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1. RAIL CAPACITY BASICS

INTRODUCTION

This chapter develops an initial framework to analyze and determine the capacity of
rail transit modes in North America. Throughout Part 3 capacity analysis is sub-divided
into two methods. The first, called the simple method, is an easy-to-use procedure for
calculating capacity. The second, called the complete method, adds more variables and is
aimed at the experienced user who wishes to review rail transit capacity in alternate
scenarios—for example: changes in seating arrangements or other aspects of inte
design, light rail with high or low loading, with single track sections, with or with
traffic signal pre-emption, etc.

The procedures in both methods include the rail transit operations variable
affect capacity. The procedures compensate for the differences betsgagncapacity,
andachievable capacity—the actual sustainable peak hour capacity.

Chapter 11 presents example problems that demonstrate how to apply the ¢

procedures presented in Part 3. Appendix A provides substitute exhibits in| L2S

customary units for Part 3 exhibits that use metric units.
GROUPING

For capacity analysis, heavy rail, light rail, commuter rail, and automated guid
transit are grouped into unique categories based on alignment, equipment, train
and operating practices.

The first category is fully segregated, signaled, double track right-of-way, op€g
by electrically propelled multiple-unit trains. This is the largest category encompass
rail rapid transtt, including automated routeseveral light rail sections (for example, t
Market Street subway in San Francisco), and several commuter rail lines. This cate
termedGrade-Separated Rail.

The second category is light rail without fully segregated tracks, divided intd
street operations and right-of-way with grade crossings. Streetcar-only ope
(Toronto and New Orleans) form a subset of the on-street section.

The third category is commuter rail other than services in category one.

The fourth category includes automated guideway transit routes that are inten
serve a single major activity center. Although most automated guideway transit is
set of the main categorgrade-Separated Rail, with very short trains, the use of off-lin
stations—on certain systems—is unique to this mode and requires separate exan
Off-line stations can also increase the capacity of more conventional rail tran
discussed in Chapter Gperating Issues.

Each of these categories is provided with its own section with procedurg
determining capacity: Chapter Grade-Separated Rail Capacity, Chapter 7Light Rail
Capacity, Chapter 8 Commuter Rail Capacity, and Chapter 9 Automated Guideway
Transit Capacity.

The minor exceptions where there are grade crossings on rail rapid transit (CTA) will be discounted.
Routes with more than two tracks will be discussed relative to express, local, and skip-stop service.
However, it is not intended to otherwise develop unique capacity calculations for multiple track routes.

The Morgantown automated guideway transit, the only North American example of AGT with off-line
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THE BASICS

Many rail transit capacity calculations add constants, multipliers, reductive factors, or
other methods to correlate theory with practice. In this manual emphasis has been placed
on reducing the number of qualifications and quantifying, describing and explaining
adjustments between theory and practice in determining rail transit capacity.

This manual uses two definitions of capacity.

Design Capacity
The maximum number of passengers past a single point in an hour, in one
direction on a single track.

Design capacity is similar to, or the same as, maximum capacity, theoretical
capacity, or theoretical maximum capacity—expressions used in other work. It makes no
allowance for whether those spaces going by each hour will be ubkeg-would be fully
used only if passengers uniformly filled the trains throughout the peak hour. This does not
occur and a more practical definition is required. Achievable capacity takes into account
that demand fluctuates over the peak hour and that not all trains—or all cars of a train—
are equally and uniformly full of passengers.

Achievable Capacity
The maximum number of passengers that can be carried in an hour in one
direction on a single track allowing for the diversity of demand.

Achievable capacity (sometimes called practical capacity) refers to capacity in one
direction on a single track. This is necessary as most trunk routes in New héme
three or four tracks while the Broad Street subway in Philadelphia and the North Side
elevated in Chicago have four tracks. The capacity of four track lines is not a simple
multiple of two single tracks and varies widely with operating practices sutheas
merging and dividing of local and express services and trains holding at stations for local-
express transfers. The result is that four tracks rarely increase capacity by more than 50%
over a double track line—and often less. A third express track does not necessarily
increase capacity at all when restricted to the same sthtismin limitations at stations
with two platform faces.

Design capacity has two factorBnpe capacity and train capacity, and can be
expressed as:

C, =C, xC;
Equation 3-1
where:
Cp = design capacity (p/h);
C. = line capacity (trains/h); and
Cr = train capacity (p/train).

In expanded form, design capacity is given by Equation 3-2:

3 All but two New York three- and four-track trunks merge or split into double-track sections, tunnels, or
bridges, crossing the Harlem and East Rivers, often with one crossing used for local trains and a second
used for express services. The Concourse line used by the C and D trains, and the Seventh Avenue —
Broadway line used by the 1 and 9 trains are the only three-track river crossings. The Manhattan Bridge
carries four tracks but only two are in service.
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= 3600 xP, x N,
(ts +ty)
Equation 3-2
where:
Cp = design capacity (p/h);
ts = minimum train separation (s);
ty = dwell time at the controlling station (s);
Pc = total passengers per car; and
Nc = number of cars per train.
In turn, the achievable capacity can be expressed as:
C, =C, xPHF
Equation 3-3
where:
Ca = achievable capacity (p/h);
Co = design capacity (p/h);
PHF = peak hour factor.

The first expression in Equation 3-2 determines the number of trains per hour and is
the inverse of the closest or minimum headway. It determines train throughput at the
controlling station—usually the maximum load point station. In rare cases
restrictions or heavy mixed passenger flows may dictate that other than the maximu
point station controls train throughput. The relevant minimum train separation in se
is the minimum time from when a train starts to leave the most restrictive station, U
the maximum load point station, until the following train can berth at that station. T
referred to as the “close-in” time and is basednon-interference with the following
train, i.e., no speed restrictions or stops. In a small number of cases the critical gq
of headway is a junction or a terminal maneuver.

Controlling dwell is based on actual station dwell time adjusted to a controlling
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can be added separately to the denominator of the expression. Chefit¢io8, Dwell
Times, develops the methodology and analysis of dwells. Chapt@p&ating Issues,
discusses and develops operating margins.

DESIGN VERSUS ACHIEVABLE CAPACITY

This manual provides guidelines and methods that can be used for real
evaluation of rail transit capacities. The difference betwdesign and achievable
capacity is an important consideration.

Design capacity, in passengers per hour per direction (pphpd), is calculated usin
following factors:

« number of seats per car,
< number of standees per car (= standing area x standee density),
« number of cars per train, and

e train headway (minimum headway determined by a combination of the sign
system, station dwell, and terminus constraints).

world

g the
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Capacity reduction from real
world factors.

Achievable capacity
approximated using peak
hour factors.

Ad(ditional factors affecting
achievable headway.

Station dwell effects on
productivity and service
attractiveness.

This approach does not incorporate factors that reduce the actual number of regular
riders that the system can sustain.

e Standing densities vary; people will crowd in more tightly in some situations
than in others.

e Inamulti-car train; some cars carry more passengers on average than others.

* Many factors reduce train performance (propulsion faults or differences, door
problems, operator variation), which may not only increase the sustainable
average headway, but will increase the variation in headway, and consequently
the passenger load waiting for that train.

e Minimum headway, by definition, leaves no margin for schedule recovery from
even minor delays, leaving the system susceptible to more variation in service.

e Passenger demand is unevenly distributed within the peak period; there may be
predictable “waves” of demand, corresponding to specific work start and finish
times. The capacity rate requirement for the peak 10 to 15 minutes may have to
be higher than the average for the peak one or two hours.

e There is day-to-day fluctuation in demand. Some may be associated with the day
of the week (peaks have become lighter on Mondays and Fridays as more people
move into shorter or flexible work weeks), seasonally (lighter in the summer and
at Christmas time), weather and special events.

» Passengers are resilient to a degree, and will tolerate overcrowding or delay on
occasion. This permits systems at capacity to accommodate special events or
recover from service delays.

Achievable capacity is the product of thdesign (maximum) capacity and a series of
“reality” factors, which adjust the ideal capacity. These factors are not absolutes as they
reflect human perception and behavior, as well as site-specific differences (expectations,
cultural attitudes and the transportation alternatives). This manual has derived these
factors from observation of existing U.S. and Canadian rail rapid transit operations to
create a singldiversity or peak hour factor. Chapter 4Passenger Loading Levels, details
existing peak hour factors and recommends factors for new systems.

Service Headway
Design (minimum) train operating headway is a function of:
« signaling system type and characteristics, including block lengths and separation;

e operating speed at station approaches and exits or other bottlenecks such as
junctions; and

» train length and station dwells.

Chapter 2,Train Control and Signaling, compares signaling and train control
systems.

Achievable headway must account for additional factors that can affect the separation
of individual trains. These include differences in operator and rolling stock performance,
external factors, such as grade crossings, that can impose delays, and the need for
schedule recovery time.

Station dwells combine with minimum operating headway to create a constraining
headway bottleneck in the system. Typically this is a concern on fully segregated systems
that are operating long trains on close headways. Busy stations, especially major
passenger interchanges, can produce block occupancy times that limit the entire system.
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Line Capacity

Line capacity is the maximum number of trains that can be operated over alinein a
peak hour.

Exhibit 3-1
Line Capacity Flowchart

3600
LINE CAPACITY (minimum controlling
maximum throughput in = train + station
TRAINS / HOUR separation dwell
seconds seconds)
formula for closest boarding height
spacing, different door no. & width
signalling types, junction fare collection
and turnback constraints wheelchair use
[ [
[ [ |
Rapid transit and AGT and those parts of - : .
- . A Light rail not
light rail and commuter rail that are 19 o CO“." uter ra}ll
; L included in not intluded in
equal to rapid transit, i.e., double track, other category th t
grade separated, electric other category

I |
| Low Loading| | High Loading |

v v v v v
Wheelchair Wheelchair Wheelchair Wheelchair Wheelchair
via profiled via ramp at via ramp at via platform via vehicle

platform 2nd stop main stop lift lift

(Not all wheelchair options apply to commuter rail)

As shown in Exhibit 3-1, throughput of the train control system and dwell time at
stations are the two major factors in determining line capacity.

Both factors can be sub-divided into the three categories based on alignment,
equipment, train control, and operating practices. In turn, light rail and commuter rail
lines must be divided by high or low loading and by the method of handling wheelchairs.

Train Control Throughput

The number of trains per hour that is theoretically possible is dependent on the
particular signaling systems including:

e conventiona block signaling;

e block signaling with short blocks, overlapping blocks, or ghost overlays to
decrease headways; and

e communication or transmission based signaling systems with moving blocks.

Chapter 2, Train Control and Signaling, describes different signaling systems and
develops empirica methods to estimate their throughput. More precise throughput
determination requires the use of computer simulations.

Line capacity definition.

Line capacity is determined by the
train control system and station
dwell times.
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Specific factors affecting
throughput of commuter rail
trains.

Operational allowances and
controlling dwell times.

Commuter rail dwells are
often relatively independent
of passenger flows.

Commuter Rail Throughput

Certain line capacity issues are specific to commuter rail operation. Commuter rail
signaling generally is of standard railroad operation and must accommodate trains of
different lengths and speeds. Contract operations may set limits on the number of trains
per hour. See Chapter 8 for specifics.

Station Dwells

Station dwells and train control system minimum separation are the two major factors
in determining line capacity. In many circumstances dwells are the dominant factor. The
third factor in headway is any operational allowance or margin. In some cases this margin
can be added to the dwell time to create a controlling dwell time. An example of these
headway components is shown in Exhibit 3-2 based on data from an at-capacity line in
New York.

Exhibit 3-2
Average Rail Transit Headway Components in Seconds

70

60

50

40

30

Time (seconds)

20

10

Dwell Time Train Separation Operating Margin
The three main components of dwell times are:
*  passenger flow time;
e door open time after flow ceases; and
* waiting to depart time after doors close.

These components vary widely from system to system. The methodology to
determine dwell times is contained in Chapter 3, Station Dwell Times, and their
associated operating margins in Chapter 5, Operating | ssues.

Commuter Rail Dwells
Dwells on many commuter rail lines are set by schedule or policy and can be
relatively independent of passenger flows, although the schedule may be based on

anticipated passenger flow times. As a result, passenger flow times on commuter rail can
have alesser effect on capacity than occurs on other modes.
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TRAIN/CAR CAPACITY
Introduction

Train capacity is the product of passengers per car and the number of cars, adjusted
to achievable capacity using a diversity factor to compensate for uneven car loadings over
multiple-car trains (See Exhibit 3-3).

Exhibit 3-3
Train Capacity Flow Chart

TRAIN CAPACITY
Number of -
PASSENGERS/TRAIN

PASSENGERS PER NUMBER OF CARS DIVERSITY
CAR X IN TRAIN FACTOR

| ' '

MAJOR STUDY

X

MAJOR STUDY Limited by
DETERMINANT Platform Length DETERMINANT
several variants (LRT = street block) train Ienglth IS
main variant
. Car Size For s_lmple e_lnaly3|s
« System specific consider using only
Consider treating train length as
* Number of seats .
L number and width of surrogate for
« Lost space (step- X
doors as % of usable occupancy. i.e.
wells, cabs, etc.) train length? assengers per metre
*Season of year ot p gers p
- of length for each
*Special event loads
mode?

Car capacity is often quoted at the crush loading level, but such loading levels are
rarely achieved in practice in the U.S. and Canada, but represent the load for which a
car’s structure, propulsion, and braking systems are designed.

The only true means of measuring achievable car capacity is on those systemg
pass-ups occur. That is where passengers wait for the next train rather than crowd
one in their station. Determining full car capacity and pass-up capacity depen
interior arrangements, type of system, old or new, and time of peak loading.

Car Capacity

There are two approaches to the calculation and evaluation of car capacity—d
specific, and a generic average based on car length.
Design-Specific Capacity

If a specific car design has already been chosen, capacity calculation is rel
straightforward. Space used for seats, cabs, wheelchair, stroller or bicycle pog
baggage racks, stepwells, and other equipment is deducted from the interior floor a
the remaining, “standing” space assigned an appropriate standing density.

Train Length Alternative

This alternative offers the simplest method of establishing capacity per unit ¢
length based on policy decisions of seating type and quantity, and standing densit
method is developed and charts provided to determine capacity in ChaPéssehger
Loading Levels.

Train Capacity

Design train capacity is simply the product of car capacity and the number of c3

y of Service Manual

Loading levels for the calculation of
car capacity.

5 Whsieups define achievable car
DNtFRAEY
ds on

esign-
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rea and

f car
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rs per

train. The number of cars is limited by platform length, or, for light rail with on-street

operation, by the shortest city block length.
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Loading variation within a
train affects system
capacity.

Achievable capacity is affected by variations in loading along the train—train loading
diversity. Existing loading diversities are tabulated in ChaptePagsenger Loading
Levels, and levels are recommended for use in calculating achievable capacity.

Station Constraints

In rare cases station capacity constraints can reduce achievable capacity by limiting
the flow of passengers to the platform and trains. Although this manual is concerned with
supply rather than demand, a section of ChapteDbgerating Issues, discusses these
factors.
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2. TRAIN CONTROL AND SIGNALING

INTRODUCTION

The role of signaling is to safely separate trains from each other and protect specific
paths through interlockings at junctions and crossovers. Additional functions include
automatic train stops should atrain run through a stop signal, and speed control to protect
approaches to junctions, sharp curves, and approaches to terminal stations where tracks
end at asolid wall.

Rail transit signaling maintains high levels of safety based on brick wall stops and
fail-safe principles ensuring that no single failure—and often multiple failure—sh|
allow an unsafe event. The rigor with which fail-safe principles have been applied
transit has resulted in an exceptional safety record. However, the safety principles
protect against all possibilities including possible human errors. An increasing inabi
control the human element—responsible for three-quarters of rail transit accide
incidents—has resulted in new train control systems using automation to redy
remove the possibility of human error.

Automatic train control adds further features to the train protection of basic sign
including automatic driving and train supervision that regulates service.

This chapter describes and compares the separation capabilities of various rai
train control systems. It is applicable to the main rail transit grouping of electri
propelled, multiple-unit, grade separated systems.

All urban rail transit train control systems are based on dividing the track into b
and ensuring that trains are separated by a suitable and safe number of blockj
control systems are then broken down into fixed-block and moving-block sign
systems.

FIXED-BLOCK SYSTEMS

In a fixed-block system, trains are detected by the wheels and axles of a train s
a low-voltage current inserted into the rails. The rails are electrically divided into bl
The blocks will be short where trains must be close together, for example in a
approach, and can be longer between stations where trains operate at speed.

Functions of signaling.

Signaling technology is very
Oufﬂnservative.

0 @naﬁng cannot protect from
doev@y eventuality.

ity to

nts or

ce or

aling,

trdyy&itnatic train control.
cally

ocks
5. Train
aling

horting
ocks.
station

The signaling system only knows the position of a train by the simple measuyireTick circuits.

block occupancy. It does not know the position of the train within the block; it may
only a fraction of the train, front or rear, within the block. At block boundaries, the
will occupy two blocks simultaneously for a short time.

In the simplest two-aspect block system, the signals display only stop (red)
(green). A minimum of two empty blocks must separate trains and these blocks m
long enough for the braking distance plus a safety distance. The simplest systé
accommodate a throughput approaching 24 trains per hour. This does not ¢
sufficient capacity for some high volume rail lines. Higher capacity can be obtained
combinations of additional signal aspects (three is typical), shorter block lengthg
overlay systems that electronically divide blocks into yet shorter “phantom” sectiong
trains equipped for this overlay.

In this way conventional train control systems can support a throughput of up
trains per hour with typical train length, performance, station dwells, and ope
margins. Overlay systems can increase this throughput by 10 to 15%. A notable ex
to this is in Russia where conventional signaling routinely handles 40 metro train
hour. This is achieved by tightly controlling station dwells to a maximum of 25 seq
and rigorous adherence to schedule using digital clocks in each station to disp
seconds from the departure of the previous train. New Moscow metro lines are

hal\—l/?(ed block systems provide a

usfEp¥
aspect system.
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Cab signaling sets
authorized, safe train
speeds.

Moving block signaling is
based on the use of target
points.

designed for 44 and 48 trains per hour—Dby far the closest train spacing on any rail system
—irrespective of technology.

Requiring a driver to control a train’s speed and commence braking according to
multiple aspect color light signaling requires considerable precision to maximize
throughput. Cab signaling provides assistance in this regard and reduces capital and
maintenance costs.

CAB SIGNALING

Cab signaling uses codes inserted into each track circuit and detected by an antenna
on each train. The code specifies the maximum allowable speed for the block occupied,
and may be termed theference or authorized speed. This speed is displayed in the
driver's cab—often so that the authorized speed and actual speed can be seen together.

The authorized speed can change while a train is in a block, as the train ahead
proceeds, allowing drivers to adjust train speed close to the optimum with less concern
about overrunning a trip stop. Problems with signal visibility on curves and in inclement
weather are reduced or eliminated. Cab signaling avoids much of the capital and
maintenance costs of multiple-aspect color light signals, although it is prudent and usual
to leave signals at interlockings and occasionally on the final approach to and exit from
each station.

Reducing the number of color light signals makes it economically feasible to increase
the number of aspects and it is typical, although not universal, to have the equivalent of
five aspects on a cab signaling system. A typical selectioaf@fnce speeds would be
80, 70, 50, 35, and 0 km/h (50, 43, 31, 22, and 0 mph).

MOVING-BLOCK SIGNALING SYSTEMS

Moving-block signaling systems are also called transmission-based or
communication-based signaling systems. A moving-block signaling system can be
compared to a fixed block system with very small blocks and a large number of aspects.
However a moving-block signaling system has neither blocks nor aspects. The system is
based on a continuous or frequent calculation of the clear (safe) distance ahead of each
train and then relaying the appropriate speed, braking or acceleration rate to each train.

This requires a continuous or frequent two-way communication with each train, and a
precise knowledge of a train’s location, speed and length; and fixed details of the line—
curves, grades, interlockings, and stations. Based on this information, a computer can
calculate the next stopping point of each train—often referred to as the target point—and
command the train to brake, accelerate, or coast accordingly. The target point will be
based on the normal braking distance for that train plus a safety distance.

The safety distance is the maximum distance a train can travel after it has failed to act
on a brake command before automatic override (or overspeed) systems implement
emergency braking.

Without track circuits to determine block occupancy, a moving-block signaling
system must have an independent method to accurately locate the position of the front of a
train, then use look-up tables to calculate its end position from the length associated with
that particular train’s identification. The first moving block systems used a wire laid
alongside or between the running rails periodically transposed from side-to-side. The wire
transmits signals to and from antennas on the train while counting the transpositions
determines location.

The use of exposed wayside wires is a maintenance problem and refinements use
inert transponders located periodically along the track. These are interrogated by a radio
signal from each train and return a discrete location code. Positioning between
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transponders relies on the use of a tachometer. Communications to and from the train are
then radio based with protocols to ensure safety, rdiability, and that messages are
received by and only by the train they are intended for.

The computers that calculate and control a moving-block signaling system can be
located on each train, at a central control office, dispersed along the wayside, or a
combination of these. The most common arrangement is a combination of on-board and
central control office locations.

Safety Issues

Safety on rail transit is a relative matter. It encompasses al aspects of design,
maintenance, and operations. In fixed-block signaling, electrical interlockings, switch,
and signal setting are controlled by relay logic. A rigorous discipline has been built
around this long established technology which the use of processor-based controls is now
infiltrating.

A moving-block signaling system is inherently processor controlled. Processor-based
train control systems intrinsically cannot meet the fail-safe conventions of traditiona
signaling. Computers, microprocessors, and solid-state components have multiple failure
opportunities and cannot be analyzed and tested in the same way as conventional
equipment.

Instead, an equivalent level of safety is provided based on statistical failure modes of
the equipment. Failure analysis is not an exact science. Although not all failure modes can
be determined, the statistical probability of an unsafe event* can be predicted.

HYBRID SYSTEMS

There are times when an urban rail transit system shares tracks with other services,
such as long distance trains, whose equipment is impractical or uneconomic to equip with
the moving-block signaling system. Hybrid or overlay systems are available that allow use
by unequipped trains—with longer separation—while still obtaining the close headw
the moving-block system for the urban or short distance trains.

AUTOMATIC TRAIN OPERATION

Automatic acceleration has long been a feature of rail transit, where relays, an
recently microprocessors, control the rate of acceleration smoothly from the initial g
maximum speed. Linking this feature to on-board commands from the signaling S
provides automatic train operation.

The driver or attendant’s role is typically limited to closing the doors, pressing &
start button and observing the line ahead, with limited manual operating capabilif
deal with certain failures. Dispensing entirely with a driver or attendant is controv
but has demonstrated its economy and safety on numerous Automated Guideway
(AGT) systems, and on rail transit systems in Europe and Vancouver, B.C.

Automatic train operation (ATO), with or without attendants or drivers, allows a
to more closely follow the optimum speed envelope and commence braking for th
station approach at the last possible moment. This reduces station-to-station trave|
and more importantly from the point of capacity, it minimizes the critical station clo
time—the time from when one train starts to leave a station until the following trd
berthed in that station. This can increase total line capacity by 2 to 4%.

y of Service Manual

Communication can be made
secure.

Hybrid systems can allow
equipment not equipped for moving
block operation to operate on lines
signaled with moving blocks.
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4 Anunsafe event may bereferred to as a wrong-side failure.
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Corrective measures to
correct late running trains.

Predictive control.

The close-in time is the main
constraining factor on rail
transit lines.

Computer simulations often
provide the basis for
accurate estimations of
capacity.

AUTOMATIC TRAIN SUPERVISION

Automatic Train Supervision (ATS) is generaly not a safety critical aspect of the
train control system. At its simplest it does little more than display the location of trains
on a mimic board or video screen in the central control or dispatcher’s office. Increasing
levels of functionality are available.

In more advanced systems where there is automatic train operation, computer
algorithms are used to attempt to automatically correct lateness. These are rare in North
America and are generally associated with the newer moving-block signaling systems.

A further level of ATS strategies is possible—predictive control where a computer
looks ahead to possible conflicts, for example a merge of two branches at a junction. The
computer can then adjust terminal departures, dwell times, and train performance to
ensure that trains merge evenly without holds.

The non-vital ATS system can also be the host for other features such as on-board
system diagnostics and the control of station and on-board information through visual and
audio messages, including those required by the Americans with Disabilities Act (ADA).

FIXED-BLOCK THROUGHPUT

Determining the throughput of any rail transit train control system relies on the
repetitive nature of rail transit operation. In normal operation trains follow each other at
regular intervals traveling at the same speed over the same section of track. All modern
heavy rail rolling stock has comparable performance.

Stations are the principal limitation on the maximum train throughput. In a well-
designed and operated system, junction or turnback constrictions or bottlenecks should
not occur. A flat junction can theoretically handle trains with a consolidated headway
approaching two minutes. However, delays may occur and systems designed for such
close headways will invariably incorporate grade-separated (flying) junctions. Moving-
block signaling systems provide even greater throughput at flat junctions.

A two-track terminal station with either a forward or rear scissors cross-over can also
support headways below two minutes. In this chapter, the limitations on headway will be
calculated for all three possible bottlenecks: station stops, junctions, and turnbacks.

Station Close-In Time

The time between a train pulling out of a station and the next train entering—referred
to asclose-in—is the main constraining factor on rail transit lines. This time, also known
as thesafe separation time, is primarily a function of the train control system, train length,
approach speed, and vehicle performance. Close-in time, when added to the dwell time
and an operating margin, determines the minimum possible headway achievable without
regular schedule adherence impacts—referred to asndhénterference headway.

Exhibit 3-4 shows a distance-time station stop diagram.

The best method to determine the close-in time is from the specifications of the
system being considered, from existing experience of operating at or close to capacity or
from a computer simulation model. Such models can provide an accurate indication of the
critical headway limitation—whether a station close-in maneuver, at a junction or at a
turnback. If a model or actual operating data are not available then minimum headway can
be calculated from Equation 3-4. The derivation of this equation and additional
information on line versus station headways is available in TCRP Rep‘BF’c 13.
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Exhibit 3-4
Distance-Time Plot of Two Consecutive Trains
(acceleration and braking curves omitted for clarity)

dwell om sst
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Equation 3-4
[typical values shown in square brackets]
= station headway (S);
= length of the longest train; [ 200 m or 660 feet]
= distance from front of stopped train to start of station exit
block; [10 mor 33 feet]
= station approach speed (m/s);
= maximum line speed (M/s);
= braking safety factor—worst case service braking is K%
of specified normal rate—typically 75%75]
= separation safety factor—equivalent to number of
braking distances plus a margin, (surrogate for
blocks) that separate trairjsee text]
= time for overspeed governor to operdfeg
time lost to braking jerk limitatiorf;0.5 g
= operator and brake system reaction tifdes s
= dwell time;[ 45 s, see also Chapter 2]
operating margin;20 s, see also Chapter 4]
initial service acceleration ratgt.3 n/s’ or 4.3 ft/s?] and
=  service deceleration rafel.3 /s’ or 4.3 ft/s7]

The suggested 45 seconds dwell
is higher than the 20-30 seconds
often used in simulation
programs.
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An alternative version of this
figure in U.S. customary
units appears in Appendix A.

Optimum approach speeds.

Switches (turnouts) and
curves impose speed
restrictions.

The vertical bars show the
AREA recommended speed
limit range for lateral and
equilateral level turnouts of
size #6, #8 and #10. Note
that many operators have
their own speed limits for
turnouts that may differ from
those shown. Transition
Spirals are not taken into
account.

An alternative version of this
figure in U.S. customary
units appears in Appendix A.

Using these typical values, Equation 3-4 produces the results of Exhibit 3-5 where B
= 2.4 for three-aspect signaling and B = 1.2 for multiple command speed cab contrals.

Exhibit 3-5
Station Headway for Lines at Capacity

170

160 \
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— Cab Control
110

0 10 20 30 40 50 60 70 80 90 100
Approach speed (km/h)

Exhibit 3-5 shows that the optimum approach speed for three-aspect signaling is 47
km/h (29 mph) and for multiple command speed cab controls 52 km/h (32 mph). If
special work (interlockings) or curves restrict approach speeds below these values then
the lower values must be calculated and used. Typical speed limits for switches and
curves are shown in Exhibit 3-6. Determine any such station approach speed restrictions
and their distance from the station stopping point. Then compare this speed restriction
with the normal approach speed at that distance from the station as shown in Exhibit 3-7.
The most restrictive approach speed must then be entered in Equation 3-4.

Exhibit 3-6
Speed Limits on Curves and Switches
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Exhibit 3-7
Distance-Speed Chart
An alternative version of this figure

300 in U.S. customary units appears in
/ Appendix A.
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Two other factors affect minimum headways. Grades into or out of a station will
change the acceleration and braking rates. Line voltage will drop below the nominal value
on heavily used systems and reduce train performance. The results of grades and voltage
drops are shown in Exhibit 3-8 and Exhibit 3-9 respectively. The calculations of these
effects are complex and best left to a computer simulation. If a simulation model is not
available then the approximate headway changes can be read from Exhibit 3-8 and
Exhibit 3-9 and the calculation from Equation 3-4 adjusted by the number of seconds.

Exhibit 3-8
Effect of Grade on Station Headway
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NOTE: cab signals, dwell = 45 seconds, operating margin = 20 seconds

Part 3/RAIL TRANSIT CAPACITY Page 3-15 Chapter 2—Train Control and Signaling



Transit Capacity and Quality of Service Manual

Exhibit 3-9
Headway Changes with Voltage
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Moving-Block Throughput
Moving block train Moving-block sign_aling. systems replace separation by fixed bIock; wit.h a moving
separation safety distances block based on the braking distance to atarget point plus a safety separation distance. The
can be fixed or variable. safety separation distance can be fixed for a given system and type of rolling stock or can

be continually adjusted with speed and grades.

K Hd

a

with avariable safety separation.

timelost to braking jerk limitation (s); [0.5 5]

tor = operator and brake system reaction time (s); [1.5 9]
ty = dwell time (s); [45 s, see also Chapter 2]

tom = operating margin (s); [20 s, see also Chapter 4]

de =  servicedeceleration rate; [1.3 m/s® or 4.3 ft/s] and
So = moving-block safety distance [50 m or 165 feet]

Equation 3-5 determines the station headway for a moving-block signaling system
with fixed safety separation. Note that the time for the overspeed governor to operate is
incorporated into the safety distance and so does not appear in the equation.

L+S v
H(S): Vv o +1OOH 3 %til +tbr +td +tom

Equation 3-5
where: [typical values shown in square brackets]
H(s) = station headway (S);

L = length of the longest train; [ 200 m or 660 feet]
v, = station approach speed (m/s)
K = braking safety factor [ 75]

Equation 3-6 determines the station headway for a moving-block signaling system
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_ 2
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Equation 3-6
where:
Pe = positioning error; [6.25 mor 20 ft]
B = separation safety factor—equivalent to number of braking
distancesf1.0]
G = grade percentage into station; and
tos = time for overspeed governor to operate [(3)]

Equation 3-6 adjusts the safety separation entering a station due to any grade. A
downgrade will increase the braking distance and so require a longer safety separgtion—

and vice versa. For simplification the acceleration due to gravity, 9.897s®unded
up to 10.0 m/5(33 ft/<).

The results of Equation 3-5 and Equation 3-6 are shown in Exhibit 3-10. The

resultant minimum headway of 97 seconds occurs at an approach speed of 56 k
mph). The respective curves for a conventional three-aspect signaling system an
control system are included for comparison. As would be expected, a moving

m/h (35
] a cab
block

system with a speed variable safety distance shows the lowest overall headwdy. The

difference between the two methods of determining the safety distance represents

an eight

second difference in the minimum headway. Voltage fluctuations have little effeft on
moving-block headways as the time to clear the platform is not a compongnt in

calculating the moving-block signaling system headway.

Exhibit 3-10
Moving Block Headways with 45-Second Dwell and 20-Second Operating Margin
Compared with Conventional Fixed Block Systems
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Clear capacity increases with a
moving-block signaling system.

An alternative version of this
exhibit appears in Appendix A.
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TURN-BACK THROUGHPUT

Turn-backs should not be a Correctly designed and operated turn-backs should not be a constraint on capacity. A
constraint on capacity. typical terminal station arrangement with the preferred® center (island) platform is shown
in Exhibit 3-11.
Exhibit 3-11

Terminal Station Track Layout

&~ IS |
1 ——

T =

The worst case is based on the arriving train (lower left) being held at the cross-over
approach signal while atrain departs. It must, moving from a stop, traverse the cross-over
and be fully berthed in the station before the next exiting train (lower right) can leave.
The exiting train must then clear the cross-over and the interlocking switches must be
reset before another train can enter the station. The minimum time for a train to unload
and load passengers and for the driver to change ends, inspect the train and check train
integrity and braking, allowing for the two berths, is shown in Equation 3-7.

: s2§—< _ts_\/Z(P+T +CS) _\/(P+T +CS) E
3, +d, 28,

Equation 3-7

where: [typical values shown in square brackets]
t, terminal layover time (s);

H = train headway; [ 120 seconds]
tg = switch throw and lock time; [ 6 seconds]
P = platform length; [ 200 meters or 660 feet]
T = distance from cross-over to platform [ 20 meters or 65 feet]
S = track separation = platform width + 1.6 m (5.25 feet) [10
meters or 33 feet]
C = switch angle factor:
—5.77 for #6 switch,
—6.41 for #8 switch, and
—9.62 for #10 switch.
as = initial service acceleration rafé.3 m/s? or 4.3 ft/s]
ds = service deceleration rdte3 m/s or 4.3 ft/s]

A typical terminal layover time can then be calculated using the typécaimeters in
the square brackets above, including a headway of 120 seconds. The terminalisime
less than or equal to 175 seconds per track. This would increase by 9 seconds if the
incoming train did not stop before traversing the cross-over. While this is not a generous
amount of time, particularly to contain a schedule recovery allowance, many systems
maintain such close headways with minimal delays.

5  While side platforms reduce the track to track centers and so reduce the maneuver time, they require
passengers to be directed to the correct platform for the next departing train. This is inherently
undesirable and becomes more so when a train cannot depart due to a defect or incident and passengers
must be redirected to the other platform.
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This analysis assumes that any speed restrictions in the terminal approach and exit
are below the speed a train would reach in the calculated movements—approximately 21
km/h (34 mph) on a stop-to-stop approach, and 29 km/h (47 mph) as the end of the train
leaves the interlocking on exit. Normally there would be no restrictions so low but
following London Transport’'s Moorgate disaster—when a fully loaded train accelerated
into the wall at the end of a terminal station—some systems have imposed low entry
speeds, occasionally enforced with speed control signaling.

This maximum permitted terminal time can be calculated for the specific system and
terminal parameters. Where the time is insufficient there are numerous corrective
possibilities. These include moving the cross-over as close to the platform as pgssible;
however, note that structures can restrict the cross-over location in subways.

If passenger dwell is a limiting factor then this can be reduced with the use of d@e# faced platforms and loops can
faced platforms. At terminals with exceptionally heavy passenger loading, multipleftrd@guce dwell times.
layouts may be needed. An unusual alternative, used at SEPTAStG2t and PATH'S
World Trade Center termini, are loops—with the exception of several examples in [Paris,
these are rare luxuries for heavy rail transit.

Crew turnaround time can be expedited with set-back crewing. At a leisurely walking
pace of 1 m/s (3 ft/s) it would take 200 seconds for a driver to walk the length of a 200-m
(660-ft) train, more if the driver were expected to check the interior of each car for left
objects or passengers. Obviously this could not be accommodated reliably in @ 175-
second terminal layover time.

amMifivances should be made to

Terminal arrangements should accommodate some common delays. An e
would be the typical problems of a train held in a terminal for a door sticking prok
waiting for police to remove an intoxicated passenger, or for a cleaning crew to pe
minor cleaning. Alternately one track may be pre-empted to store a bad order tra
these occasions the terminal is temporarily restricted to a single track and the ma
terminal layover time is reduced to 61 seconds with the above parameters (70 §
without an approach stop). This may be sufficient for the passenger dwell but g
accommodate changing ends on a long train and totally eliminates any schedule rg
allowance.

More expensive ways to improve turn-backs include extending tracks beyon
station and providing crossovers at both ends of the station. This permits a storag
or tracks for spare and disabled trains—a useful, if not essential, failure manag
facility. With crossovers at both ends of the station, on-time trains can turn-back b
the station with late trains turning in front of the station—providing a valuable recq
time of some 90 seconds at the price of additional equipment to serve a given pa
demand.

JUNCTION THROUGHPUT

Correctly designed junctions should not be a constraint on capacity. Where a
is expected to operate at close headways, high use junctions will invariably be
separated. At sucflying junctions, the merging and diverging movements can all

ﬁﬁevent common delays from
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made without conflict and the only impact on capacity is the addition of the switch throw

and lock times, typically 3 to 6 seconds. Speed limits, imposed in accordance w|
radius of curvature and any superelevation, may reduce the schedule speed but sh
raise the minimum headway—unless there is a tight curve close to a headway |
station.

th the
ould not
miting

The capacity of a flat junction can be calculated in a similar manner to the tefminal

station approach. The junction arrangement is shown in Exhibit 3-12.
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Exhibit 3-12
Flat Junction Track Layout
-

fo e e e e i |

& C IS

(s s | s s | y

= A
B

The worst case is based on a train (lower left) held at signal “A” while a train of
length T moves from signal “B” to clear the interlocking at “C.” The minimum operable
headway is the line headway of train “A” plus the time required for the conflicting train to
clear the interlocking plus the extra time for train “A” to brake to a stop and accelerate
back to line speed. Ignoring specific block locations and transition spirals, this can be
expressed approximately as:

HG) =+ (PTEEE Vg
aS aS+dS

where: [typical values shown in square brackets]

Equation 3-8

H() = limiting headway at junction (s);
H(l) = line headwayf 32 seconds]
T = train length; 200 meters or 655 feet]
S = track separatiorf;10 meters or 33 feet]
C = switch angle factor:
—5.77 for #6 switch,
—6.41 for #8 switch, and
—9.62 for #10 switch;
as = initial service acceleration ratgt.3 m/s’ or 4.3 ft/s?]
de = service deceleration ratt.3 m/s? or 4.3 ft/s]
Y = line speedf100 km/h = 27.8 m/s or 60 mph = 91 ft/g|
tg = switch throw and lock timdg6 seconds] and
tom = operating margin time (s).

The limiting headway at the junction can then be calculated using the typical
parameters in the square brackets above, resulting in a junction limiting headway of 102
seconds plus an operating margin. While in theory this should allow a 120 second
headway with a flat junction, it does not leave a significant operating margin and there is
a probability of interference headways. General guidance in rail transit design is that
junctions should be grade separated for headways below 150 to 180 seconds.

Advantage of sophisticated An exception is with a moving-block signaling system incorporating an automatic
supervision to reduce train supervision system with the capability to look forward—and so adjust train
Junction conflicts. performance and station dwells to avoid conflicts at the junction, i.e., trains will not have

to stop or slow down at the junction—other than for the interlocking’s track design speed
limit. In this case, the junction interference headway drops to 63 seconds, allowing 120-
second, or slightly lower, headways to be sustained on a flat junction—a potentially
significant cost saving associated with a moving-block signaling system.
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SUMMARY

Using as few approximations as possible, the minimum headway can be calculated
for a range of train control systems with a wide number of variables. The results are
summarized in Exhibit 3-13. These concur with field data and, athough a reliable guide,
are not a substitute for a full and careful simulation of the train control system in
conjunction with amultiple-train performance simulation.

Exhibit 3-13
Headway Result Summary in Seconds with 200-m (660-ft) train

Station dwell (s) 0 30 45
Operating margin (s) 0 15 25
Three-aspect system 57 | 102 122
Cab controls 51 96 116
Moving Block—variable safety distance 32 77 102

The components of headway for a cab signaling system with typical heavy rail
parameters are shown in Exhibit 3-14 with a station dwell of 45 seconds and an operating
margin of 25 seconds. The components are shown in the order of Equation 3-4 with terms
running from the bottom upwards. Dwell is the dominant component. The next chapter
deals with dwells while approaches to reduce dwell and thus increase capacity are
addressed in Chapter 10.

Exhibit 3-14
Headway Components for Cab Control Signaling with a 120-Second Headway

Operating Margin |25.3

Station Dwell 417

Reaction Time D 15

=

Jerk Limitation ||0.5

Overspeed Allowance 3.4

Safe Separation Time |12.5

Time to Travel Own |

Length e

Time to Clear Platform |1s

0 5 10 15 20 25 30 35 40 45

Time (seconds)

Results match actual field
experience.

The components of headway for
the above mid-range cab-control
data are shown in the headway
components, note the importance
of station dwell.
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3. STATION DWELL TIMES

INTRODUCTION

Station dwell times are the major component of headways at close frequencies as
shown in Exhibit 3-14—based on a heavy rail system at capacity, operating 180-n
long trains with a cab-control signaling system. The best achievable headways undé
circumstances are in the range of 110 to 125 seconds.

Controlling station dwell time is the combination of dwell time anceasonable
operating margin—the dwell time during a normal peak hour that controls the min
regular headway. Controlling dwell takes into account routine perturbation
operations—but not major or irregular disruptions. The sum of controlling dwell an
train control system’sminimum train separation time produces the maximum trai
throughput without headway interference. In this chapter the components of dwel
will be examined and procedures provided to determine dwell times.

Dwell Time Components

Dwell time is comprised of the time passenger flow occurs, a further time befo

y of Service Manual

Station dwell times are a major
et&pmponent of headway.

br these

Controlling dwells.
mum
S in
d the
n
| time

e fPrak period dwell times on four

doors are closed, and then a time while waiting to depart with the doors closed. Exhibte$cted systems.

15 shows these dwell components for the peak-period of four selected rail transit s
Each of the rail transit systems serving the particular stations has a different op
philosophy. BART in the San Francisco Bay Area is automatically driven with
closure and departure performed manually, the latter subject to override by the auf
train control. NYCTA in New York and the TTC in Toronto are entirely manual, suk
only to a permissive departure signal. The TTC has a safety delay between door
and train departure. BC Transit's SkyTrain in Vancouver, BsGn entirely automatig
system with unattended cars; door closing and departure times are pre-programmg
is evident from the exhibit which shows two services, including a short turn service
shorter dwells that ends about half way down. All data represent the heavies|
doorway(s) on the train.

The proportion of dwell time productively used for passenger movements r
from 31 to 64% of the total dwell time. This presents a challenge in determining
times from the passenger volumes. Dwells also vary depending on the operating p
of each system. Several North American light rail and heavy rail systems are notabl
expeditious at station dwells than their counterparts, contributing to a faster—and s
economic and attractive—operation. Ironically, several automatically driven systemg
sluggish station dwells in which expensive equipment and staff sit and wait—long a
passenger movement has ended. The high-capacity rail systems in Europe an
particularly those of Russia and Japan, are noted for their efficient manageme|
control of station dwells.

6  Some Russian systems using multiple aspect cab-control signaling systems operate at headways down to

90 seconds by strict control of station dwell times—on occasion, closing doors before all pag

ations.
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movements are complete. This is probably not an acceptable practice in North America.
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Note that the scale of the
Grand Central Station chart
is twice that of the other
charts in this series.

These four charts are
representative of 61 data
sets of door flows collected
in early 1995 for the TCRP
Rail Capacity study. ®7 Data
are from systems operated
at, or close to, the capacity
of their respective train
control systems. The data
represent the movement of
25 154-passenger trains
over 56 peak periods, two
base (inter-peak), and three
special event times, at 27
locations on 10 systems.
Each bar represents an
observation of an individual
train.

Exhibit 3-15
Dwell Time Components of Four Rail Transit Stations

BART Montgomery Station
(San Francisco)

NYCT Grand Central Station
(New York)

I !
O Wait to Dep
O Doors Open
O Pass. Flow

O Wait to Dep
O Doors Open
OPass. Flow

[
[ ] [
\ [ [
0 10 20 30 40 50 60 0 20 40 60 80 100 120

DWELL seconds

Average headway: 153 seconds
Number of passengers observed: 586
Flow time averages 38% of total dwell

BC Transit SkyTrain Burrard Station
(Vancouver)

O Wait to Dep.
O Doors Open
O Pass. Flow

0 10 20 30 60

40 50
DWELL seconds

Average headway: 153 seconds
Number of passengers observed: 586
Flow time averages 38% of total dwell

DWELL seconds
Average headway: 160 seconds
Number of passengers observed: 1,143
Flow time averages 64% of total dwell

TTC King Station, Southbound
(Toronto)

DO Wait to Dep
O Doors Open
O Ppass. Flow

S

0 10 20 30

40 50 60
DWELL seconds

Average headway: 160 seconds
Number of passengers observed: 1,143
Flow time averages 64% of total dwell
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Doorway Flow Rates

Flow time is the time in seconds for a single entering or exiting passenger to cross the
threshold of the rail transit car doorway, per single stream of doorway width. Extensive
rail transit door flow rate data collection took place in 1995 for the TCRP Project A-8,
Rail Transit Capacity. Data were collected from a representative set of high-use systems
and categorized by the type of entry—level entry being the most common, then lig
with door stairwells, with and without fare collection at the entrance. The data sets
then partitioned into mainly boarding, mainly alighting, and mixed flows. The result
summarized in Exhibit 3-16.

Exhibit 3-16
Selection of Rail Transit Door Flow Times

1.38 A

SkyTrain (Vancouver) | ighting

TTC (Toronto) |
SkyTrain-SE (Vancouver) 7
CTS (Calgary) |

BART (San Francisco) 7
SkyTrain (Vancouver) 7

Muni (San Francisco) |

1.61

1.86

ETS (Edmonton) | 2.03

MTS (San Diego)

]3.36

Tri-Met (Portland)

(Steps)

3.97 (Steps

PATH (New York) |
SkyTrain (Vancouver) |

TTC (Toronto) |

111

1.90

1.91

ETS (Edmonton)

]1.97

CTS (Calgary)

]2.08

Muni (San Francisco)

]2.36

BART (San Francisco)

]2.6

MTS (San Diego)

1

.91 (Step

]3.57

Tri-Met (Portland)

Bo

(Steps)

Muni (San Francisco)

]4.21 (Steps)

arding

]2.10

NYCT-IRT (New York)

]2.27

PATH (New York)

NYCT-IND (New York)

SkyTrain (Vancouver)

Mixed

(Steps)

Muni (San Francisco)

i ]5.21

\
\
\
\
\
I
I
\
\
\
\
1
2

5 6

Time per passenger per single stream (s)

NOTE: Level boarding, except up or down steps where indicated.
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Passengers ascend steps
into a light rail vehicle faster
than they descend them on
exit.

Doorway steps double

boarding and alighting times.

Special event passenger
rates were found to be
slower than weekday peak
rates.

An interesting result is that passengers enter high-floor light rail vehicles faster from
street level than they exit. The overall fastest flow rate, 1.11 seconds per passenger per
single stream, was observed on PATH when passengers were boarding empty trains at the
Journal Square station in Newark in the morning peak. These flow data are consolidated
and summarized by type of flow in Exhibit 3-17.

Exhibit 3-17
Summary of Rail Transit Average Door Flow Times

I
Medium Volume o B(_Jard_lng
Level Doorway B Alighting
@ Mixed Flow
High Volume Level
Doorway
Light Rail with Steps
Only
Light Rail with Steps |
& On-board Fares
0 1 2 3 4 5 6 7

Time per passenger per single stream (seconds)

The results show that, in these averages, there is little difference between the high-

volume—older East Coast heavy rail transit—systems and the medium-volume systems—
newer light rail and heavy rail transit. Doorway steps approximately double times for all
three categories: mixed flow, boarding, and alighting. Light rail boarding up steps, with

exact fare collection, adds an average of almost exactly one second per passenger.

While most of the field data collection on doorway flow rates was done during peak-
periods, off-peak and special event flows were observed on BC Transit's SkyTrain and

compared to peak period flows, as summarized in Exhibit 3-18.

Exhibit 3-18
BC Transit SkyTrain Door Flow Rate Comparisons

Football Game |
Alighting

Rock Concert |
Alighting

Peak Hour Alighting

Peak Hour Boarding

Off-peak Mixed Flow

Peak Hour Mixed |
Flow ‘ ‘

0 0.5 1 1.5 2 2.5
Time per passenger per single stream (seconds)
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Special event flows were observed before afoothall game, before a rock concert, and
on a busy suburban station in the early afternoon base period. The resultant data are
contrary to the supposition that special event crowds move faster and that off-peak flows
are slower than in the peak hour. BC Transit has also measured car occupancy differences
between normal peak hour operation and after service delays. In the ensuing pressure to
travel after adelay, standing density almost doubled from amean of 2.8 passengers per m?
to 5 passengers per m* (3.8 to 2.2 ft/p).

Effect of Door Width on Passenger Flow Times

Extensive doorway flow data has failed to show any meaningful relationship between
door width and flow rate, within the 1.14 to 1.37 m (3.75 to 4.5 ft) range of door widths
observed, all double-stream doors are essentially equal. Double-stream doors frequently
revert to single stream flows and very occasionally three passengers will move through
the doorway simultaneously.

At some width below this range, a doorway will be essentialy single stream. At
widths above those surveyed, a doorway will routinely handle triple streams. There are no
single- or triple-stream doors on any modern North American rail transit vehicle, although
they exist on AGT systems and in other countries. JR East in Tokyo is experimenting with
a quadruple-stream doorway—shown in Exhibit 3-19. Wide doors have be
characteristic of the ADtranz C100 automated guideway transit used in many airpo
on Miami’s MetroMover. This four-stream 2.4 m (8 ft) door is shown below.

Exhibit 3-19
Quadruple-Stream Doorways

Miami

Tokyo

Estimating Dwell Times

There are three methods to estimate station dwell times. The first translates
passenger volumes and doorway flow rates into doorway flow times and then into|
times. This involves complex mathematics involving logarithmic transforms and de
on knowledge of station passenger movements, which are often not readily availab
of this method is limited and reference should be made to Chapter 4 of TCRP Rep
Rail Transit Capacity.®”

The second method is the traditiondlean Plus Two Sandard Deviations. It
provides a prediction interval for a new train as opposed to one for the mean of all
Since it is maximum capacity that is the ultimate objective, only the upper limit
interest. This is of value for stations on existing systems where data can be collg]
busy stations to allow the mean and standard deviation to be calculated.

Both one and two standard deviations have been used in other work. In either

Door widths on observed systems
seemed to have little effect on flow
rates.

All observed doors were
essentially double-stream.
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case it

is necessary to ensure that the calculated controlling dwell time contains a sufficient

allowance or margin to compensate for minor irregularities in operation. With

the
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addition of one standard deviation, some additional alowance for operational
irregularities is necessary. With the addition of two standard deviations, the need for any
additional allowance is minor or unnecessary.

In many situations, particularly new systems, insufficient data is available to estimate
the dwell standard deviation over a one-hour or even a 15-minute peak period. In these
cases, or as an aternate approach in situations where data is available, an operational
allowance or margin can be added to the estimated dwell time due to a specific volume of
passenger movements. The results on controlling dwell times of adding 15 and 20 second
operating margins on existing systems are shown in Exhibit 3-20.

Exhibit 3-20
Controlling Dwell Data Limits (seconds)

Upper Limit Operational

# of (Mean+SD) margin (s)

System & City Mean SD |samples|One SD| Two SD | +15 +20
BART (San Francisco) 46.3 12.0 290 58.3 70.2 61.3 66.3
CTS (Calgary) 35.7 15.7 91 51.5 67.0 50.7 55.7
ETS (Edmonton) 24.7 8.8 18 33.6 42.3 39.7 44.7
NYCT (New York) 30.7 20.9 380 51.6 72.6 45.7 50.7
PATH (New Jersey) 51.3 23.0 252 64.3 97.3 66.3 71.3
Tri-Met (Portland) 32.0 194 118 51.4 70.8 47.0 52.0
MTS (San Diego) 51.1 17.9 34 69.1 86.8 66.1 71.1
Muni (San Francisco) 50.4 21.8 75 72.2 93.9 65.4 70.4
TTC (Toronto) 36.6 23.2 322 59.8 83.0 51.6 56.6
SkyTrain (Vancouver) 30.7 7.2 82 37.9 45.1 45.7 50.7

SD: standard deviation

The third method is often the most practical, involving selection of dwell times and
operational allowances from comparable existing systems. Chapter 5, Operating |ssues,
discusses the need for, and approaches to, estimating a reasonable operating margin and
provides additional examples of existing controlling dwells.
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4. PASSENGER LOADING LEVELS

INTRODUCTION

Establishing the loading level of rail transit is the final step in determining capacity.
After the maximum train throughput has been calculated from the inverse of the sum of
signaling separation time, dwell time, and operating margin, capacity is then based only
on train length and loading level.

The existing loading levels on North American rail transit vary from the relaxed
seating on many commuter rail lines to the denser loadings experienced on older subway
and light rail systems. These loadings offer levels of passenger comfort that are
inappropriate for new systems intended to compete with the automobile.

The next section reviews existing rail transit loading standards. The remainder of the
chapter determines a range of loading standards that can be applied in specific
circumstances for each mode.

LOADING STANDARDS

Most rail transit systems have loading standards for the peak-hour, peak-point
location with more relaxed standards away from entry into the city center and for off-peak
times. Exhibit 3-21 shows loading standards over the peak 15 minutes for selected heavy
rail systems.

Exhibit 3-21

Passenger Space on Selected North American Heavy Rail Systems(RS)

Passenger Space (based on Gross Floor Space)

System (City) (p/m?) (ft/p)
NYCT (New York) 2.6 into CBD 4.0 into CBD
CTA (Chicago) 1.5into CBD 7.0 into CBD
SEPTA (Philadelphia) 1.3 into CBD 8.0 into CBD
MBTA (Boston) 2.0 into CBD 5.0 into CBD
BART (San Francisco) 1.2-1.9 9.0-5.75
WMATA (Washington) 0.9-2.0 12.0-5.0
MARTA (Atlanta) 1.4-1.6 7.5-6.75
TTC (Toronto) 1.8-2.4 6.0-4.5
STCUM (Montréal) 2.6-3.2 4.0-3.4

Care should be taken in comparing and applying the service standards with hourly

average loadings. Service standards are usually based on the peak within the pée

minutes or less. The difference between 15 minute and peak hour flows c
represented by a peak hour factor.

The peak hour factor for New York subway’s trunk routes averages 0.817. O
New York the peak-within-the-peak period tends to be more pronounced and the
hour diversity factor is lower. In part this is due to the long-established Manh
program to stagger work hours and the natural tendency of passengers to avoid t
crowded period—particularly on lines that are close to capacity.

In addition to standards or policies for the maximum loading on peak-within-the
period trains and for standards based on mininpolity headwaysat off-peak times
some operators specify a maximum standing time. This is more often a goal rather
specific standard—20 minutes is typical.

Loading levels for commuter rail are unique and uniform. Although stan
passengers may be accepted for short inner-city stretches or during times of
irregularities, the policy is to provide a seat for all passengers. Capacity is usually g
90 to 95% of the number of seats on the train.

Loading levels vary widely by
transit mode and system.

Mexico City’s Metro is an
exception and experiences loading
that can exceed 8 passengers/mz
(1.8 fé/p).

It is customary to express
passenger space requirements in
passengers per square meter in
metric and in square feet per
passenger in U.S. customary units,
even though this results in a
reciprocal relationship.

Service standards are usually
hal is;g on peak within the peak
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Passenger standing density.

Gross vehicle floor area.

Suggested minimum space.

SPACE REQUIREMENTS

The Batelle Institute™ recommends comfort levels for public transport vehicles and
provides details of the projected body space of passengers in various situations. The most
useful of these for rail transit capacity are shown in Exhibit 3-22 for males:

«  Comfortable: 2-3 passengers per m? (5.4 to 3.6 ft*/p),
«  Uncomfortable: 5 passengers per m? (2.2 ft?/p), and
«  Unacceptable: >8 passengers per m? (1.3 ft?/p).

Exhibit 3-22

Male Passenger Space Requirements®?

Tight double seat

Comfortable seating

Situation Projected Area (m?) Projected Area (ft°)
Standing 0.13-0.16 1.4-1.7
Standing with briefcase 0.25-0.30 2.7-3.2
Holding on to stanchion 0.26 2.8
Minimum seated space 0.24-0.30 2.6-3.2

0.36 per person
0.54 per person

3.9 per person
5.8 per person

Pushkarev et a.® suggest gross vehicle floor area as a readily available measure of
car occupancy, recommending the following standards:

«  Adequate: 0.5 m* (5.4 ft?) provides comfortable capacity per passenger space.

«  Tolerable with difficulty: 0.35 m? (3.8 ft%) is the lower limit in North America
with “some touching.”

« Totally intolerable: 0.2 f (2.2 ff) is the least amount of space that is
occasionally accepted.

Commuter rail capacity is based on the number of seats. Commuter rail cars in North
America are typically 28 m (86 ft) long and with few exceptions have seating for 114 to
185 passengers. The higher levels relate to bi-level or gallery cars and/or cars with 2+3
seating arrangements.

Wheelchair space provisions range from 0.55 to £:259-12.9 ff) , with 0.8 nf
(8.6 f) typical. This space can include folding or jump seats. Provision must also be
made for wheelchair maneuvering and for any requirements to carry push-chairs, baggage
and bicycles—particularly on rail lines that serve airports. More space is required for
electric chairs and ones whose occupants have a greater leg inclination, less for compact
and sports chairs.

The vehicle capacity for existing systems should be based on actual loading levels of
a comparable service. Actual levels on a specific system or line should be adjusted for
any difference in car size and interior layout—particularly the number of seats.

Maximum, full, and crush Manufacturer specified passenger loadingtat, maximum, full, or crush load does

loads. not necessarily represent a realistic occupancy level. Rather it reflects applying a set
criteria—such as 5 or occasionally 6 passengers per square meter (2.2%p):-8dtthe

floor space remaining after seating space is deducted. In partoruldr load can
represent the theoretical, and often unattainable, loading used to calculate vehicle
structural strength or the minimum traction equipment performance.
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Vehicle Specific Calculations

Detailed calculations of the person capacity of individual vehicles are not
recommended. Given the wide range of peak hour occupancy that is dependent on policy
decisions, elaborate determination of interior space usage is generally not practical.
Reasonably accurate estimates of vehicle capacity are all that are needed. The following
procedures offer a straightforward method.

The first step after obtaining the interior car dimensions is to determine the length of
the car side free from doorways. Deducting the sum of the door widths, plus a setback
adlowance of 0.4 m (16 inches)” per double door, from the interior length gives the
interior free wall length.

Seating can then be alocated to this length by dividing by the seat pitch:
«  0.69 m (27 inches)® for transverse seating, and
e 0.43m (17 inches) for longitudinal seating.

The result, in lowest whole numbers’, should then be multiplied by two for
longitudinal seating or by 3, 4, or 5 respectively for 2+1, 2+2, or 2+3 transverse seating.
The result isthe total number of seats. A more exact method would use the specific length
between door setbacks. Articulated light rail vehicles should have the articulation width
deducted. Four seats can be assigned to the articulation, if desired.

The floor space occupied by seats can then be calculated by multiplying transverse
seats by 0.5 m? (5.4 ft%) and longitudinal seats by 0.4 m® (4.3 t?). These areas make a
small allowance for a proportion of bulkhead seats but otherwise represent relatively tight
and narrow urban transit seating. Add 10 to 20% for a higher quality, larger seat such as
found on BART.

The residual floor area can now be assigned to standing passengers. Light rail
vehicles with step wells should have half the step well area deducted. Although prohibited
by many systems, passengers will routinely stand on the middle step, squeezing into the
car at stopsif the doors are treadl e operated.

Articulated light rail vehicles should have half the space within the articulation
deducted as unavailable for standing passengers, even if the articulation is wider. Many
passengers choose not to stand in this space.

Standing passengers can be assigned as follows:

e 5 passengers per square meter, or 0.2 m’* (2.15 ft’) per passenger, an
uncomfortable near crush load for North Americans with frequent body contact
and inconvenience with packages and brief cases. Moving to and from doorways
is extremely difficult.

7 A lower set-back dimension of 0.3 m (12 inches) may be used if this permits an additional seat/row of
seats between doorways.

8  Increaseto 0.8 m (32 inches) for seats behind a bulkhead

9  For more accurate results, the sidewall should be divided into the lengths between each set of doors (and,
when appropriate, between the door and any articulation) and checked, or adjusted, to ensure that an
integer of the seat pitch is used. This can be done by dividing the interior free wall length by the number
of doorways plus one. The number of integer seat pitches in each space is then determined and used to
calculate the total vehicle seating.
However this approach can result in the seating changing radically with a small change in vehicle length,
articulation length, or door width, any of which are sufficient to add or remove a row of seats between
each set of doors. On afour door car with 2+2 seating this results in the seating adjusting up or down by
20 seats at a time—five rows of four seats. Simple calculations can not substitute for a profe
interior layout design that can optimize seating with a combination of transverse and longitudina]
Other design criteria can also be accommodated including the provision of wheelchair spad

maximizing circulation space around doorways.

Estimating the person capacity of a
vehicle.

Seating area.

Standing area.

ssional
seats.
es and
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« 3.3 passengers per square meter, or 0.3 m? (3.2 ft?) per passenger, a reasonable
service load with occasional body contact. Moving to and from doorways
requires some effort.

e 25 passengers per square meter, or 0.4 m’ (4.3 ft?) per passenger,® a
comfortable level without body contact, reasonably easy circulation, and similar
space alocation as seated passengers.

The middle level above is slightly relaxed from the often stated standard of four
standing passengers per square meter. The so-called crush loads are frequently based on
5 or 6 passengers per square meter (2.2 to 1.8 ft%/p), the latter being more common in
Europe. Asian standards for both maximum and crush loads reach 7 or 8 standing
passengers per square meter (1.5 to 1.3 ft¥/p).

The resultant sum of seated and standing passengers provides a guide for the
average peak 15-minute service loading level for the specific vehicle. Peak-hour loading
should be adjusted by the vehicle loading diversity factor. No specific allowance has
been made for wheelchair accommodation or for reduced standing densities away from
doorways. The above range of standing densities makes such small adjustments
unnecessary. Cars intended for higher density loading should have a greater number of
doors. Space inefficiencies at the extremities of a car are unavoidable unless the London
Transport Underground arrangement of doors at the very end of each car is adopted.

The above process can be expressed mathematically as:

_ _ 0 -] -
V. = E(Lc 0.5L, W, —-0.5D,W.D,, 2 N%_ S, %Lc L,-D,(D, +2sb)%
= Se g Se Sy

Equation 3-9
. : where:

The artlpulate(_j r_a|l car V; = vehicle capacity—peak 15 minutes;
schematic Exhibit 3-23 L hicle interior lenath ):
shows the principal c ve_lc e m erior leng (m or .),
dimensions of this equation. La = artlculat|0|j length for Ilght rail _(m or ft);

Wy stepwell width (certain light rail only) (m or ft);

W, vehicle interior width (m or ft);

Sp = space per standing passenger (m or ft):
0.2 nf (2.15 &) maximum,
0.3 nt (3.2 ff) reasonable, and
0.4 nt (4.3 ff) comfortable;

N = seating arrangement:
2 for longitudinal seating,
3 for 2+1 transverse seating,
4 for 2+2 transverse seating, and
5 for 2+3 transverse seatifty;

S = area of single seat {ror ft):
0.5 nt (5.4 ft) for transverse, and
4.3 f£ (0.4 nf) for longitudinal;

D, = number of doorways;

Dy = doorway width (ft or m);

10 This upper level is a peak 15-minute oocupanC){ level for standing passengers. Over the peak hour it
corresponds closely to Pushkarev(R®) and JacobsR®) estimates of a United States rush hour loading average of
0.5 nr (5.4 ft?) per passenger—both seated and standing. It also corresponds to Pushkarev and*Batelle’s
recommendation for aaequate or comfortable loading level..

11 2+3 seating is only possible on cars with width greater than 3 meters (10 feet), not applicable to light rail or
automated guideway transit
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S = single sethack allowance (ft or m);
0.2 m (0.67 ft)—er less; and
Sy = seat pitch (ft or m):

0.69 m (2.25 ft) for transverse, and
0.43 m (1.42 ft) for longitudinal.

Le |
Sw (long) Sy (trans) Number of doorways D, = 4
> [— ~$ We
E 10 I I:l Y
N=2 N=345 2 Dw e
222 o 11 e —= e
Exhibit 3-23

Schematic LRT Car Showing Dimensions

Default Method

A default method is to divide the gross floor area of a vehicle (exterior len

exterior width) by 0.5 f (5.4 ff) and use the resultant number of passengers a
average over the peak hour—without applying a vehicle loading diversity facto
average space over the peak hour of 0°5(3r4 ff) per passenger is the comfortal
loading level on U.S. rail transit systems recommended in several reports and is g

the average loading on all trunk rail transit lines entering the CBD of US cities.
LENGTH

Another default method to approximate loading levels is to assign passengers |
length. Applying Equation 3-9 produces loading levels in passengers per unit leng
two typical light rail vehicles as shown in Exhibit 3-24. As would be expected, the \
and longer Baltimore car has proportionately higher loadings per meter of length
almost generic Siemens-Diwag car used in nine systems (with some dimer
changes) has a range of 5.0 to 8.0 passengers per meter of car length (1.5t0 2.4 p
length). The lower level of 5 passengers per meter length (1.5 p/ft length)—w

standing space per passenger of 0.2 (3 ff)—corresponds closely with th
recommendeduality loading of an average of 0.5 1%.4 ff) per passenger.

Exhibit 3-24
Linear Passenger Loading—Atrticulated LRVs

- Siemens/Duwag 25 m

E O%&g----------- articulated 1
£ -= Baltimore 29 m large car
2 8 T~ -
s \
= |
5 A e e
Q |
[ |
I T i it
3 |
1] |
g5l T
4 3
0.2 0.3 0.4
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An alternative figure using U.S
customary units appears in
Appendix A.
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Applying Equation 3-9 to selected heavy rail cars produces loading levels in
passengers per unit length shown in Exhibit 3-25. As would be expected, the smaller and
narrower carsin Vancouver and Chicago have lower loadings per unit length.

The more generic 75-ft (23-m) long cars used in over twelve North American cities
have a remarkably close data set for each of the three variations, 4 and 3 door versions,
and transverse or longitudinal seating—with a range of 7.0 to 11.5 passengers per meter

of car length (2.1-3.5 p/ft of car length). The higher end of this range approaches that of
crush loaded conditions.

The lower end of the range, at 7 to 8 passengers per meter length (2.1-2.4 pl/ft
length)—with a standing space per passenger of 0.4 to D@.tto 3.2 fi)—is an
appropriate and tight range for higher use systems. A lower figure of six corresponds
closely with the recommendeglality loading of an average of 0.5°n(5.4 f£) per
passenger and is appropriate for a higher level of service on new systems. In either case, a
reduction by one should be used for smaller, narrower cars.

Exhibit 3-25
Linear Passenger Loading—Heavy Rail Cars

An alternative figure using
U.S. customary units
appears in Appendix A.

—e— Generic 23 m car, 4 doors,
longitudinal seating

—- Generic 23 m car, 4 doors,
2+2 transverse seating

—&— Generic 23 m car, 3 doors,
2+2 transverse seating

—>~Chicago 14.6 m car, 2 doors,
transverse seating

=X¥=Vancouver 12.5 m car, 2
doors, mixed seating

Passengers/Unit Length (m)

Standing Space (m2/p)

Exhibit 3-26 summarizes the average loading level in passengers per unit length for
typical North American rail transit cars.

Exhibit 3-26
Summary of Linear Passenger Loading (p/m)

An alternative table using Standard

U.S. customary units Average Median | Deviation

appears in Appendix A. All Systems 6.4 5.9 2.0
Commuter Ralil 4.8 4.5 0.7
Heavy Rail 6.8 6.3 2.0
Heavy Rail less New York 5.5 5.6 15
NYCT alone 7.9 7.8 1.8
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LOADING DIVERSITY

Passengers do not load evenly into cars and trains over the peak hour. Three different
types of loading diversity have to be considered.

The first level of loading diversity is within a car. In individual cars the highest
standing densities occur around doorways, the lowest at the end of the cars. Several
European urban rail systems add doors, sometimes only single-stream, at the car ends to
reduce this unevenness.

A second level of diversity occurs in uneven loading among cars of atrain. Cars that
are closer to station exits and entrances will be more heavily loaded than more remote
cars. This inefficiency can be minimized by staggering platform entrances and exits
between ends, centers and third points of the platforms. This is not always possible or
practiced. Even so, relatively even loading often occurs due to the duress factor that
encourages passengers to spread themselves along the platform during heavily traveled
times—or risk being unable to get on the next arriving train.

Few systems count passengers by individual cars when thesesr®aded. This is
difficult to do with any accuracy and the results differ little from assigning aulédébad
to each car of a fully loaded train. BC Transit has measured car loadings at a
where passengers are regularly passed up, as shown in Exhibit 3-27.

Exhibit 3-27
Peak Hour Passenger Distribution Between Cars of Trains
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4

Vancouver, SkyTrain (Broadway Station) Toronto, Yonge Subway (Wellesley Station)

NOTE: 1.0 represents even loading.

Vancouver data collected inbound direction Oct. 27, 1994, 50 trains, 6,932 passengers.
Toronto data collected southbound direction Jan. 11, 1995, 99 trains, 66,263 passengers.

In Vancouver there is no significant variation in the average loading dive
between the peak hour and the peak-period, both of which remain within the ra
+5% to -6%. The imbalance for cars on individual trains ranges from +61% to -33%
evenness of loading can be attributed to four factors—the short trains, wide plat
close headways, and dispersed entrance/exit locations between the stations
automated, driverless system.

Toronto’s Yonge Street subway shows a more uneven loading between cars.
morning peak-period the rear of the train is consistently more heavily loaded refl
the dominance of the major transfer station at Bloor Street with the interchange
northern end of the Yonge subway platform. As would be expected there is less v3
in the average car loading diversity between the peak hour and the peak-period du
pressures on passengers to spread along the platforms at busy times. The average
of individual car loading over the peak period has a range of +26% to -39%
unbalance for cars on individual trains ranges from +156% to -89%.
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Loading diversity over the It is this peak 15-minute period that provides the third and most important diversity
peak period. factor, termed the peak hour factor and defined by:
Rhour .
PHF =———— Equation 3-10
5min

where:

PHF = Peak hour factor;

Rhour = Ridership in peak hour; and

Rismin Ridership in peak 15 minutes.

Passengers do not arrive evenly and uniformly on any rail transit system, as shown
dramatically over the extended peak period in Exhibit 3-28 for the Toronto Transit
Commission’s Yonge subway. This shows the realities of day-to-day rail transit operation.
The morning peak 15 minutes has a pronounced abnormality at 8:35 a.m. following a
short gap in service. The different loading, train by train, is significant and it is difficult to
visually pick out the peak hour or the 15-minute peak period.

Exhibit 3-28
Individual A.M. Train Loads, TTC Yonge Subway, Wellesley Southbound (Jan. 11, 1995)
2000 -
1800
1600
¥ 1400
% 1200
S 1000
- . | m r
8 /| N/
S 600 m
400%_* M
200
o L

6:.05 6:25 6:46 7:.06 7:26 7:46 8:06 8:26 847 9:07 9:27 9:47 10:07 10:27 10:48 11:08 11:28 11:48

Time

Exhibit 3-29 shows an a.m. peak-period for BC Tratsit, although without major
delays, shows the irregular loading from train to train due to the interlace of short-turn
trains with regular service from 7:30 a.m. onwards.

Exhibit 3-29
Individual A.M. Train Loads, Vancouver, SkyTrain Broadway Station Inbound
(October 27, 1994, 50 trains, 6,932 passengers in Data Set)

350 |
[ R AR

6:51 6:57 7:03 7:09 7:14 7:20 7:26 7:32 7:37 7:43 7:49 7:55 8:00 8:06 8:12 8:18 8:24 8:29 8:35 8:41 8:47 8:52 8:58

Time

The peak hour factors for many North American systems are tabulated in Exhibit 3-
30. Diversity of loading within a car and among cars of a train are included in the peak

Part 3/RAIL TRANSIT CAPACITY Page 3-36 Chapter 4—Passenger Loading Levels



Transit Capacity and Quality of Service Manual

15-minute recommended loading levels. The peak hour factor is not so included and must
be used to adjust passenger volumes from the estimated design capacity to a more
practical achievable capacity. This important peak hour factor is discussed for each mode
in the relevant chapter for calculating capacity for that mode. In each chapter suitable
values are recommended for use in calculating the maximum achievable capacity.

Exhibit 3-30
Diversity of Peak Hour and Peak 15 Minutes

System (City) | # of Routes | Peak Hour Factor
Commuter Rail
CalTrain (San Francisco) 1 0.64
GO Transit (Toronto) 7 0.49
Long Island Rail Road (New York) 13 0.56
MARC (Baltimore) 3 0.60
MBTA (Boston) 9 0.53
Metra (Chicago) 11 0.63
Metro-North (New York) 4 0.75
NICTD (Chicago) 1 0.46
New Jersey Transit (Newark) 9 0.57
SCRRA (Los Angeles) 5 0.44
SEPTA (Philadelphia) 7 0.57
STCUM (Montréal) 2 0.71
VRE (Washington, DC) 2 0.35
Light Rail
CTS (Calgary) 2 0.62
RTD (Denver) 1 0.75
SEPTA (Philadelphia) 8 0.75
Tri-Met (Portland) 1 0.80
Rapid Transit
SkyTrain (Vancouver) 1 0.84
CTA (Chicago) 7 0.81
MARTA (Atlanta) 2 0.76
Metrorail (Miami) 1 0.63
NYCT (New York) 23 0.81
PATH (New Jersey) 4 0.79
STCUM (Montréal) 4 0.71
TTC (Toronto) 3 0.79
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5. OPERATING ISSUES

INTRODUCTION

The previous three chapters have introduced the three major components that control
rail transit capacity: Train Control and Sgnaling, Station Dwell Times, and Passenger
Loading Levels. Operating issues, discussed in this chapter, affect all three components.

There is considerable uniformity of performance of the electrical multiple-unit trains
that handle over 90% of al North American rail transit, assisted by the wide spread
introduction of electronic controls and automatic driving. However there still can be up to
a 10% difference in performance between otherwise identical trains due to manufacturing
tolerances, aging of components, and variances in set-up parameters, and, in particular on
manually driven systems, due to variation in driving techniques and between drivers.

To accommodate these routine irregularities, two alowances are made in rail transit
operations planning and scheduling. An operating margin is added to the minimum train
separation time and maximum load point station dwell time to create a minimum
headway. This operating margin is, in effect, the amount of time a train can run behind
schedule without interfering with the following trains. The operating margin is an
important component in determining the maximum achievable capacity.

The second allowance is schedule recovery, an amount of time added to the terminal
turn-around time to allow for recovery from accumulated delays on the preceding trip.
Schedule recovery time has some effect on achievable capacity and has economic
implications as it can increase the number of trains and staff required to transport a given
volume of passengers.

OPERATING MARGINS

A starting point for recommending suitable operating margins to incorporate into the
determination of the maximum achievable capacity are the operating margins
incorporated into the schedules of existing systems. The maximum load point, peak-
period, station dwell time, and headways for severa rail transit lines are presented in
Exhibit 3-31.

The headways in Exhibit 3-31 for Calgary are all multiples of the 80-second traffic
signal cycle. The seemingly erratic headways in Calgary are misleading as three routes,
forming two interlaced services, share this downtown bus and light rail mall. The exhibit
also shows the dwell and headway regularity of interlaced services on BC Transit’
automatic SkyTrain and more erratic operation on BART, where there is automati
operation but poor control of station dwells and headways.

The lower four charts in Exhibit 3-31 show the range of dwell and head
irregularities on manually driven systems. These are not typical of most heavy rai
throughout the day but represent lines at or near capacity at the peak-point in th
period. It is at these times that operating margin and schedule recovery times af
needed to correct service irregularities.

Allowance for operating variables.

Uniformity of train performance.

Operating margins.

Schedule recovery.

Operating margin examples.

5 fully
> train

lway
lines

e peak

e most
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Light rail headways on
observed systems were
generally sufficiently long
that any irregularities
reflected problems other
than schedule interference
between trains. One of the
closest on-street headways
is in Calgary, shown at the
top.

Additional examples of these
dwell/headway charts are
contained in Chapter 6 of
TCRP Report 13, Rail
Transit Capacity.®”

Exhibit 3-31

Observed Rail Headways and Dwell Times

CTS 3rd St. SW EB (Calgary)
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CTS 1st St. SW WB (Calgary)

Apr. 25, 1995, 7:30-8:50 AM

BART Embarcadero WB (San Francisco)

450

Feb. 8, 1995, 7:35-8:45 AM
400

350

TTC Bloor NB (Toronto)
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entral N/B Express (New York)
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Exhibit 3-32 shows the headway components with the final column indicating the
residual time that is a surrogate for the operating margin.12 Exhibit 3-33 shows this data
graphically with the operating margin as the top component of each bar. The bars are
arranged in order of increasing headway. Note that the bar furthest to the right is the only
off-peak data set. It isincluded only for comparison and shows the large operating margin
available when a system is not at capacity. The operating margins range widely and bear
little relationship to system, technology, or loading levels.

Exhibit 3-32
Dwell and Headway Data Summary of Surveyed North American Heavy Rail Transit Lines
Operating at or Close To Capacity (1995)
Avg. Train Estimated
Station Avg. Dwell Control Operating
Station & Dwell | Dwell | Hdwy. | as % of | Separation | Margin

System & City Direction (s) SD (s) (s) Hdwy. (s) (s)
BART Embarcadero
San Francisco  |WB 49.9 | 157 | 201.7 | 247 90.0 30.4
CTS 1% St sSwW
Calgary WB 346 | 111 | 176.6 | 196 80.0 39.9
CTS 3 st. sw
Calgary EB 40.0 | 16.2 | 1814 | 221 80.0 28.9
CTS City Hall
Calgary EB 36.8 | 20.6 | 1914 | 192 80.0 33.4
Muni Montgomery
San Francisco  |WB 344 | 11.0 | 146.0 | 236 60.0 29.6
NYCTA Queens Plaza
New York WB 40.7 | 17.3 | 134.7 | 302 53.0 6.4
NYCTA Grand Central
New York SB 64.3 | 16.7 | 1647 | 39.0 53.0 14.1
NYCTA Grand Central
New York NB 539 | 14.8 | 1841 | 29.3 53.0 475
PATH Exchange Place
Newark EB 233 | 74 |1158 | 201 55.0 22.6
PATH Journal Square
Newark WB 47.3 | 234 | 199.7 | 237 55.0 50.6
SkyTrain Broadway
Vancouver EB 302 | 26 | 1456 | 207 40.0 70.2
SkyTrain Burrard
Vancouver WB 26.7 25 | 1507 | 17.7 40.0 79.0
SkyTrain Metrotown
Vancouver EB 37.8 | 10.4 | 2413 | 157 40.0 142.8
TTC Bloor
Toronto NB 43.0 | 153 | 1455 | 294 55.0 17.0
TTC King
Toronto SB 281 | 59 | 1683 | 16.7 55.0 73.4
NB: northbound, SB: southbound, WB: westbound, EB: eastbound
SD: standard deviation, Hdwy.: headway
12 The operating margin is estimated to be:

Operating margin = (average headway) — (avg. station dwell) - 2(standard deviation of station dwgll) —
(train control separation)
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Headway coefficient of

Exhibit 3-33
Headway Components of Surveyed North American Heavy Rail Transit Lines
At or Close to Capacity (seconds)

Vancouver, BC

San Francisco (BART)

Newark
Calgary
New York

Calgary
Calgary
Toronto

New York

Toronto

Vancouver, BC

San Francisco (Muni)

E Dwell +2 SD

Vancouver, BC

New York

Newark

W Train Control
Separation

O Operating Margin

150 200 250 300
Seconds

adly A proxy for service reliability is the headway coefficient of variation—the standard
variation. deviation divided by the mean. There could be expected to be a relationship between

operating margin and service reliability, however Exhibit 3-34 shows no such

relationship. Some inference can be drawn in that the system with the best headway
adherence, SkyTrain in Vancouver, British Columbia, also has the most generous
operating margins.
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Exhibit 3-34
Relationship Between Operating Margin and the Headway Coefficient of Variation
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ESTIMATING MARGINS

Although there is no clear relationship between existing rail transit operating margins
and other operating criteria, this important factor, and the related terminal recovery or
lay-over time, cannot be discounted. The inevitable headway irregularities and the need
for reasonable operating flexibility require the greatest possible operating margin and
recovery time to ensure reasonably even service and to achieve maximum capacity.
Selecting a recommended operating margin is a dilemma, as too much reduces achievable
capacity, but too little will incur sufficient irregularity that it may also serve to reduce
capacity.

It is recommended that a range be considered for an operating margin. A reasonable
level for a system with more relaxed loading levels, where all of the capacity is not
needed, should be 35 seconds. On systems where headways prohibit such margin, a
minimum level of 10 seconds can be used with the expectation that headway interference
islikely.

In between these extremes is a tighter range of 15, 20, or 25 seconds that is
recommended. This range is used in estimating achievable capacity in this manual and is
recommended as a default value for computations using the complete procedures.

SKIP-STOP OPERATION

Skip-stop service is used on severa of the high capacity rail transit operations in
Japan, New York, and Philadelphia, and until recently, in Chicago. Skip stops provide
faster travel times for the majority of passengers with less equipment and fewer staff.
They do not increase capacity as the constraint remains the dwell time at the maximum
load point station at which, by definition, all trains must stop. In fact, capacity can be
dlightly reduced as the extra passengers transferring between A and B trains at common
stations can increase dwell times. Skip-stop operation is only applicable if the headways
are sufficiently short that the “up to two-headway wait” at minor stations is accepta
passengers.

Suggested operating margin range.

Skip-stop operation increases
speed but not capacity.

ble to
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Advantages of on-demand
light rail stops.

Door cycle times.

Inadequate platform exit
capacity can reduce
capacity.

The common stations on the Japanese skip-stop operations have multiple platforms,
typically two island platforms allowing passengers to transfer across the platform between
A and B or between local and express trains.

Light rail operations may also skip stations when an on-demand operating policy is
adopted. This requires that an on-board passenger signal to stop the train. Drivers must
observe whether there are any waiting passengers as they approach each station. Thisis a
particularly efficient way to increase line schedule speed and reduce operating costs.
However, at higher capacity levels all trainswill stop at al stations and so the practice has
no effect on achievable capacity. Demand stops are rare on new North American light rail
systems, even where there are clearly some low-volume stations where during off-peak
times on-demand stops could contribute to lower energy consumption, lower maintenance
costs, and a faster, more attractive service.

PASSENGER-ACTUATED DOORS

The majority of new North American light rail systems use passenger-actuated doors,
increasing comfort by retaining interior heat or air conditioning and reducing wear and
tear on door mechanisms. The practice can extend station dwell time but is of little value
at higher capacities or busy stations where the use of al doors is generaly required.
Consequently, some systems use the feature selectively and allow the train operator to
override passenger actuation and control al doors when appropriate.

A typical heavy rail transit car door will open and close in five seconds. Certain light
rail doors, associated with folding or diding steps, can take double this time in their
operation. Obviously a door opening initiated at the end of a station dwell will extend the
dwell time by the door opening and closing time plus any added passenger movement
time.

A system approaching achievable capacity could not tolerate such dwell extensions
but would, in any event, be using all doors which might just as well be under driver
control—avoiding any last minute door opening and closing.

OTHER STATION CONSTRAINTS

Many station-related factors can influence demand. Poor location, inconvenient
transfers to connecting modes, inadequate or poorly located kiss-and-ride or park-and-
ride facilities may all deter usage. However, the only factor that has a potential effect on
the achievable capacity of a rail transit line is the rate of exiting from a platform.
Adequate passageways, stairways, and escalators must be provided to ensure that a
platform can clear before the arrival of the next train. Inadequacies in passenger access to
a station may reduce demand but not capacity.

Station exiting requirements are specified by the U.S. National Fire Prevention
Association rapid transit standards 130. Exits, emergency exits, and places of refuge must
be adequate to allow a platform with one headway’s worth of passengers plus the entire
complement of a full-length fully loaded train to be able to be evacuated to a safe location
within four minutes—without using elevators and treating escalators as a single width
stairway. These regulations ensure that in all but the most unusual circumstances—where
there is a disproportionate reliance on emergency exits—full capacity loads can leave the
platform before the next train arrives.

On older systems NFPA 130 requirements may not be met. Additional exits must be
provided to ensure that achievable capacity is not constrained by platform back-ups. Rates
of flow are established for passageways, and up and down stairs and escalators according
to width. In emergencies, exit fare payment devices can be placed in a free passage mode.
This is not the case in normal operation when adequate exit fare control checks must be
provided—on those systems with distance-related fares.
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The nominal passenger handling rate for a single coin or magnetic ticket-actuated
fare gate or turnstile is 60 passengers per minute. This is optimistic. Actual usage will
range between 30 and 40 passengers per minute, possibly longer at stations with a large
proportion of tourists or other non-regular transit users. The exit fare gate rate is aso
reduced by periodic failures and, on systems with distance-related fares, by tickets with
inadequate stored value. Typically 10% of fare gates should be assumed to be out-of-
service at any time. About one in four thousand transactions will fail with magnetic
tickets. Proximity cards are reported to have failure rates two to three times better but
there is insufficient use to confirm this. Add-fare requirements can be as low asone in a
hundred depending on operator policy—several systems allow a passenger to unde
the final ride on higher-value stored-value tickets as a form of random discount.

Whether due to a failure to read a ticket or the need to add fare to a card, the
fare gate can be obstructed for a considerable period, particularly if the passenger
the ticket insertion. It is essential that adequate exiting fare equipment be provided
capacity stations to ensure that passenger queues do not back up onto a platform.

Fare payment is a particular factor on the few light rail systems that still use on-
payment and checks. The flow rate analysis showed that flat fare payments add
second per boarding passenger, about 25% to an up-stairs board, and 50% to
board. This is an inefficiency that increases running time, station by station, day b|
These factors however, cannot be applied to the dwell time calculations of Cha
Sation Dwell times, as the far more drastic impact is the restriction of boarding
single staffed door. If on-board manual fare collection is used, dwell times mu
increased by the above percentages to arrive at achievable capacity. A syste
manual on-board fare collection and restricting boarding to driver attended doors
cannot achieve its maximum capacity.

Stations with high mixed flows must also have platforms of adequate wid
accommodate the flows. Platform width is also a factor in making it easy for passen
distribute themselves along the length of a train and so improve the loading di
factor.

WHEELCHAIR ACCOMMODATIONS

With dwell times being one of the most important components of headway, th¢
for wheelchair movements is important. Measured lift times run 2-3 minutes with
as low as 60 seconds. Level wheelchair movements are generally faster than
passengers except where the car or platform is crowded. Level loading is esse
achieve high capacity. Where high platforms or low-floor cars cannot be provided,
high or high-block loading arrangements for wheelchairs, shown in Exhibit 3-35, ha
least impact on capacity.

Exhibit 3-35
Wheelchair Loading Platform and Ramp
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Folding steps and
profiled platforms.

Wheelchair usage.

Capacity reduction due to
wheelchair space
requirements.

An adternate to the mini-high platform is the Manchester-style profiled platform,
shown in Exhibit 3-36. This platform has an intermediate height and is profiled up to a
section that is level with one doorway for wheelchair access. All 