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PREFACE

This study investigates the physical performance of intercity
ground passenger transportation systems. The work was performed
during fiscal year 1975 for the Federal Railroad Administration
(FRA)}, Office of Research and Development, Advanced Systems Divi-
sion. The study was performed for two primary purposes: (1) to
provide a capability for evaluating new passenger train systems,
and {2) to assist in the formulation of new systems development

pelicy.

The project was divided into three task areas. These were
the development of supply and demand analysis techniques (tasks 1
and 2) and their use in analyzing passenger train system perform-
ance {task 3). The supply model was developed within the Ground
Systems Division at TSC for the computation of train system per-
formance in terms of average velocity and system capacity, given
input parameters describing train system design and the applica-
tion in which it operates. The demand modeling techniques were
developed to permit estimates of train system demand based on the
system's level of service attributes, time, cost and frequency of
service. The demand models were developed within the Research
Division of TSC. This report summarizes the development of the
analysis techniques (supply and demand models) and concentrates on
describing their use in evaluating the performance of train systems
(task 3). The analyses of system performance were conducted within

the Ground Systems Division, at TSC.

The author expresses his appreciation to Mr. Steven E.
Shladover and Mr. William F. Rooney of TSC for their efforts in
developing the supply and demand models which provided the analyt-
ical foundation for this study.
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EXECUTIVE SUMMARY

This report documents the development of analytical techniques
and their use for investigating the performance effectiveness of
intercity ground passenger transportation systems. The basic
approach used in determining train performance effectiveness was
to analyze the train-application system as a production process,
This approach involved comparing system output indices of physical
performance with input indices of train system design character-
istics while considering the influence of various application con-
straints. System performance was measured by the three primary
output indices of average velocity, system capacity and mode split.
The analyses characterized train systems by design parameters which
impact their physical performance; namely, design cruise speed,
acceleration and braking capabilities, train length, seat density,
and lateral acceleration limits on curves. The application is
characterized in terms of the various constraints it presents to
the train system; stations, curves, switches and controls. Stations
are described by their spacing and dwell times; curves are de-
scribed by their frequency of occurrence, length and speed.

The major study conclusions and recommendations are summarized
below. Descriptions of analyses supporting the conclusions are con-
tained within the main body of the report. The conclusions are
arranged in three groups corresponding to the primary ways in which

train performance was measured.

CONCLUSIONS

Average Velocity Performance

1. The following general conclusions can be made regarding
the performance effectiveness of various speed trains:

— 100 mph trains will be effective in virtually all applica-

tions

— 200 mph trains will be effective only in applications with
relatively long stations spacings and good alignment

xXv



— 300 mph trains will generally be ineffective due to typi-
cally encountered geographical constraints, urban areas and re-

quired station stops,

2. Assuming the remaining curves are upgraded to 10° super-
elevation, the following numhber of curve sections would have to be
removed from the existing 400 curve sections in the Northeast
Corridor to permit effective utilization of various train design

cruise speeds:

Train Design Cruise Number of Curve Sections
Speed, mph to be Removed

100 0

200 150

300 315

3. The average velocity performance of trains with various
design cruise speeds is sensitive to changes in typical applica-
tions constraints in the following order of severity:

Constraints Train Design Cruise Speed
300 mph 200 mph 100 mph

Station Spacing 1 1 1
Curve Spacing 2 3 4
Curve Speed 3 2 3
Station Dwell 4 4 2
Acceleration Rates 5 5 5
Curve Length 6 6 6

System Capacity Performance

1. Based on analyses of actual train volumes, capacity will
not be a limiting performance constraint for typical applications.

2. System capacity is independent of train design cruise
speed between 30 mph and 300 mph.

5. Because on-line stations will generally limit theoretical
system capacity, significant increases in capacity can be achieved
by using off-line stations.

Xvi
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4. For off-line stations, low-speed-passive switches are
preferred for trains with cruise speeds less than 150 mph. High
speed switches are preferred for trains with cruise speeds greater
than 150 mph.

Mode Split Performance

1. The transformation of train design cruise speed into modal
share is a function of rapidly diminishing returns, as it repre-
sents the accumulation of two negative functions: (a) the decreas-
ing efficiency with which higher cruise speeds are converted to
average velocity and (b) the decreasing elasticity of demand to

trip time as mode split is increased.

2. An economic goal of maximizing system profits will result
in the selection of a train design cruise speed which is less than

optimal in terms of maximizing system demand.

3. For corridors with equivalent route alignments‘(same
average velocity), the longer the route the greater the relative

demand for train service.

4. The theoretical validity of using a demand model, cali-
brated for traditional train service, to estimate demand for the
same generic mode but with widely different service characteristics

1s questionable.

Recommendations for Additional Work

1. Detailed route alignment data for a number of potential
applications of improved passenger train service should be obtained.
The current study investigated, in practical terms, only the North-
east Corridor (NEC) for which existing alignment data was readily
available. The results of applying the analvtical techniques
described here to a number of actual applications would indicate
quite conclusively the maximum effective design characteristics

(especially cruise speed) for new or improved systems.

Xvii



2. A useful analytical complement to the present technique
would be an economic model of train performance. The economic
model should specifically relate train costs to system design
cruise speed. With the results of such a model, economic
criteria can be used as an additional means of establishing
effective train system performance limits,

1

M
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1. INTRODUCTION

1,1 PURPOSE AND BACKGROUND

The development of analysis techniques and investigations
described by this report were initiated by FRA for two general
purposes: (1) to provide a capability for evaluating new passen-
ger train systems and (2) to provide information to assist in the
formulation of policies regarding the development of new systems.
The techniques developed can be utilized to evaluate new systems
on the basis of their physical performance over a range of poten-
tail applications. For a specific application, the extent of
route alignment upgrading required to effectively utilize a new
train's design characteristics can be determined. Also, the bene-
fits of various subsystem modifications to train systems, in terms
of their impact on system performance, can be evaluated.

For the purpose of assisting in the development of new pas-
senger systems, the analysis techniques developed are most useful
in providing performance specification guidelines. This can be
accomplished by evaluating the performance of proposed systems with
alternative design characteristics over a range of anticipated
application conditions. The maximum effective train system char-
acteristics for the applications investigated can thus, be deter-
mined. Preliminary analyses of this nature have been performed

and the results are documented in this report.

1.2 GENERAL DESCRIPTION OF ANALYSES

To address the general program objectives cited above, analvyt-
ical techniques were developed and utilized to assess the perform-
ance cffectiveness of trains operating in a variety of application
conditions., The basic analytical approach used in determining
performance effectiveness was to analyze the train-application
system as a production function. This approach is generally des-
cribed in Figure 1-1 and basically involves comparing system output
indices of physical performance with input indices of train system
design characteristics while considering the influence of various

application constraints. The output indices are strictly physicail

1
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performance measures (average velocity, system capacity, and mode
split); hence, the analysis can be considered noneconomic; i.e.,
the costs of providing the transportation service investigated were

not determined.

The analyses characterized train systems by design parameters
which impact their physical performance, These are design cruise
speed, acceleration and braking capabilities, train length and seat
density, and lateral acceleration limits on curves. The variable
of primary concern in the analyses is the train's design cruise
speed, as this parameter basically determines alternative tech-
nology approaches to the same generic mode (traditional trains,
improved trains, TACV, mag-lev, etc.) and thus has the most sig-
nificant impacts on new system development policy. The application
is characterized in terms of the various constraints it presents to
the train system; stations, curves, switches and controls. Stations
are described by their spacing and dwell times; curves by their
frequency of occurrence, length and speed. The impact of various
switch types (high and low-speed, active and passive) and control
system concepts on system performance effectiveness are also con-

sidered.

The performance analyses described above, required the devel-
opment or acquisition of certain analytical techniques referred to
as supply and demand models. The supply models compute the per-
formance of train systems in terms of output indices of average
velocity and system capacity, given the input train characteristic
parameters of design cruise speed, acceleration and braking rates,
train length, and seat density. Based on a survey of existing
transportation supply models, it was decided, for several reasons,
to develop rather than acquire the necessary models, Existing
supply models for analyzing intercity train performance tend to
be extremely complex, requirec excessive computation costs, and
concentrate on economic rather than physical measures of perform-
ance.l The most relevant work reviewed parallels the capacity
analyses for stations performed in this study but with specific
application to rapid transit systems.2 Numerous performance models
can be found with application to high-density network systems such



as PRT's and railrcad freight systems.3 None of these models had
the computational simplicity incorporated into the model described
here which enables analyses of train system physical performance
to be performed by the manipulation of only a few input parameters.
The development and characteristics of the supply models are sum-
marized in Section 2 of this report. A detailed presentation of
the model's development and underlying assumptions is presented in

another report.4

The demand models compute mode split and moede volume on the
basis of the train system's level of service characteristics, trip
time, fare, and frequency of service. The mode split model used
in these analyses, referred to as CNZ22, was chosen from among a
series of models originally developed for use in the Northeast

5 The characteristics of the demand models and the

Corridor Study.
methodology for their use are summarized in Section 3 of this

report.

1.3 CONTENT OF REPORT

Section 2 of this report discusses use of the supply models
for performing parametric analyses of train system average velocity
and capacity performance. The effects of application constraints
and train system design on average velocity and capacity perform-
ance are analyzed, Criteria are developed and utilized to deter-
mine effective performance limits, in terms of design cruise speed,
for various combinations of application constraints and train
design characteristics. Effective limits of performance are also

established on the basis of system capacity considerations.

Section 3 of the report presents a summary of the acquisition
and development of the demand models and the various data require-
ments for their use. Mathematical characteristics of the demand
models and their resulting implications on the ability of train
systems to attract demand are discussed. Section 3 also describes
the methodology developed for using the demand models, in combina-
tion with the supply models, in analyzing the performance effective-
ness of train systems.




Section 4 of the report describes use of both the supply and

demand models, applied to various specific applications, to deter-

¢ mine actual train performance. The analyses are basically pre-
liminary and were performed with the primary purpose of demonstrat-
ing use of the analysis techniques developed for evaluating actual

- train applications. The results, in Section 4 establish relation-
ships between the mode split and mode volume generated by train
systems as a function of their design characteristics, operating
under various application conditions. Based upon these resuits,
meaningful conclusions regarding the performance effectiveness of
train systems can be made.

Section 5 of the report includes a summary of the important
conclusions and recommendations for additional study resulting

from the analyses conducted in the previous sections.

1.4 STUDY CONCLUSIONS AND RECOMMENDATIONS

1.4.1 Conclusions

¥
A concise listing of the conclusions and recommendations
basically summarized in Section 5, 1is presented below.

- a) The average velocity performance of trains with various
design cruise speeds is sensitive to changes in typical application
constraints in the order of severity shown in Table 1-1.

TABLE 1-1. AVERAGE VELOCITY SENSITIVITY TO CONSTRAINTS
Contraints Train Design  Cruise Speed
300 mph 200 mph 100 mph

Station Spacing 1 1 1
Curve Spacing 2 3 4
Curve Speed 3 2 3

At Station Dwell 4 4 2
Accel. Rates 5 5 5
Curve Length 6 6 6




b) The following general conclusions, based on the results
presented in Table 1-2, can be made regarding the performance
effectiveness of various speed trains: R

— 100 mph trains will be effective in virtually all applica-

tions

— 200 mph trains will be effective only in applications with
relatively long station spacings and good alignments

— 300 mph trains will be ineffective in most applications
TABLE 1-2. NUMBER OF 60 MPH CURVES PER 100 MILES WHICH CAN BE

TOLERATED TO PERMIT EFFECTIVE APPLICATION OF
DESIGN CRUISE SPEED

Station Spacing, miles

-

Design Cruise Speed, mph 25 50 100

100 67 100 >100
200 X 7 12

300 : X X 3

X - Ineffective for any curve spacing

c) The Boston-New York and New York-DC corridors will permit
effective train design cruise speeds of 120 mph and 172
mph, respectively, assuming the existing alignment up-
graded to a constant 6°-5' superelevation of all curves.

d)} Assuming 10° superelevation for all curves (a significant
improvement over the existing situation), the following
number of curves would have to be removed from the exist-
ing 400 curves in the Northeast Corridor to permit effec-
tive design cruise speeds of 300, 200, and 100 mph re-
spectively; 315, 150 and 0. *

e) Curves will generally not be a limiting constraint on
system capacity.

f) On-lIine stations, due to their dwell times, will generally
be the limiting constraint on system capacity.




g)

h)

i)

k)

1)

m)

n)

Because of the large sensitivity of system capacity to
on-line station operations, a significant increase in

system capacity can be achieved by using off-line stations.

Of the four generic switch types investigated for achiev-
ing off-1line operations, the following are preferred:
low-speed-passive for trains with design cruise speeds
generally less than 150 mph, and high-speed-passive for
trains with design cruise speeds generally in excess of
150 mph.

Based solely on system capacity considerations, there is
no limit to the performance effectiveness of trains with
design cruise speeds between 30 mph and 300 mph assuming

typical on-line station operations.

Based on an analysis of actual volume for the Northeast
Corridor, it does not appear that capacity will be a

limiting performance constraint.

The sensitivity of demand to trip time is approximately

twice that of trip cost.

The theoretical validity of using a demand model, cali-
brated for traditional train service, to estimate demand
for the same generic mode but with widely different

service characteristics is questionable.

For corridors with equivalent route alignments (same
average velocity), the longer the route the greater the

relative demand for train service.

The relationship between train modal share and train
design cruise speed is a function of rapidly diminishing
returns, as it represents the accumulation of two negative
functions, the cruise speed to average velocity conversion
efficiency and the time elasticity to modal share relation-
ship.

An economic goal of maximizing system profits, under the
most likely conditions of transportation costs which in-

crease with system design cruise speed, will generally



result in the selection of a train system with a design
cruise speed less than that speed above which no additional

demand can be generated. N

1.4.2 Recommendations

There are two primary study recommendations which constitute *
logical extensions of the work presented here. These recommenda-
tions are formulated to address in more detail the general study
objective of developing analytical capabilities to evaluate new
passenger train systems and assist in formulating new systems
development policy.

a) Detailed route alignment data for a number of potential
applications of improved passenger train service should
be obtained. The current study investigated, in practiecal
terms, only the Northeast Corridor for which existing
alignment data was readily available. Route alignment
data for several other corridors, representative of a
range of applications, would provide the basis for a more L
comprehensive analysis. The results of applying the
analytical techniques described here to a number of actual
applications would indicate quite conclusively the maximum "
effective design characteristics (especially cruise speed)

for new or improved systems.

b) A useful analytical complement to the present technique
would be an economic model of train performance. The
economic model should specifically relate train costs to
system design cruise speed. The model should be prelim-
inary, technology independent and capable of producing
relative cost comparisons rather than absolute, The model
will thus permit estimates to be made of the general shape
of the transportation cost versus design cruise speed *
function described in Section 4.4.2. With the results of
such a model, economic criteria can be used as an addi-
tional means of establishing effective train system per- 5

formance limits,




2. PARAMETRIC ANALYSES OF TRAIN PERFORMANCE

2.1 GENERAL DESCRIPTION OF TRAIN SUPPLY MODELS

To provide the necessary analytical tools for evaluating the
6

The
model was designed with the capability to investigate the specific

performance of train systems, a supply model was developed.

performance measures of system average velocity and system capacity
for train systems with different design characteristics and opera-
ting under various application conditions. The model permits an
evaluation of the impacts of a wide range of parameters on train
performance and, together with a demand model, on user demand for

system service.

A summary of the basic supply model structure is shown in
Figure 2-1 with a detailed list of parameters which it will con-
sider found in Table 2-1. A description of the supply model is
given in the following sections together with a summary of results
obtained in using the model to perform parametric analyses of train
performance.

2.1.1 Assumptions and Limiting Features of the Supply Model

The supply model was developed as two separate models (see
Figure 2-1) to address the two basic measures of system performance,
average velocity and system capacity. The velocity model considers
those factors which affect average velocity; namely, acceleration
rates and route obstacles such as stations and curves. The capa-
city model analyzes those parameters which affect system headway
such as station operations, curves, train length, and control
system design. The effect of each parameter on average velocity
and capacity will be discussed in detail in the next section which

covers the parametric analyses,

In developing the two supply models, certain assumptions were
made which either limited the accuracy of the results under speci-
fic conditions or limited the range of potential conditions which
could be investigated by the models, These assumptions and limita-
tions are discussed below.



SUPPLY MGDEL

Rates

GENERAL INPUTS:

- Train Design Cruise Speed
- Acceleration/Deceleration

- Train Length

- Station Dwell Time

- On or Off Line Stations
- Curve Speeds

VELOCITY MODEL

SPECIFIC INPUTS:

- Station Spacing
- Curve Length
- Curve Frequency

CUTPUTS:

- Average System Velocity

- Portions of Route Affected
by Speed Restrictions

- Train Utilization

CAPACITY MODEL

SPECIFIC INPUTS:

- Emergency Braking Rate
- Seat Density
- Block Length

QUTPUTS :

- System Capacity
- Minimum Headways for
Varicus Speed Restrictions

Figure 2-1. Supply Model Structure




TABLE 2-1. PARAMETERS CONSIDERED BY THE SUPPLY MODEL

- 1. Measures of System Performance

- Average system velocity (alternately measured by
trip time or train utilization)
> — System capacity (alternately measured by minimum

system headway)

2. Train Characteristics

— Maximum design cruise speed
— Acceleration rate

— Braking rate

— Emergency braking rate

— Train seat density

3. Application Characteristics

— Station spacing
— On/off-line stations

~ — Curve speed

—~ Curve length

— Curve frequency (distance between curves)
N — Train control characteristics

—~ System length

4, Operating Characteristics

- Station dwell time

- Train length

11




2,i.1,1 Real Time Versus Aggregate Modeling - Neither the velo-

city nor the capacity models produce real-time simulations of
actual vehicle performance; i.e., the exact location and state

of all vehicles in the system is not continuously monitored.

To construct such a model, particularly for the capacity de-
terminations, would have been beyond the scope of this project.
The capacity program would have been difficult to simulate
real-time because route obstacles such as curves, would cause
transient interactions among trains down stream of the ob-

stacle; i.e., "a ripple effect." Modeling such a condition would
have been extremely difficult and, as will be explained below,
would not have contributed greatly to the objectives of the study.
An aggregate modeling approach was therefore use to simplify model
development in spite of introducing some limitations to usage of
the model.

2,1.1.2 Limitations of Aggregate Modeling, Capacity Model - As

mentioned above, one of the limitations of the aggregate modeling
approach used in the supply model is that it does not allow the
continuous monitoring of interactions among individual trains on
the guideway. This is not a severe limitation of the model in
terms of obtaining practical results, however, because the tendency
in a realistic operation would be to eliminate all interferences
between trains to prevent degraded performance. For example, vis-
ualize a series of separate trains being dispatched from one end of
a system at a specific cruise velocity and minimum headway. If the
first train encounters a speed restriction on the route such as a
station {a realistic necessity) and must slow down or stop, the
second train, and the next, and so on, will also have to decelerate
at ever increasing distances further back on the guideway to main-
tain safe critical following distances. The situation becomes
worse if the first speed restriction on the guideway is followed by
a second and so forth. It becomes apparent that, for the situation
described, the system must practically be operated at a lower
average velocity so that interactions between trains will not occur

and a uniform flow of trains maintained. This does not mean that

12




the spacing between trains is at all times constant but that the
average headway must be sufficiently large so that, for the worst
- obstacle on the guideway (an on-line station with a long dwell

time), no interference will occur.

It should also be considered that it is to the economic ad-

4 vantage of the system operator to match the cruise speed capabil-
ities of the trains with the maximum desired system capacity and
speed permitted to aveid interference. If interference is allowed,
the operator will be forced to either operate the trains below
their cruise speed potential to maintain system capacity (constant
headway}, or reduce capacity (increase headways) to maintain maxi-
mum cruise speed. Assuming that any realistic system would be
operated in a manner to eliminate interactions among trains, it
does not appear that the aggregate modeling approach used for the

capacity supply model is a practical limitation.

2.1.1.3 Limitations of Aggregate Modeling, Velocity Model - The

s aggregate modeling technique also creates limitations for the
velocity model under certain specific conditions. As will be dis-
cussed in more detail later, guideway speed restrictions such as

, curves and stations are inputed to the model in terms of densities;
i.e., numbers of curves or stations per mile. If the density of
these restrictions and the train's maximum cruise velocity are high
enough, the train will never attain maximum design speed between
restrictions (before the train accelerates to cruise speed after
coming out of one restriction in encounters another). The velocity
model, however, 1s constructed on the assumption that cruise speed
is achieved between restrictions. The reason for this feature
(independence of restrictions) is to eliminate the complex real-
time simulation which would be required to compute average veloc-
ities when speed restrictions are so close that cruise speed is

A never attained. When the velocity model encounters a situation

where cruise speed is not achieved because of speed restrictions,

the model indicates this fact and provides the necessary data so
that a reasonably accurate estimate can be made of the actual

average velocity under those conditions.

13




As is the case with the capacity model and the problem of
interactions among trains, the inability of the model to accurate-
ly compute situations where speed restrictions impinge on one an-
other is not a practical limitation. For any actual application
where there are many speed restrictions, it would appear imprac-
tical to operate trains with a cruise capability far in excess of
that which can be effectively utilized because of the restrictions;
i.e., the system should be tailored so that the cruise speed cap-
ability of the train does not exceed the maximum speed permitted
by the application. Any combination of speed restrictions which
produces a situation where the train cruise speed capability is
not attained is, therefore, an unrealistic application of that

particular train.

2.1.1.4 Acceleration/Deceleration Profiles - For most practical

applications the acceleration (and deceleration) rates will not be
constant throughout the operational speed range. Such considera-
tions as propulsion system efficiency, economy of operating costs,
aerodynamic and propulsion system drag, and passenger comfort
dictate non-linear acceleration profiles. To incorporate within
the supply model the capability of simulating non-linear profiles
presented several problems. First, the analyses were intended to
be independent of detailed technology differences hetween train
systems; however, steel wheel on rail, air cushion and magnetic
levitation systems all have significantly different propulsion
system and drag characteristics. Second, to consider non-linear
acceleration profiles would have greatly increased the complexity
of the model as it would have required numerical integration of the
equations of motion for the vehicle for every change in velocity.
It was, therefore, desirable to use linear profiles if the error
in doing so was not significant. An analysis of linear and non-
linear approximations to actual non-linear acceleration profiles
was performed for various operating conditions to determine the
extent of error for the approximate cases. The results of this
analysis are summarized in Table 2-2 illustrating the insignificant
error introduced when linear profiles are substituted for actual

14




TABLE 2-2., RESULTS OF ACCELERATION PROFILE ANALYSTS!

ACCELERATION PROFILE AVERAGE SPEED, MPH
ACTUALZ 262.1
LINEAR® 262.5
EXPONENTTAL 225.9

Notes

1. Average velocity computed over a time period of 4t
where t equals the time to accelerate to speed for
the linear profile case.

— A1l profiles limited to .lg max acceleration
— Acceleration was to 300 mph

2. Actual profile computations were based on the
performance characteristics of a typical air
cushion vehicle.

3. Profile used in supply models.

non-linear acceleration profiles., Based on these results a linear
acceleration and braking profile was assumed in the construction

of the model. It should be further noted that, although the actual
acceleration profile for a real system is non-linear (for the
reasons cited above)} the deceleration profile (braking) should be
nearly linear. This results because, in braking from high speeds
{where the non-linearities are most severe during acceleration),
the aerodynamic drag will augment the braking system and assist in
providing a constant net braking force (during acceleration the
propulsion system typically would not provide sufficient thrust to

overcome aerodynamic drag and maintain a constant net force).

2.1.2 Velocity Model

The velocity meodel computes the maximum feasible average
velocity which can be attained by a train of given maximum cruise
velocity potential operating over a specified guideway system. The

average velocity of a system will always be less than the vehicle

15



maximum cruise velocity because of the following general categories

of speed restrictions typically encountered in train applications:
a) Curves, lateral and vertical
b) Switches
c) Grades
d) Stations

The first three-speed restrictions are all similar from an
analytical standpoint because each type involves a slowing down of
the train to some specific speed, traveling some distance at that
reduced speed and then accelerating back to cruise speed. These
three types of restrictions are, therefore, all analyzed as curves
even though in reality they may actually be switches or grades.
The stations are analyzed as a separate type of speed restriction
as they involve not only braking to zero velocity but maintaining

a dwell time in the station.

The logical flow of computations involved in the velocity pro-
gram is described in Figure 2-2. The program computes the effect
of stations first and then the effect of curves on average veloc-
ity. Station data inpufed to the model includes station density
(average distance between stops) and station dwell time. Curve
data is introduced to the model in the form of two vectors which
describe for each curve speed (nine possible curve speeds can be
considered simultaneously) the number of times the curve repeats
itself per mile of guideway and the average length, in miles, of
each curve (the distance the train must maintain the curve speed).
The velocity model, then, has the flexibility to evaluate and
determine the sensitivity of wide range of application character-
istics on average system velocity. With the average velocity of
the system specified, tfavel times and train utilizations can

easily be computed for an application of given length.

2.1.3 Capacity Model

The capacity model was designed with the objective of comput-
ing the maximum feasible system capacity for a given set of train,

16




INPUT ROUTE ALIGNMENT, STATION
AND TRAIN CHARACTERISTICS DATA

1

CALCULATE STATION
TRANSITION DISTANCES

DO STATIONS YES
TAKE UP ENTIRE
GUIDEWAY?
COMPUTE EFFECTIVE CURVE
LENGTHS AND TRANSITION
DISTANCES
YES

-

COMPUTE AVERAGE VELOCITY,
TRAIN DOES NOT REACH CRUISE
SPEED

PRINT RESULTS

LEFT FCR MAIN
INE OPFERA

COMPUTE AVERAGE VELOCITY,
TRAIN DOES NOT REACH CRUISE
SPEED

PRINT RESULTS

COMPUTE AVERAGE VELOCITY,
TRAIN REACHES CRUISE SPEED

PRINT RESULTS

CRUISE SPEEDS

[NCREMFNT DESIGN CRUISF SPEED,

Figure 2-2.

YES
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application and operating characteristics. The primary determin-
ant of system capacity, assuming the principle of non-interference
between trains, is the minimum safe headway as this defines the
number of trains per hour which can pass a given point. System
headway, in turn, is a complex function of such parameters as safe
operating criteria, normal and emergency acceleration and braking
rates, train speed and length, train control system design, and

speed rvestrictions.

A computer flow diagram for the capacity model is shown in
Figure 2-3 and describes, in summary form, the sequence of computa-
tions involved in determining headway and capacity. Given a set of
inputs for train length, acceleration/braking rates, speed, and
control system design the capacity model computes the minimum head-
way permissible for all speed restrictions (mainline operation,
curves, and stations). The capacity model then compares all com-
puted headways and chooses the largest as the system headway. Be-
cause on-line station coperations include a dwell time they usually
determine the system headway. When off-line stations are,simulated
by the model, the station effects on headway can be diminished to
the point where minimum headway requirements imposed by curves or
mainline operations may preside.

Because the lowest curve speed (independent of length or fre-
quency) encountered on the guideway determines the minimum headway
constraint (for curves) for only curve data necessary for the
capacity model is the speed of the slowest curve. Similarly for
station operations all that need be inputed is the longest dwell
time encountered. The capacity program prints out the minimum
headway computed for mainline, curve and station operations to-
gether with the maximum system capacity in terms of trains per hour

- and seats per hour.

Results of the parametric analysis are summarized in the
tables in Section 2.4 listing the relative sensitivity of the
various parameters investigated on average velocity or capacity
as a function of vehicle speed. The sensitivity of a parameter
is defined as the change in average velocity or capacity that
results from varying the parameter in question over a complete
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INPUT ROUTE ALIGNMENT,
* STATION AND TRAIN
CHARACTERISTICS DATA

!

CALCULATE HEADWAY REOQUIRED
FOR SAFE MAINLINE OPERATIONS

i

CALCULATE HEADWAYS NEEDED BY
4 CLASSES OF CURVE
RESTRICTIONS

STLECT LARGEST OF CURVE HEADWAYS

[

CALCULATE HEADWAY REQUIRED
FOR STATION OPERATIONS

Y

- CHOOSE LARGEST OF MAINLINE,
CURVE OR STATION HEADWAYS

FROM LARGEST HEADWAY
DETERMINE CAPACITY

INCREMENT DESIGN CRUISE SPEED

Figure 2-3, Capacity Program Flowchart
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range of values typically encountered in most applications. The

method of rating sensitivities is, therefore, somewhat subjective
because it depends on the range of values selected for the param-
eters. It does, however, yield practical insight into the rela-

tive significance of and trade-offs involved in changing the

system parameters investigated.

2.2 ANALYSES OF AVERAGE VELOCITY VERSUS TRAIN DESIGN CRUISE SPEED

Average system velocity as a function of train velocity 1is
affected by three major groups of parameters. These are:

a) Station Operations
— station spacing
— station dwell time
— station on/off-line
b) Curve Operations
— curve speed
— curve frequency
— curve length
¢) Acceleration and Braking Rates

The approach used in the parametric analyses was to decouple
each major group of parameters where possible so that the sensi-
tivity of parameters in each group could be isolated from the
effects of parameters in other groups. Thus, when investigating
station operations, no curve restrictions were imposed and vice-
versa, Acceleration and braking rates, being train characteristics,
could not be decoupled; hence, when investigating station or curve
operations, the acceleration and braking rates were set at a typ-
ical value of (0.lg. Similarly, when investigating the sensitivity
of acceleration and braking rates, typical values for station or

curve operations were selected.

Throughout the parametric analyses, reference will be made to
the velocity-distance relationship and transition-cruise ratio.

These terms are basic to understanding the general effect of speed

20
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restrictions, curves and stations, on system performance. The
velocity-distance relationship is described in Figure 2-4, which

is a simple plot of distance required to accelerate to speed for

a constant acceleration rate. Because the distance required to
accelerate to speed is a function of the velocity squared, it takes
disproportionately longer distances to accelerate to higher speeds,
Also, for a given velocity change, the distance covered is greater
if the velocity change occurs at higher speeds. The transition-
cruise ratio is defined as the ratioc of distance spent in braking
into, negotiating and accelerating out of speed restrictions
(transition distance) to the distance spent at cruise speed for a
given trip. Because the transition distance is always travelled

at less than cruise velocity, the greater the transition-cruise

ratio the lower will be the average velocity.

Several general observations can be made regarding system
performance as measured by average velocity using the concepts of
velocity-distance relationship and transition-cruise ratio:

a) For a given trip involving speed restriction, the velocity-
distance relationship dictates that the lower speed trains
will always have an average velocity closer to cruise
velocity than the higher speed train. Similarly, the
lower speed train has a smaller transition-cruise ratio;
i.e., it accelerates to cruise speed in less distance
(smaller transition) and cruises a proportionately longer
distance than the higher speed train for the same trip.

b) When the transition-cruise ratio is high (relatively
short distance between speed restrictions), any change
to the system that impacts the transition distance (chang-
ing acceleration rates, curve lengths, dwell times, etc.)
will have a larger impact on average velocity than when
the ratio is small (long distances between speed restric-

tions).

¢} For a given trip involving speed restrictions, when
neither the high speed or low speed train attains cruise

speed (very close interval between restrictions) the
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transition-cruise ratio and average velocities will be

the same for the two systems.

2.2.1 Station Operations, Station Spacing

Figure 2-5 is a typical illustration of the effects of station
spacing on average velocity. The manner in which station spacing
generally affects average velocity is by its impact on the transi-
tion-cruise ratio. Closer stations will result in more transition
time relative to cruise time and, hence, lower average velocities.
If stations are close enough, the trains will never achieve cruise
velocity as the entire trip time is spent in transitions (see one-
mile spacing for 100, 200 and 300 mph trains). Because of the
velocity-distance relationship, the average velocity of higher
speed trains is affected more by station spacing; i.e., for a given
station spacing high velocity trains have a larger transition to

cruise ratio.
Some general observations made on station spacing are:

a) For a given train speed, average velocity increases with

station spacing.
\ b) High speed trains are impacted more severely by station
spacing,

c) If station spacing is sufficiently close, cruise speed
will never be attained and average velocity will remain
constant regardless of any increase in train cruise

speed capability.

2.2.2 Station Operations, Dwell Time

The effect of station dwell time on average velocity for
various station spacings is shown in Figure 2-6. Station dwell
4 time affects average velocity by directly adding to the total
transition time for a given trip distance. For this reason, as
total trip time becomes less (either because of a shorter trip or
4 a higher speed train) the dwell time will have a more significant

impact on average velocity.
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Some general observations made on station dwell time are:

a) For a given trip distance (station spacing) and train
cruise speed, an increase in dwell time decreases average

velocity.

b) For a given trip distance, dwell time will impact higher
speed trains mecre severely. For example, from Figure
2-6, 100 mile station spacing, changing the dwell time
from 0 to 300 seconds (5 minutes) produces percent
changes in average velocity of 8 percent and 17 percent,
for 100 mph and 300 mph trains respectively.

c) For a given train speed, dwell time impacts average
velocity meore severely for short trips (less travel time)
than long trips.

2.2.3 Station Operations, On/Qff-Line Stations

On or off-line stations can affect average velocity with vary-
ing degree depending upon the off-line concept considered. Off-
line stations which utilize high-speed switching will permit trains
to skip certain stations on the route without any time spent in
transition. The average velocity for such a system would be based
on the average distance between actual stops for each train rather-
than the system station spacing. For example, if all trains
skipped one station between stops the average velocity would be
determined by twice the average station spacing. This is a good
technique for increasing the average velocity of a system with
high station densities. If the off-line stations utilize low speed
switches or otherwise require all trains to slow down to negotiate
the switch or pass through the station area, the benefit of off-
line stations is greatly diminished. The only improvement in
average velocity comes from elimination of the dwell time and
switch-to-station transition time for the train not stopping. For
example, if all trains were constrained to pass through station
areas at a very low speed and trains stopped at alternate stations
the improvement in system average velocity would be about equiva-
lent to reducing station dwell time in half.

26




2.2.4 Curve Operations, Curve Speed

Figure 2-7 illustrates the general effect of curves of various
speed on average velocity. The curve analyses were performed with-
out the influence of stations; i.e., station spacing was essential-
ly infinite. Because of the velocity-distance relationship, the
' transition distance accelerating into and out of curves increases

as a function of the difference between curve and cruise speed
squared. For a given curve speed, therefore, the average velocity
of higher speed trains will be affected more strongly. If the
difference in curve and cruise speed is large enough for a given
curve spacing, the train will never attain cruise speed (the entire
non-curve travel time is spent in transition). Given this situa-
tion and no change in acceleration rates, the average velocity

cannot be increased by increasing train velocity.
Some general observations made on curve speed are:

a) For a given curve speed, its adverse affects on average
velocity becomes greater as the difference between curve

and cruise speed increases.

b) Curves have no influence on average velocity if the cruise

speed is less than curve speed.

¢) Average velocity is independent of cruise velocity when
the difference between curve and cruise speed is such that

cruise speed is not attained.

2.2.5 Curve Operations, Curve Frequency

Curve frequency (or spacing between curves) can have a signi-
ficant effect on average velocity even more dominant than curve
speed. For example, increasing the spacing of a 60 mph curve from
one to ten miles has a more pronounced effect than increasing the

ot speed of the one-mile curves from 60 to 150 mph (see Figure 2-8).
The frequency genecrally affects average velocity by controlling the
amount of transition versus cruise time. Closer curves result in

' a greater transition-cruise ratio for trains of all speeds and
hence a lower average velocity. Similarly, because of the velocity-

distance relationship for a given curve spacing, higher speed trains
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will be affected more strongly as they will have a larger transi-
tion-cruise ratio. If the curves are sufficiently close, as 1is

the case with the one-mile spacing (Figure 2-8), the train spends »
its entire time in transition and never attains cruise speed. In

this situation, the average velocity is independent of the train

cruise speed capabilities. A train is unaffected by curve spacing s

if its cruise velocity is less than the minimum curve velocity.
Some general observations made on curve frequency are:

a) Curve frequency generally has more impact on average
velocity than curve speed.

b) Average velocity increases with curve spacing.
c) High speed trains are affected more by curve spacing.

d) Average velocity is independent of cruise speed capabil-
ities if curve spacing is sufficiently close that cruise

speed is not attained.

e) Average velocity is independent of curve spacing if the
cruise speed is less than minimum curve speed.

2.2.6 Curve Cperations, Curve Length

Curve length is defined as that distance over which the train
must maintain curve speed. As can be seen from Figure 2-9, a
change in curve length has significantly less effect on average
velocity than changing curve speed or frequency. The greatest
influence of curve length on average velocity occurs when there is
a large difference between curve and cruise speed; hence, for any
curve speed, higher speed trains are impacted more by changes in
curve length. This situation results because for higher speed
trains, any change in curve length will provide a proportionately
larger change in cruise distance (velocity-distance relationship)
than for a slower train. If the curve length is sufficiently long
for a given curve frequency, the train will never attain cruise
velocity and average velocity will then be independent of the train
cruise speed potential. If the trains cruise speed is less than ¥
the minimum curve speed then curve length will have no impact on

average velocity.
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Some general observations made on curve length are:

a) Curve length is generally less significant than curve
frequency or speed.

b) The impact of curve length increases as curve spacing
decreases.

¢) Curve length is more sensitive when the difference between
curve and cruise speed is large; hence, for a given curve
speed, higher speed trains are affected more by curve
length.

d) Average velocity is independent of cruise velocity if the
curve length is sufficiently long that cruise speed is not
achieved.

e} Average velocity is independent of curve length if cruise

speed is less than minimum curve speed.

2.2.7 Curve Operations, Combinations of Curves

Previous discussions have investigated only single-speed
curves. In practice, however, curves will be encountered with
various speeds, lengths and frequencies. Several simplified com-
binations of curves have been analyzed, as presented in Figures
2-10 and 2-11, to determine significant relationships and trade-
offs. The figures describe combinations of 60, 150, 240 mph curves
{chosen to represent a uniform distribution between 0 and 300 mph)
where either the curve length (Figure 2-10), or curve frequency,
(Figure 2-11) was varied while the other parameters held constant.

The information contained within Figure 2-11 has particular
relevance to the practical problem of determining strategies for
upgrading route alignments. Given the hypothetical existing route
alignment described by Case I (10 curves per 100 miles each, 60,
150 and 240 mph curves), all other cases represent various attempts
to improve the route by removing 10 curves per 100 miles. The dif-
ferent strategies for removing these curves described by the cases
in Figure 2-11 are summarized below in order of significance of
impact on improving performance.
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SUMMARY OF UPGRADING STRATEGIES

CASE How 10 Curves Per 100 Miles Were Removed

II 100% from 60 mph curves

ITI 67% from 60 mph curves, 33% from 150 mph curves
IV 33% from 60 mph, 150 mph and 240 mph curves

1 100% from 150 mph curves

VI 33% from 150 mph curves, 67% from 240 mph curves
VII 100% from 240 mph curves

It is obvious from Figure 2-11 that the most effective strate-
gy for upgrading a given route is to remove the lowest speed curves
first, No other combination of removing low and higher speed
curves simultaneously yields the same effectiveness for the same

number of curves removed.

The observation regarding the advantages of removing low
speed curves first is predictable from the previous analysis of
single-speed curves, Any length or frequency change to the lower
speed curves produces more significant results than the same change
to high speed curves. This results from the velocity-distance
relationship which produces a proportionately greater improvement
in the transition-cruise ratio for a given change in curve length
or frequency when the difference between cruise and curve speed is
large. A change in curve length produces a smaller change in
average velocity than a change in curve frequency as changes in
curve length diminish only the time the train must remain at curve
velocity but otherwise requires that the train operate the same
amount of time in transitions. A change in frequency, however,
varies both time spend at curve speed and in transition.

Some general cbservations made on combinations of curves are:

a) For a system containing a uniform mix of curve speeds, the
lowest speed curves have the highest impact on system
performance. The most effective improvements to route
alignments can therefore be made by removing the lowest
speed curves first.

b) Curve frequency has more impact on system performance

than curve length,
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2.2.8 Acceleration and Braking Rates, Factors Influencing Rate
Limits

Acceleration and braking rates encountered in high speed
ground vehicles are primarily constrained by passenger comfort,
safety and propulsion system design requirements. Passenger com-
fort and safety considerations dictate that normal acceleration
and braking rates be less than .15g and emergency rates less than
.Ag. In addition, propulsion systems designed for efficiency require
that acceleration and braking rates be minimized consistent with
providing sufficient thrust to maintain cruise speed under typical-
1y encountered adverse conditions. A brief analysis was performed
for high speed trains with design cruise speeds of 100, 200 and
300 mph to establish approximate values for the minimum thrust
required to maintain cruise speed and the resulting maximum accel-
eration capabilities at start. Vehicle weight and drag character-
istics were assumed to be similar to a TACV system and maximum
adverse conditions to be overcome at cruise speed were valued at
three percent grade and 30 mph headwind. The results of the

analysis are summarized in Table 2-3 below.

TABLE 2-3. MAXIMUM ACCELERATION RATE FOR MINIMUM DESIGN THRUST

Maximum cruise Minimum thrust required Maximum attainable -
speed to be main- | to maintain cruise speed acceleration rate
tained under ad- under adverse conditions,| at start, g's
verse conditions, | 1lbs
nph '

100 4,633 .07

200 7,759 .12

300 12,342 .19

Several observations can be made from the preceding acceleration
analysis:

a) A range of ,05g minimum to .15g maximum represents typical
acceleration rates for all train systems.

b) A reasonable normal value of acceleration to be used in
analyzing passenger train systems is ;lg.
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¢) Because of the thrust required for cruise conditions,
very high speed systems (200-300 mph} will have an ex-
cess acceleration capability at start. This will enable
them to either start at high acceleration rates (.15g)
or maintain constant rates of moderate acceleration (.1g)
for longer periods of time than lower speed systems. As
will be seen later, increased acceleration capabilities

will improve both system average velocity and capacity.

d) Lower speed ground systems (below 150 mph) must size the
propulsion system to achieve a moderate starting accel-
eration (.1g) or sacrifice system performance (average
velocity and capacity). In so doing, however, the pro-
pulsion system will then be over sized for cruise condi-

tions.

2.2.9 Acceleration and Braking Rate, Station Operations

Figure 2-12 illustrates the effect of changing the accelera-
tion and braking rate through the range of typical values discussed
above (.05g to .15g) for different conditions of dwell time and
station spacing. For the zero dwell condition, the change in
acceleration rates is most significant for close station spacings.
This results because the train spends much of its time in transi-
tion, particularly high speed trains, and a change in acceleration
rate will produce a significant shift in the transition-cruise
ratio; whereas, for large station spacings, a change in accelera-
tion rates affects only a small portion of the total operational
cycle. When dwell times are added the effect of variations in
acceleration rates are rapidly diminished, especially at close
station spacings. For example, the total operational cycle time
for ten-mile stations is so short (4.25 min. for 300 mph vehicle)
that the addition of a modest three minute dwell more than negates

the effect of increasing acceleration from ,05g to .15g.

Some general observations made on acceleration rates, and
station operations are:
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a) Acceleration rate has more impact at close station spac-

ings.

b) When dwell times are added the impact of acceleration
rates is greatly diminished at close station spacings.

2.2.10 Acceleration and Braking Rate, Curve Operations

As can be seen in Figure 2-13, the effect of acceleration and
braking rate on curve operations is a function of curve speed and
spacing. There are basically three categories of curve situations
where a change in acceleration rate can produce negligible, moder-
ate or significant changes in average velocity as described in
Figure 2-14. In Case I, the curve spacing is so close that the
increase in velocity incurred between curves is small, particular-
ly for high speed curves due to the velocity-distance relationship,
and, therefore, a change in acceleration rate produces only neg-
ligible changes in average velocity (see one-mile curve spacing,
60 and 240 mph curves, Figure 2-13). Very significant changes in
average velocity occur as a function of acceleration rate when the
curve spacing is increased sufficiently to permit cruise speed to
be achieved between curves (Case II, Figure 2-14). In this case,
a change in acceleration produces a proportionately large shift in
the transition-cruise ratio and a correspondingly large change in
average velocity. This effect is most pronounced when the differ-
ence between curve and cruise velocity is large because of the
velocity-distance relationship (see ten-mile spacing, 60 mph curve,
Figuré‘2—13). As station spacing is increased beyond that of Case
II, the effect of acceleration rate on average velocity diminishes
as a proportionately smaller amount of time is spent in transition
(see Case III, Figure 2-14). The effect for a given change in
acceleration rate on the Case III situation is greater when the
cruise-curve velocity difference is large (see 100-mile spacing,
60 mph versus 240 mph curve, Figure 2-13).

Some general cbhservations made on acceleration rates and

curve operations are.
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a) The impact of acceleration and braking rates on average
velocity is greatest when station spacing is sufficient
to permit attainment of cruise speed (about ten miles)
and decreases with either very close or very large station

spacings.

b) The effect of changes in acceleration and braking rates
increase with the difference between cruise and curve

speed.

2.3 ANALYSES OF SYSTEM CAPACITY VERSUS TRAIN DESIGN CRUISE SPEED

2.3.1 General

System capacity, as measured by the number of trains per hour,
is inversely related to the train headway or the time interval
between trains passing a reference point on the route. As the
headway decreases, system capacity will increase since more trains
per hour can pass through a given station. The minimum permissible
headway (maximum capacity) i1s determined by the minimum safe fol-
lowing distance between trains which is a complex function of the

parameters listed below:

a) Station Operations
- Station dwell time
- Stations on/off-1line

b) Curve Operations

- Minimum curve speed
c) Safety Criteria

d) Train Related
- Normal acceleration and braking rates
- Emergency braking rates
- Train control technique

- Train length

As with the previous analysis of average velocity, the ap-
proach used in the capacity parametric analysis was to decouple,
whenever possible, the major groups of parameters so their sensi-
tivity on system capacity could be isolate. Hence, when station
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operations were analyzed, no curves were assumed to be present in
the system and vice-versa. Train-related parameters which could
not be decoupled were specified at normal values. A detailed dis-
cussion of the effects of each parameter listed above on system
capacity is provided in following sections; however, certain basic
relationships affecting system headway and safe following distance

are discussed first.

2.3.1.1 Safety Conditions - For high speed ground transportation

systems, 1t is reasonable to assume that the minimum following
distance between trains must always be sufficient to avoid colli-
sions if one train in the system encounters trouble. (For low
speed, high density systems such as PRT, it may be assumed that
minor collisions or bumpings of vehicles is permissible if accel-
eration and jerk rates are not so high as to cause passenger in-
jury or vehicle damage.) The most conservative assumption of pos-
sible hazards which could occur to a leading train is that it en-
counters a "brick wall" collision on the guideway. This worst
case condition was assumed in the capacity analysis and requires
the largest safe following distance between trains relative to
other safety criteria which assume that the lead train "crashes"

at some finite rate of acceleration.

If the conservative safety criterion is assumed, the minimum
safe following distance between trains (measured from the nose of
the lead train to the nose of the following train) must be com-
posed of three spatial components: (1) the emergency stopping dis-
tance of the following train, (2) the length of the lead train,
and (3) an additional space to account for margins of safety and
automatic train control characteristics. It should be noted that
the minimum following distance could have been defined as the dis-
tance between the tail of the leading train and the nose of the
follower. System capacity and headway time, however, must be based
on the nose-to-nose distance as this determines actual system
throughput; i.e., the number of whole trains passed a fixed point
on the route per unit time. For convenience and consistency,
therefore, the minimum following distance was defined as including
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the train length so that headway time and system capacity could be
computed directly from the following distance.

2.3.1.2 Emergency Stopping Distance and Train Length - The emer-

gency stopping distance of the following vehicle is inversely pro-
portional to the emergency braking rate and directly proportional
to the square of the velocity from which braking occurs. Assuming
the same braking rates, higher speed vehicles will therefore re-
quire a disproportionately greater following distance for safe
cruise operations (as will be discussed later, the minimum follow-
ing distance of trains passing through speed restrictions such as
curves and stations is not necessarily as simple a function of the
train's cruise speed). The following distance for all speeds of
operation can, however, be decreased uniformly by increasing the
emergency braking rate (an emergency braking rate of about .4g
appears to be maximum from considerations of passenger safety).

As defined above, in addition to the emergency stopping distance,
the train length is also included in the following distance and,
therefore, always adds a fixed spatial quantity to the emergency

stopping distance regardless of operations.

2.3.1,3 Automatic Train Control - Automatic train control tech-

niques for high speed ground transportation can range from a train
follower concept where the relative separation between trains is
continuously monitored to block control concepts where the posi-
tion of trains is knbwn only to be within discrete "blocks" of
guideway length. The type of automatic control assumed can sig-
nificantly affect the required minimum following distance. The
train follower concept, because it monitors the exact distance
between trains, can theoretically permit the intertrain spacing to
be equal to the train length plus the emergency stopping distance.
In practice, the spacing would have to be increased somewhat to
allow for margins of safety and control equipment response times.
A simple go/no-go block control system, on the other hand, re-
quires twice the intertrain spacing of the follower concept. The
additional distance results because two blocks, each of a length

equal the minimum following distance, are necessary between trains
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to accomodate the situation where the leading train fails just
after entering a new block leaving, in essence, only one block
between trains before an emergency situation is detected. A more
sophisticated block system containing block lengths less than the
minimum following distance together with a phased speed control
based on the number of blocks between trains will permit inter-
train spacings less than the simple block concept. As the block
lengths become smaller the permissible distance between trains
approaches the limit required by the train follower concept.
Depending on the train control concept assumed, therefore, the
theoretical minimum distance between trains (also headway and
capacity) can vary by a factor of two. Unless indicated otherwise,
the capacity parametric analysis assumed an idealized control
strategy (a train follower concept) as a detailed analysis of the
effects of various control concepts on system capacity was beyond
the scope of this project. The capacity model will, however, per-
mit a determination of the approximate effects of various control
concepts by the introduction of a pre-selected constant, FAC, which
typically has a value between one and two, to represent the range
of control strategies from the follower to the go/no-go block
system respectively.

2.3.1.4 Relationship Between Following Distance and Headway - It

is a commonly held notion that as the cruise veleccity of a train
is decreased closer headways can be maintained because slower
trains can stop in shorter distances, This is basically a true
proposition only for mainline operations and zero length trains,
however. When train length and operations within speed restric-
tions and stations are considered, contra-intuitive changes in
minimum headway as a function of cruise velocity can occur. For
example, when trains are sufficiently long and certain classes of
speed restrictions are encountered, the headway must increase as
cruise velocity is decreased. A detailed discussion of the fact-
ors affecting headway is presented in the following parametric
analysis; however, a general discussion of following distance and
headway is presented here to provide a basic understanding of their

relationship.
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Considering mainline operations only, the minimum following
distance between trains is equal to the emergency stopping dis-

tance plus the train length:

Dojp = De + L (2.3-1)
where: Dmin = Minimum following distance
De = Emergency stopping distance = ,SVOZ/Ae
Vo = Cruise velocity
Ae = Emergency braking rate
L = Train length

The resulting headway, Hm, for mainline conditions is the minimum

following distance, D divided by the cruise velocity and can

min?
be described as containing twe time elements, Te and Tl, corre-

sponding to the emergency stopping distance and the train length:
Hm = Te + TI1 - (2.3-2)

where:

Te De/Vo = .5Vo/Ae

1]

Tl L/Vo

The headway as a function of the emergency stopping distance and
train length is described on the time-velocity plot in Figure 2-15.
As can be seen, if train length is ignored, the headway is equal
to Te and decreases linearly with velocity as would be expected.
When train length is considered, however, (which it must for any
realistic application) the headway decreases to some velocity
below which it increases again. Furthermore, for special cases of
speed restrictions, as will be demonstrated later, the emergency
stopping distance (and hence Te) and Tl are either non-linearly
related to or entirely independent of train cruise velocity. In
terms of Figure 2-15 speed restrictions will distort the Te and

Tl curves from the mainline case presented and result in further
contra-intuitive changes in headway as a function of cruise

velocity.
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2.3.2 Station Operations, On-Line

Station operations can have a significant effect on the mini-
mum headway. In fact, for most realistic applications, on-line
station operations will dictate the operating headway regardless
of what other speed restrictions exist in the system. The effect
on system capacity of varying the primary station parameter, dwell
time, for different train lengths is described in Figure 2-16,
2-17, 2-18 and 2-19. For zero train length and dwell time, it can
be seen that capacity increases indefinitely, as expected, when
cruise velocity is reduced. As train length is increased, however,
system capacity peaks at some constant value and remains largely
independent of cruise velocity particularly for train lengths
above 200 feet (a length commonly exceeded in practice). Below
some critical cruise speed, trains of any length will show a de-
crease in capacity. The decrease in capacity occurs at higher
cruise speeds for longer trains,

As dwell times are increased, two effects can be noticed,
First, system capacity is reduced except in special cases (short
trains, small dwell times, large cruise velocities) where the
capacity is unaffected by dwell. Secondly, the range of in-
dependence of system capacity and cruise velocity increases for
shorter train lengths. When the dwell is increased beyond 30
seconds, system capacity is completely dominated by this factor and
is essentially independent of cruise velocity or train length. For
most practical applications, unless off-line station operations are
implemented, system capacity will be restricted by station dwell
times, If it is assumed that a high speed ground system requires
a minimum of 1/2 to 3 minutes in a station to transfer baggage and
patrons, it can be seen that the dwell time will constrain a
systems capacity to well below the theoretical limits shown in
Figure 2-19. A three-minute dwell time, however, (with a typical
500 ft train, one seat/ft) still permits a capacity of almost 9000
seats per hour. Longer trains and changes in statlon operations
(off-line stations, shorter dwell) will permit increases in capacity.

An explanation for the influence of station operations on
system headway and capacity can be provided with the aid of
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Figure 2-20 which consists of distance-time plots for two extreme
station situations. As described previously, the minimum headway

v is determined by the minimum safe following distance between
trains under the worst conditions encountered. Figure 2-20 de-
scribes the two potential worst conditions for station operations
where the minimum distance between trains equals the train length
plus the emergency stopping distance. - When the train length is
sufficiently long and/or there is a large dwell time, condition A
will dominate occurring at a time when the leading train is leaving
the station and the feollowing train braking into the station. An
interesting characteristic of the situation described by condition
A is that, for a given train length, the headway between trains,
H, remains constant regardless of cruise velocity above the value
of Vcrit defined in the figure. This characteristic is attri-

butable to the occurence of D at the same time Tm, on the dis-

tance-time curve regardliess o?lgruise velocity above Vcrit. This
relationship results in the linear portion of the capacity curves,
Figures 2-16 to 2-19, where capacity is independent of cruise
velocity. If cruise velocities less than Vecrit are encountered,

the minimum safe following distance, D occurs at rapidly in-

min?’
creasing values of headway and produces the drop in capacity
observed in Figures 2-16 to 2-18. As train length is increased,
the minimum speed above which capacity is independent of speed

increases: i.e., Vcrit increases with train length,

If the dwell time is particularly small and the train length
short, as in condition B, Figure 2-20, the minimum required dis-

tance between trains, D occcurs prior to the station just as

1 >
the following vehicle igigiates braking. As can be seen from this
figure, the dwell time for condition B can be varied between zero
to Ta without having any effect on train spacing for a given train
length and speed. This corresponds to the situation as described
in Figures 2-16 and 2-17 where, for a given cruise velocity between
270 and 300 mph, there is no change is system capacity as the
dwell time is increased from zero to 15 seconds. It can also be
4 seen from condition B that the minimum distance between trains is

a function of the cruise velocity. Condition B, therefore,
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produces those portions of the capacity curves, Figures 2-16 to
2-19, where capacity increases with decreasing crulse velocity.

Some general observations on on-line station operations are:

a) System capacity is largely independent of cruise velocity
except for the unusual cases of very short train lengths
and dwell timecs.

b) System capacity is determined almost completely be station
dwell time for dwells greater than 15 seconds (a practical
necessity).

c) Normal values of dwell time and train length will restrict
system capacity to well below its theoretical limit.

2.3.3 Station Operations, Off-Line

The use of off-line stations can significantly improve system
capacity over that obtainable with on-line stations. Several types
of off-line stations have been investigated as described in Figure
2-21. The type 1 station, referred to as the "stacking' type,
causes all trains to pass through the station but each successive
train arrives on a different track,; thus, trains can be overlapped
on stacks within the station and are simultaneously accessible hy
all passengers. The type 2 station, '"alternating: type, enables
alternate trains to stop in the station while others can proceed
by the station at cruise speed without stopping. The alternating
station, unlike the stacking station, would have only one train in
the station at a time and, depending upon the number of trains by-
passing the station, could have long intervals between trains
stopping at intermediate station. A third type of off-line sta-
tion, the "hybrid'", could be implemented to provide the operational
flexibility resulting from the combined features of the alternating
and stacking stations. Because of the complexity involved in
analyzing the characteristics of the hybrid station, only the al-

ternating and stacking stations were investigated in detail.

55



SWITCH STATION SWITCH

\/ MAINLINE
N

TYPE 1, STACKING STATION

STATION

SWITCH SWITCH
MAINLINE

TYPE 2, ALTERNATING STATION

STATION

SWITCHES SWITCHES
MAINLINE

TYPE 3, HYBRID STATION

Figure 2-21. Off-Line Station Concepts

56




2.3.3.1 Alternating Station - The alternating off-line station

would require a train distance-time profile similar to that de-
scribed in Figure 2-22a. This figure shows the case of four con-
secutive trains operating at minimum headway (maximum capacity)
with each train skipping one station between stops. Several
features of this type of operation can be noted:

a) The average velocity of the system will be increased
because each train does not stop at all stations.

b} By switching the lead train off the main line before
entering the station, much of the transition time spent
in the station can be eliminated from the headway between
trains resulting, in most cases, in increased capacity

over that of the on-line case.

¢) Alternating type station operations must be performed
accordingly to a rigid schedule particularly when operat-
ing at maximum system capacity. Referring to Figure
2-22a, it can be seen that the distance-time profiles
must contain a symmetrical pattern for continuous opera-
tions without interference among trains: (1) The linear
portions of the distance-time trajectories of trains de-
parting and arriving at stations (trains 1 and 3) must,
when extended, be in 1ine with each other; i.e., the
arriving train must leave a slot on the guideway for the
departing train te £i1l, (2) the headway between trains
must be equal, and (3) each train must stop at its
assigned station. If the system is not operating at peak
capacity (excess headway between trains), some flexibility
of operations in terms of unequal headways and stations
stopped at may be possible.

d) The average minimum headway between trains (H off-1line)
for the alternating type station must satisfy the follow-
ing conditions:

H off-line = (Hin - out)/(N+1) > Hcrit {(2.3-3)
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where Hin - out = the total transition time for the sta-
tion (braking time plus dwell time plus acceleration

’ time) represented by the time between trains 1 and 3,
Figure 2-22a.

N = a whole integer and equal to the number of stations

v skipped between stops.

Herit - the minimum safe headway between trains to be
described later as a function of the type of switching

used to achieve off-line operations.

2.3.3.2 Stacking Station - The distance-time profile for the

stacking type of off-line station is described in Figure 2-22b.
For the case shown it is also assumed that the system is operating
at peak capacity. The following characteristics of operation
utilizing the off-line stacking type of station should be noted:

a) The average velocity of the system will not be increased
as each train must stop at every station as with the on-

line stations.

b) The headway of the system can be less than that of the
on-line system indicated by the headway between trains 1
and 4.

c) The stacking type of off-line station imposes less con-
straints on the operations of trains than does the alter-
nating station. In terms of the distance-time profiles
described in Figure 2-22b the only condition which must
be maintained is that the headways between trains be
greater than a critical value (at maximum capacity the
headways must also be equal). Provided the minimum is
maintained, the stacking station will permit variations
in the sequencing of incoming and outgoing trains by
changing the dwell times. For example, train A could
arrive at a station first followed, at a headway of 4.5
minutes, by train B. Train B could then leave the station
first, reversing the sequence, by dwelling only one minute
as opposed to a ten minute dwell for train A still leaving
a 4.5 minute headway between trains.
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d)

2.3.3.3

The average headway between trains using a stacking type
station is constrained by the following conditions:

H off-line = H on-line/S > Hcrit (2.3-4)
where S = A whole integer and equal to the minimum number
of stacks which must be available in the station.

H on-line = headway required for an on-line station with
the same dwell time corresponding to the time between
trains 1 and 4 in Figure 2-22b.

Hcrit = the minimum safe headway between trains for the
type of switching used (defined below).

Switching for Off-Line Stations - The maximum system

capacity which can be achieved with the use of off-line stations,
as described by Equations 2.3-3 and 2.3-4 1s a function of both

the station and switching concept used. The various types of

switches useful for off-line station operations can be generally

classified according to switch speed (permissible speed of train

through switch) and whether or not the switch is an active or

passive element in the switching process. The type of switching
assumed will establish the minimum possible headway, Hcrit, for

off-line station operations. A brief description of the four

types of switches analyzed follows:

1.

High Speed Switch - permits the train to be switched
off the main line at cruise velocity. All deceleration

from and acceleration to cruise speed occurs off the main

line.

Low Speed Switch - Trequires that the train to be switched
off the main line must decelerate to the switch speed

before traversing the switch. For purposes of this anal-
ysis a switch speed of 50 mph was assumed for the low
speed switch corresponding to the maximum speed at

which a 1500 ft radius can be negotiated within
passenger comfort limits. It is further assumed
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that any train not being switched off the mainline will
pass through the switch at cruise velocity.

Active Switch - can be either high speed or low speed and

actively participates in the switching process. As de-
fined here, it is assumed that the active switch must be
completely cleared of the lead train before it can be re-
cycled to receive the next train to be switched. The
active switch, therefore, requires three times increments
to be added to the headway between trains: (1) switch
clearing time, Tsc; (2) switch recycling or activation
time, Ts; and (3) switch verification time, Tv (time re-
quired to verify to an oncoming train that the switch has
been recycled, assumed to be zero for this study).

Passive Switch - can also be either high speed or low

speed but does not contribute actively to switching the
train. The passive switch, therefore, does not add any
time to the required headway between trains.

The effect of the various switching concepts on the minimum headway

between trains can be explained with the aid of Figure 2-23 show-

ing distance-time profiles for two consecutive trains traversing

different type switches. The following conclusions can be summar-

ized from analysis of the distance-time profiles:

1.

High Speed Passive Switch - Because the train does not

decelerate from cruise speed tc negotiate the switch and
the switch is passive: i.e., it does not require addition-
al headway time, the minimum headway between trains for
the high speed passive switch, Hcrit (hp), is the same as

that required for mainline operations:
Hecrit (hp) = Hm = T1 + Te (2.3-5)

where Tl = Time required to travel the length of the
train at cruise velocity.

Te = Time required to travel the emergency stopping dis-
tance at cruise velocity.
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HCRIT = Minimum headway for switch type
ha = High Speed Active Switch
hp = High Speed Passive Switch .
La = Low Speed Active Switch
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Low Speed Passive Switch - The low speed passive switch
requires a larger headway than its high speed counterpart

to avoid interference between trains. Because the lead
train must decelerate on the mainline to switch speed, an
additional time increment, Tb (equivalent to the time lost
in approaching the switch because of braking), is required.
The time required for the train length to clear the switch
entrance, Tl', must also be greater than for the high
speed switch because the train is travelling at less than
cruise speed. The emergency stopping time, Te, for the
low speed switch is the same as for the high speed case

as 1t applies only to the following vehicle which remains

at cruise velocity through the switch.
Hcrit (1p) = T1l' + Te + Tb (2.3-6)

High and Low Speed Active Switches - Active switches will

require switch clearing and switch activation times added
to the minimum headway for the passive cases. For pur-
poses of this analysis, the switch activation time, Ts,
was assumed to be equal for both the high and low speed
switches; however, in practice the high speed switch

could require more time to recycle because it would be
physically larger than the low speed switch. The low
speed switch will have a longer clearing time, Tsc', since
the train will be moving slower through the switch,

Hcrit (ha) TL + Te + Ts + Tsc (2.3-7)

Herit (la) Ti' + Te + Ts + Tsc' + Tb (2.3-8)

To provide an example of the effects of switching techni-
que on minimum headway requirements, Hcrit, typical switch
parameters were assumed and resulting headways were cal-
culated for several train cruise velocities. The results
are shown in Table 2-4 and indicate, as expected, that

the smallest and largest headways are required by the high
speed passive and low speed active switches respectively.
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TABLE 2-4, MINIMUM HEADWAY, Hcrit, REQUIRED FOR
DIFFERENT SWITCHES*

Switch Type

Cruise Speed Hecrit = T, + T, + TS + TSC + Tb
High Speed Passive

300 28.5 1.2 27.3 0 0 0
200 20.0 1.8 18.2 0 0 0
100 12.5 3.4 9.1 0 0 0
High Speed Active

300 . 61.9 1.2 27.3 30 3.4 0
200 53.8 1.8 18.2 30 3.8 0
100 46.6 3.4 9.1 30 4.1 0
Low Speed Passive .

300 148.1 6.8 27.3 0 0 114 )
200 93.0 6.8 18.2 0 0 68
100 38.9 6.8 9.1 0 ] 23
Low Speed Active

300 183.1 6.8 27.3 30 5.0 114
200 _ 128.0 6.8 18.2 30 5.0 68
100 73.9 6.8 6.1 30 5.0 23

*Train length, 500 ft; braking rate, .lg normal ,25g emergency

Switch Parameters: Speed Leﬁgth Radius Superelevation
300 1,500 25,000 10°
200 1,100 12,718 7.5°
100 600 4,017 5°
50 370 1,500 5° *
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2.3.3.4 Capacity for Off-Line Stations - The improvement in system

capacity which can be obtained by using off-line stations is de-
scribed in Figures 2-24 and 2-25. These figures show system ca-
pacity as a function of train speed for the various switching con-
cepts and off-line station types investigated. The results were
based on a station dwell time of 180 seconds and the switch param-
eters listed in Table 2-4. An interesting feature of the figures
is that changes in capacity as a function of speed occur in dis-
continuous steps. This is due to the constraints imposed by the
headway Equations 2.3-3 and 2.3-4 requiring that the terms N and S
must be whole integers. The step changes in capacity, therefore,
occur when N and S change from one integer value to another. The
numbers on the curves between step changes in Figures 2-24 and
2-25 correspond to the values of N and S for the alternating and
stacking type stations respectively.

The capacity curves for the stacking type station show no
change in capacity between changes in S while the curves for the
alternating type station do indicate a change in capacity between
values of N. Referring to Equations 2.3-3 and 2.3-4, this condi-
tion occurs because Hin-out {total station transition time) varies
with train speed while Hon-line {on-line station headway) does not
for the speed range, station and train conditions assumed (see

also Figure 2-18, 180 second dwell).

The results of the analysis indicate that off-line stations
can be utilized to increase system capacity over that obtainable
with on-line stations although a greater improvement is achieved
for lower speed systems other things being equal. One exception
to this generalization can be seen in the case of the 300 mph
train, alternating type station, low speed active switching, where
the capacity is slightly less than the on-line system for the
operating conditions assumed. While generally improving capacity,
however, the off-line stations require a more complex operating
schedule involving stacking trains within stations or skipping
stations between stops. As can be seen from Figures 2-24 and 2-25
any increase in capacity is achieved at the expense of additional

stacks or skipped stations. This would appear to be a severe
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operational restriction for the alternating type station as skip-
ping any more than three or four stations between stops would
appear impractical. Furthermore, the same capacity level can be
achieved with fewer station stacks(S) than stations skipped (N)
particularly for the higher speed systems (200 to 300 mph).

» Figures 2-24 and 2-25 also show that the type of switching
assumed can significantly affect system capacity. One means of
assessing the relative merits of the various switch types is to
compare the relative improvement in capacity achieved against
switch complexity. In terms of switch complexity, the passive
switch should be preferable over an active switch for a given
switch speed, since it would be more reliable, less costly to
operate and probably less costly to install, It should be noted,
however, that a passive switch could lead to a more complex train
technology hence, the effect on total system costs is not so
easily assessed, If the same capacity improvement can be accom-
plished with a high or low speed passive switch, the low speed
switch would probably be more desirable as it would cost less to

install and require less right of way.

An evaluation of the various switch types in terms of their

’ ability to achieve minor and major improvements in capacity, arbi-
trarily defined as a doubling and quadrupling of capacity respec-
tively, for various train speeds is summarized in Table 2-5. As
can be seen, in all cases, the passive switches are preferable over
the active switches. 1In fact, the high and low speed active
switches will not achieve a major improvement in capacity for any
of the train speeds investigated. For the 100 mph system a low
speed passive switch will achieve the minor and major capacity
improvement objectives while the high speed passive switch is
required for the 300 mph to meet both objectives and for the 200
mph to meet the major improvement objective. For very high speed
systems (200-300 mph) it appears important, therefore, that a high
speed passive switching capability exist if the full potential of
their high speed is to be realized.

Some general observations on off-line stations are:
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TABLE 2-5. EVALUATION OF SWITCH TYPES FOR OFF-LINE STATIONS
TO ACHIEVE IMPROVED SYSTEM CAPACITY*

Capacity Improvement Objective

Switch Minor {Double) Major (Quadruple) ’

Switch Type | Complexity Train Speed Train Speed
100 200 300 100 200 300

High
Speed
Passive 2 np np pref. | np pref.| pref.
High
Speed
Active 4 np np np no no no
Low
Speed
Passive 1 pref. | pref. | no pref. | no no -
Low
Speed
Active 3 np ne no no no no ¥

*np - Can be achieved but "not preferrable"™ because the goal can
be accomplished with a less complex switch

no - Switch will not achieve objective

pref. - Switch is "preferred" because it will accomplish
cbjective with least complexity

Complexity - 1, least complex; 4, most complex

Switch and Train parameters - same as for Table 2-4.
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a) Off-line stations will generally permit an increase in
capacity over that obhtainable with on-line stations for

the same station dwell time and train length.

b) A given off-line station and switching concept will pro-
duce a greater gain in capacity for lower speed trains.

¢} The stacking type of off-line station will yield the
highest capacity with least amount of added operational
complexity.

d) For low speed systems (less than 150 mph) the low speed
passive switch is adequate to achieve a major improvement
in capacity. High speed systems (greater than 150 mph)
will require a high speed passive switching capability
to significantly improve capacity over the on-line sta-
tion case. The active switches (high and low speed) are
not preferable for off-line station operations.

2.3.4 Curve Operations

The analysis of the effects of curves on system capacity
resulted in the identification of four situations during the nego-
tiation of curves where the safe following distance between trains
was at a minimum. The four conditions for minimum following dis-
tance are described by distance-time plots in Figure 2-26 and
summarized in Table 2-6. The capacity model computes the minimum
following distance for each condition for the lowest speed curve
in the system and selects the largest distance to be used as the
basis for calculating maximum system capacity. For all the curve
analyses, it was assumed that the curves were sufficiently long
that all four conditions were applicable. In practice, however, it
is possible to encounter curves so short that the lead train does
not remain at curve speed long enough for condition 3 to¢ be applic-
able, for example. The capacity model, when considering curves,

is therefore somewhat conservative.

Figures 2-27 and 2-28 describe the effect of curves on system
capacity for various train lengths assuming no stations exist in

the system, The figures are bounded by an outer envelop which
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TABLE 2-6. SUMMARY OF CONDITIONS FOR MINIMUM DISTANCE BETWEEN
TRAINS DURING CURVE OPERATIONS (Figure 2-26)
Condition State of Trains 1 & 2 Curve Characteristics for
No. Train 1 Train 2 Condition to Dominate
1 Decelerating | Just Generally occurs when curve
to curve initiating | speed is significantly less
speed braking that cruise speed, Vc << Vo
2 At curve Just Curve speed must be greater
speed initiating | than the speed correspond-
braking ing to the slope of the
emergency braking distance
envelope for train 2 at the
initiation of braking,
Ve > 28 @ Th2 = 0
Generally occurs when the
curve speed 1s only slightly
less than cruise speed
3 At curve Decel- Curve speed must be less
speed erating than the slope of the emer-
to curve gency braking distance en-
speed velope at the initiation of
braking for train 2,
d De _
Ve < I TEz| @ Th2 = 0
Generally occurs when curve
and cruise speed are low.
4. At curve At curve Occurs only when curve
speed speed speed equals cruise speed,

Ve = Vo

71




300
RCURVE SPETD, MPH R
TRAIN LENGTH, 1000 FT
ACCRLERATION RATFS, G.1g NORMAL
0.25p EMERGENCY
L 100
T 200 .
) 50 \d
z
E 150
2
o
-
= 25%
: S - 7
=
@ 100 [ / e
Z CONDITION 2
» CONDITION 3
CONRITION 1
™~ CONDITION #
L 1 J
0 100 700 00

CRUISE SPEED, MPH
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Speed for Various Curve Speeds,
Train Length = 500 ft. -

*CURVE SPEED, MPH ['S
TRAIN LENGTH, 500 FT

ACCELERATION RATES, 0.1g NORMAL

0.25g EMFRGENCY

200 |

CONDITION 4

100

SYSTEM CAPACYITY, TRAINS/HR

| 1
0 100 200 300 b

CRUISE SPEED, MPH

Figure 2-28. System Capacity Vs. Design Cruise
Speed for Various Curve Speeds,
Train Length = 1000 ft.

72




describes system capacity without the influence of any curves. As

can be seen, the general effect of curves is to shift system

capacity to below that described by the outer envelope for all

train cruise speeds above the minimum curve speed. Several char-

acteristics of the capacity plots (Figures 2-27 and 2-28) can be

explained in terms of the minimum safe following distance condi-

tions described in Table 2-6 and Figure 2-26:

a)

b}

c)

d)

If the difference in cruise and curve speed is large

(Vo = 300 mph, Vc = 25 mph) a change in curve speed does
not affect capacity for the high speed train. This
situation is described by condition 1 where it can be
seen that the point of minimum safe distance between

trains, D remains at the same headway, H1l, for all

min’
curve speeds less than V. Ve'is the curve speed cor-
responding to the slope of the emergency braking distance
envelope (heavy line, Figure 2-26) of train 2 at the

time of initial braking, Tb2 = 0.

If the cruise and curve speed are low, and the difference
moderately large (Vo = 100 mph, Vc = 25 mph) condition 3
may dominate and results in those portions of the capac-
ity curves where capacity is independent of cruise vel-
ocity for a given curve speed. Figure 2-26, condition 3
shows that the independence of capacity and cruise vel-

ocity is due to D . occurring at the same headway, H3,

n
regardless of cruise velocity above Vo'. Vo' corresponds
to the cruise velocity which produces an emergency brak-
ing distance envelope with a slope, at Tb2 = 0, equal to

the curve velocity.

As the cruise velocity approaches the curve velocity, the
effects of the curve on capacity diminish rapidly. This

situation 1s described by condition 2 and produces those

portions of the capacity curves where the capacity shifts
abruptly from the inner envelope to the outer envelope.

If the cruise velocity 1s less than the minimum curve
speed the capacity is described by condition 4. This
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situation is the same as for mainline operations {noc curve
present) and corresponds to the outer envelope of the

capacity curve.

A comparison of Figures 2-27 and 2-28 with the capacity
curves for on-line and off-line station operations {(Figures 2-16
to 2-19 and 2-24 and 2-25 respectively) indicates that curves will
be the dominant constraints on system capacity only under the con-
ditions where low speed curves (25 mph) and off-line stations with
high speed passive switching exist. Such a situation could arise
in practice if, for example, natural geographical obstacles were
present along the route which require very low speed tunnels,
bridges or curves. In general, however, any on-line station pre-

sent in the system will always determine system capacity.
Some general observations made on curve operations are:

a) Curves generally will not be the dominant constraint on

capacity for actual applications.

b) The effect of curves on capacity becomes more severe with

increasing train length.

¢) Curves have no effect on capacity if the maximun train
cruise velocity is less than the minimum curve speed.

2.3.5 Acceleration and Braking Rates, Station and Curve Operations

The effect of acceleration and braking rates, including emer-
gency braking rates, on system capacity for typical on-line station
and curve operations is described in Figures 2-29 and 2-30. As can
be seen, the effect on system capacity of varying these parameters
is not significant for either station or curve operations except
for the case of varying the emergency braking rate on curve oper-
ations. For this situation, a change in the emergency braking rate
from .15g to .4g (extreme range of typical values) more than
doubles the system capacity for mainline and curve operations
(curve speed 25 mph) for cruise speeds above 50 mph and 150 mph
respectively. The change in capacity for station operations would
alsc have a similar increase if the dwell time was zero. The
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dwell, however, has such a dominant effect on system capacity that
it obliterates any improvement in acceleration rates. Similarly,
in spite of the large variations in capacity for curve operations
resulting from changes in acceleration rates, on-line station
operations will always be the dominant constraint on system capac-
ity for given acceleration rates because of dwell times.

An interesting contra-intuitive result which occurs when vary-
ing normal acceleration and braking rates can be seen in Figure
2-30 (25 mph curve, .25g emergency braking rates)} where the system
capacity increases when the normal braking rate is decreased from
.15g to .05g. This situation occurs because the lead train is
braking more slowly intc the curve while the following vehicle
maintains the same emergency braking rate potential. The result,
as can be seen in Figure 2-26, (especially condition 1) is that
less separation is required between trains (higher capacity) to
avoid interference.

Some general observations, made on acceleration and braking
are:

a) Variation in the normal acceleration and braking rates
does not produce significant changes in system capacity

for curve or station operations.

b) Variations in the emergency braking rate can produce
large changes in system capacity but, if on-line stations
are present, the change is completely dominated by the

dwell time,

¢) For given acceleration rates, on-line stations will always
determine system capacity. Curve operations may dominate
only for some special cases of off-line station operations.

2.4 SUMMARY OF RESULTS, PARAMETRIC SENSITIVITY ANALYSES OF
TRAIN PERFORMANCE

A summary of the preceding performance analyses is presented
in Tables 2-7 and 2-8 as sensitivities of average velocity and
system capacity to the parameters investigated. For purposes of

this study, sensitivity was defined as the change in system
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performance, measured by average velocity (mph) and system capac-
ity (seats/hr), resulting from a variation of the parameter over a
range of values it could be expected to possess in a typical high-
speed ground application. As such, the resulting sensitivity 1is
somewhat subjective as it is dependent upon the range of values
considered for the parameter, The computation of exact sensitiv-
ities, however, in terms of the percent change in performance for
a one percent change in the parameter, would not have been any
more meaningful. Since most of the functions are nonlinearly re-
lated, establishing single valued sensitivities to be used for
comparison would have required arbitrarily choosing a typical
value of the parameter about which a point sensitivity could be
calculated. The sensitivities presented in Table 2-7 and 2-8,
while not being exact, do provide a general appreciation of the
relative significance of variocus controllable parameters on the

performance of high-speed ground transportation systems.

Unless otherwise indicated, when each parameter was being
investigated all other independent parameters were set a baseline
values indicated in Table 2-9. It should be noted that station
and curve operations parameters were decoupled during establish-
ment of sensitivities; hence, the sensitivities listed for curve
parameters are based on the assumption that no stations exist and
vice-versa. When interpreting the sensitivities for actual appli-
cations, where both curves and stations necessarily exist, several
considerations should be noted. The sensitivities listed, as
measured by average velocity, are generally valid whether or not
curves and stations are both present. This results because the
effects of curves and stations on average velocity are basically
cumulative, The effects of stations and curves on capacity, how-
ever, are not cumulative since conly the speed restriction with the
largest headway requirement doeminates while the others have no
effect. As was discussed in the capacity analysis, Section 2.3,
except for certain special cases of off-line stations, station
operations will always dominate over curve operations in determin-

ing capacity limits. It should be assumed, therefore, that the
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sensitivities of curve parameters on capacity will be essentially

zero whenever stations are also present.

TABLE 2-9. BASELINE VALUES FOR PARAMETRIC ANALYSES

Parameter Baseline Value

Station operations

e Spacing 25 miles
e Dwell time 180 seconds
® On/off-1ine ON-line station

Curve operations

e Curve speed 150 mph
e Curve frequency 1 curve every 10 miles
¢ Curve length 0.5 miles
Normal Acceleration Rate 0.1g
Normal Braking Rate 0.1g
Emergency Braking Rate 0.25¢g
Train Length 500 feet
Seat Density 1 seat/ft. of train length
Control System Follower concept, FAC = 1.0

The average velocity sensitivity analysis indicates, as would
be expected, that station spacing, curve frequency and curve speed
all have significant impact on performance. The relatively large
influence of curve operations indicates problems for very high
speed systems operating in applications where topography and urba-
ization make straight routes impossible. The use of off-line
stations, alternating type, can alleviate partially the deleterious
effects of station spacing and dwell time on average velocity. For
typical station and curve operations, acceleration rates do not
have a particularly large impact on average velocity.

The sensitivity results on capacity indicate that, in the
absence of any stations, curve operations as affected by train
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length, control system and emergency braking rate have a large
influence on system capacity. When stations are present, however,
the sensitivity of curve operations will not be significant. The
most sensitive station parameter on capacity {which will dominate
for realistic applications where stations and curves are present)
is the ability to perform high-speed passive switching to off-line
stations. This observation is particularly important regarding
the implementation of new high-speed ground systems if considera-
tion is given to achieving maximum utilization of the investment,
For on-line stations only, dwell time has a sufficiently large
impact on capacity to overshadow the effects of varying other
parameters such as train length, acceleration rates and control
system design. The primary reason why off-line stations have such
a large impact on capacity is that the adverse effects of dwell

time are partially negated.

2.5 PERFORMANCE EVALUATION CRITERIA FOR TRAIN SYSTEMS

The purpose of this section is to describe the development
and use of criteria for establishing minimum acceptable perform-

ance limits for train systems operating in various conditions.

2,5.1 Development of Velocity Ratio Criterion for Average
Velocity Performance

2.5.1.1 Concept of Average Velocity Conversion Efficiency - A

practical approach to gaging the effectiveness of a given train
application is to measure how well the system converts its design
cruise speed into average velocity. A simple measure of this
conversion efficiency is the Velocity Ratic (VR) defined as the
ratio of average velocity to design cruise speed for a given
application. If this is to be a useful measure for judging the
effectiveness of train applications, however, limits to acceptable
levels of VR must be established.

2.5.1.2 Limits to Velocity Ratio - Several clearly defined limits
to acceptable levels of VR can be easily established. Obviously,

a VR of 100 percent (entire trip at cruise speed) cannot be
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exceeded, and in fact, for realistic applications, station opera-
tions alone (assuming no curves on the route) will dictate an
upperbound limit of something less that 100 percent. On the other
hand, a VR of less than 50 percent is clearly unacceptable as this
represents and application where, in essence, the train system
never attains cruise speed. The same average velocity obtained by
a system operating with a VR of less than 50 percent can be

achieved by a system with a lower design cruise speed.

Based on the above considerations, it is apparent that accept-
able values of VR must be greater than 50 percent and practically
less than 100 percent. It remains only to establish how much
greater than a VR = 50 percent is a minimum acceptable level of
performance. For purposes of this study (and without the benefit
of a detailed evaluation of the economic aspects of VR levels) a
minimum level of 62.5 percent was chosen. This means, for a given
application, a train system must operate at least 25 percent of
the time at its design cruise speed.

2.5.1.3 Velocity Ratios for Actual Transportation Systems - The

choice of 62.5 percent VR as a minimum acceptable level can be
seen as quite reasonable when compared with VR's for current sys-
tems. Figure 2-31 summarizes the results of a review of VR's for
several aircraft and rail modes over trips of varying length.
Several conclusions can be drawn from an assessment of the results:

a) Aircraft efficiency tends to peak at about VR = 75 percent
for trips greater than 1200 miles,.

b) For trips less than 1200 miles, the VR of aircraft stead-
ily decreases to less than 35 percent for trips under 200
miles.

¢) In the range of 200 to 500 mile trips, where standard jet
aircraft are particularly inefficient, their VR's are less
than 50 percent.

d) The successful Japanese Tokaido train has a VR of about
77 percent.
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e) The most efficient configuration of the Metroliner
(between N.Y. and Washington), which is the most success-

ful Amtrak train, has a VR of about 58 percent.

f) The Turbotrain operating over poor track conditions
between Boston and New York has a VR of only 47 percent.

As can be seen from Figure 2-31, the chosen minimum value of +
VR = 62.5 percent appears to be justifiable. It requires an ef-
ficiency greater than current aircraft and trains over trip condi-
tions not well suited for their design characteristics., On the
other hand a VR of 62.5 percent is less than that achieved by
long-haul aircraft and the Tokaido train which operates over an
exclusive right-of-way specifically designed for its speed char--

acteristics.

2.5.1.4 Interpretation of 62.5 Percent VR - Figure 2-32 shows an

example of how the 62.5 percent VR criterion can be applied to

determine the maximum allowable train design cruise speed as a

function of station spacing (no curves are assumed). According to '
this criterion, for example, a 300 mph train system cannot be

effectively employed if station spacing (no curves or dwell time

assumed) is less than 17.5 miles. The figure also illustrates "
dramatically the significance the VR criterion in establishing

appropriate train system performance limits for certain applica-

tion constraints. As can be seen from the figure, the maintenance

of constant levels of average velocity performance becomes a

function of rapidly diminishing returns in the face of increasing
application constraints (in this case station spacing). The 62.5

percent VR actually represents a limit just short of where the

constant average velocity performance lines become vertically

asymptotic or requiring an infinite increase in design cruise

speed to maintaln the same average velocity.

Although the VR criterion is an appropriate means of establish-
ing performance limits based on technical considerations, it must
be recognized that actual decisions regarding selection of train

design cruise speed characteristics will alsc be based on economic
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considerations. It must be realistically assumed that development
costs will dictate the design of fewer types of train systems than
potential applications and, hence, some systems will not be optimal-
ly suited, as measured by performance, in their specific applica-
tions. The few train systems that are developed, however, should
have performance characteristics that realistically reflect the
range of application constraints most likely to be encountered.

It is neither cost or performance effective to develop train systems
with performance characteristics that exceed the requirements of

all potential applications. The value of these performance analy-
ses, therefore, lies in the establishment of minimum constraints
most likely to be encountered in potential train applications and
of the impact these constraints have on desired performance char-
acteristics, The performance analyses then constitute a vital

input to the development of policies for guiding R§D investment
decisions.

2.5.2 Application of Velocity Ratio Criterion

The VR criterion discussed in the previous section will be
applied to several typical application constraints to establish
their impact on desired train design cruise speed characteristics.

2.5.2.1 Station Operations: Spacing, Dwell and Acceleration

Rates - The relationships between maximum design cruise speed and
station spacing for various dwell times and acceleration rates as
determined by the 62.5 percent VR criterion are described in
Figures 2-33 and 2-34. For a typical dwell time of 180 seconds
and acceleration rates of 0.1g (no curves assumed), the minimum
station spacing tolerable in permitting effective use of design
cruise speeds of 300, 200 and 100 mph are 33, 16, 7 miles respec-
tively.

From the two figures it can be seen that attempting to utilize
higher design cruise speeds for a given application is a function
of diminishing returns; i.e., effective use of higher cruise speeds
requires disproportionately greater station spacings. Similarly,
increasing acceleration rates yields diminishing benefits. The
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improvement in effective design cruise speed for a given station
spacing resulting from an increase in acceleration rate from 0.5g
to .lg is greater than the increase from .lg to .15g. Neverthe-
less, changes in station dwell time and acceleration rate can
produce relatively significant impacts on cruise speed performance
particularly for higher speed systems. An increase in dwell time
from 0 to 180 seconds decreases the permissible design cruise
speed from 300 to 220 mph for a 17-mile station spacing. A de-
crease in acceleration rate from .15g to .05g decreases the per-
missible design cruise speed 300 to 210 mph at a station spacing
of 27 miles.

2.5.2.2 Curve Operations: Spacings, Speed and Acceleration

Rates - The impact of curve operations on train design cruise
speed are shown in Figures 2-35 and 2-36 in a manner similar to
that for station operations in the previous section. It can be
noted from the figures, that for the same spacing, the impact of
curves (curve speed and acceleration rates) on design cruise speed
is less than for stations. This results because curves do not
require trains to perform a complete stop as with stations. Simi-
larly, the effect of curves on performance becomes less as the
curve speed is increased. As will become evident, however, in the
applications section of this report (Section 4), curve operations
for actual applications represent more severe constraints on per-
formance than stations because their spacing is typically much

less.

2.5.2.3 Station and Curve Combinations - In the previous two sec-

tions, the effect of stations and curves acting individually on
train design cruise speed were discussed., In actual applications,
these two constraints will act together to produce cumulative
effects on performance. Figures 2-37 and 2-38, and 2-39 show the
relationships between design cruise speed and various combinations
of station spacings (25, 50 and 100 miles) and curve operations
(curve spacing and speed). The combined effect of these two con-
straints on performance is much greater than either acting indi-
vidually. For example, stations (180 second dwell) and 60 mph
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curve at a spacing of 25 miles, permit effective cruise speeds of
260 mph and 330 mph respectively when encountered individually.

When these two constraints arec encountered together under the same
conditions, this permits an effective design cruise speed of only

175 mph.

The results of determining maximum effective cruise speeds
for various combinations of station and curve conditions are sum-
marized in Table 2-10. For several cases of high cruise speeds and
close spacings of constraints, it can be seen that the applications
are ineffective. Based upon these results for idealized site in-
dependent conditions, it is possible to draw general conclusions
regarding the application effectiveness of trains with various
design cruise speeds. For trains with cruise speeds under 100
mph, applications are virtually unlimited. Trains with 200 mph
cruise speeds will be ineffective only in applications where the
station spacing will be less than 50 miles. This does not appear
to be too severe a restriction for intercity applications. For
trains with cruise speeds in the 300 mph range, however, effective
applications will be extremely difficult to find. Even if station
spacings are 100 miles (maximum realistic spacing for intercity
applications) a 300 mph system can tolerate only 3.4 curves of 60
mph between stations. The occurrence of natural geographical
obstacles and urban areas along a given route necessitating curves
and slow orders will greatly reduce (if not complete exclude) the

number of effective 300 mph train applications.

2.5.3 Limits of Capacity Performance

The analyses of average velocity performance above indicated
a strong relationship between train design cruise speed and the
effectiveness of train applications as measured by average velocity
and the velocity ratio criterion. Analyses of system capacity,
however, show that over large ranges of speed there is essentially
no relationship between capacity and design cruise speed (see
Figures 2-16, 2-17, 2-18, and 2-19). Establishing optimum, best
or effective limits to design cruise speed as measured by system

capacity is therefore a relatively simple task.
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TABLE 2-1

0. SUMMARY OF RESULTS

MINIMUM CURVE SPACING TO PERMIT DESIGN

SPEEDS OF 100,

CRUISE

200, 300 MPH FOR VARIOUS COM-

BINATIONS OF STATION SPACINGS AND CURVE SPEEDS,

62.5% VR
DESIGN STATION SPACING, MT
CRUISE 25 50 100
SPEED CURVE SPEED CURVE SPEED CURVE SPEED
60 150 240 60 150 240 60 150 240
300 X X 0 X 45 10 29 11 0
200 X 62.5 0 14 0 0 ]8.5 0 0
100 1.5 0 0 1 0 0 0 0 0

X - Station and curve spacing are too close to permit effective
application.

As can be seen from PFigures 2-16 to 2-19, for a given train
length and dwell time, system capacity remains constant at a maxi-
mum value between upper and lower cruise speed limits. Particular-
1y for typical values of dwell time (greater than 30 seconds),
the range of cruise speeds over which capacity is maximum and con-
stant covers almost all values of interest (20 mph to over 300
mph). Furthermore, as discussed previcusly in Section 2.3.4,
stations will virtually always dictate system capacity vis-a-vis
It can be concluded, therefore, that due to the effect of

station operations there is no effective limit to design cruise

curves,

speed within the range of 30 mph to 300 mph for train lengths less
than 1000 ft and dwell times greater than 15 seconds. This con-
clusion is somewhat contrary to that which would be arrived at by
the safe

Such condi-

only a cursory analysis of capacity limits based on
stopping distance for mainline operating conditions.
tions are represented by the outer envelopes of the capacity curves
in Figures 2-27 and 2-28 and suggest the conclusion that a distinct
maximum capacity does occur as a function of cruise speed in the
vicinity of 100 mph. Such a conclusion is too simplistic, however,
in that it ignores the effects of station operations which tend to

make the issue of capacity versus cruise speed a moot point.
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The range of conditions {(cruise speed, dwell time and train
length) over which system capacity is independent of cruise speed
is summarized in Figure 2-40. For a given train length and sta-
tion dwell time, capacity is constant (and at a maximum) for all
cruise speeds between the lower and upper limits specified in the
figure. Any cruise speed above or below the upper or lower limits
respectively will require a reduction in system capacity.

A cruise speed below the lower limit corresponds to a speed
less than Vecrit discussed in Section 2.3.2 and described in Figure
2-20a. Under such conditions, the train cruise speed is so low
relative to it's length that an excessively long time is required
for the train to clear the station. Alternately expressed, the
train length compcnent of the safe headway time (TL in Figure 2-15)
becomes the dominant factor. Exceeding the upper cruise speed
limit in Figure 2-40 corresponds to the situation described in
Figure 2-20b where for small dwell times and high cruise speeds,
the minimum safe following distance is controlled by the emergency
stopping distance. Again this condition can be described in terms
of Pigure 2-15 as representative of the situation where the emer-
gency stopping time (Te) becomes the dominant component of the

minimum safe headway (Hm).
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3. DEMAND ANALYSES

3.1 BACKGROUND

In the previous section, the physical performances of intercity
ground passenger systems were analyzed on the basis of average
velocity and capacity. This section describes an additional means
of evaluating the physical performance of train systems; namely,
determining the demand for service that results, in part, from the
systems average velocity and capacity characteristics. Because
the demand for service, in absolute terms and relative to competing
modes, more nearly reflects the systems viability in realistic

terms, this is perhaps the best measure of its physical performance.

This section of the report will describe, in general terms,
development of the techniques and methods used for performing the
demand analyses. The demand analysis basically involved the de-
velopment cof a total trip model (for determining total intercity
trips), the survey and selection of a mode split model (for de-
termining modal shares), the acquisition of socio-economic data
(for calibration and use of the models) and use of the models for
determining demand as a function of the level of service offered.
Results obtained from using the techniques described in this sec-
tion for specific train applications are presented in Section 4.

3.2 GENERAL DESCRIPTION OF DEMAND ANALYSES

3.2.1 Demand Models, Data Acquisition § Review of Corridors

The purpose of this study phase was to develop techniques and
acquire data for analyzing the effects of changes in train and
application characteristics on demand as measured by mode split
(percent share of market) and mode volume (total riders per mode).
To determine mode split as a function of train and application
characteristics, a demand model was selected which quantified the
relationship between percent ridership on competing modes and their
level of service as measured by cost, frequency (trips per day)
and trip time, Mode volume is determined by multiplying the total

99



intercity travel for all modes, computed by a total trip model,
times the mode splits. The total trip model computes total travel
on the basis of socio-economic attractions between city pairs and

their distance apart,

The use of these two models (mode split and total trip) by
themselves can produce results on travel behavior for improved
train service between city pairs by assuming values for the train's
performance (cost, frequency and trip time). This information is
not too meaningful, however, unless it is coupled with the actual
performance which can be achieved by trains operating between the
city pairs. For this reason, the demand models are used in con-
junction with the supply models, which compute actual performance,
as described in Figure 3-1. The demand models receive actual
performance data of trip time, design capacity and design frequency
from the supply models for a given train application. This per-
formance data, when combined with demand models, produces results
in terms of modal splits and volume, load factor and feasibility
of assumed frequency. The load factor is the ratio of actual
capacity to design capacity and permits an assessment of whether
the actual system's capacity is sufficient to carry the anticipated
demand; i.e.,, a load factor greater than 1.0 is unfeasible (assum-
ing no standees). Similarly, the feasibility of frequency assumed
for the demand model can be determined by comparing it with the
design frequency limit (minimum headway) output of the supply
model. As can be seen from Figure 3-1, the level of service
variable, cost, must be chosen as an exogenous policy input to the
demand model since the supply model does not consider economic

performance.

The development, calibration and use of the demand models
required the acquisition of socio-economic data. The total trip
model was derived and calibrated on the basis of the 1972 National

7 This survey provided travel volume data for

Travel Survey data.
auto, air, rail and bus modes between most major city pairs in the
United States. Other 1972 population and employment data was also
used to calibrate the total trip model. Similarly, the mode split

model was calibrated against the same 1972 transportation survey
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data together with specific information on modal characteristics
for the same year taken from a variety of sources. With the demand
models calibrated against known travel behavier in 1972, they were
then used to predict total and modal travel characteristics for

the year 1974 for various train and application conditions. The
year 1974 was chosen as the baseline year as this was the last year
for which accurate socio-economic and modal characteristic data was
avaliable. Although the demand modeling method developed has the
capability to predict future travel behavior, such analyses were
not performed as they were beyond the scope of the project. The
primary objective of the study was to analyze travel behavior as a
function of changes in train and application characteristics under

present conditions.

In conjunction with the development of demand models, a review
of potential intercity corridors for improved train passenger
service was performed to determine their general characteristics
and to select certain corridors for more detailed analysis. The
results of this review are presented in Table 3-1 which lists all
corridors generally recognized as candidates for improved service.
(For example, see High Speed Ground Alternatives Study, Reference
1.) For purposes of demonstrating use of the demand and perform-
ance analysis techniques for specific corridors, three corridors
were selected from the list; Northeast Corridor, Chicago-Toledo-
Detroit Corridor and the San Fransico-Sacramento Corridor, which
are representative of the range of values found across the spectrum

of applications in Table 3-1.

3.2.2 Demand Analysis Methodology

A general description of the demand analysis process encom-
passing the development, calibration and use of the two demand
models and the intreduction of major data sources is provided in
Figure 3-2. For a given city pair being investigated, the total
trip model, together with socio-economic data for the cities, pro-
vides the total intercity person trips. The mode split model with
data on rail and competing mode characteristics produces the
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TABLE 3-1. CANDIDATE CORRIDORS FOR IMPROVED PASSENGER
TRAIN SERVICE

»
1972 197&
DISTANCE TOTAL
HNON-FARM ESTIMATED % WHITE FROM PREVIOUS CORRIDOR
SMSA SMSA COLLAR EMPLOYMENT CITY (AIR LINE | LENGTH
EMPLOYMENT | POPULATION | {SERVICES & GOVERNMENT MILES) (AIR LINE
(MILLIONS) | (MTLLIONS} | & FINANCIAL, INSURANCE, MILES)
REAL ESTATE
-
1. NEW YORK CLTY 4.684 11.570 48.6
PHILADELPHIA 1.787 4R34 39.8 95
BALTIMORE .818 2.131 43.6 91
WASHINCTON D.C. 1.239 NI €5.8 30 il%
2. BOSTOM 1.7281 3.421 46.6
PROVIDENCE . 369 .875 34.3 44
NEW HAVEN . 160 .758 41.3 8z
NEW YORK CITY 4,684 11.57¢ 4B.6 62 188
3. NEW YORX CITY 4,684 11.570 48.6
ALBANY .287 794 47.8 136
SYRACUSE -232 L6544 41.4 119
ROCHESTER 348 970 34.4 79
BUFFALO V484 1.332 37.5 55 389
4. LOS ANCELES 2.907 6.944 40.6
SANTA ANA 1.587 35
5AN DIEGO 419 1.501 5.8 76 111
5. CHICAGO 2,933 7.083 36.6
MILWAUKEE L575 1.439 35.4 82
MADISON L1286 .307 56.9 T4 158
6., PITTSBURGH 861 2.380 36.6
AKRGN L 249 £86 33.4 70
CLEVELAND 839 2.032 85.9 4G
TCGLEDD 1249 .788 34.6 87
DETROIT 1,477 4.469 34.6 47 244
7. DETROIT 1.477 4.469 3.5
TOLEDO 249 .788 4.6 47
hal GCHICAGO 2.935 7.089 36.6 214 261
8. WASHINGTON D.C. 1.239 3.070 65.8
RICHMOND .250 .559 43.9 1an
NORFOLK .210 L7136 51.0 75 175
9. S.F, - QAKLAND 1.258 3.155 48.5
SAN JOSE J&O3 1.15¢ 40.6 3¢
- FRESNG .129 438 47.9 129
LOS ANGELES 2.%907 6.944 40.6 209 368
10. HARTFORD .318 943 45.3
NEW YORR CITY 4.684 11.570 458.6 106 106
11. LOS ANGELES 2.907 6.944 40,86
LAS VEGAS .120 .310 51.4 236 236
12, CHICAGD 2.935 7,089 36.6
SPRINCFTELD 071 .171 54.% 174
ST. LOUIS 681 2.382 7.8 84 258
13. CLEVELAND .839 2.032 35.9
COLUMBUS L5603 1.970 45.5 112
DAYTON L3284 .863 37.7 7L
CINCINATTI .511 1.400 36.3 43 246
14, 5AN FRANCISCO 1.258 3.155 485
SACRAMENTO 2,830 8BS 59.2 85 86
15. RALEICH-DURHAM 2100 L455 54.2
GREENBURO V275 -757 29.5 55
CHARLOTTE -150 .38¢% 34.0 65
ATLANTA .655 1.732 39.0 300 420
16. JACKSONVILLE L2013 671 43.9
ORLANDO .185 .72 43.4 144
WEST PALM BEACH .125 L4086 43,9 142
- MIAMI .556 1.418 41.6 62 348
17. PHILADELPHTA 1.797 4.8% 19.8
HARRISBURG .190 xS 46.9 84
PITTSBURCH .861 2.380 36,6 i85 269
18. SEATTLE 502 1.3%4 44,2
TACOMA 107 04 49.4 28
PORTLAND L406 1.07¢ 41.2 124 157
- :
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Figure 3-2.

Demand Analysis Process
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percent share of the travel market for each mode. The total trip
and mode split results are then combined to produce total volume

per mode.

For purposes of analyzing improved train service, the mode
split model calibration for the rail mode was used. A frequency
of service (typically 14 trips per day) and fare level (typically
0.75, 1.0 and 1.25 times the air fare for the same trip) were then

v assumed. Trip time for the train mode was considered a variable
and iterated by assuming average train velocities in increments of
20 mph for each run of the model from 0 to 300 mph. Thus, for
assumed values of train frequency and fare, plots of mode split
{and volume) versus train average velocity were produced as the
typical output of the demand analysis. Examples of such outputs
are provided in Figures 3-3 and 3-4 for the Northeast Corridor.
Figure 3-3 describes the train mode split relative to competing
modes while Figure 3-4 indicates how the train mode split varies
for different fare levels.

To provide more meaningful results the demand analysis outputs
were combined with the performance analysis outputs {(described in
Section 2) to yield results relating train modal volume (demand)
to changes in train characteristics (usually design cruise speed)
for a given set of application conditions (station operations,
route alignment, etc.). The process of combining the demand and
performance analyses is described in Figure 3-5 and simply in-
volves a transformation of mode split versus average velocity to
mode split versus design cruise speed through the performance
measure, average velocity, common to the outpufs of both models.
Results in this form permit an evaluation of the most effective
combination of train and application characteristics based on the
demand for service which results from the train"s performance.
Preliminary analyses of train effectiveness for specific applica="
tions, as measured by demand, are presented in Section 4 of this

. report.

3.3 DEVELOPMENT AND USE OF TOTAL TRIP MODEL

. 3.3.1 Development of Model
As discussed above, the total trip model was used to determine

the total number of person trips between a given city pair. The
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output of this model was combined with the demand model to produce
modal volumes and the supply model to produce load factors for a
given train application. The total trip model was derived by re-
gression analysis of the 1972 transportation survey data for 109
city pairs located less than 500 miles apart (the assumed maximum

distance for improved train service applications).

The general form assumed for the total trip model was that of

a gravity model:

T =@ (AiAj)b (e) Dij (3.3-1)
where
Tij = total number of person trips between cities i
and j
Al and Aj = attractive forces of cities 1 and j
Dij = travel impedance between cities i and j.

Several attraction variables were investigated (population and in-
come) before finally selecting total SMSA non-farm employment and
percent SMSA white collar employment as the best variables. The
impedance variable chosen was airline distance between the city
pairs. The logarithmic form of the total trip model used for the
regression analysis (ordinary least squares) is expressed as:

log Tij = By + B,log (Aijl) + Bzlog (Aijz) + B4(Dij) (3.3-2)
where

Aijl = product of city pair's non-farm employment

Aijz = product of city pair's % white collar employment

Dij = airline distance between city pairs.

The values of the coefficients and other statistical results of

the regression are listed below.
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Coefficient Value Standard Error T-Statistic
B 3.41 2.032 1.68
B, .35 .064 5.43
BS 1.35 .269 5.03
B4 -.0058 .0005 -10.87

(3]

R% = 0.625, corrected R% = 0.614

3.3.2 Use of Total Trip Model

The total trip model was designed with the intent that it
would be used to predict total travel for city pairs where exist-
ing information was not applicable; i.e., predictions of future
travel or present travel for which data was not available. The
results of using the model for test cases against known travel
patterns (1972 transportation census), summarized in Table 3-2,
caused a revision in the planned use of the model. As can be seen
by the results, the model did not predict travel very accurately,
particularly for non-NEC cities. Since the demand analyses for
this study were going to be hased on the year 1974, it was decided
that the actual observed total trips for 1972 would be a more
accurate and consistent source of data than the travel model pre-
dictions. The total trip model was therefore not used in the
demand analyses except for city pairs involving Baltimore and

Toledo for which existing travel behavior data was not available.

3.4 SELECTION, CHARACTERISTICS AND USE OF THE MODE SPLIT MODEL

3.4,1 Selection of Mode Split Model, CN22

The mode split model determines the modal shares of the trans-
portation market based on the level of service characteristics
trip time, cost, and frequency of service. Because a number of
intercity mode split models have been developed, particularly as a
result of the Northeast Corridor Project, it was decided to select
an existing model for this study. A survey and evaluation of mode

split models was performed for DOT by Peat, Marwick, Mitchell §
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8
Co. It was primarily on the basis of this study that the selec-

tion of a model was made.

The mode split model selected for this study, labled CN22,
was originally developed for the NEC project. It is classified as
an abstract mode, cross-elasticity ratio model as the mode split
is determined by the ratio of a given mode's service character-
istics to the sum of the service characteristics for all the other
competing modes. The CN22 model is unstratified in that it does
not differentiate between trip types such as work and non-work

trips.

The general form of the model is given as:

5, = ' (3.4-1)

W, = ag t?1 ¢z £33

£1 = (1 - e Kb

where

§; = mode split of given mode

¢ = total average one-way door-to-door travel price in dollars
= total average one-way door-to-door travel time
= average numbr of one-way trips in one direction

calibrated coefficients:

ao ay a2 a3 k
air 1.01 -2.23% -1.11 0.53 0.12
rail 1.46 -2.23 -1.11 1.05 0.12
bus 0.83 -2.23 -1.11 0.05 0.12
automobile 1.0 -2.32 -1.16 0 0

The CN22 model was chosen from among eight models developed
for the Northeast Corridor Project because of its relatively high
rating based upon criteria established in the PMM Report, The
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CN22, with calibrated coefficients listed above, proved to be the
most consistent of the unstratified models. On the basis of the
root mean square error of modal trip estimates for non-NEC city
pairs it is the best overall model. With the model specifically
calibrated for the Northeast Corridor, CN22Z ranked second only to
CN27 {not used because it required stratified data) based on the
root mean square error of estimated trips for each mode. Since
the CN22Z was the most accurate unstratified model for general

applications it was the obvious choice for this study.

3.4.2 Characteristics of Mode Split Model

The fundamental characteristics of a mode split model are
measured by its self and cross-elasticities. Elasticities are
defined as the percent change in mode split for a one percent
change in a level of service characteristic, Self-elasticities
measure changes in a mode's modal split as a function of it's own
characteristics versus changes in other mode's characteristics
measured by the cross-elasticity. Of immediate concern to this
study are the self-elasticities of the rail mode to rail service
characteristics, as these will indicate the relative impact on
demand of changing rail trip time, cost and frequency. The rail

self-elasticity formulas are expressed below as:

Er - rt = ay (1 - Sr) {3.4-2)

Er - rc = a, (1 - S.) (3.4-3)
ag f k e-ks

Er - rf = T:‘:T (1 - Sr) (3.4‘4)

where: Er - rt, Er - rc and Er - rf = the rail elasticities to

rail time, cost and frequency respectively.

ap, a,, and az = the service characteristic coefficients
in the mode split equation (3.4-1)

Sr = the rail mode split
f = frequency of service, trips per day
k = constant, 0.12 for rail
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Two critical conclusions can be drawn by observation of the

elasticity equations:

1. For a given market share, Sr’ changes in trip time will
have about twice (2.23/1.11) the impact on demand as cost. This
implies that more emphasis should be placed on improving the
physical performance of train systems (trip time) rather than the
cost of service. Alternately stated, if a one percent decrease
in trip time can be achieved within a cost increase of less than
two percent it will produce a net gain in demand and revenues.

The elasticities for frequency can be seen to vary as a function
of frequency itself. When the frequencies are small the function
is relatively elastic but as the frequencies increase the function
becomes less sensitive to changes in frequency. This has intui-
tive appeal as increasing trips per day beyond some minimum satis-
factory level can be seen to have little additional benefit. The
elasticity functions for time, cost and frequency are all plotted
as a function of mode split in Figure 3-6. All elasticities de-
crease linearly with mode split to a zero value when Sr is equal
to 1.0. For typical values of frequency, between 5 and 15 trips
per day, the order of significance of the elasticities is time,

cost and frequency.

2, As can be seen from the elasticity equations and the
elasticity plots (Figure 3-6) the elasticities vary inversely with
the mode split. This also has intuitive appeal since it would
seem reasonable that for a given change in a mode's service char-
acteristics its impact on demand would be greater if it had a
smaller share of the market. In another context, of a mode has a
very large share of the market it is obvious that it can't keep
attracting equal percentages of demand for a2 given gain in service
simply because there is a dwindling, market to win over; i.e., the
elasticity must go to zero as the mode split approaches 100 per-
cent.

The concept of a diminishing elasticity with mode split has a
significant implication for this study as regards the benefits to
be gained by increasing service, particularly speed. This concept
means that increasing the average velocity becomes subject to
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diminishing returns when measured by demand. It can be expected,
therefore, that the mode split versus average velocity curves will
have a decreasing slope (cost and frequency being constant)} as 1is
verified in Figure 3-6, It was demonstrated in Section 2 of this
report that the conversion of design cruise speed into average
velocity is also a function of decreasing benefits. Plots of mode
split versus design cruise speed will therefore indicate the com-
bined negative effects of two functions which diminish with speed;
the conversion of design cruise speed to average velocity and
average velocity to demand. This conclusion is verified by in-
spection of the mode split versus average velocity and design
cruise speed curves in Section 4 which show the design cruise speed

plots to always have smaller slopes.

3.4.3 Use of the Mode Split Model

The CNZ22 mode split model (equation 3.4-1) has been calibrated
for four different modes: rail, air, bus, and auto. The demand
analyses in this study were based on use of the model calibration
for the rail mode for all forms of improved train passenger service.
Use of the model in this manner, however, raises the theoretical
problem as to its validity for predicting ridership on a mode which
has, in some cases, significantly different levels of service form
the mode it was originally calibrated for. Surely, a train mode
which has cruise speeds in the range of 200 to 300 mph is viewed
as a distinctly different form of transportation than conventional
train systems. Yet the demand model "sees" the new high speed
system only in terms of it's reduced travel time and predicts
ridership accordingly. The issue is raised here only to suggest
that it is a theoretical limitation of the demand strategy used in
this study. Appropriate methods to compensate for the wide varia-
tion in service attributes for the same generic mode should be a

subject for additional research.

Another problem encountered in the use of the mode split model
is the calibration of the coefficient a, in the model, equation
3.4-1. As can be seen from the model equation, the constant a,
does not actually affect the models characteristics in terms of
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determining relative mode splits; i.e., it does not affect the
model elasticities. The coefficient's primary function is to
permit calibration of the model to reproduce base year conditions.
Any deviation from base conditions such as changes in modal ser-
vice characteristics are handled by the other coefficients.

This method of calibrating the model to fit base year condi-
tions without affecting its elasticity characteristics is referred
to as the "pivot point"” technique and was generally used in this
study where possible. As mentioned previocusly, however, actual
modal volumes for city pairs involving Baltimore and Toledo were
not known; hence, the pivot point technique could not be used.

For Toledo, the calibrated a_ obtained for Chicago-Detroit was

used. For Baltimore, the orgginal calibrated values found in the
PMM report were used, as these values were designed to be generally
applicable. In the case of the San Francisco-Sacramento city pair,
the existing travel data for rail indicated rather paradoxical
patterns (relatively high volume but very poor service) and led to
erroneous calibrations (unrealistically large ao‘s). For these
city pairs the original PMM values were also used. A summary of
the calibrated ao's for the various city pairs investigated is
presented in Table 3-3. It should also be mentioned that the
calibration of a, did not have a particularly significant impact on
the study results since the analysis was more concerned with rela-

tive changes in demand rather than absolute values.
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4,  PRELIMINARY APPLICATIONS OF ANALYSIS TECHNIQUES

4.1 GENERAL DESCRIPTION OF APPROACH

The supply and demand analysis techniques developed in Sec-
tions 2 and 3 of this report were applied to several potential
applications for improved train service. The specific corridors
investigated were the Northeast (NEC), Chicago-Toledo-Detroit
(C-D), and San Francisco-Sacremento (SF-S). These corridors
represent a range of applications in terms of length (456, 300 and
89 miles respectively) and present travel behavior. The analyses

of these corridors were preliminary for the following reasons:

a) Existing or potential route alignment data were known
for only the NEC application. For the C-D and SF-S cor-
ridors, various ideal alignments had to be assumed to

permit parametric analyses.

b) Present travel by rail in the Chicago-Detroit and SF-
Sacremento corridors is so low that calibration of the
demand meodel for improved train service was difficult and
most likely inaccurate. (See discussion on calibration,

Section 3).

c) Detailed analyses of various operational strategies were
not performed, All stations were assumed to be on-line
with a 180-second dwell time. Independent operations of
passenger and freight service were asSsumed,

Despite the preliminary nature of the analyses, the primary
objective of this study phase was accomplished; the demonstration
of the supply and demand analysis techniques for use in determining
the best combination of train and application characteristics based

on performance measures and criteria,

The following description of the analysis approach is arranged
in order of supply, demand and combincd studies. The supply and
demand analyses utilize the techniques developed in Sections 2 and
5 of this report respectively applied to actual situations. The
results of these two sections are based on considerations of supply

119



and demand performance criteria individually and not as an inter-
active process (the demand analysis ignores the effects of appli-
cation characteristics on supply performance and vice versa). The
combined analyses integrate the two techniques to indicate how
demand varies as a function of supply performance for given set of

application characteristics.

4.2 SUPPLY PERFORMANCE ANALYSES

The purpose of this analysis phase was to establish maximum
effective train-performance characteristics (design cruise speed)
permitted for specific application conditions based upon the aver-
age velocity and capacity measures and criteria described in Sec-
tion 2 of this report.

4.2.1 Analysis of Route Alignments

4,2,1,1 Northeast Corridor - As a necessary prerequisite to the

supply analyses, detailed information on the existing passenger
rail route alignment for the Boston to Washington corridor was

9 These
reports identified every curve, its length and degree of curvature,

acquired from reports on the Northeast Corridor Project.

on the Boston to Washington route. No information was provided on
the superelevation of these curves however. The approach used in
the supply analysis for the NEC was to take the existing route
alignment and indicate how improvements to it would change the
performance requirements of train systems operating over it. All
improvements were made by either increasing the superelevation of
curves or by removing curves. It was assumed that vertical curves

and grades were not velocity impediments to passenger trains,

The velocity model (Section 2.1.2) requires curve data in form
of two one-dimensional arrays which describe, for each curve speed,
the number of times the curve repeats itself per route mile and its
average length. Use of the velocity model for calculation of NEC
average velocities as a function of route alignment required the
conversion of the Klauder9 data into curve speeds (stratified into

nine speed ranges)}, the number of curves per speed range and their
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average lengths. Since the Klauder9 reports specified only the

curve length and degree of curvature, the following assumptions

were made regarding superelevations, transitions and lateral ac-

celerations in order to convert the data into the required format:

a)

b)

d)

The

The existing route alignment was assumed to have a super-
elevation on all curves of 6°5'. This is the maximum
superelevation generally permitted by current railroad
standards and tends to represent a significant improve-
ment over the existing alignment.

All further improvements over the existing alignments
were assumed to have an effective superelevation of 10°.
This is well within the capabilities of improved train
systems, particularly TLV's and cars with tilt bodies.
The practical limit on superelevation for passenger ser-
vice appears to be dictated more by human factors than
technical considerations because of problems associated
with stopping on curves. The DOT/FRA PTACY and TLRV test
tracks at DOT/TTC have superelevations of 10° and 13°
respectively.

The curve transition sections (tangent to full radius and
level to full superelevation) were assumed to be included
within the curve lengths specified in the Klauder9 data.

The maximum permissible lateral accelerations for passen-
gers on curves was assumed to be .08g's.

lateral acceleration of a system negotiating a curve of

specified radius and superelevation is described as:

Where

<
il

w
]

- V' cos 8 . _
Al = =7 3R sin 6 (4.2-1)

system velocity through the curve, fps.

curve radius, ft.
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8 = superelevation (or superelevation plus tilt of body for
tilting cars), degrees

The relationship between curve radius and degree curvature is

defined as:

= 50 .
R = st 11770y (4.2-2)
where
D = degree of curvature, degrees
R = radius of curvature, ft.

Combining equations 4.2-1 and 2 yields the following expressions
for curve speed as a function of superelevation and degree of

curve:

. 1/2
11610 (Al - 8)
V= [COS e(sin (i}g D)} _ (4.2-3)

This function was used in the reduction of the Klauder9 data to
determine the number of curves that fell within the ten 30 mph
speed intervals between 0 and 300 mph. The data was reduced for
three different superelevations {6°5', 10° and 15°)}. The results

of the data reduction process are described in Tables 4-1 and 4-2,

The route alignments for the two sections of the NEC are
quite different as described by the tables and Figures 4-1 and
4-2. The curve speed distribution plots of Figures 4-1 and 4-2
indicate that the Boston-NY section has a much greater density of
low-speed curves (mean curve speed, 98 mph) than the NY-Washington
section (mean curve speed, 162 mph} which is skewed more to the
right. The overall curve densities for each section are similar
however (1.0 curves/mile vs. 0.8 curves/mile, Boston-NY, NY-
Washington respectively) As discussed in Section 2.2.7, it can
generally be expected that the higher curve speed distribution of
the NY-Washington section will permit a greater level system per-
formance. This observation is verified in Figure 4-3 which indi-

cates that the NY-Washington section permits a design cruise speed
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of 183 mph versus 135 mph for the Boston-NY section using 62.5
percent velocity ration performance criteria (10° superelevation

on curvesj.

It is shown in Tables 4-1 and 4-2, that a change in superele-
vation will produce significant effects on the curve speed distri-
bution and, thus, system performance. Increasing the superecleva-
tion from 6°5' to 15° decreases the number of curves in the 0-80
mph range from 128 to 20 (Boston-NY) and 21 to 10 (NY-Washington)
and increases the mean curve speed from 83 to 118 mph and 138 to
186 mph for the Boston-NY and NY-Washington sections respectively.
The impact of this change on system performance is shown on Table
4-3 where maximum effective design cruise speed (as determined by
the 62.5 percent VR criteria) is listed for various supereleva-
tions. An increase in design cruise speed of 32 mph (Boston-NY)
and 38 mph (NY-Washington) is permitted by upgrading the super-
elevation from 6°5' to 15°.

TABLE 4-3. EFFECTS OF CHANGES IN SUPERELEVATION#*

BOSTON-NY NY-WASHINGTON
SUPERELEVATION, MEAN CURVE DESIGN MEAN DESIGN
DEG. SPEED, mph |CRUISE SPEED, | CURVE |CRUISE SPEED
62.5% VR SPEED 62.5% VR
6°-5’ 83 120 138 172
10° 98 140 162 183
15° 118 152 186 210

*

Stations - Bos-Prov-NH-NY-Phil-Balt-DC
Dwell Time - 180 seconds

Acceleration and Braking Rates - 0.lg

4.2.1.2 Chicago-Detroit and San Francisco-Sacramento Corridors -

Because existing route alignment data for these two corridors was
not available, an approach different from the NEC analysis was
used to accomplish the same objective (to establish the route
characteristics required for effective utilization of trains with
various levels of performance). For these two corridors hypothet-

ical route alignments were chosen and tested to establish train
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performance levels. To simplify the analyses, aggregated curve
speed distributions consisting of three representative speed
ranges (60, 150 and 240 mph) were chosen. Various combinations of
these curves were then studied to determine the maximum number of
individual curves and combinations of curves which could be toler-

ated in achieving certain train performance levels.,

4.2.2 Average Velocity Performance Versus Route Aligmment

4.2.2.1 Northeast Corridor - Becéuse of the noticeable difference

in route alignment characteristics between the Boston-NY and NY-
Washington sections, they were analyzed separately and together as
one route. It was assumed that each section had two intermediate
stops (180-second dwell) creating two very similar corridors ex-
cluding route alignment. In actual practice, it is likely that
more intermediate stops would be emploved thus producing somewhat
lower levels of performance than predicted in this study. To
simplify the analysis and isolate the effects of curve alignment
(degree of curvature) on train performance, it was assumed that
the existing curves all had superelevations of 10°. Actually this
represents an improvement over the existing situation (approxi-
mately 6° maximum on curves) as described in Table 4-3. The
"existing'" alignment was then upgraded in various stages by re-
moving all curves below certain speeds and the improvement in train
performance, resulting from the deletion of curves, measured. Al-
though this approach provides a simplified means of demonstrating
use of the supply model for determining the extent of alignment
improvement necessary for achieving certain train performance
levels, it is not necessarily representative of the improvement
strategy that would be followed in actual practice. Rather than
deleting entirely curves from a route as was done here, most curves
would be upgraded to a higher speed. 1In addition, it is probably
not realistic to assume that all curves would have the same super-
elevation. The net effect of these practical considerations is
that, certain levels of improvement assumed in this study (partic-
ularly those requiring extensive upgrading) may be extremely dif-
ficult to achieve in reality.
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Plots of the average speeds obtained for various stages of
route improvement are shown in Figures 4-4, 4-5, and 4-6 for the
Boston-NY, NY-Washington and Boston-Washington corridors re-
spectively. For each corridor, the same improvments, in terms of
removing all curves below certain speeds, were made. Because of
the differences in curve speed distributions for the corridors
(see Figures 4-1 and 4-2), however, the number of curves removed
and the performance results obtained by deleting curves according
to speed range varies considerably. For example, the existing
alignment of the NY-Washington corridor has the highest average
velocity because of its greater density of high speed curves. For
the same improvement of removing all curves below 150 mph, however,
the best level of performance is provided in the Boston-NY corridor
because of its greater density of low speed curves and the result-
ing larger number of curves actually removed (213 versus 87 for
Boston-NY and NY-Washington respectively).

Using the average velocity-cruise speed plots and the 62.5
percent velocity ratio criteria, it is possible to establish rela-
tionships between train design cruise speed and the number of
curves which must be removed from the NEC to permit effective
utilization of the train. This relationship is shown in Figure
4-7. In comparing the two subsections of the NEC, it can be seen
that, for the same number of curves removed, the NY-Washington
section permits a greater level of performance because of its high
curve-speed distribution. When all curves are removed from the
route, the same level of performance is achieved for all three
routes because of their almost identical station densities. The
figure also indicates that a design cruise speed of 150 mph can
be effectively employed on the NEC without the removal of any
curves. It should be reemphasized that this level of performance
is theoretically possible only because of the assumed 10° super-

“ elevation for all curves and the few intermediate stops. The
existing curves typically have a superelevation of less than 6°
and existing trains stop at more intermediate stations. A summary
of the number of curves which must be removed to permit effective
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use of train design cruise speeds of 100, 200 and 300 mph for the
NEC sections is presented in Table 4-4.

TABLE 4-4. NUMBER OF CURVES REMOVED TO PERMIT EFFECTIVE
UTILIZATION OF DESIGN CRUISE SPEEDS*
DESIGN NUMBER OF CURVES
’ CRUISE REMOVED
SPEED
BOS-NY NY-DC BOS-DC

300 MPH 195 105 315
200 MPH 110 15 150
100 MPH 0 0 0

*
10° Superelevation

4.,2.2.2

For these two corridors, hypothetical route alignments were assumed

San Francisco-Sacramento and Chicago-Detroit Corridors -

as actual data on potential train routes was not available. The

. analysis strategy used was to assume a series (six cases) of route
alignments which represented a broad range of curve speed distri-
butions from all low speed curves to all high speed curves. The

“ six curve-speed distribution cases are summarized in Table 4-5.
TABLE 4-5, SUMMARY OF CURVE-SPEED DISTRIBUTION CASES

CASE PERCENT OF CURVES IN EACH SPEED RANGE

60 mph 150 mph 240 mph

1 100% 0% 0%
TI 50% 50% 0%
III 33% 33% 33%
v 0% 100% 0%
Vv 0% 50% 50%
¢ VI 0% 0% 1003

The analysis results are presented in Figures 4-8 and 4-9 in
- the form of plots of maximum effective train design cruise speed
versus curve density (number of curves per 100 route miles) for
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the six curve speed distributions investigated. For a given curve
density, curve speed distribution Cases I through VI represent a
logical sequence of route improvements. For example, the transi-
tion from Case I to Case III at the same curve density means that
one-third of the 60 mph curves are upgraded to 150 mph and another
third to 240 mph, A less realistic improvement sequence of com-
pletely removing curves from the system is represented by moving

to a lower curve density along any one of the case plots; i.e.,

for Case IV a shift from 100 curve/100 miles to 50 curves/100 miles
corresponds to removing half of the 150 mph curves from the system.

Both Figures 4-8 and 4-9 show the performance curves radiating
from a common point on the vertical axis which corresponds to the
effects of stations only (no curves are left in the system). The
Chicago-Detriot corridor has a larger average station spacing than
the San Francisco-Sacramento corridor (150 versus 89 miles) and a
resulting higher design cruise speed 1limit (670 versus 480 mph)
when all curves in the system are removed. For the same reason
(larger station spacing), the performance limits for the Chicago-
Detroit corridor are always greater than the San Francisco-
Sacramento corridor for the same curve conditions. The difference
in performance levels due to station spacing diminishes, however,

as curve densities become greater.

Figures 4-8 and 4-9 permit a cursory comparison of the rela-
tive benefits derived by the two upgrading strategies of deleting
curves versus increasing curve speed. Based upon the observations
in Section 2.2.7, the strategy of removing curves would intuitively
appear to yield greater performance gains than upgrading curves for
the same number of curves affected. The two strategies produce
very similar results, however, when the curve densities and extent
of upgrading are large. For example, upgrading 50 percent of the
60 mph curves to 150 mph at a curve density of 50 curves/100 miles
produces the same results as removing 50 percent of the 60 mph
curves (50 curves/100 miles to 25 curves/100 miles). Only when
curve densities are small {less than 10 curve/100 miles) does the
strategy of removing versus upgrading produce significantly greater
gains in performance. These observatlons can be explained in terms
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of the pervasive detrimental effect that low speed curves have on
train system performance. If an upgrade or removal of curves
still leaves a significant number of low speed curves in the sys-
tem (25/100 miles of 60 mph curves in the example) these remaining
curves will still control system performance. The upgraded curves
(150 mph in the example)} are of sufficiently higher speed than the
system average velocity achieved with 50 percent of the 60 mph
curves removed (105 mph) that they have little or no effect on
system performance. Generalizing, if the upgraded curve speed
significantly exceeds the system average velocity permitted by

the remaining low speed curves acting independently then the two
improvement strategies of upgrading and removal yield approximate-
ly the same results.

A summary of the actual number of curves which can be toler-
ated in the Chicago-Detroit and San Francisco-Sacramento corridors
in effectively utilizing design cruise speeds of 100, 200 and 300
mph for the six curve-speed distributions is shown in Tables 4-6
and 4-7. Virtually any number and combination of curves above 60
mph will permit effective employment of 100 mph trains. The
number of curves which can be tolerated for 200 mph and, in par-
ticular, 300 mph systems appears to represent a severe limitation
in the number of useful applications for these systems. An anal-
ysis of actual route alignments for each specific application, is
necessary, however, before definitive conclusions can be made re-
garding the effectiveness of trains with high design cruise
speeds.

4.3 APPLICATIONS OF DEMAND ANALYSIS TECHNIQUE
4.3.1 Modal Data

The demand analysis models and methods described in Section
3 are applied here to the Northeast, Chicago-Detroit and San
Francisco-Sacramento corridors. The purpose of these applications
is to demonstrate use of the demand models for determining the
impact of changes in service attributes of the train mode on
demand. To use the demand models for this purpose, the service

characteristics of all competing modes {auto, bus and air) had to
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be determined for the baseline year, 1974, in which the demand
estimates were to be made. As discussed in Section 3, modal char-
acteristics for 1972 also had to be acquired for purposes of cal-
ibrating the models. Information on the 1974 data is presented

in summary form here.

The service characteristics quantified by the demand models
are trip time, trip cost and frequency of service. Because the
total trip must be considered in a comprehensive evaluation of
modal performance, the access and egress times and costs are also
included in the service characteristics as well as line haul in-
formation. The 1974 access and egress data acquired for the anal-
ysis by mode and city pair is summarized in Table 4-8., The line-
haul and total (1line haul plus access/egress) service character-
istics are summarized in Table 4-9. The time and cost character-
istics feor the line haul portion of the train mode were not spe-
cified as these were the two primary variables to be investigated

in the demand analyses.

4.3,2 Results of Demand Analyses

The demand analyses were performed by providing the modal
characteristics data summarized above to the demand model for each
city pair. A train fare was chosen as a policy variable and was
set at either 0.75, 1.0 or 1.25 times the air fare. The train
fare was not considered a critical variable as the objective of
the analysis was to investigate the impacts of physical performance
(trip time) on demand, not costs. For a given city pair, train
fare and frequency (set at 14 trips per day) the demand analyses
were iterated for various train trip times resulting from increas-
ing average velocity in 20 mph increments from 20 mph to 300 mph.
The results of the demand analyses were presented in terms of mode
split versus train average velocity plots.

Figures 3-3 (Section 3.2.2), and 4-10 and 4-11 show the mode
splits for all competing modes versus train average velocity for
train fare equal to air fare for the NEC, C-D and SF-SAC corridors.
These plots show how demand for train service varies as a function
of changes in the train's primary service attribute, speed, in-

dependent of application constraints (stations, curves, etc.) The
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TABLE 4-8, 1974 ACCESS/EGRESS DATA

1 2 3 4 5 6

Air Air Train Train | Bus Bus

A/E A/E A/E A/E A/E A/E

Time Cost Time Cost Time Cost
City hours $ hours $ hours
Boston .75 4.79 .55 3.04 .52 2.98
N.Y.C 1.22 5.74 .68 3.33 .80 3.59
Phil. .98 5.21 .45 2.82 .47 2.87
Balt. 1.00 5.25 .45 2.82 .42 2.76
DC 1.07 5.41 .55 3.04 .57 3.09
SF 1.00% 5.25 .64% 3.24 .64%* 3.24
SACR .80% 3.59 .45% 1.60 L45% 1.60
Chi. 1.20%* 5.69 .76% 3.50 .76%* 3.50
Det. 1.40% 6.13 .69% 3,35 L69% 3.35
Tol. 1.10% 4,25 L44% 1.58 L44% 1.58
Column

1 Erom "NEC Highspeed Passenger Service Improvement Pro-
ject" or Based on Formula from PMM's Analysis of inter-
city Modal Split Models (Reference 5) indicated by *.

2 Based on Formula from PMM's Analysis of Intercity Modal
Split Models (Reference 5) (Inflated to November 1974
by 22.2%.)

3 From "NEC Highspeed Passenger Service Improvement
Project" or HSGT Alternatives Study" (Reference 1)
indicated by *,

4 Based on formula from PMM's "Analysis of intercity
Modal Split Models' ({Reference 5). (Inflated to
November.)

5 From "NEC Highspeed Passenger Service Improvement
Project" or based on formula from "HSGT Alternatives
Study'" (Reference 1) indicated by *.

6 Based on Formula from PMM's "Analysis on intercity

Modal Split Models" (Reference 5). (Inflated to
November 1974 by 22.2%.)
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TABLE 4-9. 1974 MODAL CHARACTERISTICS DATA,
LINE HAUL AND TOTAL
1 2 3 4 5 6
Air

Auto Auto Auto |Line-Haul Air Air
City Distance | Time Cost Time Fare |Frequency
Pair miles hours $ hours per day
Boston-NY 216 4.32 7.56 .75 25.00 47
Boston-Phil. 304 6.33% {10.64 1.00 37.00 26
Boston-Balt. 400 8.25*% 114.00 1.15 43.00 10
Boston-DC 437 8.99*% | 15.29 1.13 45.00 30
NY-Phil. 93 1.86 3.25 .50 19.00 21
NY-Balt. 190 3.80 6.65 . 80 28.00 14
NY-DC 229 4.58 8.01 .83 29.00 68
Phil.-Balt. 97 1.94 3.39 .51 12.00 11
Phil.-DC 136 2.72 4,76 .65 24.00 42
Balt.-DC 30 .78 1.36 .46 16.00 20
SF-SACR 89 1.78 5.78% .33 12.08 30
Chi-Tol. 239 5.03% §.36 .86 29.00 7
Chi-Det. 271 5.67% 9.48 .92 30.00 A7
Tol.-Dot 61 1.22 2.13 .38 18.00 5

Columnn

1 Rand McNally Road Atlas.
2 At 50 mph (* indicates 15 minute fuel stop).
3 Based on cost of 3.5¢/passenger mile (with tolls) or

2.42¢/passenger mile (without tolls - indicated by %)
From HSGT Alternative Study (Reference 1) plus 20,8%

inf

From "Official Airline Guide", November

"Official Airline Guide'", November.

lation.

6 From Official Airline Guide, November
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TABLE 4-9. 1974 MODAL CHARACTERISTICS DATA,
LINE HAUL AND TOTAL (Continued)

7 8 g 10 11 12
Train Train Bus Bus .
Line-haul| Freq- Train | Line-Haul | Freq- Bus '
City Time uency Fare Time uency Fare
Pair hours per day $ hours er day $
Boston-NY 14 4.25 66 13.45
Boston-Balt. 14 6.67 63 18.91
Boston-Phil, 14 8.25 42 24,67
Boston-DC 14 8.70 61 26.89
NYC-Phil. ® 14 e 1.72 105 6.35
[ NYC-Balt, = 14 2 3.50 54 12.07
NYC-DC - 14 -g 3.95 85 14.50
Phil.-Balt. 5 14 § 2.17 51 6.60
Phil-DC = 14 2.58 56 8.83
Balt.-DC 14 .92 125 2.95
SF-SACR 14 1.50 30 4.85
Chi-Tol. 14 5.00 20 13.95
Chi.-Det 14 5.33 20 16.40 ‘
Tol.-Det. 14 1.25 55 4.35
Column . _
8 From HSGT Alternatives Study (Reference 1) p. A-16,
10 From "0fficial Bus Guide', November 1974,
11 From "Official Bus Guide', November 1974.
12 From Continental Trailways Tariff,
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TABLE 4-9, 1974 MODAL CHARACTERISTICS DATA,
LINE HAUL AND TOTAL (Continued)

' 13 14 15 16 17 18
Air Air Train Train Bus Bus
Total Total Total Total Total Total
City Time Cost Time Cost Time Cost
Pair hours $ hours $ hours $
.
Boston-NY 2.72 35.44 5.57 20.02
Boston-Phil, 2.73 46.91 7.66 24.76
Boston-Balt. 2.90 52.95 9.19 30.41
Boston-DC 2.95 55.11 9.79 32.96
NY-Phil. 2.70 29.95 2.99 172.81
NY Balt. 3.02 | 38.99 = = 4.72 | 18.42
NY-DC 3.29 40.15 i i 5.32 21.18
Phil.-Balt. 2.49 29.46 E E 3.06 12.23
Phil.-DC 2.70 34.62 3.62 14.79
Balt,-DC 2.53 26.66 1.91 8.80
SF-SACR 2.26 20.92 2.59 9.69
Chi-Tol. 3.16 38.92 6.20 19.03
) Chi-Det 3.52 | 41.82 6.78 | 23.25
Tol-Det 2.88 28.38 2.38 9.28
) Column
13 Access + Line-Haul + Egress.
14 Access + Line-Haul + Egress.
17 Access + Line-Haul + Egress.
18 Access + Line-Haul + Egress.

143




3T0x33(@-08eDTY) “A31ID0T°A
93vaoAy utel] SNSIop 3TTdS O9poW "0T-¢ 2andtg

HdW ‘ALIDOTHA HOVHHAV NIVYL

00¢ 082 09z o0vZ o022 00Z 08T 09T oOv1T o021 001 08 09 ov 0¢

T T I ! ! | | | T 1 | | { !

(sny)

(NIVYL)

AVQ/SdI¥L ¥T = ADNANOHUd NIVML

(d1V) FIVd YIV = Tdvd NIVHL

(ornv)

0t

ST

0¢

S¢

0¢

S¢

ov

S v

0S

QS

‘LITdS Haow

°

N

[

144




01USWBIDES-0DSTOURIL] UBS ‘AJTDO0TSA
s8e1oAy UTeIl snsasp 3TT7dS 9poW “ITI-+ °INITJ

HdW ‘ALIDOTHA HY9WVYHAY NIVYL

00¢ 082 09z O0OvZ 07z 002 08T 09T O¥T o0ZT o001 08 09 (137 0¢

T T I T | T T T T ] T T I | T
(d1v)

(sng)

(NIVYL)

AVA/SAI¥YL ¥T = ADNENOHYI NIVUL
gIvd 41V = J4vd NIVUL

(%5. dA09V SAVMTIV SI HQOW OLAV HHL)

0T

ST

0¢

ST

0¢

S¢

0¥

Sy

0S

SS

‘LITdS HAOW

%

145




effect of application constraints on demand will be demonstrated
in the next section by means of combining the demand and perform-
ance analyses. The effect of changes in train fare level for the
same applications can be seen in Figures 3-4 (Section 3.2.2) and
4-12 and 4-13.

Several general conclusions can be made from observation of
Figures 3-3, 3-4, 4-10 to 4-13. Because of the dependency of the
model elasticities to mode share (see Section 3.4.1 and Figure 3-6)
increasing average velocity is a function of diminishing returns;
i.e., equal increases in velocity will produce smaller gains in
demand. Indeed, observation of all the figures confirms that the

slope of the train demand curves decreases with increasing velocity.

Based on the investigation of only these corridors, it appears
that the maximum demand achieved by the train mode is correlated
with the length of the corridor; demand increases are correlated
with corridor length. This is logical when viewed in terms of the
relative competitiveness of the train mode to the auto mode. For
short corridors, the auto is generally a very dominant mode because
its service characteristics are good (time and cost) compared to
even very high speed trains. This is usually the case hecause of
access/egress times and costs which must be factored into the train
service. For longer corridors, however, the train mode can com-
pete quite faverabhly with auto, particularly at higher speeds.
Other things being equal, therefore, trains should attract more
demand as the corridor length increases. This conclusion will be
somewhat modified for very long corridors where air service may
produce a significantly better service than train and thus capture

some of the train mode patrons.

4.4 COMBINED DEMAND-PERFORMANCE ANALYSES

4.4.1 Results of Combined Analyses

The purpose of this section is to demonstrate combined use of
the demand and performance models for analyzing the effectiveness
of train applications as measured by mode split. The basic tech-
nique used to combine the outputs of the demand and performance
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models is described in Section 3.2 (see also Figure 3-5) and in-
volves a transformation of mode split versus average velocity plots
to mode split versus design cruise speed plots through the measure,
average velocity, common to both model outputs. The mode split
versus design cruise speed plots can be constructed for various
application conditions (route alignment and station operations)

to indicate the impact of these constraints on demand. Similarly,
the benefits to be gained in terms of increased demand by either
upgrading route alignments or increasing train performance (design

cruise speed capability) can be determined.

The results of the combined analyses are shown in Figures
4-14, 4-15 and 4-16 for the NEC, C-D and SF-S5SAC corridors respec-
tively. The NEC results were based on the performance analyses
of existing and improved route alignments described in Section
4.2.2.1 (Figure 4-6) and the demand results, Section 3.2.2 (Figure
3-3). In the case of the C-D and SF-SAC corridors, existing
alignments were not known, hence, the results presented are based
on several hypothetical alignments. The average velocity versus
design cruise speed plots based on hypothetical alignments of the
C-D and SF-SAC corridors and used for the combined analyses ex-
amples presented here are shown in Figures 4-17 and 4-18. The
mode split versus average velocity plots for the three corridors

which provided the demand inputs to the combined analyses are
shown in Section 4.3.2, Figures 4-10 and 4-11 and Figure 3-3

(Section 3.2.2.). In all cases the train fares were assumed to be

equal to the air fare.

A comparison of the mode split versus design cruise speed
plots with the matching mode split versus average velocity plots
reveals that in all cases the slope of the former plots are less
than the later for the same speed. This of course is due to the
""conversion efficiency"” of design cruise speed to average velocity
for a given application., When the application presents few con-
straints (few curves are long station spacings) the train's average
velocity approaches it's design cruise speed (velocity ratio
approaches 1.0) and the slope of the two plots are nearly the same.
This case is represented by the NEC mode split versus design cruise
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speed plot, Figure 4-14, where there are no curves in the system.
This particular plot can be seen to approach the ideal situation
represented in Figure 3-3 where mode split is plotted against
average velocity. When the application constraints are severe,
as in the case with the existing NEC alignment, Figure 4-14, the
mode split versus design cruise speed plot diverges rapidly from
the ideal case represented in Figure 3-3. In addition to the
adverse effect of the trains' "velocity conversion efficiency” on
the ability to attract demand there is also the negative effect of
the dependency of time elasticity to mode share. This character-
istic of the demand model, discussed in Section 3.4.2, results in
smaller amounts of additional demand for equal increases in a
train's average velocity. The relationship of time elasticity to
mode split ({see also Figure 3-6) causes the mode split versus
average velocity plots, Figures 3-3, 4-10 and 4-11 to decrease

in slope with average velocity., The results of the combined
demand -performance analyses, Figures 4-14, 4-15 and 4-16, thus
represent the accumulation of two negative factors (velocity
conversion efficiency and the time elasticity-mode share re-
lationship) which cause increases in demand versus design cruise
speed to be a function of rapidly diminishing returns.

A direct comparison of the non-NEC and NEC mode split versus
design cruise speed plots for maximum demand-system length rela-
tionships is not possible because equivalent route alignments were
not investigated. The two non-NEC routes do have equivalent
alignments, however, and have significantly different corridor
lengths. For the same alignments (curve densities) and design
cruise speeds, it can be seen (Figures 4-15 and 4-16) that the
longer corridor, C-D produces a greater mode split., This is due
primarily to the relative attractiveness of the train mode versus
auto for longer routes, as discussed in Section 4.3.2. The C-D
corridor also has a slight performance advantage over the SF-SAC
corridor, because of it's larger station spacing, which will tend
to increase its mode split for the same design cruise speed. It
should also be noted that the NEC, longest of the three corridors,
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generates the highest mode split for the route alignment case of
no curves. This is significant because the no curve case is about
equivalent to the non-NEC corridor alignments of one 60 mph curve
per 100 miles (see performance Figures 4-17 and 4-18 and 4-6). It
can be generally concluded, therefore, that for a given design
cruise speed longer corridors will generate higher train mode

splits.

4.4.2 Demand-Performance Evaluation Criteria - Economic
Considerations

For reasons discussed in the previous section, the mode split
versus design cruise speed plots reflect a function of diminshing
returns. It 1s desirable, therefore, to establish criteria for
determining where effective limits of performance exist in terms
of mode split versus design cruise speed; i.e., where the costs
of additional performance (higher cruise speed) outweigh the
benefits (additional demand). The performance analyses of average
velocity versus design cruise speed produced a relatively direct
method of determining average velocity performance limits by the
velocity ratio criterion, A similar technique for the demand per-
formance analyses was not readily available, however, as this
would have required detailed analyses of the economics of train
operations which was beyond the scope of this study. Without an
economic evaluation of the incremental costs involved in providing
higher speed service, it can not be determined if the added
patronage generated will produce positive net benefits, It was
not possible, therefore, in the context of this study, to develop
economic criteria for establishing 1limits of performancw as

measured by demand.

In spite of the inability to develop economic evaluation
criteria, several general conclusions can be made concerning the
limits of demand performance by assuming economic conditions which
represent the range of expected situations. The first set of
economic assumptions pertains to the financial goals of the
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operating agency and the second set to the relationship between
operating costs and the speed of service. Two financial goals

representing extreme positions can be assumed:
1. Maximize system revenue
2. Maximize system profits (or minimize losses).

The first financial goal will result in an operating policy
which attempts to maximize system patronage for a given fare
structure regardless of system costs. This policy will probably
not result in a financially viable operation as the cost incurred
in attracting the last additional patron will most likely not be
offset by the additional revenue, With this financial goal, how-
ever, a system should be operated at the highest design cruise
speed which still attracts additional patronage; hence, the ap-
propriate performance limit would occur when the slope of the

demand versus design cruise speed curve is zero.

The second financial goal (maximize profits)} produces several
performance 1imits depending upon what cost versus design cruise
speed relationship is assumed. Based on previous work, (10, 11)
several generalized cost functions can be hypothesized as descri-
bed in Figure 4-19a. A simplified (and somewhat unrealistic)
assumption is that costs are constant with speed (case A., Figure
4-19a). 1In this case, maximum profits would occur at the speed
corresponding to a zero slope on the demand revenue curve as shown
in Figure 4-19b. A more realistic cost function is one that varies
as a function of speed as described by curves B and C in Figure 4-
19a. Whether the cost function decreases and then increases with
speed as in curve B or increases steadily with speed as in curve
C is dependent upon the relative magnitude of operating costs and
capital financing costs both of which vary with speed. Operating
costs tend to increase with speed particularly because of energy,
and to a lesser extent, maintenance costs. Capital financing costs
can either increase or decrease with speed depending upon the
extent of increased train utilization achieved with higher speeds.
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Regardless of the mix between operating and capital financing costs,
however, maximum profits will occur at a design cruise speed less
- than that corresponding to the zero slope point on the demand curve
as illustrated in Figure 4-19c (except in the unlikely case where
the cost curve B is still decreasing when the demand curve slope is
zero, in which event maximum profits occur at the speed correspond-

ing to the point of zero slope on the demand curve).

Based on the above discussion, it can be generally concluded
that the limits of performance, as described by demand versus
design cruise speed relationships, will occur at some speed cor-
responding to a positive slope on the demand curve. This conclu-
sion assumes the most likely economic conditions of an operating
policy which maximizes profits (or minimizes losses) and costs
which rise with speed. For a given application, the exact limit
can not be determined without detailed knowledge of the demand and
costs relationships with speed., An important analytical complement
to this study; therefore, is the capability to determine the econom-

y ic performance of train systems. Such a capability would permit
the development of both economic and physical criteria for evaluat-
ing the effectiveness of train applications.

4.4.3 System Capacity Limits for Actual Applications

The capacity model described in Section 2 was combined with
the demand models and applied to the Northeast Corridor to deter-
mine if system capacity limitations existed. Capacity limitations
were established on the basis of comparing theoretical maximum
capacities and minimum headways (determined by the capacity model)
with expected volumes and assumed frequencies of service (determin-
ed by the demand model) respectively. If the theoretical capacity
is greater than the actual volume (load factor less than 1.0) and
the assumed frequency (14 trips per day) is less than the theoret-
ical maximum frequency, then the system is feasible and has no
capacity limitations. The Northeast Corridor was chosen for this
analysis because it offers essentially the worst case situation;

i.e., maximum actual volume.
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The capacity analysis was performed for train lengths between
100 and 1000 feet (about 1 to 10 cars including engine) represent-
ing the range typically encountered. A train speed of 300 mph
was chosen because it generated an actual volume as great as or
greater than any speed less than 300 mph but produced the same
theoretical capacity as other train speeds between 30mph and
300 mph (see Figure 2-18). A trip frequency of 14 trips per day
and a fare or 0.75 air fare was assumed for the demand model. 1In
view of the uncertainty of what actual fares would be, the assumed
fare for 300 mph ground service appeared to be a reasonable mini-
mum value. A potentially critical input to the capacity model
was the seat density (seats per foot of train length). To ensure
the selection of a reasonable value, a cursory survey of seat den-
sities for actual passenger trains was performed. The results of
that survey, justifying the use of a seat density of 1.0, are pre-
sented in Table 4-10.

The results of the capacity limitation analysis are presented
in Table 4-11. This most important result is that capacity limit-
ations do not exist for any of the assumed conditions. Even with
a single car train making 14 trips per day, the load factor is
still less than 1.0. The maximum theoretical frequencies and
capacities appear to be far in excess of present requirements
(actual volume based on 1974 data). The theoretical frequency and
capacity limits will, however, be realistically scaled down due to
less than ideal control systems (train follower assumed in analy-
sis), longer station dwell times and practical train scheduling
constraints (intermixing of freight and local traffic, etc.).
Furthermore, future levels of actual demand will exceed those for
the test year, 1974. These considerations will bring the theoret-
ical and actual values much closer together. Nevertheless, because
of the wide disparity between these values, it does not appear that
capacity will be a limiting performance constraint for actual ap-

plications.

As a result of the findings for on-line stations, presented
in Table 4-11, the discussions in Section 2 describing the advant-

ages of off-line stations, in terms of their increasing system
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TABLE 4-10. RESULTS OF SEAT DENSITY SURVEY

NUMBER TRATN NUMBER SEAT
TYPE OF TRAIN | g gpaTS LENGTH OF CARS DENSITY
4
METROLINER 288 340 A .847
364 425 5 .856
440 510 6 .862
ARROW 196 170 2 1.15
STLVERLINER 129 85 1 1.5
TURBOTRATN 258 318 5 .811
314 375 6 | .837
w
370 432 7 .987
426 489 8 .871
L J
482 454 9 1.06
AVERAGE 326.7 359,38 5.3 .978
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capacity, are somewhat academic. It would appear that any major
justification for off-line stations should be based on their in-
creased operational flexibility over on-line stations, which can
be significant. Similarly, the merits of one switch type versus
another to achieve off-1line capabilities should be approcached

from an operational (and cost) rather than capacity stand point.
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5. CONCLUSIONS AND RECOMMENDATIONS

5.1 CONCLUSIONS

Based on the analyses of train system performance ecffective-
ness described in Sections 2, 3 and 4, a number of conclusions ‘
were made. These conclusions are summarized below, by report
section, to provide a concise listing of the study results. De-
tailed analyses and assumptions supporting the conclusions can be

found in the appropriate sections of the report.

5.2 PARAMETRIC ANALYSES OF TRAIN PERFORMANCE

5.2.1 General Description of Train Supply Model

e Real-time simulation of interactions among trains and the
effects of speed restrictions that, on the average, are
not independent is not a practical modeling requirement,

as these are conditions to be avoided in real applications.

.
e For average acceleration rates of about 0.1g, train per-
formance can be computed on the assumption of linear
acceleration profiles without introducing significant .

errors,

5.2.2 Analyses of Average Velocity Versus Train Design Cruise

Speed

@ The "velocity-distance relationship' dictates that lower
speed trains will always have a better velocity ratio

(average to design cruise speed) than higher speed trains.

® Lower speed trains will always have a better "transition-
cruise ratio" {acceleration and deceleration to cruise
distance) than higher speed trains.

e The sensitivity of average velocity to factors impacting
the transition distance is a direct function of the magni-
tude of the transition-cruise ratio.

® Based on analyses of the acceleration characteristics of
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trains with various cruise speed capabilities:

- Average acceleration rates between .05 and .15g's
represent the range typically encountered.

- High speed trains (above 200 mph) have an excess accel-
eration capahbhility at start because the propulsion
system must be designed to cruise under severe aero-

dynamic conditions.

- Low speed trains (below 100 mph) will have poor accel-
eration capabilities at start {..05g's) if the propul-
sion system is designed for cruise speed conditions.

e Average velocity performance of trains with various
design cruise speeds is sensitive to changes in typical

application constraints in the following order of severity:

TRAIN DESIGN CRUISE SPEED

300 MPH 200 MPH 100 MPH
! Station Spacing 1 1 1
Curve Spacing 2 3 4
Curve Speed 3 / 3
- Station Dwell 4 4 2
Acceleration Rates 5 5 5
Curve Length 6 6 6

e For an application containing a uniform mix of curve speeds,
the most effective improvements teo route alignment can be

made by removing the lowest speed curves first.

5.2.3 Analyses of System Capacity Versus Train Design Cruise Speed

® The minimum safe following distance between trains is com-
posed of three spatial components: (1) the emergency stop-
ping distance, (2) the train length and (3) an additional

space for safety margins and control response times.

® The minimum safe headway between trains for mainline con-
ditions, excluding control response time, is composed of

two elements: (1) the emergency stopping time (increases
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with cruise speed) and (2) the time to travel the train's
length {decreases with cruise speed).

For an ideal train follower control concept, trains can be
operated at the minimum safe following distance apart.

For a go/no-go block control system, trains must be
separated by two block lengths each equal to the minimum
safe following distance.

On-line stations, due to their dwell times, will always be
the limiting constraint on system capacity, vis-a-vis

curves or off-line stations,

For typical on-line station dwell times, in excess of 30
seconds, maximum system capacity will be constant and in-
dependent of cruise speed between about 30 mph and 300 mph.

"Alternating" type off-line stations have the following
characteristics:

- Permits increased average velocity and capacity over
on-line stations,

- Requires trains to skip certain stations.

- Requires accurate scheduling, especially at high
capacities.

"Stacking” type off-line stations have the following
characteristics:

- Permits increased capacity over on-line stations but

does not affect average velocity,
- Permits increased flexibility of operations.

0f the four generic switch types investigated for achiev-
ing off-l1ine operations; high-speed-active, low-speed-
active, high-speed-passive and low-speed-passive, the
following are preferred:

- Low-speed-passive for trains with design cruise speeds
generally less than 150 mph.
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- High-speed-passive for trains with design cruise speeds
generally in excess of 150 mph.

* e Off-line stations produce a greater increase in systenm
capacity for lower speed trains.

e The "stacking" type of off-line station will yield the
largest gain in capacity for the least amount of added
scheduling complexity as compared with the "alternating"
type station.

e Curves will generally not be the limiting constraint on

system capacity.

e Normal and emergency braking rates have little influence

on system capacity if on-line stations are present.

e Because of the almost exclusive sensitivity of system
capacity to on-line station operations (especially dwell
time) the most significant increase in system capacity

can be achieved by using off-line stations.

5.2.4 Performance Evaluation Criteria for Train Systems

e A 62.5 percent velocity ratio represents a reasonable mini-
mum performance limit based on a review of the performance

of various current transportation systems.

¢ The velocity ratio criterion permits an assessment of the
impact of typically encountered applications constraints
on train system performance effectiveness thus providing
a useful input to the R&D policy decision process.

® Based upon site independent analyses of application con-
straints, the following general conclusion regarding the
effectiveness of trains with various design cruise speeds

can be made:

- Trains with design cruise speeds under 100 mph will be
performance effective in virtually all applications.

w - Trains with 200 mph design cruise speeds will generally
be performance effective only in applications with
station spacings in excess of 50 miles.
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- Effective applications for 300 mph trains will be ex-
tremely difficult to find even with 100 mile station

spacings.

e Based solely on system capacity considerations, there is
no limit to the performance effectiveness of trains with
design cruise speeds between 30 mph and 300 mph assuming

typical on-line station operations.

5.3 DEMAND ANALYSES - CHARACTERISTICS OF THE MODE SPLIT MOCDEL,
CN22 (Section 3.4.2)

® The sensitivity (elasticity) of demand to trip time is
approximately twice the sensitivity to trip cost which is

generally greater than the sensitivity to trip frequency.

® The elasticity of demand to trip time, cost and frequency
decreases linearly as modal share increases; i.e., at 100
percent modal share the elasticities are zero.

e DBecause of the trip time elasticity - modal share relation-
ship, incremental increases in demand for equal increases

in average velocity is a function of diminishing returns.

e The theoretical validity of using a demand model calibrated
for traditional train service to estimate demand for the
same generic mode but with widely different service char-

acteristics is questionable,

5.4 PRELIMINARY APPLICATIONS OF ANALYSIS TECHNIQUES

5.4.1 Supply Performance (Section 4.2)

® The Boston-NY section of the NEC has a much lower curve
speed distribution (mean curve speed, 98 mph) than the
NY-DC section (mean curve speed, 162 mph) assuming 6°5's
superelevation on all curves.

¢ The Boston-NY and NY-DC sections will permit effective
train design cruise speeds of 120 mph and 172 mph respec-
tively assuming the existing alignment, 6°5' superelevation

on all curves, 62.5 percent velocity ratio criterion, and
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the following stops: Bos-Prov-NH-NY-Phil- Balt-DC.

e Increasing the superelevation of all curves in the NEC from
: 6°5' to 15° increases the effective design cruise speed by
32 mph and 38 mph for the Boston-NY and NY-DC sections

respectively.

¢ Assuming 10° superelevation for all curves (a significant
improvement over the existing situation) the following
number of curves would have to be removed, from the exist-
ing 400 curves in the NEC, to permit effective design
cruise speeds of 300, 200 and 100 mph respectively: 315,
150 and 0.

8 An analysis of hypothetical route alignments for the
Chicago-Detroit and San Francisco-Sacramento corridors
indicates the following general conclusions regarding the

effectiveness of various speed trains:

- 100 mph trains will be effective with virtually any

y number of curves above 60 mph,

- 200 mph trains will be more effective in the Chicago-
Detroit corridor because of the longer station spacing
but will require very good alignments in both cor-
ridors; only 12-60 mph curves can be tolerated in the
San Francisco-Sacramento corridor.

- 300 mph trains will generally be ineffective in the San
Francisco-Sacramento corridors (only 3-60 mph curves
can be tolerated) and will be effective in the Chicago-
Detroit corridor only with less than the equivalent of
15-60 mph curves.

e Regarding the relative effectiveness of either upgrading
curves to a higher speed versus eliminating curves to
? achieve improved route alignments, the following general-
ization can be made: if the upgraded curve speed exceeds
the system average velocity permitted by the remaining
' curves, then the two improvement strategies of upgrading

and removal yield approximately the same results.
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Applications of Demand Analysis Technique (Section 4.3)

Because of the relationship of the demand model elasticit-
ies to medal share, increasing a system's average velocity
is a function of diminishing returns; i.e., equal increases
in average velocity will produce decreasing gains in
demand.

Based upon a review of the demand model characteristics

and three applications, it can be generally concluded that
the relative demand for train service and corridor length
are positively correlated; i.e., other things being equal,
the longer the corridor the greater the train modal share.

Combined Demand-Performance Analyses (Section 4.4)

The relationship between modal share and train design
cruise speed is a function of rapidly diminishing returns
as it represents the accumulation of two negative func-
tions, the cruise speed to average velocity conversion
efficiency and the time elasticity-modal share relation-

ship.

For corridors with equivalent route alignments (same
average velocity) the longer the route the greater the
relative demand for train service.

Economic evaluation criteria are required to establish
exact limits to performance in terms of mode split versus
train design cruise speed.

Assuming the most likely economic conditions of: (1) an
operating policy which maximizes profits (or minimizes
losses) and {2) transportation costs which rise with
system design cruise speed, it can generally be concluded
that the performance 1limit of demand versus design cruise
speed will occur at a speed corresponding to a positive
slope on the demand curve.

The average seat density for typical passenger train
systems is one seat per foot of train length.
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¢ In spite of less than ideal control systems, train
scheduling constraints and increased future demand which
will tend to bring theoretical capacities and actual
volumes closer together, it does not appear that capacity
will be a limiting performance constraint.

e Because capacity will generally not be a limiting per-
formance constraint even for on-line stations, any justi-
fication for off-line stations must be based primarily on

their increased operational feasibility.

5.5 RECOMMENDATIONS (Section 5.2)

There are two primary study recommendations which constitute
logical extensions of the work presented here. These recommenda-
tions are formulated to address in more detail the general study
objectives of developing analytical capabilities to evaluate new
passenger train systems and assist in formulating new systems

development policy.

1. Detailed route alignment data for a number of potential
applications of improved passenger train service should be ob-
tained. The current study investigated, in practical terms, only
the NEC for which existing alignment data was readily available.
Route alignment data for several other corridors, representative
of a range of applications, would provide the basis for a more
comprehensive analysis. The results of applying the analytical
techniques described here to a number of actual applications
would indicate quite conclusively the maximum effective design
characteristics (especially cruise speed) for new or improved

systems.

2. A useful’ analytical complement to the present technique
would be an economic model of train performance. The economic
model should specifically relate train costs to system design
cruise speed. The model should be preliminary, technology inde-
pendent and capable of producing relative cost comparisons rather
than absolute. The model will thus permit estimates to be made
of the general shape of the transportation cost versus design
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cruise speed function described in Section 4.4.2. With the results
of such a model, economic criteria can be used as an additional
means of establishing effective train system performance limits.

o
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