, 

a strong case can be made for the use of dedicated (passenger-only 
and freight-only) tracks. 
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APPENDIX - STOPPING DISTANCE CALCULATIONS 
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A,l BRAKING LIMITATIONS 

The two classic limitations on freight train braking and stop­

ping abilities have always been low adhesion and the very large 
ratio of the gross loaded weight to the light weight of freight 

cars. Conventional freight car brake rigging is designed to avoid 
wheel slide when the car is empty. This practice assumes an adhe­

sion limit of about 9%, averaged from Oto 80 MPH, and results in 

a deceleration rate of approximately 1.9 MPH/sec. for empty cars, 

assuming the reference level of a 20 psi brake pipe pressure re­
duction. The Association of American Railroads specifies 4.61 

as the maximum ratio of gross loaded to gross empty weights for 
1freight cars. Since the rigging does not compensate for the extra 

weight, the same retarding or stopping force is applied to the 
2loaded car as is applied to the empty car. Thus, for the loaded 

car a reference level (20 psi) brake pipe pressure reduction re­
sults in a deceleration rate of about 0.4 MPH/sec. The curves 

shown in Figure A-1 indicate an average deceleration rate actually 
less than this due to the brake pipe pressure propagation time de­
lay. 

Conceivably, all new HSPT's could be equipped with an electro­
pneumatic brake control system, so that the effect of pressure 

propagation time delays would be much less and become essentially 

insignificant. The ratio of gross loaded to light weight of a pas­
senger train is on the order of 1.05 to 1.1, so that even in the 

event that each car is not equipped with load sensing devices, the 

rate of deceleration is essentially the same, empty or full. How-

ever, HSPT stopping distances are also limited by two factors: 

passenger comfort and wheel-to-rail adhesion. These are treated 
in the following sections. 

1 
11G.M. Cabble, "A.A. R. Rules and the Cobra Brake Shoe Railroad 

Friction Products Corp., Wilmerding PA 15148, April,1973.
2 

Recently devices have been introduced which do sense whether 
or not a freight car is empty or loaded, and adjust the braking 
force corr~spondingly. Cars so equipped, however, make up a 
small portion of the interchange fleet; no block signal system 
could have been or now could be designed assuming the existence 
of such devices. 
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A,2 ADHESION 

Perhaps the least understood and most critical aspect of HSPT 

planning is wheel-to-rail adhesion. Not only passenger safety but 
speed limits, line capacity and headways all depend on the ability 

to stop trains consistently within a specified distance. A good 
rule of thumb is that under no conditions, except for an emergency 

stop, should the stopping distances vary by more than 10% from the 

average, even if the longer stopping distance is within the speci­
fied block spacing. If stopping distances vary by greater than 10%, 

the engineman will tend to lose confidence in the train's stopping 

ability and often either under- or over-react. If he were to under­

react on an approach signal aspect, collision risk would increase. 
Over-reaction by the engineman is also a serious problem, as it would 

cause difficulty in terms of schedule compliance. This would not 

only decrease the operating efficiency of the line, but would in 

itself lead to a potentially dangerous condition. On high density 
lines trains are separated by two seemingly redundant but still 

necessary systems: time (i.e. schedules) and the block signaling 

system. If the degree of schedule compliance decreases, the de­

pendence on the block signaling system alone increases. The degree 
of redundancy and, correspondingly, the overall safety of the rail 
system then decrease. 

If one is to achieve the highest possible maximum speed over 

existing block lengths, and at the same time limit stopping dis­

tance variations to within 10% of the design value, the worst-case 
wheel-to-rail adhesion must be known exactly. State-of-the-art 

wheel anti-slip devices have an overall effectiveness of about 80%. 

Thus, if a certain section of rail has a wheel-to-rail adhesion of 

5% less than the assumed minimum value, the overall stopping dis­

tance will be about ZS% greater than the design stopping distance. 

This is totally unacceptable. It is, however, rather unlikely that 

an entire block, 7,000 to 11,000 feet in length, would have low 
adhesion. It is far more likely that certain distinct sections of 

low adhesion would tend to cause momentary interactions of the anti­

slip device. However, even in this case, the number of momentary 
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anti-slip device reactions must be held to a minimum; again, the 
worst-case wheel-to-rail adhesion must be known exactly. 

Figures A-1 and A-2 show plots, from different sources, of 
the assumed values for worst-case adhesion and the assumed values 
for typical adhesion on good rail. In terms of block spacings the 
curves of Figure A-1 are of principal interest, as the design par­
ameter is the minimum adhesion. Figure A-2 is included primarily 
for comparison. As can be seen from the curves, there is consider­
able disagreement as to exactly how much adhesion actually exists. 
The 1970 SNCF curve shows a level of adhesion at 150 MPH 400% greater 
than the JNR curve at the same speed. The worst case according to 
SNCF, at 100 MPH, is about twice as high as JNR's value for good 
rail at 100 MPH. This disagreement has led to some confusion in 

the industry and may, in fact, lead to a potentially dangerous sit­
uation as well. 

The JNR data, while probably accurate for their application, 

have limited usefulness for this study. The data were taken using 
JNR passenger cars on the Tokaido Line from 1961 through 1965. 3 The 
discrepancies appear to arise from the original JNR decision, taken 
at an early stage, to use a disk braking system without any form 

4of wheel scrubbing apparatus. Whenever comparison tests are 
done - there is apparent industry agreement on this - adhesion 
tests done with tread-braked vehicles always show higher adhesion 
values than do disk-braked vehicles. 5 While disk brakes do offer 
some clear advantages over tread brakes, the high tread temperatures 
of tread braked wheels (typically 300 to 500 degrees F) seem to be 
very effective in "burning off" moisture and oil films on poor or 
wet rails. Also, the dust particles generated during a tread brake 
application seem to improve adhesion in much the same way as does 
sand. 

3 M. Fujii, "New Tokaido Line," Proceedings of the IEEE, Vol. 56, 
No. 4, April 1968. 

4 JNR did install wheel scrubbers, but only after the adhesion 
tests were completed. 

5 H.P. Roberts, "Improved Braking Raises BR's Inter - City Speeds," 
Railway Gazette International, February 1973. 
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The more recent SNCF data are interesting. For these tests, 
carried out in the spring of 1970, SNCF used a specially modified 
CC21000 locomotive with a 4,000 HP traction motor arranged to pow­
er only the front axle of the front truck. Water was sprayed 
directly in front of the front wheels. Using this arrangement, 
there was sufficient power to achieve slippage or to break trac-
tion, at speeds up to 200 MPH. 

6 
SNCF measured the locomotive's 

speed, electrical input power, and the traction motor operating 
efficiency, and was able to determine the maximum torque that could 
be applied without breaking traction as a function of speed. Know­
ing the torque, SNCF assumed that the weight on the front axle was 
equal to the locomotive weight divided by the number of axles. With 
the front axle load and the maximum torque known the worst case 
adhesion could be calculated and plotted. This approach may not 
be entirely accurate. First, the weight on the front axle of the 
front truck is not generally constant and is a function of truck 
design. The effect of a forward acceleration produced by front 
wheel drive exerts a moment about the front axle and places an 
extra force (weight) over the front wheels of the locomotive. This 
is analogous to what happens to a rear wheel drive automobile when, 
under heavy forward acceleration, the front end of the car rises 
and the rear end lowers due to the torques and the effect of the 
suspension. 

The second concern with the SNCF test results is the effect of 
the unnatural and unrealistically large moment of inertia of the front 
axle. Current adhesion theory assumes zones of low adhesion, usual-
ly of limited length - over crossing frogs, switches, oil spills, 
etc. - and when one measures wheel-to-rail adhesion, these short 
sections should be measured exactly, since these short sections 
are what tend to cause wheel slip/slide. However, the large moment 
of inertia of the CC21000 locomotive's front axle tended to pre­
vent any rapid increases in wheel speed, and thus during the SNCF 

6 F. F. Nouvion, "SNCF Probes the 200 KM/H Speed Band, 11 Railway 
Gazette International, August 21, 1970. 
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test wheel slip on short sections of low adhesion rail presumably 

did not have time to start. 

The third problem with the SNCF tests is that good quality 

rail (even when wet, as was used for the SNCF test) is probably 
not a fair approximation of all possible rail under all possible 

conditions. Each of the above three factors would tend to cause 

inaccuracies in the data and would tend to yield higher values 
than is really the case. It is probably for those three reasons 

that no other adhesion test data have even approximated the 1970 
SNCF data. It is unfortunate, but interesting to note, that shortly 

after SNCF's RTG trains - which assume adhesion values based on 

the 1970 SNCF data - arrived in the U.S. for Amtrak service, a 
brake application (in order to prevent a grade crossing collision) 

resulted in slid-flat-wheels, and the entire train had to be re­
7

moved from service until the wheel grinding work was completeJ. 

The WABCO curve would seem to be an accurate estimate of the 

minimum wheel-to-rail adhesion likely to be found in the U.S. with 
tread-braked vehicles. The curve represents the adhesion assumed 

by the Air Brake Division of Westinghouse Air Brake Co. during the 

design of freight car brake rigging and brake shoes. A freight 

car equipped with WABCO brake rigging and brake shoes assumes a 

level of adhesion equal to the curve shown on Figure A-1. 8 For 
rail rapid transit systems with new welded rail, WABCO does assume 

an adhesion level considerable higher than the curve shown. The 

data upon which the curve is based were actually measured by WABCO 
over a long series of single-car stopping tests. Judging from 

the relatively infrequent nature of slid-flat freight car wheels 
caused by a non-emergency brake application, it would seem that 

the WABCO curve represents a safe estimate of the minimum level 

of adhesion likely to be found on mainline trackage. In fact, the 

curve may represent a slightly pesimistic estimate for the HSPT 

7 Railway Age, November 12, 1973, p. 10. 
8Air Brake Association Handbook, Management of Train Operation 

and Train Handling, Chicago, 1972 and Sales Literature, West­
inghouse Air Brake Corp., Pittsburgh, Pa. 
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situation, which involves only mainline and not branch line track­
age. All stopping distance calclations in this report are based 
upon the WABCO curve for speeds less than 100 MPH. The older 1935 
SNCF adhesion curve is used for calculations above 100 MPH. 

It is difficult to comment upon the 1948 Koffman data,9 ex­
cept to note that the British Railways, sponsors of the tests, 
have stopped using it, and are using the higher values of the new 

10SNCF curve. BR does, however, include a safety margin with the 
SNCF data. 

Figures A-3 and A-4 show the worst-case adhesion limits of 
both the old (1935) SNCF curve and the WABCO curve, superimposed 
upon the adhesion demands assumed for non-emergency stopping for 
several HSPT's. 

9. 
J. Koffman, "Adhesion and Friction in Rail Traction," Railway
Gazette, 29 October 1948, p. 484. 

ORoberts, op. cit. 
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A,3 CONSTRAINTS FOR PASSENGER COMFORT 

At low speeds (especially if non-adhesion braking systems are 
considered) stopping decelerations of 2.5 MPH/sec. or more are 
possible but may not always be desirable due to passenger dis­

comfort. Here it is appropriate to make a distinction between 
emergency stopping, for which passenger comfort in not a consid­
eration, and non-emergency stopping (restrictive signals, speed 
limit compliance, station stops, etc.), for which passenger com­
fort, in addition to passenger safety, is a serious limitation. 

Rail rapid transit systems are often designed to have service 
brake applications of 2.5 MPH/sec . or more. However, in this type 
of operation it is fair to assume that patrons will be either 
seated or otherwise holding on. The HSPT situation is rat her dif­
ferent, and it is reasonable to expect that pas sengers might be 
eating or walking about during a full service brake application. 
Conventional passenger trains have a full service deceleration 
rate of about 1.1 MPH/sec. on level track. For the Metroliner 
the maximum full service deceleration r ate is about 1.4 MPH/sec. 

British Railways has considered the problem of passenger dis­
comfort during decelerations for their HST and APT, and feel that 
2.88 feet per second squared (about 0.09 g) is the absolute 
l imi t that would be acceptable for non-emergency stopping. 11 

(Britain' s High Speed Train (HST) was designed to operate over 
existing rail lines so that the trade-off between pass enger discom­
fort and maximum speed had to be considered.) 

French Railways has also had to consider the trade-off between 
passenger discomfort and maximum speed. SNCF's ERT, RTG, and 
TGV.001 passenger trains assume a full service deceleration rate 
of about 2.4 MPH/ s ec. which SNCF feels is the maximum level of 
adhesion braking. For emergency stops SNCF uses a magnetic track 
brake which is independant of adhesion and has been reported to 

ll Ibid. 
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12increase the deceleration rate by about 0.6 MPH/sec. 

The situation in Japan is considerably different than that in 
the United States. When the Tokaido Line was installed, JNR had 
the advantage of designing and constructing completely new (IPT-only) 
system so that high speed could be achieved without decelerations 
threatening to passenger comfort. The maximum full-service decel-

13eration rate on the Tokaido Line is about 1.6 MPH.sec, 

JNR and United Aircraft have studied the responses of passen­
gers subjected to varying levels of longitudinal accelerations and 
decelerations. 14 An examination of those data reveals that the 
point at which passenger comfort becomes a serious constraint ap­
pears to be between 2.2 MPH/sec. and 2.6 MPH/sec. The JNR data 
predict that 95% of the passengers subjected to a 2.2 MPH/sec, 15 

deceleration would rate the experience as no more than "slightly 
uncomfortable." The corresponding figure for a 2.6 MPH/sec. de­
celeration is 90%. For comparison, an average takeoff or landing 
in a commercial aircraft subjects passengers to an acceleration or 
deceleration of about 11.0 MPH/sec. 

The JNR data also indicate that the~ of change of decel­
eration, or jerk, is probably as important a constraint as is the 
value of deceleration itself. According to the JNR data, changes 
in the rate of deceleration on the order of 2.0 MPH/sec. 2 are about 
the maximum design value that would be acceptable. At a jerk level 
of 2.0 MPH/sec. 2 , JNR data predict that 95% of the passengers would 

12 c. Dubois, "Braking the SNCF's Turbotrains,'' Railway Gazette 
International, February 1973. 

13 M. Fujii, "New Tokaido Line," Proceeding of the IEEE, Vol. 56, 
No. 4, April 1968. 

14J. Carstens, Literature Survey of Passenger Comfort Limita-
tions of Hi h Seed Ground Transports, PB 168 171, July 1965; 

. ra a1 an Y. Nomura, "Evaluation of Train Riding Comfort 
Under Various Decelerations," Japanese National Rai 1ways, Vol. 5 
No. 2, 1964. 

15oata interpolation is required, 
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rate the loading at no more than "slightly uncomfortable." At 
a 4.0 MPH/sec. 2 rate of change, 90% of the passengers would con­
sider the loading no more than "slightly uncomfortable." 

Thus the adhesion limi ts assumed for use in stopping distance 
calculations in the preceeding section appear to be within range 
of passenger comfort, as long as the brakes are applied gradually 
and not suddenly - a deployment time of 1.0 second would seem 
satis factory. It does appear, however, that passenger discomfort, 
at present decelerat i on levels. is on the verge of becoming a 

serious constraint. Except for emergency stops, stopping distances 
are virtually as short as this limitation will permit. 
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	viii 
	1, INTRODUCTION 

	1.1 BACKGROUND 
	1.1 BACKGROUND 
	Foreign railroad experience, as in Japan and Europe, in-dicates that if a commitment is made to completely new roadbed, track, structures, rolling stock, and signal and control systems, safe, comfortable and reliable passenger service at speeds of 125 MPH or greater is possible, and can achieve substantial consumer acceptance. Major advances have been made in the area of on-board equipment for passenger trains, particularly with regard to braking and acceieration capabilities, suspensions, and aerodynamics.
	The cost of complete line reorganization to render a physical plant fully suitable for high speed passenger train (HSPT) service completely new signaling and control systems, curve realignments, right-of-way fencing, etc. -has been estimated to be between 0.2 and 1.2 million dollars per mile for some corridors, and the cost for the signal revisions alone has been estimated at between $30,000 and $500,000 per mile, depending in part upon the sophistication of the control system, 
	Thus, problems arise when attempts are made to provide high speed rail service utilizing existing facili ties during consumer acceptance or demonstration operations for which full-scale re-organization of the line is not possible. The determination of maximum train speeds feasible without a major commitment to upgrade the physical plant is a problem being studied throughout the world. 
	1 

	1
	u.s. Department of Transportation Report, .!.!!!..2!2ved Passenger Service for the Northeast Corridor Pan-Technology Consulting Corp., Report FRA-ORD&D-74-3, April 1973~ 
	U.S. Department of Transportation Report, Improved Passenger Service 
	for Three Corridors, Pan-Technology Consulting Corp., Report FRA-ORD&D-74-4, April 1973. (continued) 
	Advanced rolling stock can readily be used on a temporary or trial basis, but this is obviously not true of fixed plant such as improved 
	track and signal systems. Within this constraint, full-scale re-construction of track and roadbed is precluded. However, if it is assumed that the rolling stock and track structures in a particular case will permit operation of high speed passenger trains, it re-mains necessary to consider the form and potential costs of the signal and control system necessary to assure safe operation at desired speeds. A second consideration of particular importance to trial or demonstration situations is the impact of HSP
	on freight traffic moving in the same corridor. 
	1. 2 OBJECTIVE 
	The overall objective of this study is examination of both factors in sufficient depth to permit a general assessment of the magnitude of the problems involved, A brief review of the prin~ ciples of block signal systems (virtually universal in the U.S.) is accompanied by a description of factors affecting train stopping distances, including discussion of various means of meeting the signaling requirements necessary to the safe and efficient opera-tion of HSPT's. The several recognized classes of train contr
	(Continued) 
	J,W, Diffenderfer, "High Speed Passenger Transportation in the 
	Northeast Corridor of the United States of America Utilizing 
	Existing Facilities," presented at the I. R. C ,A. -U. I. C. High-
	Speeds Symposium, Vienna, 1968. 
	J.L. Cann and J.T. Wilson, "Development of a High Performance Train System for the Toronto-Montreal Corridor," presented at the I.R.C,A, -U.I.C. High-Speeds Symposium, Vienna, 1968. 
	2 
	1 
	1.3 SCOPE 
	1.3 SCOPE 
	As indicated above, the primary focus of this study is signal and control aspects of HSPT operation, with safety and efficiency as criteria. Other elements of physical plant, such as roadbed 
	2
	requirements and costs, and adequate grade crossing safety, are not treated in this study. 
	This examination does not include surveys of specific rail corridors. The study is based upon two general assumptions which appear to be realistic for U.S. operations: 
	1, All potential demonstration high speed HSPT routes will be in existing rail corridors and over existing high density rail lines -routes likely to be characterized by approximately 40 or more trains per day. (For example, on the rail corridor between New York and Washington there are about 570 train origins per day. A "snapshot" look at the traffic on that corridor at 5:30 pm would find about 45 passenger and 10 freight trains.) 
	2. Existing rail lines have been operated and designed -in terms of signaling, curvature, rail, etc. -primarily for freight traffic. 
	It is to be noted that site-specific surveys are especially important in assessing the problem of freight train congestion caused by interference from high speed passenger train operation. Studies of this type, with specific consideration of four potential corridors, have been prepared by Pan-Technology Consulting Corp. for the Federal Railroad Administration,
	3 

	The subject of grade crossing protection is not examined here and is only mentioned peripherally. For a more complete dis-cussion. see: 
	2

	J.B. Hopkins , Grade Crossing Protection in High-Speed, High Densit, Passenger-Service Rail Corridors, Report FRA-ORD&D-74-14 Septem er 1973. 
	6

	Improved Passenger Service for Northeast Corridor, Op. Cit.; Improved Passenger Service for Three Corridors, Op. Ci t. 
	3

	__I 
	2, BLOCK SIGNAL SYSTEMS 
	3 


	2.1 INTRODUCTION 
	2.1 INTRODUCTION 
	The basis of virtually all railroad signal/control is the block system, in which the railroad network is divided into spe-cific segments -"blocks" -which may range from hundreds of feet to several miles or more in length. In general, if a block is oc-cupied by a train, other trains are either forbidden to enter, or may do so only at a speed which permits stopping within sight dis-tance. Such a system can be based upon manual control by railroad employees who communicate train entrance and exit information t
	Armstrong 
	1 
	4 

	All high density rail corridors in the U.S. include an auto-matic block signaling system. Approximately 50% of all the track mileage, and approximately 95% of all the multiple track mileage in the U.S., has an automatic block signaling system presently in-stalled. The safety and operating efficiency benefits of automa-tic block signaling have been appreciated by the railroad industry 
	5 

	John Armstrong, All About Signals, Kalmbach Pub. Co., 1957, 26 pp.
	John Armstrong, All About Signals, Kalmbach Pub. Co., 1957, 26 pp.
	Unpublished Statistics compiled by the Federal Railroad Administration, Office of Safety, 1973 data. 
	5
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	Figure 2-1. Illustrations of Possible Three-Aspect and Four-Aspect Signal Systems 
	5 
	5 

	for decades. The system has proven itself to be economically viable 
	on high or even medium density lines and its existence on all po-
	tential high speed routes is virtually assured. 
	A crucial question is whether or not it is possible to offer HSPT service without having to respace the blocks (increase their length) and block signals. This section consirlers the determination of maximum safe operating speed in terms of compliance with block signals, given an existinR block spacing and track profile. It will be shown that not all existing spacings will be suitable for all anticipated speeds. For those corridors where the existing spacing would be insufficient for HSPT operation, a listin
	4 
	2.2 BLOCK LENGTH 
	2.2 BLOCK LENGTH 
	There is no Federal or industry standard for block lengths. Block spacings are determined by each individual railroad according to its own needs and requirements. Federal regulations require only that speed limits be such that a restrictive block signal can be complied with by other than an emergency brake application. Each railroad, or signal supplier, generates its own set of braking or stopping curves for different speeds and conditions of grade, track curvature, and train length. Figure 2-2 shows three 
	6 

	When blocks are initially laid out, the railroad first decides the maximum speed at which it wishes to operate. The top speed and the stopping distance curves, plus an individually determined safety distance, determine the block spacing. Conversely, when speed limits are initially set (exclusive of Track Safety Standards or other considerations), the block spacing and the safety distance 
	6 
	Code of Federal Regulations, Title 49, part 236.24 (197~). 
	Code of Federal Regulations, Title 49, part 236.24 (197~). 
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	Figure 2-2. Typical Braking Curve for a 97 Car Freight Train 
	7 
	7 
	determine the maximum speed. 
	Stopping distance data are readily available. Safety distances, however, are more difficult to determine. Safety distances are included to compensate for changing conditions, to provide an ade-quate stopping distance in the event that cars are overloaded, and also to allow for the possibility that not all of the cars in the consist have properly functioning brake rigging. (Federal regula-tions allow up to 15% of a freight car consist to be without proper-
	7
	ly functioning brake apparatus. ) A figure of 10% of the total calculated stopping distance is a reasonable estimate of the minimum safety distance that any railroad would use for freight or should use for HSPT operation. (The line between New York and Washington has an average block spacing of about 9,020 feet, with track, in most sections, capable of 100 MPH operation. The Penn Central Railroad, however, restricts all freight trains to 60 MPH, and this, from Figure 2-2, allows a distance safety margin of 
	-

	The traffic densities and track capacities of potential HSPT routes imply relatively high existing speed limits for mainline freight trains -on the order of 55 to 70 MPH. This speed range would require stopping distances of between 7,000 and 11,000 feet, assuming a 10% safety distance and the data from Figure 2-2. There-fore, a three-aspect automatic block signaling system would be based on a minimum block length of 7,000 feet, and a four-aspect system would assume a minimum block length of 3,500 feet. 


	2.3 STOPPING DISTANCES 
	2.3 STOPPING DISTANCES 
	2.3 STOPPING DISTANCES 
	The distance required for a train to come to a full stop is a function of many variables -train speed and size, type of brakes, topography, weather, condition of tracks, etc. This subject is reviewed in some detail in the appendix, with special empahsis on limitations arising from braking systems, wheel rail adhesion, and 
	code of Federal Regulations, Title 49, part 232.1 (1974). 
	7
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	passenger comfort, Results from this treatment will be used below 
	to provide a measure of attainable system performance for various 
	cases. 
	cases. 

	Figure 2-3 shows the nominal stopping distances of the Metro-liner and a 97 car "typical" freight train, and the calculated stopping distances of a hypothetical HSPT, based upon the adhesion demand limitations described in the appendix. Figures 2-4 and 2-5 show the stopping distances for the same trains on a -1% and +1% grade, respectively. The stopping distances of the freight train are as would be measured, but the calculated HSPT stopping distances are somewhat longer than would usually be measured. Air 
	Figure 2-6 shows the maximum safe HSPT speed as a function of the freight train speed for which the signal system has been de-termined, for three grade conditions. Worst-case adhesion limits are assumed, as described in the appendix. For level, descending, or only slightly ascending track, 125 MPH operation with existing block spacing is seen to be generally feasible. There is a problem, however, on steeply ascending grades, as the decelerating effect of the grade is greater for heavy freight trains than fo
	The cost of complete signal re-spacing has been estimated at about $20,000 per mile. This estimate is probably somewhat low if one adds in the cost of new centralized train control (CTC) equipment, new grade crossing configurations, etc. For most cor-ridors, this cost, as well as the time delays to be encountered while the respacing work is being completed, can be eliminated if speed limits of 125 MPH are acceptable. 
	8 

	Im roved Passen er Service for Northeastern Corridor, op. cit.; Passenger Service or Three Corri ors, o~. cit. 
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	For those corridors where top speeds of 150 MPH are required, or for corridors located in very hilly terrain where grades of 1% or more are common, corrective action will have to be taken. The next section describes a set of alternative possibilities. 
	2,4 ALTERNATIVE CORRECTIVE ACTIONS FOR INADEQUATE BLOCK LENGTH 
	2.4.1 Introduction 
	2.4.1 Introduction 
	As described in preceeding sections, it is assumed that all 
	potential high speed passenger corridors will have an automatic 
	block signaling system currently installed, with block spacing 
	and signal aspects suitable, in most cases, for 125 MPH operation, 
	but not for 150 MPH operation. For those corridors that require 
	signal system modification, various options are available. This 
	section suggests options to be considered. Only the block signal-
	ing system is considered; train control is discussed in the follow-
	ing section. 
	As part of this study a literature search covering foreign techniques and policies was carried out. The following discussion draws upon that activity. 

	2.4.2 Operating Within the Existing Block Signaling System 
	2.4.2 Operating Within the Existing Block Signaling System 
	The British Railway System (BR) is especially interesting because the overall rail system in Britain is more nearly similar to that in the United States than any other European or Asian country. For the 125 MPH High Speed Train (HST) the British have decided to operate within the existing signal system, rather than increase either the block spacing or number of signal aspects. On all mainline sections of track BR uses a four-aspect automatic block signaling system with a standard block spacing of 3,345 feet
	14 
	track circuits and pole lines, with some interlockings. For all mainline trackage, BR also uses a two-aspect, intermittent, in-
	cab auditory warning system. 
	Initially, the Signaling Department at BR expressed reserva-tions concerning 125 MPH operation without the use of continuous cab signaling, particularly with respect to crew burden under ad-verse conditions. However, the management at BR felt this was not economically justifiable. (The Signaling Department did not object to the speed limit in terms of aspects or signal spacing,) BR, for HSPT, assumes a worst case adhesion limit of Z.O MPH/Sec. for 0 to 125 MPH, and therefore assumes that the 125 MPH train c
	-
	9 


	2.4.3 Providing an Additional Signal Aspect 
	2.4.3 Providing an Additional Signal Aspect 
	If, for a particular corridor, the maximum speed possible with the existing block spacing is deemed insufficient, the most desir-able approach is likely to be use of an additional signal aspect. This approach would be relatively inexpensive -on the order of $2,000 per track, per mile -and would have the advantage of not increasing headways. Thus line capacities would not be reduced when HSPT's are not involved, as would result from use of longer blocks. In addition, this approach would provide sufficient st
	Adding an additional signal aspect is an approach used by the French on many high speed routes. Over the past ten years , speeds on the SNCF (French National Railway) have been increased to 100 MPH. Sufficient stoppin~ distances were maintained by in-creasing braking power and by relocating distaat signals. However, in 1968 SNCF decided to attempt to increase speed limits, first to 
	9t~Roberts, "Improved Braking Raises BR's Inter-City Speeds," Railway Gazette International, February 1973; 
	J.F.H. Tyiei, ·Railway Division Jouinal, Institution of Mechanical Engineers, Vl, pt. 3, 1970. 
	1S 
	125 MPH and then 150 MPH, with the eventual long term objective of operation of a few lines at 200 MPH. SNCF felt that, with the exception of both high density and very high speed lines, the high cost of complete line signal reorganization was not justified,In searching for a less costly solution for those lines not meeting the reorganization criteria, SNCF decided to add an additional signal aspect -flashing green -which would be applicable only to HSPT's. The additional-aspect signal system is now in oper
	10 
	11 

	The SNCF rail system is somewhat diverse, but the sections of interest here are mainline track servicing both freight and con-ventional passenger trains, Either three or four-aspect automatic block signaling systems, with interlockings, are used. The al-lowed braking distances are about 4,800 feet, implying minimum block lengths of 4,800 feet for three-aspect signaling systems, and 2,500 feet for four-aspect systems, on level track. On these lines SNCF also uses a two-aspect, in-cab warning system, The warn
	To add the additional aspect, SNCF uses an audio frequency 
	a.c. pole line overlay transmit/receive system which transmits the status of each wayside signal back to the next wayside signal. (Actually, to add an additional aspect to a three-aspect system, the overlay is not necessary, as the information could be carried through the polarity of the d.c. signal.) For those lines operated 
	lOJ. Michaux and M. Laplaiche, ••Braking and Signaling Problems Arising with High Speed Trains," Proceedings of IRCA-UTC "High Speeds" Symposium, Section II, p. 390, Vienna, 1968. 
	11 "SNCF Adds a Signal Aspect for High Speed Trains," Railway Gazette International, April 17, 1970. 
	16 
	with a speed limit of 125 MPH, SNCF also removed the mechanical "crocodile ramp" warning system and installed either a four-or five aspect intermittent cab signaling system, using inductive transmitting and receiving loops. 
	This is an interesting approach; hardware and installation costs are held to a minimum, and substantial benefits are accrued, especially in terms of the problem of interference between slower moving freight trains and high speed passenger trains. The hard-ware and technology is proven, and consists essentially of off-the-shelf items. While flashing green may not be the ideal aspect to add, the concept of providing an additional aspect is a viable and economical approach. 
	2,4.4 Manual Blocking 
	During demonstration or consumer acceptance operations in those cases where the maximum speed possible with the existing block length is deemed unacceptable, it has been suggested that a manual block system be used. Not only does this approach compro-mise safety -dispatchers are not infallible -but also the traffic densities and existing line capacities involved tend to make this approach impractical. Line capacity is, roughly speaking> inversely • proportional to block spacing. If the manually controlled b
	-
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	3, TRAIN CONTROL SYSTEMS 
	3.1 INTRODUCTION 
	3.1 INTRODUCTION 
	The signal system previously discussed provides block occupancy information necessary to safe movement of trains. The typical automatic block signal system is based upon display of this information on wayside signals. This section deals with means of providing such information within the locomotive cab and of by-passing the engineer under certain circumstances. The various methods of accomplishing these additional functions are commonly characterized as "train control systems." 
	The engineman's responsibilities while operating a train are complex, the degree of complexity increasing disproportionately with higher speed. He is essentially deluged with information, all of which he must accurately receive, understand, assimilate, and act upon. In addition to receiving information about the locomotive's operating equipment, he must also observe signal indications, sta-tion stop information, grade markers, whistle boards, mileposts and other position landmarks. These activities are in a
	Federal regulations currently restrict both freight and pas-
	sen~er train speeds to below 80 MPH unless both the lead locomotive 12
	and the district are equipped with a compatable tr~in control system. Train control systems," for these purposes may be described in t erms of 1ve genera1 c1 •f • • l3 ey
	11 

	f • assi 1cat1ons. Th are: 
	i~Code of Federal Regulations, Title 49, Part 236.567 (1974). Within each of the five general classifications there are a number o~ variances, and in addition, the names of each of the class-ifications are not universally accepted. One of the signal supply companies rerers to Automatic Train Protection (ATP) rather than Automatic Train Stop. The two, however, convey the same meaning. 
	18 
	1. 
	1. 
	1. 
	Automatic Cab Signaling Systems intermittent (ACS)i 

	2. 
	2. 
	Automatic Cab Signaling Systems continuous (ACS)c 

	3. 
	3. 
	Automatic Train Stop Systems intermittent (ATS)i 

	4. 
	4. 
	Automatic Train Stop Systems -continuous (ATS)c 


	s. Automatic Speed Control Systems (ASC) 


	3.2 AUTOMATIC CAB SIGNALING SYSTEMS -INTERMITTENT (ACS) i 
	3.2 AUTOMATIC CAB SIGNALING SYSTEMS -INTERMITTENT (ACS) i 
	Intermittent cab signaling sys tems are the least expensi ve and offer the least protection of any form of train control equipment. With this system, wayside signal aspects are repeated and displayed in the cab. However, the in-cab aspects are not updated con-tinuously but rather, intermittently, at the entrance to each block. Intermittent systems are almost invariably installed as an addition to an existing block signaling system. Completely new signaling instalations -new block signaling as well as new ca
	Intermittent systems in the United States operate on the principle of electromagnetic coupling between a wayside transmitter and a locomotive mounted receiver. The system is comprised of four major elements: 
	-
	14 

	1. 
	1. 
	1. 
	A transmitting loop or coil of wire usually buried between the rails and located just in advance of the entrance to the corresponding block, 

	2. 
	2. 
	A locomotive-mounted receiving loop or coil. 

	3. 
	3. 
	A device, usually a permanent magnet, l ocated just in advance of the transmitting loop, designed to cancel the old indication just bef ore the new aspect is 
	registere<l.
	15 



	14
	Early cab signaling systems did use mechanical devices to trans
	-

	mit the signal indication from the wayside to locomotive. Some 
	Systems in Europe and Asia still use mechanical actuators. 
	15
	often elements 2 and 3 are combined by wrapping a coil of wire 
	around a permanent U-shaped magnet. 
	19 
	4, A display panel and audio announcer mounted inside on the locomotive cab. 
	Federal regulations consider cab signaling systems, both con-tinuous and intermittent, to be in the same general class as train control systems. Cab signaling systems are, therefore, subject to the same rules, standards, and instructions and therefore offer compliance with the 79 MPH rule, etc. The only function of both intermittent and continuous cab signaling systems is that of pro-rememberst1 the indication of the last wayside signal. It is a Federal require-ment of all cab signaling systems that an audi
	viding information to the engineman. The display panel 
	11 

	The other principal disadvantage of intermittent cab signaling systems is that the panel always displays the indication of the last signal that the locomotive passed. The engineman does not have the advantage of being able to "feel ahead." He is not immediately notified of changing conditions. Thrown switches, rock slides, and trains reversing direction all would present potential hazards where safety is dependent on the timeliness of the engine-s response. The long block lengths common in the United States
	man 
	1 

	The cost of adding intermittent cab signaling to an already existing automatic block signaling system would be approximately 
	20 
	$3,000 per track-mile plus an additional expenditure of approxi-mately $8,000 per 
	locomotive.
	16 


	3.3 AUTOMATIC CAB SIGNALING SYSTEMS -CONTINUOUS (ACS)c 
	3.3 AUTOMATIC CAB SIGNALING SYSTEMS -CONTINUOUS (ACS)c 
	Continuous cab signaling systems are similar to intermittent systems except that coded (modulated) track circuits are used, rather than inductive loops, to relay the information from the wayside to the locomotive. This system has the advantage of providing the engineman with continuously updated information concerning the status of the next approaching signal. This £eel ahead," is a significant improvement over intermittent systems. 
	capability, which enables the engineman to 
	11

	Most of the existing automatic block signaling systems in the United States are either three-or four-block systems. In the event of rapidly changing conditions a sufficient stopping distance may not remain if the information is not relayed to the engineman until the locomotive reaches the next signal. There are definite benefits to be derived from advance notice of signals ahead. In -creased operating efficiencies can accrue in allowing a long freight train or high speed passenger train to resume speed, kno
	In most installations, an a.c. coded signal is superimposed over the d.c. track signal, The d.c. track circuit is used for train detection. The coded a.c. signal is used to transmit signal indications to the locomotive and, in some installations, to activate the wayside signals. The use of coded track circuits does, therefore, improve the degree of "failsafe" protection, in the sense that the d.c. signal must be first detected before the 
	a.c. signal can be transmitted and detected at the other end of the track. 

	rr-. 
	rr-. 
	This and the other cost estimates in this section should be consi?ered rough estimates for an "average" railroad environment which d?es not have extremes in switching complications, noisy track circuits, grade crossings, etc., in 1974. Accurate cost estimates can only be prepared after considering a specific system on a specific section of a specific railroad. 
	-

	21 
	The approximate cost of adding a continuous automatic cab signaling system to an already existing automatic block signaling system would be approximately $30,000 per track-mile plus $8,000 per locomotive, 
	Cab signaling systems also form the basis for Automatic Train Stop and Automatic Speed Control systems, The basic limita-tion of cab signaling systems is that, although additional informa-tion is supplied to the engineman, the system still relies upon him to take the appropriate action, 
	As of January 1, 1973, there were 2,855 miles of automatic 
	cab signaling installed in the United States, and 3,143 miles of 17
	either automatic train stop or automatic speed control. Thus less than 3% of the railroad mileage in the United States is equipped with any form of train control or cab signaling systems. As of that same date, approximately 5,420 locomotives and multiple unit self-propelled (MU) passenger cars were equipped to accept either cab signals, Automatic Speed Control, or Automatic Train Stop. 
	3.4 AUTOMATIC TRAIN STOP SYSTEMS (ATS) 
	3.4 AUTOMATIC TRAIN STOP SYSTEMS (ATS) 
	Automati c Train Stop systems are direct extensions of cab signaling systems; the primary difference is that if the engineman does not acknowledge the passage of a restrictive signal aspect, the ATS system will automatically initiate an emergency brake penalty" emergency brake application begins, there is no means by which the engineman can cancel it and prevent the train from coming to a full stop. As with intermittent ACS systems, intermittent ATS systems control the train only at specific discrete points
	application. Once this '
	1

	I?Unpublishea Statistics compiled by the Federal Railroad Administration, Office of Safety, January 1, 1973. 
	22 
	There is considerable variation in the types and operation of ATS systems presently in use in the United States. Some systems do not provide a visual display of the signal aspects in the locomotive. ATS systems, while protecting the engineman from gross violations (i.e., disobeying a signal), allows him to use his skill in operating the train. The principle weakness of all ATS systems is that the control is lacking in finesse -it has only two states: full stop, or any speed that the engineman wishes. 
	As of January 1, 1973, there were 2,370 road miles of ATS systems installed on Class I railroads in the United States, most of which were intermittent systems. As of that same date, there were approximately 1,000 locomotives and MU cars suitably equipped, Approximately 1% of all the road mileage and approximately 5% of all the road-service locomotives and MU cars have been equipped for Automatic Train Stop systems. 
	The approximate cost of adding an intermittent ATS system to an existing block signaling system would be $3,000 per track-mile plus $8,000 per locomotive. For a continuous system, the cost per locomotive would be the same and the cost per track-mile would be approximately $30,000. 
	18 

	3. 5 AUTOMATIC SPEED CONTROL SYSTEMS (ASC) 
	The last and most elaborate form of automated train control to be considered here is Automatic Speed Control {ASC). All ASC systems are built around continuous Automatic Train Stop systems with the addition of an on-board computer-driven servo system. The servo system enforces speed limits by tapering the velocity down to an accept~ble level after the locomotive passes a restric-tive signal, while going around curves, or through interlockings, station· areas, etc. In the event that the locomotive passes a r
	The cost figure quoted here to equip a locomotive suitable for ATS includes the cost to include a cab signaling display panel. Aiso see Im roved Passen er Service for the Northeast Corridor, Op. Cit; Service or T ree Corn ors, p. .it. 
	18
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	computer, which keeps track of the locomotive's speed and position within the block, adjusts the train's speed accordingly. 
	These systems are by their very nature continuous systems, and, as a result of the on-board computer-driven servo system, offer a much more refined (or gradual) form of control than do continuous ATS systems. ASC systems have proven to be extremely effective in the prevention of collisions and derailments resulting from overspeed conditions. In addition, the system allows the engineman to "feel ahead" to react to rapidly changing conditions and also offers fairly complete protection against the possibility 
	A distinction is commonly drawn between automatic train control (ATC), which provides only for overspeed protection, and automatic train operation (ATO), in which speed can be both in-creased and decreased to meet a specified velocity profile, con-sistent with block occupancy conditions. 
	The costs involved in upgrading an Automatic Block Signaling system to include an ASC capability would be approximately $30,000 per track-mile and $15,000 per locomotive. 
	As of January 1, 1973, 640 miles of Class I railroad line were equipped with Automatic Speed Control equipment and 490 locomotives were equipped for ASC. That is, less than ,3 per cent of the trackage and less than Z per cent of locomotives were equipped for Automatic Speed Control. Full ATO has been used only in a few specialized ore-train and rapid transit applications. 
	3.6 CENTRALIZED TRAFFIC CONTROL (CTC) Centralized Traffic Control, generally known as "CTC," is not a train control system in the sense defined previously in this section, but will be described here for completeness. CTC is, as the name implies, a means for controlling traffic and not a safety system for preventing collisions. In essense, it is a system in which a dispatcher has the means to control and direct 
	traffic over a portion of the railroad by remotely changing block signals and switches. The dispatcher receives a continuous indication 
	24 
	of block occupancy (determined by track circuits) and "sets up" a route for any particular train through electrical circuits which control signals and track switches. Varying degrees of automation are possible in this process. However, system safety resides 
	within the basic signal system upon which CTC 
	within the basic signal system upon which CTC 
	within the basic signal system upon which CTC 
	is imposed: 
	should 

	a 
	a 
	dispatcher attempt to 
	set up 
	an unsafe condtion 
	(throw a 
	switch 

	in front of an 
	in front of an 
	on-coming train 
	or 
	give 
	one 
	train a 
	signal 
	allow-


	ing entry at unrestricted speed into an occupied block), the basic signal system would ignore these commands. The CTC dispatcher can never provide a less restrictive indication than that permitted by the automatic block signal system. 
	The major benefit of CTC is efficient operation, particularly in high traffic areas or through complex track configurations. The experienced dispatcher chooses routes and assigns priorities in a manner which minimizes delays and conflicts. (Note that the signal system per se merely prevents collisions, and in complex configurations could easily generate the safe but undesirable con-dition of all trains at a standstill.) CTC can thus permit much greater traffic capacity then would otherwise be the case, par-
	11
	tralized Traffic Control , Bulletin No. 176 of the Union Switch and Signal Division, Westinghouse Air Brake Co., provides a detailed description of the workings of a variety of CTC applications.) 
	-
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	LL SAFETY IMPLICATIONS OF TRAIN CONTROL SYSTEMS 
	4.1 INTRODUCTION 
	4.1 INTRODUCTION 
	Consideration of the role of automated train control devices and systems requires examination of the potential benefits and the effectiveness of each type of system. This section addresses the ability of train control devices to prevent accidents which result from conditions applicable to operation of high speed passenger trains. Predictive accident-rate calculations will be developed for Automatic Block Signaling Systems and then for each of the train control systems described in Section 3. The primary sou

	4.2 METHODOLOGY 
	4.2 METHODOLOGY 
	In the past, studies have been conducted for the Federal Railroad Administration and others to determine the causal factors in railroad accidents. In addition, a general study of train control devices and their potential effectiveness was completed for FRA in 1969. 
	19 
	20 

	The primary source of accident data for those reports has always been the Accident Bulletin. The Bulletin lists the number 
	21 

	19 
	Rail Safety Research Plan for the Fiscal Years 1971 -1975, 
	R.E. Morris and J.A. Richardson, DOT Report No. DOT-FR-9-0047, October 1969; "Signals and Operating Rules as Causal Factors in Train Accidents," NTSB Special Study, NTSB Report Number: NTSB-RSS-71-3, February 1972. 
	study carried out for FRA by Walter P. Quintin, Jr., consultant. 21 
	20 

	Accident Bulletin, published each year by the Office of Safety, rederal Railroad Administration, Department of Transportation 
	26 
	of deaths and injuries caused by train accidents each year, cate-gorized by the class of person injured and the primary causes of the accident. 
	The Bulletin does not, however, give a further breakdown of accident location (i.e., within yard limits or on a main or branch line); the signaling system in operation at the time (i.e., manual block, automatic block, ATS, none, etc.)~ or the types of trains involved (i.e., freight or passenger). Moreover, in the event that -as is orten the case -an accident resulted from multiple causes, the Bulletin will only show the direct cause of the ac-cident. Some accidents, while not caused by either a signal syste
	-

	Since those previous studies were prepared, a new source of data has become available. Each year the Federal Railroad Adminis-tration investigates approximately 120 serious railroad accidents. The FRA publishes a few of the original accident reports and now also publishes one report containing a summary of each of the 120 
	22
	final accident reports. Use of the accident summary report, supplemented by the Bulletin, would appear to solve most of the problems associated with using just the Bulletin•, as the summaries are detailed and not aggregated. That approach has been followed here. 
	Summary of Accidents Investigated in the Fiscal Year 1969 
	-

	1970, 1970 -1971, and 1971 -1972, U.S. Department of 
	Transoortation. Federal Railroad Administration. 
	27 
	Two calendar years were selected for the analysis, 1970 and 1971. 3 Figure 4-1 shows a plot of the number of train-train col-lisions and derailments which resulted in casualties, the number of train miles, and the total number of casualties resulting from train-train collisions and resulting from derailments for the years 1968-1973. As can be seen from the plots, calendar years 1970 and 1971 appear to be typical years in terms of railroad accidents and casualties. 
	2

	4.3 ACCIDENT RATE CALCULATIONS -HISTORICAL 
	4.3 ACCIDENT RATE CALCULATIONS -HISTORICAL 
	An examination of the accident summaries for 1970 reveals that the FRA investigated 38 train-train collisions resulting in casualties. These 38 collisions resulted in 22 deaths and 249 injuriesIn addition, the examination indicates that, of the 38 collisions, 19 were accidents which resulted from conditions applicable to the operation of high speed passenger trains. Acci -dents which occured in nonsignaled territory and resulted from a disregard of train orders or the time table, accidents caused by shiftin
	24 

	only two complete calendar years of dates are currently avail-able. A Summary Report on 240 accidents is not a statistically perfect sample, but allows useful insight into the problem.
	23

	The FRA uses a slightly di+ferent criteria for renorting in the Bulletin than is used for the Accinent Reports. Therefore. the numbers listed in the Bulletin may not always correlate one for one with the Accident Investigation Reports. However, judging from the magnitude o+ the number of casualties result-in~ from train-train collisions reported in the Bulletin versus the number from the Accident Investigation Summaries, it would seem fairly certain that the FRA does investigate all of those accidents which
	24
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	Figure 4-1. 
	Historical Accident Trends 


	omitted. Those 19 applicable collisions resulted in 13 deaths and 198 injuries. That is, of all the train-train collisions investi-gated by the FRA, 50 percent of the collisions, 80 percent of the 
	injuries and 60 percent of the deaths occurred in situations applicable to high speed train operation. 
	In addition, the 1970 summaries indicate that 16 of the train-train collisions, 11 of the deaths and 178 of the injuries would have been prevented by a continuous ATS or ASC system. Also, the summaries indicate that 15 of the collisions, 11 of the deaths, and 59 of the injuries would have been prevented by an intermittent ATS or ASC system. That is, 84 percent of the applicable train-train collisions, 85 percent of the deaths, and 90 precent of the in-juries would have been prevented by a continuous ATS or 
	25 

	Table 4-1 summarizes the above analysis. A similar analysis was conducted for the derailments in 1970 and the collisions and derailments in 1971. Those results are shown in Tables 4-1 and 4-2. 


	4.4 S 
	4.4 S 
	APPLICATION OF ACCIDENT RATE CALCULATIONS TO HSPT 
	1 

	There are many inherent difficulties involved in attempting to determine the future through an analysis of the past. The dif-ficulties are even greater if, as in this case, the future in-volves rapidly changing conditions. However, the past is often the only meaningful source of information upon which to base an estimate. What is to be presented here is a simplified set of 
	For thi s determination, it is assumed that the effectiveness of any on-board automatic train control equipment is 100 percent. That i s , it is assumed that the equipment would have been functioning properly and that the engineman, once alerted to the impending danger, would have either taken the appropriate action, or would have ignored the warning completely. If a warning is ignored on ATS or ASC systems, the brakes are auto-matically applied and power is removed. 
	25 
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	Collisions Which Resulted in Casualties (Train-train) 
	Deaths Which Resulted f rom Train-Train Collisions 
	lojuries Which Resulted from 
	l,.I Train-Train Collisions 
	.... 
	Derailments 
	Which Resulted 
	in Casualties 
	Deaths Which 
	Resulted from 
	Derailments 
	Injuries Which 
	Resulted from 
	Derailments 
	TABLE 4-1 . 
	Investigated by FRA 
	38 22 
	249 
	17 
	8 
	81 
	COLLISIONS AND DERAILMENTS,1970 
	Applicable to Preventable by HSPT Operation ATS(c) or ASC number % number % 
	19 so 16 84 13 59 11 85 
	198 BO 178 90 
	13 76 2 15 
	6 75 0 0 
	68 84 6 9 
	Preventable by 
	ATS(i) or ACS 
	number % 
	15 79 11 85 
	59 30 
	1 8 
	0 0 
	2 3 
	Collisions 
	Which Resulted in Casualties (Train-Train) 
	Deaths Which Resulted from Train-Train Collisions 
	Injuries Which Resulted from 
	lN 
	N Train-Train Collisions 
	Derailments 
	Which Resulted 
	in Casualties 
	Deaths Which Resulted from Derailments 
	Injuries Which 
	Resulted from 
	Derailments 
	TABLE 4-2. 
	Investigated by FRA 
	37 
	25 
	211 
	21 
	4 
	205 
	COLLISIONS AND DERAILMENTS,1971 
	Applicable to Preventable by Preventable HSPT Operation ATS(c) or ASC ATS(i) or ACS number % number % number 
	17 46 14 82 13 
	6 24 6 100 4 
	94 45 85 90 83 
	17 81 2 12 0 
	3 75 2 67 0 
	133 65 4 3 0 
	calculations, based upon the past history of rail accidents, designed to permit estimation of the need for and potential bene­fits of train control systems. 
	4.4.1 Comparison of Accident Rates for Passenger and Freight Trains 
	From Tables 4-1 and 4-2 and from Figure 4-1, it is apparent that the historical rate of serious ttain-train collisions re­s is approximately 
	sulting from conditions applicable to HSPT 
	1 


	3.5 collisions per 100,000,000 train miles. 
	3.5 collisions per 100,000,000 train miles. 
	That historical accident rate of 3.S collisions per 100,000,000 train miles is, of course, very heavily based on the record of freight I t is believed by some that train crews and rail­road operations in general are more safety conscious and less prone to neglegence (and accidents) in passenger service. That theory woul d indicate that the rate of 3.5 collision per 100,000,000 train miles is higher than is really appropriate. However, the accident data for 1970 and 1971 tend to refute the contention that pa
	trains.
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	4.4.2 Aggregated Train Miles 
	4.4.2 Aggregated Train Miles 
	The annual number of train miles is a compos ite of train miles accumulated in time table and train order territories and automatic train control and cab signaling territories. The listing of HSPT
	-

	For the years 1970 and 1971 freight trains accounted for approxi­mately 86 percent of the total train miles. 
	26 

	33 
	applicable train-train collisions does not include accidents which occurred in time table and train order territory, so the accident rate shown might be an underestimation. However, since over SO percent of the route mileage in the United States has an automatic block signaling system installed, and the installation has tended to be on high and medium density lines, it seems fair to assume that a very small percent of the train miles were actually accu-mulated on other than automatic block signaling systems

	4.4.3 Accident Rate Calculations 
	4.4.3 Accident Rate Calculations 
	Consider a hypothetical corridor, characterized by the follow
	-

	ing parameters 
	ing parameters 
	ing parameters 

	Length: 
	Length: 
	200 miles 

	Passenger Train Density: 
	Passenger Train Density: 
	50 
	trains per day 

	Freight Train Density: 
	Freight Train Density: 
	60 
	trains per day 

	Passenger Train Capacity: 
	Passenger Train Capacity: 
	300 seats 


	Passenger Train Load Factor: 50% 
	Probability of a Collision: 4/100,000,000 train-miles Such a system would record a total passenger traffic of 550 million passenger miles per year; these numbers are in reasonable accord with proposed actual corridors and agree with Amtrak's present schedule between New York and Washington. In recent years the fatality rate associated with scheduled domestic air carriers, buses, and rail service has been on the order of 0.2 deaths per hundred-million passenger-miles. Applied to the corridor described above,
	From the previous section it seems reasonable in the corridor without any form of train control to assume an accident rate of 4 train-train collisions per 100,000,000 train-miles. Assuming that a train-train collision results in 75 deaths -admittedly a very approximate but not unreasonable assumption, considering the speeds involved -the hypothetical corridor defined above would result in 
	0.15 collisions per year or 11 deaths per year. That accident rate would imply a system fatality rate 10 times greater than now found 
	34 
	in public intercity transportation. In addition, this assumes~ deaths from any other source, such as grade crossing derailments or collisions. 
	If the same corridor is considered with the addition of an Automatic Speed Control system, Tables 4-1 and 4-2 would indicate a collision probability on the order of 0.4 train-train collisions per 100,000,000 train-miles. This would result in a fatality record for this hypothetical corridor of 1.1 fatalities per year, or .2 deaths per 100,000,000 passenger-miles. Over a 10 year period this would result in a potential savings of approximately 100 lives, and would approximately match the safety of other modes.
	However, the costs of upgrading such a corridor are sub-stantial. In the last section, the cost to modify an Automatic Block Signaling system to include Automatic Speed Control has been estimated to be approximately $30,000 per track mile, plus $15,000 per locomotive. It is important to remember that not only the lead locomotive of passenger trains, but also the lead locomotive for all freight trains operating in the corridor must be equipped if the system is to be fully effective. Assuming that the corrido
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	5, THE IMPACT OF PASSENGER TRAIN OPERATION ON FREIGHT SERVICE 
	5.1 INTRODUCTION A primary function of this report is to outline the potential signaling and control problems involved in operation HSPT's in a high density rail corridor. It is therefore appropriate to consider the general operating efficiency of the line, as well as the safety of the passengers and train crews. Previous portions of this re-port have dealt with safety considerations. This section considers headways, track capacity and operational efficiency. More specifi-
	cally, it deals with adverse affects on freight operations asso-ciated with the introduction of high speed passenger trains. 
	General headway formulas will be developed and a train graph analysis will be presented for a hypothetical 200 mile corridor. A sensitivity analysis of the train graph model is presented and major areas of decreased freight service efficiency will be dis-cussed. 
	5.2 HEADWAY MANAGEMENT 
	5.2 HEADWAY MANAGEMENT 
	5.2.1 Headways 
	5.2.1 Headways 
	In order to determine the effect on line capacity of intro-ducing high speed traffic, one must first consider changes in head-ways. Maximum line capacity, for a given set of operating con-straints, occurs when all trains in the system are operating at or near minimum headways. 
	The function of headway management is to insure that under normal operating circumstances trains never interfere with one another. That is, a following train is never forced to reduce speed and the engineman in a following train never sees a restric-tive signal aspect under normal operating conditions. Maximum line capacity implies that all trains are separated by the minimum distance necessary to prevent interference. From Figure 5-1, the minimum headway (distance separation of the leading ends of succes-s
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	Figure 5-1. Two Trains Separated by Minimum Headway for a Three-Aspect Signal System 
	train movements occurs when the leading train is occupying only the \ last few feet of a block, and is given by: 
	h = L + 0 + S + 2(BL) (1) 
	and, 
	H = V/(60h) (2) 
	and, 
	C 60/H 
	(3) 

	where: 
	h = Headway between trains (feet) 
	H Headway between trains (minutes) 
	L Length of the preceeding train (feet) 
	O Overlap or the distance from the wayside signal to the entrance to the block which it governs (feet) 
	S Sight distance or the distance from the wayside signal where the engineman first is able to view the displayed aspect (feet) 
	2 7 

	BL= Block length (feet) 
	28 

	V Speed of the preceeding train (feet/second) 
	C Track Capacity (trains/hour). 
	From equations 1, 2, and 3 a corridor with all trains trav-eling at the same velocity of SO MPH, a block spacing of 9,000 feet, a three-aspect cab signaling system, and trains 8,000 feet 
	29
	in length, the following parameters are defined: 
	For a continuous Automatic Cab Signaling System, this distance should be considered to be equal to the block length. 
	27 

	For a three-aspect signaling system, the block length must be greater than the distance required for the heaviest train to stop from the highest running speed. 
	28 

	For a four-aspect signaling system the "ZBL" ter·m in equa-tion 1 would be replaced by "3BL," but the block length need only be greater than half the longest stopping distance. 
	For a four-aspect cab signaling system the corresponding numbers would be 5 miles, 6 minutes, and 10 trains/hour respec-tively, assuming a 4,500 foot block length. 
	29 
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	h = 6.5 miles 
	H = 8 minutes 
	C = 7.5 trains per hour. 
	If, however, one attempts (as in this case) to operate trains of varying speeds with, in some cases, faster trains following slower trains, the problem is more complicated. Under those circumstances, passing tracks or sidings must be used and a more complex form of analysis must be used. In this report a train graph analysis is selected; that model is presented in the next section. 
	5.2.2 Train Graphs 
	5.2.2 Train Graphs 
	The traditional and most easily understood method of planning train schedules and dispatching policies is through the use of a train graph analysis. Figure 5-2 shows a train graph. A train graph is a plot of time versus distance for a train on a particular section of track. The train is represented by the wide strip, with the front of the train identified with the left-most edge of the strip. The physical end of the train is indicated by the dashed parallel line somewhat to the right of the left edge. The r
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	The zone of protection is, of course, equal to two block lengths plus the sighting distance, plus the overlap. 
	30
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	Figure 5-2. Simplified Train Graph I 
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	Figure 5-3 shows a train graph for two potential dispatching policies, each involving a faster train following a slower train. A passing siding is shown beginning at mile post 30 and continuing 
	to milepost 32.5, drawn as a horizontal bar, since the siding i s always at the same location, independent of time. In essence, the only place that the strips which represent trains can cross safely ~sat a siding. In Phase I of the t r ain graph, train A(l) is dis-patched at time T = 0, at a speed of approximately 50 MPH. The alternate dispatching policy -policy #2-involves dispatching train A(Z) at T = 20 minutes with a speed of approximately 35 MPH. As is seen in Phase II of the train graph of Figure 5-3,
	5.2.3 Application of the Train Graph Model The analysis which follows is dependent upon the assumptions and characterization parameters used to define the t r ains and hypo-thetical corridors . I t is appropriate, therefore, t o delineate those assumptions and characterizations to indicate how the assumed 
	parameters are likely to diff er from reality and to suggest the likely effects of those differences. 
	5.2.3.1 Signal ing System -For this analysis, a three-aspect, continuous cab signaling system i s assumed. The block spacing is assumed to be equal to 9,000 feet, with zero overlap distance. Because of the presence of continuous cab signaling, sighting dis-tance is considered to be equal to block length. It is also assumed that the corridor is equipped with either Centralized Tr affic Con-trol (CTC) or Automatic Interlockings, so that power switches can be thrown in the pr oper sequence by remote control, i
	The above assumptions concerning the signal and control system 
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	Figure 5-3 . Basic Train Graph for Operation of Two Trains 
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	are the most standard of any used in this analysis . The possible exceptions are those of slightly different block lengths or the use of a four-aspect rather than a three-aspect signal system. Neither of these changes would affect the results to any substantial degree. 
	S.2.3.2 Track Profiles and Train Performance -For this analysis, the hypothetical corridor is assumed to be comprised of entirely straight, level track, without grades or curves. In addition, it is assumed that all traffic consists of through or express trains that operate without switching moves or intermediate station stops. 
	The effect of these three assumptions is to simplify and 1 comprised of both ascending and descending grades, as well as level, tangent, and curved track. In the absence of accurate track profiles for any particular corridor, it is probably not worthwhile to attempt to include grades or curves . The effects of such variations on line capacity and line effi ciency are, however, substantial. 
	generalize the model. Actual corridors are , of course 

	Freight trains, with their low power-to-weight ratios -typically in the range of 1 to 2 horsepower per trailing ton -are severely affected by ascending grades. The top speed of a 2 HP/Ton train on a 1 percent grade is approx imately 40 MPH. On the other hand, high speed passenger trains have much greater accelerating abilities -typically 7-15 horsepower per ton -and are not likely to be affected by any but the steepest grades. Thus, grades reduce line capacity by slowing freight trains. 
	-

	s much more than freight trains. Federal regulations restrict maximum train speed on curves as a function of the superelevation or t r ack banking in-volved. However, even at the maximum permissible amount of banking. all trains are restricted to speeds below 113 MPH on a 1 degree (5,730 ft radius) curve, 80 MPH on a 2 degree (2,860 ft radius) 
	Curves, on the ot her hand, will effect HSPT 
	1 

	31
	curve, and 66 MPH on a 3 degree (1,910 ft radius) curve. In many parts of the country, curves of between 1 and 2 degrees are common 
	code of Federal Regulations, Title 49, part 213.57 (1974). 
	31

	43 
	and may, in those areas, comprise 5% to 10% of the route mileage. Curves, however, will not affect line capacity as adversly as will grades, since the effect is to cause the HSPT to slow down. This effect, in and of itself, will tend to increase line capacity. Thus the problem with curves is in increasing total HSPT trip time. 
	S.2.3.3 Station Stops -In this analysis no attempt is made to include the effect of either HSPT station stops or freight train switching moves. The effect of HSPT station stops would be to slow the passenger train, thereby increasing line capacity. Switching moves, on the other hand, would have the effect of slowing the freight train and would thus decrease line capacity. Except for those times when HSPT's are not running, the delays caused by a switching move may be unacceptable. 

	S.2.4 Train Graph Analysis 
	S.2.4 Train Graph Analysis 
	S.2.4.1 Case I -Passenger Trains at 80 MPH, Freight Train at 50 
	MPH -This section presents the train graph model sensi -tivity analysis. Figure 5-4 shows a train graph of a 200 mile cor-ridor with 80 MPH passenger trains being dispatched once every hour. Freight trains are shown traveling at a speed of SO MPH. Sidings are shown uniformly spaced every 15 miles. The figure re-presents a steady-state condition. For clarity, different shadings will be used as indicated in this and in subsequent train graphs to distinguish between freight and passenger trains. The freight tr
	All traffic on this particular train graph is shown to be uni-directional. (A double track corridor is assumed, without cross-overs.) In addition, for this graph all train meets are considered to involve a stopped train, located on a siding. In subsequent graphs running meets, passing tracks, and crossovers will be con-;idered. 
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	Fi gure 5-4. Train Graph I Baseline Characterization (80 MPH Passenger Tr ain, 50 MPH Freight Train) 
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	This situation will be the baseline characterization for this analysis. Figures 5-5 through 5-11 attempt to indicate the effects of changes in corridor topography, train speed, and dispatching policies on track capacity and travel time. As can be seen in the graph of Figure 5-4, this characterization would result in a maximum track capacity of five (5) freight trains per hour, plus the single 80 MPH passenger train. Freight train travel time is 320 minutes and HSPT travel time is 150 minutes. 
	5.2.4.2 Case II -HSPT's at 125 MPH, Freight Train at SO MPH -For Case II, which is shown in Figure 5-5, all parameters are as they were in the baseline except that the speed of the HSPT is taken as 125 MPH. As can be seen in the graph, the HSPT trip time decreased 36% (to 96 minutes), track capacity decreased 33% to three (3) freight trains per hour, and average freight train travel time in-creased 18% to 380 minutes. 
	5.2.4.3 Case III -HSPT's at 150 MPH, Freight Train at SO MPH Case III is similar to Case II except that the speed of the HSPT is now 150 MPH rather than 125 MPH. As can be seen in Fi gure 5-6 , HSPT trip t ime becomes 80 minutes, while freight train travel time is 450 minutes on average, an increase of 40% over Case I, and track capacity is now limited to two (2) freight trains per hour, a decrease of 50% over Case I. 
	-

	5.2.4,4 Case IV -HSPT's at 125 MPH, Freight Trains at 3S MPH In Case IV, HSPT speed is reduced to 125 MPH, and the maximum speed of the freight train i s taken as 35 MPH. Figure 5-7 shows that, compared to Case I, track capacity has been r educed 50% to two (2) freight trains and one (1) HSPT per hour. HSPT trip time is now 96 minutes, as in Case II. Freight train travel time, however, has increased to 525 minutes, an increase of 50% over Case I. 
	-

	5.2.4.5 Case V -HSPT's at 125 MPH and Sidings Every 10 Miles Case V uses the same parameters as Case II, except that passing sidings are now located every 10 miles, rather than 15. Figure 5-8 shows that HSPT trip time is unchanged at 96 minutes. Freight 
	-
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	Figure 5-10 . Case VIIa -Passing Tracks and Running Meets Occupancy of the Running Track (Dashed Lines Indicate Freight Trains on Passing Track Crossovers Located at 10-Mile Intervals) 
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	train trip time is unchanged from Case II at 380 minutes. Track capacity, however, has been increased 20% to Strains per hour. Also, as can be seen in the train graph, a siding spacing of 10 miles essentially saturates the corridor. More room does not exist in which to run trains. In this particular case, a siding spacing of less than 10 miles would not increase track capacity. 
	Lastly, while the closeness of the strips would t end to indicate that the corridor is operating at a high level of efficiency, the effect of a slight perturbation, such as a mechanical failure of one unit of a multiple-unit locomotive consist on a single freight train, is likely to have severe ramifications and cause substantial delays. 
	S.2.4.6 Case VI -HSPT's Every Two (2) Hours -In Case VI all par-ameters are as they were in Case II (HSPT at 125 MPH, Freight Train at 50 MPH) except that now HSPT's are dispatched once every two (2) hours, rather than once every hour. Figure 5-9 shows a train graph of the situation represented by Case VI. That graph shows that ~or this case track capaci ty, compared to Case II, has increased by 25% to allow 4.5 freight trains per hour . HSPT trip travel time is 96 minutes, as in Case II. Freight train trav
	5.2.4.7 Case VII -Passing Tracks -Figures 5-10 and 5-11 show the effect of using a continuous passing track, connected to the mai n track periodically, in place of separate sidings. This case is similar to Case II, in that HSPT train speed is 125 MPH, freight train speed is 50 MPH, and high speed crossovers are located every 10 miles, producing the discontinuities of freight train occupancy of the two tracks at those points. It is assumed that HSPT s use the running track at all times, with freight trains c
	1
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	However, the passing track, as shown in Figure 5-11, is left virtually useless in terms of adding additional traffic, and certainly could not accommodate any reverse traffic. 
	The results of the train-graph analysis are summarized in Table 5-1, which shows operating characteristics for the various cases. Freight train travel time and track capacity are also com-pared to the freight-only situation. Cases III and IV, which in-volve the greatest disparity in speeds, accordingly create the most disruption. Case VI reveals that even relatively infrequent pas-senger service -every two hours -still has strong negative effects. 
	(Examination of the graphs suggests the extreme impact that still-more-frequent passenger service would have.) 
	5.3 OPERATING EFFICIENCY The negative effects on rail freight service when high speed passenger trains are introduced are substantial. It is important to keep in mind that increases in total freight train travel time, as well as decreases in line capacity, can have very severe ram-ifications. The costs of delayi ng a freight train are substantial. In order to increase the degree of schedule compliance, a detailed cost characterization should include the expenses associated with decreased freight car and loc
	that detaining a train crew may involve more than just additional crew hours. Current ICC train crew regulations restrict to twelve 
	(12) hours the amount of time that any crew can be on duty. There-fore, a delay may result in the necessity of using two train crews rather than one. Also, the true social effect of increases in total trip time may very well be more than the sum of the economic costs, if one considers recent experiences with both power and freight car shortages. 
	55 
	TABLE 5-1. su~~IARY OF TRAIN GRAPH ANALYSIS -CORRIDOR LENGTH 200 MILES. FREIGHT-ONLY CASE (AT 50 MPH) IMPLIES 240 MINUTES TRAVEL TIME, 7 TRAINS PER TRACK-HOUR 
	Case 
	Characteristic I II III IV V VI* VII 
	Maximum Passenger Train 80 12 S 150 125 125 125 125 
	Speed (MPH) 
	Maximum Freight Train 50 50 50 35 50 so 50 
	Speed (MPH) 
	Siding or Crossover 15 15 15 15 10 15 10 
	Spacing (miles) 
	Crossover Capability no no no no no no yes 
	(yes or no) 
	Passenger Train Trip 150 96 80 96 96 96 96Time (minutes)
	V, 

	°' 
	Freight Train Travel 320 380 450 52 5 380 32 0 320 Time (minutes) 
	% Change from Freight-+33% +58% +88% +118% +58% +33% +33% Only Case 
	Track Capacity (Freight s 3 2 2 5 4.5 6.0 trains/Track-hour) 
	% Change from Freight --28% -57% -71% -71% -28% -35% -14% Only Case 
	*HSPT dispatched at two-hour intervals rather than one-hour. 
	In addition to increasing the cost of rail freight transpor-tation, the introduction of high speed passenger trains may result in a decreased railroad share of intercity freight traffic. Lang, ,Reid, and others have found that a key factor in a shippers' modal choice is transit time reliability. The addition of HSPT's into an existing rail freight corridor will quite likely decrease transit time reliability, and therefore may decrease the rail por-tion of intercity freight traffic. 
	32 

	Data gathered for the MIT reports mentioned above reveal that the likelihood of a mechanical failure resulting in a delay of an hour or more in this hypothetical corridor is approximately one such delay for every seven trains. While the likelihood of a s are operating in a corridor, the congestion caused by the introduction of HSPT's would result in a greater number of trains being affected. A mechanical failure in one freight train, lasting one hour, could result in delays to as many as seven other trains 
	mechanical failure is the same whether or not HSPT 
	1 

	Finally, these calculations have been based on the assumption that very precise scheduling and speed control can be assured. In actual operations such accuracy might well be either impossible to achieve or unacceptably expensive, particularly when allowance is made for normal track maintenance, and equipment variations, weather, etc. Impact on operations could then be substantially greater than calculated. 
	5.4 SUMMARY 
	5.4 SUMMARY 
	It has been shown that a substantial decrease in line capacity and increase in freight travel time is virtually certain to result 
	32
	A. S. Lang and C. D, Mantland, Reliability in Railroad Opera-tions," Studies in Railroad Operations and Economics, Vol, 8, Report MIT R72-74, Massachusetts Institute of Technology Cam
	11
	-

	bridge, Mass., 1972. ' 
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	for any case in which HSPT speed is markedly higher than freight train speed. A complete and detailed description of the particular corridor in question is necessary to assess the effect on track capacity travel time and operatinp efficiency of the introduction of high speed passenger service in any speci~ic case. More generally, it is clear that as traffic densities and speeds in-crease, detrimental effects will increase for +reipht operations, and o~ten for passenger service as well. 
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	6, CONCLUSIONS 
	1. 
	1. 
	1. 
	For passenger service at speeds of 100 to 125 MPH, the signal systems in existing freight-service corridors may generally be expected to permit safe operation with relatively little modi­fication. This results from the markedly better braking perform­ance possible for passenger trains. 

	2. 
	2. 
	For speeds in the 125-150 MPH range, it is likely that maj or s ignal system modification will be required in most corri­dors if safe operation is to be obtained within practical operat­ing constraints. 

	3. 
	3. 
	A preliminary examination indicates the strong desirabil­ity of cab signal and automatic train stop equipment for high speed operation. However, a study far more detailed and compre­hensive than was possible in this project will be required to establish well-founded signal and control system requirements for high-speed trains. Such an undertaking would necessarily encom­pass behavioral considerations, physical and technical capabilities and constraints, further analysis of accident statistics, and computer 


	The publicati on of individual accident reports by FRA pro­vides an excellent source of data for further studies in determin­ing the causal factors in railroad accidents. This information can be used not only in regard to high speed passenger trains, but for freight and rai l commuter operations as well. The efforts presented here should be considered onl y as the first step in a 
	59 
	long and continuing analysis of train control requirements. It is highly desirable that this process continue. 
	4. Serious consideration should be given to research and development directed toward lower-cost signal and control equip-ment and systems. 
	The high cost of the equipment plus the poor financial health of the industry currently presents a major deterent to the in-stallation of train control systems, in spite of the general view of the railroad signaling community that such devices do prevent accidents and save lives. The cost of upgrading an Automatic Block Signaling system to an Automatic Speed Control, continuous Automatic Train Stop,or a continuous Automatic Cab Signaling system is often approximately $30,000 per track-mile plus a sub-stanti
	5. Operation of a significant number of high speed passenger trains in a freight corridor will have a marked detrimental effect upon freight train capacity and speed, becoming more severe with increasing HSPT frequency and speed. Based upon these considera-tions alone, with no assessment of track structure aspects or safety, a strong case can be made for the use of dedicated (passenger-only and freight-only) tracks. 
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	APPENDIX -STOPPING DISTANCE CALCULATIONS 
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	A,l BRAKING LIMITATIONS 
	The two classic limitations on freight train braking and stop-ping abilities have always been low adhesion and the very large ratio of the gross loaded weight to the light weight of freight cars. Conventional freight car brake rigging is designed to avoid wheel slide when the car is empty. This practice assumes an adhe-sion limit of about 9%, averaged from Oto 80 MPH, and results in a deceleration rate of approximately 1.9 MPH/sec. for empty cars, assuming the reference level of a 20 psi brake pipe pressure
	1
	freight cars. Since the rigging does not compensate for the extra 
	weight, the same retarding or stopping force is applied to the 2
	loaded car as is applied to the empty car. Thus, for the loaded 
	car a reference level (20 psi) brake pipe pressure reduction re-
	sults in a deceleration rate of about 0.4 MPH/sec. The curves shown in Figure A-1 indicate an average deceleration rate actually less than this due to the brake pipe pressure propagation time de-
	lay. 
	Conceivably, all new HSPT's could be equipped with an electro-pneumatic brake control system, so that the effect of pressure propagation time delays would be much less and become essentially insignificant. The ratio of gross loaded to light weight of a pas-senger train is on the order of 1.05 to 1.1, so that even in the event that each car is not equipped with load sensing devices, the rate of deceleration is essentially the same, empty or full. How
	-

	ever, HSPT stopping distances are also limited by two factors: passenger comfort and wheel-to-rail adhesion. These are treated in the following sections. 
	1 
	11
	G.M. Cabble, "A.A. R. Rules and the Cobra Brake Shoe Railroad 
	Friction Products Corp., Wilmerding PA 15148, April,1973.
	2 
	Recently devices have been introduced which do sense whether 
	or not a freight car is empty or loaded, and adjust the braking 
	force corr~spondingly. Cars so equipped, however, make up a 
	small portion of the interchange fleet; no block signal system 
	could have been or now could be designed assuming the existence 
	of such devices. 
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	A,2 ADHESION 
	Perhaps the least understood and most critical aspect of HSPT planning is wheel-to-rail adhesion. Not only passenger safety but speed limits, line capacity and headways all depend on the ability to stop trains consistently within a specified distance. A good rule of thumb is that under no conditions, except for an emergency stop, should the stopping distances vary by more than 10% from the average, even if the longer stopping distance is within the speci-fied block spacing. If stopping distances vary by gre
	If one is to achieve the highest possible maximum speed over existing block lengths, and at the same time limit stopping dis-tance variations to within 10% of the design value, the worst-case wheel-to-rail adhesion must be known exactly. State-of-the-art wheel anti-slip devices have an overall effectiveness of about 80%. Thus, if a certain section of rail has a wheel-to-rail adhesion of 5% less than the assumed minimum value, the overall stopping dis-tance will be about ZS% greater than the design stopping 
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	anti-slip device reactions must be held to a minimum; again, the worst-case wheel-to-rail adhesion must be known exactly. 
	Figures A-1 and A-2 show plots, from different sources, of the assumed values for worst-case adhesion and the assumed values for typical adhesion on good rail. In terms of block spacings the curves of Figure A-1 are of principal interest, as the design par-ameter is the minimum adhesion. Figure A-2 is included primarily for comparison. As can be seen from the curves, there is consider-able disagreement as to exactly how much adhesion actually exists. The 1970 SNCF curve shows a level of adhesion at 150 MPH 
	The JNR data, while probably accurate for their application, have limited usefulness for this study. The data were taken using JNR passenger cars on the Tokaido Line from 1961 through 1965. The discrepancies appear to arise from the original JNR decision, taken at an early stage, to use a disk braking system without any form 
	3 

	4
	of wheel scrubbing apparatus. Whenever comparison tests are done -there is apparent industry agreement on this -adhesion tests done with tread-braked vehicles always show higher adhesion values than do disk-braked vehicles. While disk brakes do offer some clear advantages over tread brakes, the high tread temperatures of tread braked wheels (typically 300 to 500 degrees F) seem to be very effective in "burning off" moisture and oil films on poor or wet rails. Also, the dust particles generated during a trea
	5 

	M. Fujii, "New Tokaido Line," Proceedings of the IEEE, Vol. 56, No. 4, April 1968. 
	3 

	JNR did install wheel scrubbers, but only after the adhesion tests were completed. 
	4 

	H.P. Roberts, "Improved Braking Raises BR's Inter-City Speeds," Railway Gazette International, February 1973. 
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	Figure A-2, Wheel-to -Rail Adhesion -Typical Good-Rail Values 
	The more recent SNCF data are interesting. For these tests, carried out in the spring of 1970, SNCF used a specially modified CC21000 locomotive with a 4,000 HP traction motor arranged to pow-er only the front axle of the front truck. Water was sprayed directly in front of the front wheels. Using this arrangement, there was sufficient power to achieve slippage or to break traction, at speeds up to 200 MPH. SNCF measured the locomotive's speed, electrical input power, and the traction motor operating efficie
	-
	6 

	The second concern with the SNCF test results is the effect of the unnatural and unrealistically large moment of inertia of the front axle. Current adhesion theory assumes zones of low adhesion, usually of limited length -over crossing frogs, switches, oil spills, etc. -and when one measures wheel-to-rail adhesion, these short sections should be measured exactly, since these short sections are what tend to cause wheel slip/slide. However, the large moment of inertia of the CC21000 locomotive's front axle te
	-

	Railway Gazette International, August 21, 1970. 
	6 
	F. F. Nouvion, "SNCF Probes the 200 KM/H Speed Band, 
	11 
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	test wheel slip on short sections of low adhesion rail presumably did not have time to start. 
	The third problem with the SNCF tests is that good quality rail (even when wet, as was used for the SNCF test) is probably not a fair approximation of all possible rail under all possible conditions. Each of the above three factors would tend to cause inaccuracies in the data and would tend to yield higher values than is really the case. It is probably for those three reasons that no other adhesion test data have even approximated the 1970 SNCF data. It is unfortunate, but interesting to note, that shortly 
	7
	moved from service until the wheel grinding work was completeJ. 
	The WABCO curve would seem to be an accurate estimate of the minimum wheel-to-rail adhesion likely to be found in the U.S. with tread-braked vehicles. The curve represents the adhesion assumed by the Air Brake Division of Westinghouse Air Brake Co. during the design of freight car brake rigging and brake shoes. A freight car equipped with WABCO brake rigging and brake shoes assumes a level of adhesion equal to the curve shown on Figure A-1. For rail rapid transit systems with new welded rail, WABCO does ass
	8 

	Railway Age, November 12, 1973, p. 10. 
	7 

	Air Brake Association Handbook, Management of Train Operation and Train Handling, Chicago, 1972 and Sales Literature, West-inghouse Air Brake Corp., Pittsburgh, Pa. 
	8
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	situation, which involves only mainline and not branch line track-age. All stopping distance calclations in this report are based upon the WABCO curve for speeds less than 100 MPH. The older 1935 SNCF adhesion curve is used for calculations above 100 MPH. 
	It is difficult to comment upon the 1948 Koffman data,ex-cept to note that the British Railways, sponsors of the tests, have stopped using it, and are using the higher values of the new 
	9 

	10
	SNCF curve. BR does, however, include a safety margin with the SNCF data. 
	Figures A-3 and A-4 show the worst-case adhesion limits of both the old (1935) SNCF curve and the WABCO curve, superimposed upon the adhesion demands assumed for non-emergency stopping for several HSPT's. 
	9. 
	J. Koffman, "Adhesion and Friction in Rail Traction," Railway
	Gazette, 29 October 1948, p. 484. ORoberts, op. cit. 
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	A,3 CONSTRAINTS FOR PASSENGER COMFORT 
	At low speeds (especially if non-adhesion braking systems are considered) stopping decelerations of 2.5 MPH/sec. or more are possible but may not always be desirable due to passenger dis-comfort. Here it is appropriate to make a distinction between emergency stopping, for which passenger comfort in not a consid-eration, and non-emergency stopping (restrictive signals, speed limit compliance, station stops, etc.), for which passenger com-fort, in addition to passenger safety, is a serious limitation. 
	Rail rapid transit systems are often designed to have service brake applications of 2.5 MPH/sec. or more. However, in this type of operation it is fair to assume that patrons will be either seated or otherwise holding on. The HSPT situation is rat her dif-ferent, and it is reasonable to expect that passengers might be eating or walking about during a full service brake application. Conventional passenger trains have a full service deceleration rate of about 1.1 MPH/sec. on level track. For the Metroliner th
	British Railways has considered the problem of passenger dis-comfort during decelerations for their HST and APT, and feel that 
	2.88 feet per second squared (about 0.09 g) is the absolute l imit that would be acceptable for non-emergency stopping. (Britain' s High Speed Train (HST) was designed to operate over existing rail lines so that the trade-off between passenger discom-fort and maximum speed had to be considered.) 
	11 

	French Railways has also had to consider the trade-off between passenger discomfort and maximum speed. SNCF's ERT, RTG, and TGV.001 passenger trains assume a full service deceleration rate of about 2.4 MPH/ sec. which SNCF feels is the maximum level of adhesion braking. For emergency stops SNCF uses a magnetic track brake which is independant of adhesion and has been reported to 
	ll Ibid. 
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	12
	increase the deceleration rate by about 0.6 MPH/sec. 
	The situation in Japan is considerably different than that in the United States. When the Tokaido Line was installed, JNR had the advantage of designing and constructing completely new (IPT-only) system so that high speed could be achieved without decelerations threatening to passenger comfort. The maximum full-service decel
	-

	13
	13
	eration rate on the Tokaido Line is about 1.6 MPH.sec, 

	JNR and United Aircraft have studied the responses of passen-gers subjected to varying levels of longitudinal accelerations and An examination of those data reveals that the point at which passenger comfort becomes a serious constraint ap-pears to be between 2.2 MPH/sec. and 2.6 MPH/sec. The JNR data predict that 95% of the passengers subjected to a 2.2 MPH/sec, deceleration would rate the experience as no more than "slightly uncomfortable." The corresponding figure for a 2.6 MPH/sec. de-celeration is 90%. 
	decelerations.
	14 
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	The JNR data also indicate that the~ of change of decel-eration, or jerk, is probably as important a constraint as is the value of deceleration itself. According to the JNR data, changes in the rate of deceleration on the order of 2.0 MPH/sec. are about the maximum design value that would be acceptable. At a jerk level of 2.0 MPH/sec. , JNR data predict that 95% of the passengers would 
	2 
	2

	c. Dubois, "Braking the SNCF's Turbotrains,'' Railway Gazette International, February 1973. 
	12

	M. Fujii, "New Tokaido Line," Proceeding of the IEEE, Vol. 56, No. 4, April 1968. 
	13 

	J. Carstens, Literature Survey of Passenger Comfort Limita
	14
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	tions of Hi h Seed Ground Transports, PB 168 171, July 1965; 
	. ra a1 an Y. Nomura, "Evaluation of Train Riding Comfort 
	Under Various Decelerations," Japanese National Rai1ways, Vol. 5 
	No. 2, 1964. 
	oata interpolation is required, 
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	rate the loading at no more than "slightly uncomfortable." At a 4.0 MPH/sec. rate of change, 90% of the passengers would con-sider the loading no more than "slightly uncomfortable." 
	2 

	Thus the adhesion limits assumed for use in stopping distance calculations in the preceeding section appear to be within range of passenger comfort, as long as the brakes are applied gradually and not suddenly -a deployment time of 1.0 second would seem satisfactory. It does appear, however, that passenger discomfort, at present decelerati on levels. is on the verge of becoming a serious constraint. Except for emergency stops, stopping distances are virtually as short as this limitation will permit. 
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