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CHAPTER 1

INTRODUCTION

BACKGROUND

California Tlegislation created the Department of Transportation
(Caltrans) effective July 1, 1973, and mandated a broad approach to
multimodal transportation planning involving regional planning
agencies and the several divisions of Caltrans.

The Division of Mass Transportation (DMT), one of the statutory
divisions within Caltrans, 1is charged with advocating balanced
transportation systems, evaluating public transportation proposals,
and facilitating their development.

One of the studies in a research program prepared by DMT was to
develop engineering standards for evaluating transit guideway
planning and for designing guideway facilities. The study was
subsequently narrowed to conventional rail transit systems. This
manual thus deals with electric vehicles with flanged steel wheels
operating on conventional steel rails.
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ASSUMPTIONS AND PURPOSE

This manual is intended as an introduction to rail transit for
engineers who are familiar with highway planning and design. It
should assist them in evaluating rail transit proposals and should
provide sufficient information for the preliminary design of transit
trackways, particularly the tracks, trackbed and structures.

There are marked similarities in the planning and design of highways
and railways. The authors, therefore, have attempted in this manual
to stress aspects which are unique to rail transit engineering and to
present appropriate values and criteria for those elements of rail
design which differ from highway design in specifics rather than
principle.
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ORGANIZATION AND SCOPE

The four chapters in this manual are:

Chapter 1 - INTRODUCTION

Chapter 2 - RAIL TRANSIT OVERVIEW

Chapter 3 - PLANNING/DESIGN GUIDELINES AND CONSIDERATIONS
Chapter 4 - TRACK DESIGN CRITERIA

Each chapter 1is divided into sections as shown in the contents on
page iv. Tables and figures are listed after the contents and are
placed at the end of the section in which they are first described or
discussed in the manual. A detailed index 1is provided at the begin-
ning of lengthy chapters 3 and 4. Definitions of terms and a list of
references are among the materials appended to the manual.

Chapter 2 describes and contrasts light rail transit (LRT) systems
and heavy rail transit (HRT) systems in terms of typical applications
and operational characteristics. It also outlines the system plan-
ning process and the implications of choices within a system, but
does not evaluate the plausibility of arguments regarding system
selection and funding.

Chapter 3 describes vehicle and facility attributes and spatial re-
quirements (established by others) that concern the designer because
they affect or establish trackway location, alignment, clearance, and
cost. This chapter also discusses operational considerations and
tradeoffs and presents ranges and magnitudes of major cost elements
to assist in comparing alternatives and in evaluating the complete-
ness and validity of transit proposals.

Chapter 4 contains design principles, conventions, and criteria that
relate to various elements of trackway design. The manual can serve
as a guide to the acquisition and use of the data required for final
design of a specific system. Where extensions of operating transit
systems are to interface with highways, or are to be incorporated
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into existing or proposed highway facilities, the design standards
developed by the transit properties will be available for use.

The manual mentions briefly such topics as soils and foundation
investigations; roadway and parking lot design; earthwork calcula-
tions; drainage design; bridge, tunnel, and retaining wall design;
right of way acquisition; and utility relocation. These items are
similar in nature to elements of highway work which have been de-
tailed in other manuals and are often performed by specialized

functional units within Caltrans.

Design details for such things as stations, shops, ventilation, and
electrification are beyond the scope of this manual.

U. S. units of measure and International System (metric) equivalents

are used throughout the manual.
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ABBREVIATIONS

A. Organiza

tions

AAR

AASHTO

APTA

AREA

ASME

BART

BRRTS

CPUC

CTA

DMT

GCRTA

MARTA

MBTA

MUCTC

MUNI

NYCTA

Association of American Railroads

American Association of State Highway and
Transportation Officials

American Public Transit Association

American Railway Engineering Association

American Society of Mechanical Engineers

Bay Area Rapid Transit District (San Francisco)

Baltimore Region Rapid Transit System

California Public Utilities Commission

Chicago Transit Authority

Division of Mass Transportation (Caltrans)

Greater Cleveland Regional Transit Authority

Metropolitan Atlanta Rapid Transit Authority

Massachusetts Bay Transportation Authority

Montreal Urban Community Transit Commission

San Francisco Municipal Railway

New York City Transit Authority

1-4.1
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PAT Port Authority of Allegheny County (Pittsburgh)
PATCO  Port Authority Transit Corporation (Lindenwold Line)
PATH Port Authority Trans-Hudson Corporation (NYC-NJ)
SCRTD  Southern California Rapid Transit District

SEPTA  Southeastern Pennsylvania Transportation Authority

(Philadelphia)
TRB Transportation Research Board
TTC Toronto Transit Commission

UMTA Urban Mass Transportation Administration (Federal)
WMATA  Washington Metropolitan Area Transit Authority
More extensive lists of transportation oriented organizations,

agencies, consultants and manufacturers are contained in the

Trans Guide prepared by DMT.

Transit Vehicles and Systems

CLRV Canadian Light Rail Vehicle
HRT Heavy Rail Transit
HRV Heavy Rail Vehicle
LRT Light Rail Transit
LRV Light Rail Vehicle

pPCC Car Presidents' Conference Committee Car
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SLRV U. S. Standard Light Rail Vehicle

SOAC State-of-the-Art Car
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CHAPTER 2

RAIL TRANSIT OVERVIEW

RAIL TRANSIT RATIONALE

There is renewed worldwide interest in rail transit systems that can
provide much needed alternatives to the automobile. Moreover, con-
siderable effort is being directed to the design of systems that will
attract motorists.

Fixed-route systems can establish a basis for land use planning and
for preserving or improving the quality of urban life. Guided sys-
tems can operate on narrower rights of way than driver steered
systems and are less obtrusive in many areas. The proven technology
of steel wheels on steel rails has low rolling resistance and is
attractive environmentally in terms of reducing energy consumption
and air pollution. Tracked systems are also adaptable to automated
controls that enhance safety and reliability, and vehicles can be
coupled to increase system productivity and reduce unit operating
costs.

There are some disadvantages 1in the physical characteristics of
guided systems relative to steered vehicles. The Tong life expect-
ancy of rail vehicles makes modernization awkward, and inflexible
rail networks require feeder service and make route changes
difficult.
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2-201

RAIL MODES DESCRIBED AND DIFFERENTIATED

Light and heavy rail systems are frequently classified in terms of

system operating characteristics which are defined and differentiated

for use in this manual as follows:

A.

Heavy Rail Transit (HRT)

Heavy rail transit operates on an exclusive right of way with
full access control. The roadbed is grade separated with fre-
quent use of elevated or subway construction. Heavy rail systems
generally employ multicar trains and relatively elaborate sta-
tions with passenger platforms at car-floor height. Vehicles
tend to be Tlarge and designed for maximum passenger comfort.
Stops are less frequent, operating speeds faster, schedules more
precise, and automatic controls more universal than on light rail
systems.

A third-rail system is the usual means for main line electrifica-
tion. Vehicles are equipped with shoes as current collectors.

BART is an example of a heavy rail system in California.

Light Rail Transit (LRT)

Light rail transit is an urban electric railway concept that em-
braces the full range of operating characteristics from the
streetcar to heavy rail systems. Route capacity and speeds are
sometimes more restricted and overall performance is usually
Tower than for heavy rail transit.

Light rail vehicles often operate on reserved, but not neces-
sarily grade-separated, rights of way. LRVs may also run on
streets in mixed traffic where passenger stops are more frequent
and passenger loading is from street level. Single car operation
is common although train-type operation may be used in rush
hours. Train length is generally limited to two or three cars.
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Many of the cars are articulated and about half of the current
models can be coupled.

Normally a very small degree of system automation is employed.
Capacity can be increased by providing more separation from con-
flicting traffic and by improving signal and control systems to
permit higher speeds and shorter headways.

An overhead wire system is most often used for power distribution
with trolley poles or pantographs serving as vehicle current
collectors.

The MUNI system in San Francisco is classified as a light rail
system.

A comprehensive report on light rail development is presented in
TRB Special Report 161, Light Rail Transit, which contains the
proceedings of a national conference held in Philadelphia in

June, 1975. The conference, conducted by TRB, was sponsored by
UMTA and cosponsored by APTA and the University of Pennsylvania.
Another comprehensive discussion of concepts and services in
Europe and North America is presented in DOT Report No. UT 50009,
Light Rail Transit: A State of the Art Review, Spring, 1976,
issued by UMTA. These two documents contain a full array of LRT

information and perspectives.



2-3

2-3.1

EXISTING SYSTEM APPLICATIONS AND CHARACTERISTICS

Rail transit systems are numerous and diverse as indicated in the
general descriptions which follow. Table 2-3.1 summarizes and com-
pares characteristic data for heavy and light rail systems shown in
Appendixes A-2 and A-3. These characteristics provide some insights
for relating applications to regions, but do not constitute criteria
for decision making.

A. Heavy Rail Systems

The Lea HRT Compendium indicates that there are over 40 heavy
rail systems operating throughout the world and another 20 or so
are 1in varying stages of design or construction. Among the
latter are systems for Atlanta, Baltimore, and Washington, D.C.

The areas served by HRT systems are nearly all less than 1,000
square miles (2,600 square kilometers) in extent and most are
less than 500 square miles (1,300 square kilometers). Population
figures for these areas are seldom less than 1,000,000. Most of
the HRT systems are less than 50 miles (80 kilometers) long and
very few exceed 100 miles (160 kilometers) in length.

HRT line capacity in excess of 40,000 passengers per hour per
direction is achievable but is seldom required. Peak-hour cor-

ridor demand is often less than half that number.

B. Light Rail Systems

It was brought out at the 1975 conference in Philadelphia that
more than 300 cities around the world are operating LRT systems
of various sizes and that many of these were inaugurated 50 or
more years ago. About 20% of the operating systems are currently
being extended or refurbished and fifteen or more new systems are
in various planning stages. LRT systems commonly serve areas of
less than 400 square miles (1,000 square kilometers). Popula-
tions served most often range downward from 1,000,000.
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Relatively few LRT Tines operate with peak period patronage in
excess of 5,500 per hour. Many lines have fewer than 2,000
passengers per hour during the peak, and fewer than 900 per hour
off-peak.



TABLE 2-3.1

TYPICAL CHARACTERISTICS
of Light and Heavy Rail Systems

(Source: Appendixes A—2 and A-3)

ITEM

LIGHT RAIL

HEAVY RAIL

Typical Range

Extreme Range

Typical Range

Extreme Range

Area Served: Square Miles 50—-400 15-2,000 15-1,000 5-1,500
(hn?; 130-1.036) | 3g-5180 ! 3a28a00 | 133888
Population of Service Area: Millions 0.2-2.5 0.2-9.0 1.0-4.0 0.1-9.0
Total System Length: Miles 10-140 5-180 7-100 4-560
(km) (16-225) (8-290) (11-161) (6—-901)
Length: Above or Below Grade [1]: Miles 0 0-13 5—-60 0-100
(km) 0) (0-21) (8-97) (0-161)
Number of Stations /Stops 30-500 15-1,300 10-100 8-350
Average Spacing of Stations: Miles 0.20-0.4 0.16-1.0 0.4-1.4 0.34-2.2
(km) (0.32-0.6) (0.25-1.6) (0.6-2.3) (0.55-3.5)
Total Annual Passengers: Millions 9-150 3-440 10-275 10-650
Number of Vehicles 40-650 25-1,600 40-1,000 14-4,400
Peak Period Line Capacity: Passengers/Hr [2] | 1,200-5,500 700—40,000|10,000—40,000 | 3,000—84,000
Off-Peak Line Capacity: Passengers/Hr (2] 200-900 200-2,000 | 1,200-15,000 200-23,000

[1] Using structures only: cut or fill locations considered ‘‘at grade’’.

[2] Line capacity is single direction for scheduled headway, train consist, etc. for peak and off-peak operations.

Peak values based on highest capacity line in system.

Off-peak based on lowest capacity line in system.




2-4

2-4.1

SYSTEM COMPARISONS, OPERATIONAL PROS AND CONS

Either 1light or heavy rail can serve as the backbone of an urban
transit system. Both require secondary modes for collection and
distribution. Light rail can supplement heavy rail systems with
feeder service in large cities.

One of the advantages of a light rail system is that it can provide
some of its own feeder service. In this way it can reduce passenger
waiting delays en route, compensate for slower operating speeds, and
compare favorably with overall trip times via heavy rail.

Flexibility is considered to be an advantage of light rail systems.
Train lengths and turning radii are short and street-level loading is
common. Extensive station facilities are not required. Virtually
any place where a safe refuge for pedestrians can be developed next
to the tracks can serve as a station. Provisions for intermodal
transfers are relatively easy to provide, although separating pedes-
trians from vehicular traffic is a major concern at any transfer
facility.

A primary disadvantage of light rail transit is the potential con-
flict with other vehicles when operating at street level. Closing
some streets, preempting traffic signals, and separating selected
intersections at grade are steps that can be taken to minimize cross
traffic conflicts. When operations are mixed with street traffic,
light rail vehicle lengths must be considered. A modern three-car
train can be over 200 feet (60 meters) long. This is a significant
factor in station design and in signal timing and pre-emption.
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PLANNING PROCESS, MODE SELECTION, AND SYSTEM UPGRADING

Initially, to get to the study stage, and ultimately, to be imple-
mented, each rail transit proposal (or any transportation proposal)
must successfully deal with issues of economic feasibility, social
equity and desirability, and environmental compatibility. The pro-
posal must gain wide support.

In broad terms, the planning and design process establishes desired
system performance criteria and objectives, develops alternatives,
and then selects the best balanced combination of modes and elements
to fit the situation. This is done by testing site-specific assump-
tions and costs against financial constraints.

Policy determinations and design criteria are interdependent, and, in
a very real sense, criteria evolve from policy. Figures 2-5.1 and
2-5.2 illustrate how policy elements influence physical and opera-
tional criteria for vehicles. It is also evident that at some point
in the process vehicle selection establishes definite limits for

system operations.

The current "rebirth" of the light rail mode, directed at filling the
gap between bus and heavy rail systems, makes possible a variety of
cost/concept alternatives for rail transit. Vehicles, passenger
facilities, and service can range from spartan to very plush. Light
and heavy rail costs can vary dramatically.

Cost differentials become very significant as elevated or subway
structures are added to provide grade separated rights of way, as
stations become more elaborate, and as automatic controls are intro-
duced. The costs of individual vehicles and of trackwork (ballast,
ties and rails) are quite comparable for light and heavy rail systems
and are not apt to influence mode selection appreciably. The choice
rests to a large extent on trade-offs between increments of
investment and quality of service.
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The lesser cost per mile (kilometer) of the light rail mode means it
can serve a much wider area than a heavy rail system of equal cost.
Also, a less sophisticated light rail 1line might be financed and
constructed more readily and be placed in service more quickly than a
heavy rail alternative. Such alternatives, which differ in scope and
levels of service, make the comparison and evaluation process more
complex.

The conversion from a light rail system to a heavy rail operation is
also complex and requires careful analysis. The upgrading of an
operating system is governed in great measure by the nature of the
existing facilities. A planned conversion, to be accomplished by
upgrading staged-segments of a first-phase system, may defer some
investment needs, but can also affect initial design concepts and
construction costs significantly. Matters such as power collection,
access control, vehicle characteristics, and requirements for struc-
ture design, need to be considered early in the planning process.
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CHAPTER 3

PLANNING/DESIGN GUIDELINES and CONSIDERATIONS

GENERAL

This chapter examines major elements of rail transit systems. It
further develops specific light and heavy rail comparisons and dis-
tinctions, and it discusses design considerations and relationships
in some depth. In doing so, it suggests many of the questions re-
garding options and related consequences to be evaluated and settled
in progressive stages of system planning and preliminary design.

This chapter also presents standards and criteria for various ele-
ments of rail transit systems and relates them to the track design
criteria contained in Chapter 4.

CPUC General Order No. 143 (Appendix A-11) establishes rules and
regulations governing the design, construction, and operation of LRT
systems. A number of sections in this chapter contain references to
related provisions of G.0. 143.
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VEHICLES

The current trend in new car development is toward families of light
and heavy rail vehicles which are similar in size, capacity, perfor-

mance, and cost.

Table 3-2.1 lists some vehicle features and typical values that serve
as a basis for the discussions that follow.

Appendixes A-4 and A-5 show data for some representative vehicles
which were considered in compiling the "“typical" vehicles shown
in Table 3-2.1. Among the representative vehicles is the light rail
PCC car which was first produced in 1935 as a result of research by
the Electric Railway Presidents' Conference Committee. This became a
standard for production both here and abroad. UMTA sponsored re-
search and development are currently reflected in the U.S. standard
1ight rail vehicle (SLRV) and in the heavy rail State-of-the-Art Car
(SOAC). These were also among the representative vehicles used in

compiling the "typical" vehicles.

The typical vehicles and values in Table 3-2.1 are appropriate for
preliminary studies and evaluations. Final system design is depend-
ent upon vehicle selection and specific data regarding dimensions,

weights, and operating characteristics. Section 9 of Appendix A-11

contains CPUC requirements for new LRVs.

A. Dimensions

1. Length

Both the Tight and heavy rail series contain a number of
vehicles about 50' (15 m) long and another group in the 70’
to 75' (21 m to 23 m) range. The "typical"™ 73' (22 m) LRV
shown in Table 3-2.1 is articulated by a flexible joining of
two equal segments. The other three typical cars are not

articulated.
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A group of HRVs about 68' (21 m) long has not been repre-
sented in Table 3-2.1 because most of its features are
similar to those listed for the 75' (23 m) HRV.

A group of double-articulated LRVs 80' to 90' (24 m to 27 m)
long has also been omitted. These cars, used mostly in
Europe, are less than 8' (2.4 m) wide, have less passenger
capacity than single jointed cars, and would appear to be
suitable for special, limited situations only.

Width

LRVs range from 7.2' to 8.9' (2.2 m to 2.7 m) in width. HRVs
vary from 9.3' to 10.5' (2.8 m to 3.2 m). The SOAC is 9.75'
(3.0 m) wide, somewhat narrower than the "typical" 10.33'
(3.2 m) width which is more representative of new and pro-
posed HRT systems in this country. The SOAC width was chosen
so that it would be less restricted as a demonstration vehi-

cle on a variety of transit systems.

Width selection is influenced primarily by existing external
clearance and cost constraints on the one hand and by the
desire for interior spaciousness and passenger comfort on the
other. Passenger capacity considerations are discussed in

Subsection C.

Truck Spacing, Wheel Base, and End Overhand

A1l of the "typical" rail vehicles employ double axle,
four-wheeled trucks. Axle and wheel positions are fixed
rigidly with respect to truck assemblies which have centered
pivot points.

Truck spacing (from pivot point to pivot point) and wheel
base (axle spacing on the truck) affect vehicle load and
impact distribution to the rails and track support system.
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The track gauge must be widened slightly on sharp curves (see
Section 4-5) to permit the flanged wheels to slide freely
around the curves. This sliding phenomenon is a significant
noise source. Truck spacing also affects the minimum turning
radius of the vehicle. The greater the spacing, the longer
the required radius of curvature.

Unarticulated vehicles are supported on two trucks. Single
articulated vehicles employ a third unmotorized truck under
the joint. Both versions of the "typical" LRV have nearly
identical truck spacing and end overhang dimensions. Their
lateral clearance requirements for inswing and outswing on
curves are therefore similar.

Wheel Diameter and Gauge

The typical wheel diameters have no direct bearing on the
other vehicle characteristics shown. For instance, vehicle
floor heights (and passenger platform heights) are governed
by other considerations. Whatever the diameter, however,
wheel wear in combination with track wear can produce more
than an inch (2.5 cm) of vertical displacement and must be
taken into consideration. Wheel gauge-track gauge tolerances
are also affected by wheel flange and rail wear of one-half
inch (1.3 cm) or more. This variable is compensated for in
the dynamics of the vehicle clearance envelope discussed in
Section 4-3.

Height of Roof and Floor

The 11.75" (3.58 m) height of roof above top of rail
tabulated for HRVs is a direct indication of the vertical
clearance required. This is a critical dimension since
these vehicles operate on grade separated trackways, often in

subway structures.
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Many of the HRVs have flush roofs; others have antenna pro-
tuberances on the order of 0.5' (15 cm) or so. The typical
11.75" (3.58 m) value accommodates these projections and
embraces most representative vehicles. Exceptions are the
12.0' (3.66 m) Boeing Vertol and Budd cars used in Chicago
and the 12.13"' (3.70 m) high prototype of the variable height
SOAC which has a pantograph option.

The 11.50' (3.51 m) roof height shown for the LRVs includes
an allowance for a locked down pantograph and other above-
the-roof projections. This dimension is seldom a control.
O0f more concern is the operating range of the trolley pole or
pantograph collector which is normally 15' to 20' (4.5 m to
6 m) above tracklevel. The collector must accommodate a
catenary power supply suspended overhead in conformance with
safety requirements for vertical clearance. Overhead
structures may impose vertical clearance restrictions. (See
Appendixes A-7, A-8, and A-11 for CPUC overhead electrical
and structural clearance requirements.) Third rail
electrification is usually  employed in underground

operations.

The 34" and 44" (86 cm and 112 cm) floor heights, shown for
the "typical" light and heavy rail vehicles respectively, are
standardized within narrow limits and the requirements for
floor-level 1loading platforms differ accordingly. Floor
height may be governed by vertical clearance requirements for
chopper control, air conditioning, and dynamic braking com-
ponents, etc., placed beneath the car floor to preserve
usable floor space.

Performance

The relationships of vehicle performance to system operations
and track geometry, mentioned briefly in this subsection, are
presented in greater detail in Section 3-9 and in Chapter 4.
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Speed, Acceleration, and Deceleration

Modern transit vehicles are capable of the listed maximum
speeds and more, but much track geometry is not based on top
speed cruising. Top speed is often not attainable. The
acceleration-deceleration rates shown in Table 3-2.1 are fre-
quently specified service rates which are comfortable for
standing passengers. Figure 3-2.1 shows the usual range in
initial acceleration rates for HRV and LRV performance, and
the curves illustrate the characteristic loss of acceleration
as speed increases. The typical range of deceleration rates
shows that nominal braking rates are relatively constant over
the entire speed range.

These typical speeds and speed-change rates are based on
level, tangent track and specified vehicle loadings. The
speed-distance relationships of acceleration and braking and
the effects of grades on performance are discussed in Section
3-9, Subsections F and G.

Minimum Horizontal Turning Radius

Vehicle characteristics such as truck spacing govern minimum
radii for track curvature. The typical values shown in Table

3-2.1 are fairly representative, but can vary significantly
for a particular vehicle design. This limitation becomes a
factor mainly for yard and secondary tracks. The 45' (13.7
m) radius capability of the LRVs permits turning corners at
street intersections. Usually, trains of coupled vehicles
have the same turning characteristics as the basic unit com-
prised of a single vehicle or a married pair.

Vertical Curve Limitations

The typical minimum values for vertical curves in Table 3-2.1
are expressed in terms of circular curve radii to provide a
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comparison of vehicle capabilities. Track design standards
for vertical curves are sometimes expressed as an allowable
change in rate of grade per unit of distance or as a para-
bolic curve length related to the magnitude of change in
grade as described in Section 4-7, Subsection B.

For most vehicles, minimum vertical curve limitations are
usually reported to be the same for crest and sag vertical
curves and for single or coupled cars. Vehicle capabilities
vary greatly within the groups represented by each of the
four "typical" vehicles, so the values shown give only a
rough indication of relative group performance and overlaps.

The minimum vertical curve limit seldom comes into play. In
HRT systems, particularly, other considerations dictate much

higher vertical alignment standards.

Maximum Grades

The maximum grade on nearly all operating HRT systems is
between 3% and 5% in order to maintain high performance and
to provide a high quality profile and ride. The 4% maximum
listed in Table 3-2.1 1is also representative of current
design for HRT systems. The maximum grade designated for the
SOAC is 3%.

The maximum grades for LRT systems may approach the limits of
vehicle performance. The +6% and -8% are desirable limits
for up and down grades. Under compelling circumstances, +8%
and -10% might be considered. In neither case should these
rates be used for sustained grades.

The up grades are limited by vehicle power, desired per-
fbrmance, and wheel-rail traction. Braking capability, which
is influenced by train length and loading, is an added con-
sideration for down grades. Most LRT systems are basically
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single car operations with a 2- or 3-car limit for peak
period trains.

Examples of maximum grades near the extremes of the tabulated
light rail range are the +6.5% suggested grade limit for the
PCC car and the +9% 1imit for the SLRV as shown in Appendix
A-4. Section 4-7, Subsection A, suggests some additional
maximum grade considerations.

The steeper grades employed in LRT operations permit quicker,
less costly accommodation of selected grade separations and
afford opportunities to roll the grade up to and down from
station stops 1in order to assist vehicle braking and
acceleration.

Vertical alignment criteria at station platforms are covered

in Section 4-7, Subsection B.

C. Capacity

|

General

The passenger capacity of rail vehicles is one of several
variables, along with train consist and scheduling, to be
considered in balancing line haul capacity against peak/off-
peak route demand.

The number of seats to be provided and the load factor (ratio
of total passengers to seats) to be selected to Tlimit
standees are based on consideration of passenger comfort,
vehicle constraints, operating criteria, and other factors as
indicated in Figures 2-5.1 and 2-5.2.

In Table 3-2.1 and in the following discussion, vehicle capa-
city is expressed in two ways: design capacity and crush
capacity. Design capacity is the number of seats plus the
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number of standees that can be accommodated in reasonable
comfort without impairing passenger movement. Crush capacity
is the number of seats plus the maximum allowable number of
crowded standees to be tolerated.

Seating

A variety of seating schemes is possible for any vehicle.
The number and arrangement of seats are influenced by the
number and location of doors and by space allowances for
vehicle operators for either single or dual directional car
operation. Longitudinal seating allows for maximum passenger
capacity while transverse seats stress comfort.

The number of seats shown in Table 3-2.1 is typical for each
class of vehicle. Based on data in the Lea Transit Compen-
dia, the range of seat numbers relative to the numbers shown
would be +10% for HRVs and +25% for LRVs.

Standees

The number of "design standees" for proposed and operating
systems is extremely variable. Table 3-2.1 shows that the
number of standing passengers typically corresponds to 2.7
ft.2 (0.25 n@) for each standee in three vehicle groups,
while 2.1 ft.2 (0.20 m2) is more representative for the
50' (15 m) LRV group. Variations within the HRVs include
suggested design allowances of 8 ft.2 (0.74 nﬁ) and 11
ft.2 (0.10 n?) for different SOAC configurations as shown
in Appendix A-5(2).

An allowance of 1.4 ft.2 (0,13 m?) per passenger is most
frequently cited in the Lea compendia as the absolute limit-
ing value for establishing crush standing capacities for all
types of vehicles. This is listed as the typical value for
three of the vehicle groups in Table 3-2.1. The exception is
the 75' (23 m) HRV group where 2.0 ft.Z2 (0.19 m?) is
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shown as being more representative of current practice in the
United States and Canada.

DMT recommends the use of 2.0 ft.2 (0.19 m?) and 3.0

ft.2 (0.28 m) per standee for crush and design load
limits respectively. With longitudinal seats facing aisles,
an allowance of 13" (33 cm) for knee and foot room at each
seat should be deducted from the floor area available for
standees.

4, Crush Loading
Crush capacity totals (seats plus standees) are ultimately
limited by interior space constraints and show less variation
among vehicles than do their sit/stand components.
D. MWeight
1. Vehicle (Empty)

The typical weights shown in Table 3-2.1 exceed or equal the
actual weights reported for nearly all vehicles in each of
the four groups. The only major exception is the SOAC in the
75" (23 m) HRV group. It has an empty weight of 90,000 1b.
(40,800 kg) as shown in Appendix A-5(2).

Suspension and propulsion equipment contribute a large pof-
tion of the vehicle weight. Despite variations in the weight
of this equipment, and despite the variety of materials used
in car frames and bodies, vehicle weights are surprisingly
proportional to overall vehicle size.

Based on the nominal area of vehicles (body length x width),
the unit weights of vehicles within each group are close to
the values for 1b/ft.2 (kg/m?) shown in Table 3-2.1. The
values will yield reasonable estimates of vehicle weights if
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it is desired to calculate the effects of moderate changes of
up to 10% or 15% in "typical" lengths and/or widths. Again,
exceptions to the tabulated unit weights are in the 75'
(23 m) HRV group. The exceptions are the relatively heavy
125 1b/ft.2 (610 kg/m?) stainless steel SOAC, and the
lightweight 75 1b/ft.2 (366 kg/m) aluminum cars manu-
factured for BART and Toronto.

Passengers (Crush Weight)

It is recommended that 150 1b. (68 kg) be used as the average
weight per passenger. The crush passenger weights shown in
Table 3-2.1 are based on this figure. The difference between
empty and gross vehicle weights listed in the Lea Compendia
indicates assumed passenger weights ranging from 135 1b. to
175 1b. (60 kg to 80 kg) although most fall in the 145 1b. to
155 1b. (65 kg to 70 kg) range. The latter range is not
significant in terms of gross vehicle weight estimates.

It is significant, however, that crush passenger Tloadings
consistently represent about one-third of the gross weight of

vehicles in all four groups.

Vehicle (Gross)

The gross vehicle weights shown in Table 3-2.1 reappear in
Section 4-2 1in the axle loadings that may be used for the
preliminary design of structures and other track support
systems. These are conservative loadings that are seldom
exceeded by the reported gross weights of vehicles in any of
the four groups, even when high density passenger loadings
have been utilized. The only significant exception is the
SOAC which is estimated to gross 123,000 1b. (56,000 kg) with
a 220-passenger (low density) loading or 135,000 1b. (61,000
kg) with a 300-passenger (high density) loading as shown in
Appendix A-5(2).
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Configurations and Operations

1.

Purpose

The purpose of this subsection is to discuss some additional
vehicle features and alternatives that affect system opera-
tions and trackway design.

Vehicle Shapes and Clearance Features

The HRV is characteristically blunt-ended and is rectangular
in plan view as shown in Appendix A-5(3). Many cars are
flat-sided, but recent designs are often slope-sided and are
widest in cross section at a point somewhere between thres-
hold and window sill height. This shape compensates for
vehicle roll and reduces lateral displacement. Three rub
rails are often provided along sides of vehicles designed for
subway use. One is below the threshold at the face of the
passenger platform; the second (belt rail) is at the highest
point of maximum width (the break point for a slope-sided
cross-section); the highest rail 1is placed at a critical
point for vehicle roll where the roof-rounding begins. The
typical roof-top rounding tends to keep vertical clearance

requirements more nearly constant.

The cross-sectional area of HRVs wusually varies from 90
ft.2 to 124 ft.2 (8.4 m2 to 11.5 m2). A typical
value is 108 ft.2 (10.0 m2) which represents over 50% of
the area of a typical single-track tunnel section which is
about 200 ft.2 (18.6 mz), regardless of whether the tun-
nel is circular, rectangular, or horseshoe shaped. This
percentage relationship assures a piston effect which 1is
often counted on to provide much or all of the underground
ventilation between stations as discussed in Section 3-5,
Subsection E, under "Ventilation" and "Portal Design."
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As shown in Appendix A-4(3), the LRV usually has tapered or
rounded ends in plan view. This is not done for aerodynamic
reasons, but to reduce outswing clearance requirements on
short radius curves and to be compatible with radial couplers
that swing in a semi-circle.

The sides of HRVs and LRVs are generally free of projections.
The vehicle clearance envelopes and running clearances dis-
cussed in Section 4-3 allow for slight projections such as

lights and mirrors.

Basic Vehicles and Trains

Recent HRT system developments and proposals provide for
dual-directional operation of the basic train unit. The
basic units are sometimes single independent cars with an
operator's compartment (with controls, wind-shield, head-
lights, etc.) at each end of the car. More often, a pair of
similar cars, each with one operator's compartment, is
married (or permanently coupled) so that the pair is a dual-

directional unit with a control cab at each end.

Off-peak service is provided by one or more basic units (up
to the equivalent of four cars) while 6- to 8- or sometimes
10-car trains are utilized during peak periods. Most often
trains are comprised of a series of married pairs. In some
instances, as in the BART system, up to eight "B" cars with-
out operator's cabs are inserted between the paired "A" cars
to form a train. Train Tlengths and operations must be
compatible with platform length and capacity.

A majority of the non-articulated 50' (15 m) LRVs have been
constructed for single-directional operation (with right side
boarding only), although some, including the PCC car, have
been designed to operate in either direction. These LRVs can
be coupled, but are usually limited to a train length of 2 or



3-2.13

3 cars. The single-direction CLRV, designed as a compatible
replacement for the PCC car in Toronto and elsewhere, is
intended for train operations up to six cars in length.

The various single-articulated LRVs in use throughout the
world are about evenly divided between one-way and two-way
operation. The single-direction vehicles are often comprised
of one motorized segment with a trailer unit behind the
articulated joining. The vehicles in the 73' (22.25 cm)
articulated group, perhaps more typical of current develop-
ment intended for use on this continent, are designed for
two-way operation, either exclusively or as an option. The
two-way vehicles are usually powered at the end trucks, while
the middle (third) truck under the joint is not motorized.
These articulated vehicles often operate as single units, but
can be coupled into trains of 2, 3, or 4 units for high
(1ine-haul) capacity, usually in conjunction with a grade
separated right of way. The new SLRVs being acquired by the
San Francisco Municipal Railway (MUNI) are to be used in 3-to
4-car trains when in the subway below Market Street, but will

operate singly on city streets.

New HRVs or LRVs must be compatible with old vehicles if they
are to be operated in mixed trains during expansion or up-

grading of the system.

- Single/Double-Ended Vehicle Considerations

As mentioned previously, virtually all HRVs or basic units
are designed for two-way operation, while LRVs may be either
single or double ended. Some additional vehicle character-
istics and system operational consequences related to single

and double-ended units are considered herein.

A single-ended car with doors on only one side and a single
operator's compartment has a greater seating capacity poten-
tial than a double-ended car with similar dimensions. Seats
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may be fixed in a forward facing position for one-direction
operation. With two-way operation, seats may be reversible
or arranged so that half of the transverse seats face back-
wards. With either mode, seating arrangements may include
some longitudinal bench-type seating along one side or both
sides of the car.

The single-direction LRV (which has a limited ability to back
up) imposes certain operational requirements. Loop tracks
are needed to reverse direction at each end of the line and
for intermediate turn-backs and in yard and shop areas. This
is equally true for single track and for double track lines.

The ability of LRVs to negotiate slow speed, short radius
turns minimizes right of way requirements for turnarounds
which can sometimes be accomplished on 1lightly traveled

streets.

Double-ended cars can change direction with simple cross-
overs between multiple tracks and can use dead end tracks at

terminals.

Access to HRVs: Platforms and Car Doors

In HRT systems, fares are prepaid and the rapid loading and
discharging of passengers is facilitated by platforms which
are approximately level with the vehicle floor. Such systems
normally employ dual tracks and often utilize a single
platform between the tracks (rather than an outside platforn
to serve each track) in order to minimize the stairs, ramps,
elevators, and escalators required for passengers to reach
the platform from another level. This concept is equally
appropriate for grade-separated access to platforms whether
the tracks are at ground Tlevel or above or below ground.

The fit between vehicle and platform must make allowances for
vertical and horizontal tolerances. Platform heights for
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HRVs vary from 39" to 46" (99 cm to 117 cm) and are often 44"
(112 cm) above the rail. Platforms are sometimes designed to
be flush with the vehicle floor, but more often are 1" to 5"
(2.5 cm to 13 cm) below the car floor. The nominal horizon-
tal clearance gap between platform and car for most HRT sys-
tems in this country is between 2" and 3 3/8" (5 cm and
9 cm). A gap of 2 3/4" (7 cm) is a representative value.
Some cars are equipped with automatic leveling valves to
compensate for changes in passenger loading and distribution
and to maintain a constant floor height and car-platform
relationship. See "Handicapped Access" in Subsection F of
Section 3-6 and "Platforms" in Subsection C of Section 4-3
for more on clearance gaps between vehicles and platforms.

In both HRT and LRT systems, the vehicles are boarded from
one side only at any given stop. The doors of HRVs are de-
signed to accomplish maximum anticipated passenger exchange
rapidly, usually within a station dwell time of about 20
seconds, in order to maintain headways and schedule speeds.
Since fares are prepaid, all doors can be used for boarding.
Sometimes the number of seats is limited to make interior

passenger movement easier.

The 50' (15 m) HRVs typically have two doorways per side,
while the 75' (23 m) HRVs usually have three or four doorways
per side. The doorways are typically 50" (127 cm) wide and
76" (193 cm) high with double doors that slide apart (rather
than fold). The doorways are above floor/platform height and
all side door thresholds are parallel to the platforms.

Appendix A-5 contains representative data and diagrams to
illustrate a number of HRV doorway features. Most HRVs are
equipped with narrow doors through one end or both ends of
the car. The end doors, which are approximately as wide as
the center aisle, are not usually intended for car-to-car
passenger movement during normal operations.
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Access to LRVs: Steps, Platforms, and Doors

LRVs have been adapted to accommodate passenger exchanges at
curb stops or platforms or both. On double-track systems,
center platforms can be utilized where LRVs run on an exclu-
sive grade-separated right of way. The many single-ended
LRVs with doors on the right side only are limited to pas-
senger traffic from outside the double track unless reverse
direction operation is instituted to make center 1loading
possible.

Fares are often collected on board in the case of street
operations. In this mode, the manned front and rear doors
are designated as entrances and the doors in between are

exits.

Prepaid fares are used to enhance rapid passenger boarding
from floor-level platforms. However, because of body taper,
the front and rear doors in most LRVs are skewed to platform
alignment. They are not usable at platform stops, and pas-
senger exchange is limited to the remaining doors. This
situation tends to be counter-productive because it occurs on
those portions of the system where high-capacity performance
is most desired. In such circumstances, dwell times at Tess
crowded "streetcar stops" can be shorter than at platform
stops.

Since dwell times on LRT systems can accumulate to an appre-
ciable portion of total travel time, "Pre-Metro" vehicles
have been developed for systems where future upgrading to
“"rapid transit" operations is judged to be an overriding
consideration. These cars are designed with quick-acting
doors that can be used efficiently at platform stops. The
term "Pre-Metro" indicates that LRT system planning and

development call for the progressive elimination or reduction
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of street operations and the extension of rapid transit
operations.

Most operating LRVs have fixed steps which are recessed into
the vehicle. They are designed for street operation exclu-
sively, and two-thirds of them operate in a single direction
only. The floors in these fixed-step vehicles are 34"+
1 1/2" (86 cmt 4 cm) above the rail. Step rise increments of
15", 10", and 9" (38 cm, 25 cm, and 23 cm) are typical. The
lower step, 15" (38 cm) above the rail, works well with a
curb about half as high. Low platforms approximately even
with the lower step are used also, although passengers must
negotiate a gap between the platform and the skewed front and
rear steps. Platforms at second step or car floor level are
not used with fixed steps because of the wide gaps involved
at all the stairwells.

Appendix A-4 supplements Table 3-2.1 with additional infor-
mation about LRV step and door arrangements.

The doors on fixed-step LRVs are the 2-leaf, folding type.
Most are double doors which fold aside in a doorway about 52"
(132 cm) wide. A few vehicles have one or two single doors
about 25" to 30" (63.5 cm to 76 cm) wide. The doors are

typically about 86" (220 cm) high and extend to the bottom
step so that they enclose the stairwells. The doors open by

folding into the stairwells which must be located clear of
the trucks. This Timits side door positioning.

A number of LRVs are equipped with folding or swiveling steps
that will adjust for high or low level passenger exchange.
These adjustable steps are standard equipment on some vehi-
cles, and are also available as optional equipment in lieu of
fixed steps on others.

With the exception of the nonarticulated CLRV, all cars with
a high/low capability or option are articulated,
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dual-directional cars over 65' (20 m) in length. Two articu-
lated LRVs being developed for Pre-Metro use (in England and
Belgium) are designed for high platforms only. Both of these
are two-directional, but one has a single-directional

option.

The floors in Pre-Metro cars are typically about 34" (86 cm)
above the rail (as in fixed-step vehicles). The floors in
cars with adjustable steps are 38"+ 1" (965 cmt 2.5 cm) high
and the steps usually rise in 15", 12", and 11" (38 cm, 30.5
cm and 28 cm) increments from rail level.

The majority of 50' (15 m) nonarticulated LRVs have 3 doors
per side, but a number of them, including some versions of
the PCC car and the newer CLRV, have only 2 doors per side.
Nearly all of the 65' to 90' (20 m to 27 m) articulated cars
have 4 doors per side. Two cars have more doors, but the
only car with fewer is the SLRV with 3 doors.

LRVs do not have end doors for passage between cars in
multicar trains, but the articulation units which join main
car sections are mounted on the center truck bolster and form
an integral part of the car body that provides for safe pas-
senger access between car sections.

Most cars equipped to handle platform loading use double,
2-leaf, folding doors about 60" (150 cm) wide. Pre-Metro
cars tend to use sliding, bi-parting doors about 51" (130 cm)
wide. The English Pre-Metro car and the SLRV have plug-type
doors. These are flush, bi-parting doors which move outward
and then slide along the side of the vehicle to open. When
open, they project 2" (5 cm) or so from the side of the
vehicle.

When cars are equipped to accommodate high platforms, no
matter how the doors operate, they most often are about 75"
(190 cm) high and extend upward from the car floor. The doors
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therefore open at or above platform height. With few excep-
tions (one being the SLRV) all doors are positioned parallel

to platforms.

U.S. Standard LRV: MINI Configuration

The SLRV was conceived as a replacement for the PCC car and
for use in LRT systems. Power collection is by overhead

pantograph.

The Massachusetts Bay Transportation Authority (MBTA) and the
San Francisco Municipal Railway (MUNI) have ordered similar
double-ended, 73' (22.25 m), single-articulated vehicles that
differ most notably in seating and step arrangements. MUNI
is acquiring 100 vehicles to replace the present PCC fleet.

The proposed MUNI application provides an illustrative exam-
ple of how vehicle selection and option choices can fit and

affect system operations.

The new vehicles, in trains up to 4 cars in length, will
operate in a new subway with nine high-platform stations and
turnstile fare collection. The platforms are 34" (86 cm)
high, 8' to 10' (2.4 m to 3.0 m) wide, 300" to 450' (91 m to
137 m) long, and have a capacity of 10,000 to 13,000 pas-
sengers per hour.

The design headway is 2 minutes for subway operation and 4 to
10 minutes for street running on the balance of the system.
Subway dwell times are planned to be in the 20 to 30 second

range, and street stops are expected to be 8 to 15 seconds.

The cars have 3 doors per side, but the skewed front doors
(with fixed steps) will not be used at platform stops. A
mechanical device at the two central doors will Tlower a
portion of the floor to form a 2-step stairwell for street

running.
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A1l the doors are plug doors that extend down to the Tlower
step rather than to the car floor in the usual Pre-Metro
configuration. The doors when open are to project no more
than 2" (5 cm) from the car body in order to minimize the

clearance gap at platforms.

Vehicle Features and Equipment Options

The transit vehicle contributes to the safe, reliable,
efficient, and comfortable operation of a transit systen.
In selecting a vehicle, such considerations as performance,
comfort, revenue, and environmental factors are weighed
against acquisition, maintenance and operating costs. Some
of the possible material and equipment choices are presented

in the following considerations.

o0 Interior and exterior materials can be selected for their
ability to resist vandalism and to discourage graffiti.
Different degrees of maintenance effort are required.

0 Materials and structural designs can affect vehicle weight
and crashworthiness. _
|
o Features such as air conditioning, ;heating, waste-heat
utilization, insulation, and regenérative braking can
influence energy requirements and costs.
0o Sound proofing can minimize interior noise, while modern
suspension systems and resilient wheels, especially in
conjunction with continuous welded rail (CWR), can reduce

both wayside and on-board noise levels.

0 Primary and secondary suspension systems can provide
vertical and lateral cushions to improve ride quality.
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Chopper controls that modulate power for smooth accelera-
tion and braking will also permit the use of regenerative

braking.

Automatic detection and control of wheel slip and spin,
augmented by automatic load weighing systems, can be pro-
vided to help achieve uniform acceleration and braking
rates.

A weighing system, combined with a pneumatic secondary
suspension system and control valves, can adjust for
changes in passenger loading and can level the car floor
at a constant height above the rail.

The degree of complexity of on-board instrumentation can
be selected to match requirements for vehicle performance,

system control, and communications.

Other options that might be appropriate for certain sys-
tems include automatic coupling and uncoupling, high-level
and Tow-level boarding, and a combination of overhead and

contact rail current-collecting devices.

Vehicle Costs

The vehicle cost data herein provide a basis for preparing or

reviewing preliminary estimates.

1.

Cost Ranges and Trends

Vehicle costs have been rising more rapidly than construction
cost indexes. Figure 3-2.2 shows that the cost per vehicle
in the United States more than trebled in the decade from
1965 to 1975.

In 1975, the cost range was on the order of $300,000 to
$600,000 for modern HRVs and LRVs which are much alike in
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size, comfort, and performance. This 2:1 relationship be-
tween the high and low Tlimits of the cost range has been

typical since the early 1950's.

Vehicle costs depend on the size of vehicle, equipment op-
tions, and the number of vehicles ordered. All electrical
components may account for one-half the cost of the vehicles
and chopper control alone can add about 5%. Within the cur-
rent range, HRVs with sophisticated control equipment tend to
be 10% to 20% more expensive than less sophisticated vehi-
cles. The correlation between vehicle cost and any given
vehicle feature is not very strong. Vehicle area (nominal
length x width) appears to be the best index, but in 1975
even this varied from $450 to $700 per square foot ($4,850 to
$7,550 per square meter) for vehicles of all types.

In contrast to the cost of $300,000 and up for new vehicles,
DMT estimated in 1976 that PCC cars might be acquired,

reconditioned, and modernized for $110,000 each.

Various projections indicate that by 1980 rail transit cars
will range in cost from $0.5 to $1.0 million. Figure 3-2.2
indicates that if recent trends continue, vehicles could cost
one or two million dollars apiece by 1990.

Number of Vehicles

The number of cars utilized in any given rail transit system
depends on the physical characteristics of the system and on
related policies and decisions affecting its operations.
Operating factors and their effects on fleet size are
discussed in Section 3-9, Subsection E.

Figure 3-2.3 1is based on the number of vehicles employed by
operating systems in North America and abroad and on projec-
tions for systems under construction. The figure gives
ranges that include most HRT and LRT systems of various sizes
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as measured by single track increments of length up to 140
miles (225 km). Vehicle ranges can be extrapolated to double
or more the track length shown. The broad ranges with
respect to mileage (or any other system feature) illustrate
the influence of specific conditions and factors. The figure
sets limits for reasonable expectations. Therefore, it would

require special or unusual circumstances to stretch these.

Vehicle Miles and Life

The service-life expectancy for rail transit vehicles is
usually considered to be 20 to 40 years. A normal life of 30
years 1is most commonly used for amortization. To minimize
LRT costs, consideration might be given to reconditioning
30-year old PCC cars with the expectation of extending their
service life by 15 years.

The average annual mileage reported for most operating LRT
systems falls in the range of 20,000 to 35,000 miles (32,000
to 56,000 km) per vehicle. For HRT systems the range is more
on the order of 30,000 to 50,000 miles (48,000 to 80,000 km).
Actual and projected vehicle maintenance costs are often
expressed in terms of vehicle miles. Inspection intervals
and mean time between failures (MTF) are also expressed in
this manner. MTF is wused as a measure of equipment
performance and reliability.
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TYPICAL CHARACTERISTICS
LIGHT AND HEAVY RAIL VEHICLES
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g 50—-FT.(15 m.) VEHICLE 70—75FT.(21-23 m.) VEHICLE
8 FEATURE =
& H.R. V. D L.R.V. D HR V. Q) AR LARE D)
Length over Couplers 50.0 ft. | 15,240 mm| 51.0 ft. [ 15,545 mm| 75.0 ft. |22,860 mm | 73.0 ft. | 22,250 mm
Body Length 48.5 ft. | 14,783 mm| 49.0 ft. | 14,935 mm| 73.5 ft. |22,403 mm | 71.0 ft. |21,641 mm
Body Width 9.33 ft 2,844 mm| 8.67 ft. 2,64:’; mm | 10.33ft. | 3,149 mm | 8.67 ft. | 2,643 mm

g Truck Spacing 33.5 ft. | 10,211 mm| 24.0 ft. | 7,315 mm |52.5 ft. {16,002 mm |23.0 ft. 7,010 mm

‘£ End Overhang 7.5 ft. 2,286 mm| 12.5 ft. | 3,810 mm | 10.5 ft. | 3,200 mm [12.5 ft. | 3,810 mm

w

§ Wheel Base 6.5 ft. 1,981 mm| 6.0 ft. | 1,829 mm 7.5 ft. | 2,286 mm | 6.0 ft. 1,829 mm
Wheel Diameter 28 in. 711 mm| 26 in. 660 mm 30 in. 762 mm | 26 in. 660 mm
Height-Rail to Roof 11.75ft.| 3,581 mm | 11.50ft.| 3,505 mm | 11.75 ft.| 3,581 mm | 11.50 ft.| 3,505 mm
Height-Rail to Floor 44 in. 1,118 mm | 34 in. 864 mm 44 in. | 1,118 mm | 34 in. 864 mm

w Maximum Speed 70 mph | 113 kmph | 50 mph 80 kmph | 75 mph | 121 kmph | 50 mph | 80 kmph

O

E Accel. & Decel. Rates |3.0mph/s. 1.34m/s? |3.0mph/s}1.34 m/s2 |3.0mph/s {1.34 m/s2 {3.0mph/s| 1.34 m/s?

=

g Min. Horiz. Turn Radius| 90 ft. 27.4 m- 45 ft. 13.7 m 300 ft. 91.4m 45 ft. 13.7 m

L

EJ Min. Vert. Curve Radius| 900 ft. | 274.3 m | 900 ft. | 274.3 m |2,000ft. | 609.6 m 500 ft. | 152.4 m

o
Maximum Grade + 4% + 4% +6%,—8%| +6%,—8% + 4% + 4% +6%,—8%| +6%,—8%
Number of Seats 50 50 38 38 72 72 52 52

> = (Design) 52 @ 52 @ 90 @ 90 @ 111 @ 111 @ 83 @ 83 @

E Been habine s 2.7 ft.2ea.| 0.25 m2ea. | 2.1ft2ea. | 0.20m? ea. | 2.7ft. 2eq| 0.25 m? ea.| 2.7 ft. 2ed 0.25 m2 ea.

<L

o 100 @ 100 @ 135 @ 135 @ 150 @ 150 @ 160 @ 160 @

< |Standees (Crush)

(3) 1.4 ft.?ea|0.13 m2 ea. |1.4 ft.2ea| 0.13 m2ea. |2.0 ft2 ea.| 0.19 m2 ea. |1.4ft.2ea.|0.13 m2 ea.
Total Passengers 150 150 173 173 992 222 212 212
(Crush) .

50,000 1b.| 22,680 kg. | 42,000 1b.| 19,051 kg 172,000 1b.| 32,659 kg. | 65,000 1b| 29,483 kg.
Vehicle (Empty)

; (110 1b/ft2) (537 kg/m?2) (100 1b/ft?) (488 kg/m?) [(95 1b/ft2)| (464 kg/m?) [(106 1b/ft2](518 kg/m?2)

O

w Passengers (Crush) 23,0001b.| 10,432 kg. |26,000 1b.| 11,793 kg. |33,000 1b.| 14,968 kg. 32,000 Ib.| 14,515 kg,

=
Vehicle (Gross) 73,000 Ib. | 33,112 kg. {68,000 Ib.| 30,844 kg. 105,0001b| 47,627 kg. {97,000 1b.| 43,998 ke.

Data Sources: Lea Transit Compendia (HRT Vols. I & II; LRT Vols. I & II)

Note: HRV and LRV designafors@ond @ shown in column headings serve as reference
devices for these "Typicol Vehicles.' See Figures 4—2.1,4-2.2,4-3.4,and 4-3.5.
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COST PER VEHICLE IN MILLIONS OF DOLLARS

YEARS
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SOAR (Table 33; P.222)
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3-3 RIGHTS OF WAY

Al

General

LRT systems are distinguished from HRT systems by the broad spec-
trum of rights of way that may be employed. The degree of traf-
fic separation to be provided is a major determinant of system
capital costs and of performance Timits.

Location, design, system operations, and costs cannot be consid-
ered separately. A location cannot be selected without consider-
ing the nature and purpose of the facility. Desired system
operating characteristics, land forms and development, and total
environment influence the manner in which right-of-way access is
to be controlled. The wutilization of public space such as
streets and sidewalks tends to dictate surface or cut and cover
locations and is a strong influence on aerial locations. Tunnel-
ing can minimize right-of-way costs, traffic handling problems,
and other construction disruptions. Tunnel aligment is inde-
pendent of surface development to some degree, but Tlocation is
still influenced greatly by geologic and soils conditions,
requirements for stations and mode change facilities, and other
considerations such as ventilator shaft Tlocations and underground
utility conflicts.

Classification

Rail transit rights of way are classified into three basic
categories:

o Category A is an exclusive, fully controlled right of way
with complete grade separation of vehicular and pedestrian
crossings. HRT systems operate only in this manner, but
portions of LRT systems may use this category.

o Category B is a semi-exclusive, partially controlled right of
way. This category includes operations primarily on reserved
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rights of way separated from other traffic except at grade
crossings. It may share reserved lanes with buses or be

located in roadside areas or medians of separated roadways.

o Category C is a non-exclusive, shared right of way typified
by street car operation in mixed traffic with autos and

buses.

Section 4 of Appendix A-11 describes these categories in some
detail. LRT systems are characteristically Category B opera-
tions, but may contain segments of all categories. In Category
C, the speed of transit vehicles can be no greater than that of
other traffic, and travel time is extended by additional pas-
senger stops.

Use of Existing Corridors

A number of existing right-of-way opportunities look attractive,
especially for HRT usage, from the standpoint of minimum com-
munity disruption and in terms of cost and time savings for

acquisition. Such things as abandoned or little-used railways,
trolley car lines, electric power transmission lines, old canal
beds, linear parks, and highway medians and roadsides have been
used in the past. They are worth considering where their loca-

tions coincide with travel corridors and user activities.

Some general considerations for several types of corridors are
presented below. Illustrations and more detailed discussions of

the advantages and disadvantages of various corridor opportuni-
ties may be found in References P-13, R-6, and R-9 listed at the

end of this manual.

1. Railroad Rights of Way

The conversion of abandoned or relinquished railroad trackage
may be the simplest and least costly right-of-way adaptation
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for rail transit use, but could still present the usual at-
grade street crossing problems.

The sharing of lightly used railroad freight trackage poses
institutional, Jjurisdictional, and operational problems.
Initial schedule conflicts may be aggravated by a desire to
change either transit or freight service, or both, in the
future. Differing clearance requirements would be governed
by railroad standards and would be complicated by the intro-
duction of electrification and passenger loading facilities.
Train Tlengths and stopping characteristics also differ
markedly. Where separate tracks share a common roadbed or
right of way, adequate space must be provided for track
maintenance, including tie replacement.

Freeways

Much interest has been shown in combining rail transitways
and appurtenances with existing or proposed freeways in order
to utilize a fully controlled right of way and to take advan-
tage of a completely grade-separated facility in a heavily
traveled corridor. However, much of the apparent advantage
of a Jjoint facility 1is Tlost unless the trackbed is con-
structed at essentially the same elevation as the freeway
roadbed regardless of whether it 1is elevated, at-grade or
depressed. For instance, aerial transit structures placed in
freeway medians, and requiring a third level of separation at
street crossings or interchanges, are costly and tend to
complicate rather than simplify design and construction
problems.

A double-tracked 1ight or heavy rail installation requires a
minimum of 25-27 feet (7.5-8.0 meters) of clear width in or
on structures or between barriers separating rail vehicles
from other adjacent vehicles. This basic width accommodates
a walkway 2 feet (60 centimeters) wide on each side, but does
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not include allowances for the following elements that are

additive and tend to be cumulative:

0 Barriers and shoulders

0o Passenger islands, platforms, and shelters or structures

o Stairways, escalators, and elevators

0 Bridge supports and other freeway structural elements

o Spiral track offsets to circular freeway curvature

o Transit vehicle overhang on curves

Tracks can be placed alongside the freeway lanes or in a
median location, but with either scheme, concentrations of
mixed-mode traffic and a variety of activities tend to pro-
duce conflicts in freeway interchange areas. Some problems
are common to all joint freeway-transit schemes and others
are unique to each situation. Typical advantages and disad-
vantages to be weighed and difficulties to be overcome have

to do with:

0 Providing structures for rail access to freeway median
locations

0 Separating alongside rails from freeway ramps

o Fitting on-line stations within median or interchange

constraints.
o Providing access to stations

o Providing parking facilities or alternatives
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Many physical difficulties such as those relating to the
compatibility of alignments and horizontal and vertical
clearances, construction site access, and construction
disruption are more easily dealt with when planning and
designing a joint facility than when fitting a rail system
into an operating freeway. On the other hand the coordina-
tion required for the design, funding and construction of a
combined facility adds appreciably to the complexity of a
joint project.

Other Potential Corridors

The availability and feasibility of using existing rights of
way should be investigated at an early stage in the consid-
eration of alternatives. There may be valid reasons why
corridors have remained unused or lightly used.

Some of the factors to be considered in connection with
inserting rail transit are:

0 Accessibility for construction and maintenance

0 Accessibility to users

o Compatibility of joint usage

o Compatibility with surroundings

0o Suitability for desired degree of access control

o Feasibility of other potential uses that would be
foreclosed
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Criteria and Requirements

The right-of-way take must provide sufficient space to construct,
maintain, operate, and protect all aspects of the transit system.
Temporary easements may be appropriate for some construction
purposes or other needs, but operational interests require per-
manent takes in most instances.

The take is influenced by topography, drainage, utilities, serv-
ice roads, structures, side slopes and retaining walls, and by
affected properties. In some instances involving aerial and
underground structure considerations, upper and lower limits, as
well as lateral 1limits, are established. The Tlimits of such
envelopes are defined by vertical and horizontal planes.

1. Limits

Table 3-3.1 summarizes typical Timits and minimum right-of-
way dimensions for basic grade line and structural configura-
tions. The guideline limits shown are for Category A rights
of way, but also serve as a basis for establishing Category B
and C Tlimits when modified appropriately to fit existing
conditions and future needs.

As noted in Table 3-3.1, lower limits are normally not pre-
scribed, but where required by local limiting conditions, the
dimensions shown represent desirable minimums.

Permanent surface easements are preferred for surface and
aerial construction, but must be modified where undue
restrictions would be imposed as in the case of an aerial
transit structure crossing another right of way.

The preferred upper 1limit for underground structures is
10 feet (3 meters) above the high point of the structure.
The ground surface may be used as an upper limit when it is
less than 10 feet (3 meters) above a structure if the minimum
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depth of cover requirement, often 8 feet (2.5 meters), can be

met.

When it is necessary to designate an upper limit for a sur-
face trackway, it must be compatible with specified vertical
clearance requirements.

The lateral limit of 13 feet (4 meters) for surface construc-
tion is increased to 15 feet (4.5 meters) on the high side of
superelevated sections. These suggested minimum Tlateral di-
mensions are appropriate for exclusive rights of way, but may
be otherwise designated and agreed to on restrictive rights
of way in shared highway or railroad corridors. Minimum
lateral Timits must be extended to provide for such things as
slopes, service roads, and drainage. In retained cut or fill
sections, the outside face of retaining wall footings may be
used as the minimum distance for right-of-way width.

The 1imit of right of way for stations is often set 3 feet
(1 meter) from the outside face of the structure. When
multi-level stations are located within multi-purpose
buildings, different easement 1imits may be designated at

each Tlevel.

Easement areas must be provided for installations such as fan
and vent shafts, substations, and escalators. Preferred
locations are contiguous to the transit system right of way,
but they may be isolated. The installations must be access-
ible whether they are Tlocated in public space or within
private property.

Rail transit rights of way should be suitably monumented.

Access Control

Category A rights of way are protected so that external vehi-
cles and pedestrians are denied access except at points of
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passenger ingress and egress such as stations and parking
areas. Right-of-way barriers are erected along surface loca-
tions to prevent public access to the tracks and to third-
rail electrification. Suitable barriers for separating the
public from the transit right of way include fences and walls
(or fences on walls) with a minimum overall height of 6 feet
(1.8 meters) facing the public side. Where minimum-height
barriers might otherwise be mountable, they are topped with
barbed wire or some other deterrent.

During construction, work sites and contractors' areas
require temporary fencing and barricades to protect pedes-
trians and vehicles.

Costs

Right-of-way requirements and acquisition costs vary greatly and
are highly site-specific. Acquisition costs can change rapidly
and are therefore also time-specific.

Right-of-way costs can be nominal for Category C locations or for
trackbeds utilizing or sharing pre-existing rights of way. Where
acquisition is involved for either 1light or heavy rail systems,
right-of-way costs may vary from less than $0.25 million per mile
in a suburban area to more than $10 million per mile in the cen-
tral business district of a city. In addition to different
requirements for right-of-way categories and for single or multi-
ple trackways, varied requirements for storage and shop areas and
for station and parking facilities contribute to the wide range
in right-of-way costs even though relatively low-cost areas are
sought for such facilities. Underground construction is an
expensive alternative to the acquisition of costly rights of way
in metropolitan areas.
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MINIMUM RIGHTS OF WAY
(GUIDELINES FOR CATEGORY "A" R/W)

s=39

FYPE TUNNEL
AT GRADE |CUT & COVER AERIAL
CONSTRUCTIONl EARTH ROCK
TYPE
EASEMENT SURFACE UNDERGROUND AERIAL
(PERMANENT)
. 10' (3m) ‘ .
*13' (4m) Above Top of 10' (3m) 10" (3m) 13' (4m)
UPPER Above T/R Structure Above Top Above Top Above T/R
(Where Required) | 40 (12m)Above |of Structure |of Structure
T/R at Stations
*10' (3m) * x * Surface
LOWER * 4 ' Below Low Pt. 10 (3m) 10 (3m) of Ground
(Where Re- 10" (3'm) of Str Below Low Below Low
0 3 P ucture int of Poi ¢ (Except Where
2 |quired by Below T/R 20 (6m] Bel Point o oint o Senesite Db
— Nurisdic- m) BEIOW | gt ycture Structure OaNnS
= | tions) T/R at Stations Rights of Way
- EXCLUSIVE R/W
13'(4m) Fr.¢. Ea. Track,
I15(4.6m)on High Side| 3' (90c¢m) ,
of Super,or Varies | From Outside | 3 (90cm) 12' (3.7m)
LATERAL|(See Directive Dwgs) Face of From Outside | From Inside 25' (7.6m)
RESTRICTIVE (Hwy | Structure Face of Face of From ¢
or RR) R/W (Track or Structure Tunnel Lining | Each Track
As Approved Station)
(See Directive Dwgs)
I. Minimum distances shown are to be modified where engineering requirements
such as clearances, service roads, rock bolts, or drainage dictate additional needs.
w
& 2. All limits are to be vertical or horizontal planes.
O | 3 Use ground surface for upper limit for subways if distance shown extends above
= ground and minimum depth of cover requirements can be met.
4. Asterisk (%) indicates limits not normally required.
SOURCES: BRRTS (Fig. 1IV. 12)
SCRTD (Fig. 1V. 48)
WMATA (Fig. XlIl1.2)




3-4.1

3-4 ELECTRIFICATION AND CONTROL SYSTEMS

A.

Introduction

This section discusses electrification systems used to supply
power to rail transit vehicles and presents an overview of vehi-
cle propulsion controls and system-wide operational control fea-
tures. Appendix A-11 contains CPUC safety control requirements
for LRT operations.

The direct-current traction motor has ideal characteristics for
the frequent starts and stops inherent in transit operations.
Electromechanical cams or solid-state choppers permit operation
at various speeds and provide simple control for smooth accelera-

tion and deceleration.

Electrification Systems

The principles applicable to the electrification of LRT and HRT
systems (and mainline railroads) are much the same. With the
present state of the art, overhead wire systems are used for
electrified mainline railroads, streetcars, and LRT operations,
while a third rail is used for HRT systems.

On mainline railroads, single phase AC high voltage is used to
overcome power losses in long distribution systems and the equip-
ment needed for current rectification and voltage reduction is
readily accommodated on board the large, powered vehicles.

In the case of transit systems, the use of smaller, lighter vehi-
cles makes it difficult to place power rectification and step-
down packages on board. Also, distribution distances are shorter
and power losses are reduced. These factors favor the use of a
low voltage DC power supply. The distribution system, including
transformer substations and feeder systems, becomes somewhat com-
plex, but the onboard system is relatively simple.
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Power Supply

Rail transit operational requirements for service flexibility
and reliability are better met by an external power source
than by an on-board power generator. Most often in the
United States, commercial high voltage AC 1is purchased and
delivered to transit-owned substations where it is rectified
and reduced to low voltage DC. In some cases the utility
company constructs the substations and sells DC to the
transit system. This trade-off between capital outlay and
operating costs warrants thorough consideration.

In determining traction power requirements, consideration
is given to the following items:

o Power demand per car

0 Number of cars

0 Scheduled headway

o0 Average speed

0o Length of track section

o Track profile

0 Number of tracks

If a blended braking option is selected, dynamic/regenerative
braking can supplement friction braking and also deliver
power back to the substation during deceleration.

The location and capacity of traction-power substations is
based on supplying power to cars or trains as demanded by

schedules during maximum traffic periods while staying within
the 1limits of permissible voltage drops. For a nominal
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potential of 600 Vdc, a tolerable variation would be on the
order of 450 to 675 Vdc. The power supply should also be
designed to keep the system operating when segments of the
system fail.

Low-voltage direct current suffers severe transmission losses
and cannot be stepped back up to usable voltage, so frequent
substations or additional distribution lines must be provided
to feed power to the overhead or third-rail systems.

Most existing and planned HRT and LRT systems fall within the
600 to 750 Vdc range. However, BART and BRRTS have chosen
1000 Vdc third-rail systems. This voltage may be found at-
tractive for increasing the operating efficiency of future

new systems.

Although a potential of 1500 volts 1is considered the upper
1imit for a third-rail system, 1line voltages of 1200 Vdc or
1500 Vdc are usually carried by overhead distribution sys-
tems. The new Tyne and Wear pre-metro system in England uses
1500 Vdc overhead Tlines with pantograph collectors.

In Chapter V of Moving People Safely, the APTA Committee on
Power and Signals presents guidelines for third-rail and

overhead power distribution systems.

LRT Overhead Power Distribution Systems

Safety considerations require the use of overhead power sup-
ply systems for LRT operations at grade. Third-rail power
distribution is seldom appropriate because LRT rights of way
are usually not completely fenced or grade separated and LRVs
may also operate on city streets. Appendix A-8 gives CPUC
rules for clearances for overhead conductors and for the use
of third-rail electrification.
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Typically, LRT substations are spaced 1.5 to 2.0 miles (2.4
to 3.2 kilometers) apart and power is fed to the overhead
wire at intervals of about 1,000 feet (300 meters).

There are two basic designs for overhead distribution sys-
tems. One is a single contact wire supported at 100' to 125'
(30m to 38m) intervals. The largest size contact wire used
in LRT systems weights about one pound per foot (1.5 kilo-
grams per meter). In Europe, on some intensely used sections
of track, two contact wires are placed side by side to in-
crease electrical capacity.

The other basic overhead system is a multi-wire catenary con-
sisting of one or more messenger (support) wires that main-
tain the contact wire in an approximately level profile.
This system requires fewer support points and the large dia-
meter messenger wire increases the current carrying capacity
of the system. This can be an important consideration in LRT

system design.

Because of the sag inherent in the simple contact wire sus-
pension system and the varying stiffness of the wire through-
out its span, this arrangement is not suitable for top speeds
exceeding 65 mph (104 km/h). The catenary suspension sys-
tems, normally used on high-speed transit lines, are usually
tensioned by weights to secure constant wire tension and
eliminate thermal sag.

LRT Overhead Power Collectors

LRVs collect power from the overhead contact wire by means of
a trolley pole or a pantograph. The less expensive trolley
pole is free to track horizontal and vertical wire deflec-
tions and has a U-shaped shoe that slides along the wire.
Two poles, one for each direction, are required for
bi-directional LRVs.
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Several forms of pantographs and shoe variations are in use,
but they all function in much the same manner. The panto-
graph is heavier, more complex, and about three times as
costly as the $850 trolley pole. At LRV speeds, a single
pantograph can be used in either direction. The pantograph
provides more efficient current pick up than the pole and is
free from dewrirement. The wide pickup shoe on the panto-
graph can accommodate a zig-zag wire alignment that distri-
butes wear and extends shoe life. Shoe ends are typically
turned down to prevent snagging on converging or intersecting
wires. The pantograph, supported by springs, exerts 10 to 20
pounds (4.5 to 9 kilograms) of shoe pressure against the con-
tact wire.

The pantograph can be used with a single contact wire or with
a multi-wire catenary system. It can be made compatible with
trolley pole use so that both can be used during a system
change over from poles to pantographs even though overhead
designs for each usually differ somewhat. Some LRVs are de-
signed to carry either pickup system, or both systems, with-
out appreciable difference in performance.

Both poles and pantographs are designed to operate over a
wide range of wire heights. A range typical of many LRVs
would be 12' - 19' (3.7 m - 5.8 m) above the top of rail.
Vertical clearance to structures must make an allowance for
the depth of the catenary and its support system in addition
to the minimum operating height of the pickup device. Under
certain conditions defined in Section 5 of Appendix A-11, the
CPUC permits a minimum contact wire clearance of 9" (23 cm)
above the height of an LRV pantograph in a retracted
position.
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HRT Third-Rail Distribution and Collector Systems

Third-rail electrification employing a contact rail alongside
the running rails is used for HRT systems that have grade-
separated or completely fenced, exclusive rights of way and
high-level Tloading platforms that minimize the chances of
lethal contact.

The third rail has a greater electrical cross section than an
overhead wire and it can, therefore, be used with fewer
feeder lines or with longer trains. Most overhead LRT sys-
tems are limited to three or four car trains.

Current 1is collected by means of sliding metallic shoes
mounted on HRV trucks and held in contact with the third rail

by gravity, springs or pneumatic pressure.

Combined Overhead and Third-Rail Systems

A few mixed systems operating with both third-rail and over-
head electrification have evolved in this country as a
result of transit system expansion. In Chicago, the tran-
sition is made with vehicles in motion; in Boston, the tran-
sition occurs in an underground station when it is adjacent
to an above-ground location. There may be operational or
system circumstances where vehicles equipped for both track-
level and overhead power collectors would serve to advantage.
Some vehicles, including the SOAC, are designed for selection
of a third-rail or a pantograph pickup option.

Design Aspects and Considerations

o Third-rail electrification is less conspicuous than over-
head wires where a transit system is above ground.

0 The visual. impact of overhead electrical systems can be
minimized by some design concepts.
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Both single contact wires and catenary systems may be sup-
ported by poles placed between or outside double tracks.

Support poles are needed along reserved rights of way;
pre-existing or joint-use support systems may be available
at other locations.

In storage yards, third rails may be placed back to back
on alternate pairs of tracks.

The diameter of a circular tunnel is usually governed by
horizontal clearance requirements for LRV widths and
safety walks rather than by overhead power collectors and
contact wire systems.

The height of many underground structures is independent
of width; clearance requirements for an overhead contact
wire may dictate structure height.

Third-rail systems carry current effectively for relative-
ly high-powered transit vehicles, but their structure and
power-collection devices are such that transit system
speeds must be limited to 85 mph (136 km/h).

Third-rail systems are generally limited to 1000 Vdc and
overhead systems are used for higher voltages.

A precisely aligned catenary system allows the overhead
collector to function at speeds up to 200 mph (320 km/h).

Separate pantographs are usually employed on high speed,
bi-directional vehicles.

In the near future, propulsion systems may be developed to
combine chopper-like control with an AC traction motor and
thereby reduce motor maintenance while retaining DC motor

performance characteristics.
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Control and Communications Systems

The purpose of control and communications systems is to ensure
that the transit system operates safely, reliably, and effective-

ly within its inherent operational limits. Each powered vehicle
should operate smoothly and all trains should operate in a coor-

dinated manner on all parts of the system.

The appropriate degree of control and automation varies with the

nature of the transit operation.

1-

Control System Variations and Characteristics

Rail vehicles can be run manually without signals, but tran-
sit systems usually employ controls involving some form of
signal system. Wayside or cab signals are used to relay
information about the condition of successive track blocks
and to alert the operator to take appropriate action. Con-
trol features can be added to override the operator and limit

speed or stop the vehicle.

In semi-automatic operation, the operator presses a button
when ready to leave a station and wayside or track code sig-
nals govern operation between stations.

In an automatic, computerized system (such as BART), trains
are run from a control center while the operator monitors the
operation and communicates with the center. A manual backup
system permits the operator to cope with bad weather, multi-
ple delays, and unusual situations or simultaneous incidents
that are beyond the ability of the computer control system.

Fully automated, unmanned operation is somewhat experimental
and has been confined to special installations of limited
scope. Full automation has the same problems as automatic
control systems monitored by an attendant, but with full
automation there is no one on board to close malfunctioning
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doors, to handle control functions, or to respond in
emergencies.

Although all gradations of these control systems can be used
on LRT systems, a high degree of automatic control is usually
not warranted or needed. When automatic control seems desir-
able, an HRT system, not LRT, is indicated. In any case,
however, the design of an initial control system can allow
for the future addition of various control features.

LRT Controls

In general, the degree of protection provided for LRT systems
is as much as is feasible and necessary to operate on‘ a
particular right of way. In mixed traffic, or in reserved
lanes on street portions of LRT systems (Right-of-Way
Category C), the vehicle operator can observe traffic condi-
tions on the right of way and control movement of the train

or vehicle accordingly.

For LRT operations on reserved (Category B) rights of way,
relatively simple signals are needed for rear-end protection
at locations where speeds are high or sight distances are
lTimited. Signals are used at grade crossings to actuate
crossing protection devices or to pre-empt traffic lights on
cross streets. Signals are also used where two-way travel
over a single track is necessary and at other locations where
tracks converge or cross. In such instances, signaling and
track switches can be interlocked.

HRT Controls

HRT automatic train control (ATC) systems encompass equipment
situated along the wayside, in transit vehicles, in a control
center, in stations, and in storage and maintenance yards.
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CPUC General Order No. 127 contains regulations governing the
construction, maintenance, and operation of ATC systems. A
document entitled Automatic Train Control in Rail Rapid

Transit, published in May 1976 by the U.S. Congress, Office
of Technology Assessment, constitutes a gquide for ATC
implementation.

The ATC system accomplishes three basic functions by means of
the following subsystems:

o Automatic Train Protection (ATP) - includes continuous

train detection, train separation, interlocking protec-
tion, and speed-1imit enforcement features which maintain
safe train operation.

o Automatic Train Operation (ATO) - performs the on-train

functions of speed regulation and programmed stopping.

o Automatic Train Supervision (ATS) - provides centralized

traffic control that monitors the operation of all trains
and provides the necessary controls to maintain traffic
patterns and make adjustments to minimize schedule
delays.

The ATC system can be designed so that it reverts to a state
known to be safe when malfunctions affecting safety are
detected. In this regard, the ATO and ATS subsystems are
subordinate to the independent failsafe features of the ATP
subsystem and cannot override it.

Vital ATP équipment should comply with applicable portions of
the AAR Signal Manual of Recommended Practices.
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Communications Systems

Communications systems are increasingly important in the
design and operation of rail transit systems. Each system
has its own needs for voice communications and telemetry.

The purpose of the communications system is to transmit in-
formation between locations and among management, operating,
maintenance, and security personnel, and to advise and assist
patrons. Sophisticated systems may contain some or all of
the following:

o Cable Transmission System - provides two-way voice and

digital communications among fixed terminals located at
operations central control, passenger stations, yards, and
along the transit routes. Digital data transmission pro-
vides for storing, displaying, and recording information
about performance, operational status, train control,
traction power, and mechanical and electrical support
facilities.

0 Private Automatic Branch Exchange Telephone System -

provides voice communications among all administrative,
operational, security, and maintenance locations.

o Emergency Telephone System - enables passengers and

operating and security personnel to communicate directly
with passenger station agents or control supervisors using
telephones 1in stations and along the wayside. These
telephones can be used during emergencies or to obtain

operating information.

o Operations and Maintenance Telephone System - provides

voice communications among employees at all working Tloca-
tions including telephone Jjack locations throughout the

transit system.
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o Two-Way Radio System - provides direct voice communica-

tions among personnel at central control, at maintenance
headquarters, on each train, in maintenance vehicles, in
other mobile units, at stations, and at security
headquarters.

o Public Address System - provides for announcements to

passengers and employees at each passenger station and on
each transit vehicle and to employees at each yard.

Electrification and Control System Costs

Table 3-4.1 shows significant variations in the ranges of unit
costs for electrification and control systems. Electrification
costs vary with the number and length of trains and peak demand
levels. The costs for signal and communication features required
for controlling trains with minimum headways is roughly propor-
tional to maximum operating speed.
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COST RANGE

CATEGORY DOUBLE L
1975 Dollars
TRACK Millions of 1975 Dollar
ELEMENT ITEM BASIS LRT HRT
5 5 Per Mile | 0.30 —1.40 |Same as LRT
C3 S OVERHEAD
>0 3 (Per Kilometer)| (0.19 - 0.87) |(Same as LRT)
o w o»n
S g o
O - € Per Mile Same as HRT | 0.80 - 2.10
o S THIRD RAIL
iR= (Per Kilometer)|(Same as HRT) [(0.50 - 1.31)
Per Mile 0.03-0.29 | 045- 1.05
Wayside Signals
2 (Per Kilometer)| (0.02-0.18) [(0.28 - 0.65)
o
- Per Mile 0.00-0.10 | 0.21 - 1.50
< Supervisory Controls
LE) (Per Kilometer)|(0.00 - 0.06) {(0.13 — 0.93)
> g Per Mile 0.00 - 0.03 | 0.03 - 0.05
s Communications
—- O (Per Kilometer)|(0.00 - 0.02) [(0.02 - 0.03)
= O
S o
c: P Mil .03 -0.42 | 069 - 2.60
S | 516.8 COM. SUBTOTAL | "o Mile 1003
3 (Per Kilometer)|(0.02 - 0.26) [(0.43 - 1.62)
<
g Grade Xing Protection Ea. Xing. 0.03 - 0.06 NA
& On- Board Equipment Ea. Car 0.00- 0.02 | 0.02- 0.03
Yard Control Ea. Yard 0.00 - 1.00 | 1.00 - 10.00
SOURCES

® SOAR (Table 33)

o Ref CP-2 (Pp.119,120 & Var.)
e Ref

R-2 (Est.

Factors)

o Ref. R-5 (Table |)

e Ref R-9 (Table 4)

o Ref. R-7 (Pp.8,34,35,59 & 60)
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AERIAL AND SUBWAY STRUCTURES

A.

Purpose and Scope

HRT and LRT requirements for grade separations, retaining walls,
and bridges over watercourses are similar to those encountered in
highway work. Therefore, this section of the manual deals prin-
cipally with elevated and underground line structures unique to
HRT vehicles and operations.

The purpose of this section is to present in broad terms some of
the considerations influencing selection of aerial or subsurface
structures, to outline structural requirements, and to suggest
the nature of the many design problems to be investigated and
resolved.

Structure Design Assistance

Requests for assistance with transit-related structural (and
architectural) planning studies, cost estimates, and design
studies are welcomed by the Transit and Structural Design Section
that has been established in Sacramento within the Office of
Structures Design.

Planning and design of rail transit structures and of highway
viaducts, bridges, and tunnels are similar in many respects.
However, single-track structures are significantly narrower than
typical highway structures and are therefore better suited to the
use of prefabricated or precast units.

AASHTO truck loadings are somewhat lighter than LRV and HRV load-
ings, but may be used to produce satisfactory preliminary cross
sections and estimates for rail transit structures. See Subsec-
tion 5.2 of Appendix A-11.
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Profile/Structure Considerations and Selection

Selection of the most appropriate type of HRT line structure is
an iterative process involving the examination of alternatives to
determine the best overall combination of track profile and hori-
zontal alignment. This critically important decision is based on
consideration of many complex feasibility, economic, impact, and
service factors. However, the balance of this section 1is con-
cerned mostly with the particular requirements imposed by the
selection of an aerial or underground profile and with the vari-
ous design choices available to best meet those requirements.

Although economic, safety, environmental, and aesthetic factors
are generally overriding in choosing basic structure types, many
considerations related to such matters as traffic handling, util-
ities relocation, and business access along the route must be
well thought out during early planning and project development
stages in order to avoid pitfalls during construction.

Basic profile choices and specific structure proposals can also

be affected in important ways by such factors as:

Time required for on-site construction
Surface activities and constraints
Access to construction site

Utility relocation

Construction equipment and methods
Traffic control

Materials handling and storage

Noise, vibration, and settlement

Falsework requirements and feasibility

o O o O o O o O O ©

Geologic features and ground water



3-5.3

Some considerations are unique to each basic type of HRT Tine
structure. Some requirements, common to both aerial and under-
ground structures, are more critical for one than for the other
and the design response may vary accordingly. In terms of a
given system, such factors as the following may be important:

o The possibilities of power failure, fire, derailment, and
other occurrences are of special concern in elevated

locations and especially underground.

o Both aerial and subway structures require continuous walkways
for emergencies and for maintenance.

o Walkways should provide a width of at least 2.0' - 2.5'
(0.61 m - 0.76 m) outside the vehicle clearance envelope.

o Walkways are generally Tlocated between double tracks and on
the trackside opposite third-rail electrification.

0 Requirements for ventilation and the control of pressure
changes pose problems and add costs in subway construction.

o For many reasons it is desirable to standardize elevated and
underground line structures throughout a given system.

0 Aerial structure form 1is greatly influenced by visual and

noise considerations.

o Alignment curvature, particularly horizontal curvature, tends
to complicate some aspects of structure design above and
below ground.

o Separated, single-track structures, especially tunnels, are
often employed in rail systems and track separation is
increased where stations are to be accommodated between the
tracks.
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0 Aerial structures avoid many of the problems and costs asso-
ciated with importing embankment material for an elevated
gradeline or associated with the disposal of excess material
from construction below ground.

0 In some instances, short-term construction advantages must be
weighed against long-term operational advantages.

0 Generally, concrete structures require less maintenance than
steel structures and problems with electrolysis are reduced.

The relationships of vehicle clearance envelopes to various
structural shapes and conditions are given in some detail in the

clearance diagrams and cross-sections in Chapter 4.

Aerial Structures

Many types of aerial structures are suitable for carrying single-
or multi-track transit lines. The characteristics of one type
may best fit the requirements for a particular location or

situation.

1. Structure Types and Characteristics

General characteristics for various types of concrete and
steel structures are summarized in absolute and comparative
terms in Volume III, Section 10 of the Caltrans' Bridge Plan-
ning and Design Manual. The summary includes a number of
box, beam, and girder shapes with several pre-cast and cast-
in-place concrete variations. The range of suitable spans
for each type of structure is given within the overall limits
of 30' - 500" (9 m - 150 m). The depth-to-span ratios for
the various concrete simple spans approximate 0.045 for high-
way purposes and 0.08 for conventional railroads, not includ-
ing an approximate 24" (61 cm) depth for ballast and rail
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height. For LRV and HRV Toads, the depth-to-span ratio for
simple spans may be assumed as 0.045 for concrete and 0.055
for steel. Ratios for_ continugus spans are about 10% less

than for simple spans./ ~eymeniet

The summary also provides notes regarding the special attri-
butes of certain structures with respect to appearance and
appropriate siting, future modifications, falsework, deflec-
tions, torsion, irregularities, utilities housing, and sim-
plicity of design and construction. Also, the Transit and
Structural Design Section has developed typical sections,
quantities, and cost data for various types of aerial line

structures for rail transit.

Design Considerations

Some additional considerations influencing aerial design
are:

o Distinctly different vibration, harmonic, and noise char-
acteristics result from the use of ballasted, open tie, or
direct fixation trackwork on elevated structures.

0 Ballasted trackwork produces the smoothest, quietest
ride.

0o Closed abutments are usually more costly than open abut-
ments and are harder to modify.

0 Superelevation and skewed crossings can affect structure

appearance and cost adversely.

o Cast-in-place structures require falsework openings and
guard rails when traffic cannot be diverted.
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Subway Structures

1.

Structure Types and Characteristics

Primarily, underground construction is accomplished either by
tunneling or by the cut-and-cover method. The latter con-
sists of open trench excavation which wusually involves
temporary shoring and covering. The line structure is often
a single- or multiple-cell reinforced concrete box.

In the tunnel method, boring machines are supplanting conven-
tional mining methods in all kinds of rock. Tunnel boring
machines have recently proved effective in soft ground as
well. The circular shape is the most common tunnel shape.
Most tunnels require a permanent 1ining of concrete or steel
and may need temporary support also. Sunken tube methods are
used for construction under water.

The Transit and Structural Design Section has developed typi-
cal sections, quantities, and construction costs for a series
of mole driven, circular tunnels. Cost information from this
planning study is summarized in Table 3-5.1. Inquiries re-
garding underground structures may be directed to the Transit
and Structural Design Section.

The cross-sectional area for most subsurface, single-track
structures is approximately 200 square feet (18.5 square
meters) . The inside diameter for a circular tunnel is
usually close to 16' (4.9 m). Single-track, rectangular box
sections are 14' to 15' (4.3 m to 4.6 m) wide and 13' to 14'
(4.0 m to 4.3 m) high. Horseshoe shapes are typically 14.5'
to 15' (4.4 m to 4.6 m) wide and 8' (2.4 m) high to the
spring line of a circular arch of half-width radius.
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Structural Aspects and Considerations

Underground construction 1is generally more expensive than
surface or aerial construction. It is mostly restricted to
metropolitan areas where the cost 1is perceived to be less
than the "total costs" imposed by the temporary disruptions
and continuing socioeconomic and environmental impacts of
alternative proposals.

Conceptually, underground routes avoid high acquisition costs
and achieve a protected right of way on alignments that are
free of many physical conflicts and restrictions. Cut and
cover construction is inherently more limited as to location
and is more disruptive of surface activities than is tunnel
construction. However, in either case, station requirements
can serve as major factors in fixing underground route loca-

tions and profiles.

The avoidance of major utilities can also influence the type
of subway construction to be employed and the structure pro-
file depth below the surface.

Although a number of physical conflicts and restrictions can
be minimized by tunneling, the removal of tunnel excavation
is subject to the same regulations and urban environmental
constraints as the handling of material in connection with
any and all other types of construction which are viewed and
permitted as necessary nuisances.

Geological Studies

Appropriately thorough, competent subsurface materials in-
vestigations are necessary for the proper consideration and
design of all transit strucutures and roadbeds, but they are

especially critical in the evaluation of underground propos-
als. Knowledge of the nature of material to be encountered

is critical to structure design, construction methods, and
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costs. Related matters of concern include such things as
soil bearing capacities and thermal characteristics, earth-
quake faults, dewatering requirements and hydrostatic uplift,
subsidence control, vibration transmission, underpinning
needs and potential damage to nearby structures, depth of
cover, and the need for pressurized work areas.

Ventilation

This discussion deals mostly with ventilation in subsurface
line structures. Important related matters, having to do
with climate and noise control in underground station vaults,
are presented in Section 3-6, Subsection 1. It should be
noted here, however, that underground environmental control
considerations may influence major elements of system and
structural design. Subway and station design are interde-
pendent. When Tocal conditions and transit system operating
concepts are taken into account, subway line structure con-
figurations may be affected. For instance, certain combina-
tions of environmental parameters may influence the choice
between cut and cover structures (with or without dividing
walls) and dual tunnels. Temperature control considerations
may even influence profile grade lines and the type of dynam-
ic braking selected for vehicles. At stations, up-grade
approaches and down-grade departures can significantly reduce
power and heat loads.

The primary purpose of providing for positive and effective
ventilation of Tline-section trainways under normal (non-
emergency) conditions is to ensure that the heat generated by
equipment and people is carried off fast enough to prevent an
objectionable temperature rise and to avoid offensive odors.

Normal ventilation can be supplied by the piston action of
vehicles operating through subway structures. From a venti-
lation standpoint, separate structures enclosing each train-
way are more efficient than larger structures enclosing two
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or more trainways. Structures designed for piston-effect
ventilation provide a high blockage ratio of vehicle to
structure cross-section. This ratio is usually on the order
of 50% as discussed in Section 3-2, Subsection E (under
"Vehicle Shape and Clearance"), as discussed next under
"Portal Design," and as discussed in Section 3-6,
Subsection I,

Ventilation shafts spaced along the subway structure provide
for air supply and exhaust to ensure air change for heat
removal. During periods of no train movement (no piston
action) the ventilation must be provided by mechanical means.
Some shafts are fitted with dampers and fans to take care of
this situation and to provide for emergency ventilation.

The primary purpose of emergency ventilation is to control
smoke migration by supplying fresh air and exhausting smoke
as an aid in evacuating passengers and in fire fighting. The
ventilation rate must provide a satisfactory supply of fresh
air to evacuees in the event of fire and the purge rate must
be adequate for entry of fire fighting and maintenance per-
sonnel and for return to service.

Fan shafts must be located relative to vent shafts and sta-
tions so that all underground sections can be purged. Fans
can be reversible to supply or exhaust as circumstances
require. Large vent shafts are often provided where each
single-track 1line structure interfaces with a station.
Intermediate shafts are usually provided where subway runs
exceed 1500"' (460 m) between stations. The size, shape, and
location of vent shafts can be determined mathematically or
by model tests. In some systems, ventilation shafts also
serve for emergency egress. In such cases, emergency venti-
lation requirements, considered together with overall safety
and passenger evacuation, may be controlling in establishing
shaft locations and sizes. There are no definitive rules or
guidelines. In the past, vent shaft spacing at intervals of
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1200" to 1500' (370 m to 460 m) coincided with what was
thought to be the desirable 1limit of traverse for evacuees
and the desirable frequency for subway access by firemen on
the surface.

The Tlocation, nature, and accessibility of vents and fan
shaft openings, at or above the surface, can be important
considerations in subway location and design. Shaft con-
struction may cost from $100,000 to $500,000 each and must be
integrated with real estate development.

In the BART trans-bay tubes, where there are no shafts for
over three miles, a duct between trainways runs full length
between ventilation buildings at each end and serves for
emergency ventilation and passenger evacuation.

Several problems are related to providing piston-type venti-
lation. One is the blast effect which must be dissipated at
the subway entry to underground station vaults. This is dis-
cussed in Section 3-6, Subsection I. Another problem is the
control of a rapid pressure build up that can occur at subway
portals. This 1is presented in the discussion immediately
hereafter.

Portal Design

Subway portals are relatively expensive and critical features
in transit location, design, construction, and operation.

In locating subway portals and determining the ends of vari-
able height approach walls, special consideration must be
given to protection against flooding and to the prompt re-
moval of water from rainfall, drainage, and seepage. Ade-
quate resistance to hydrostatic uplift must be provided.
Also, attenuation of sudden changes in air pressure and noise
levels, due to vehicle passage into or out of enclosed struc-
tures, must be considered.
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Transition structures, such as shown in Figure 3-5.1, are
designed primarily to accommodate a profile grade change from
the ground surface to an underground structure and to provide
an entrance section that will minimize the rate of change of
pressure on a train passing through the portal. The pressure
rise at portals is a function of the cross-sectional area of

the portal entrance and the entrance speed of the train.

The ratio (R) of car cross-sectional area to subway area for
circular, box, or horseshoe shapes often ranges form 0.48 to
0.56. For a typical R value of 0.52, with no attenuation at
the structure entrance, the estimated rate of pressure rise
would be about 65 psi/sec. at 40 mph (448 kPa/sec at 64 km/h)
and about 190 psi/sec at 60 mph (1310 kPa/sec at 96 km/h).

One type of entrance design provides a flared transition so
that the increase in cross-sectional area approximates a 6
degree (0.1 radian) conical flare starting at the constant
area section of the tunnel or box and extending to the portal
opening. The transition can be formed by flaring the top and
sides provided no plane or surface of the transition section
is at an angle in excess of 6 degrees (0.1 radian) relative
to the subway structure centerline and provided the side
tapers are symmetrical about centerline. It 1is estimated
that this treatment will reduce the pressure rise per second
to about one-fifth of the no-taper rates. Flared entrance

areas and transition lengths for various speeds are given in
Table 3-5.2.

In lieu of constructing a flared transition, a tapered slot
can be constructed at the portal of a box-shaped subway sec-
tion. From a 1.0' (0.30 m) minimum width, the slot should
increase to a maximum width at the portal at a taper rate of
12' (3.66 m) per 100' (30.5 m) of length. Slot lengths and
corresponding maximum widths for various train speeds are
also given in Table 3-5.2.
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Other pressure considerations are the previously mentioned
piston-effect that helps ventilate subways and a correspond-
ing blast effect that occurs when subway trains enter under-
ground stations. Blast control is discussed in Section 3-6,
Subsection I.

Special Subway Design Features

A number of special features and facilities related to emer-
gencies, safety, and drainage must be considered and provided
for in subway design.

0o Walkways are provided on one side of all trackways in line
section subway structures. The walkway should be at least
2'-0" (61 cm) above the top of rail and provide 7'-0"
(213 cm) headroom. Walkways should provide direct access
to platforms where possible and should extend beyond the
portals and through open cut structures to an exit point
near the surface grade point. Handrails should be pro-
vided on subway and open cut walls along the walkway.
Walkways should be lowered at appropriate locations to
provide access to the undersides of vehicles. The third
rail should be Tocated on the side of the track opposite
walkways and platforms unless special conditions dictate

otherwise.

o Cross passages are installed between separate subway

structures in order to evacuate patrons from an endangered
trackway or immobilized vehicle and to provide access
between trackways for emergency and maintenance personnel.
The maximum spacing for cross passages is often set at
300" (90 m) for cut-and-cover subways where trackways and
walkways are separated by a common wall. Cross passages
are spaced at a maximum interval of 1000' (305 m) in tun-
neled subways when trackways are in separate tunnels.
Cross passages should be adequately signed and lighted and
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provided with at Tleast one suitable door. Where track
centerlines are 35' (10.7 m) or more apart, doors are pro-
vided at each end of the passage.

Crosswalks are provided where emergency exits leading to
the surface are located on the trackside opposite the con-
tinuous walkway. The crosswalk should be at Tleast 5'
(1.5 m) wide and connect to a walkway on the exit side.
This walkway should extend at least 40' (12.2 m) each side
of the exit in order to match at least one car door if a
stopped train blocks the crosswalk. The crosswalk should
be at the same elevation as the top of rail and have ade-
quate steps at either end. The third rail should be gap-
ped by at least 15' (4.6 m) at crosswalk locations.

Wall niches are indentations in subway walls which provide
refuge for workmen where unusual trackway conditions are
such that the walkway is not considered a safe refuge.
Grab bars should be placed on each side of the niche and
it should be deep enough to provide adequate space outside
the train clearance envelope.

Refuge space is provided adjacent to the track underneath

the edge of platforms.

Emergency exit stairways are provided where cross passages

are not feasible and distances to subway station or portal
exit points are excessive. Emergency exit doors must be
equipped with panic hardware and the exits should be loca-
ted so that the distance to adjacent exit points is not
more than 1000' (305 m). Emergency exits may be incorpo-
rated into ventilation, sump pump, or electrical sub-
station structures.

Emergency access adits equipped with suitable hatches and

ladders for use by firemen and trained emergency personnel
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should be incorporated in other shafts and structures
wherever practicable.

o Subway line alarm and fire protection systems must be pro-

vided underground. Such systems include emergency signals
and telephone communications through a control center to
obtain fire, police, ambulance, and wrecking crew serv-
ices. Emergency communications equipment should be housed
in panels located along subway walkways at intervals not
exceeding 1000' (305 m). Panels should also contain por-
table fire extinguishers. Adequate fire hose connections,
accessible from each separated subway structure, must also
be provided at 1000' (305 m) maximum intervals.

o Drainage facilities, including longitudinal collectors and

pump sumps, must be adequate to handle the accumulated
flow from all potential sources above and below ground.
The longitudinal collector in a trackway floor slab con-
sists of a center trough. The floor slopes transversely
toward the trough at 2.5% and the longitudinal collector
trough slopes at 0.03% minimum to sumps at each low point.
Each sump should be accessible from the surface through a
shaft and should be equipped with automatic pumps, check
valves on discharge lines, and connections to suitable
outfalls.

F. Loads and Forces

1.

General

A1l transit structures are designed to sustain the maximum
dead loads (DL), 1ive loads (LL), and other loads to which
they may be subjected, including erection loads occurring
during construction.

The purpose of this discussion is to present the basic loads
and forces to be considered in the design of retaining walls
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and aerial and subsurface line structures. Many of the basic
considerations apply to the design of stations and other
transit structures as well.

The Transit and Structural Design Section should be consulted
and will coordinate efforts to conduct soils investigations,
provide seismic data, establish loading criteria, and perform
design analyses for 1line structures and other significant
structures to be considered in connection with transit
proposals. Earth and water pressures on underground
structures (and allowable bearing values) vary considerably
with geographic Tlocation and must be investigated at the
site.

Live Loads (LL)

Live loads consist of any non-permanent loads such as the
weight of transit vehicles, people, crane cars, equipment,
machinery, elevators and escalators, stored materials,
construction loads, and loads due to maintenance operations.

Figures 4-2.1 and 4-2.2 show axle loads and spacings for
typical design vehicles and Section 4-2 discusses the Tlive
load elements associated with transit vehicles and trains
that are considered in the design of line structures. These
elements include the dynamic effects of live load impacts;
centrifugal, rolling, braking, and tractive forces; and wind

lToads on 1live loads.

Dead Loads (DL)

Dead loads consist of the actual weight of the structure
including permanently installed trackwork, walks, walls,
floors, roofs, utilities and other construction fixtures.

Some basic dead load aspects and considerations are:
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0 Cut-and-Cover Structures. The dead 1load includes the

weight of earth cover supported by the top of structure
and acting as a gravity load. Consideration must be given
to accommodating variable dead loads during the life of
the structure. For example, the addition or removal of
earth cover on a structure must be analyzed and the struc-
ture designed for critical stress or deflection.

o Earth Tunneled Structures. The long-term dead load is the

same as for cut-and-cover structures. Construction and
short-term Tloadings depend on particular Tlocation and
circumstances.

0 Rock Tunneled Structures. Construction and long-term

loading depend on the particular location under
consideration.

0 Minimum Earth Cover. Al1l underground structures should be

designed for actual cover depth or for a minimum depth of
8' (2.4 m) when the actual cover is less than 8' (2.4 m).

o Loads From Adjacent Building Foundations. Underground

structures must be designed for increased horizontal and
vertical loadings (from foundations of adjacent buildings
and other structures) or underpinnings must be provided to
avoid increased loads.

Seismic Forces

A1l structures must be designed to resist earthquake motion.
The Caltrans Office of Structures Design and the Office of
Transportation Laboratory have particular expertise in earth-

quake research, analysis, and design.
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5. Lateral Earth Pressure (E)

Structures must be designed for lateral pressure due to earth
loads and surcharges placed on abutting earth. Allowances
must be made for both dry and submerged earth pressures and
for hydrostatic pressure.

6. Hydrostatic Pressure and Buoyancy (B)

The effects of hydrostatic pressure and buoyancy must be con-
sidered in the design of substructures, including piling.
Buoyant forces may be most critical during construction and
structure backfill operations. Possible future changes in
ground water elevation must be considered.

7. Other Loads and Forces

Wind loads; stream flow, local flooding, and vibration ef-
fects; differential settlement; and thermal forces may be
significant considerations in the design of various
structures.

Structure Cost Considerations and Ranges

Subways are generally more costly than aerial structures and both
are more expensive than surface trackways, although costs for the
latter rise sharply where bridges are frequent and where retain-
ing walls are employed in restricted areas to retain embankments
or to protect depressed sections. Route construction costs with-
in above-grade and below grade categories can vary widely with
location and other factors. Structure choices are often governed
by considerations other than relative cost.

Aerial construction costs vary between open and solid decks and
for ballasted track or direct fixation.
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Subway costs vary appreciably depending on circumstances and con-
struction methods such as cut-and-cover, tunneling in earth or
rock, or sunken tubes. Costs are also affected substantially by
such factors as maintaining traffic, removing and disposing of
excavated material, depth of cover, dewatering or other hydraulic
concerns, underpinning requirements, and the need for pressurized

work areas.

Table 3-5.3 gives cost ranges for several structure types and
conditions and emphasizes the cost variations that can occur

within each type.
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SINGLE TRACK TUNNEL COSTS
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16.5' (5.0m) I.D. MOLE
DRIVEN CIRCULAR TUNNELS

*

1975 CONSTRUCTION COSTS

TYPE OF | SOIL |DEPTH OF COVER| $ MILLIONS | § MILLIONS
PER
CONSTRUCTION|CONDITION| FEET |METERs | PERMILE |\ omirer
CONCRETE
LINING ROCK NA NA 10.5 6.5
- ! =<
SREawer 1. smET =50' | =15m 13.5 8.4
CONGHETE 50'-100 | 15m-30m|  13.8 8.6
GROUND
=50 | = 5m 18 .4 1.4
(DRY)
STEEL 50'—100'| I5m=-30m|  27.2 16.9
LINER
SOFT =50 | =5m 3.0 19.3
GROUND
(WET) | 50'=100 | I5m=30m 40.0 25.0

* Construction cost estimates include tunnel excavation,

lining, grouting, invert concrete and 20% contingencies

for single — track line structures only.

Trackwork,

ventilation, electrification, stations, portal and
transition structures not included.

SOURCE :

Caltrans Transit and Structural Design Section
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TABLE 3-5.2

GUIDELINES FOR SUBWAY PORTAL TRANSITIONS
FOR SINGLE TRACK BOX & CIRCULAR SUBWAY SECTIONS

LENGTH OF SLOTTED| MAX.WIDTH OF AREA OF FLARED
OR FLARED TAPERED SLOT IN |OPENING FOR BOX
TRANSITION TOP OF BOX OR CIRCULAR SHAPE

TRAIN SPEED
AT PORTAL

MPH | (KM/H)| FEET (METERS) FEET [(METERS| rpor QASTQERS
(

40 (64) 0 (O) 0 (0) 200 18.6)

50 (80) 50 (15.2) 7.00 | (2.13) 325 (30.2)

60 (96) 75 (22.9) | 10.00 | (3.09) 415 (38.95)
71 (114) 100 (30.5) | 12.75 (3.89) 510 (47.4)
78 (125) 112.5 | (34.3) | 1450 | (4.42) 570 (52.9)

NOTE : *® Values based on subway cross- sectional area

= 200 ft2 (18.6m2) and "R'= 2L Cr0Ss ~ sectional area

- = 0.52
subway cross— sectional area

® Transitions not required for:

— Train velocities 40 mph (64km/h) or lower
— Tunnels of length less than 200' (61m)

— Portals at underground Stations

SOURCES: SCRTD (Figs. V=11 & V-12)
BRRTS (Figs. V-4 & V-—5)
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TABLE 3-5.3

DOUBLE - TRACK

LINE STRUCTURE COSTS

TYPE CONSTRUCTION

1975 CONSTRUCTION COST RANGE

$ Millions per Mile |$ Millions per Kilometer
AERIAL 8 — 20 5.0 - 12.5
BOX, CUT & COVER 12 — 30 7.5 — 18.5
s | 4| ROCK 10— 30 6.0 — 18.5
-~ L
N EARTH, DRY 15— 40 9.5 — 25.0
@ | >
» |7 | EARTH, WET 40 — 70 25.0 — 43.5
TUBE 50~ 75 31.0 — 46.5
Var. SOURCES including:
Ref. CP -2
Ref. R-7

Caltrans Transit 8 Str. Des. Section
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Notes: e No Scale
e Approximate 1975 Construction Cost = # 1,200,000

SOURCES ! RAIL TRANSIT CRITERIA
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3-6

3-6.1

STATIONS, PLATFORMS, AND PARKING

A.

Introduction

Passenger facilities are critical to the operation of any rail
transit system. They can range in complexity from an island
"platform" in the street, or a simple shelter, to a regional
multimodal transportation center. Even so, stations share design
principles and a common purpose to facilitate passenger access to
a line-haul operation. In addition to their relationship to
line-haul system effectiveness, stations can serve as interchange
points for various modes and systems, and can be major determi-
nants of the effectiveness of an entire multimodal regional

transportation system.

The Transit and Structural Design Section has developed a number
of concepts and renderings for transit stations, especially for
on-line stations, to serve bus or rail systems located within
freeway medians or rights of way. A report by DMT, Bus Passenger
Waiting Shelters, January 1977, contains findings and recommenda-

tions applicable to LRT shelter designs and costs.
Station design and construction must comply with applicable muni-
cipal, county, state, and federal regulations and codes, includ-

ing those relating to access by the handicapped.

LRT and HRT Station Characteristics and Contrasts

The range of station concepts and facilities is wide for both LRT
and HRT systems. Further, for any type of station, considerable
discretion can be exercised when matching appearance and ameni-
ties to the site and to the operating characteristics of the sys-
tem and in providing for patron safety, comfort, and
convenience.

HRT systems, because of the very nature of their operations, pro-
vide complete grade separation for pedestrians and vehicles. HRT
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stations have three basic elements: platforms, facilities for
pedestrian access from one level to another, and control areas
for collecting fares and for separating paid and unpaid passen-
gers. A mezzanine level or concourse is often provided to col-
lect, serve, and sort out pedestrian traffic between station
entrance/exit points and trackside platforms. Figures 3-6.1
through 3-6.4 illustrate some typical arrangements of basic sta-

tion elements.

LRT stations need not be elaborate. Although the "station" may
vary from a typical streetcar stop to a controlled-access, grade-
separated facility, in many cases a Tlow-level, well-lighted
platform with a simple shelter is appropriate. LRT shelters are
normally provided with benches. Additional amenities such as
interior 1lighting, newsstands, information displays, and
telephones may be warranted. Heating is not usually provided.

Canopies over platform areas for on-line HRT stops along at-grade
locations or on aerial structures are relatively extensive and
may extend trackward 2 ft. (0.6 m) or more beyond the edge of
platform. Canopy drainage should be well controlled.

At LRT stations, pedestrian and vehicle flows are not necessarily
separated, and special attention is required to design for safe
and efficient pedestrian flows. Nﬁbgﬂ_gg;gggnd fare_collection is
used, LRT operations need not have fenced—stetiens,_but at busy

dQEElE_EE3gK_;Lﬁ&igﬂ;,-ﬂ*th-eaihen_center or side platforms, it

may be desirable to place fencing between—the.tracks to control
—

or prohibit i : If LRT fares are to be prepaid,

security needs may become as great and as expensive as for HRT

systems.

Controlled access LRT stations are usually grade-separated from
street level. They are sometimes at grade level with pedestrian
overcrossing access to platforms. In either case, they are
usually designed for the introduction of in-station fare collec-
tion. Another configuration, used with relatively inexpensive
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trackways at grade in the street, is to place the station below
grade for pedestrian circulation. Such inverted stations, con-
nected to sidewalks and platforms by stairs and escalators, may
contain shops and other facilities.

In pre-metro operations or other LRT systems that must be compat-
ible with HRT operations, multilevel, mezzanine-type stations and

prepaid fares may be required.

Station Location and Frequency

The problem of determining station frequency presents a dilemma
in which access from service areas must be weighed against
high-speed line haul.

The number of stations and their Tlocation are influenced by the
considerations presented herein and by the related design c<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>