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TRANSIT COOPERATIVE RESEARCH PROGRAM

The nation's growth and the need to meet mobility,
environmental, and energy objectives place demands on public
transit systems. Current systems, some of which are old and in need
of upgrading, must expand service area, increase service frequency,
and improve efficiency to serve these demands. Research is
necessary to solve operating problems, to adapt appropriate new
technologiesfrom other industries, and to introduce innovationsinto
the transit industry. The Transit Cooperative Research Program
(TCRP) serves as one of the principal means by which the transit
industry can develop innovative near-term solutions to meet
demands placed on it.

The need for TCRP was originaly identified in TRB Special
Report 213—Research for Public Transit: New Directions,
published in 1987 and based on a study sponsored by the Urban
Mass Transportation Administration—now the Federal Transit
Administration (FTA). A report by the American Public Transit
Association (APTA), Transportation 2000, also recognized the need
for loca, problem-solving research. TCRP, modeled after the
longstanding and successful National Cooperative Highway
Research Program, undertakes research and other technical activities
in response to the needs of transit service providers. The scope of
TCRP includes a variety of transit research fields including plan-
ning, service configuration, equipment, facilities, operations, human
resources, maintenance, policy, and administrative practices.

TCRP was established under FTA sponsorship in July 1992.
Proposed by the U.S. Department of Transportation, TCRP was
authorized as pat of the Intermodal Surface Transportation
Efficiency Act of 1991 (ISTEA). On May 13, 1992, amemorandum
agreement outlining TCRP operating procedures was executed by
the three cooperating organizations: FTA; the National Academy of
Sciences, acting through the Transportation Research Board (TRB);
and the Transit Development Corporation, Inc. (TDC), a nonprofit
educational and research organization established by APTA. TDCis
responsible for forming the independent governing board,
designated as the TCRP Oversight and Project Selection (TOPS)
Committee.

Research problem statementsfor TCRP are solicited periodically
but may be submitted to TRB by anyone at any time It is the
responsibility of the TOPS Committee to formulate the research
program by identifying the highest priority projects. As part of the
evauation, the TOPS Committee defines funding levels and
expected products.

Once selected, each project is assigned to an expert panel,
appointed by the Transportation Research Board. The panels prepare
project statements (requests for proposals), select contractors, and
provide technical guidance and counsel throughout the life of the
project. The processfor devel oping research problem statements and
selecting research agencies has been used by TRB in managing
cooperative research programs since 1962. As in other TRB activ-
ities, TCRP project panels serve voluntarily without compensation.

Because research cannot have the desired impact if products fail
to reach the intended audience, special emphasis is placed on
disseminating TCRP results to the intended end users of the
research: transit agencies, service providers, and suppliers. TRB
provides a series of research reports, syntheses of transit practice,
and other supporting material developed by TCRP research. APTA
will arrange for workshops, training aids, field visits, and other
activities to ensure that results are implemented by urban and rural
transit industry practitioners.

The TCRP provides a forum where transit agencies can
cooperatively address common operational problems. The TCRP
results support and complement other ongoing transit research and
training programs.
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FOREWORD

By Saff
Transportation Research
Board

This report contains guidelines for estimating bus lane capacities and speeds along arterial
streets. It recommends | evel -of -service threshol ds for buses based on speed, and it presents
procedures for estimating the speed of buses using dedicated bus lanes on arterial streets.

The capacity of a bus lane, where buses must follow each other without passing, is well
established. There was relatively little information, however, on the bus flow capacity of an
arterial that has an exclusive bus lane where buses have partial or exclusive use (i.e., dual
bus lanes) of the adjacent lane. The level of service (LOS) of these bus facilities and their
impact on arteria flow isnot addressed in the current eddition of the Highway Capacity Man-
ual (HCM). Currently, bus impacts are addressed independently in Chapter 9, Signalized
Intersections, and in Chapter 12, Transit Capacity, and not at al in Chapter 11, Urban and
Suburban Arterias. A comprehensive and consistent procedure for assessing busflow capac-
ity and LOS, and the impacts of bus flow on arterials was needed.

Under NCTRP Project 55-2 and TCRP Project A-7, Wilbur Smith Associates/Herbert S.
Levinson devel oped speed thresholds for determining LOS and revised them based on com-
ments from transit agencies, reviewed available analysis techniques, and developed new
analysisproceduresbased on simulation and limited field data. These procedures can be used
to determine the capacity and speed of bus flow on arterials with at |east one exclusive lane
for buses, with either no, partial, or exclusive use of the adjacent lane. Both proceduresrefl ect
delays due to traffic signals and dwell times.

The procedures developed in this project are expected to be incorporated into the Y ear
2000 edition of the HCM and the Transit Capacity and Quality of Service Manual, which is
the subject of TCRP Project A-15.
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OPERATIONAL ANALYSIS OF BUS LANES ON ARTERIALS

SUMMARY

Thisresearch analyzesthe operation of buses along arterial street buslanes, focusing on
operating conditionsin which buses have full or partial use of adjacent lanes, exploring the
impacts of adjacent lanes on bus speeds and capacities, and deriving relationships and pro-
cedures for these impacts and interactions. The research demonstrates how increasing bus
volumes can reduce speeds and how right turnsfrom or across buslanes can affect busflow.

Theresearch parameters and procedures, which complement and expand availableinfor-
mation pertaining to bus use of arterials, provide important input for the Highway Capac-
ity Manual (HCM) update and for a new transit capacity manual.

RESEARCH APPROACH AND FOCUS

The research, which was approached from both theoretical and practical procedures,
refined and updated bus berth capacity formulas and parameters, drawing on the results of
field studies and simulation runs. Available literature describing bus operations on city
streets was reviewed; speed-related level of service criteriathat reflect transit agency input
were established; analytical relationships for estimating bus speeds were devel oped; and
extensive, customized TRAF-NETSIM simulation runs were used to refine and calibrate
these relationships and field test them for bus lanes in Houston, San Francisco, Los Ange-
les, and Chicago. Finally, the research translated these analyses into simple user-friendly
procedures for application. The results show how the number of buses per hour, bus stops
per mile, bus stop dwell times and service patterns, signal constraints, and traffic volumes
in adjacent lanes affect bus lane speeds and capacities.

Three types of bus lanes were analyzed:

1. A curb bus lane where passing is impossible or prohibited and where right turns are
either permitted or prohibited. The lane may operate in the same direction as other
traffic or may operate contraflow.

2. A curb bus lane where buses can use the adjacent mixed-traffic lane for overtaking
or “leap frogging” around stopped buses. Right turns by non-bus traffic may or may
not be prohibited from the curb bus lane.

3. Dual buslanes with non-bus right turns prohibited.
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The Type 2 and 3 bus lanes allow bus stops to be split among alternate stopping locations,
whereas the Type | bus lanes usually preclude such skip-stop operations.

The analyses focus on bus lanes along downtown streets, where passenger boardings
generally are the heaviest, traffic signals are the most frequent, and most bus lanes are
located. The procedures and parameters also apply to bus lanes on major radial arterials. It
should be noted that bus service in most urban and suburban settings is too infrequent to
warrant bus lanes, and bus berth capacity generally is not critical in these settings.

The research relates to bus lane operations in the United States and Canada. Procedures
and parameters need adjustment for application elsewhere, especially in Asia.

LITERATURE REVIEW

A literature search, performed by the Transportation Research Information Service
(TRIS), was supplemented by information assembled by the research team. Much of the
information in these documents provided a picture of bus speed and bus capacity on streets
with buslanes. The literature review indicated that site-specific information is available on
arterial bus capacities; bus travel times keyed to traffic congestion, bus stop spacing, and
dwell time; and the effects of removing other traffic from bus lanes. Thisinformation pro-
vided abasisfor refining estimates of bus berth capacity and for devel oping procedures for
estimating bus lane speed. The literature review is presented in Appendix A.

Bus Stop Capacity

The capacity of abus stop, in buses per hour, depends on the number of berths provided,
green per cycle time available, and passenger dwell times. Dwell times vary substantially
fromthe average; therefore, these variations and the probabilities of “failure” (queuesform-
ing at the bus stop) also are taken into account. These factors are reflected in the bus berth
and bus stop capacities set forth in Chapter 12 of the HCM.

Berth Capacity Comparison

The capacities obtained from applying the HCM formulas and tables for various dwell
times were consistent with those obtained from simulation runs. The number of effective
berths obtained by simulation generally were similar to those set forth in the HCM.

T T =
HCM .| Simulation

2 berths to 1 berth 1.75 1.83

3 berths to 1 berth 2.25 2.43

Thefield studies indicated awide range in dwell times. A coefficient of variation of 40
to 60 percent of the mean dwell time was found to be representative of most dwell times
and provided an input for revised cal culations. Capacities based on a 60 percent coefficient
of variation are about four buses per hour less than those set forth in the HCM, for a 50 per-
cent effective green per cycle time and a 30 percent failure rate. A 20 percent absolute
change in the coefficient of variation (as from 60 to 40 percent) results in a difference of
about three buses per berth. Thus, a 40 percent coefficient of variation is very close to the
values currently contained in the existing HCM. Basic bus berth capacity was revised
dightly to more explicitly consider the variations for both average dwell times and various
failure rates and to allow user input as desired.
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The revised formulas indicate that capacity increases as the effective green per cycle
ratio increases. However, theincreaseisnot directly proportional because some of the dwell
time occurs when the traffic signals are red. Capacity decreases as the variability in dwell
times increases and as the allowable likelihood of failure is reduced.

Levels of Service

The levels of service (LOS) for bus stops are keyed to the approximate likelihood of
gueuesforming behind abus stop (i.e., thefailure of the stop). The simulation analysesindi-
cated that bus speeds drop rapidly when queues occur about 15 percent of thetime. Accord-
ingly, the maximum values of LOS D and E could be reduced to 15 percent and 25 percent,
respectively. Thisresultsin the following possible changes in existing service levels. Per-
centages refer to approximate failure rates.

HCM‘:’VI;ébble’l%ﬂ‘ (%) _[ Suggested Revisim»l»(%)
LOS A< 1 1
LOSB < 2.5 2.5
LOSC< 10 7.5
LOSD < 20 15
LOSE < 30 25

Adjustment Factors

Adjustment factors were devel oped to reflect the capacity gains resulting from skip-stop
operations and the capacity losses resulting from right-turn traffic conflicts. First, the pro-
vision of alternate block (skip-stop) stopping patterns allows the capacity of the buslaneto
approach the sum of the capacities of theindividual stops. However, when the adjacent lane
operates at or near capacity, it becomesdifficult for busesto enter and use thislane. Reduc-
tion factors were derived, drawing on simulation runs, to reflect the impedance to attaining
the sum of the two capacities. Representative values of these factorsfor typical busarrivals
are asfollows:

Adjacent Lane vie Ratio |  Adjustment Factor
0.0 T os
0.5 0.84
0.8 0.71
1.0 0.58

Second, the conflicts between buses and right turns result in vehicles turning right pre-
empting a portion of the green time available to buses. The time lost depends on the num-
ber of right turns and conflicting pedestrian volumes involved. For example, for a 50 per-
cent effective green per cycle ratio and 100 right turns conflicting with 100 pedestrians per
hour, right turns would have a volume-to-capacity (v/c) ratio of 15 percent, whereas 300
right turnswould have av/c ratio of 44 percent. These translate into capacity reduction fac-
tors of 85 percent and 56 percent, respectively, for near side bus stops.
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Effects on Adjacent Lane Traffic

The introduction of single or dual bus lanes along arterial streets will reduce the vehic-
ular capacity for other traffic. The amount of this reduction depends on (1) the type of bus
lane, (2) the number of busesinvolved, and (3) whether the bus lane replaces atraffic lane.

A single-curb bus lane (Type 1) has a minimal impact on vehicular capacity when the
lane is already used primarily by buses. A dual bus lane (Type 2) would reduce arterial
capacity by up to two lanes, depending on the bus use of the roadway before such alaneis
implemented. Where buses operate skip-stop or may enter the adjacent lane (Type 3), bus
lane impacts will lie between that for the Type 1 and Type 3 buslanes; only aportion of the
buses will actually use the adjacent lane.

Bus Speeds

Bustravel times and speeds are important to the transit passenger, transit operator, traf-
ficengineer, and transport planner. Thetransit passenger wants aquick and dependabletrip.
Thetransit operator (or service planner) measures and analyzes bus speeds to set, monitor,
and refine schedul es; estimate vehicle requirements; and plan new routes and services. The
traffic engineer uses bus speeds to assess the impact of traffic controls or bus priority treat-
ments, and the transport planner uses speed to quantify congestion and provide inputsinto
the transit demand and modeling process. Finally, many transit agencies view roadway or
transitway effectivenessin terms of the person-miles per hour achieved during peak travel
conditions. Speed estimates are useful for these purposes.

Levels of Service

The 1985 and 1994 editions of the HCM define levels of service for bus operations in
terms of passengers per bus and buses per hour. The research introduces an additional cri-
terion: bus speeds. The use of speed rangesfor various bus operating environmentsto define
service levelsis easy to understand and reflects the transit passenger’ s perceptions of how
well the buses operate along aroute. Moreover, bustravel speed as a performance measure
is consistent with existing level of service criteriain the HCM for arterial streets and with
proposals under consideration for ayear 2000 HCM. It enablesthe performance of carsand
buses along arteria roadways to be measured on a comparable basis and makes it possible
to assess “person LOS.”

The suggested speed-related level of service values for local bus service are shown in
Table S-1. The specific breakpoint values for buses are lower than those for general traffic
because buses must experience both nominal traffic delays and delays associated with
receiving and discharging passengers at stops.

Bus Speed Estimates

The best way to obtain bus speeds is by direct measurement at the specified locations
during relevant time periods. Thisis not always practical, however, especialy if evaua-
tions of future conditions are requested or changes in bus stopping patterns or dwell times
are anticipated. In such cases, estimates are necessary.

Bus speeds and travel times along arterial streets are influenced by the frequency and
duration of stops, interference from bus and automobile traffic (including standing vehi-
cles), and traffic signals. The interactions between dwell times at bus stops and delays at
traffic signals reduce speeds and increase their variability. Consequently, bus speeds on



TABLE S'1 Suggested speed-related level of service criteriafor buseson arterial roads and streets

HCM CRITERIA FO CBD URBAN SUBURBAN
LEVEL [ARTERIAL CLASS I STREETS ARTERIALS ARTERIALS
OF (25-35 MPH FREE (>7STOPS/MI) | (4 TO7STOPS/MI) | (1 TO 3 STOPS/MI)
SERVICE || FLOW SPEED)
min/mi mi/hr min/mi mi/hr min/mi mi/hr min/mi mi/hr
A <2.40 >25.0 <6.0 >10.0 <36 >16.7 <28 >212
B <3.16 >19.0 <9.0 >6.7 <47 >127 3.7 >16.2
C <4.61 >13.0 <12.0 >5.0 <6.9 >8.7 <55 >11.0
D <6.67 >9.0 <15.0 >4.0 <10.0 >6.0 <16 >7.9
E <8.57 >7.0 <18.0 >33 <124 >4.7 <10.0 >6.0
F >8.57 <7.0 >18.0 <33 >12.9 <47 >10.0 <6.0

downtown streets have coefficients of variation ranging from about 15 to 30 percent, com-
pared with a10 to 15 percent variation for general traffic on central businessdistrict (CBD)
Streets.

Accordingly, further analyses were made of the relationships between bus speeds and
stop frequency, stop duration, and traffic signal timing. Speeds were simulated using acus-
tomized version of TRAF-NETSIM, ageneral approach was developed for bus lane speeds,
and amore detailed approach was derived for assessing the effects of traffic signal coordi-
nation patterns. The results of these analyses were compared with each other and with the
results of field tests. Adjustment factors were then derived for bus-bus interference and
adjacent lane availability. The general approach was suggested for inclusion in the HCM.

The general approach produced alook-up table for bus |ane speeds for various stop fre-
guencies and dwell times. Speeds reflect average values of traffic signal and right-turn
delays found in actual practice. Representative values for CBD bus lanes follow:

 Traffic Signal Delay Only | Traffic Signal Right-Turn Delay
Travel Time Bus Speed Travel Time “Bujszeed
(min/mi) (mph) (min/mi) (mph)

6 stops/mi
20-min 6.50 9.2 7.30 8.2
dwell 8.50 7.1 9.30 6.5
40-min
dwell

8 stops/mi
20-min 6.87 7.6 8.67 6.9
dwell 10.52 5.7 11.33 5.3
40-min
dwell

The detailed approach permits amore precise estimate of bus speeds when detailed traf-
fic signal coordination information isavailable. It applies aseries of equationsthat estimate
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bus speeds as a function of bus stop spacings, dwell times, and traffic signal cycle length,
green time, and coordination patterns.

The availability of the lane adjacent to a bus lane makes it possible for buses to operate
in a skip-stop pattern. This increases the distance between stops, thereby enhancing bus
speeds. For example, alternate skipping of every other stop may effectively double bus
speeds if dwell times remain the same. However, if mixed traffic in the adjacent lane and
curb bus lane operate at or near capacity (i.e., v/c ratio greater than 0.8), skip-stop speeds
would be only 15 to 20 percent greater than if buses stopped at every block; skipping buses
would be delayed behind stopping buses because of the unavailability of the passing lane.
An equation was devel oped to express the reductive effects of the unavailability of the adja-
cent lane on the ability to attain the enhanced skip-stop bus speeds.

Both the field observations and simulation analyses demonstrate that bus speeds along
an arteria bus or curb lane decline as the lane becomes filled with buses. This is because
thereisagreater likelihood that one bus will delay subsequent buses, either by preempting
berth space or by making weaving maneuvers. Suggested speed reduction factors were
derived to reflect this bus-bus interference. Representative values are as follows:

Bus Berth v/c Ratio Speed Reduction
: . ' Factor
<0.5 1.00
0.8 0.81
0.9 0.70
1.0 0.55

APPLICATION PROCEDURES

Application of the bus speed and capacity estimating procedures are straightforward.
Both sets of procedures call for identifying existing conditions and parameters for the sec-
tion of bus lane or roadway to be analyzed, including the controlling sections, in terms of
dwell times, signal timing, and traffic conflicts. This involves obtaining information on
roadway geometry and buslane type, traffic signal and turn conflicts, bus stopping patterns
and bus stop length, and peak-hour dwell time at major stops.

The next step isto estimate basic speed and capacity. These estimates, in turn, should be
modified to reflect factors such as the following:

» Bus-businterference;
* Availability of the adjacent lane for bus use; and
¢ Right-turn impedances.

Bus-berth capacities should be computed first because the berth v/c ratio serves asinput
to the bus speed adjustment factors. Capacities should be computed at the critical locations
along a bus lane. Bus speed estimates, which generally should be made over sections of a
route, may require some averaging of conditions at individual stops.

Asafinal step, thelevels of service can be obtained for both bus speeds and existing bus
flows by comparing them with established criteria.

POTENTIAL MODIFICATIONS TO THE HCM

The research findings provide important input for the year 2000 HCM and the ongoing
transit capacity and quality of service research. The following opportunities exist for incor-
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porating the findings within the framework of the 1985 and 1994 HCM. Most relate to
Chapter 12, Transit Capacity; however, some a so relate to Chapter 9, Signalized Arterials,
and Chapter 11, Urban and Suburban Arterials.

The existing information in Chapter 12 describing bus berth capacity could be aug-
mented by including the new capacity procedures for skip-stop operations (including dual
bus lanes) and for right-turn impacts. The current HCM statement that capacity would be
doubled by instituting a skip-stop pattern should be modified in light of these research find-
ings. The information in Chapter 12 dealing with passenger capacity of a bus berth could
be modified to reflect the new procedures, parameters, and servicelevels. Additional exam-
ples may be desirable.

Suggested additions to the HCM pertaining to bus speeds include (1) the new speed-
related level of service criteria and (2) the methods for estimating bus lane speeds. These
could be incorporated into Chapter 11 or into new sections on bus speeds in Chapter 12,
perhapsin Section |11, just before the discussions on bus priority treatments.

Information dealing with the effects of buses on other traffic should be consolidated into
Chapter 9. The information on arterial bus lane speeds and service levels could be placed
in Chapter 11.

SERVICE PLANNING GUIDELINES

The basic traffic and transit goals should be to improve the speed, reliability, and
capacity of bus operations. Bus speeds and capacities depend on how frequently the bus
stops are placed, how long the buses stop, traffic conditions along the bus lane or route,
and whether buses can pass and overtake each other. It is desirable to minimize the num-
ber of bus stops along a bus route consistent with land use, street system, and passenger
demands. In addition, where bus volumes and passenger boardings are heavy, multiple
bus berths at stops are essential to provide sufficient capacity and to minimize bus-bus
delays.

Passenger dwell times at bus stops should be minimized. This suggests the use of passes
or fare cards, pay-as-you-leave fare collection, and possibly prepayment of fares at busy
stops and the use of wide multichannel doors, low-floor buses, and sufficient major stops
to distribute passenger |oads.

Itisalsoimportant to minimizethevariationsin dwell timesat key bus stops during peak
travel periods. It is desirable to separate local and express bus stops, where each service
may havewidely different dwell times. The provision of buslanes, bus streets, and busways
is desirable to minimize auto-bus conflicts.

Bus lane speeds can be enhanced by providing alternate skip-stops where alternate
groups of buses stop at aternate locations. The main benefit of having the adjacent lane
available for buses is the ahility to operate skip-stop with alternate groups of buses stop-
ping at alternate locations. This suggests dual bus lanes (normal flow or contraflow) where
block spacing and passenger demands are conducive to skip-stops.

The location of bus stops can affect bus lane speeds. Curb bus lane speeds can be
enhanced by prohibiting right turns at major boarding and alighting points or by providing
far-side bus stops.

Dual bus lanes, with the prohibition of right turns and skip-stop operations, result in a
virtual doubling of speeds and, to a lesser extent, route capacities. But where buses must
share the adjacent lane with other traffic, the gains in speeds and capacities are less, espe-
cially when the adjacent lane operates at or near its capacity.

Bus service and stopping patterns must be tempered by the existing route structure, block
spacings, and passenger demand. Overconcentration of passenger boardingswould increase
dwell times, thereby reducing speeds and capacities. From a speed perspective, lengthen-
ing the distance between stops throughout the urban area may prove beneficial.



Bus speeds are affected by the realities of operations on city streets, where thereismuch
competition for curb space. Other buses, right turns, loading and goods delivery, and
dwelling, parked, or parking vehicles will adversely affect bus speeds. Therefore, sound
management and effective enforcement of buslanesis essential.

This research addressed bus capacity in terms of buses per hour. Perhaps even more
important is the movement of people. This involves providing enough stops and berths
along a bus route to accommaodate the peak passenger demands at the maximum load sec-
tion. These procedures are discussed in the HCM and can be readily modified to reflect the
suggested research results.

FUTURE RESEARCH

Several possible research areas emerged from the analyses, including the following:
(2) refining bus speed analysis for buses operating in mixed traffic and (2) further simula-
tion to determine how signal timing changes can minimize person-delay.




CHAPTER 1

OVERVIEW OF PROJECT AND PROCEDURES

This final report on TCRP Project A-7 documents the
results of aresearch effort that analyzed the operational char-
acteristics of bus lanes on arterial streets. The research was
designed to develop procedures for possible use in updating
the transit and signalized arterial chapters of the Highway
Capacity Manual (HCM ) (1).

1.1 RESEARCH PROBLEM STATEMENT

The interaction of buses and the general traffic streamisa
complex phenomenon that is not clearly understood. Con-
cepts of passenger car equivalents have been used to show
how the presence of buses reduces vehicle capacity. Formu-
las have been derived for the capacity of a bus lane, assum-
ing that buses have exclusive use of the lane and that they
stay inthe lane. However, little research has been conducted
on the operation of dual bus lanes or the performance of
buses when they are allowed to mix with traffic in the adja-
cent lane. This research addresses these issues.

1.2 RESEARCH OBJECTIVE

The research objective was to develop procedures for
determining the capacity and level of service of bus flow on
arterialswith at least onelanefor buses. Situations addressed
include those in which buses have an exclusive lane and no
use, partial use, or full use (i.e., dual bus lanes) of adjacent
lanes. The research addressed the impacts of bus flow on
arterial lanes but did not include assessing the capacity and
level of service of the arterial. The procedures developed
provideinformation that can be used to update the HCM, pri-
marily Chapters 11 and 12 and possibly Chapter 9.

1.3 RESEARCH APPROACH

The research was approached from both theoretical and
practical perspectives: (1) it looked empirically at findings
from the pilot surveys and agency canvasses; (2) it used
mathematical models and simulation techniques to define
and calibrate relationships; and (3) it translated the results
into simple, usable procedures. The intent was to show how
parameters such as the number of buses per hour, stops per
mile, bus dwell times, signal constraints, and traffic volumes

in adjacent lanes affect bus speeds. Similarly, vehicle flows
and speedsin laneswith mixed flow wererelated to the num-
ber of busesin these lanes.

Three types of bus lanes were analyzed:

1. A curb buslanewhere passing isimpossible or prohib-
ited and where right turns either may be permitted or
prohibited. The lane may operate in the same direction
as other traffic or contraflow.

2. A curb bus lane where buses can use the adjacent
mixed traffic lane for overtaking or “leap frogging”
around stopped buses. Right turns by non-bus traffic
may or may not be prohibited from the curb bus lane.

3. Dual buslanes with non-bus right turns prohibited.

The transit chapter in the HCM defines level of servicein
terms of the number of buses per hour and the number of per-
sons per bus. These criteria are suitable for transit agencies.
The chapter dealing with signalized arterial roadways, how-
ever, defineslevel of serviceintermsof averagetravel speeds.
Therefore, the research introduces an additional “flow” level
of service concept for buses—travel speeds—that is consis-
tent with the level of service concept for arterial streets. This
allows the performance of both cars and buses along arterial
roadways to be measured on a compatible basis and makes it
possible to assess the “ person LOS’ along these roads.

The analyses focused on areas and corridors where bus
volumes are high enough to warrant exclusive bus lanes.
Generally, these bus lanes are located in the city center and
its radial approach corridors. Bus service in most urban
and suburban settings is too infrequent to warrant bus lanes,
and capacity generally is not critical.

This report focuses on bus lane operations in the United
States and Canada. Procedures and parameters may need
adjustment for application elsewhere. Experiencein Asia, for
example, indicates that single and dual bus lanes may carry
as many as 300 to 400 buses per hour and 15,000 to nearly
20,000 people per hour. These numbers are roughly double
those in North America

1.4 OVERVIEW OF PROCEDURES

The procedures for estimating bus lane capacities and
speeds are straightforward. Figure 1-1 presents an overview
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STEP 1

Identify Basic Parameters:

» Type of Bus Lane
+ Bus Stop Pattern
+ Existing Traffic Signal Timing
(Cycle Lengths, Green Time, Offsets)
« Existing Dwell Times
» Bus and Traffic Volumes
* Number of Bus Berths

STEP 2
Estimate Bus Lane Capacities (Chapter 2):

2-1 Develop Basic Capacity Estimates
« Stop Capacity — Equation 3-10
« Effective Berths
(Table 2-3)

2-2 Apply Adjustment Factors
A. Adjacent Lane Availability, Stop Pattern
(Equation 2-12 or Tables 2-14, 2-15)
B. Right Turn Impacts
(Equation 2-13 or Table 2-17)
C. Compute Refined Capacity
(Equation 2-14)

2-3 Compute Volume, Capacity Ratio
For Bus Lane

2-4 Compute Level of Service
(Table 2-9)

STEP 3
Estimate Bus Speeds* (Chapter 3):

3-1 Estimate Basic Bus Speed
(Table 3-3)

3-2 Apply Adjustment Factors
A. Adjacent Lane Availability/Stop
Pattern (Table 3-5)
B. Bus Bus Interference
(Table 3-3)
C. Estimate Refined Speeds

3-3 Estimate "Flow" Level of Service
(Table 3-1)

* Speeds may be measured

Figure1-1. Buslane capacity and speed analysis steps.

of suggested procedures for estimating bus lane capacities
and bus speeds and identifies the relevant tables and equa-
tions that should be used. Bus lane capacities can be esti-
mated according to the procedures provided in Chapter 2.
Average bus speeds may be observed in thefield or estimated
by the procedures set forth in Chapter 3.

These procedures call for an identification of existing con-
ditions and parameters in the section of bus lane or roadway
to be analyzed, including the controlling or critical sections,
in terms of dwell times, signal timing, and traffic conflicts.
Thisinvolves obtaining information on (1) roadway geome-
try and bus lane type; (2) traffic signal and turn contrals; (3)
bus stopping patterns and bus stop length; and (4) peak-hour
dwell times at major stops. The next step is to estimate the

basic speed and capacity values. These, in turn, should be
modified to reflect factors such as the following:

» Bus-businterference;
 Availability of the adjacent lane for bus use; and
 Right-turn impedances.

Bus-berth capacities should be estimated first because the
berth volume-to-capacity (v/c) ratio servesasinput to the bus
speed adjustment factors.

Finally, the bus operating level s of service can be obtained
for both bus stops and bus flows in the bus lane by compar-
ing them with established criteria. The bus volumes should
be expressed in terms of peak 15-min flow rates.

In many situations, application of basic bus capacity equa
tions or capacity look-up tables will prove adequate, with
adjustments needed only for the number of effective berths
and the presence or absence of alternating stop patterns. Sim-
ilarly, the basic bus speed valuesin Table 3-3 (Chapter 3) can
provide reasonable order-of-magnitude estimates. If there
are heavy right-turning volumes, bus flows, and vehicle traf-
ficin the adjacent lane, the adjustments outlined in Chapters
2 and 3 will be necessary.

Capacities should be computed at the critical locations
along aroute. In predicting bus speeds, estimates generally
should be made over congruent sections of route and may
require some averaging of the conditions at individual stops.

1.4.1 Estimating Bus Berth Capacity/Level of
Service

After identifying existing conditions and parameters for
the critical sections, the next step is to estimate the basic
capacity of abuslane. Obtaining these estimatesinvolvesthe
use of the bus berth and bus stop capacity equations or tables
set forth in Chapter 2. Basic bus lane capacity isthe capacity
of the critical bus stop, which is the product of the capacity
of the bus berth times the number of effective bus berths at
the stop. Equation 2-10 computes the capacity of the lane,
allowing user input for dwell time variations and acceptable
fallure rates. The number of effective bus berths can be
obtained from Table 2-3.

The basic capacity valuesthen should be adjusted to refl ect
the effects of the following:

 Availability of the adjacent lane to allow busesto leave
the bus lane;

 |mplementation of skip-stop patternsserving alternating
bus stops; and

e Thereductive effects of right turns across the bus lane.

The resulting equation for bus lane capacity on an arterial
(with abus lane) is presented in Equations 2-14a and 2-14b.

The levels of service at critical bus stops can be obtained
by comparing the bus volumeswith the adjusted capacity and



using the ratios in Table 2-9. Alternatively, the level of ser-
vice (fallurerate) can be set initially; basic capacity then can
be computed, adjustments can be applied, and the capacity
can be compared with the bus volume.

1.4.2 Estimating Bus Speeds

Bus speedsfor existing conditions can be obtained directly
through travel time studies. Bus speeds for changes in these
conditions or for future conditions must be estimated. In such
cases, speed estimates to replicate existing conditions can be
used to help calibrate the estimates for the proposed condi-
tions. Theratios of the after-to-before speed estimates would
be applied to the actual speeds to assess future conditions.
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Bus speeds can be estimated from Table 3-3. For CBD bus
lanes, Column E of this table generally should be used
because the right-turn impacts are reflected in the subsequent
reductions. Next, the speeds should be adjusted downward to
reflect bus-bus interferences and adjacent lane availability.

Finally, the flow level of service should be obtained by
comparing the resulting speeds with these values in Table
3-1. Theselevel of servicecriteriawill be applicableto buses
on streetsthat have buslanesaswell ason streetswith no bus
lanes. Thus, the level of service criteria can be used to com-
pare bus operations on all arterial streets. These criteria and
the bus speed analytical procedures that were developed as
part of this research can be used to compare differences in
bus operating conditions.
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CHAPTER 2
BUS LANE CAPACITIES

Transit capacity deals with the movement of both people
and vehicles; therefore, it depends on the size and configura-
tion of vehicles and how often they operate. Transit capacity
also reflects the interactions between passenger traffic con-
centrations and transit vehicle flow. Moreover, it depends on
the operating policies of designated transit agencies that nor-
mally specify service frequencies, minimum separation
between successive vehicles, and allowabl e passenger loading.

The capacity of abuslaneisimportant for several reasons:
(2) the ability of abuslanein acentral areato accommodate
the number of buses and passengers that want to use it; (2)
the need to estimate the number of berths required to serve a
specified bus or passenger flow along an arterial street or in
aterminal; and (3) the ability to estimate how bus speedswill
decline as bus volumes approach capacity.

This chapter presents research findings pertaining to the
capacity of bus lanes. It describes basic capacity concepts
and principles, compares computed and simulated capacities,
suggests modifications to existing bus berth capacity proce-
dures, and presents adjustment factors that reflect the imped-
ances of right turns and adjacent lane traffic.

The chapter focuses on the number of buses that can be
served by agiven stop or berth arrangement. Equally impor-
tant, of course, is the number of people these berths can
serve and whether there are enough berths in the appropri-
ate locations to serve passenger demands at maximum load
points. These procedures are presented in Chapter 12 of the
1985 HCM.

2.1 HCM CAPACITY FORMULA

The HCM equations for computing vehicle capacity of a
bus berth under uninterrupted flow conditions stem from the
basic equation:

_ 3600

=

(21)

where:

C, = capacity of bus berth, in buses per berth per hour
h = headway between successive buses waiting in line,
in seconds.

The headway, h, represents the sum of the dwell time at
the stop, D, plus the clearance between successive buses, t..

Thus, under conditions of uniform dwell times (i.e., zero
variance), the capacity of abus berth becomesthe following:

3600
t,+D

G = (22)

where:

D = average dwell time, in seconds
t. = clearance time between successive buses, in sec-
onds.

When the HCM formulas were initially developed, it was
necessary to take into account the variations in dwell time.
Rather than use the average dwell time, variouscritical dwell
times were used, because any given average dwell time had
a probability of failure associated with it. Failure occurs
when a queue forms behind the waiting bus, representing the
point at which capacity is exceeded. Although not explicitly
stated in the HCM (Chapter 12), the formula became as
follows:

c, - 300

T +D+7ZS (3)

where:

S, = standard deviation of dwell times
Z = one-tail variate for the normal distribution.

Using values of the standard deviation obtained in several
cities (about 0.4 to 0.5 timesthe mean dwell time, D), thefor-
mulawas calibrated for various dwell timesand probabilities
of failure. The resulting values were rounded, and this for-
mulawas simplified to Equation 12-7 in the HCM.

_ 3600R
t, +D

(2-4)

b

where R = reductive factor keyed to various probabilities of
failure.

The value R in this formula reflects the inability of buses
to fully utilize a stop at all times and the critical dwell time
and various probabilities of failure. The maximum capacities
in the HCM were set for R = 0.833 and assumed a 30 per-
cent fallure. This value was defined as LOS E. Values of R
also were computed for lower failure rates, and various lev-
els of service were specified (Table 12-17 in the HCM).



An adjustment was then made to thisformulafor bus oper-
ations along signal-controlled roadways. It was assumed that
only the effective green time (g) of thetraffic signal cycle (C)
would be available for movement. Because buses may pick
up and discharge passengers on the red phase as well as the
green, the dwell time was reduced by a factor of g/C. The
resulting equation (12-10b in the HCM) is as follows:

_ (9/C)3600R

Co t. + (g/C)D

(2-5)
This equation assumes that the time spent loading and dis-
charging passengers on both the green and red phases are
proportionate to the green and red time per cycle, respec-
tively.

To compute the capacity of a bus stop, this equation is
multiplied in the HCM by the number of effective berths at
the stop (Ny), the values for which are shown in HCM Table
12-19. HCM Figure 12-3 displays the resulting bus stop
capacity as related to dwell times and number of loading
positions (berths). The capacity of the busiest stop (i.e., with
the longest dwell times) is considered to be the capacity of
the bus lane in terms of buses per hour. The product of the
buses per berth (Equation 2-5) and the number of effective
berths, N, results in the following HCM equation to calcu-
late the capacity of the bus lane for a single bus lane where
buses may not pass each other:

_ (9/C)3600RN,,

t, + (g/C)D (2:6)

B

where:

Cg = capacity of the bus stop, in buses per hour = capac-
ity of asingle buslane

N, = number of effective berths

g = effectivegreentime, inseconds (definitionin HCM,
page 9-2)

C = cyclelength, in seconds.

2.2 COMPARISON OF HCM AND NETSIM
SIMULATION RESULTS

The capacities obtained by Equation 2-6 were compared
with those obtained by TRAF-NETSIM simulations.

2.2.1 Simulation Results

Iterative runs of TRAF-NETSIM were performed for
given block spacings, dwell times, signal timings, and bus
berth capacities. These parameters were held constant on
iterative runs with increasing bus volumes to obtain infor-
mation on bus speeds as bus volumes approached capacity.
Two measures of performance output indicated the point at
which capacity was reached: (1) simulated average bus
speeds dropped significantly and (2) the number of buses
serviced at the bus stop was less than the number of buses
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input as the bus flow rate. These two measures indicated a
point at which no greater flow rate of buses would be
achieved along the arterial and where buses queued exces-
sively at the bus stop or at upstream signals. For Type 1 bus
lanes, a third measure—the time at which bus stop capacity
was exceeded—coincided with the other two indicators,
increasing to a value of about 10 percent as volumes
approached apparent capacity. Vaues of 20 and 30 percent
bus stop capacity exceeded also were simulated at slightly
higher serviced bus volumes and at greatly reduced bus
Speeds.

Representative capacity valuesfor various dwell timesfor
Type 1, Type 2, and Type 3 bus operations are shown in
Table 2-1. These valuesrepresent the bus volumes processed
before speeds drop by more than 20 percent and when bus
stop capacity is exceeded between 5 and 10 minutes per hour
(approximately 15 percent of the time). The values are
remarkably consistent with those for many existing bus
lanes. Operations with dual bus lanes or lanes with passing
opportunities, such as those in Ottawa, New Y ork City, and
Portland, Oregon, report maximum bus flows of up to 200
buses per hour.

The bus capacities obtained from the simulation runs for
one-, two-, and three-berth stops are presented in Table 2-2.

2.2.2 Comparison of Effective Berths

The capacities obtained in the simulation for one, two, and
three bus berths at a bus stop were compared with those sug-
gested in the HCM for “effective berths,” as shown in the
following:

| RatiotoSingle Berth | HCMTable12-19 | Simulation |
1 1.00 1.00
2 1.75 1.83
3 2.25 2.43
4 2.45 NA
5 2.50 NA

The comparative analysis of the Type 1 bus lane capacities
for one, two, and three berths generally validated the values
for effective berthsin Table 12-19 of the HCM. A two-berth
bus stop in the simulation appears to average 1.83 times the
capacity of aone-berth stop, which isabout 5 percent higher
than the HCM value of 1.75. The simulated capacity of a
three-berth bus stop appears to be 2.44 times that of a one-
berth stop, which is about 9 percent higher than the 2.25
value from the HCM.

2.2.3 Comparison with HCM Equations

The capacities resulting from the simulation were com-
pared with those obtained using the HCM bus stop capacity
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TABLE 2-1 Busvolumes processed from TRAF-NETSIM simulation (400-ft
block spacing, 80-sec cycle length, three bus berths, no dwell time variation)

CONDITION

Type | Bus Lane
Single Lane with No Passing
1 Block Stops

Type |l Bus Lane
Single Lane with Passing
2 Block Skip Stops
No traffic in adjacent lane

Type lll Bus Lane
Dual Lane
2 Block Skip Stops

MAXIMUM NUMBER
DWELL OF BUSES
TIME PROCESSED (1)
10 210
20 144
30 132
40 132
50 122
60 108
10 220
20 216
30 216
40 192
S0 184
60 164
10 220
20 220
30 208
40 200
S0 180
60 176

(1) Maximum number of buses processed as an indicator of capacity was
considered to have been reached when average bus speed dropped by
more than 20 percent and buses served becomes notably less than buses
input. For Type | buses, the time when the capacity of the bus stop was
exceeded, between 5 and 10 minutes per hour ( 10 to 15 % ), also coincided
with the point of apparent capacity. For Type Il and lil bus lanes, buses
processed includes buses not stopping at the bus stop.

formula (shown in Equation 2-6). Figure 2-1 compares one-
berth, two-berth, and three-berth capacities obtained from the
formulaand from simulation, assuming zero dwell time vari-
ation. Figure 2-2 compares three-berth capacities assuming
0 percent, 33 percent, and 59 percent dwell timevariationsin
the simulation.

The simulationsand formulas show similar patterns. There
is a downward trend in bus lane capacity as dwell times
increase. Disparities reflect anomalies in the simulation
(especially for short dwell times), differences in dwell time
variations, and differences in failure rates. The patterns are
remarkably close for comparable dwell time variations and
failure rates. Overall, the simulation results indicate that the
HCM formula accurately reflects the conditions it portrays
and provides a reasonable representation of simulated bus
lane capacities for a Type 1 bus lane.

2.3 REVISED BUS LANE CAPACITY
EQUATIONS

The basic bus berth capacity equations were reformul ated
to provide a more precise assessment of bus dwell time vari-

ability. This was accomplished by using Equation 2-3
directly for uninterrupted flow conditions and by modifying
Equation 2-5 accordingly. Thus, the capacity of a bus berth
under uninterrupted and interrupted flow can be described by
the following modified equations:

3600

Unsigndlized G, = +(D+27Z,+S) (2-7)
S (g/C)3600

Signalized = 2-8
. A O *9

where:
t. = clearance time between buses (i.e., 10 to 15 sec)
D = average (mean) dwell time, in seconds

g/C = effective green time per signal cycle

S, = standard deviation of dwell time, in seconds

Z, = one-tail normal variate corresponding to probabil-
ity that queue will not form behind bus stops.

Percentage failure represents the probability that bus stop
capacity is exceeded (queue forms behind a bus stop) and is
keyed to level of service in Table 12-17 of the HCM. The



TABLE 2-2 Comparative analysis of buslane capacitiesfor Type 1 buslane with differing

numbers of berths per stop

CONDITION

TYPE | BUS LANE:
C=100, L=300, D=10
D=20
D=30
D=40
D=50
D=60
C=100, L=400, D=10
D=20
D=30
D=40
D=50
D=60
C=90, L=300, D=10
D=20
D=30
D=40
D=50
D=60
C=90, L=400, D=10
D=20
D=30
D=40
D=50
D=60
C=80, L=300, D=10
D=20
D=30
D=40
D=50
D=60
C=70, L=300, D=10
D=20
D=30
D=40
D=50
D=60
C=60, L=300, D=10
D=20
D=30
D=40
D=50
D=60
C=50, L=300, D=10
D=
D=30
D=40
D=50
D=60

28 RRR08888855552 8 R R0 0RES233888ERRERERARS

1 BERTH STOP 2 BERTH STOP
BUS LANE BUS LANE RATIO TO

(Case 1)
170 1.73 206
120 1.85 154
98 1.51 118
72 2,00 106
72 200 106
72 200 100
172 1.76 214
120 1.85 156
98 1.51 118
72 200 106
74 208 108
72 2,00 100
152 1.58 198
114 1.63 140
82 1.17 124
92 2.30 118
82 205 116
78 1.85 98
170 1m 206
14 1.97 140
84 1.45 128
88 220 118
80 200 118
80 200 114
170 1.713 198
116 1.78 144
88 2.00 132
90 205 132
86 1.95 118
82 1.86 106
178 1.82 188
106 1.33 160
108 240 154
98 218 140
92 204 110
72 1.60 78
170 1.73 186
124 207 180
116 1.93 170
108 1.86 130
86 148 96
74 1.72 90
146 1.26 220
142 218 208
14 2.06 162
100 1.54 112
80 1.60 108
70 146 102
Average = 1.83 Average =

3 BERTH STOP
BUS LANE RATIO TO
CAPACITY * CAPACITY* 1 BERTH CAPACITY* 1BERTH

(Case 2b) (Case 2a)

210
237
1.82
294
294
278
218
240
1.82
2.94
294
278
2.06
200
1.m
295
290
245
215
241
221
295
295
285
202
222
3.00
3.00
268
241
1.92
2.00
3.42
an
244
1.73
200
3.00
283
224
1.66
209
1.90
3.20
249
1.72
2.16
213
244

* Point of capacity determined by coinciding the following: buses served<buses input; speed drops by over 20 percent;

bus stop capacity exceeded over 10 percent of the time.

*¢ C = Cycle Length (seconds), L = Block Length = Distance between Stops (feet), D = Average Dwell Time (seconds)

SOURCE: Simulations

value Z, from the basic statistics represents the area under
one tail of the normal curve beyond the acceptable levels of
probability of a queue forming at the bus stop and thus rep-
resents the probability that a queue will not form behind the
bus stop. Typical values of Z, for various failure rates are
shown in Table 2-3.
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Equations 2-7 and 2-8 a so can be expressed in terms of the
coefficient of dwell time variation, C,, which is the standard
deviation divided by the mean, expressed in decimal form.

Unsigndlized G, =

3600

t, + D + Z,C,D

(29)
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Figure 2-1. Capacity adjustment factors for availability of adjacent lane

(alternate two-block stops).

(g/C)3600

Signalized =
gralized G = L gO)D + Z,G,D

(2-10)

The revised formulas indicate the following:

» Capacity decreases as mean dwell times increase.

» Capacity increases as the g/C ratio increases.

» The increase in capacity is not directly proportional to
the increase in g/C because some of the clearance time,
t., isnot affected by the g/C ratio.

e Capacity decreases as the variability in dwell time
increases. For the same mean dwell time, bus lane
capacity would be greater for a stream of buses with
similar dwell timesthan for buseswhose dwell timesare
much higher or lower than the average. Thus, the mix-
ing of busroutes at abus stop that experiencelong dwell
times (such as park and ride) with those that experience
short dwell times (such aslocal service) may reduce the
overall capacity of the bus lane.

o Capacity reflects the level of failure that is accepted.

To compute the capacity of abus berth in buses per hour,
it is necessary to establish the critical dwell times, clearance
times, and effective green-per-cycleratios. The capacity of a

bus stop is then obtained by multiplying the berth capacity
by the number of effective berths. Thecritical dwell timesare
afunction of the average dwell time and itsvariation, aswell
as the desired (acceptable) level of falure.

2.3.1 Dwell Time Variations

The field studies produced important information on the
variationsin dwell times at bus stops. Table 2-4 presents the
variations observed at stops along five streets in downtown
Houston. The coefficients of variation ranged from 60 to 100
percent.

Figure 2-3 contains detailed dwell time variations found
for individual stops and time periods along Spring Street in
Los Angeles, Geary Street in San Francisco, and Louisiana
Street in Houston. Thisinformation provides abasisfor esti-
mating the variation values to be incorporated in the equa
tions. This figure indicates the following:

» Thereis considerable scatter in the coefficients of vari-
ation, especially when dwell times are low.

* A coefficient of variation of 40 to 60 percent isrepresen-
tative of most dwell times of 20 sec or more, but tends to
understate the variability when dwell times are less.
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Figure 2-2. Smulated capacities and HCM-computed capacities for
Type 1 bus lane (three bus berths per stop).

« A constant standard deviation of 20to 25 sec reflectsthe
data. However, when keyed to low failure rates (high z
values), it tends to mute the differences between long
and short dwells. This condition could be alleviated by
using a standard deviation that increases somewhat as
dwell time increases; however, this increases the com-
putational complexity.

Accordingly, the bus berth capacity estimates were derived
using a 60 percent coefficient of variation. A value of 40 to

80 percent could be used, depending on field observationsin
acommunity.

2.3.2 Representative Capacity Values

Bus berth capacity values, computed using Equations 2-9
and 2-10, for various dwell times at different faillurerates are
shown in Table 2-5 for g/C values of 0.5 and 1.0. These g/C
values are comparable with those set forth in the existing
HCM. The g/C value of 1.0 applies to bus-only roadways



18

TABLE 2-3 Values of percent failureand
associated one-tail normal variate, Z,

1.0% 2330

2.5% 1.960
5.0% 1.645
7.5% 1.440
10.0% 1.280
15.0% 1.040
20.0% 0.840
25.0% 0.675
30.0% 0.525
50.0% 0.000

with uninterrupted flow (as found in Pittsburgh and Ottawa)
and provides an upper limit of bus berth capacity. Both val-
ues also apply in bus terminals.

The calculations assumed a clearance time of 15 sec
between buses and a 60 percent coefficient of dwell time
variation. Thus, for a30-sec dwell timeand a 25 percent fail-
urerate, aberth could accommodate about 63 buses per hour
under uninterrupted flow and 43 buses per hour with a g/C
value of 0.5. Intermediate values can be obtained by apply-
ing Equation 2-10 or can be approximated by interpolation.
Table 2-6 comparesthe capacity values obtained by Equation
2-10 with those set forth in the HCM. The two values in
Table 2-6 are essentialy the samefor uninterrupted flow con-
ditions; Table 2-5 values are approximately four buses per
hour lower for signalized conditions. Table 2-7 further com-
pares the computed values with those set forth in the HCM
and showsthe effects of varying the coefficient of dwell time
variation: a 20 percent change resultsin about athree to four
bus difference at the lower acceptable failure rates and atwo
to three bus difference at the higher acceptable failure rates.

2.3.3 Bus Stop Level of Service

Table 12-17 of the HCM defines level of service of bus
stopsin termsof the approximate probability of queuesform-

ing behind the bus stop, which is considered a failure of the
bus stop capacity. Various simulation analyses indicate that
bus speed drops rapi dly when queues occur (bus stop exceeds
capacity) about 10 to 15 percent of the time. This suggests
that the maximum value of LOS D could be reduced to 15
percent and LOS E to 25 percent. The resulting potential
changes in the bus stop level of service criteriaare shown in
Table 2-8.

Table 2-9 presents the bus v/c ratios associated with vari-
ous service levels and dwell times. These ratios provide a
basis for assessing the performance of individual bus stops,
or groups of stops, where adjustments are made for right
turns and bus bypass opportunities. The table also indicates
the suggested value for use with other g/C ratios and dwell
times.

2.4 CAPACITY ADJUSTMENT FOR
AVAILABILITY OF ADJACENT LANE

The main difference among the three types of buslanesis
the availability of the adjacent lane for buses to pass other
buses, right-turn queues, and other bus lane obstructions. A
Type 1 bus lane has no use of the adjacent lane, asin acon-
traflow lane or physically channelized lane. A Type 2 bus
lane has partial use of the adjacent lane depending on use of
thislane by other traffic. A Type 3 buslane (dual bus lanes)
has full use of the adjacent lane, with only occasional use by
authorized vehicles other than buses, and right turns are pro-
hibited.

When all buses stop at every curbside busstop inanonline
berth arrangement, the availability of the adjacent lane
becomes necessary only for lane obstruction passing. The
ability to spread out the stops, alternating route stop patterns
along the arterial, substantially improves bus speeds and
capacities. Thisiswhy many transit systems, including those
in New York City and Houston, have instituted two-block
and three-block patterns for bus stops along arterial streets.
This block skipping pattern allows for a faster trip through
the section and reduces the number of buses stopping at each
bus stop.

TABLE 2-4 Observed dwell time variations—Houston, Texas

s o

i
Milam, AM 100 4.48 mph 3238 26.2 81.7
Travis, PM 100 4.86mph 26.0 18.9 7298
NM Main, AM 68 3.62mph 184 11.0 59.8
SB Main, PM 70 4.61mph 256 274 100.7
Louisiana, PM 100 4.90mph 31.2 18.6 59.6

Source: WSA Field Studies, reported in the NCHRP 55-A Interim Report, May 1993.
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Figure 2-3. Observed bus dwell time variations.

The provision of these alternate block stopping patterns
enables bus lane capacity to nearly equal the sum of the
capacities of the stops involved. Thus, an arterial with an
alternate two-block stopping pattern would, ideally, have a
capacity equal to the sum of the two stops, assuming unim-
peded use of the adjacent lane. In reality, this may not
always be possible because of the irregularity of bus
arrivals and traffic signal delays. (To effectively doublethe

capacity of a segment with a three-bus berth capacity at
each stop by instituting atwo-block (x,y) stop pattern, three
X-pattern buses must arrive at the upstream entry to the sec-
tion during one signal cycle, followed by three y-pattern
buses). Buses aternating stops also must be able to use the
adjacent traffic lane to bypass stopped buses. The buses
may be impeded in this maneuver when the adjacent lane
operates at capacity.
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TABLE 2-5

Bus berth capacity, C, (buses per berth per hour)

2.5% 98 62 45 35 29 25
5.0% 103 66 48 38 31 27
7.5% 107 69 51 40 33 28
10% 110 71 56 45 37 32
15% 145 76 56 45 37 32
20% 120 78 60 48 40 34
25% 124 84 63 55 42 36
30% 128 87 66 S3 45 38
S0% 144 103 80 65 55 48

1.0% 53 34 25 20 16 14
2.5% 57 37 28 22 18 16
5.0% 60 40 30 24 20 17
75% 63 43 32 26 27 19
10% 65 45 34 27 23 20
15% 69 48 37 30 25 22
20% 72 51 40 33 28 24
25% 75 54 43 35 30 26
30% 78 58 46 38 32 28
50% 90 72 60 51 45 40

NOTE: Dwell time Coefficient of Variation = 60%

TABLE 2-6 Comparison of busberth capacity of Table 2-5 with that of Table 12-16 of the HCM

15 67 66 100 104
30 50 46 67 66
45 40 35 S0 49
60 33 28 40 38
75 28 24 33 32
S0 25 20 28 27
105 22 18 25 24
120 20 1877 22 21

Assumes: (1) Clearance Time, t. = 15 Seconds
(2) Probability that capacity will be exceeded (Failure) = 30 percent
(3) Dwell ime Coefficient of Variation = 60 percent
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TABLE 2-7 Comparison of berth capacitiesusing HCM Table 12-18 and Equation 2-10 for various
failurerates (C, = coefficient of variation)

Results Using Equation 4-10
HCM Table
12-18 C,=0.6 C,=04 C,=08
1.0% 13 14 18 1
25% 20 16 19 13
10% 26 20 24 17
20% 30 24 28 21
30% 33 28 31 26

NOTE: Assumes: t. = 15 seconds

D = 60 seconds
g/C=0.5

2.4.1 Operating Experience

Full utilization of the adjacent lane by other traffic can ren-
der the lane practically unavailable for buses to use to
maneuver in and out of the buslane. Under these conditions,
a Type 2 bus lane would operate in a similar manner as a
Type 1 buslane. Such conditions exist along Fifth Avenuein
New York City, north of 58th Street, during the AM peak
period. Bus volume in the southbound curb (bus) lane
approaches 200 buses per hour in a three-block skip-stop
arrangement. In the mile between 72nd and 35th Streets,
buses spend 5.6 min in motion and 9.4 min delayed. Bus-bus
delays account for about 5.5 min, signalized delays about 3.5
min, and passenger delays about 0.4 min. Traffic volumesin
the adjacent two lanes are at capacity—about 950 vehicles
per lane per hour. Consequently, buses are unable to leave
the curb lane to leap-frog other buses. East-west crosstraffic
coming from the Queensboro Bridge limits both bus and car
capacities and results in backupsin both traffic streams.

When the adjacent general purpose lanes operate below
capacity, buses are able to leave the curb lane to pass
stopped buses. This can substantially reduce the amount of

bus-bus delays because bus volumes approach the capacity
of the buslane. Examples of typical adjacent lane use appear
in Table 2-10:

¢ In Houston, with a two-block skip-stop arrangement,
about athird of the buses use the adjacent lane when the
other traffic in this lane exceeds 300 vehicles per hour.

 Videotape images of bus lane operations on Louisiana
Street in Houston were studied to assess the relationship
between traffic in the adjacent lane and the ability of
buses to leave the bus lane to pass other buses. With a
two-block skip-stop operation and 163 buses per hour,
the Louisiana Street bus lane operates at about two-
thirds of capacity, and buses are observed to use the
adjacent lane about 30 percent of the time. Some non-
stopping buses have no need to leave the bus lane
because the buses ahead proceed on the green. Trafficin
the adjacent lane exceeds 300 vehicles per hour (v/c of
approximately 0.5) and does not significantly impede
bus use of the adjacent lane for passing other buses.
Analysis of the peak 15 min indicates an adjacent lane
volume of approximately 500 buses per hour, at which

TABLE 2-8 Possible modificationsto HCM level of service criteriafor busberths

HCM Table 12-17 Suggested Revision
LOSA< 1.0% 1.0%
LOSB < 2.5% 2.5%
LOSC < 10% 7.5%
LOSD < 20% 15%
LOSE < 30% 25%




TABLE 2-9 Estimated busv/cratiosasbusstop level of servicecriteriafor capacity at LOSE and MAX LOS (assumesC, = 0.6,t. =5
sec/clear ance)

Average Dwell Time, Seconds Suggested Indices

et | reer | o T B
Service Failure Ratio | Ratio | Ratio | Ratio | Ratio | Ratio | Ratio | Ratio | Ratio | Ratio | Ratio | Ratio | Ratic | Ratlo
toMax | toE |toMax | toE |toMax | toE |toMax | toE |toMax | toE |toMax | toE | toMax(1) | toE
A 1.0 0.64 0.74 0.55 0.68 0.51 0.65 0.49 064 | 049 063 0.48 0.63 55 65
B 25 0.68 0.79 0.60 0.73 0.56 0.71 0.54 0.69 053 0.60 0.52 0.69 60 .70
(o] 75 0.74 0.86 0.67 0.82 0.64 0.81 0.62 0.79 0.60 0.78 0.58 0.77 65 .80
D 15.0 0.80 0.93 0.74 0.89 0.70 0.89 0.69 0.89 0.67 0.88 0.67 0.88 75 .90
E 25.0 0.86 1.00 0.82 1.00 0.79 1.00 0.78 1.00 0.76 1.00 0.75 1.00 .80 1.00
MAX 50.0 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Average Dwell Time, Seconds Suggested Indices
Suggested Approx. (Rounded)
Level of Percent of 10" 20" 30" 40" 50" 60"
Service Failure Ratio | Ratio | Ratio | Ratio | Ratio | Ratio | Ratio | Ratio | Ratio | Ratio | Ratio | Ratio | Ratioto | Ratio
toMax | toE |toMax | toE |toMax | toE |toMax | toE |toMax | toE | toMax | toE Max toE
A 1.0 0.59 0.71 047 0.63 0.42 0.58 0.39 0.57 0.36 0.54 0.35 053 45 .60
B 25 0.63 076 | 051 0.69 0.47 0.65 0.43 0.63 0.40 0.69 0.40 0.60 50 65
] 75 0.70 084 | 060 0.80 0.53 0.74 0.51 0.74 0.47 0.72 047 0.71 55 .70
D 15.0 0.77 092 | 067 0.89 0.62 0.86 0.59 086 | 056 0.84 0.55 0.84 65 .85
E 250 0.83 1.00 0.75 1.00 0.72 1.00 0.69 1.00 | 067 1.00 0.65 1.00 72 1.00
Max > 1.00 1.00 1.00 1.00 1.00 1.00 1.00

(1) These are similar to the values for "R” in the HCM, Chapter 12.

[44
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TABLE 2-10 Observed bususe of adjacent traffic lanesin PM peak hour

New York City
Fifth Ave. Buses 36 160 196 82
(48th Street) Other vehicles 24 220 244
Total 60 380 440
Sixth Ave.
(45th Street) Buses 14 84 98 86
Other vehicles 22 392 414
Total 36 476 522
Houston
Louisiana St. Buses 115 48 163 29
Other vehicles 165 315 645
Total 270 363 633

(1) 45-minute expanded to one hour

point buses experience delays in obtaining access to the
adjacent lane to pass other buses.

e InNew Y ork City, with athree-block skip-stop arrange-
ment, most buses avoid the curb lane and use the adja-
cent lane, even when this lane has more than 400 other
vehicles per hour in it. Buses, being larger and more
formidable than passenger cars, tend to preempt the
adjacent lane.

The Madison Avenue bus lane experience presentsamore
complex picture of lane use and bus flow. In May 1981, New
York City DOT implemented a dual bus lane in midtown
Manhattan between 42nd and 59th Streets. The dual bus
lanes, which operate from 2 to 7 p.m. on weekdays, replaced
peak-hour curb lanes. Buses operate on an aternating three-
block stop pattern. Salient PM peak-hour bus operating char-
acteristics are summarized in Tables 2-11 and 2-12. Notable
findings are asfollows:

« With a single curb bus lane during the PM peak hour,
buses make heavy use of the adjacent lane and some-
times spill over into the next travel lane. About 20 per-
cent of the 200 buses per hour from 5:00 to 6:00 p.m.
actually usethe curb lane, compared with 73 percent that
use the adjacent lane and 7 percent that use the next
travel lane. The adjacent lane operates at about 75 per-
cent of capacity. Because of the extensive maneuvering
of buses from one lane to the next and because they
interact with cars and trucks, PM peak-hour bus speeds
are under 3 mph.

 After the dua bus lanes were implemented (and north-
bound right turns were prohibited from 42nd to 59th
streets), 84 percent of the buses used the second buslane
and 16 percent used the curb side stops. Adjacent lane

SOURCE: WSA Field Studies in Houston
(11) New York City

use increased after the lane was dedicated to buses. Bus
speeds increased to 5 mph.

The declinein bustravel times (increased bus speeds) is
associated with a corresponding decrease in travel time
variability. The standard deviation of the travel time
decreased by more than 50 percent.

L]

These observations indicate that buses generally are able to
use the adjacent traffic lane, except when the adjacent lane
operates at or near its capacity.

2.4.2 Simulations

Bus operations were simulated for a Type 2 bus lane by
using the customized TRAF-NETSIM program. The pro-
gram was used to perform sensitivity analyses on the effect
of varying adjacent traffic lane volumes on bus lane opera-
tions. Initial simulations utilized a calibrated model of
Louisiana Street (Houston) bus lanes and incorporated four
lanes adjacent to the bus lane. The moderate traffic volumes
in the adjacent lanes, with no right turns, allowed the model
to place the traffic away from the bus and adjacent lanes.
There was no significant impact on the skip-stop bus opera-
tionsfor adjacent traffic volumes up to approximately 40 per-
cent of the estimated capacity of the four adjacent lanes.

To better address heavy-volume conditions, a new model
was used to measure the direct impacts of traffic in the adja-
cent lane. Thistwo-lane model incorporated only one traffic
lane adjacent to the bus lane. Traffic in the genera traffic
lane was increased from 0 to 700 vehicles per hour, inincre-
ments of 100 vehicles per hour. The capacity of the one gen-
era purpose lane was estimated to be approximately 700
vehicles per hour under input conditions. Table 2-13 sum-
marizes the results. Simulations of a Type 2 bus lane with
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TABLE 2-11 Madison Avenue (New Y ork) lane use and distribution—5:00 to

6:00 p.m. (21)

1980 ESTIMATED VEHICLE DISTRIBUTION (INCLUDING BUSES)

Before Dual Lanes
No. of Vehicles %

After Dual Lanes
No. of Vehicles %

LANE 1 0 0.0 82 5.8
LANE 2 144 11.0 508 36.1
LANE 3 602 46.0 627 446
LANE 4 523 40.0 1558 11.0
LANE 5 39 3.0 35B 25
1308 100.0 1407 100.0

ESTIMATED BUS DISTRIBUTION

Before Dual Lanes
No. of Buses %

After Dual Lanes
No.of Buses %

LANE 1 0 0.0 0 0.0
LANE 2 0 0.0 0 0.0
LANE 3 15* 75 0 0.0
LANE 4 146* 73.0 155 83.5
LANE 5 39 19.5 35 17.5
200 100.0 200 100.0
B = buses
*= estimated

Note: Bus Lane in Lane 5 Before and Lane 4 After.

increasing traffic volumes in the adjacent lane indicated the
following:

* Whenthev/cratio of trafficin the adjacent lanewas zero

(i.e., no adjacent traffic, or the Type 2 buslane was oper-
ating inasimilar manner asa Type 3 buslane), the max-
imum number of buses processed under an alternating
two-block skip-stop operation was approximately 1.5

times the capacity of that when buses stopped every
block in a Type 1 bus lane. Bus speeds were approxi-
mately twice those of the buses stopping at every block.
Theinability to double the capacity of atwo-block skip-
stop results from the inability of having the properly
sequenced alternating pattern of bus arrivals in the
gueue at each signal, which would require advance pla-
tooning of buses.

TABLE 2-12 Madison Avenue (New York) changesin bustravel timesresulting
from dual buslane—5:00to 6:00 p.m. (in minutes) (21)

Local Buses
After Percent Change
10.7 -39.9
1.9 -58.7
18% -30.8

Before
Time 17.8
Standard Deviation 46
Coefficient of Variation 26%
Time 17.8
Standard Deviation 6.3

Coefficient of Variation 35%

Express Buses

8.9 -50%
28 -55%
31% -11.4%
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TABLE 2-13 Summary of simulation bus volumes processed with varying adjacent lane
volumes (400-ft block spacing, 80-sec cycle length, alternating two-block stop oper ations)

Adjacent Lane Adjacent
Dwell Time Traffic Volume Lane
sec veh/hr v/c Ratio
20 0 0
20 100 0.14
20 200 0.29
20 300 043
20 400 0.57
20 500 0.71
20 600 0.86
20 700 1
20 Type 1, stop every block
40 0 0
40 100 0.14
40 200 0.29
40 300 043
40 400 0.57
40 500 0.71
40 600 0.86
40 700 1
40 Type 1, stop every block

Max. Number of

Buses Index of Index to
Processed Bus Type 1 Bus
buses/hr Capacity Capacity
240 1 1.52
238 0.99 1.51
240 1 1.52
240 1 1.52
232 0.97 1.47
206 0.86 1.30
198 0.82 1.25
186 0.77 1.18
158 0.66 1.00
180 1 1.45
178 0.99 144
162 0.9 1.31
162 0.9 1.31
162 0.9 1.31
158 0.88 127
154 0.86 1.24
154 0.86 1.24
124 0.67 1.00

e When the v/c ratio of traffic in the adjacent lane
approached 1.0 (i.e., little or no availability of the adja
cent traffic lane, or the Type 2 bus lane was operating in
asimilar manner asa Type 1 buslane), buses were con-
strained to the bus lane. The maximum number of buses
processed under an alternating two-block operation,
with practically no use of the adjacent lane, was about
20 percent greater than for buses stopping at the bus
stops at each block in a Type 1 bus lane. Bus speeds
were only dlightly greater than those when buses
stopped every block. The slight increase in capacity
results from the skip-stop operation, because even when
buses are constricted to using the single bus lane, only a
portion of the buses in the queue will serve passengers
at each stop.

When thev/cratio of trafficin the adjacent lanewasless
than 0.5, there was little reduction in the number of
buses processed on the arterial. When the v/c ratio
reached 0.7, bus capacity was reduced by approximately
15 percent, representing a factor of approximately

1.3 times the capacity of stopping at every block inaType 1
bus lane.

2.4.3 Capacity Adjustment Factors
(Split Stops)

The application of capacity adjustment factorsis straight-
forward. The total nhumber of buses per hour that can be
accommodated by a series of split stops represents the sum
of the capacities of each stop times the reductive factors
reflecting nonplatooned arrivals and the effects of high vol-
umes of vehicular traffic in the adjacent lane. Accordingly,
the following equations were derived to represent these rela-
tionships:
C.=C+C+...

Cofi (2-11)

where:

C1,C2,...C, = capacitiesof theindividual bus stopsin
the sequence
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C. = combined capacities

fi = capacity adjustment (impedance) factor (defined in

Equation 2-12a).

_ 1+ Ka(Ns-1)

f
k N,

where:

(2-129)

K = adjustment factor for ability to fully utilize the bus

stopsin a skip-stop operation
= 0.50 for random arrivals
= 0.75for typical arrivals
= 1.00 for platooned arrivals

a = adjacent laneimpedance factor (defined in Equation

2-12b)

Ns = number of alternating skip stops in sequence.

Vi3
a=1-x(—
©

where:

X = constant value (selected as 0.8)

v = traffic volumesin adjacent lane, in vehicles per hour

(2-12b)

¢ = capacity of adjacent lane, in vehicles per hour.

A value for x of 0.8 in this equation best approximates the
simulations. As noted previously, these values result in
added capacity with skip stops, even when the adjacent lane
is fully utilized by cars, because nonstopping buses have a
zero dwell time at the stop. When there is no spreading of
stops, there is no increase in capacity rendered by the adja
cent lane.

Figure 2-4 depicts this lane adjustment factor for a bus
lane with two-block alternating stops. Asindicated in Equa
tion 2-11, these factors should be applied to the sum of the
capacities computed for the individual stops. In general, the
traffic impacts of the adjacent lane only become significant
when the lane operates above 75 percent of its capacity.

2.5 EFFECTS OF RIGHT TURNS

Right-turning traffic physically competes with buses for
spaceinthebuslaneat anintersection. Traffic generally turns
from the bus lane, although in some cases (e.g., in Houston)
some right turns are made from the adjacent lane. The right-
turning traffic may queue behind buses at anear-side bus stop.
Conversely, right-turning traffic may block buses or preempt
green time from them. The interference of right-turning traf-
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Figure 2-4. Capacity adjustment factors for available adjacent lane
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fic on bus operations can be further magnified by significant
pedestrian crossing volumes parallél to the bus lane. Place-
ment of the bus stop at the intersection—whether near-side,
far-side, or midblock—also can influence the amount of delay
induced by, and to, the right-turning traffic.

Conflicts between buses and right-turning traffic are great-
est where there is a near-side stop and buses are unable to
freely use the buslane. Carsturning right may block accessto
the bus stop; conversely, buses receiving or discharging pas-
sengers on agreen signal may block right-turning traffic. The
amount of interference diminishes as the distance between the
stop line and bus stop increases. Far-side and midblock stops,
therefore, minimize the effects of right-turning traffic on bus
speeds, when buses can use the adjacent lane. Placing stops
where there are no right turns (e.g., dong Madison Street in
Chicago) can further minimizeimpacts. Right turnsusually are
prohibited with dual or contraflow bus lanes.

Just as right turns across bus lanes can delay buses along
the arterial, pedestrians crossing the side street parallel to the
path of the bus lane can cause delays to right-turning vehi-
cles. This, inturn, can cause increased delaysto busesin the
bus lane. The delays to right turn movements introduced by
pedestrians are concentrated at the beginning of the green
signal interval on the arterial, when queued groups of pedes-
trians step off the curb.

By crossing or utilizing spacein the buslaneto executethe
turn, right-turning vehicles reduce the capacity of the bus
lane operation along the arterial by preempting a portion of
the green time available to buses. Thus, bus lane capacity
will be approached more quickly than in locations without
the presence of right turns. For bus volumes less than half of
bus lane capacity, there generally is little impact on the
resulting speed of bus operations from a moderate volume of
right turns unless pedestrian volumes are very heavy.

2.5.1 Simulations

To perform sensitivity analyses on the effect of varying
right-turn volumes on bus lane operations, simulations of bus
operationswere performed for anear-side busstop onaType
2 buslane. Theresults of these TRAF-NETSIM simulations
are shown in Figure 2-5. They indicate that when bus vol-
umes are less than 50 percent of bus lane capacity, right-turn
volumes up to 100 vehicles per hour do not have asignificant
impact on bus speeds and delays. As bus volumes approach
bus lane capacity, 100 right-turning vehicles per hour reduce
bus lane capacity by approximately 15 percent. Right-turn
volumes of 200 vehicles per hour begin to noticeably reduce
bus speeds at about 25 percent of bus lane capacity, reducing
buslane capacity by about 35 percent. For right-turn volumes
of 300 vehicles per hour, bus speeds were reduced even at
low bus flow rates, and bus lane capacity was reduced by
about one-half. At 400 right turns per hour, bus lane capac-
ity was reduced by almost two-thirds. Right turnsin central
business districts (CBDs) commonly range from 100 to 200
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vph. Thus, as bus volumes approach bus lane capacity, right
turns appear to reduce bus capacity in proportion to the v/c
ratio of the right-turn movement (Vi/Cg).

2.5.2 Capacity Reduction Factors

Procedures for estimating the capacity of right turns are
described in Table 9-11 in the HCM. The right-turn capacity
factors reflect the impeditive effects of pedestrians crossing
the intersecting street in front of right-turning traffic. These
capacity-reduction factors are shown in Table 2-14, which,
along with their resulting saturation flows and headways,
assume only right turnsin the lane. Thus, if the capacity of a
lane is 700 vph, and 100 pedestrians per hour cross in front
of theright-turning traffic, theright-turn factor is0.80, which
is multiplied by 700 to obtain the approximate right-turn
capacity of 540 vehicles (right turns) per hour. If the peak-
hour right-turn volume (flow rate) is 200, vg/cz becomes 37
percent.

The right-turn v/c ratios for a 50 percent g/C split are
shown in Table 2-15. The resulting ratios generally confirm
the simulation results. When right-turning traffic (i.e., less
than 100 unitsper hour) and pedestrian volumearelight, only
about 15 percent of the available capacity is required. Con-
versely, for both heavy pedestrian and right-turn flows (i.e.,
400 units per hour), amost 75 percent of the avail able capac-
ity isrequired by the right-turning vehicles.

The effects of right turns on bus lane capacity can be esti-
mated by multiplying the bus lane capacity without right
turns by an adjustment factor. The values of this adjustment
factor, fr, may be estimated from the following equation:

fo=1- LB@—QQ

where:

(2-13)

fr = right-turn adjustment factor

Lg = busstop location factor, from Table 2-16

Vg = volume of right turns at specific intersection

Cr = capacity of right-turn movement at specific inter-
section.

Suggested factors for the bus stop location factor, Lg, are
presentedin Table 2-16. Thefactorsrangefrom 0.5 (for afar-
side stop with the adjacent lane available for buses) to 1.0 for
a near-side stop with all buses restricted to a single lane.
These factors reflect the ability of buses to move around
right-turning vehicles.

2.6 REFINED BUS LANE CAPACITY
EQUATIONS

Equations to compute bus lane capacities should incorpo-
rate various factors that increase or decrease capacity. The
more significant factors include the following:
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Figure 2-5. Smulations of varying volumes of right-turning traffic.

alternating skip stops);

< The stop pattern of the bus routes (e.g., every block and

e Congestion in the lane adjacent to the bus lane, which

may constrict bus operationsto the designated buslanes,

and

e Volumes of right-turning vehicles, which must use the

buslane or crossthe paths of buses using the buslaneto

execute their maneuvers.

The set of adjustment factors for (1) the availability of the

adjacent lane and the spreading of stops and (2) the impact
of right turns define the following equations for estimating

the modified bus lane capacity.

Adjusted Bus Lane Capacity (Non-Skip Sop)

CAP = Cb Nb fR (2'14a)

Adjusted Bus Lane Capacity (Skip Stop)

CAP = f, (CAP1 + CAP2 + ... + CAP,) (2-14b)

where:

C, = capacity of abus berth (Equation 2-10)
N, = number of effective berths at bus stop (HCM
Table 12-19)
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TABLE 2-14 Effect of right turnson satuation flow

0 0.85 1445 25
50 (Low) 0.83 1410 26
100 0.80 1360 23
200 (Mod) 0.75 1275 28
300 0.71 1205 3.0
400 (High) 0.66 1120 3.2
S00 0.61 1035 35
800 047 800 4.5
1000 0.37 630 5.7
1200 0.28 475 76
1500 0.12 205 176
1700 0.05 85 424

(1) SOURCE: HCM Table 9-11b, and Cases 2 and 5
(2) Assumes 1700 vehicles per hour of green as basic saturation flow for through-traffic on CBD streets.

fx = capacity adjustment factor for skip-stop opera- 2.7 EFFECTS OF BUSES
tions (Equation 2-12) ON ADJACENT-LANE TRAFFIC
fr = capacity adjustment factor for right turns (Equa _
tion 2-13) The introduction of single or dual bus lanes reduces
CAP, = capacity of one set of routesthat stop at thesame ~ the vehicular capacity of the roadway for other types of traf-
alternating skip-stop pattern. fic. The extent of this capacity reduction isdetermined by (1)

TABLE 2-15 Right-turn v/cratio for 50 percent g/C ratio

0 720 0.14 0.28 0.42 0.56
50 700 0.14 0.29 043 0.57
100 680 0.15 0.29 0.44 0.59
200 640 0.16 0.31 047 0.62
300 600 0.17 0.33 0.50 0.67
400 560 0.18 0.36 0.54 0.71
800 400 0.25 0.50 0.75 1.00
1200 240 0.42 0.83 * *
1500 100 1.00 * * *

(1) Estimated at 50% of right turn saturation of flow of 1445 vph.
* Exceeds capacity
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TABLE 2-16 Suggested bus stop location factors

Type 1 Type 2 Type 3
Near Side 1.0 0.9 n/a
Midblock 09 0.7 n/a
Far Side 0.8 0.5 n/a

Note: Not applicable for dual bus lanes or contra-flow bus lanes or median bus lanes

SOURCE: Estimated

the type of bus lane, (2) the number of buses involved, and
(3) whether the bus lane replaces a curb parking lane.

2.7.1 General Observations

Thefollowing impacts are associated with the provision of
asingle or dua buslane:

« |If thelaneisused primarily by buses, the vehicle capac-
ity loss would be relatively small. However, when the
lane is introduced for relatively low existing bus flows
(i.e., fewer than 40 buses per hour), the lossin vehicular
capacity could be as high as 30 to 50 percent of one
travel lane.

e The introduction of a single dedicated curb lane for
buses onto a street with no previous bus operations
would reduce the street capacity by one lane if buses
stayed in the lane (Type 1) and right turns were prohib-
ited or made from the second lane. Allowing right turns
from aType 1 buslane would reduce street general traf-
fic capacity by less than one full lane.

e A dual buslane (Type 3) would reduce arterial capacity
by up to two lanes. Because dual lanes usually would be
implemented when buses aready preempt most of the
curb lane, the actual capacity reduction in arterial traffic
would be less. The Madison Avenue (New Y ork) dual
bus lane experience indicates that the prohibition of
right turns, elimination of weaving movements, and
strict enforcement of regulations actually increase gen-
eral traffic flow and speeds over what was experienced
with an existing Type 2 bus lane.

* The effects of the Type 2 bus lane where buses may
enter the adjacent lane will be between those of the Type
1 and Type 3 bus lanes. For low volumes of bus flow,
buses entering the mixed flow traffic lane would have
little effect on the capacity of the adjacent lane. As bus
volumes in a Type 2 lane increase, their impact on the
adjacent lane would increase to a point at which some
traffic isdiscouraged from using the lane adjacent to the
bus lane. The passenger car equivalent of a bus travel-
ing without making stops is estimated in the HCM at

about 2.0 passenger cars. However, for Type 2 bus
lanes, merging, weaving, and diverging movements
could raise this equivalency to 3 or 4 or more.

e The HCM (Chapter 12, p. 12-10) states: “Where the
buses stop in alane that is not used by moving traffic
(for example, in a curb parking lane), the time loss to
other vehiclesis approximately 3 to 4 seconds per bus.
For this case, buses would either accelerate or deceler-
ate across the intersection, thereby reducing the impedi-
tiveeffectsto other traffic.” Thisstatement describesthe
effect of buses leaving and reentering the rightmost
travel laneto serve passengersat the curb. It also applies
to the lane adjacent to a bus lane where buses accelerate
or decelerate upon entering or leaving the lane.

2.7.2 Simulations and Equations

Simulations were conducted to assess the impacts of buses
on other traffic where buses enter or leave a Type 2 buslane.
The delay imposed on non-bus vehicles by busesin the adja-
cent lane varied at an increasing rate, up to avalue from 2 to
9 sec per car per bus, with an average value of about 4 sec,
as the bus volume approached capacity. The effects of bus
lane operations on the adjacent genera traffic lane can be
expressed by multiplying the base general lane capacity by
an adjustment factor. This factor would be applied in asim-
ilar manner as it would be applied in the method for reduc-
ing saturation flow for bus blockagein HCM Table 9-9. The
suggested reduction formulafollows:

Ny, O
f=1-0p " 215
P U 36000 (219

where:

f, = bus-passing activity factor
N, = number of buses making the maneuver from the
curb lane to the adjacent lane.

However, the delay to through traffic in the adjacent lane
will be minimal unless buses leave the bus lane. Therefore,
an adjustment is needed to determine the actual humber of



buses, N,,, that would pass other buses that are using the curb
buslane. The simulations and field observationsindicate that
when the buses operate at less than one-half of the capacity
of the bus lane, they have little need to pass each other even
in a skip-stop operation because of the low arrival headways
relative to capacity. Bus use of the adjacent lane increases at
an increasing rate as bus activity approaches capacity. Thus,
N, may be approximated by the following relationship:

N, = NSN_ 1vb%g

where:

(2-16)

Ns = number of stops skipped
V, = volume of busesin buslane
C, = buscapacity of buslane.

As expressed in this equation, the number of buses in the
adjacent lane would be half the total bus flow when an alter-
nating two-block stop operation approaches capacity. Two-
thirds of the buseswould usethe adjacent lanefor athree-block
stop operation. However, these impacts would not come into
full effect until the volumes of buses approached capacity.

2.7.3 Operational Observations

Field studies and observations in Chicago, Houston, and
New York City verify the anticipated adjacent lane use and
impacts of buses.

Madison Street

Review of videotape of street traffic operations on Madi-
son Street in Chicago revealed only minor delays to buses
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and other vehiclesin the adjacent lane. The Madison Street
bus lane becomes a right-turn lane at every other block,
forcing buses to move into the adjacent lane after every
stop. Bus volumes were approximately 48 buses per hour,
and adjacent lane traffic volumes were approximately 500
vehicles per hour, or about 65 percent of capacity of the
adjacent lane.

Louisiana Street

Videotape images of Louisiana Street in Houston echoed
many of the observations made in Chicago. Traffic volumes
in the lane adjacent to the bus lane are approximately 300
vehicles per hour—only one-half of the volumes in each of
the two other through lanes for both the intersection with the
left turn and the intersection with the right turn. Of the 122
buses observed during the peak 45 min (160 buses per hour
[bph] or about 67 percent of bus lane capacity), 36 buses
were observed in the adjacent lane at the intersection. This
represents about 30 percent passing on a two-block stop bus
operation and is roughly predicted by the eguation for the
factor N, developed herein.

New York City

The three-block skip-stop pattern on Manhattan Avenue
resulted in about three-quarters (+ 75 percent) of the buses
using the adjacent lane of Fifth, Sixth, and Madison avenues.
Assuming capacity operations of the curb lane, application of
Equation 2-16 would result in an estimate of 67 percent of
the buses using the adjacent lane.
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CHAPTER 3

BUS TRAVEL SPEEDS AND SERVICE LEVELS

Bus travel times and speeds are important to the transit
passenger, transit operator, traffic engineer, and transpor-
tation planner. The transit passenger wants a quick and
dependable trip. The transit operator (or service planner)
measures and analyzes bus speeds to set, monitor, and refine
schedules; estimate vehicle requirements; and plan new
routes and services. The traffic engineer uses bus speeds to
assess the impacts of traffic control and bus priority treat-
ments. The transportation planner uses speeds to quantify
congestion and provide input into the transit demand and
modeling process.

The best way to determine bus speeds is by direct mea-
surement at specified locations, during relevant time periods.
But this is not always practical, especiadly if evaluation of
future conditions are required and changes in bus stopping
patterns and dwell times are anticipated. In such cases, esti-
mates of bus speeds are necessary.

This chapter presents research findings pertaining to bus
speeds by (1) defining speed-related level-of-service criteria;
(2) deriving various analytical relationships for estimating
bus speeds;, and (3) comparing these relationships with
results obtained from simulations of bus operations and
actual field studies. Various procedures can be used to esti-
mate the impacts on bus travel speed of changesin bus stop-
ping patterns, traffic conditions, and bus lane provisions,
including passing opportunities in adjacent lanes and dual
bus lanes.

3.1 LEVELS OF SERVICE

The 1995 Highway Capacity Manual (HCM) (1) defines
levels of service for transit vehicles in terms of (1) the num-
ber of passengers per vehicle and (2) the number of vehicles
per lane, track, or “channel” per hour. Both these measures
are useful to transit planners and operations. However, nei-
ther of them describe how well a bus moves in the traffic
stream.

A speed-related definition of bus levels of service on city
streets is desirable to assess the quantity of bus flow by a
method more compatible with HCM procedures for assess-
ing arterial street operations. Arterial street levels of service
in the HCM are defined in terms of average travel speed.
Accordingly, average travel speed (or its complement, min-

utes per mile) is suggested as alevel of service measure for
buses operating on arterial and central business district
(CBD) streets. This measure is easily understood and can be
obtained readily for existing conditions.

The specific level of servicethreshold valuesfor local bus
service will be lower than those for general traffic. Thisis
because buses must experience normal traffic delays and
delays associated with receiving and discharging passengers
at stops. Accordingly, aseriesof level of servicecriteriawere
derived, reviewed with the TCRP panel and representative
transit agencies, and refined as appropriate.

Therecommended level of servicecriteriaare presentedin
Table 3-1 for bus operations on three different types of
streets, CBD streets, urban arterials, and suburban arterials.
Thelevel of servicecriteriagiveninthe HCM for low-speed
arterialsis shown for comparison.

3.2 BASIC BUS TRAVEL SPEED
RELATIONSHIPS

Bus speeds and travel timesalong arterial streetsareinflu-
enced by (1) the frequency and duration of stops, (2) inter-
ferences from bus and auto traffic (including standing vehi-
cles), and (3) traffic signals. The interaction between dwell
times at bus stops and delays at traffic signal s reduces speeds
and increases their variability. Consequently, bus speeds on
downtown streets have coefficients of variation ranging from
about 15 to 30 percent, as depicted in Table 3-2. In contrast,
general traffic speeds on CBD streets have about a 15 percent
coefficient of variation (29).

Further analyses were made of the basic relationships
among bus speeds, stop frequency, stop duration, and traf-
fic signal timing: (1) speeds were simulated using a cus-
tomized version of TRAF-NETSIM; (2) ageneral approach
was developed for determining bus-lane speeds; and (3) a
detailed analytical approach was derived for assessing the
effects of traffic signal timing and coordination patterns.
The results of these analyses were compared with each
other and with field tests results. The analyses and compar-
isons are described in the following sections. Subsequent
sections contain adjustment factors to account for the
effects of bus-bus interference, traffic in the adjacent lane,
and right turns.



TABLE 3-1 Suggested speed-related level of service criteriafor buseson arterials

HCM CRITERIA FOR CBD STREETS URBAN SUBURBAN
LEVEL || ARTERIAL CLASS Il (Typically > 7 ARTERIALS ARTERIALS
OF (25-35 MPH FREE STOPS/MI) (4 TO7STOPS/MI) | (1 TO 3 STOPS/MI)
SERVICE FLOW SPEED)
min/mi mithr min/mi mi/hr min/mi mi/hr min/mi mithr
A <2.40 >25.0 <6.0 >10.0 <3.6 >16.7 <2.8 >21.2
B <3.16 >19.0 <9.0 >6.7 <4.7 >12.7 <3.7 >16.2
C <4.61 >13.0 <12.0 >5.0 <6.9 >8.7 <5.5 >11.0
D <6.67 >9.0 <15.0 >4.0 <10.0 >6.0 <7.6 >7.9
E <8.57 >7.0 <18.0 >3.3 <12.9 >4.7 <10.0 >6.0
F >8.57 <7.0 >18.0 <3.3 >12.9 <47 >10.0 <6.0
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3.2.1 Simulation Analyses

A series of bus simulation analyses were performed to
show how arterial bus speeds vary as a function of bus stop
spacing, bus lane type, and dwell time variations. The mi-
croscopic traffic simulation computer program, TRAF-
NETSIM, was used to validate and identify basic bus speed
relationships. A customized version that allowed buses to
leave the buslane to passlane obstructionswas applied. This

capability was not available in the initial FHWA version of
the program available when this research began.

The computer simulation of a street segment containing a
buslane alowed analysis of alarge range of variables on bus
operations. The simulation analyzed the effect of the follow-
ing variables when the others were held constant:

 Progressive versus simultaneous signal timing offsets;
e Signal cyclelengths;

TABLE 3-2 Variationsin central businessdistrict peak-hour bus speedsin buslanes

PM Peak Hour
Houston Milam St. 4:30-5:30PM 5.7 1.0 18%
Travis St. 4:30-5:30PM 5.0 1.1 22%
Main St. (SB) 4:45-5:45PM 5.1 12 24%
Main St. (NB) 4:15-5:15PM 52 1.0 20%
Louisiana St. 4:30-5:30PM 54 15 28%
Chicago Madison St. 5:00-6:00PM 6.8 1.8 26%
Los Angeles Spring St. 4:30-5:30PM 6.1 1.0 16%
New York City Madison Ave. 5:00-6:00PM 24 N/A 26%3
(Before Dual Bus Lanes)
Madison Ave. 5:00-6:00PM 4.8 N/A 18%8
(After Dual Bus Lanes)
San Francisco Geary St. 5:00-6:00PM 43 1.1 25%
AM Peak Hour
Houston Milam St. 7:00-8:00AM 4.4 0.7 16%
Main St. (SB) 7:15-8:15AM 55 1.1 20%
Main St. (NB) 7:30-8:30AM 3.8 13 34%
Louisiana St. 7:30-8:30AM 6.0 10 17%

a Coefficient of variation of travel times
SOURCE: WSA Field Studies; (20)



Effective green per cycle ratios;
Block length;

e Average dwell time; and

Dwell time variations.

The variableswere analyzed for Type 1, Type 2, and Type 3
bus lanes. Several thousand separate conditions were simu-
lated in the sensitivity analysis of each of the variables.

The results of the simulations indicate the sensitivity of
bus speeds to changes in specific parameters. Inspection of
the results revealed that they were reasonable and showed,
for example, that (1) bus speeds increase as block spacing
and stop spacing increase; (2) speeds decrease as dwell time
increases; (3) speeds decrease as cycle length increases
(though this effect is muted for longer block and stop spac-
ing and long dwell times); and (4) skip-stop operation
increases bus speed.

3.2.2 General Approach

A general approach for estimating bus lane speeds that
builds on established travel time and speed rel ationships for
buses in mixed traffic was developed (see Table A-6 in
Appendix A). This approach allows bus speeds to be esti-
mated without detailed information on traffic signal timing
and operation. It derives speeds from the rel ationships among
bus stop spacing, dwell times, averagetraffic delays, and bus
speeds.

Table 3-3 was derived from Table A-6 (Appendix A) by
removing the delays dueto variousfactorsthat are not applic-
able to bus lane operation. For single, normal-flow bus lanes
(Columns B, C, and D), the delay due to congestion was
reduced from the valuesin Table A-6, asthe latter delay val-
uesincluded the effect of single-occupancy vehicles. For dual
and contraflow bus lanes (Column E), the delay due to right
turns also was removed. For bus lanes without traffic signals
(Column A), the delay dueto signalswas removed. Giventhe
type of buslane, stops per mile, average dwell time, and, for
single bus lanes, area type, bus speeds, and travel time rates
are read directly from the table. Adjustments for skip-stop
operation and interference between buses are described later.

3.2.3 Auxiliary Approach for Detailed Bus
Speed Estimates

An auxiliary approach allows direct computation of esti-
mated bus speeds from a series of equations. This approach
permits a more precise determination of anticipated bus
speeds under specific conditions, where detailed information
on traffic signal timing and coordination patterns are avail-
able. It determines bus speed relationships as a function of
bus stop spacing, the dwell time at each stop, and the traffic
signal cycle length, effective green time, and coordination
pattern. The resulting values can be adjusted to account for

bus-businterferences as busvolumesincrease and to account
for bus interferences from adjacent and turning traffic.
Appendix B contains a detailed discussion of this approach,
illustrative applications, and comparisons with the general
approach. A brief overview of the method follows:

3.2.3.1 Dwell Range Window Concept

The system of traffic signals along an arterial roadway, in
association with the dwell timesat bus stops, determines how
buses operate. There are three basic types of operation:

1. Buses arrive at a stop to serve passengers, dwell into
the red phase, and then proceed on the green phase
toward the downstream stop. This represents dwell
times within the “ dwell range window.”

2. Busesarrive onthegreen phaseat abusstop, serve pas-
sengers, and then may proceed on the same green phase
to the next downstream stop before the red phase on
that signal begins. Thisrepresents dwell timeslessthan
the lower extent of the dwell range window.

3. Busesarrive at a stop, dwell through the red phase and
into the green phase before proceeding to the next
downstream stop. This represents dwell times greater
than the upper extent of the dwell range window.

3.2.3.2 Computation Procedures

Step-by-step computational procedures were developed
for the estimation of bus speeds for each of the three condi-
tions. These steps are as follows: (1) identifying the speeds
allowed by the progression; (2) estimating the maximum and
minimum dwell timesthat fit within the dwell range window;
and (3) adjusting the computed speeds to reflect simulation
results, wherever the actual dwell timesfall outside the dwell
range window.

3.2.4 Validation of Basic Bus Speed
Relationships

The basic bus travel speed relationships were field-tested
on a four-block control section of Louisiana Street in the
CBD of Houston, Texas. Travel time and dwell time mea-
surements were made of all buses using the bus lane, and a
section of the street was videotaped. The Louisiana Street
bus lane operated under the following conditions:

e Simultaneous operation (offset = 0 sec)

« Effective green time per cycle = g/C = 0.48

e Cyclelength = 80 sec

e Block length = 330 ft

¢ Buses stops near-side at each block

e Bus routes distributed into two alternating two-block
stop patterns.



TABLE 3-3 Bustravel timesand speeds as a function of stop spacing, dwell time, and traffic signal and right-turn delays

DUAL OR CONTRA-
BUS LANES ONLY SINGLE NORMAL FLOW BUS LANES FLOW BUS LANES
(without any traffic or signal delays) (includes signal and right tumn delays) (includes signal delay)
(A) (8) ©) () €)
Central Bus. District Central City Suburbs Central Bus. District
Dwell Time  Stops (Delay = 2.0 min/mile) (Delay = 0.6 min./mile) (Delay = 0.5 min./mile) {Delay = 1.2 min./mile)
per Stop Per Travel Time  Speed Travel Time Speed TravelTime Speed Travel Time Speed Travel Time  Speed
(sac) Mile (min/mile) (mph) (min/mile) {mph)  (min/mile) (mph) (min/mile) (mph) (min/mile)  (mph)
10 2 240 25.0 4.40 13.6 3.00 20.0 290 20.7 3.60 16.3
4 327 18.3 5.27 14 3.87 15.5 an 15.9 4.47 134
6 4.30 14.0 6.37 9.4 4.90 12.2 4.80 125 5.50 104
8 5.33 11.3 7.33 8.2 5.93 10.1 5.83 103 6.53 9.2
10 7.00 8.6 9.00 6.7 7.60 78 7.50 71 8.20 1.3
20 2 2713 2.0 423 127 333 18.0 323 18.6 393 15.3
4 393 15.3 5.93 10.1 4.53 132 443 135 5.13 11.7
6 5.30 113 7.30 8.2 5.90 10.2 5.80 103 6.50 9.2
8 6.67 9.0 8.67 6.9 1.27 8.3 7.47 84 6.87 76
10 8.67 6.9 10.67 5.6 9.27 6.5 9.17 6.5 9.87 6.1
30 2 3.07 19.5 5.07 11.8 3.67 16.3 3.57 16.8 427 140
4 4.60 13.0 5.60 10.7 5.20 11.5 5.10 11.8 5.80 10.3
6 6.30 9.5 8.30 7.2 6.80 8.4 6.70 9.0 7.50 8.0
8 8.00 75 10.00 6.0 8.60 70 8.50 70 9.20 6.5
10 10.33 5.8 12.33 49 10.93 55 10.83 5.5 11.53 5.2
40 2 3.40 17.6 5.40 111 4.00 15.0 3.90 154 460 13.0
4 5.26 114 7.26 8.3 5.86 10.2 5.76 10.4 6.46 9.3
6 7.30 8.2 9.30 6.5 7.90 76 7.80 1.7 8.50 71
8 9.33 6.4 11.33 53 9.93 6.0 9.83 6.1 10.52 5.7
10 12.00 5.0 14.00 43 12.60 48 12.50 48 13.20 45
50 2 374 16.0 5.74 10.5 434 138 4.24 14.2 494 121
4 5.92 10.1 71.92 7.6 6.52 9.2 6.42 9.3 7.12 84
6 8.30 7.2 10.30 58 8.90 6.7 8.80 6.8 9.50 6.3
8 10.67 5.6 1267 47 11.27 53 11.17 54 11.87 5.1
10 13.67 44 15.67 38 14.27 42 14.87 42 14.87 40
60 2 407 14.7 6.07 9.9 4.67 128 4.57 131 527 114
4 6.58 9.1 8.58 7.0 7.18 84 7.08 85 7.78 1.7
6 9.30 6.5 11.30 53 9.90 6.1 9.80 6.1 10.50 5.7
8 12.00 5.0 14.00 43 12.60 48 12.50 48 13.20 4.5
10 16.33 3.9 17.33 35 15.93 38 15.83 38 16.53 36
SOURCE: Computed Note: Column E may be used for single normal flow bus lanes where capacity analysis includes deductions for right tum interferences.

Ge
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Dwell time observations were made from 4:00 to 5:45
p.m. for each bus that used the bus lane; dwell times were
found to range from 0 to 91 sec. Bus dwell times, averaged
by 15-minintervals, ranged from 21 to 36 sec. A comparison
of observed dwell times and bus speeds with those estimated
by the general approach (Table 3-3) and the detailed
approach (Equations 1, 2, and 3 in Appendix B) is presented
in Table 3-4.

Both approaches provided reasonable estimates of
observed bus speeds. The general approach produced esti-
mates up to 1.2 mph greater than the observed speeds. The
detailed approach resulted in bus speed estimates up to 1.0
mph greater than the observed speeds.

However, both sets of estimatesdid not fully reflect actual
operating conditions. The videotapes of bus operationsindi-
cated that bus-bus interferences appeared to introduce addi -
tional delay for bus travel. The volume of vehicles turning
right across the bus lane also affected bus stop service and
bus lane queuing and added delay to the start-up lost time at
the intersection. Finally, the volume of automobiles in the
adjacent lane appeared to affect the ability of busesto leave
the bus lane to execute the skip-stop pattern and occasion-
ally caused the busto dwell at an intermediate signal. These
additional factors would reduce the predicted average bus
speeds.

3.3 REFINED BUS SPEED RELATIONSHIPS

The basic bus speed relationships reflect the effects of bus
stop spacing, dwell time, and traffic signal controls. Several
other factors inherent in the traffic stream aso affect bus
speeds, including theimpacts of skip stops and adjacent lane

availabhility, the bus-bus interferences under heavy bus vol-
ume conditions, and the impacts of right turns, especialy in
areas of high pedestrian concentration. Each of these factors
was explored, drawing upon both actual operating experi-
ence and computer simulation.

3.3.1 Adjustments for Skip-Stop Operations

The general and detailed approaches to bus speed opera-
tion intrinsically account for skip-stop operations by consid-
ering only the bus stops in the skip-stop pattern. For exam-
ple, if bus stops are located 400 ft apart at each intersection,
the two-block skip-stop distance between bus stopsis 800 ft.
Thus, a bus with a two-block stop pattern would be able to
proceed along the arterial at about twice the speed of a bus
with a one-block stop pattern, and a bus with a three-block
stop pattern at three times the speed, assuming uniform block
distances and dwell times.

For alternating skip-stop patterns, the ability of a bus to
leave the curb bus lane to pass stopped buses becomes afac-
tor in the ability to attain the twofold and threefold increases
in speed. The availability of the adjacent lane, or of a pro-
tected (pullover) bus berth, increases the ability of buses to
execute a skip-stop pattern. A dual bus lane (Type 3) typi-
cally hashoth lanesavailableto buses. A single buslanewith
a protected berth, such as on Albert and Slater Streets in
Ottawa, Ontario, Canada, operateslikeaType 3 lane because
the lane adjacent to the bus berths allows passing of stopped
buses. A Type 2 bus lane operates like a Type 3 bus lane
when there is no traffic in the adjacent lane; however, the
Type 2 lane functions like a Type 1 lane when the adjacent
lane isfull of traffic (v/c = 1) and precludes the buses from

TABLE 3-4 Comparisonsof initial bus speed relationships—L ouisiana Street, Houston, Texas

Average
No. of Average Observed
Time Period Buses Dwell Time Speed
4:00-4:15 PM 20 24 seconds 5.6 MPH
4:15-4:30 PM 21 21 seconds 6.0 MPH
4:30-4:45PM 22 31 seconds 5.5 MPH
4:45-5:00 PM 25 31 seconds 4.6 MPH
5:00-5:15 PM 26 36 seconds 4.4 MPH
5:15-5:30 PM 25 29 seconds 5.1 MPH
5:30-6:00 PM 16 29 seconds 5.6 MPH

Estimated Bus Speed

Detailed Approach""
General Basic Bus Bus Speed
Approach Speed Adjusted for

(Table 3-11) for Dwell Dwell

Window Variation
6.4 MPH 5.6 MPH 6.2 MPH
6.5 MPH 5.6 MPH 6.5 MPH
5.9 MPH 5.6 MPH 5.5 MPH
5.9 MPH 5.6 MPH 5.6 MPH
5.6 MPH 5.6 MPH 5.2 MPH
6.1 MPH 5.6 MPH 4.9 MPH
6.1 MPH 5.6 MPH 5.5 MPH

MSOURCE: Computer simulation analysis



leaving the bus lane. With av/c = 1 in the adjacent lane,
skip-stop operation is till possible in the single bus lane
under low busflow conditions, but becomesincreasingly dif-
ficult as bus volumesincrease.

Buses operating in dual buslanes and on multilane streets
may pass each other when bus stops are divided or split
among the bus routes, establishing a skip-stop pattern of
skipping one or two bus stops to arrive at a scheduled stop.
The ability of buses to pass other buses to skip bus stops
depends on the availability of the adjacent lane or a protected
(pullover) bus berth in the bus lane. Where dual bus lanes or
protected bus berths are provided, anticipated bus speeds can
be calculated using the distance between bus stops served.
Where congestion in the adjacent lane results in essentially
no passing-lane availability, the buseswill progressasif they
were stopping at each stop, with a zero dwell time at the
intermediate stops. When partial use of the adjacent lane is
available, the bus speed will be somewhere in between.

Partial availability of the adjacent lane was simulated to
derive arelationship between volumes of adjacent lane traf-
fic and bus speeds. TRAF-NETSIM simulation results indi-
cate that adjacent lane v/c ratios less than 0.4 do not signifi-
cantly impact the availability of the adjacent lane for buses
to make the passing maneuver and that v/c ratios greater than
0.4 haveagradually increasing impact. It also wasfound that
when bus volumes were significantly below bus lane capac-
ity, buses generally stayed in the buslane unlessthelane was
obstructed.

An equation was derived to express the speed adjustment
factor for skip-stop operation as afunction of both the traffic
in the adjacent lane and the buses in the curb lane. The fac-
tor would be multiplied by the basic bus speed for the skip-
stop operation.

BRI
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where:

fs = stop pattern adjustment factor
, = distance for one-block stop pattern, in feet
d, = distance for multiple-block stop pattern, in feet
v = volumein adjacent lane, in vehicles per hour
¢ = vehicular capacity of adjacent lane, in vehicles per
hour
Vg = volume of buses in bus lane at individual stop, in
bph
cg = capacity of single buslane at individual stop, in bph.

The factor (dy/d,) adjusts the skip-stop speed back to the
bus speed for stopping at every stop when the adjacent lane
isnot available. When the adjacent laneis partially available,
the equation would compute a bus speed partway between
the one-block stop and the multiblock stop pattern. The fac-
tor v/c is squared, whereas the factor for the bus v/c ratio is
not, reflecting the results of the ssimulations.

Table 3-5 presents the resulting adjacent lane traffic fac-
tors for varying adjacent lane and bus v/c ratios under an
alternating two-block skip-stop operation. These factors
would be applied to the skip-stop speeds. Typical peak-hour
conditions, with both the buslane and the adjacent lane oper-
ating at v/c ratios of about 0.8, would result in skip-stop
speeds approximately 75 percent of the skip-stop speed with-
out bus-out and bus-bus interference (or 50 percent greater
than the non-skip-stop speed). Thus, the stop pattern adjust-
ment factor, f, is areductive factor to reflect less than opti-
mal conditions for skip-stop operations.

3.3.2 Adjustments for Bus-Bus Interference

Bus speeds within a bus (or curb) lane along an arterial
street decline as the lane becomes saturated with buses. This

TABLE 3-5 Suggested values of adjustment factor, f, for the effect of adjacent lanetraffic on

bus speeds for two-block skip-stop operations

0.0 1.00 1.00
0.2 1.00 0.99
05 1.00 0.96
0.8 1.00 0.84
1.0 1.00 0.75

1.00 1.00
0.98 0.98
0.90 0.87
0.74 0.68
0.60 0.50

SOURCE: Equation 3-1
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is because as the number of buses using the lane increases,
thereisagreater probability that abuswill delay another bus,
either by using available berths (stops) or by requiring the
other bus to make weaving and passing maneuvers.

A series of simulation runs were made to assess these
impacts, assuming various bus volumes, dwell times, berth
capacities, cycle lengths, block spacing, and effective green
per cycle ratios. Bus speeds were identified for differing bus
flow rates, busv/cratios, and dwell timevariations. The speeds
werethen expressed as an index of maximum observed speeds
for each condition simulated. Representativeindicesasafunc-
tion of bus volumes are shown in Table 3-6. The data show a
sharp drop in bus lane speeds as bus volumes approach capac-
ity. (The sample simulations have not been adjusted for appar-
ent anomdies.) Figure 3-1 presents the average indices
obtained from 12 simulation run sets for both Type 1 and
Type 2 buslanes. These indices are based on an 80-sec cycle,
g/C of 50 percent, 400-ft block spacings, 20- to 50-sec dwell
times, and a 33 percent coefficient of dwell timevariation. The
sharp decline in the index as the bus v/c ratio exceeds 0.9 is
apparent. Thefigure a so presents speed indices calculated for
Hotel Street in Honolulu (17), where the declines occurred at
lower busv/cratios, and aseriesof curvesthat were developed
based on these patterns. These curves served as guidelinesin
developing the suggested factors set forth in Table 3-7. Note
that for busv/c ratioslessthan 0.7, thereisanegligible impact
on bus speeds due to other buses.

3.3.3 Effects of Right Turns

Right turns from a bus lane can adversely affect bus
speeds, especially where right-turning vehicle and parallel
pedestrian volumes are heavy. The impacts are greatest for

near-side stops where buses and turning traffic compete for
the same roadway space (see Table 3-3).

3.3.3.1 Field Observations

Selected field observations were conducted on Louisiana
Street in Houston and Geary Street in San Francisco to fur-
ther identify right-turn impacts and to verify simulation
results. Videotape images of these streets indicate that when
bus volumes are less than half of lane capacity, 100 to 200
right turns per hour do not inhibit the movement of the buses
in the lane. However, as bus flow rates increase, a level of
uncertainty among motorists as to how to position them-
selvesto execute the right turn appears to devel op. This con-
fusion stems from the combination of high variations in bus
dwell times, buses dwelling into the green phase, and pedes-
trian crossing volumes. The position of the bus stop at the
stop line (near-side) appears to be a primary cause for right-
turn confusion. Far-side bus stops, conversely, appear to
experience very little delay resulting from right turns.

3.3.3.2 Smulation Sudies

Simulation studies were performed to assess the effects of
right-turn volumes on bus speeds at near-side bus stops on
a Type 2 bus lane. The simulations assumed a two-block
skip-stop pattern, with stops spaced 400 ft apart. The TRAF-
NETSIM simulations indicate that when bus volumes are
lessthan half of bus|ane capacity, right-turn volumes of less
than 100 vph have a negligible effect on bus speeds and
delays. As bus volumes and right turns increase, thereis an
increasing effect on bus speeds. Theimpacts of right-turning

TABLE 3-6 Speed index valuesfrom TRAF-NETSIM simulation (400-ft block
spacing; 80-sec cycle, 50 percent green time; 40-sec dwell time, 33 percent dwell time

coefficient of variation)

Input Type 1 Type 2
Bus Volume 1 Block Stops 2 Block Skip-Stop

40 1.00 0.90
60 0.94 1.00
80 0.94 1.00
100 0.91 1.00
120 0.88 0.97
140 0.54 1.00
160 0.90
180 0.88
200 0.43
200 0.29

SOURCE: Simulations

Note: Speed Index represents ratio of speed to highest speed for the set of conditions.
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Figure3-1. Estimated effects of increasing bus volumes on bus speeds.

TABLE 3-7 Suggested speed reduction factorsfor bus-bus
interference, fg

< 05 1.00
0.5 0.97
0.6 0.94
0.7 0.89
08 0.81
0.9 0.69
1.0 0.52
11 0.35

Source: Compiled from computer simulations

Index represents normalized ratio of simulated speed for that
condition to the highest speed condition (at 50% or less of
capacity).

vehicle volumes on bus speeds derived from the simulations
are presented in Table 3-8. Thistable shows the likely speed
restrictions associated with various combinations of busvol-
umes, right-turn volumes, and dwell times.

More detailed discussion on how right-turn volumes affect
bus travel speed and bus lane capacity appeared in Chapter
2. A capacity adjustment factor that reduces the capacity of
the bus lane relative to the number of right turnsis derived.
The impact of right turns on bus speed isimplicitly reflected
in the bus-businterference and lane availability factors; both
of these factors utilize the bus v/c ratio (vg/cg) to reduce
speeds. Asthe cg value decreases, the bus v/c ratio increases
for any given flow rate. Thus, as bus volumes and right turns
increase, bus lane capacity and average bus speed decrease.

3.3.4 Final Bus Speed Relationships

Bus speed estimatesfor a section of an arterial street should
take into account the adjustment factors for bus-bus interfer-
ence, bus stop patterns, and, as appropriate, right turns.
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TABLE 3-8 Simulated right turnsper hour for various speed reductionsfor skip-stop operations
(400-ft block spacing; 80-sec cycle, 50 percent g/C; two-block skip stop; 45 percent dwell time

variation)

Percent Speed Reduction

2 Half of the buses would stop at each block
SOURCE: Simulations

3.3.4.1 General Approach

Bus speeds can be estimated by the following equation:

BUS SPEED = V, fsf, (3-2)

where:

V, = speed from Table 3-3
f, = bus-bus interference factor from Table 3-7
fs = bus stop pattern factor from Table 3-5.

Right-turn impacts are included in Table 3-3, Columns B,
C, and D. These values may be used where buses stop every
block and where conflicting right-turn impacts are generally
light. However, both the bus-bus and adjacent lane factors
reflect the impacts of right turns. Therefore, Table 3-3, Col-
umn E, should be used for the basic speed estimate when the
adjustment factors are applied. (The factors in Column E of
Table 3-11 eliminate the 0.8 minutes per mile right-turn delay
associated with Table 3-11, Column B.)

3.3.4.2 Auxiliary Approach

The detailed approach, set forth in Appendix B, results
in (1) computing speeds based on the dwell range window
analyses and (2) adjusting these speeds for bus-bus interfer-
ences and adjacent lane availability. The formulais as fol-
lows:

BUsSPEED = B9 + oEfD £, fsf,

e €

where:

d = distance between bus stops, in feet or meters
C = cyclelength, in seconds

0 = cyclelength offset, in seconds
fo = dwell range window factor (see Appendix B)
fv = dwell variation factor (see Appendix B)

fs fo = asin Equation 3-2.

3.4 FIELD EVALUATION OF
BUS SPEED RELATIONSHIPS

Field surveys were conducted along bus lanes in Hous-
ton, Chicago, Los Angeles, and San Francisco to obtain
basic bus flow parameters and to validate bus travel speed
estimates. Information was obtained on bus stop location,
berth capacity, block lengths, and signal timings and off-
sets. The entry and exit times of busesin each study section
were recorded to alow calculation of average speeds.
Dwell times for each bus at each bus stop in the study sec-
tion were recorded. Type 2 bus lanes were videotaped to
determine bus and traffic volumes in adjacent lanes and to
examine bus-car interactions. The data collected in each
city were analyzed by timeinterval for individual bus stops
and block segments. The data also were averaged for each
bus lane surveyed by time period. Measured bus speeds
were compared with those obtained from Table 3-3 and
Equation 3-3.

Table 3-9 describes the survey sites and summarizes the
information analyzed. Table 3-10 compares the predicted
and observed bus speeds. Both the general and detailed
speed prediction procedures give good estimates of bus
speeds.

It should be noted that the estimates shown for the detailed
approach include reductions for bus-bus and other interfer-
ences, whereas those for the general approach do not. The
general approach can be enhanced by including appropriate
speed adjustment factors for bus-bus interference and skip-
stop operations (see Equation 3-2).



TABLE 3-9 Characteristics of buslane sites analyzed

Type of Bus Lane Type 1 Contra Flow Type 2 Type 2 Type 2
No Passing Normal Flow Normal Flow Normal Flow

Length of Bus Lane 0.86 mile 0.36 mile 0.25 mile 0.30 mile
Bus Stops 7 3 4 2
Bus Stops per mile 8 8 16 7
Observation Periods 3:00-7:00 PM 3:00-6:00 PM 4:00-6:00 PM 3:00-6:00 PM
Buses/Hour 40-60 16-20 84-102 2648
Average Dwell Time 18-45 seconds 41-58 seconds 21-36 seconds 13-37 seconds
per stop
Number of Traffic 12 4 4 4
Signals
Average Bus 6.0-7.6 mph 3.9-5.1 mph 4.4-6.0 mph 6.2-7.8 mph
Speeds

SOURCE: Field Studies

TABLE 3-10 Comparisons of predicted and observed speeds

Location

Measured (MPH)

Iable 33

General Approach

Detailed Approach

Appendix B- Equation 3-6

Geary Street 55 5.0 6.0
Spring Street 6.1 6.5 53
Madison Street 7.8 68 n/a
Louisiana Street 5.8 5.7 56

Geary Street 4.8 45 5.0
Spring Street 6.6 6.3 6.1
Madison Street 6.5 5.9 n/a
Louisiana Street 5.0 4.5 44

The general approach (Table 3-3 and Equation 3-2) is
quick and user-friendly and provides a reasonable basis for
estimating bus speeds along arterial streets. The approach
utilizes the travel times between stops and dwell times at
stops as a base and then incorporates average estimates of
traffic delays. The results are sufficiently accurate for most
purposes.

The general approach is the suggested methodology for
updates of the HCM. The more complex auxiliary approach
(Equation 3-3 and Appendix B) provides a meansto evalu-
ate the impacts of changes in signal timing and coordina-
tion patterns or bus stop locations. Descriptions and appli-
cations of this auxiliary approach are presented in
Appendix B.
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