. ACRP Report 40
Airport Curbside and Terminal Area Roadway Operations

Appendix F
A REPRODUCTION OF PORTIONS OF TRB CIRCULAR 212

F-1



NCHRP PROJECT 3-28: DEVELOPMENT OF AN IMPROVED
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ORGANIZATION OF THESE MATERIALS

This report comprises the first set of interim
materials which will be distributed prior to the
publication of a new "Highway Capacity Manual" in
the mid 1980's. These interim materials are
intended for application by HCM users in the
1980-1982 period. A user response form is included
at the end of this document to permit users of these
materials to communicate their comments to the
Transportation Research Board directly. This user
response will be vital in identifying desirable
revisions to the interim materials prior to their
inclusion in the new manual. Users are encouraged
to send to TRB their observations, including actual
data and analyses.

The interim materials provided in this section
are Critical Movement Analysis, Unsignalized Inter-

sections, Transit, and Pedestrians. Development of
these ‘sections -has been carried out as part of NCHRP
Project 3-28, "Development of.-an Improved Highway
Capacity Manual:" ‘Project 3-28 was started im 1977, -
and the final report on Phase: I .of the Project was
submitted to NCHRP in August, 1979. The==final
report describés the. .user surveys;: the assessment of
research and literature, -the process used for .
developing the interim materials included here, and
the. proposed research. program needed to produce:
documentation for a new Highway' Capacity Menual.

Each of the interim materials in this report is
introduced with a . "DISCUSSION" which explains the
background and: the conceptual framework .for the
technique. The technique- itself is explained- and
references are cited. The "USER APPLICATIONS"
section then leads:the user through'a step-by-step
description of the calculation, and several
numerical examples aré provided.:. Completed
calculation forms are provided:and shown:for each
example. Also, a blank form is provided in each
section, except for the "Transit" material, which
does not utilize a calculation form.

Critical Movement Analysis .

Critical Movement Analysis .is based .on work
conducted in the 1960's and 1970's by various
researchers and practitioners. .Of particular’
importance are the works of McInerney and Petersen,
and of Messer and Fambro. The project team did,
however, make major changes in previously reported
methods to devise the final technique as presented
herein. Mr. William R. Reilly, Principal
Investigator ofi NCHRP Project 3-28; had -primary
responsibility. for deriving the final procedure “
Critical Movement. Apnalysis allows the HCM. user
to analyze the urban signalized mtersectlon as an ..
-entire unit:. The overall intersectioni.level.of
service and the effects on- level of service of .
design and operational changes:can be.determineds
Also, guidelines on ranges of vehicle.delay expected.
under different -levels of .service are included.:The.-
technique is divided into PLANNING applications for
relatively simple and quick computations; and
OPERATIONS AND DESIGN applications for a more
detailed solution. Both applications are similar in
concept and both allow the user to analyze
intersections operating with pretimed signals,--
vehicle actuated signals, and multlphase s1gnals
with phase .overlap,. :
For: determination of. capaclty or 1evel of
service of.-a single intersection ;approach,. -the: 1965
HCM remains the pr1n01pal tool- untll the. new HCM is.
produced. . R R

Unsrgnalzzed Intersectwns

The procedure for capaclty a.nalys:.s of uns:.gnallzed

intersections.is an adaptation, in content and

format, of a German technique reported in the

Organisation.for Economic Co-Operation and,
Development -(OECD), report, "Capacity of At-Grade

Jungtions." Mr. -James H. Kell, of.the NCHRP Project

3-28 team, was most dlrectly respons:Lble for

revising and adaptmg thls .technique to;the, po:Lnt g
where it can be of use. to the HCM ;user.



Only those unsignalized intersections that are
controlled by two-way STOP signs or by YIELD signs
can be analyzed by this technique. The procedure is
not applicable to uncontrolled intersections or four
way STOP sign controlled intersections.

Initially, the capacity or maximum flow of .

vehicles in passenger car equivalents.is calculated
for each minor -approach movement. These values are
then compared to the existing demand for:-each
movement and the probable:delay and- level of serv1ce
is. estimated. -

The .assumption-is made that ma,)or street.. trafflc

is not affected by the minor street movements. . Left:

turns from the major street to-the minor. street are
influenced only by the-opposing major street through
flow. ‘Miner street flows; however, are impeded by
all other conflicting movements. The procedure
includes.;adjustinents for mutual interference to the
minor: street traffic streams,. such as the additional
adverse. effect -of main street vehicles waiting to
make:left turns. .

.In-order to.treat these potentlal impedences, it
is necessary -to.structure the computational.
procedures and :deal with individual trafflc
movements in the followmg order .

1. Right turns into the major road;

2. Left turns from the major ‘toad; - -

' ‘4. Left turns into the major road.’

In a.ddlt:.on the method ta.kes 1nto account the

lane conflgura’tlon ‘on the minor -street’and includes-

appropriate.: ad_]ustments for movements that use the
.same lane (shared lane).- ’

~The-application of this technique’ and subsequent
user comnents may ledd to'a linking of ‘this method:
tol. standérd warrants for traffic signal”

installation.’ “However, at this time no attempt has
been: mide to-relate the two procedures.

"3. Through traffic’ erossing the ma‘jox_"frea.d; and -

Pedestrians ‘

Development of the pedestrian section was
initiated with Mr. Jeffrey L. Zupan's presentation -
of his discussion paper, “Pedestrian Facilities," at

the 1978 TRB Annual Meeting. Mr. Zupan, of the
Regional Plan Association, worked with the NCHRP
3-28 project team during 1978 to expand and finalize
the materials. Mr. Ruel Robbins of JHK &
Associates and Mr. Alex Sorton of the Traffic
Institute were instrumental in developing this-
section for the project team. These materials
provide the HCM user with an analytical tool to
analyze the flow characteristics of walkways (e.g.,
sidewalks) and intersection crosswalks. The section
does not address other pedestrian facilities (such
as stairways, escalators, and elevators), although
standard reference documents describing such

‘facilities are cited.

The ‘analysis procedure is based on the amount of
space available per person and walking speed, with
space being the principal determinant of level of
service. The "effective width" of a walkway is
determined by using width adjustments based on the
effects of various fixed objects. The technique can
be used to either analyze the flow characteristics
and levels of service of an existing facility, or to
determinea walkway. design for a given design level
of ‘service. The new concept of "platoon flow" is
introduced and can be applied by the HCM user for
conditions- where pea.k;mg is substantial over short
periods. -

For crosswalks,. a method is presented for the
analysis of-both the intersection reservoir area and
for the crosswalk itself. The adequacy of either a
planned or an existing crosswalk and reservoir are
also determined by applying the technique.

Transxt

Bus transit on urba.n streets and expressways-and, to
a lesser extent, railitransit, is described in the
Transit:section: of this® document. This matema.l was
developed ‘by:Mr. Herbert S: Levinson, of Wilbur

Smith and Associates. The NCHRP 3-28 Pro,]ect Team -’

participated with Mr. Levinson 1n the final review
of the material.

The HCM user will be a.ble to apply these
materidls to the analysis/of-capacity and level of
service Of ‘bus lanes) buswdys, and rail transit
lines: Analysis techﬁ'iq‘ues for determining the’
nunber of bus ‘berths-needed, ‘given bus flows and
passenger service. tlmes ‘are described. : Also,
considerable’ data’ on characterlstlcs of ex1st1ng
transit’ systems are included,; to illustrate the
operating experience ‘of transit propertles.

Although calculation forins are nct included in
this section, several example problems do indicate
the application of the concepts and numerical values
involved with transit capacity.



Critical Movement Analysis

DISCUSSION
Introduction

Critical Movement Analysis is a procedure which
allows for capacity and level of service
determination for signalized intersections. The
analysis incorporates the effects of geometry and
traffic signal operation and results in a level of
service determination for the intersection as a
whole operating unit.

The ability of a line of vehicles to discharge
past a point is the key principle involved. Rarely

cdn a discharge rate of 2000 passenger cars per hour

of green be surpassed. Because of time lost due to
queue start up and signal change intervals the
maximum discharge of a single lane at signalized
intersections typically varies from 1500 to 1800
passenger cars per hour of green. The 1965 Highway
Capacity Manual (HCM) (1) states that a single lane
at a traffic signal can accommodate 2000 and 1500
rassenger cars per hour of green respectively, for a
perfectly coordinated signal where all vehicles pass
through without stopping, and for a signal where all
vehicles must stop. i

Definitions

Approach - The portion of an intersection leg
which is used by traffic approaching the
intersection.

~ Capacity - The maximm number of vehicles that
has a reasonable expectation of passing over a given
roadway or section of roadway in one direction
during a given time period under prevailing roadway
and traffic conditions.

Change Interval - Yellow time plus all red time
occurring between two phases.

Critical Volume - A volume’ (or combination of ‘
volumes) for a given street which produces the

greatest utilization of capacity (e.g., needs the
greatest green time) for that street. Given in
terms of passenger cars or mixed vehicles per hour
per lane. :

~ Cycle Time - The period in seconds required for
one complete sequence of signal indicationss

Delay - Stopped time delay per approach vehicle,
in seconds per vehicle. :

Green Time ~ The length of a green phase plus
its change interval, in seconds. . )

_ Hourly Volume — The number of (mixed) vehicles
that pass over a given section of a lane or . roadwa
during a time period of one hour. .

Level of Service — A measure of the mobility
characteristics of an intersection, as determined by
vehicle. delay and .a.secondary factor,
volume/capacity ratio.

Local Bus ~ A bus having a. scheduled stop at
the intersection under analysis.

Passenger Car Equivalency - For a'given vehicle,
the number of through moving passenger cars it is
equivalent to, based on its headway and delay
creating effects.

Passenger Car Volumes -~ The volumes expressed in
terms of passenger cars, following the application
of passenger car‘eguivalency factors to vehicular
volumes. : ’

Period Volume - A design volume, based on the
flow rate within the peak 15 minutes o6f an hour, and
converted to an equivalent hourly volume. :

Peak Hour Factor - A measure of peaking
characteristics within the peak hour, equal to:

PHF = Peak Hour Volume
4(Highest 15 minute Volume)

Phase —~ A part of the cycle allocated to any
traffic movement or combination of traffic movements
receiving right of way similtaneously during one or
more intervals.

Probable Phase - A phase within the probable
sequence of phases which represents the sequence of
a multi-phase signal controller most likely to occur
under given traffic conditions.

Through Bus - A bus not having a designated stop
at the intersection under analysis.

Truck - A vehicle having six or more tires on
the pavement,

G/C = Green time/Cycle time ratio

HV = Hourly Volume

LB = Local Bus (Number per hour)

LOS = Level of Service

LT = Left Turn

PCE = Passenger Car Equivalency

pch = Passenger cars per'hour

PCV = Passenger Car Volume, in pch

PHF = Peak Hour Factor

PV = Period Volume

RT = Right Turn

T = Truck and Through Bus (Percentage of HV)
TH = Through Traffic

U = Lane Utilization Factor

v/c = Volume/Capacity ratio

VL = Left Turn Volume, in vph

V0 "= Volume Opposing a VL, in vph

vph = Vehicles per hour (mixed traffic)
W = Lane Width factor

Background

The development of Critical Movement (then called
"critical lane") Analysis was first reported in 1961
by Capelle and Pinnell (2) in a study of diamond
interchanges. In 1971, McInerney and Petersen 3)
explained the technique as applied to traffic
planning work. In 1975, Trout and Loutzenheiser 4
reported on field tests and questionnaire results

- related to application of the method. Messer and

Fambro (5) proposed a detailed .procedure for
critical movement analysis to assess design
alternatives., In 1978, it was determined by NCHRP
Project 3-28 (6) that many planners and engineers
were usng the method, both for detailed traffic
signal and geometric design, and for planning
studies. The technique seems to be gaining greater
acceptance, not only in North America but also
overseas. For example, the Swedish Capacity Manual
(7) contains a form of critical movemment - analysis in
its chapter on intersections. i )




_ The. above examples relate to PLANNING app]ié‘aﬁ:iohs 0

6 Critical Movement Analysis
Figure 1. Critical Movements, PLANNING Applications
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¢ critical Movement Analysis. OPERATIONS AND DE-

- SIGN.applications of the method use a somewhat different procedure for combining critical. volumes, and
express volumes in terms of passenger cars per hour {(pch)- instead of :in terms of vehicles pe_r.,hourk(,vph)

Analytical Base

There is at each signalized intersection a.

conbination of conflicting movements. which must be
accommodated. Figure 1 shows several examples of
critical movement combinations. . Regardless of -the
complexity of the intersection and its traffic
signal operations, the critical volumes (when placed
on a per lane basis) cannot physically be
accomodated beyond the 2000 passenger cars per hour
of green (pchg) limit, and in practice cannot be

accommodated beyond about 1500 to 1800 pchg. The.

latter values take into account ‘the time headway
between successive vehicles, the starting delay for
a queue of vehicles, and the lost time due to signal
change. intervals. .

Time headway (average headway, once the initial
queue start-up time has been experienced), starting
delay, and the amount of lost time due to yellow and
red intervals must be considered in order to assess
the capacity of a single lane. Numerous researchers
have proposed formulae for calculating capacity of a
single lane based on these factors. Table 1 gives
several of the more prominent formulae for
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Table 1. Capacity Calculation Techniques

Reference Formula Calculated Capacitya
80)(2.1).

2.. Capelle-Pinnell (2)
Critical Lane Method

3. Messer-Fambro (5)

4. Bellis-Reilly (11
13) Method

5. British (14) Method

6.:1965>Highway Capacity
Manual (1)

where:

881 vehicles per hour

Cap = Capacity of the signalized approach

D = Starting time delay, in seconds, elapsing from beginning of
green indication to the instant the rear wheels of the first
vehicle cross the reference line (usually, the stop line)

H = Average headway time, in seconds, for all vehicles in a com-
pact platoon that cross the reference line.

X = Proportion of the length of yellow indication, for a loaded
cycle, which is utilized up to the time the last vehicle in
a compact platoon crosses the reference 1ine

C = Length of signal cycle, in seconds

G = Length of green indication, in seconds

Y = Length of yellow indication, in seconds

vph = Vehicles per hour
pch = Passenger cars per hour

Cap (in Vph) - (G - D,+ 2)(36(:ﬂ) = (40 - 5.0

3600
i 71 2 ()

where: 840 vehicles per hour

D = Starting delay--the time for the first two vehicles to enter

H = Average time headway for the third, fourth, fifth, etc.
vehicles to enter

G = Length of green indication, in seconds
€ = Cycle length, in seconds

SG/C

Cép {(in pch) =

where:
C = Cycle length, in seconds
S = Saturation flow, in passenger cars per hour of green, measured
empirically as in the Australian Method (9, 10) and assumed as
1800 passenger cars per hour of green in this examplé {a typi-
cal value for a through lane)

Effective green time, in seconds
green + yellow - 4.0 seconds

[1800(40 + 4.0 - 4.0)1/[80]
900 passenger cars per hour

(300 (&£ 3

: (3600)(40 + 3)

Cap (in pch)
where:
G = Length of green indication, in seconds
C = Cycle length, in seconds
H = Average time headway, in seconds

921 passenger cars per hour

Cap (in pch) - 166 _ glso)ééz)g4z)

where:
W = Width of 1ane. in feet

G = Effective green time, in seconds
- = green + yellow - 4.0 seconds

C = Cycle length, in seconds

1000 passenger cars per hour

USE: Figure 6.8, p. 135. Use a 24 ft. width to place the analysis in a more
representative section of the charts. Assume no turns and no trucks or
through buses, and no local buses. Also, assume PHF = 0.85 and Metro
Area population = 500,000. R

THEN: Cap {in pch).

(2100 vphg)(G/C)(PHF/Pop)(Locat1on)(Left Turns)(Right Turns)(Trucks and Buses)

(2100)(40/80)(1.96)(1.25)(1.10)(1.10)(1.05)
1610 passenger cars per hour per approach

= 805 passenger cars per hour

@problems based on suburban arterial street with 12 ft.
for first vehicle only =

traffic movement..

3.0 seconds, G/C =
All results are on a per-lane basis,

lanes, headway average = 2.1 seconds, stakting delay
40/80 seconds, yellow time = 4 seconds, with 2 seconds used for
(1 foot = .305 meter)
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estimating capacity, and includes a numerical
example.

The computations in Table 1 indicate that very
little variation exists in the value used for
capacity of a standard 12 foot wide (3.7 m) lane at
an urban signalized intersection with ideal traffic
conditions (no trucks, buses, or turning motions).
Three of the models shown give capacities of
approximately 900 pch for a green time/cycle time
(6/C) ratio of 0.5. The British method, which has
been known to give considerably higher computed
values for capacity than North America methods,
shows a computed capacity 12 percent higher. The
1065 HCM yields a capacity value of 805 pch G/C =
0.50), or about 10% below the other methods.

Because of the close agreement between
Berry-Gandhi (8), Capelle—Pinnell (2), Messer-Fambro
(5), and Bellis-Reilly (11, 12, 13), an average
value of 1800 passenger cars per hour of green
(pchg) for a 12 foot (3.7 m) through traffic
Jane—-with no trucks, buses, turns, or pedestrian
interference--can be used as a base value for
capacity in the critical movement analysis
technique. It should be noted that the British
capacity procedures use—for a 13 foot (4.0 m) wide
lane—a capacity of 1950 pchg.

The factors which are considered of prime
importance in modifying the capacity value of 1800
pchg for a single 12 foot (3.7 m) lane are as
follows:

i. Lane Width
2. Buses and Trucks

3. Bus Stop Operations

4., Left Turns

5. Right Turns and Pedestrian Aétivity

6. Parking Activity

7. Peaking Characteristics (Peak Hour ‘Fa.ctor)

Other factors—such as vertical grade and type of
driver using the intersection—may be of importance
in modifying the capacity value, but little research
has been accomplished in these areas. Also, field

_measurement of saturation flow allows the HCM user

to establish a capacity value for any intersection
approach or lane without explicitly defining each
modifying factor.

1. Lane Width. The critical movement procedure
proposed by Messer and Fambro (5) includes a reduc-
tion in calculated capacity of 10 percent for lane
widths between 9.0 and 9.9 feet (2.7 m and 3.0 m).
For lanes 10.0 feet (3.0 m) or wider, no adjustment
in capacity is made. Note that these adjustments
increase the passenger car volume (PCV) rather than
reduce capacity.

Using the Australian procedures (g, 10),
capacity adjustments are made for lanes not falling
in the 10.0 to 12.0 foot (3.0 m to 3.7 m) range.
Adjustments for the value of capacity are:

Lane Width (feet): 8.0 9.0 13.0 14.0 15.0
{ane Width (meters): 2.4 2.7 4.0 4.3 4.6
Adjustment Value: -12%  -7% 3% A% +6%

Application of the 1965 HCM, with the assumed
sonditions used in Table 1, gives adjustment values
of — 29% for the equivalent of a 9 foot (2.7 m) lane
and + 19% for the equivalent of a 14 foot (4.3 m)
lane. Table 2 combines these concepts into a
readily applied set of values. These adjustments
rely principally on the Messer-Fambro work, but
include upward adjustments in capacity for wide
traffic lanes as included in most other methods.

One important concept to note is that under peak
traffic conditions, lane widths in the 10 to 13 foot
(3.0 to 4.0 m) range have little effect on
saturation flow or capacity. However, it is likely
that if comfort and safety were to be considered in
intersection level of service (10S), lane width
differences would have a greater impact on LOS than
they will in the proposed new HCM; with its emphasis
on mobility rather than guality of - flow.

2. Buses and Trucks. Trucks, and buses not
having a designated stop at the intersection under
analysis (called “through" buses), reduce. capacity
because the time headway of these vehicles tends to
be longer than the 2.0 second average implied by a
capacity set at 1800 pchg.

There are two means .available for including the
effects of trucks and buses. First, each truck or
bus can be converted to an equivalent number of
passenger cars, and the volume used in the analysis

Table 2. Lane Width Adjustments

Adjustment Factors to Cagacitv for Lane Width (ft.)

Reference 8 9 10

11 1z 13 14 15 16

Berry-Gandhi (8)

(Suggest use of Australian factors)

Messer-Fambro (5) »a®  1.10 1.00 1.00 1.00  1.00 '1.00 1.00 NA

Australian (9), (10)  1.12 '1.07  1.00  1.00  1.00  0.97 0.96  0.94 =P
C .

Recommended 8.0-9.9 feet 10.0-12.9 feet 13.0-15.9 feet

Adjustment W= 110 W= 1.00 W=10.90

Factors : - *

4NA denotes data not available.

bFor 16-foot wide approaches, two 8-foot lanes would be assumed.
Cpecommended for use in Critical Movement Analysis (OPERATIONS AND DESIGN Application,

Step 8)

Source:

As cited above and W.R. Reilly (NCHRP Project 3-28)

(1 foot = .305 meter)
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stated in terms of passenger cars per hour rather
than (mixed) vehicles per hour. Second, the
capacity of the lane can be reduced and the analysis
carried out using vehicles per hour. For PLANNING
applications of Critical Movement Analysis, average
geanetric and traffic conditions are assumed and the
work is carried out in terms of mixed vehicles per
hour (vph). For OPERATIONS AND DESIGN applications,
the analysis is performed in terms of passenger cars
per hour (pch).

The passenger car equivalency {PCE) for trucks
and through buses in the 1965 HCM can be inferred
from the adjustment factors used. The approximate
PCE value is 2.0. In essence, this means that the
timé headway for these vehicles is twice that for
passenger cars, or 4.0 seconds if the assumption of
a 2.0 second average headway for passenger cars is
used.

The recommended average PCE value for converting
trucks and through buses is 2.0 (recall that six or
more tires on the pavement is the working definition
of "truck").

- 3. Bus Stop Operations. As with trucks and
through buses, the effect of bus stops in or
adjacent to a traffic lane is to increase the
average time headway. In the development of the
1965 HCM, PCE values for local buses ranged from 1.0
10 7.0 (16) Future research is expected to result
in a clear definition of the impacts on delay and
capacity of bus stop operation. For an average
value to apply in the critical movement analysis
procedure, a PCE value of 5.0 for each local bus
appears to be reasonable. This implies an average
headway of 10 seconds per bus, and would be applied
to all buses having a des1gnated stop at the
intersection, *

For example, if 30 buses ' per hour stop at
a nearside bus .stop, with 33 percent of them
stopping on red, and 67 percent on green, a total
time headway for all buses is assumed to be (30 x
5.0 x 2 seconds), or 300 seconds. The 300 seconds
of headway might principally be used by only 20
buses having 'to stop on the green for an average of
13 seconds each. The remaining 10 buses, stopping
on the red interval, would‘create only 40 seconds of
time headway; or about 4,0 seconds per bus. ' This
latter figure relates to the recommended equivalency
of 2.0 PCE for through buses and truck_s.

The actual effects of 4 stopping bus will vary
considerably’ depending upon bus stop location, bus
dwell time, parking activity, lane configuration,
and traffic volumes. However, until further

Table 3. PCEVa_Iues:

research is accomplished, the figure of 5.0 PCE per
local bus appears to be useful average value.

4. Left Turns. Left turning vehicles are
treated in considerable detail in most capacity
computation techniques. The reason for this is
simple--left turns (unless removed from through
traffic lanes by provision of exclusive turn lanes)
have a large impact on capacity and on vehicular
delay, which will be the principal determinant of
level of service in the new HQM.

The most direct means of taking into account the
delaying effects of left turn vehicles is to convert
them to pch using PCE values. It is anticipated that
future research will lead to a range of PCE values
for various combinations of geometry, traffic volumes,
opposing traffic volumes, and signal phasing for left -
turns.

Different methods use varying PCE values for
left turns. The British method sets 1.75 PCE as the
average value for lanes with left turning and
through movements. The 1965 HCM uses adjustment
factors which show an approximate PCE value of
between 4.0 and 2.0 for narrow and wider approaches,
respectively. For a single lane, the typical effect
can be on the order of 3.0 PCE per left turn
operating from a left-through lane. The actual
effect varies depending on geometric and traffic
factors and especially on the volume of opposing
traffic. -

The Messer-Fambro method describes a detailed
procedure for considering left turns in critical
movement calculations. Three distinct factors are
described for left turn adjustments. Included are a
PCE adjustment to all traffic for approaches without
left turn bays, a PCE adjustment to left turn
traffic for approaches with left turn bays, and a
PCE adjustment to. non-left turn traffic for
approaches with left turn bays of inadequate length
(thus creating blockages in the through lane).
Although this latter factor has not been included in
the critical movement procedure, the user may wish
to refer to Messer and Fambro's research (5) for
details on the effects of left turn storage bay
lengths.

Table 3 gives the PCE values for left turns for
use when applying the critical movement procedure.
These values are to be considered as "average"
values for a broad range of traffic and geometric
conditions. Future research may lead to a more
precise formulation of left turn PCE values by
incorporating other varlables, in addition to
"opposing traffic."

Left Turn Effects

Left Turns Allowed from Left-Through Lanes?

1. No Turn Phase Opposing Volume, in vph: 0-299 300-599 600-999 1000 +
lpleft turn equals:. 1.0 PCE 2.0 PCE 4.0 PCE 6.0 PCE

2. With Turn Phase 1 Teft ‘turn equals’ 1.2 PCE ’

Left Turns Allowed from Left Turn Bays OnlyP v _ o

3. No Turn Phase Opposing-Volume, in vph: 0-~299 -300-599 600-999: 1000 +
1 left turn equals: 2.0 PCE 4.0 PCE 6.0 PCE

4, With Turn Phase

- 1.0 PCE

1 Teft turn equals 1.05 PCE

3pCE Values are used in Step 5, PLANNING app11cat1ons, to develop a distribution of volumes among several

traffic lanes.

PCE Values are also used in Step 7, OPERATIONS AND DESIGN applications, to convert left turn

volumes to passenger car volumes prior to adding them to through and right turn volumes, in pch.
bPCE Values.are used in Step 7, OPERATIONS AND DESIGN applications, to convert left turn volumes (operating

from a turn bay) to passenger car volumes, in pch
Source:

W. R. Reilly (NCHRP Proaect 3-28), based on a synthesis of various data, including Ref. (5).
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5. Right Turns and Pedestrian Activity. For
simplicity, the adverse effect of right turns on
intersection capacity can be considered as zero if
little or no pedestrian interference occurs in the
parallel conflicting crosswalk. If considerable
pedestrian activity exists, then a right-turning
vehicle has a similar effect as a local bus,
creating a greater average time headway and
producing greater vehicular delay.

A study of the Australian documents (8, 10)
indicates that lanes with right turn activity might
show a reduction in vehicle capacity of from fifteen
to thirty-five percent. The 1965 HM (1) indicates
a PCE value of approximately 1.5 for right turns on
a two-lane approach. However, for one-lane
_approaches this value may rise to 4.0. The British
(14) use a PCE value of 1.25 for right turning
vehicles (actually left turns in Britain) when the
right turns comprise greater than 10 percent of the
total traffic. In Australia PCE values of 1.25 and

2.50 are used for right turns of automobiles and’

heavy vehicles, respectively.

In the Messer-Fambro (5) technique, a right turn
adjustment is made, based on the radius of the
corner and the percentage of traffic making the
turn. Also, an adjustment is made for the vehicles
which may turn right on red. Such adjustments are
not of prime importance and have not been included
in the critical movement procedure presented herein.

The PCE values for right turns recommended- for
use in Critical Movement Analysis are given in Table
4. The values listed are considered as “average"
for a broad range of traffic and geometric
conditions and are based on a synthesis of
information from many sources. Future research may
lead to a more definitive set of PCE values for
right turns relative to pedestrian activity.

Table 4. PCE Values: Right Turn Effects -

PCE Value for
Right Turning
Vehicle

Type of Activity

1. Little pedestrian activity 1.00
(0 to 99 peds. per hour) in
parallel conflicting
crosswalk :

2. Moderate pedestrian activity 1.25
(100 to 599 peds. per hour)
in parallel .conflicting
crosswalk

3. Heavy pedestrian activity 1.50
(600 to 1,199 peds. per hour)
in parallel conflicting
crosswalk

2.00 or
greater

4. Extremely heavy pedestrian
activity (1,200 or more peds.
per hour) in paraliel
conflicting crosswalk

33s determined from local conditions.

Source: W. R. Reilly (NCHRP Project 3-28), based
on a synthesis of various data.

6. Parking Activity. Little or no definitive
rescéarch work on parking and its capacity effects
has been completed. However, the British do use a
formula to compute these effects, as follows:

Loss in Approach Width, in feet,

. 0.9(z - 25)

= 5.5 K

where:

~
1l

Clear distance, in feet, from stop line to
parked car

K = Green time, in seconds
(1 foot = .305 meter)

The British formula, assuming a green time of 30
seconds, infers that there is no effect on the
approach capacity if parking is approximately 200
feet (61 m) or more away from the stop line.

Most North American techniques do not explicitly
consider a reduction in capacity due to parking, if
the parking ends 250 feet (76 m) before the
interscction. For a curbside lane where parking is
allowed; 8 feet (2.4 m) should be allowed for the
parking lane and its friction effects, with the
remaining width being assigned to the moving lane in
the capacity computations. For parking which
extends into the 250 foot (76 m) area, the HCM user
must use judgment on the value or lack thereof of
the additional width gained at the point where
parking is prohibited. Because of the lack of
definitive research on-parking effects, this factor
has not been included in the critical movement
procedure.

7. Peaking Characteristics. To convert peak 15
minute flow rates. to 1 hour volumes, some type of
factor must be applied. Messer and Fambro indicate
that the peak 15 minute flow along urban arterials
consistently exceeds the average 15 minute flow

during the peak hours by twenty to thirty percent.

In the 1965 HOM (1) an "average" condition at urban
intersections is assumed to be that the peak 15
minute flow will exceed the average 15 minute flow
by about 15 percent. This results in a peak bour
factor (PHF) of 0.85.

Because the HOM user may wish to use either a 15
minute peak flow rate or the peak 1 hour volume for
design or analysis, a relationship between the two

Generally, PHF will vary with such factors as
volume/capacity ratio, size of city, and type of
adjacent activity. The data leading to the
publication of the 1965 HOM indicated (16) that the
average value for PHF at all sites was 0.85. Thus,
the "average" PHF (if no additional information is
available) which can be. assumed for analysis is
0.85. The HCM user can easily develop a set of
specific Peak Hour Factors by taking a limited
amount of field data on different classes of
streets.



Critical Movement Analysis 11

The importance of PHF is that the base figure of
1800 pchg per lane is based on the assumption that
the PHF is 1.0 (i.e., flow in the peak hour is
uniform by 15 minute period). If we assume one
hundred percent green time in an ideal traffic lane,
the maximum flow rate in a 15 minute period would be
450 (i.e., 1800 + 4) passenger cars. If a PHF of
0.85 -is used, the corresponding flow rate expressed
in terms of hourly volume would be:

Hourly Volume (HV), in pch,
= {PHF)(4)(Highest 15 min. Flow)
= (0.85)(4)(450) = 1530 pch

This represents a fifteen percent reduction in
volume on an hourly basis when . compared - with
conditions where PHF is equal to 1.0.

Lane UtiIizatibn

Critical Movement Analysis is based on "per lane"
volumes. Thus, for movements -(e.g., left turn,
through, and right turn) which take place from more.
than one lane, it is necessary to estimate the
volume in each of the lanes affected.: In this
manner, the highest lane volume can be identified
and used in the analysis.

Reilly and Bellis (11, 12, 13) indicate that a
traffic movement carried in Iwo lanes could break
down into a 55% / 45% split, by: lane. A traffic
movement carried in three lanes might divide into a
40% [ 35% / 25% split.

In the critical movement analysis proposed by
Messer and Fambro (5) a lane utilization factor is
applied. For two lanes, a 55% / 45% split in
volume is assumed. For three lanes, 40% of the
total movement is assumed to occur in the most
heavily used lane. Many HCM users have used analyses
based on the assumption that volume is distributed
approximately equally by lane, especially under peak
conditions.

lane utilization factors (U) were developed by the
NCHRP 3-28 Project Team, based on the research cited
above, and modified according to operational
experience. The value for U when 2 lanesare
utilized represents a 52.5% / 47.5% split. The
value for U when 3 lanes are utilized assumes_ that
approximately 37% of the volume is carried in
the most heavily used lane. This representsa
compromise between the HCM and Messer-Fambro
precedures.,

Table 5 contains the adjustment factors to be
applied for lane utilization. For use in OPERATIONS
AND DESIGN applications, average adjustments for
lane utilization of 1.05 and 1.10 are recommended
for two lane and three lane situations. These ad-
Jjustments increase the passenger car volume for ve-
hicles in the.two or three lames due to volume
inbalances by lane.

Table 5. Lane Utilization Adjustments

Lanes Utilized . c1 2 3
Utilization Factor (U) . 1.00 1.05 1.10
Source: W. R. Reilly (NCHRP Project 3-28), based

on a synth_'esis of various data.

An example of the effects of lane distribution
can be seen by assuming two approach lanes, each
capable of carrying 900 pch with a G/C ratlo of
0.50. When a volume of 900 pch is reached in the
most heavily traveled lane, a volume of only 814 pch
will be using the second 1ane assuming a 1.05 lane
utilization factor. Thus a total capacity of 1714
pch (five percent less than the ideal 1800 pch) can
be achieved by two lanes. '

Levels of Service

As part of the critical movement technique, a set of
guidelines on volume/capacity (v/c) ratio, average
delay values, and sum of critical volumes is
presented for use, review, and coment by HCM users.
Table 6 gives the recommended thresholds for the sum
of critical volumes for levels of Service A through
E for both the PLANNING and the OPERATIONS AND
DESIGN applications.

Table 6. Level of Service Ranges

PLANNING Applications (in vph)
Maximum Sum of Critical Volumes

Level

of Two Three Four or
Service Phase Phase more Phases

A 900 855 825

B 1050 1000 965

c 1200 1140 1100

D 1350 1275 - - 1375

E 1500 1425 1225

F memmeeee- not apphcab]e ---------

OPERATIONS AND DESIGN‘Applications {in pch)
Maximum Sum of Critical Volumes

Level
of Two Three Four or
Service Phase Phase more Phases
A 1000 950 900
B 1200 1140 1080
C 1400 1340 1270
D 1600 1530 1460
E 1800 1720 ‘ 1650
F o emeieee not app11cab1e ---------

Source: W. R. Reilly (NCHRP 3-28) and Ref. (5)

In comparing the v/c ranges used in Table 6 with
those implied from the 1965 HOM (1), thé following
can be noted (using the example condltlons given in
Table 1): levels of Service (10S) A, B, C, D, and E
are represented by v/c ratios of approxunately 0.71,
0.75, 0.8%, 0.92, and 1.00; respectively. Thus, the
reconmended values in Table 6- closely follow the
1965 HOM for defining 1OS C, D, and E, but produce
more ample ranges of v/c values for levels A and B.
The threshold volume levels of Table 6 are .expressed
in vehicles per hour (vph) for the PLANNING
application and in passenger cars.per hour (pch) for
the OPERATIONS AND DESIGN application.: The levels
of service. defined ‘in Table 6 relate to the critical
approaches and/or lanes at the intersection.
"Non-critical" lanes w111 tend to operate at better
levels.
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Delay
1

Because delay will be the principal determinant of
‘signalized intersection level of service in the mew
HCM, Table 7 is included. The delay values given
are not yet an integral part of the Critical
Movement Analysis procedure but are presented as an
initial step in developing a range of delay values
which can be related to intersection level of
service. The values of Table 7 do not take into
account the offset relationship between adjacent
signals. Synthesis of data from a number of sources
has been used to produce Table 7. HCM users may
find it useful to compare the table with locally
obtained delay data.

Table 7. Delay and Level of Service

Level of Typical Delay Rangea
Service v/c Ratio (secs. per veh.)

A 0.00-0.60 10.0-16.0

B 0.61-0.70 16.1-22.0

c 0.71-0.80 22.1-28.0

D 0.81-0.90 28.1-35.0

E 0.91-1.00 35.1-40.0

F varies 40.1 or greater

dveasured as “stopped delay" as described in

Ref. (17). Delay values relate to the mean
stopped delay incurred by all vehicles entering
the intersection. Note that traffic signal
coordination effects are not considered and could
drastically alter the delay range for a given
v/c ratio.

Source: W. R. Reilly (NCHRP Project 3-28), based
on a synthesis of various data.

Summary

Table 8 contains a summary list of values used in
the conceptual and applied aspects of the critical
movement technique.

Critical Movement Analysis: Strategy

Critical Movement Analysis can be used in two
general categories of problems: PLANNING
applications and OPERATIONS AND DESIGN applications.
In each case the fundamentals are the same.
However, -the level of detail is greater for
OPERATIONS AND DESIGN applications. '

Critical Movement Analysis is a tool to be used
for study of the intersection as an operating whole.
For specific analysis of a single approach, the
procedure outlined by the 1965 HCM (1) remains a
valuable tool. : -

The key assumption. in the technique is that
there is a combination of lane volumes which must be
sccommodated in 1 hour through the middle of a
signalized intersection. The sun of these volumes,
_termed “critical volume" by Capelle and Pinnell (2),
cannot exceed the saturation flow characteristics ‘of
the intersection. In essence, 1800 pch would be
the maximum value under ideal conditions for the
critical volume, with 1500 vph being an average
value for typical conditions.

PLANNING Applications

In these .applications, an important reference work
is that of McInerney and Petersen (3). The only
tabular material used is that found in Table 6 which
gives a single value for the maximum sum of critical
lane volumes, in vehicles per hour, assuming
"average” traffic, signal, and geometric conditions,
and Table 3, which is used to apportion traffic
among several lanes.

The focus of this tool is to allow for a rapid
approximation of level of service. None of the
detailed individual adjustment factors need be
applied to obtain a solution. The solution is for
typical average conditions and should not
necessarily be used for detailed design or
operational decisions.

OPERATIONS AND DESIGN Applications

A principal source used for developing this more
detailed application of Critical Movement ‘Analysis
is Messer and Fambro's 1977 paper (5). Many of the
concepts and values from this work have been revised
or extended to reflect work found in other source
docunents.

Table 6 gives the level of service standards
which apply to this detailed application. Previous
sections contain descriptions of various adjustment
procedures and factors used. Table 8 provides a
sumary of these factors.

An explanation and examples of the step-by-step
procedure is given under the heading of '"USER
APPLICATIONS' later in this section.

Table 8. Summary Factors for
Critical Movement Analysis .-

Element Values

1. Capacity, per lane 1800 pch
ideal conditions

2. Capacity, per lane 1500 vph

average-to-good
urban. conditions

3. Green time Assumed as actual green
‘ time plus change interval
~ time v
1.0 = passenger car or
motorcycle .
truck or through
bus f
5.0 = local bus

0.85 = typical, or use
actual field
measurements

Left turns {see Table 3)
Right turns (see Table 4)

4. PCE values for
vehicle type
2.0

5. Peak Hour Factor

6. PCE values for
left and right

turns
7. Lane Utitization Two lanes, volume divides
(v 52.5% / 47.5%

Three lanes, volume ‘in

heaviest lane is 36.6%
of total

8. Lane Width (W) 8.0-9.9 feet, W = 1.1
10.0-12.9 feet, W = 1.0
13.0-15.9 feet, W = 0.9

Source: W. R. Reilly {NCHRP Project 3-28)
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USER APPLICATIONS
Methodology

The intent of this section is to set forth the
detailed procedures, with example problems, to be
used in Critical Movement Analysis. The examples
are divided into two groups: PLANNING applications
with quick and simple solutions, and OPERATIONS AND
DESIGN applications with more complex detailed
solutions. A Calculation Form has been developed
for each of the two groups of applications. These
forms are shown in the following pages. Detailed
definitions, the analytical framework, and
references used in Critical Movement Analysis, are
described in the preceeding section entitled
"DISCUSSION."

. PLANNING applications are carried out in terms
of mixed vehicles per hour (vph). OPERATIONS AND
DESIGN applications are carried out in terms of
passenger cars per hour (pch).

Definitions

The abbreviations and symbols used in critical
movement analysis are defined below. A more
detailed set of definitions of concepts and texms is
found in the preceeding "DISCUSSION".

G/C = Green time/Cycle time ratio
HV = Hourly Volume N
LB = Local Bus (Number per hour)
LOS = Level of Service
LT = Left Turn
PCE = Passenger Car Equivalency
‘pch = Passenger cars per hour
PCY = Passenger Car Volume, in pch
PHF = Peak Hour Factor
. PV = Period Volume
RT = Right Turn
T = Truck and Through Bus (Percentage of HV)

TH = Through Traffic

U = Lane Utilization Factor
v/c = Vol'ume/c'apacity' ratio
VL = Left Turn Volume, in vph

V0 = Volume Opposing a VL’ in vph

<

o
=

[{]

= Vehicles per hour (mixed tr_aff.ic)

Lane Width factor
PLANNING Applications: Procedure

The PLANNING application of Critical Movement
Analysis is based on average or better conditions of
geametry and traffic. The solutions can resolve the
following questionS' . -

=
[

1. What is the operating level of serv:.ce for a
s1gnallzed mtersectlon as a whole?

2. If a de31gn level of service is set, what
changes in lane geometry or demand Volume will
be necessary to achieve that level?

3. What changes in lane configuration or signal
phasing will have the greatest impact on
operating level of service?.

Step-B y-S tep A j)pioaeh

The steps followed in solv:Lng a problem by this
technique are described below.Flgure 2 .contains an
illustration of the steps followed,. which, are:

‘Step 1. Identiiy Lane Geometry - the assumed or
known lane configuration for each approach is

identified, by type of 1ane

Step 2. Identify Volumes - the assumed or known
traffic volumes for the design hour or analysis’ hour
are identified in'vehicles per hour. -Left turn
volumes, through, and right ‘turn volumes are
identified for each intersection approach. '

Step 3. Identify Phasing - the s1gnal phasmg
to be used for andlysis is identified. °

Figure 2. ProcedUre_fqr Criti‘c,avl Movement Analysis, PLANNING Applications

Step 1. Identify Step 2. Identify Step 3. Identify . Step 4. Left | . Step 5. Assign
Lane Geometry - Volumes Signal Phasing - Turn Check . ™ Lane Volumes
A I
1 |
L e —
(R)

Step 8. Intersection

Step 9. Recalculate L«
Level of Service

Step 7. Sum of
Critical Volumes

Step 6b. Volume .
Adjustment for Multi-|< Step"6€. Critical

phase Signal Overlap v
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Step 4. Left Turn Check - for an assumed
phasing with no left -turn.phases, a check is made on
the probability of clearing the identified left turn
volume. On the change interval, 2.0 times the
nurber of cycles per hour gives the maximum number
of lefts that can clear on the change interval. Use
90 left turns per hour if no information on number
of cycles per -hour is available. Additionally, the
number of vehicles per hour that can clear through
opposing traffic during-the green interval is
estimated by: ¢ o S :

S @00 et

where:

VL = Left Turn Volume, in vph, that can clear
through opposing traffic on the green in-
terval ' i '

G/C = Green time/Cycle time ratio for opposing

. flow {¥n). If no other design informa-
tion is-available, estimate by.lane vol-
ume ratio. R 3

Vo = Volume of Opposing through plus right turn

s traffic, inovph, - . o o .

Note that the green time in the G/C ratio is
considered as the green interval plus the change
interval. If the sum of the two left turn volumes
described above is less than the analysis Vvolume, &
separate left turn phase can be considered, by
réturnitg to Step 3. If the sum is greater ‘than tlie
left’ turn analysis’volume, no special left turn
phasing needs to: be considered -and the’ analysis
moves to Step 5.7 sy S

The purpose of the left .turn check is to
determine whether all left turn movements not
controlled by an.exclusive turn phase can be
accommodated. - If not, the assumption on signal
phasing can be.changed to. provide for left turn
phasing.. In many cases. (e.g,, analysis of existing
conditions), no change-in phasing is assumed and the
analysis continues, with the analyst knowing that
the non-satisfied-left turns will create operating
difficulties and be subject to éxcessive delay,

Step 5. Assign Lane Volumes - the volumes are

assigned to theé appropriate lanes. If no left turn
lanes exist, the left turn volume is converted to a
pch volume (Table 3) and the remaining through plus -
Tight turn volume is assumed tobein pch units. The
The sum of these two pch volumes is then divided
equally among-all approach lanes, However, in all

cases. the &ntire left turn volure mist be assigned

1_§o the lane(s) from which thé turns are made, and the

remaining pch volume for through and right turn
traffic is distributed equally among the remaining
lanes. Following this distribution, the pch volume
is converted back to vehicles per hour for the lane
carrying the left turn. ‘ o

- If a left turn lane exists, the left turn volume
in vehicles per hour is assigned to that lane and
the through plus right turn volume is ‘divided
equally among the through and through-right lanes.
For the special case of a double left turn lane,
fifty-five petcent of the total left turn volume is
assigned to one left turn lane and forty-five
percent to the other. )

Step 6. Critical Volumes -~ for each signal
phase, the highest total of conflicting traffic (on
a per lane basis) is identified. For a. two phase
signdl, the "highest total of the through (or
through plus right turn if no- exclusive right turn
lane exists) plus ;thé opposing left turn volume" is
selected. For a three-to-eight phase. ("multiphase')
signal, each phase listed in thetypical (i.e., most
probable) phase sequence has one critical volume.
The most probable phase sequence represents the se-
quence of a multiphase signal most likely to occur
undeir the volumé conditions :assigned in Step 5.
Where an exclusive right turn lane exists, such a
lane is often not inc¢luded in the critical analysis
if right turns on red are permitted. However, such
a lane can be included if the analyst believes that
it might carry the most critical volume for that
approach. Some reduction (30 percent is typical) in
the assigned right turn volume (Step 5) may be made
to allow for right turns madeonred. If right turns
on red are not permitted, an exclusive right turn
lane is included in the analysis. Note that Calcu-
lation Form 1 contains Step 6a, which is used for
two phase signals, and Step 6b, which is used for
multiphase signals. In Steps-6a and 6b, a street
operating without separate turn phases must have the
opposing left twrns added "to the through volume to
obtain the critical volume for that street.

Step 7. Sum of Critical Volumes — the critical
volumes, for each phase, are sumned.

Step 8. Intersection Level of Service — the sum

. of critical volumes is compared with Table 6, and an

intersection level of service is identified.

Step 9. Recalculate - depending on the solution
found in Step 8, a change in geometry, demand volume,
or signal phasing can be made, and a recalculation
——Stepsl(R) through 9(R)--is performed.

Calculation Form 1 is used for PLANNING
applications. o
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. - Intersection

Calculation Form 1

Problem Statement

Design Hour

Step 1. Identify Lane Geometry

Approach 3

' Approach 1 I
l Approach 2 l )

Step 4. Left Turn Check

Step 6b. Volume A djitstment for

change intervals
per hour

b. Left turn capacity
.on change interval,
in vph

c. G/C
Ratio

d. Opposing volume
in vph

e. Left turn
capacity on
green, in vph

Multiphase Signal Overlap
Approach Possible Volume. Adjusted
— Probable  Critical Carryover  Critical
1 2 3 4 Phase Volume to next Volume
a. Number of in vph phase in vph

f. Left turn
capacity in vph
(b+e)y
g. Left turn volume
in vph
Anoroach 4 h. Is volume > capac-
Approach 4 ity (& > 17 p ‘
Step 2. Identify Volumes, in vph|| Step 5. Assign Lane Volumes, ||Step 7. Sum of Critical Volumes
in vph
Approach 3 Approach 3 L — +. +
RT = '
TH = = vph
LT =

Approach 1
Approach 2

— l A‘pproach1

won
ET E

Approaclg 4

=+~ @

Approach 4

| Approach 2 |

Step 8. Intersection Level of
- Service
(compare Step 7 with Table 6)

|:Step 9. Recalculate

Geometric Change

Signal Change

Volume Change

| Step 3. Identify Phasing

Al A3+

Bl ¢ B3 ™)
Bg_} ga L

A2a— A4 4

Step 6a. Critical Volumes, in vph
" (two phase signal)

I Approach 3
l Approach 4

Approach 1
’ Approach 2 '

Comimnents.
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Example 1

‘Intersection LincotN AND

Calculation Form 1

CoMHERCE

Problem Statement _Fuwo

EXISTING LOS.

Design Hour 4:30-~5:30 p.m.

Canw LT BE HanpLed witd 29 &

S'tep 1. Idéntl:fy-. Lane Geometry

Step 4. Left Turn Check

Step 6b. Volume Adjustment for
Multiphase Signal Overlap

ﬁ'Approach 2

Approac£ 4

Approééh 1

Approach ra

Approach 2

‘ Approach Possible Volume Adjusted
- § Probable  Critical Carryover  Critical
. 1 2 3 4 Phase Volume to next Volume
v a. Number of in vph phase in vph
change intervals 4 40 4o 4o
per hour
b. Left turn capacity
LINCOLN on change interval, | 80 80 80 ©0 2 4)
- _{ ~ in vph
-~ c. G/C .
é —_ ‘é Ratio 55 .55 45 45
© 11 d. Opposing vol
g S| “invph T 90 1596 B30 330
Q
P < |} e. Left turn :
"l capacity on (o} [2] 10 210
o ‘flr’ green, in vph
3 [ f. Left turn
capacity in vph : 230
g | (b+e) P 8 8 o B
. Left |
8 | g inevp[hum volume 50 4o 9 120
h. Is volume > capac- *
Approach 4 ity (2 >1)? P No No No No v
Step 2. Identify Volumes, in vphl|| Step 5.  Assign Lane Volumes, ||Step 7. Sum of Critical Volumes
in vph
3 % 8 Approach 3. Approach 3 1 3; + %o . 385 . 2o
W = —I—élo—— vph
EEE .
o Step 8. Intersection Level of
Service
(compare Step 7 with Table 6)

D

|Step 9. Recalculate
) App LT LANES TO
Geometric Change A PPROACHES 3 AND 4

Signal Change

Volume Change

| Step 3. Identify Phasing 24

- ABZ o AZBI
v A 1 A3B4 or MBS
Al A3} | B1 — B39
A= A4} B2 4 Ba Lo

~(two phase signal)
. Approach 3

\ ——
\ ~—-404
_____ —F

Sl's

Approach 4

Approach 1

Appro_ach 2

Step 6a Crttlcal Volumes, in vph

Comments
NoTE THAT LEFT. TURN DEHAND

For. APPRoAcH B EQUALS

EAPACITY
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PLANNING Applications: Example 1
Problem

Lane configuration and peak hour volumes are shown
on Calculation Form 1 for an existing urban
intersection. The following three questions must be
answered :

1. What is the intersection level of service?

2. Can left turns be handled without installing
an exclusive phase?

3. If left turn lanes are added on Approaches
3and 4 what changes, if any, may be expected in
the level of service?

Analysis

Step 1. Identify Lane Geometry. Existing lane
configuration is shown on Calculation Form 1.

Step 2. Identify Volumes. Existing peak hour
volumes (vph) are shown on Calculation Form 1.

Approaches are numbered 1, 2, 3, and 4, from the

west, east, north, and south, respectively.

Step 3. Identify Phasing. A two phase signal
operation exists.

Step 4. Left Turn Check. A 90 second peak hour
cycle length is used. Forty cycles per hour times
2.0 left turns per cycleresultin 80 left turns per
hour made on the change interval. Additionally, left
turns -made through ‘opposing traffic on the green
interval, assuming a 0.55 G/C ratio for Approaches
1 and 2 and a 0.45 G/C ratio for Approaches 3 and 4
are calculated by the. formula:

= (G/C)(]ZOO) 0

For all diredtions, the capacity for left turns
is equal to or greater than left turn demand.
Therefore, the two phase signal operation is
adequate. Note that for left turns from Approach 3,
demand and capacity are equal at 90 vph.

Step 5. . Assign Lane Volumes. :For Approaches 1
and 2, left turn volumes are assigned to the left

turn 1anes and through plus right turn volumes are

divided équally between the remaining lanes. *°

For Approaches 3 and 4, factors from Table 3 are ‘

used to convert 90 and 120 left turns (with 530 ‘vph

* and 330 vph opposing, respectively) to 180 and 240.

pch, respectively. Thus, a total pch volume of 510
(from Approach 3) and 770 (from Approach 4) is
computed. On a per lane basis, 255 pch and 385 peh),
from Approaches 3 and 4, respectlvely, are computed.

For Approach 3, the left lane is assigned 255
pch, of which 180 pch is due to left turn vehicles.
The right lane is also assigned 255 pch, comprised

.of through and right turn traffic. Therefore, the

left lane carries 165 vph (90 left turns plus the
difference between 180 and 255) and the right lane
carries 255 vph.

For Approach 4, the left lane is assigned 385
pch, of which 240 pch are due to left turn vehicles.

Table 6. Level of Service Ranges

PLANNING Applications (in vph)

Level Maximum Sum of Critical Volumes
of Two Three Four or
Service - Phase Phase more Phases .
A 900 - 855 825
B 1050 1000 965
C 1200 “1140 1100
@ v 1350 1275 1375

E , 1500 1425 1225

Foo e not applicable---------

OPERATIONS AND DESIGN Applications (in pch):
(deleted)

The right lane is also assigned 385 pch, comprised

of through and right turn traffic. Thus, the left
lane carries 265 vph (120 left turns plus the
difference between 240 and 385) a.nd the right lane
carries 385 vph.

The per lane volumes are entered in Step 5 of

. Calculation Form 1.

Step 6. Critical Volumes. Critical volumes for
phase A1AZ, on Approaches 1 and 2, is 795 + 40 LT or
455 + 50 LT. Use -835. Critical Volumes for phase
A3A4 on Approaches 3 and 4 is 255 + 120 LT or 385 +
90 LT. Use 475. These volumes are graphically shown
in Step 6A on the form.

Step 7. 'Sumof Critical Volumes. The sum of
critical volumes is 835 + 475 or 1310 vph. :

Step 8. Intersection Level of Service., Using
Table 6, this value falls within the range of 1201
to 1350 vph or Level of Service D for two phase
signals. The left turns can be handled using the
geometry shown and a two phase ‘signal.

Step 9. Recalculate. To determine the effect

‘on level of service of -adding léft turn lanes on
“Approaches 3 and 4, return to Step 1 and recompute.

* (Continued)



Critical Movement Analysis: PLANNING

————fﬁ:c':,‘f:,;im) Calculation Form 1
Intersection LiNcoLn and Commerce

Problem Statement

Design Hour 4:30-5:30 p:m.
Finp cHAnGE IN LOS BY ADDING L EFT-TueN LANES

Step 1. Identify Lane Geometry

Step 4. Left Turn Check

Step 6b. Volume Adjustment for
Multiphase Signal Overlap

Approach 3 Approach Possible Volume Adjusted
Probable  Critical, Carryover  Critical
' 1 2 3 4 Phase Volume to next Volume
a. Number of in vph phase in vph
change intervals 4"0 4'0 40 40
| per hour
b. Left turn capacity
Lincoed N on change interval, | 0 90 S0 80 2 CP
- p g/‘gh
“““““ c.
'é § Ratio '5-5 . 55 ‘45 '45
] pas : 21} d. Opposing volume .
g 2 in vph 9 1> %90 5306 330
< < {] e. Left turn
capacity on (o) o] lo 210
@ \ i green, in vph
gl f. Left turn
b capacity in vph 6o 8o 90 290
§ (b+e)
3 g: Left turn volume 1
9 in vph 56 40 90 |10
h. Is volume > capac- ¥
Approach 4 ity (g >1)? NO f&() NO ”O

Step 2. Identify Volumes, in vph

Step 5. Assign Lane Volumes,

Approach 3
LLS i
1\

Approach 3
RT =_ 10
TH=_340
LT = 40
= Py
£
c a
Q.
< <

Approaca g

in vph

P 195 15 % a,;}L 455

b o~
£ < 485 - -
S —F b 4o £ C 18
& ?95 —> g
< <

95 — 115 Lo usl %5 20
W|r,
(&
|

pproach 4

Step 7. Sum of Critical Volumes
795 . 40 ., 265 ,
1190

90

+

vph

Step 8. Intersection Level of
Service
(compare Step 7 with Table 6)

C

Step 9. Recalculate
NotT NecessAry
Geometric Change

Signal Change

Volume Change

Step 3. Identify Phasing 2¢

. -
—> AIBZ or AZB\
VA | Asp4or AaBS
Al — A3 | 81 ¢— B3 ™
A2 A4 4 B2 4 B4l

Step 6a. Critical Volumes, in vph

(two phase signal)
Approach 3

L_

g‘omments »
NoTE THAT LEFT TURN DEMAND

FoR APProAcCH 32 EQUALS
CAPACITY.

- —_———
é -5
g >--—4o£ g
%—» ?%———J 2
< <

Z(.

aln

Approach 4
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(Example 1)

Note: "(R)" denotes a.recalculation.

Step 1(R). Identify Lane Geometry. Left turn
lanes are added on Approaches 3 and 4.

Step 2(R). .- Identify V.olumesl Volumes, in: vph
are shown on the form.

Step 3(R). Identify Phasing. The existing two
phase signal will be analyzed.

Step 4(R). Left Turn Check. Step 4(R) is
identical to the preceeding Step 5.

Step 5(R). Assign Lane Volumes. Left turns are
assigned to left turn lanes and through plus right
turn volumes are distributed equally to the
remaining lanes.

Step 6(R). Critical Volumes. Critical volumes
for phase AlA2 on Approaches land 2 are 795 + 40 LT
or 455 + 50 LT. Use 835. Critical volumes for phase
A3A4 -on Approaches 3and4 are 165 + 120 LT or 265 +
90 LT. Use 355.

Step 7 (R).' Sum of Critical Volumes. The sum of
the critical volumes is (835 + 355) or 1190 vph.

Table 6. Level of Service Ranges

PLANNING Applications (in vph)

Level Maximum Sum of Critica] Vo1umes
of Two Three Four or
Service, Phase Phase. more Phases
A 900 855 825
B 1050 1000 965

@ 1200 1140° 1100
D 1350 1275 1375
E 1500 1425 1225
F meeeeee—- not applicables--------

OPERATIONS AND DESiGN Applications (in pch)
(deteted)

Step 8(R). Intersection Level of Service.
Using Table 6, the value of 1190 vph falls within
the range of 1051 to 1200, or Level of Service C for
two phase operation. )

Step 2(R). Recalculate. No recalculation is
necessary as it is demonstrated that left turn lanes
alter the intersection Level of Service D to C.




Critical Movement Analysis: PLANNING

Example 2
Intersection

Univeesity and MAPLE

Calculation Form 1

Problem Statement _T'ND_exisTing LOS

Design Hour_ %3¢ 5:3% p-m.

Step 1. Identify Lane Geometry

Approach 3
UNIVERSITY l 'l l
_Hi,l
Approach 4 v

Approach 2

Approach 1

HAPLE  J}

Step 4. Left Turn Check

Approach

Step 6b. Volume Adjustment for

1 2 3 4

a. Number of
change intervals
per hour

b. Left turn capacity
on change interval,
in vph

¢. G/C.

Ratio

d. Opposing volume
in vph

e. Left turn
capacity on
green. in vph.

f..Left turn
capacity in vph
(b +e)

g. Left turn volume

©in vph

h. Is volume > capac-
ity (g >)?

8

Multiphase Signal Overlap
Possible Volume Adjusted
Probable  Critical Carryover  Critical
Phase Volume to next Volume
in vph phasg in vph
B2l 120(8B2) 280-120% 1kaBl) 120\,';
AzBl 160 (B1) 3%o-1eo=Zio(N) 160”5
AR PoAy oe zielA)  F30
<
B4B3  Zoo(0d) 2e0-2oozLul$3) 20038
-
Ap3 bo(B3) deo-Lo340(Ad) 6O 3
A3ph  325(AY) or FHo (A8)  Ho

Step 2. Identify Volumes, in vph

Approach 3 )
ar - 11O

TH -1000

Step 5. Assign Lane Volumes,
in vph
Approach 3

|
'@
Approach 2

Approach 1

Approach 2

u " i
S W gy
Approac <4 = o

Approach 4

Step 7. Sum of Critical Volumes

20 20

+ + +

340

= I(QID Vph

Step 8. Intersection Level of
Service
(compare Step 7 with Table 6)

=

Step 9. Recalculate

| THEU LANE-APIZoACHESSHH
Geometric Change LET LMIE - APPROACHES | iz

FaiLvee ¥

Signal Change

Volume Change

Step 3. Identify Phasing

27 | mw
=3 o | MBz oL A28
— | Aim
(Y | &es
YN Aset o adB3
V| aeme
Al —» A3 | Bl ¢— B3 ™)
A2w— A4} B2 4 Ba |

Step 6a. Critical Volumes, in vph
(two phase signal)

Approach 3
L—
B¢ ~‘
___Ll
Approach 4

Approach 2

l Approach 1 I

Comments _
INTERSECTION WILL NoT

OPERATE WIiTHouT VEZY LoNG

RUEVES AUD BXcESSIVE DELAYS,
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PLANNING Applications: Example 2

Problem

Lane configuration and design hour volumes (with
left turn lanes on all approaches) are shown on the
calculation form for a major new suburban
intersection. The following information is needed.

1. The whole intersection level of service if
an eight phase signal operation is used.

2. Change in level of service if an additional

through lane is added to Approaches 3 and 4, and

a right turn lane to Approaches 1 and 2.
Analysis

Step 1. Identify Lane Geometry. The assumed
lane configuration is shown on the form.

Step 2. Identify Traffic Volumes. Design hour
volumes are shown on the form. :

Step 3. Identify Phasing. An eight phase
signal is planned, with left twrn arrows for each
direction. The left turns are allowed only on the
arrow (in a protected mode).

Step 4. Left Turn Check. Each left turn

movement has a protected phase. Therefore, the left
- -turn check is not needed.

Step 5. Assign Lane Volumes. Left turns are
assigned to left turn lanes and through plus right
turn volumes are distributed equally to "the
remaining lanes.

Step 6. Critical Volumes. Using Step 3, the
phase sequence which most likely will appear under
the volumes of Step 5 is: B2B1, A281, AlA2, B4B3,
A4B3, and A3A4. For example, since left turn volune
from Approach 2 (Bl) is greater than left turn
volume from Approach 1 (B2), Bl will continue
receiving a green arrow after B2 has been

Table 6. Level of Service Ranges

PLANNING Applications (in vph)
Maximum Sum of Critical Volumes

Level

of Two Three Four or

Service Phase Phase more - Phases

A 900 855 825

B 1050 1000 965

C 1200 1140 1100

D 1350 1275 1375
(::) 1500 1425 1225

F e not applicable-----ce--

OPERATIONS AND DESIGN Applications (in pch)
(deleted)

terminated. Thus, A2Bl is selected as the most
probable phase, rather than Al1B2. ’

Using the most probable phase sequence, the
through plus right turn volume which moves during
the concurrent display of a left arrow is subtracted
from the total through plus right turn volume and
the remaining volume is carried over to the next
phase. This calculation is listed in Step 6b on the
form. . )

Step 7. Sum of Critical Volumes. The sum of -

~eritical lane volumes for all phases is 120 + 160 +

730 + 200 + 60 + 340, or 1610 vph.

Step 8. Intersection Level of Service. Using
Table 6, the critical sum of 1610 vph falls beyond
Level of Service E (1375 vph) for eight phase control.
Therefore, the intersection will notoperate without
unacceptable delays. ‘

Step 9. Recalculate. Return to Step 1 and
recalculate to determine the effects of adding a

~ through lane on Approaches 3 and 4, and a right turn

lane on Approaches 1 and 2.

(Continued)



Critical Movement Analysis: PLANNING

Example 2 Calculation Form 1
(Recalculation)
Intersection NWERSITY AND HMAPLE

Design Hour _430-530 p.m.

Problem Statement FinD cHANce (N LOS By ADMING ADDITIONAL THEU AND RT LANES

Step 1. Identify Lane Geometry

Step 4. Left Turn Check

Step 6b. Volume Ad]ustment Jfor
Multiphase Signal Overlap

Approacltt 4

Approach 4

Possibl Vol Adjusted
Apgroach 3 Q Approach Probable C‘:?istsilcale Cgrl:)r/‘c’s/er Crijt‘i‘lc:sa‘le
1 2 3 4 . Phase Volume to. next Volume
a. Number of in vph phase in vph
char;]ge intervals 843 o
per hour
b. Left turn capacity | Bzel ‘ZOL%Z’\ 220-20= IL((B!) ‘Qb‘g
~— on change interval, /‘*-
- —=— — —|o|| invph AZBI 1o (B 334-160s1 D) oo’
e |
g = = 2738 | 0. Opposing voume NAL SRR o4 (kD) 5T
gL - —= g [* Vb v <+
< = : <11 c':plac:g/non MB3 200(54) 1h0-200= 60@5) 200\5
N green. in vph . J;E
: f. Left t ; z
| e o B (5 otk o7
(b+e)
g Left turn volume A3 LIH(A3) ot 207 AN Ut
in vp
h. 1 1 > . .
Aoproach R | |
Step 2. Identify Volumes, in vph|| Step 5. Asszgn Lane Volumes, ||Step 7. Sum of Critical Volumes
S in vph ‘ oo ‘
Approach 3 llD Approach 3 260 +, g:,% + éO * 2":}.
RT =
TH =_1 000 . = 1334_vph
LT-_280 A ; :
Step 8. Intersection Level of
, Service
Ny o (compare Step 7 with Table:6)
S {|9] S ;
K K E
a % &
2| E

Step 9. Recalculate
NOT WECESSALY

Geometric Change

Signal Change

Volume Change

Step 3. Identify Phasing 84>

— ¥ | 3B
—”-»’_or-‘;- AIBZ oL AZB1 -
— “| Az
L ] s
‘\,u’h A3t or Mb3
v A | oM
Al -t A3 § Bl ¢y~ B3
A2 A4 4 B2 4 Ba L

Step 6a. Critical Volumes, in vph
(two phase signal)

_ l Approach 3
-

Approach 4

Approach 1

l Approach 2 l

Comments
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(Example 2)
Note: "(R)" denotes a recalculation.

Step 1(R). Identify Lane Geometry. The new
lane geametry to be analyzed is shown on the form.

Step 2(R).. Identify Volumes. Design hour
volumes are shown on the form.

Step 3(R). Identify Phasing. An eight phase
signal is assumed, with left turn arrows for each
direction. Left turns are allowed only on the arrow
(in a protected mode).

Step 4(R). Left Turn Check. Each left turn
movement has a protected phase. Therefore, the left
turn check is not needed.

Step 5(R). Assign Lane Volumes. Left turns are
assigned to left turn lanes and right turns are
assigned to exclusive right turn lanes, on
Approaches 1 and 2. Remaining volumes are
distributed equally to the remaining lanes.

Step 6(R). Critical Volumes. Using Step 3, the
phase sequence which most likely will appear under
volumes of Step 5 is; B2B1, BIA2 , A1A2 , B4B3, A3B4 ,
and A3A4 . For example, since the left turn volume
from Approach 2 (Bl) is greater than left turn
volume from Approach 1 (B2), Bl will continue
receiving a green arrow after B2 has been
terminated. Thus, A2B1 is selected as the most
probable phase, rather than A1B2.

Using the most probable phase sequence, the:
throughr plus right turn volume (except where right
turns have an exclusive lane) which moves during a

left arrowis subtracted from the total through plus -

right turn volume and the remaining volume is carried

over to the next phase. Note that exclusive right .

Table 6. Level of Service Ranges

PLANNING Applications (in vph)
Maximum Sum of Critical Volumes

Level
of Two Three Four or
Service Phase Phase more Phases
A 900 855 825
B 1050 1000 965
C 1200 1140 ‘1100
D 1350 1275 1375
@ 1500 1425 1225
F 0 eseeceee- not applicable-~-=n=n--

OPERATIONS AND DESIGN Applications {in pch)
(deleted)

turn lanes are not included in the critical volume
analysis when right turns on red are permitted unless
the analyst considers this lane to be critical. In
this example, right turns on red are permitted.

Step 7(R). Sum of Critical Volumes. The sum of
critical volumes for all phases is 120 + 160 + 577 +
200 + 60 + 217, or 1334 vph.

Step 8(R). Intersection Level of Service.
Using Table 6 1334 vph falls within the range of
1226 to 1375, for Level of Service E for eight phase
control. ) :

Step 9(R). Recalculate. Recalculations could
be made to determine the improvement in level of
service. from other geometric or signal changes, such
as addition of double left turn lanes.




