
CHAPTER 4

EXAMPLES OF RESEARCH APPLICATIONS

This chapter contains examples of procedures for applying
the research findings. A series of examples illustrate how bus
capacities and speed can be estimated. In these examples, bus
and car volumes are assumed as the flow rates based on the
peak 15 min.

4.1 EXAMPLE 1: TYPE 1 CURB LANE (NO
PASSING—ALL BUSES MAKE ALL STOPS)

4.1.1 Description

A curb bus lane operates along a downtown street where
bus stops are 660 ft apart. All buses make all stops. Existing
bus volumes average 30 buses in the PM peak hour with 
40-sec average dwell times. Each bus stop can accommodate
two buses. Traffic signals provide a 50 percent green time.
Both right turns and the conflicting pedestrian volumes are
less than 100 per hour at the bus stops. 

It is desired to find (1) the capacity of the bus stop and the
related level of service and (2) the average bus speeds and the
associated “flow” level of service.

4.1.2 Solution

The solution is straightforward. First, the capacity of the
bus lane is computed. Then the speed is estimated and adjust-
ments are made for bus-bus interference as necessary. The
level of service, in terms of the bus v/c ratio and speeds, are
calculated for both performance measures. 

4.1.2.1 Compute Bus Berth Capacity

Bus berth capacity can be obtained directly from Table
2-5, Part B. The capacity at LOS E, with a 25 percent fail-
ure and a 40-sec dwell time is 35 buses per berth. Table 2-3
indicates that there would be 1.75 effective berths at the bus
stop (based on the HCM). Thus, the effective bus stop
capacity is 61 buses per hour. For fewer than 100 pedestri-
ans per hour and 50 right turns per hour, the right-turn
adjustment is negligible. Thus, the bus v/c ratio is 30/61 or
0.49. Table 2-9, Part B, shows that the bus stop operates at
LOS B (the bus v/c ratio of 0.49 is less than 0.63 for the 
40-sec dwell time).

42

4.1.2.2 Estimate Bus Speeds

The basic speed estimate is obtained directly from Table 
3-3 for the 660-ft spacing (eight stops) per mile. Because right
turns are permitted and the lane operates in the CBD but right
turns are few, Column B is entered. A 40-sec dwell time with
eight stops per mile results in a speed of 5.3 mph. Because the
bus v/c ratio is less than 0.5, there is no adjustment for bus-
bus interference. Table 3-1 shows that this speed falls within
the range shown for LOS C for CBD streets (5.0 to 6.7 mph).
Thus, the bus lane operates at LOS C.

4.2 EXAMPLE 2: TYPE 1 CURB BUS LANE (NO
PASSING—ALL BUSES MAKE ALL STOPS)

4.2.1 Description

A curb bus lane operates on a downtown street. Bus stops
are spaced about 750 ft apart (seven stops per mile), and all
buses make all stops. Each bus berth can accommodate two
buses. Existing bus volumes average 48 in the peak hour.
Buses average 35 sec per stop with 80 percent coefficient of
variation. Traffic signals provide a 60 percent g/C ratio.
Right-turn conflicts with pedestrians exist, but both volumes
are negligible. 

It is desirable to determine (1) the capacity of the bus stop
and the related level of service and (2) the average bus speeds
through the area and their associated flow level of service.

4.2.2 Solution

The analyses of and solution for this example are similar
to those for the first example, except that the bus berth capac-
ity will be computed.

4.2.2.1 Compute Bus Berth Capacity

The capacity of the bus stop can be estimated by applying
Equation 2-10.

C
g C

t g C D Z C D
b

c a V

=
+ ( ) +

( )3600



where:

g/C 5 green/cycle 5 0.6
tC 5 clearance time 5 15 sec
D 5 average dwell time 5 30 sec

CV 5 80 percent (input as 0.8)
Za 5 0.675 for a 25 percent failure (LOS E) (Table 2-3) 
Cb 5 capacity per berth, in buses per hour.

Thus,

The capacity per berth is 44 buses per hour. Because there are
1.75 effective berths (HCM Table 12-19), the total capacity
of the bus stop is 77 buses per hour. 

The combined effects of right turns and conflicting pedes-
trians can be estimated from Table 2-14 and Equation 2-13.
For 100 pedestrians per hour, the right-turn saturation flow
rate is 1,360 vph. A g/C ratio of 0.60 results in a capacity of
816. A right-turn volume of 100 results in a right-turn v/c
ratio of 0.123. This number is inserted in Equation 2-13 to
obtain the right-turn adjustment factor, FR. The bus stop loca-
tion factor, LB, is assumed as 1 (near-side stop—no passing).

The adjusted bus stop capacity becomes (77)(0.877) 5 68. 
The bus v/c ratio is 48/68 or 0.71. This is slightly greater

than the average index for LOS C (Table 2-9, Part B, right-
most column). Note that for a 30-sec dwell time, the cut-off
value is 0.74, suggesting an LOS C operation. Thus, the bus
stop is considered to operate at LOS C. 

4.2.2.2 Estimate Bus Speeds

The basic bus speed estimates are obtained from Table 3-3.
Column E is used because the effects of right turns are reflected
in the initial capacity estimates. A 30-sec dwell time results in
a travel time rate of 7.50 min per mile when buses make six
stops per mile and 9.20 min per mile when buses make eight
stops per mile. Interpolation for seven stops per mile results in
a travel time rate of 8.35 min per mile or 7.19 mph.

It is necessary to adjust this speed for bus-bus interference.
Table 3-7 indicates that for a bus stop v/c ratio of 0.71, the
speed reduction factor (by interpolation) is 0.88. Thus, the
estimated bus speed is (7.19) (0.88) 5 6.33 mph.

Note that if the right-turn adjustment factor were not
applied to the berth capacity estimates, the resulting bus
berth v/c ratio would be 0.62 and the resulting bus interfer-
ence adjustment factor would be 0.93. Table 3-3, Column B,
results in 0.8 min per mile more travel time than Column E.
This results in an adjusted bus travel time rate of 9.15 min
per mile and a speed of 6.56 mph. Thus, the resulting speed
estimate becomes (6.56) (0.93) 5 6.10 mph.
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Table 3-1 shows a range of 5.0 to 6.7 mph for LOS C.
Thus, for both estimates, the speed-related LOS is C for the
bus lane.

4.3 EXAMPLE 3: TYPE 2 BUS LANE 
WITH SKIP STOPS 

4.3.1 Description

Buses using a curb bus lane along a downtown street oper-
ate in a skip-stop pattern, with each of two alternating sets of
buses making six stops per mile. The PM peak-hour volume
of 100 buses is equally divided between the two sets of near-
side stops. Each bus stop provides length for three berths.
Dwell times average 20 sec at Stops A and 40 sec at Stops B,
each with a 60 percent coefficient of variation. Right turns of
200 vehicles per hour conflict with 400 pedestrians per hour
crossing parallel to the bus lane at Stops A. Right turns are
prohibited at Stops B. Traffic in the lane adjacent to the bus
stop operates at a v/c ratio of 0.8.

It is desired to find (1) the capacity and related level of ser-
vice for each bus stop and (2) the average speeds and their
associated level of service along the bus lane.

4.3.2 Solution

The solution requires estimating the capacity of each bus
stop, taking into account the adjustments for right turns and
use of the adjacent lane. Next, the basic bus speeds are esti-
mated (from Table 3-3) by using an average dwell time.
Then, speeds are adjusted to account for bus-bus interference
and availability of the adjacent lane. Finally, a level of ser-
vice determination is made.

4.3.2.1 Compute Bus Berth Capacity

The capacity of each stop is estimated by applying Equa-
tions 2-14a and 2-14b.

Bus Lane Capacity (CAP) 5 Cb NbƒR

where:

Cb 5 capacity of a bus berth 
Nb 5 number of effective berths
ƒR 5 capacity of adjustment for right turns.

The capacity of the pair of stops is the sum of the individ-
ual capacities adjusted by the adjacent lane factor.

Bus Lane Capacity (CAP) 5 ƒk (CAPA 1 CAPB)

where fK 5 capacity adjustment for skip-stop operations.



The basic capacities, Cb, are obtained from Table 2-5, Part
B, assuming a 25 percent failure rate:

• Stops A with 20-sec average dwell time—54 buses per
hour

• Stops B with 30-sec average dwell time—43 buses per
hour. 

The number of effective berths are obtained from Table 
2-3. For three berths, the number of effective berths is 2.25.
Thus, Nb 5 2.25.

The right-turn impacts for Stops A are estimated 
from Tables 2-14 and 2-15. The 50 percent g/C, 200 right
turns, and 400 conflicting pedestrians per hour at Stops A
result in a vR/cR ratio of 0.36. This is introduced into Equa-
tion 2-13. 

The bus stop location factor, LB, is estimated from Table
2-16 to be 0.9. Thus, the right-turn adjustment factor, ƒR 5
1 2 (0.9)(0.36) 5 0.68. At Stops B, ƒR 5 1.0.

The capacities of the two stops, adjusted for the number of
berths and right turns are as follows:

• Stops A—54 3 2.25 3 0.68 5 82
• Stops B—43 3 2.25 3 1.0 5 97. 

The effects of adjacent lane availability, ƒK, can be esti-
mated from Equation 2-12, assuming typical arrivals (K 5
0.75) and an x value of 0.8. The effects may be obtained
directly from Table 2-15. For a v/c ratio of 0.80 in the adja-
cent lane, ƒK becomes 0.71. The adjusted capacity of the pair
of stops becomes the following:

Bus Lane Capacity (CAP) 5 ƒK (CAPA 1 CAPB) 
5 (0.71)(82 1 97) 5 127 buses

The v/c ratio for each stop becomes the following:

Table 2-9 indicates that the berths at stops A would
operate at LOS D (bus v/c ratio between 0.81 and 0.89 
for the 20-sec dwell time) and the berths at Stops B at LOS
C (bus v/c ratio between 0.66 and 0.74 for 30-sec dwell
time). Note that if the suggested rounded indices were used
(last two columns in Table 2-9), Stops A would operate at
LOS E (v/c 5 0.86 would be greater than the 0.70 to 0.85
range for LOS D) and Stops B would still operate at LOS
C. Thus, on balance, the pair of bus stops would operate at
LOS D. 
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4.3.2.2 Estimate Bus Speeds

Bus speed estimates along the bus lane can be obtained by
utilizing the bus stop frequency (six per mile) and by aver-
aging the dwell times for each stop. Skip-stop bus operations
require special consideration of the bus stop v/c ratios. If
there is a significant difference between the v/c ratios at indi-
vidual stops, the largest ratio should be used. If the differ-
ences are small, as in this case, the composite ratio (i.e., 
100 buses/127 capacity 5 79%) should be used.

The basic bus speed can be obtained from Table 3-3 (Col-
umn E) by interpolation. This is necessary to avoid the 
“double-counting” of right-turn impacts if Column B is used.
A spacing of six stops per mile results in travel time rates of
6.50 min per mile for 20-sec dwell times and 7.50 min per
mile for 30-second dwell times. Thus, the average is 7.00 min
per mile or 8.6 mph.

Adjustments are then made for bus-to-bus interference and
availability of the adjacent lane by applying Equation 3-2. 

BUS SPEED 5 V0 fS fb

where:

V0 5 unadjusted bus speed 5 8.6 mph 
fS 5 bus stop pattern factor 
fb 5 bus-bus interference factor.

The effects of traffic in the adjacent lane on the ability to
double bus speeds by skipping stops can be computed by
Equation 3-1 or obtained directly from Table 3-5. For an 0.8
v/c ratio in the adjacent lane and 0.8 bus-berth v/c ratio, the
factor, fS, is 0.74.

The effects of bus-bus interference can be estimated from
Table 3-7. For a bus-berth v/c ratio of 0.8, the factor, fb, is
0.81. Thus, the refined bus speed is (0.74)(0.81)(8.6) mph or
5.2 mph. This corresponds to LOS C (5.0 to 6.7 mph) as set
forth in Table 3-1 for a CBD location. 

4.4 EXAMPLE 4: TYPE 2 DUAL BUS LANES
WITH SKIP STOPS 

4.4.1 Description

Dual bus lanes operate along a downtown street. Buses
operate on a skip-stop basis with each set of 60 PM peak-
hour buses stopping every 900 ft (six stops per mile). Three
near-side berths are provided at each stop, and all right
turns are prohibited along the roadway. Bus dwell times
average 50 sec at each stop with a 60 percent coefficient of
variation. Signals operate with an approximate 50 percent
g/C ratio.

It is desirable to find (1) the capacity and related level of
service of the bus berths and (2) the travel speed and its
related level of service.



4.4.2 Solution

The solution involves first estimating the capacity of each
stop and then estimating the bus speeds. The computations
are less complex than for Type 2 bus lanes because right-turn
and adjacent lane impacts are not involved.

4.4.2.1 Compute Bus Berth Capacity

Bus berth capacity can be obtained directly from Table 
2-5, Part B. A 50-sec dwell time and a 25 percent acceptable
failure results in a capacity of 30 buses per berth per hour.
The number of effective berths is obtained from Table 2-3;
the three berths translate into 2.25 effective berths. Thus, the
capacity for each stop is (2.25)(30) or 68 buses per hour. The
bus berth v/c ratio is 60/68 or 0.88 at each stop. Table 2-9
shows a v/c ratio of 0.85 to 1.00 for LOS E. Thus, the berths
at each stop would operate at LOS E.

The capacity of the dual bus lanes on the arterial could be
(2)(68) 5 136 buses per hour if advance platooning of buses
were to place bus arrivals in their proper order (three buses
for Stop A, three buses for Stop B, etc.) as they enter the bus
lanes. Rather than purely random arrivals, the cumulative
effect of operating in the skip-stop pattern tends to place
buses in a somewhat ordered arrival sequence. An adjust-
ment factor, ƒK 5 0.88, would be applied to adjust for the
ability to fully utilize the bus stops in the skip-stop operation
(see Equation 2-12). The resulting capacity of the skip-stop
operation in the dual lane is (0.88)(68 1 68) 5 120 buses per
hour. The resulting bus volume capacity ratio is 1.00. 

4.4.2.2 Estimate Bus Speeds

Basic bus speeds can be estimated directly from Table 3-3.
Because there are no right turns, Column E is read for six
stops per mile and a 50-sec dwell time. This translates into
6.3 mph.

An adjustment for bus-bus interference in necessary.
Table 3-7 shows a reductive factor of 0.55 for a 1.00 bus v/c
ratio. Thus, the estimated bus speed is (0.55)(6.3) 5 3.5 mph.
Table 3-1 indicates that the speed-related LOS is E (i.e.,
between 3.3 and 4.0 mph). 

4.5 EXAMPLE 5: ESTIMATE ARTERIAL 
BUS LANE SPEEDS 

4.5.1 Description

Buses operating in a curb bus lane along an urban arter-
ial roadway stop every 1⁄ 4 mi with 15-sec average dwell
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times. Within the CBD, buses stop every block (1⁄ 8 mi) 
with a 40-sec dwell time. Approximately 30 buses use 
the lane in the peak hour. Two bus berths are provided at
each bus stop in the CBD, and one berth is provided at stops
elsewhere. 

It is desired to find the expected average bus speeds
through the CBD and along the rest of the route and associ-
ated levels of service. If the bus lane is 10 mi long and the
portion through the CBD is 1 mi in length, what is the an-
ticipated route trip time?

4.5.2 Solution

The solution represents a straightforward application of
Table 3-3. Because bus volumes are low relative to berth
capacities, adjustments for bus-bus interference are not nec-
essary. Using Table 3-3, for four stops per mile and interpo-
lating between the dwell time values for 10 and 20 sec (13.2
mph and 15.5 mph), the average speed of buses along the
arterial is estimated at 14.3 mph (4.2 min/mi). From the level
of service criteria presented in Table 3-1, this speed corre-
sponds to LOS A for the urban arterial bus lane. Similarly,
from Table 3-3, it is determined that buses passing through
the CBD would have an average speed of 5.3 mph (11.3
min/mi). From Table 3-1, this speed corresponds to LOS C.
Thus, the LOS drops from A to C when proceeding through
the CBD. The total trip time (one-way) is estimated to be 
(9 mi x 4.2 min/mile) 1 (1 mi 3 11.33 min/mi) 5 49.1 min.
The average overall speed is 12.2 mph. 

4.6 ADDITIONAL APPLICATIONS 

The procedures can be applied to assess the following:

• Negative and positive impacts of various changes in
traffic controls and transit operations;

• Benefits resulting from establishing a skip-stop service
pattern, changing from near- to far-side bus stops, and
increasing the number of bus berths; and

• Benefits to bus operations resulting from prohibiting
right turns and changing traffic signal timing.

Additional methods for assessing detailed speed impacts
resulting from changes in traffic signal timing and coordina-
tion are presented in Appendix B. The equations in this
appendix incorporate information on cycle length, green
times, and offsets as well as bus acceleration rates, cruise
speeds, dwell times, and dwell time variations. They can be
used for fine-tuning signal systems to minimize total bus pas-
senger and person delay.



CHAPTER 5

INTERPRETATION, APPRAISAL, AND IMPLICATIONS

This research analyzed the operation of buses on arterial
street bus lanes, focusing on operating conditions in which
buses have full or partial use of adjacent lanes. In this con-
text, the research explored the effects of adjacent lanes on
bus speeds and capacities and derived relationships that
quantify these impacts. It also showed how increasing bus
volumes can reduce speeds and how right turns from or
across bus lanes affect bus flow.

Thus, the research quantified the interaction of buses in
traffic—the impacts of stopping patterns, traffic signals, and
lane-use characteristics on bus operation. Extensive simula-
tion runs provided a basis for formulating, calibrating, and
refining analytical relationships that were translated into sim-
ple tables, charts, and formulas. The research, therefore, aug-
ments and expands available information pertaining to bus
use of arterials and provides important input for the HCM
update and for a new transit capacity manual.

The analyses focused on bus lanes along downtown
streets, where bus volumes and passenger boardings are the
heaviest and where most bus lanes are provided. Traffic sig-
nals usually are located at every intersection, resulting in lim-
ited progression and maximum impact on bus flow. The pro-
cedures and parameters also apply to bus lanes along major
radial arterials with heavy bus flow.

The research emphasized the estimation of bus speeds.
Speed-related levels of service for local bus operations on
arterial streets were established; thus, it will be possible to
assess bus operations along arterials in a way that is consis-
tent with the assessment of arterial street traffic flow.

The research focused on bus capacity in terms of buses per
hour. Perhaps even more important is the movement of peo-
ple, which involves providing enough stops and berths along
a peak passenger demand section. These procedures are
described in the 1985 HCM (1) and can be readily modified
to reflect the procedures and parameters suggested in this
research.

5.1 SPEED AS A FLOW LEVEL 
OF SERVICE CRITERIA 

Representatives of transit properties normally are con-
cerned with the number of passengers vehicles can (or
should) carry and, in turn, with the number of vehicles they
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can (or should) operate. Both these factors are addressed in
detail in existing capacity references. The HCM defines lev-
els of service in terms of both passengers per vehicle and
vehicles per hour.

The research adds a new dimension to bus levels of ser-
vice—bus speed. Speed is suggested as another bus transit
performance measure, and levels of service based on speed
are presented for various bus operating environments. The
use of speed ranges to define levels of service is easy to
understand and reflects transit passengers’ perceptions of
how well buses operate along a route. Moreover, bus travel
speed as a performance measure is consistent with existing
level of service criteria for arterial streets and with proposals
under consideration for a year 2000 HCM.

Speed is also important from a transit operations and plan-
ning perspective. It influences fleet requirements and operat-
ing costs, and it provides a basis for making traffic improve-
ments and installing bus lanes. An important goal in timing
downtown traffic signals and in establishing bus lanes is to
minimize total person delay. 

Finally, many transit agencies view a roadway or transit
effectiveness in terms of the person-mile per hour achieved
during peak travel conditions. Speed estimates are useful for
these purposes.

5.2 EFFECTS OF ADJACENT LANES 

Bus speeds are determined by how frequently bus stops
are placed, how long buses dwell at each stop, traffic condi-
tions along the route, and whether buses can pass and over-
take one another. The primary benefit of having the adjacent
lane available for buses is the ability to adopt skip-stop ser-
vice patterns with alternate groups of buses stopping at alter-
nate stops. In this manner, stops for each route can be spread
further apart, thus increasing average bus speeds. Designa-
tion of dual bus lanes and the prohibition of right turns for a
two-block skip-stop pattern can virtually double average bus
speeds and nearly double route capacities. However, if buses
must share the adjacent lane with other traffic, speed and
capacity gains are less whenever the adjacent lane operates
at or near its capacity. In addition, the availability of the adja-
cent lane enables buses to pass errant, stalled, or delayed
vehicles without crossing barriers or going into an opposing
traffic stream.



Such bus service and stopping patterns, however, must be
tempered by the existing route structure, block spacings, and
passenger demand. Overconcentration of passenger board-
ings tend to increase dwell times, thereby potentially reduc-
ing anticipated gains in speed and capacity. Thus, in practice,
opportunities for skip stops may be limited. From a bus speed
perspective, lengthening the distance between stops through-
out the urban area may prove beneficial.

The research reaffirms the basic relationships between
capacity and various factors, including the following:

• Passenger dwell times and their variations at stops;
• Green time available for buses; and
• Number of berths available.

When stops are spread along a route in a skip-stop pattern,
the capacity of the bus lane increases by 50 to 100 percent,
less adjacent lane interferences.

5.3 POTENTIAL MODIFICATIONS TO THE HCM

Highway and transit capacity are in a state of flux. Work
is proceeding on the year 2000 HCM, and work has been 
initiated on TCRP Project A-15, Development of Transit
Capacity and Quality of Service Principles, Practices, and
Procedures. The materials contained in the present research
will provide important input to both these efforts.

The following opportunities exist for incorporating re-
search findings within the framework of the 1985 and 1994
versions of the HCM. Most of these potential modifications
relate to Chapter 12, Transit Capacity. In addition, certain
revisions should be incorporated into Chapter 9, Signalized
Arterials, and into Chapter 11, Urban and Suburban Arterials.

5.3.1 Overview of Suggested Changes 

Major additions to the existing HCM include incorporat-
ing (1) new speed-related level of service criteria and (2)
methods of estimating bus lane speeds. These additions
could be incorporated into Chapter 11; alternatively, a sec-
tion on bus speeds could be added to Chapter 12, Section III,
immediately before the discussions on bus priority treat-
ments. Existing materials in Chapter 12 describing bus berth
capacity could be augmented by incorporating the new
capacity procedures for skip-stop operations (including dual
bus lanes) and for right-turn impacts. It also may be desirable
to incorporate the revised capacity equations and the result-
ing bus stop level of service criteria (use of 25 percent fail-
ure for LOS E versus the 30 percent failure in the HCM).
These changes, if included, would require changes in some
of the values and formulation of equations for estimating
passenger capacity of the berth as well as changes in the 
sample problems. The following modifications should be
considered.
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5.3.2 Specific Modifications to Chapter 12

The following modifications to Chapter 12 should be con-
sidered.

1. Modify Basic Berth Capacity. The HCM uses the fol-
lowing equation for estimating the capacity of a bus
berth under signalized traffic flow conditions:

where R 5 0.833 for LOS E (30 percent acceptable bus
stop failure).

The simulations and field studies suggest that a more
precise, but slightly more complex, statement could be
developed to allow for differing dwell time variations.
The refined bus capacity equation is as follows: 

where:

SD 5 standard deviation of dwell times
Za 5 one-tail normal variate for probability that queue

will not develop at the bus stop.

The results from using the two equations are similar.
Analyses of Equation 5-2 for a dwell time variation of
60 percent [i.e., SD 5 (0.6D)] results in an average R
factor of about 0.70 to 0.75 for 25 percent failure (LOS
E). Thus, for computational simplicity, it may be desir-
able to retain the existing formulation.

2. Modify Level of Service Criteria. The level of service
criteria for bus berths in Table 12-17 of the HCM could
be modified as follows:

3. Revise the Effects of Spreading Stops (presented on 
p. 12-30 of the HCM). Three conditions should be
addressed and pertinent values indicated.
a. Where buses have complete use of the adjacent lane.

The current wording suggests a doubling of capac-
ity if stops are spread across two alternating bus
stops. The research indicates that a doubling would
only occur if the bus arrivals were platooned in
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advance and there was little or no traffic in the adja-
cent lanes and no change in dwell times. Thus, some
downward adjustments may be needed to account
for arrivals that are purely random and, more typi-
cally, partially platooned.

b. Where buses do not have full availability of the
adjacent lane. The v/c ratio of the adjacent lane
should be considered.

c. Capacities of each stop based on the dwell times at
a particular stop. It also should be noted that the
capacities of each stop should be based on the dwell
times at a particular stop. The sum of the capacities
should be discounted where buses do not have full
use of the adjacent lane.

4. Incorporate the Effects of Right Turns. It also may be
desirable to include reductive factors for the effect of
right turns on bus flow in Chapter 12.

5. Expand/Modify Problems. If the revised capacity and/or
level of service criteria are adopted, they may require
changes in pp. 12–19 through 12–28 of the HCM as well
as changes in many of the problems on pp. 12–39
through 12–47.

6. Include Bus Speeds. A section on bus lane speeds and
speed-based levels of service should be added to Chap-
ter 9 and/or Chapter 12. The additions should include
(1) bus-speed-related level of service criteria and (2)
basic tables showing bus speed values for Table 3-3
and relevant adjustment factors.

7. Include Detailed Travel Time Equations. The dwell
range window concept appears to help in understand-
ing the effects of the traffic signal system on bus
speeds under typical bus lane conditions. This mater-
ial may be applicable to Chapters 9 and 11 as well as
to Chapter 12 and could be included in an appendix to
either chapter.

5.3.3 Specific Modifications to Chapter 9

The following modification to Chapter 9 should be con-
sidered: 

• Consolidate and Update Information on the Effects of
Buses on Vehicular Capacity. The materials in Chapter
12 on p. 10, Bus Flow and Equivalency Studies and
Effects of Buses on Vehicular Capacity, should be
moved to Chapter 9. Information should be added
describing how the number of buses making lane
changes can be estimated for streets with Type 2 bus
lanes.

5.4 SERVICE PLANNING GUIDELINES 

The basic traffic and transit operational and planning goal
should be to improve the speed, reliability, and capacity of
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bus operations on city streets. Several planning and policy
guidelines that emerge from the research investigations are
consistent with this goal:

• It is desirable to minimize the number of bus stops along
a route consistent with land use, street system, and pas-
senger demands. Simultaneously, 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.

• The passenger dwell times at bus stops should be mini-
mized. This need suggests the use of passes or farecards,
pay-as-you-leave fare collection, and possibly prepay-
ment of fares at busy stops. It also suggests the use of
wide multichannel doors and low floor buses. Enough
major stops should be provided to distribute passenger
loads.

• Equally important is the need to minimize the variations
in dwell times at key bus stops during peak travel peri-
ods. This need suggests the separation of local and ex-
press bus stops, where each service may have signifi-
cantly different dwell times.

• Bus lane speeds can be enhanced by providing alternate
or skip-stop route patterns in which alternate groups of
buses stop at alternate bus stop locations. This empha-
sizes the importance of having usable adjacent lanes for
use by buses, as with dual bus lanes and suggests dual
contraflow bus lanes where block spacing and passenger
demands are conducive to skip stops. The provision of
bus lanes, bus streets, and busways to minimize auto-bus
conflicts may be desirable.

• Curb bus lane speeds also can be enhanced by prohibit-
ing right turns at major boarding and alighting points or
by providing far-side stops at intersections with heavy
right-turn volumes. 

This report shows how the effects of these actions can be
estimated for bus lanes. Bus speeds are affected by the real-
ities of operations on city streets, where there is much com-
petition for curb space. Bus volumes, right turns, loading and
goods delivery, and parked vehicles adversely affect speeds;
therefore, sound management and effective enforcement of
bus lanes is essential. Good judgment is essential in applying
the various adjustment factors.

5.5 RESEARCH POSSIBILITIES 

This research emphasized arterial street bus lane opera-
tions and presented procedures for estimating bus speeds
along arterials by using average values for the aggregate traf-
fic delays involved. Further analyses of bus speeds and the
interaction of bus dwell times, traffic signals, and bus prior-
ity treatments along arterial roadways is desirable to refine
and strengthen these bus speed and capacity relationships for



various operating conditions, including bus flow in mixed
traffic. 

Traffic signals account for several minutes per mile delay
to buses in exclusive lanes. Some of this delay might be
reduced if the signals were timed to minimize total person
delay, rather than vehicle delay. Further research on the
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interaction between buses and traffic signals is desirable.
Simulation could be used to analyze the effects of bus
advances and extension (or preemption) on bus and auto
travel times. The objective is to minimize total person delay,
while maintaining the integrity of overall signal system 
coordination.



APPENDIX A

LITERATURE REVIEW

A review was made of the available literature pertaining to
bus flows, bus capacities, bus travel times, and their interac-
tions. This information provides an important resource for
traffic and transit professionals.

A.1 BUS FLOW AND CAPACITY

Bus flow and capacity have been analyzed in a number
of studies. Peak-hour bus flows from which capacity ranges
have been identified have been tabulated, bus capacity for-
mulas have been derived, and level of service criteria have
been established. The 1985 Highway Capacity Manual
(HCM) (1), for example, addresses transit capacity from
both planning and operating perspectives. The HCM
defines level of service in terms of both passengers per
vehicle and vehicles per hour; suggests passenger car
equivalents for buses keyed to effective green per cycle
(g/C) ratios and dwell times; and contains detailed capacity
formulas.

A.1.1 Observed Flows and Capacities

Various observations of peak-hour bus flows on urban
arterials provided a framework for capacity estimates. The
maximum number of buses operating on city streets was first
tabulated in a 1961 progress report of the Transit Subcom-
mittee of the HRB Committee on Highway Capacity (2). Fur-
ther listings are presented in the 1965 HCM (3), NCHRP
Report 143 on bus use of highways (4), and a 1975 paper,
Bus Capacity Analyses (5). More recent listings are contained
in the 1985 Highway Capacity Manual (1) and in the Trans-
portation Planning Handbook (6). Selected listings are
shown in Table A-1. These references suggest maximum bus
flows of 200 buses per hour (up to 10,000 persons per hour)
where buses can use adjacent lanes and flows of 80 to 120
buses per hour where buses are limited mainly to a single
lane (experience in Asia suggests a doubling of these bus and
passenger volumes).

The HCM defines level of service criteria for central busi-
ness district (CBD) and non-CBD environments based on
actual operating experience. These values are summarized in
Table A-2. Where stops are not heavily used, as along many
outlying arterials, the service volumes could be increased by
about 25 percent. 
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The HCM also contains planning guidelines for person-
capacity, assuming that the key boarding points are suffi-
ciently dispersed to achieve these bus loads. These guidelines
are shown in Table A-3.

The Canadian Transit Handbook (7 ) suggests maxi-
mum flows of 90 buses per hour in mixed traffic and 120
buses per hour in exclusive bus lanes (1). These values
translate into 3,600 and 4,800 seated passengers per hour,
respectively.

Peak-hour bus flows and capacities are governed by how
long buses remain at stops; therefore, it is reasonable to
assume that flows are less in the evening peak period when
loading conditions govern. These differences were recog-
nized in a 1991 study of bus flows on Manhattan (New York
City) streets (8). The specified maximum and desirable
capacities are summarized in Table A-4. 

A.1.2 Capacity Formulas

Various formulas have been developed over the years for
estimating the capacity of a bus berth, bus stop, and bus
route. These formulas show how the number of buses that
can be accommodated at a given stop relate to the dwell times
at stops and the clearance times between successive buses.
The dwell times, in turn, are influenced by the amount of pas-
senger boarding and alighting activity and the service time
per passenger.

Passenger service times for various loading and unloading
conditions were first set forth in the 1961 HRB Transit Sub-
committee progress report (2) and the 1965 HCM (3). The
1965 HCM, in turn, suggested that the capacity of a curbside
stop should be based on twice the average dwell time to
account for variations in arrivals. Passenger service times
also are presented in NCHRP Report 155 on planning and
design guidelines for bus use of highways (9) and in the 1985
HCM (1). 

Formulas for estimating bus stop capacity and berth
requirements to accommodate a given passenger demand are
presented in NCHRP Report 155 and in a 1975 paper on bus
capacity analysis (5). These formulas were incorporated in
1980 in Transportation Research Circular 212: Interim
Materials on Highway Capacity (10).

These earlier formulas were modified in the 1985 HCM to
include the effects of the effective green time per cycle ratio
and the variability of bus arrivals at stops, two factors that



affect capacity. The general equation for computing the num-
ber of vehicles that may be accommodated per effective berth
at a bus stop was as follows:

where:

Cv 5 buses per hour per channel per berth
D 5 bus dwell time at stop, in seconds
tC 5 clearance time (headway) between buses, in sec-

onds (usually 10 to 15 sec)
R 5 reductive factor to account for variations in dwell

times and  arrivals, assumed to be 0.833 for buses
for LOS E (lower for other service levels)

g/C 5 effective green time per cycle.

If there is more than one berth, the HCM contains factors
for converting the number of actual berths to effective berths.
Equation A-1 does not account for the ability of a bus to pass
a stopped bus, nor the reductive effects of right turns from or
across the bus lanes, and it does not provide for speed-related
levels of service.

The HCM formula was applied to Manhattan streets in a
study of bus service times and capacities published in Trans-
portation Research Record 1266 (11). This study found that
the reductive factor (R) of 0.83 closely approximated condi-
tions on Manhattan streets.

C
g C R

g C D t
v

c

=
( / )

( / ) +
(A-1)

3600
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A 1991 European study (12) analyzed the capacity of bus
lanes, assuming random arrivals of buses and up to three
loading positions. The results for levels of service C/D were
compared with those in the 1985 HCM. The study found 
little increase in capacity when there are more than three
stopping positions, thereby validating the 1985 findings rel-
ative to bus berth efficiency. 

A.2 BUS TRAVEL TIMES

Most transit agencies check bus running times as a basis
for preparing schedules and monitoring on-time perfor-
mance. Speed and delay measurements of bus operations on
arterial streets are sometimes part of transit and traffic stud-
ies. However, there have been relatively few systematic
analyses of bus travel times. 

A.2.1 Transit Agency Perspective

Transit agencies establish bus schedules that reflect the
frequency and duration of stops and street traffic conditions
along each bus route (13). The schedules are varied to reflect
differing conditions throughout the day. Performance is
monitored to determine how well buses adhere to the estab-
lished schedules. Buses generally should operate on time
between 80 and 90 percent of the time. “On time” usually is
defined as between 1 min early and 3 to 5 min late; specific
requirements are keyed to the type of bus route (local,

TABLE A-1 Observed peak-hour bus passenger volumes on urban arterial roadways in the United
States and Canada, 1972–1990



express, or feeder) and service frequency. However, specific
speed-related level of service criteria, such as those set forth
in the HCM for arterial streets, have not been used.

A.2.2 Travel Time Analysis

Detailed analyses of bus and rail transit travel times appear
in a 1982 study prepared for the Urban Mass Transit Admin-
istration (14). This work is summarized in the paper Analyz-
ing Transit Travel Time Performance, published in Trans-
portation Research Record 915 (15). This paper contains a
detailed analysis of transit speeds, delays, and dwell times.
The analysis revealed that car speeds are consistently 1.4 to
1.6 times as fast as bus speeds and that the typical bus spends
about 48 to 75 percent of the time moving—9 to 26 percent
at passenger stops and 12 to 26 percent in traffic delays.

Table A-5 summarizes peak-hour bus travel times for
CBD, central city, and suburban environments. Peak-hour
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bus travel times are approximately 4.2 min per mile in the
suburbs, 6.0 min per mile in the city, and 11.50 min per
mile in the CBD. About one-half to two-thirds of total
travel time is spent in motion; the remainder is almost
equally divided between traffic delays and time spent at bus
stops.

Bus travel times and speeds also were derived as a 
function of stop frequency, stop duration, and bus 
acceleration-deceleration times observed in the field. Fur-
ther analysis of these times in relation to traffic delays led
to the values shown in Table A-6 (16). Bus speeds tend 
to decline as bus volumes increase, although these patterns
are influenced by other factors as well. The travel times
without traffic delay would be experienced only where
buses operate on unsignalized roadways and where full sig-
nal preemption for buses exists. The table provides a basis
for estimating bus speeds and was used in subsequent
analysis. 

TABLE A-2 Suggested HCM bus flow service volumes for planning purposes (1)



53

TABLE A-4 Suggested maximum and desired capacities for midtown Manhattan (8)

TABLE A-3 Suggested bus passenger service volumes for planning purposes (hourly flow rates
based on 50 seats per bus) (1)

TABLE A-5 Estimated peak-hour transit travel times by components (15)
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TABLE A-6 Bus travel times and speeds as a function of stop spacing and traffic congestion (16)



A.2.3 Bus Volume Impacts

Bus speeds tend to decrease as the number of buses in a
given lane increase, especially when buses are not able to
leave the bus lane. A 1978 bus demonstration project along
Hotel Street in Honolulu (17 ) revealed a drop in bus speeds
as bus volumes increased (see Figure A-1). Hotel Street is a
two-lane 36-ft-wide collector street that serves mixed traffic.
Although there was only one moving lane each way, cars and
commercial vehicles were able to pass one or two buses load-
ing or unloading at stops.

Buses were metered into both directions of Hotel Street at
flow rates of 60, 100, 138, and 150 buses per hour; however,
only 100 to 120 buses could actually pass through the sys-
tem. Bus capacity was estimated at 95 to 100 buses per hour
each way at speeds of 2 to 3 mph. For flows of 60 buses per
hour, speeds were approximately 5 mph with a decline of
about 0.07 to 0.10 mph per bus for bus volumes exceeding
60 buses per hour.

The effects of bus-bus congestion also were addressed in
a 1986 study of bus priority proposals in New York City (18).
The results are summarized in Table A-7. Delay resulting
from bus-bus congestion on Fifth Avenue (220 buses per
hour, passing difficult) averaged 2.2 min per mile in the AM
rush hour. Conversely, bus-bus congestion on Sixth Avenue
(150 buses per hour, passing possible) was insignificant.
Bus-bus congestion accounted for about 15 percent of the
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total travel time along Fifth Avenue and for less than 1 per-
cent along Sixth Avenue.

A.2.4 Bus Lane Impacts

Several studies have documented the effectiveness of bus
lanes in reducing travel times. The 1961 transit progress
report (2) cited increases in peak-hour bus speeds of about
1.5 to 2.0 mph when bus lanes were designated. Results of a
1975 study, Bus Rapid Transit Options in Densely Devel-
oped Areas (19), illustrated in Figure A-2, demonstrate how
time savings vary inversely with the preexisting bus speed
(the slower the speed before the bus lane, the greater the time
savings). These generalized relationships are shown in Fig-
ure A-3 for various kinds of bus priority treatments. 

The Madison Avenue experience in New York City best
illustrates the impacts of bus-bus-traffic interaction. Bus
stops are provided for sets of bus routes at alternating loca-
tions, resulting in a skip-stop pattern of operations with con-
siderable movement of buses into the second lane of the five-
lane one-way street. Right turns from Madison Avenue
resulted in serious weaving movements across the bus lane,
and the curb lane was sometimes occupied by delivery and
service vehicles. To alleviate the problems of slow bus
speeds and poor reliability, dual bus lanes were installed
between 42nd and 59th Streets in 1981. The lanes operate

Figure A-1. Bus speeds—Hotel Street demonstration, Honolulu, 1978. 
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TABLE A-7 Bus travel times by component, Fifth and Sixth Avenues, New York City (18)

Figure A-2. Time savings—central business district and arterial on-street
priority treatments (15).



between 2:00 and 7:00 p.m., during which time right turns
are prohibited along Madison Avenue. Figure A-4 illustrates
current lane arrangements.

The travel time and reliability improvements resulting from
the dual bus lanes were documented in a 1984 report, Madi-
son Avenue Dual Exclusive Bus Lane Demonstration, New
York City (20), and in a 1982 presentation to TRB (21). Bus
peak-hour travel times declined 42 percent for express buses
and 34 percent for local buses. Bus reliability increased 57
percent and non-bus traffic was not adversely affected by the
high occupancy vehicle (HOV) facility. For the 5:00 to 6:00
p.m. peak hour, travel time coefficients of variation decreased
from 42 to 24 percent for express buses. The number of buses
per hour in the second lane ranged from 110 to 130, whereas
the number of buses in the curb lane was about 45. Buses
operated on approximately a three-block stop pattern.

A.3 SIMULATION STUDIES

Various simulation studies have been reported in the liter-
ature during the past several decades (22–28). These studies
have been used to depict bus operations and to assess the
impacts of various changes in traffic and bus operations. The
more promising simulations include those associated with
NETSIM, a microscopic simulation model whose ongoing
development is being sponsored by FHWA. The simulation
of downtown Ottawa, Ontario, Canada, bus lane operations
with BLOSSIM (21) revealed that bus flow rates of 150 to
170 buses per hour can be achieved, depending on the strat-
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Figure A-3. Typical time savings—bus rapid transit options (19).

Figure A-4. Madison Avenue dual bus lanes (20).



egy selected. Multiple-door channels on articulated buses,
widespread use of passes, and the provision of right-turn
lanes on the outside of bus lanes, with the availability of the
adjacent lane for passing purposes, enable these flow rates to
be achieved in what are essentially downtown bus lanes. 

A.4 IMPLICATIONS

The literature review uncovered the available information
on bus capacities, bus travel times keyed to traffic congestion
and stopping, and the effects of removing other traffic from
the bus lanes. The relationships of travel time to dwell time
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and stop frequency provide broad planning guidelines. Sim-
ilarly, the observed time savings resulting from the installa-
tion of bus lanes provides information for the disaggregation
of traffic-related delays.

Bus travel times by component of delay are presented in
Figure A-5. This information was derived from Tables A-5
and A-6 and Figure A-3. Five sources of travel time or delay
are identified:

• Time in motion;
• Time spent at stops (dwell time);
• Time spent at signals;

Figure A-5. Bus lane travel times by time component.



• Right-turn delays; and
• Traffic congestion/interference delays.

Two points are significant:

1. As indicated in previous analyses, the time saved by the
installation of bus lanes is a function of how much con-
gestion exists before the lanes are installed.
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2. The contraflow curve is probably similar to the dual bus
lane in performance. Note that it shows a difference up
to 2 min under congested operations.

This information was used in developing more detailed travel
time information for various types of single and dual bus
lanes.



APPENDIX B

DWELL RANGE WINDOW APPROACH TO ESTIMATE SPEED

The bus speed relationships for buses operating in bus
lanes are complex. Stop spacing and dwell times are two
major factors that influence bus speed. The effect of traffic
signal operations along the arterial also is significant. As bus
flow rates increase, the effects of bus-bus interference, auto-
mobile turning across bus lanes, and the ability to use adja-
cent lanes further affect bus speed.

In much the same way that green bandwidths are 
adjusted to improve traffic progression, bus movement
along an arterial can be affected by the signal system tim-
ing. Unlike other traffic, buses make numerous stops along
the arterial to serve passengers. The interaction between
stops for passengers and stops at traffic signals influence
bus speed.

The following approach has been designed to assess this
interaction. The benefits of the approach follow: 

• Allows direct computation of bus speeds from a series
of equations and associated tables;

• Permits a more precise determination of anticipated bus
operational speeds under specific conditions where
information on detailed traffic signal coordination pat-
terns are available or can be estimated;

• Develops bus speed relationships as a function of 
bus stop spacing, dwell time at each stop, and traffic
signal operations (cycle length, green time, and coor-
dination pattern) and allows the values obtained to be
adjusted for bus-bus interference as bus volumes in-
crease; and

• Incorporates the ability of buses to execute a skip-stop
pattern into the analyses.

Further discussion of these bus speed relationships, proce-
dures for their use, comparisons with the general approach
(Chapter 3), and some applications follow. 

B.1 DWELL RANGE WINDOW CONCEPT 

Signalized intersections usually are the primary causes of
delay along an arterial street and a constraint in throughput
capacity for all traffic. The system of traffic signals along an
arterial have long been recognized as defining a green band-
width for progression of traffic along the street. When eval-
uating bus lane operations, the system of signals along the
arterial defines a characteristic “dwell range window” for
each condition. The dwell range window concept defines
three types of bus operations:
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1. Buses arrive at bus stops 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 window and is depicted in the
time-space diagram in Figure B-1.

2. Buses arrive on the green phase at bus stops to serve
passengers and then may proceed on the green phase
to the next stop downstream before the red phase 
on that signal cycle. This represents dwell times 
less than the lower extent of the dwell range win-
dow and is depicted in the time-space diagram in 
Figure B-2.

3. Buses arrive at a bus stop to serve passengers and dwell
through the red phase and into the green phase before
proceeding to the next downstream bus stop. This rep-
resents dwell times greater than the upper extent of the
dwell range window and is depicted in the time-space
diagram in Figure B-3.

The effect of signal operations along an arterial on bus oper-
ation stop spacing and dwell time conditions is discussed in
the following sections.

B.2 BUS SPEED COMPUTATION
PROCEDURES 

A step-by-step computational procedure was developed
for determining the probable average bus speed under spe-
cific arterial and bus operating conditions. 

B.2.1 Step 1: Compute Basic Bus Speed 
and Dwell Range Window

The basic bus speed equation is as follows:

where:

BUS SPEED 5 estimated average bus speed for specified
segment, in feet per seconds or meters per
second;

d 5 distance between bus stops served, in feet
or meters;

C 5 signal cycle length, in seconds; and
o 5 signal cycle offset to next signal, in

seconds.

The basic bus speed is characteristic of the progression of a bus
along an arterial that dwells into the red phase of the signal and
then proceeds on the green phase (Type 1 operation).

BUS SPEED (B-1)=
+
d

C o( )



This computed bus speed is applicable for bus dwell times
that fall within the dwell range window defined by the fol-
lowing equations:

DU 5 C 1 o 2 t (B-2a)

DL 5 g 1 o 2 t (B-2b)

where:

DU 5 maximum dwell time for buses to serve bus stop on
red phase, in seconds;

DL 5 minimum dwell time above which buses serve bus
stop on red phase, in seconds;

C 5 signal cycle length, in seconds;
o 5 signal cycle offset to next signal, in seconds;
g 5 effective green per cycle (green plus clearance time

amber, plus all red time less start-up lost time, in
seconds per cycle); and

t 5 time to travel between bus stops, in seconds.

The time to travel between bus stops, t, will be characteristic
of the prevailing conditions of bus stop spacing. The time, t,
to start up from a stop, accelerate to cruise speed, and then
decelerate to a stop at the next bus stop can be expressed by
the following equations:
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where:

t 5 travel time between bus stops, in seconds
Vc 5 cruise speed, in feet per second
d 5 distance between stops, in feet

a1 5 acceleration rate, in feet per second2

a2 5 deceleration rate, in feet per second2

LT 5 startup lost time, in seconds.

The time, t, also may be computed from the information in
Column A of Table 3-3 in Chapter 3 by removing the time
spent at bus stops. This leads to the following values, based
on a 20 mph maximum cruise speed:

Total Travel Time Time Between
Stops Per Mile Less Dwell (sec) Stops, t (sec)

2 124 62
4 156 39
6 198 33
8 240 30

10 320 32

The dwell range window calculation is exact for near-side
bus stops at the signalized intersection and approximate for
midblock and far-side stops. 

Computation of the dwell range window indicates the
allowable variation in dwell time that will maintain the “serve
passengers on the red and proceed on the green” progression
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Figure B-1. Bus operations within the dwell range window.



for buses along the arterial. Transit agencies responding to the
survey indicated that the predictability of bus speeds through
bus lanes is nearly as important as the actual speed itself. Bus
speed adjustment factors were developed for application to bus
operations outside the dwell range window. 
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A nomograph was initially developed to represent the rela-
tionships described in the previous equations (Figure B-4).
The nomograph was a useful tool for visualizing the rela-
tionships expressed in Equations B-1, B-2, and B-3 and for
refining the dwell range window concept.

Figure B-3. Bus operations with dwell times greater than the upper extent of the dwell range window (DU).

Figure B-2. Bus operations with dwell times less than the lower extent of the dwell range window (DL).
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Figure B-4. Refined basic bus speed relationships.
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B.2.2 Step 2: Compute Dwell Range
Adjustment Factor

The occurrence of bus stop dwell times that are less than or
greater than the defined dwell range for a particular condition
will affect the resulting average speed of buses in the bus lane.
Multiple runs of TRAF-NETSIM on varying conditions were
analyzed, which resulted in the relationships depicted in Fig-
ure B-5. These simulations incorporated zero dwell variation
to isolate the dwell range relationship, as well as 40 percent
and 62 percent dwell variations. Comparison of the simula-
tions with the travel times obtained by the preceding equations
resulted in the following adjustment factors, when bus speeds
do not vary from the average (i.e., dwell variation 5 0).

B.2.2.1 Step 2a: For D , DL

Under these conditions, a sharp increase in bus speeds was
evident when buses dwelled less than DL, increasing to twice
the speed calculated for that stopping spacing. The adjust-
ment factor developed to represent this effect was as follows: 

fD 5 2 (B-4a)

where fD 5 dwell range adjustment factor.
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Under most conditions, if a bus is able to serve its passen-
gers and then proceed on the green, the bus most likely would
be stopped at the next signal. For long cycle lengths and 
offsets and for short block spacings, it may be possible,
although unlikely, for a bus to serve additional stops and con-
tinue to proceed on the green. The equation represents a rea-
sonable estimation of the speed relationship in the range 
D , DL. However, many factors affect the ability to attain
these higher bus speeds under the D , DL condition.

B.2.2.2 Step 2b: For D . DU

An equation was needed to represent the bus speed rela-
tionship when dwell times are greater than the upper limit of
the dwell range (DU). As depicted in the time-space diagram
in Figure B-3, the condition D . DU causes buses to dwell
into the green phase, delaying their travel to the next bus
stop. Dwelling into the green phase may not initially affect
the ability of the bus to reach the downstream bus stream
within the signal cycle, unless dwell continues through the
green phase into the next red phase. It is the additive effect
of the D . DU condition that causes additional delays at the
downtown bus stops. As bus volumes increase, the D . DU

condition magnifies the bus-bus interference factor by delay-

Figure B-5. Bus speed adjustment for dwell range, dwell variation, and stop pattern.



ing subsequent bus service at the stop. The following equa-
tions were developed as speed adjustments for the condition
D . DU represented in Figure B-5.

where:

fD 5 dwell range adjustment factor
DU 5 dwell range upper limit, in seconds
D 5 average dwell time, in seconds
C 5 cycle length 
g 5 green 1 clearance time 1 all red per cycle
a 5 0.5
b 5 1.5.

These equations, as with Equation B-4a, are best-fit solu-
tions to a complex set of considerations. The value (D 2 DU)
represents the magnitude of dwelling into the green phase.
When D 2 DU 5 g, the bus is dwelling into the next red
phase, and buses travel the distance between stops in two sig-
nal cycles, reducing the bus speed to 50 percent of that within
the dwell range.

B.2.2.3 Step 3: Compute Dwell Variation
Adjustment Factor 

Dwell time relationships are affected when dwell times
vary for different buses at the same bus stop. Table B-1 pre-
sents the average bus speeds output from the simulation of
a Type 1 bus lane with no dwell variation and with dwell
coefficients of variation of 30 and 59 percent. For average
dwell times near the middle of the dwell range, (DL 1 DU)/2,
there is little or no effect on bus speeds. The dwell variation
has its greatest effect for average dwell times near the
extremes of the dwell range, DL and DU. Thus, it is not the
actual variation in dwell time that affects bus speeds, but
how dwell variation results in dwell times beyond the dwell
range window. 

A set of adjustment factors were developed to represent
the bus speed relationship as dwell time variations increase.
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where:

fV 5 dwell variation adjustment factor
DV 5 coefficient of variation of average dwell time, 

percent/100
DL 5 dwell range lower limit, in seconds
DU 5 dwell range upper limit, in seconds
DR 5 midpoint of the dwell range window, in seconds 5

1 ⁄2(DL 1 DU)
D 5 average dwell time, in seconds.

In Equation B-5a, the greater the dwell variation, the more
likely it is that there will be occurrences of dwell times
greater than DL. The closer the value of D to DL, the more
likely it is that dwell variation will affect bus speeds.

In Equations B-5b and B-5c, the speed adjustments center
about the midpoint of the dwell range, with the adjustment
increasing from the midpoint depending on the magnitude of
the variation. For low dwell variation, the impact on average
speeds does not become significant until well beyond the
midpoint of the dwell range and the necessary speed adjust-
ment varies approximately as the square of the difference
from the midpoint, increasing to a maximum value of approx-
imately the decimal coefficient of variation of dwell time.

For high dwell variation, the speed adjustment varies
approximately with the decimal coefficient of variation of
dwell time and the speed adjustment approaches a straight
line through the dwell range midpoint. The speed adjustment
is positive for average dwell times approaching DL, denoting
the increased probability that dwell time will be less than DL.
Similarly, the speed adjustment is negative for average dwell
times approaching DU, denoting the increased probability
that dwell time will be greater than DU.

Equation B-5d decreases the effect of the dwell variation
adjustment factor as the average dwell increases beyond DU.
Dwell variation impacts are of little importance because
average dwells are much beyond the dwell range window.

Other adjustment factors to account for dwell variations,
skip-stop bus patterns, right-turning vehicles, availability of
the lane adjacent to the bus stop, and bus volumes and capac-
ities, are described in Chapter 3. These factors are applicable
to both the general and detailed procedures. 

B.3 COMPARISON OF GENERAL 
AND DETAILED APPROACHES

The following examples compare the results of the general
and detailed approaches. They are based on a 500-ft block
spacing (i.e., approximately 10 stops per mile) for a CBD
curb bus lane, with bus stops every block. 

B.3.1 Case 1

The average dwell time is 30 sec with a 20 percent coeffi-
cient of variation (Dv). The signals operate on a 70-sec cycle
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TABLE B-1 Comparative analysis of simulated bus speeds for differing dwell time variations 



in a simultaneous pattern (i.e., 0-sec offset) with 40 sec of
green, clearance, and all red time.

B.3.1.1 General Approach

The general approach involves the use of Table 3-3. Column
B is entered for a 30-sec dwell time with 10 stops per mile. The
average speed is 4.9 mph. If there are no right-turn delays, Col-
umn E would be entered to find a 5.2 mph average speed.

B.3.1.2 Detailed Approach

The detailed approach assumes a 2-sec lost time and accel-
eration and deceleration rates of 4 ft/sec/sec. Equation B-1 is
used to provide an initial estimate of bus speeds.

This speed applies to the dwell range window as defined by
applying Equations B-2a and B-2b. 

DU 5 C 1 0 2 t 5 70 1 0 2 t 5 70 2 t

DL 5 40 1 0 2 t 5 40 1 0 2 t 1 40 2 t

The value of t is obtained by applying Equation B-3a, assum-
ing VC 5 25 mph:

Note that the values in Table 3-3, Column A, result in a 
32-sec value, but are based on a 20 mph cruise speed. Sub-
stituting 25 sec for t in Equations B-2a and B-2b results in
DU 5 45 sec and DL 5 15 sec. Thus, the dwell range win-
dow is 15 to 45 sec, compared with an average dwell time
of 30 sec.

The 30-sec dwell time falls within the dwell range win-
dow; therefore, it is not necessary to compute the dwell range
adjustment factor, fD. However, because of the 20 percent
variation in average dwell times, the dwell variations and
dwell range factor, fv, should be computed. 

The average dwell time falls at the midpoint of the dwell
range 1⁄ 2 (DU 1 DL) 5 30 sec. Equations B-5b and B-5e result
in ƒv 5 1; therefore, no adjustment is needed. Thus, there is
no change in the average speed of 4.9 mph.

B.3.2 Case 2

This example is similar to Case 1, except that the cycle
length is increased to 80 sec, with 40 sec of green plus clear-
ance plus all red in the direction of bus flow.
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B.3.2.1 General Approach

Table 3-3 gives the same speed as Case 1: 4.9 mph with
right-turn delays included and 5.2 mph if there are no right
turns.

B.3.2.2 Detailed Approach

The detailed approach again assumes a 2-sec lost time, 
4 ft/sec/sec acceleration and deceleration rates, and a 25-sec
cruise speed.

Equation B-1 provides an initial estimate of bus speeds.
The increase in cycle length results in an initial estimate of
bus speeds of 4.3 mph. (An increase in cycle length reduces
the initial speed estimate.)

This speed applies to the dwell range window as defined
by Equations B-2 and B-3. The value of t is 25 sec, similar to
that for Case 1, because there is no change in block spacing
and bus performance. Thus

DU 5 C 1 o 2 t 5 80 1 0 2 25 5 55 sec

DL 5 g 1 o 2 t 5 40 1 0 2 25 5 15 sec

The dwell window, therefore, is 15 to 55 sec, compared
with a 30-sec average dwell. Again, no dwell range adjust-
ment is needed. However, because of the 20 percent varia-
tion in dwell times (Dv 5 0.2) and the shifted dwell range
window, the effects of dwell variation should be identified.

The midpoint of dwell range, DR, is 1⁄ 2 (DU 1 DL) or 35 sec.
This is greater than the average dwell time; therefore, Equa-
tion B-5b should be applied:

The adjusted bus speed, therefore, is 4.4 mph (i.e., 1.03 3 4.3
mph). Again, this speed does not include the effects of right-
turn delays.

B.3.3 Case 3

This case has the same characteristics as Case 1. However,
the dwell time is increased to 45 sec, with a 20 percent dwell
time variation.

B.3.3.1 General Approach

The average bus speeds are obtained from Table 3-3 by
interpolation between the travel time rates.

Travel Time (min/mi) Without Right-
With Right-Turn Delays Turn Delays

40-sec dwell 14.00 13.20
50-sec dwell 15.67 14.87
Interpolation 14.84 14.04

for 45 sec
Speed (mph) 4.0 4.3

@ 45-sec dwell

fv = + −
−

=1
0 2

2

35 30

35 15
1 03

( . )

( )

( )

( )
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B.3.3.2 Detailed Approach

The detailed approach is similar to Case 1. Equation B-1
gives a speed of 4.9 mph. Equations B-2a and B-2b give a dwell
range window of where DU 5 45 sec and DL 5 15 sec. The
actual dwell time (45 sec) is at the upper limit of the dwell range.

The 20 percent dwell coefficient of variation calls for esti-
mating the dwell variation factor, fv. The midpoint of the
dwell range (DR) is 30 sec. Because DR , D, Equation B-5c
should be used:

Thus, the adjusted speed is (0.9)(4.9) 5 4.4 mph. Further
adjustments would be required to account for the effects of
any right turns.

B.3.4 Case 4

In this case the detailed approach is used to estimate aver-
age bus speeds. This can be done by applying Equation 3-6
from Chapter 3:

where:

d 5 distance between bus stops (at signalized intersec-
tions), in feet or meters

C 5 cycle length, in seconds
o 5 offset, in seconds
ƒr 5 dwell range window factor
ƒv 5 dwell time variation factor
ƒs 5 bus stop pattern factor for skip stops (Table 3-7)
ƒb 5 bus-bus interface factor (Table 3-3).

The first three factors are estimated from Equations B-1
through B-5. The other two factors are estimated as described
in Chapter 3; however, they first require estimation of bus
berth capacities and v/c ratios.

The equations in this appendix incorporate information on
traffic signal timing, estimates of bus acceleration and decel-
eration rates and cruise speeds, and average dwell times and
dwell time variations. This information may be used to min-
imize delay to bus passengers and as input for estimating and
minimizing total person delay. A typical application involves
changing the offsets, green time, and/or cycle lengths to
improve bus and traffic flow. The following example illus-
trates how this detailed approach can be used.

B.3.4.1 Description

During the PM peak hour, 75 buses operate along a CBD
arterial street bus lane and the three adjacent and general pur-
pose lanes operate at capacity. The buses operate on a two-
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block alternating stop pattern, half of them stopping at each
block. Average dwell time is 35 sec with a 60 percent coef-
ficient of variation. The stops are located on the near side of
each signalized intersection, 400 ft apart, and there are three
berths at each stop. The traffic signals operate on a 70-sec
cycle, with a 35-sec green plus amber plus all red phases 
and simulations offset in the direction of bus flow. Right
turn–pedestrian conflicts are minimal.

The following traffic signal improvements are proposed:

• Increasing the cycle length from 70 sec to 80 sec (main-
taining simultaneous offsets); and

• Adding an additional 10 sec per cycle to the green time
for the bus lane street, resulting in a green plus amber
plus all red of 45 sec (for a g/C of 56 percent).

It is desired to analyze how signal system changes will
affect bus operations and determine what the transit agency
can do to help improve conditions.

B.3.4.2 Solution: Existing Conditions

The solution involves first estimating existing capacity
and then estimating existing bus speeds.

Compute Existing Bus Berth Capacity. The capacity of a
bus berth can be estimated by applying Equation 2-10 from
Chapter 2:

where:

Cb 5 berth capacity, buses per berth per hour
g/C 5 green per cycle 5 0.5

tC 5 clearance time 5 15 sec
D 5 average dwell time 5 35 sec

CV 5 coefficient of variation 5 0.6 
Za 5 0.675 for 25 percent failure at LOS E.

The capacity at LOS E is completed as follows:

(Note that interpolation on Table 2-5, Part B, in Chapter 2
also results in 39 buses per hour.) There are three berths at
each stop, resulting in 2.25 effective berths. Therefore, the
capacity of each stop is 88 buses. The combined capacity of
the pair of stops is estimated as follows:

Bus Lane Capacity 5 ƒK (CAP1 1 CAP2)

The factor, ƒK 5 0.58, is obtained from Chapter 2, Table
2-15, for an adjacent lane v/c ratio of 1.0 and typical flow
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conditions. Thus, the combined capacity is 0.58(88 1 88) 5
102 buses. The bus v/c ratio is 75/102 or 74 percent.

Estimate Existing Bus Speed. The bus speed estimates are
obtained by applying Equations B-1 through B-5 and then
adjusting for use of the adjacent lane and the bus-bus inter-
ferences. Equations B-1, B-2, and B-3, for an 800-ft distance
between stops, give the following:

DU 5 70 1 0 2 33 5 47 sec

DL 5 35 1 0 2 33 5 2 sec

Because the dwell time falls within the dwell range win-
dow, there is no adjustment, fD, for dwell range. However, an
adjustment, fv, for dwell variation is needed because of the 60
percent Cv.

The midpoint of the dwell range, DR, is (47 1 2)/2 or 24.5
sec. Because the dwell time, D 5 35 sec, exceeds the dwell
range midpoint, Equation B-5c is used to obtain ƒV: 

The bus-bus interference factor, fb, is obtained from Table
3-7 in Chapter 3. For a bus stop v/c ratio of 0.74, fb is (by
interpretation) determined to be 0.86.

The effects of traffic in the adjacent lane, fS, are estimated
from Equation 3-2 or obtained directly from Table 3-5. For
an adjacent lane v/c of 1.0 and a bus stop v/c ratio of 0.74,
the factor, fS, (by interpretation) is 0.63.

The adjusted speed, therefore, becomes:

B.3.4.3 Solution: Proposed Conditions

The basic analyses steps are repeated for the proposed
changes in traffic signal timing.
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Compute Proposed Bus Berth Capacity. The bus berth
capacity for a g/C ratio of 0.56 at LOS E (25 percent failure)
is as follows:

The three berths at each stop translate into 2.25 effective
berths. Thus, the capacity of each bus stop is 92 buses per
hour. The combined capacity of the pair of stops is obtained
by applying the factor, ƒK, to the sum of the capacities. For a
v/c ratio of 1.0 with typical flow, ƒK 5 0.58. Thus, the com-
bined capacity of the bus lane is (0.58)(2)(92) 5 107 buses
per hour. The bus v/c ratio is 75/107 or 70 percent.

Estimate Bus Speed. The bus speed estimate is obtained by
applying Equations B-1 through B-3 and then making further
adjustments.

The initial bus speed is 11.4 ft/sec 5 7.8 mph. The upper
and lower dwell windows are as follows:

DU 5 80 1 0 2 33 5 47 sec

DL 5 45 2 0 2 33 5 12 sec

The dwell range midpoint, DR, becomes (47 1 12)1⁄ 2 5
29.5 sec. Equation B-5c is applied to estimate, fv, the dwell
variation factor

The bus-bus interference factor, fb , is obtained from Table
3-7. The 70 percent bus-bus v/c ratio gives fb 5 0.89.

The effect of traffic in the adjacent lane, fS, is obtained
from Table 3-5 by interpolation (or by Equation 3-2). For an
adjacent lane v/c of 1.0, fS 5 0.69.

The adjusted bus speed becomes the following:

BUS SPEED 5 (7.8)(1.0)(0.90)(0.67)(0.89) 5 4.4 mph

The signal timing improvement gives automobiles approx-
imately 10 percent more capacity and increases bus capacity
about 5 percent. Bus speeds are increased by about 10 per-
cent. However, the high volumes of adjacent lane traffic con-
tinues to inhibit the ability of buses to freely execute the skip-
stop pattern and attain the associated higher speeds. Actions
that reduce dwell times and dwell time variations may fur-
ther improve both bus operating speed and capacity.
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