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ERRATA 

Transportation Research Circular 212 

Interim Materials on Highway Capacity 

Prior to the distribution of Transportation Research Circular 212, the Committee on Highway 
Capacity and Quality of Service had an opportunity to discuss and review it during the Fifty-
Ninth Annual Meeting of the Transportation Research Board. At that time, the need for certain 
corrections in the text became apparent. This errata sheet and the separate page showing Figures 1 
and 2 for "A New Technique for Design and Analysis of Weaving Sections on Freeways" have been pre
pared as a result. Readers are urged to report any similar problems or difficulties they encounter 
on the User Evaluation forms at the back of the Circular . 

Page 11. Table 6, In the fourth column, replace the value of 1375 for level of Service D by the 
value of 1225 shown for Level of Service E, and vice versa. This correction applies also in 
Table 6 on pages 17, 19, 21, and 23. 

_P_aKg~e_2_.9_.. __ s __ te~p..__1_1_. __ S~e_c_o~n~d_l~i~n~e. Change 1606 to 1604. 

_P_a .. s_e_3_1_.. __ S~te,_p'---'"l __ l""'(""R._) --· _ _.S_.e ... c..-.on_d_...1..-i __ n_e. Change 1423 to 1422. 

Pa&e 47. Second line below Table 2. Change the tenr. M4 to MP. 

Page 49. Table 3. In the second column, change the dash to E. Thie correction applies also in 
Table 3 on pages 51, SS, 59(both places), 63, 67(both places), and 69. 

~P~ag~e"-'l_O~O~.--T~a~b-l_e:....::2~6~.-~La===s~t-=-li~n~e. Change 10 to 8 and 800 to 640. 

_P_ag_e_l_O_l_. __ T_a_b_l_e~2_6~(C_o_n_t_i_n_u_ed_)_. __ L_as_t_l_i_n_e. Change 1600 to 1400 and 2400 to 1920. 

Page 108. References 4 & S. Change Levinson, H. W. to Levinson, H. S. 
Reference 16. Change Research Engineering Society to Doctor of Engineering Science. 
Reference 17. Change 1971 to 1977. 

Page 129 . Figure 12. The portion of the Figure to the right of LOSE (i.e., for Average Flow 
values greater than 2S) should be disregarded. This correction applies also to Figure 12 on 
page l.3S. 

_P_a .. g_e_l_4_2_. __ S_te~p..__2_b_., __ C_o_n_d_i_t_io_n_l. Change 187 .8 to 187. 

_P_a_s_e_l_4_3_. __ S_te~p..__l_d_. __ L_a_s_t_l_i~ne. Change 7 .6 to 6. 7. 

Page 169. Second Column. Line 13. Change Level of Service ... "as 3" to "as C". 
Lines 34-40. Change Level of Service terms 1, 2, 3, 4, and 5 to A, B, C, D, and E, respectively. 
Line 53. Change Level of Service 3 to C. 
Last ParagTaph . Change Level of Service terms 1, 2, and 3 to A, B, and C, Tespectively. 

Page 170. Table 2.2. In the three columns headed LOS, change 1, 2, 3, and 4 to A, B, C, and D, res
pectively. 

Page 227. First Column. Last line of Problem 1. Change 5 to E. 

Page 264. Table S.2. In first Column (Levels of Service) change 1, 2, 3, 4, and S to A, B, C, D, 
and E, respectively. 

Page 269. Insert Figures 1 and 2 (separate sheet) here. 
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Transportation Research Circular 212, Interim Materials on Highway Capacity. Figures 1 and 2 
for A New Technique for Design and Analysis of Weaving Sections on Freeways (See page 2671. 
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INTRODUCTION TO CIRCULAR 

The 1965 Highway Capacity Manual has become an 
essential tool in planning, designing, operating, 
and managing roadway facilities. The production 
and distribution of thirty thousand copies of the 
document indicate its extensive use and acceptance. 
Yet, since 1965, emphasis has shifted from new 
facility construction to the upgrading of existing 
facilities and the implementation of operational 
techniques. Factors such as the presence of pedes
trians, bicycles, and bus transit along roadways-
and the needs for environmental and user cost 
analyses--have become important in engineering and 
planning. Though considerable research on these 
and other topics has been undertaken since publica
tion of the 1965 Manual, no single document has 
incorporated the results in a readily usable format. 
Thus, this Circular addresses the need - identified 
by a survey of Highway Capacity Manual users - for 
a compilation of current procedures to supplement 
the Manual. This is not to say that the Circular 
replaced the Manual as an accepted procedure where 
the Manual is referred to in such terms by law or 
regulation. Decisions on its acceptability in that 
sense will have to be made by others. 

The choice of a Transportation Research 
Circular as the publication mediwn has been quite 
deliberate. By definition, Circulars contain infor
mation of immediate interest but not necessarily of 
long-lasting value. They usually reflect the 
decisions of a TRB Committee to disseminate the 
results of pertinent research findings. They are 
quickly readied for publication and they are broadly 
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distributed. This circular is expected to be of 
immediate interest to highway designers, traffic 
engineers, and research analysts through its provi
sion of up-to-date information and improved 
procedures in selected areas of highway capacity 
analysis. Some of these procedures are widely 
accepted already; others are in need of field 
validation. Some may not withstand the rigors of 
extensive application; they may be either dropped 
or modified before being advanced as recommended 
practice in a permanent publication. Nevertheless, 
it is the considered judgment of the TRB Committee 
on Highway Capacity and Quality of Service that the 
methods presented here can be put to use until such 
time as a revised Manual becomes available. 

Because the Circular has been prepared rapidly 
for publication, the reader may notice that differ
ent sections have different formats in their 
presentations. Inconsistencies not only in style 
but in symbols and terminology may appear (a small 
subcommittee of the TRB Committee is directing its 
attention to this and related issues). Readers who 
wish to call attention to these as well as other 
technical problems are encouraged t_o use the evalu
ation sheets attached as the last pages for that 
purpose. 

The content of the Circular is varied and comes 
from a number of sources. The first sections come 
from Project 3-28, "Development of an Improved 
Highway Capacity Manual", conducted by JHK & 
Associates for the National Cooperative Highway 
Research Program. Two of the subjects treated 
("Critical Movement Analysis" and "Unsignalized 
Intersections") are drawn from current practices. 

l 
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The sections titled "Transit" and "Pedestrians" are 
based on material initially prepared by Herbert S. 
Levinson and Jeffrey M. Zupan, respectively, both 
members of the TRB Collllllittee on Highway Capacity and 
Quality of Service. 

The freeway sections of the Circular were pre
pared by Roger P. Roess, Elliot Linzer, William R. 
McShane and Louis J. Pignataro, of the Polytechnic 
Institute of New York, for the Implementation 
Division in the Federal Highway Administration's 
Office of Research and Development. Under the Head
ing of "Freeway Capacity Procedures", the work 
treats basic freeway segments, weaving areas, ramps, 
and the freeway as a total facility. 

The last section of the Circular, also dealing 
with weaving area analysis, is based on material pre
pared by Jack E. Leisch. 

Throughout, appropriate references to other 
sources and background material are cited. As the 
probable forerunner for parts of a revised Highway 

Capacity Manual, though, the Circular is intended 
for use on a stand-alone basis. If readers 
encounter difficulties in this regard, such collllllents 
transmitted on the evaluation sheets will also be 
welcomed. Reader experiences, both positive and 
negative, are required in order to develop a more 
responsive revision of the Highway Capacity Manual. 

Looking to the future, it seems probable that 
some additional interim materials or even revisions 
to the present contents may appear. Again, their 
issuance through the medium of Transportat:l.on 
Research Circulars seems likely. Given the schedule 
for completion of research that is now ongoing or 
likely to begin in early 1980, the COllllllittee on 
Highway Capacity and Quality of Service is projec
ing that 1983 will be the earliest date that the 
user COllllllunity can expect to receive a wholly 
revised Capacity Manual. This circular, and any 
subsequent one, is thus anticipated to serve for 
some considerable time as a supplement to the 1965 
Manual. 

OPERATION AND MAINTENANCE OF TRANSPORTATION FACILITIES 

Adolf D. May, Jr., Chairman 
Group 3 Council 
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NCHRP PROJECT 3-28: DEVELOPMENT OF AN IMPROVED 
HIGHWAY CAPACITY MANUAL 

Preface 
This research was conducted by JHK & Associates as 
National Cooperative Highway Research Program 
(NCHRP) Project 3-28, Phase I. The Traffic 
Institute at Northwestern University served as 
subcontractor on tbe project. Mr. William R. Reilly 
of JHK & Associates was Principal Investigator, and 
tbe principal professional for the Traffic Institute 
was Mr. Ronald C. Pfefer. 

Other key team members were James H. Kell, Ruel 
H. Robbins, Richard A. Presby, and Iris J. Fullerton 
of JHK & Associates. Technical editor of these 
materials was Mr. David A. Kell of JHK & Associates 
- -who also se:rved as production supervisor duriug 
final layout and paste-up. For tbe Traffic Institute, 
Jack Hutter, Alex Sorton, and Robert Seyfried 
provided valuable input to the work. Other 
personnel in both agencies also contributed to the 
research effort. 

Appreciatiou is extended to the Transportation 
Research Boa.rd' s Ceroni ttee on Highway C:apaci ty and 
Quality of Service for their cooperation in 
surveying users, for conducting workshops at the 
197.8 Annual Meeting of the Transportation Research 
Board and for reviewing these interim materials 
prior to publication. 

Special acknowledgement is due to two 
indi victuals. Mr. Herbert Levinson of Wilbur Smith 
and Associates served as principai author of the 
Transit section, and Mr. Jeffrey Zupan of the 
Regional Plan Association contributed the basic work 
leading up to the Pedestrian section of these 
interim materials. 

The NOiRP Project 3-28 Panel played an important 
part in guiding the research, and took an active 
role as "users" in providing insights and 
suggestions on the contents and format of the 
interim sections included in this volume. 

Contents 
CRITICAL MOVEMENT ANALYSIS 5 

UNSIGNALIZED INTERSECTIONS 37 

TRANSIT 73 

PEDESTRIANS 115 

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 a1·e encouraged 
to send to TRB their observations, including actual 
data and analyses . 

The interim materials provided in this section 
are Critical M::ivement Analysis , Onsig11alized Int er-

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 in 1977, 
and the final report on Phase I of the Project was 
submitted to NCHRP in August, 1979. The final 
report describes 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 
docunentation for a new Highway Capacity Manual. 

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 are 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 Mcinerpey 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 of NC:HRP Project 3-28, had primary 
responsibility for deriving the final procedure. 

Critical Movement Analysis allows the HQ.1 user 
to analyze the urban signalized intersection as an 
entire unit. The overall intersection level of 
service and the effects on level of service of 
design and operational changes can be determined. 
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 multiphase signals 
with phase overlap. 

For determination of capacity or level of 
service of a single intersection approach, the 1965 
HCM remains the principal tool until the new HQ.1 is 
produced. 

Unsignalized Intersections 

The procedure for capacity analysis of unsignalized 
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 
Junctions." Mr. James H. Kell, of the NCllRP Project 
3-28 team, was most directly responsible for 
revising and adapting this technique to the point 
where it can be of use to the HQ.1 user. 
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Only those unsignalized intersections that are 
controlled by two-way STOP signs or by YIELD signs 
can be analyzed by this technique. The procedure i s 
not appli cable to uncontrolled intersections or four 
way STOP sign controlled inte r sections . 

Initially, the capaci ty 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 
movancnt and the probable delay and level of service 
is estimated. 

The assumption is made that major street traffic 
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. Minor street flows, however, are impeded by 
all other conflicting movements. The procedure 
includes adjustments 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 potential impedences, it 
is necessary to structure the computational 
procedures and deal with individual traffic 
movements in the following order: 

1. Right turns into the major road; 

2. Left turns from the uajur ruad; 

3. Through traffic crossing the major road; and 

4. Left turns into the major road. 

In addition, the method takes into account the 
lane configuration on the minor street and includes 
appropriate adjustments for movements that use the 
same lane (shared lane) • 

The npplication of this technique and subsequent 
user comnents may lead to a linking of this method 
to standard warrants for traffic signal 
installation. However, at this time no attempt has 
been made to relate the two procedures. 

Transit 

Bus transit on urban streets and expressways and, to 
a lesser extent, rail transit, is described in the 
Transit section of this document. This material was 
developed by Mr. Herbert S. Levinson, of Wilbur 
Smith and Associates. The NCHRP 3-28 Project Team 
participated with Mr. Levinson in the final review 
of the material. 

The HCM user will be able to apply these 
materials to the analysis of capacity and level of 
service of bus lanes, busways, and rail transit 
lines. Analysis techniques for determining the 
number of bus berths needed, given bus flows and 
passenger service times, are described. Also, 
considerable data on characteristics of existing 
transit systems are included, to illustrate the 
operating experience of transit properties. 

Although calculation forms are not included in 
this section, several example problems do indicate 
the application of the concepts and numerical values 
involved with transit capacity. 

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 & 
AssoC'.illt.P.R anrl Mr. AlP.x 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 refere nc e 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 
determine a 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 peaking 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. 
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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. 

Tile ability of a line of vehicles to discharge 
past a point is the key principle involved. Rarely 
can a discharge rate of 2000 passenger cars per hour 
of green te 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 va.i•ies from 1500 to 1800 
passenger ea.rs per hour of green . 'fhe 1965 Eligbway 
capacity Manual (HCM) (.!_) states that a single lane 
at a traffic signal can accorrrnod.ate 2000 and 1500 
pll.Ssenger 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 . 

Definitions 

Approach - The portion of an intersect ion leg 
which is used by traffic approaching the 
intersection • 

Capacity - The roo.ximum number of vehicles that 
bas 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 con.di tions . 

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 utiliz.ation 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 Till'e - The period in seconds required for 
one canplete sequence of signal indications. 

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

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

Hourly Volurre - The number of (mixed ) vehicles 
that pass over a given section of a lane or roadway 
during a time period of one hour. 

Level of Serv.ice - A measure of the mobility 
characteristics of an intersection, as determined by 
vehicle delay and a secondary fa ctor, 
volune/cai;iacity ratio. 

Local Bus - A bus baving a scheduled stop at 
the i ntersection Wlder analysis. 

Passenger Car Eguivalency - 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 Volurres - The volumes expressed in 
terms of passenger cars, following the application 
of passenger car equi valency factors to vehicular 
volunes. 

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

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

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

Phase - A par t of the cycle allocated to any 
traffic movement or canbination of traffic movements 
receiving right of way simultaneously dl.U'ing one or 
more intervals . 

Probable Phase - A phase within the probabl 
sequence of phases which represents the sequence of 
a multi-phase signal controller most likely to occw· 
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 invement . 

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 
v 0 Volume Opposing a V L, in vph 

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

Background 

The developnent of Critical Movement (tllen called 
"critical lane") Analysis was first reported in 1961 
by capelle and Pinnell (2) in a study of diamond 
interchanges . Io 1971, Mcinerney and Petersen (3) 
expla ined the technique as applied to traffic 
planning work. In 1975, Trout and Loutzenh.eiser (!) 
reported on fie ld 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 (§) that many planners and engineers 
were usng the method, both for detailed traffic 
signal and geometric design, and f or planning 
studies. The technique seens to te gaining greater 
acceptance, not only in North America but also 
overseas. For example, the Swedish Capacity Manual 
(1.) contains a form of critical roovement analysis in 
its chapter on intersections. 
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Figure 1. Critical Movements, PLANNING Applications 
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Note: 
The above examples relate to PLANNING applications of Critical Movement Analysis. OPERATIONS AND DE
SIGN applications of the method use a somewhat different procedure for combining critical volumes, and 
express volumes in tenns of passenger cars per hour ( pch) instead of in terms of vehicles per hour (vph) 

Analytic.al Base 

There is at each signalized intersection a 
combination of conflicting rrovernents which must be 
accol!Jllodated . Figure 1 shows several examples of 
critica.1 rovement canbinations . Regru:dless of the 
complexity of tbe intersection and its traffic 
signAl ope.rations, the critical volumes (when placed 
on a per lane basis) cannot physically be 
a.ccomnodated beyond the 2000 passenger cars per hour 
of green (pchg) limit, and in practice cannot be 
accomnodated ooyond 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 ioi tial 
queue start-up time has been experienced), starting 
delay, and the w:rount 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 propo.sed formulae for calculating capacity of a 
single lane based on these factors . Table 1 gives 
s e veral of the more prominent formulae for 



Reference 

L Berry-Gandhi (~) 
Method 

2. Capelle-Pinnell (2) 
Critical Lane Method 

3. Messer-Fambro (~) 

4. Bell is-Reilly (11_, g_, 
11_) Method 

5. British (ill Method 

6. 1965 Highway Capacity 
Manual (1) 

Critical Movement Analysis 

Table 1. Capacity Calculation Techniques 

Cap (in vph) 

where: 

Fonnula 

3600(G + AV - D + H) 
CH 

Cap= Capacity of the signalized approach 

Calculated Capacitya 

3600[40 + (o.sH4) - 3 + 2.11 
(80 2.1) 

= 881 vehicles per hour 

D =Starting time delay, in seconds, elapsing from beginn.ing 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. 

~ = 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 line 

C =Length of signal cycle, in seconds 

G =Length of green indication, in seconds 

Y = Length of ye 11 ow i ndi ca ti on, in seconds 

vph = Vehicles per hour 

pch = Passenger cars per hour 

Cap (in vph) ( §____:__Q_ + 2) ( 3600) 
H C 

where: 

(40 - 5.0 + 2)(3600) 
2.1 80 

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 

C = Cycle length, in seconds 

Cap (in pch) = SG/C 

where: 
C = Cycle length, in seconds 

[1800(40 + 4.0 - 4.D)J/[80) 

900 oassenger cars per hour 

S = Saturation flow, in passenger cars per hour of green, measured 
empirically as in the Australian Method(~. lQ_) and assumed as 
1800 passenger cars per hour of green in this example (a typi
cal value for a through lane) 

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

Cap ( i n pch ) = ( 36COO ) ( G ~ 3) 

where: 
G =Length of green indication, in seconds 

C = Cycle length, in seconds 

H • Average time hea<May, in seconds 

Cap (in pch) = 16~WG 
where: 

W = Width of lane, in feet 

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

C = Cycle length, in seconds 

(3600)(40 + 3) 
80 2.1 

921 passenger cars per hour 

(160 )( 12) ( 42) 
80 

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. 

THEN: Cap (in pch) 
(2100 vphg)(G/C)(PHF/Pop)(Location)(Left Turns)(Right Turns)(Trucks and Buses) 

(2100)(40/80)(1.06)(1.25)(1.10)(1.10)(1.05) 

1610 passenger cars per hour per approach 
805 passenger cars per hour 

7 

aProblems based on suburban arterial street with 12 ft. lanes, headway average= 2.1 seconds, starting delay 
for first vehicle only"= 3.0 seconds, G/C = 40/80 seconds, yellow tiwe = 4 seconds, with 2 seconds used for 
traffic movement. All results are on a per-lane basis. (1 foot = .305 meter) 
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estimating capacity, and includes a numerical 
example. 

The computations in Table 1 ind cate that very 
little variation exists in the value used for 
capac·ty of a standard 12 foot wide (3 .7 m) lane at 
an urban signaliz.ed ·ntersection witb ideal traffic 
conditions (no trucks, buses, or ttU·ning motions) . 
Tbree of the models shown give capacities of 
approximately 900 pch for a green time/cycle time 
(G/C) ratio of 0 .5 . The l3ritich 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 
1965 HO.I yields a capacity value of 805 pch (G/ C = 
0 . 50) , or atout 1oi below the other methods . 

Because of the close agreement between 
Berry-Gandhi (8), Ca.pelle-Pinnell (~), Messer-Fambro 
(5), and Beliis-Reilly (11, 12, 13), an average 
value of 1800 passenger cars per hour of green 
~for a 12 foot (3 .7 m) through traff.ic 
lane--with no trucks, buses, turns, or pedestrian 
interference--can be used as a base value for 
capacity in the critical movement analysis 
technique . tt should be noted that the British 
capacity px·ocedures use-for a 13 foot (4.0 m) wide 
lane-a capacity of 1950 pchg. 

The factors which are considered of prime 
importance in DXXiifying th.e capaci ty value of 1800 
p hg for a single 12 foot (3 . 7 m) lane are as 
foli.ows: 

1. Lane Width 

2. Buses and Trucks 

3. Bus Stop Operations 

4. Left Turns 

5. Right Turns and Pedestrian Activity 

6. Parking Ac ti vi ty 

7. Peaking Characteristics (Peak Hour Factor) 

Other factors-such as vertical grade and type of 
driver using the intersection--may be of importance 
in roodifying the capacity vnlue, 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 
rnooliylng factor. 

1. Lane Width. The critical movement procedure 
proPQsed by Messer and Fanbro ( 5) includes a reduc
tion in calculated capacity of-10 percent for lane 
\'iidths 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 caracity is made. Note that these adjustments 
increase the IJ:ili::;enger <.:a.r volume (PCV) rather than 
reuuce capacity . 

Using the Austra.lia.n procedures (~, 10), 
capacity adjustments are. made for lanes not falling 
in thu 10 . 0 to 12 . 0 foot (3 . 0 m to 3 .7 m) range. 
Adjustments for the value of capacity are: 

Lane Width (feet): 
Lane Width (meters): 
Adjustment Value: 

8.0 
2.4 

-12% 

9.0 
2.7 

-7% 

13.0 
4.0 

+3% 

14.0 
4.3 

+4!o% 

15.0 
4.6 

+6% 

1\p lication of the 1965 HCM, with the assumed 
oouditions 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 adjustnents 
rely principally on the Messer-Fambro work , but 
include upward adjustments in capacity for wide 
traffic lanes as included in most other methods. 

One LJ1.P0rtant concept to ncte is that under p-2Rk 
traffic conditions, lane widths in the 10 to 13 foot 
(3.0 to 4.0 m) range have little effect on 
sa tura ti on flow or capacity. However, it is likely 
that if comfort and safety were to be considered in 
intersection level of service (LOS), 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 quality of flow. 

2. Buses and Trucks. Trucks , and buses not 
II <Ving a designated stop at the intersection under 
analysis (called "through" buses), reduce capacity 
uecause 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 volurre used in the analysis 

Table 2. Lane Width Adjustments 

Reference 

Berry-Gandhi (!!_) 

Messer-Fambro (~) 

Australian ( ~) , (!Q) 

8 

NAa 

1.12 

Ad justment Factors to Capacity for Lane Width (ft .) 
9 10 11 12 1 3 14 15 

(Suggest use of Australian factors) 

1.10 1.00 1.00 1.00 1. 00 1.00 1.00 

1.07 1.00 1.00 1.00 0.97 0.96 0.94 

Recommendedc 
Adjustment 
Factors 

8.0-9.9 feet 10.0-12.9 feet 13.0-15.9 feet 
w = 1.10 w = L OO w = 0. 90 

aNA denotes data not available. 

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

16 

NA 

b --

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 Movanent Analysis, average 
geanetric and traffic conditions are assurned 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 ca.rs 
per hour (pch). 

The passenger car equi valency ( PC E) 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 
time 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 rec01JIDended average PCE value for converting 
trucks and through buses is 2 .0 (recall that six or 
more tires on the raveaent isthe 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 fran 1.0 
to 7 .o (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 iffiplies an average 
headway of 10 seconds per bus, and would be applied 
to all buses having a designated stop at the 
intersection. · 

For example, if 30 buses per hour stop at 
a nearside bu~ 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 beadway 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 reccnmended equivalency 
of 2.0 PCE for through buses and trucks. 

The actual effects of a stopping bus will vary 
cou::; ... derably depending upon bus stop location, bus 
dwell time, parking activity, lane configuration, 
and traffic volumes. However, until further 

research is accanplished, 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. T_he 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 HCM. 

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

Different methods use varying PCE values for 
left turns • The British method sets 1. 75 PC E 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 tum adjustments. Included are a 
PCE adjus1lllent 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). 
Altb:>ugh this latter factor has not been included in 
the critical nnvement 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 variables, in addition to 
"opposing traffic." 

Table 3. PCE Values: Left Turn Effects 

Left Turns Allowed from Left-Through Lanesa 

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

2. With Turn Phase 1 left turn equals l. 2 PCE 

Left Turns Allowed from Left Turn Bays Onlyb 

3. No Turn Phase Opposing Volume, in vph: 0-299 300-599 600-999 1000 + 
1 left turn equals: 1.0 PCE 2. 0 PCE 4.0 PCE 6. 0 PCE 

4. With Turn Phase 1 left turn equals 1.05 PCE 

9 

aPCE Values are used in Step 5, PLANNING applications, to develop a distributio~ of.volumes among several 
traffic lanes. PCE Values are also used in Step 7, OPERATIONS AND DESIGN appl1cat1ons, t? convert left turn 
volumes to passenger car volumes prior to adding them to through and right turn volumes, 1n 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 Project 3-28), based on a synthesis of various data, including Ref . (_§_). 
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5. Right Tw·ns 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 Austruliun documents (9, 10) 
indicates that lanes with right turn activity might 
show a reduction in vehicle capacity of from fifteen 
to thirty-five petcent. The 1965 HOA (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 11Dvanent procedure presented herein. 

The PCE values for right turns recaimended for 
use i...r1 Cri. ti.ca.! McYvenent AnHlysis are gi vP.n 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 

Type of Activity 

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

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

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

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

aas determined from local conditions . 

PCE Value for 
Right Turning 

Vehicle 

1.00 

1. 25 

1.50 

2.00 ora 
greater 

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

6 . Parking Activity. Little or no definitive 
research work on parking and its capacity effects 
llas been completed. However, the Brl Li::;I! uo use a 
formula to compute these effects, as follows: 

Loss in Approach Width, in feet, 

= 5 . 5 - 0 . q (7 - ?Ii ) 
K 

where: 

Z 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 :lO 
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 
con::;lc.ler a roouction in capacity due to parking, if 
the parking ends 250 feet (76 m) before the 
i ntersection. For a curbside lane where parking is 
Rllowrrl. 8 feet (2.4 m) should be allowed for the 
parking lane and its . friction effects, with t he 
l"emai.ning width bei ng assigned to the sroving lane in 
the capacity computations. For parlting 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 . Pea.king Characteristics . To convert peak 15 
minute f low rates to 1 hour volunes, scroo type of 
factor llRJSt 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 HOA (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 hour 
factor (PHF) of 0.85. 

Because the HOA 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 
is needed. 

Generally, ?HF will vary with such factors as 
volu.ne/capacity ratio , size of city, and type of 
adjacent activity . The data leadirrg to the 
publication of the 1965 HOA indicated (16 that tbe 
average va lue for PHF at all sites was 0.85 . Thus, 
the "average" PH F (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 fi·eld data on different classes of 
streets. 
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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 maximun 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 Utilization 

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 Tn two lanes could break 
down into a 55% / 45% split, by lane. A traffic 
movement carried in three lanes might divide into a 
40% I 35% I 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 lanes are 
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 represents a 
compromise between the HCM and Messer-Fambro 
prGcedures. 

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
justments increase the passenger car volume for ve
hicles in the two or three lanes due to volume 
irrbalances by lane. 

Table 5. Lane Utilization Adjustments 

Lanes Utilized 

Utilization Factor (U) 

1 

1.00 

2 

1.05 

3 

1.10 

Source : W. R. Reilly (NCHRP Project 3-28), based 
on a synthesis 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 ratio 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 lane, 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 U$e, review, and comnent by HCM users. 
Table 6 gives the recomnended 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 AQQlications (in VQh} 

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 

D 1350 1275 1375 

E 1500 1425 1225 

F ---------not applicable---------

OPERATIONS AND DESIGN AQQlications (in QCh) 

Level Maximum Sum of Critical Volumes 

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 ---------not applicable---------

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

In comparing the v/c ranges used in Table 6 with 
those implied from the 1965 HC'M ( 1) , the following 
can be noted (using the example conditions given in 
Table 1): Levels of Service (LOS) A, B, C, D, and E 
are represented by v/c ratios of approximately 0.71, 
0.75, 0.81, 0.92, and LOO, respectively. Thus, the 
reconrnended values in Table 6-closely follow the 
1965 HCM for defining LOS C, D, and E, but produce 
more ample ranges of v/c values for levels A and B. 
The threshold volune 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 will tend to operate at better 
levels. 
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Delay 

Because delay will be the principal determinant of 
signalized intersection level of service in the new 
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 uff~eL l'elatlonship 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 Range a 
Service v/c Ratio (secs. per veh.) 

A 0.00-0.60 0.0-16.0 

B 0.61-0.70 16.1-22.0 

c o. 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 

aMeasu red as "stopped delay" as described in 
Ref. (1 7) . Delay values re lat e to the mean 
stoppeddelay incurred by al l vehicles entering 
the inte rsection. Note t har-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 
genera l categories of problems: PLANNING 
applications and OPERATIONS AND DESIGN applications. 
In each case the fundame ntals are the same. 
However, the level of detail is greater for 
OPERATIONS AND DESIGN applications. 

critical Movement Analysis is a tool to be used 
f or study of t he intersection as an operating whole . 
For s pecific analysis of a single approach, the 
procedure outlined by the 1965 HCM CD r emains a 
valuable tool. 

The key assumption in the technique is that 
there is a combi nation -of lane vol umes wh:i..ch lrnlSt be 
acconmodated in 1 hour through the middle of a 
s ignal ized intersecti on. The sum of t hese volunes, 
t ermed "critical vol\Jlle" 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 bour, assuming 
"average" traffic, signal, and gecrnetric condi tiqns, 
and Table 3, which is used to apportion traffic 
among several lanes • 

The focus of thio 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 fran 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 
surrmary of these factors. 

A.'1 explanation and exfl_mpl Pf:: of t.he 1't.ep-by-step 
procedure is given under the heading of ''USER 
APPLICATIONS" later in this section. 

Table 8. Summary Factors for 
Critical Movement Analysis 

Element 

1. Capacity, per lane 
ideal conditions 

2. Capacity, per lane 
average-to-good 
urban conditions 

3. Green time 

4. PCE va 1 ues for 
vehicle type 

5. Peak Hour Factor 

6. PCE values for 
left and right 
tu ms 

7. Lane Utilization 
(U) 

8. Lane Width (W) 

Values 

1800 pch 

1500 vph 

Assumed as actual green 
time plus change interval 
time 

1.0 = passenger car or 
motorcycle 

2.0 truck or through 
bus 

5.0 = local bus 

0.85 = typical, or use 
actual field 
measurements 

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

Two lanes, volume divides 
52.5% I 47.5% 
Three lanes, volume in 
heaviest lane is 36.6% 
of total 

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 
de~cribed in the preceeding section entitled 
"DISCUSSION. II 

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 terms is 
found in the preceeding "DISCUSSION". 

G/C Green time/Cycle time ratio 
HV Hourly Volume 
LB Local Bus (Number per hour) 

LOS Level of Service 
LT Left Turn 
PCE Pas·senger 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 
u 

Through Traffic 
Lane Utilization Factor 

v/c Volume/Capacity ratio 
VL Left Turn Volume, in vph 
v 0 Volume Opoos i ng a V L, in vph 

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

PLANNING Applications: Procedure 

The PLANNING application of Critical Movement 
Analysis is based on average or better conditions of 
geanetry and traffic. The solutions can resolve the 
following questions: 

1. What is the operating level of service for a 
signalized intersection as a whole? 

2. If a design 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-By-Step Approach 

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

Step 1. Identify Lane Geanetry - the assumed or 
known lane configuration for each approach is 
identified, by type of lane. 

Step 2 . Identify Vol UllY:?s - the assumed or known 
traffic volunes 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 signal phasing 
to be used for analysis is identified. 

Figure 2. Procedure for Critical Movement Analysis, PLANNING Applications 

Step J. Identify Step 2. Identify Step 3. Identify Step 4. Left Step 5. Assign 
Lane Geometry Volumes Signal Phasing Turn Check Lane Volumes 

' + I 
I I I 
I L-- - - --- ...J 

(R) 
I 
I 
I 

Step 9. Recalculate Step B. Intersection Step 7. Sum of 
Step 6b. Volume 

Step 6a. Critical Ad/tutm•nt for ;Hu/ti· 
Level of Service Critical Volumes phast'. Signal 01•1'.rlap Volumes 
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Step 4.. Left Tu1·n 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 
number 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: 

V L = ( G/ C) ( 1200 ) - VO 

where: 

v = L 

G/C 

Left Turn Volume, in vph, that can clear 
through opposing traffic on the green in
terval 
Green time/Cycle time ratio for opposing 
flow (V0). If no other design informa
tion is available, estimate by lane vol
ume ratio. 
Volume of Opposing through plus right turn 
traffic, in vph. 

Note that the green time in the G/C ratio is 
considered as the green interval plus the changP. 
interval. If the sum of the two left turn volumes 
described above is less than the analysis volume, a 
separate left turn phase can be considered, by 
returning to Step 3. If the sum is greater than the 
left turn analysis volume, no special left turn 
phasing needs to be considered and the analysis 
moves to Step 5. 

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 
co!Uitions), 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 excessive delay. 

Step 5. Assign Lane Volumes - the volwres are 
assigned to the appropr1ate lanes. If no left turn 
lanes exist, the left turn volume is converted to a 
pch volume (Table 3) and the remaining through plus 
right turn volwre is assumed to be in pch uni ts. The 
The sum of these two pch volwres is then divided 
equally annng all approach lanes, However, in all 
cases. the entire left turn volwre must be assigned 
to the lane(s) from which the 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. 

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, 
flity-Ilve percent of the total left turn volume iG 
assigned to one left turn lane and forty-five 
percent to the other. 

Step 6 . Critical Volumes - for each signal 
phase, tbe highest total of conflicting traffic (on 
a per lane basis) is identified. For a two phase 
signal, the ''highest totaJ. of the through (or 
through plus right turn if no exclusive right turn 
lane exists) plus the opposing left turn volume" is 
selected. For a three-to-eight phase ("multiphase") 
signal, each phase listed in the typical (i.e., IIDSt 
probable) phase sequence has one critical volume. 
The IIDst probable phase sequence represents the se
quence of a nul ti phase signal most likely to occur 
under the volume conditions assigned in Step 5. 
Where an exclusive right turn lane exists, such a 
lane is often not included in the critical analysis 
if right turns on red are permi ttcd. However', such 
a lane can be included if the analyst believes that 
it might carry the IIDSt critical volume for that 
approach. Some reduction (3) percent is typical) in 
the assigned right turn volwre (Step 5) may be made 
to allow for right turns made on red. 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 
multi phase signals. In Steps 6a and 6b, a street 
operating without separate turn phases must have the 
opposing left turns added to the through volwre to 
obtain the critical volllllB for that street. 

Step 7 . Sum of Critical Volwres - the critical 
volwres, for each phase, are surrrred. 

Step 8. Intersection Level of Service - the sum 
of critical volumes is canpared 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, denand volume, 
or signal phasing can be made, and a recalculation 
--Stepsl(R) through 9(R)--is perfonned. 

Calculation Form 1 is used for PLANNING 
applications . 



Critical Movement Analysis: PLANNING 
Calculation Form 1 

Intersection _______________ _ Design Hour _____ _ 

Problem Statement ----------- -------------
Step 1. Identify Lane Geometry Step 4. Left Turn Check Step6b. Volume Adjustment for 

Multiphase Signal Overlap _J App'o"h 3 L Approach Poss ible Volume Adjusted 
Proba ble Critical Carryover Critical 

1 2 3 4 Phase Volume lo next Volume 
a. Number of in vph phase in vph 

change intervals 
per hour 

b. Left turn capacity 
on change imcrval, 

~ C\I in vph 

.t::. .t::. c. G/C 
(,) (,) Ratio cu cu 
e 0 d. Opposing volume 
a. Ci in vph a. a. 
<( <( e. Left turn 

I Appm"h 41 
capacity on 
green, in vph 

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

g. Left turn volume 
in vph 

h. ls volume > capac-
ity (g >I)? 

Step 2. Identify Volumes, in vph Step 5. Assign Lane Volumes, Step 7. Sum of Critical Volumes 
in vph 

I I I APP'°""'E _J Aj'o"h3 L + + + --+ RT =--

TH =-- = vph 
n II " I- J: I- LT =-- Step 8. Intersection Level of a: I- ...J 

~ Service 

j~ II i~ Ii (compare Step 7 with Table 6) 

D e e 
Q. a. a. a. 
<( <( 

Step 9. Recalculate 

~ ' 
' '"'°'J. I 

I I I 
Geometric Change 

--
-- Signal Change 

- Approac~ 4 

II II II 
Volume Change I- J: I-

...J I- a: 

Step 3. Identify Phasing Step 6a. Critical Volumes, in vph Comments 

I I 
(two phase signal) 

_jAro""'L I I 

~ II 
IAPP'OJ,I A1 - A3 + 81 r 83j 

A4 t 82 _J 84 L.. A2--
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Example I 

Critical Movement Analysis: PLANNING 
Calculation Form 1 

Intersection __ L_1"'_c_oL_N_ A_l-l_.o __ C_o_11_H_E_~_c._E ______ _ Design Hour 

Problem Statement f1ND ex.1.5TI~~ 1-0S. CAN LT e.e 1-1.1\N:PL..eO w IT\-\ 2 qi('.; 

Step 1. Identify Lane Geometry Step 4. Left Turn Check Step6b. Volume Adjustment for 
Multiphase Sigllal Overlap 

_J t'~'"'~ 
Approach Possible Volume Adjusted 

Probable Critical Carryover Critical 
1 2 3 4 Phase Volume to next Volume 

~T a. Number or in vph phase in vph 
cha ngc intcrva Is 4o to 4-o 4-o 
per hour 

b. Leri turn capacity 
eo 0o eo !'Jo 2. ~ on change interval. 

l~ ~" 
in vph 

s::. - s::. 
c. G!C 

.55 .55 ,45 .+5 
0 -- ~ Ratio 
~ _.Jf ~ e d Opposing volume 910 15~6 .s~o !>3o ... -- a. in ; ph 
n - a. 

41~ 
e Left turn 

rn pa city on 0 0 ID 210 
green. in vph 

I r Left turn 
capacity in vph 9o Bo ,0 2.,0 

I (b + e) 

I g. Lcrt turn volume 50 4-o 9o 120 
IJ Approach 4 

in vph 
h. Is volume > Capac-

~o t-lo t-1 o"' No ity (g > i'l" 
Step 2. ldentif y Volumes, in vph Step 5. Assign Lane Volumes, Step 7. Sum of Critical Volumes 

in vph 

~ 1 ~1 ~ Approach 3 _J ~PP'O"Oh 3 L 1 ');- + 4 o + 305 +--22_ 

+ RT =~ 
TH =~ = 13 10 vph II II II 

t- I t- LT ;; --1:£..._ t~SI 1 a: t- _J 

Step 8. Intersection Level of 
Service 

I~ II s::. ,._ 4~5 s::. 
(compa re Step 7 with Ta ble 6) 

:.; ~ - ~ CTI e __ $'o 40,;;;;;;; e 
8: ~'5 .- 8: 
<( - - - - IZo <( 

Step 9. Recalculate 1,5 ~'f-15 -, if t.s: U> 
.... 

~ 1 ~ 1 ~ 1 ,~ 11 /)...pp LT l-,._1-\~~ lo 

LT =~ d?j?6 Geometric C ha nge A PPRO..,c.He s '3 ... ~o 4 

TH = ___Ji!Q_ 

ApP<0"~
1

. 
S igna I Change 

RT =~ ( 11 11 n 

ApproaJ 4 
t- I t- Volume Change 
_J t- a: 

Step 3. Identify Phasing 2. 4' Step 6a. Critical Volumes, in vph Comments 
(two phase signal) • Kon~ Tl-lltl 1-e'FT TulU.I 't>Et\~ND 

<--
~ Al f>Z. OY AZ. 61 

_Jf L 
FolL .i..PPll-o,..c..tt 3 ~UAL~ 

~ ~'PA.C-IT'( 1' A.3 84 or A+B3 

~ \ ~" s::. s::. 
:il \ -- 0 

' ----4o ~ 
---:J') ~ 

<( <( 

IJI I 
A1 - A3 ~ 01 r 83j 

A2- A4 t 82 _J 84 l. 
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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 
3 and 4 what changes, if any, may be expected in 
the level of service? 

Analysis 

Step 1 . Identify Lane Georretry. Existing lane 
configuration is shown on Calculation Foil!l 1. 

Step 2. Identify Volumas. 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 tilres 
2. 0 left turns per cycle result in 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 foilllUla: 

VL = (G/C){l200)-V0 . 

For all directions, 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 fran Approach 3 , 
demand and capacity are equal at 90 vph. 

Step 5 . Assign Lane Volurres. For Approaches 1 
and 2, left turn volumes are assigned to the left 
tum lanes and through plus right turn volumes are 
divided equally between the remaining lanes. 

For Approaches 3 and 4, factors fran 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 volum:) of 510 
(from Approach 3) and 770 (from Approach 4) is 
computed. On a per lane basis, 255 pch and 385 pch, 
fran Approaches 3 and 4, respectively, are canputed. 

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, canprised 
of through and right turn traffi ~. 1'herefore, the 
left lane carries 165 Y..Qh (90 left turns plus the 
difference b8tween 180 and 255) and the right lane 
carries 255 Yl2h· 

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

Table 6. Level of Service Ranges 

PL ANN ING Aeelicatiens {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 

0 1350 1275 1375 

E 1500 1425 1225 

F ---------not applicable---------

OPERATIONS AND DESIGN App l ications (in pch) 

(deleted) 

The right lane is also assigned 385 pch, comprised 
of through and right turn traffic. Thus, the left 
lane carries 265 Y!2h (120 left turns plus the 
difference between 240 and 385) and the right lane 
carries 385 Yl2h· 

The per lane volumes are entered in Step 5 of 
Calculation Form 1. 

Step 6. Critical Volumas. Critical volumas for 
phase Al A2, on Approaches 1 and 2, is 795 + 40 LT or 
455 + 50 LT. Use 835. Critical Volwres for phase 
A3A4 on Approaches 3 and 4 is 255 + 120 LT or 385 + 
90 LT. Use 475. These volumas are graphically shown 
in Step 6A on the foilll. 

Step 7 . Sum of 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 left turn lanes on 
Approaches 3 and 4, return to Step 1 and recanpute. 

(Continued) 



Critical Movement Analysis: PLANNING 
Calculation Form 1 Example 1 

(Recalculation) 
Intersection _ _ l _1_N_c_o_L_N __ A_r-J_D __ c_o_M_t1_ E_ R_ c._E: ____ _ Design Hour 4 :3D - 5: 3o r· rn . 

Problem Statement - F1i-lD c+IAt-iG.f 1t..i 1.-0S f>'( A.DD1~(, L rc.FT-TIAl!.-,J LAK£.S 

Step 1. Identify Lane Geometry Step 4. Left Turn Check Step 6b. Volume Adjustment for 
MultiphaYe Signal Overlap 

_J1T'"' 
Approach Possible Vo lume Ad)ustc:d 

N 
Proba ble C rit ica l Ca rryover Critical 

1 2 3 4 Phase Volume to next Volume 
a. Number of in vph phase in vph 

change intervals 4o 4-o +o 4D 
Al~k 

per hour 
b. Left turn capacity 

io Bo BD 80 2cp on change interval. 

~h ~N 
in vph 

.c -:;.=-- - - - .c c. GIG .5"5 .55 .15 ·'15 0 0 Ratio 
~ ~ .;---- ~ d. Opposing vol ume 

91D 1570 53D 330 a. -- 0.. in vph 
0.. - 0.. 

~_fil~ 
e. Left turn 

capacity o n D 0 ID 210 
green. in vph 

f. Left turn 
capacity in vph Bu Bo <Jo 2."}o I (b + e) 

Approach 

1

4 

g. Left turn volume 51> 4o ';}o 1 l.O in vph 
h. Is volume > capac- !-.lo ~o "101' fJu ity (g > f)'! 

Step 2. Identify Volumes, in vph Step 5. Assign Lane Volumes, Step 7. Sum of Critical Volumes 
in vph 

~ 1 * 1 ~1 
Approach 3 

:··~'"'L 
=hS + "to + Zt:>S7 +~ 

+ RT =_3:Q_ 
TH = ~1:0 = ll 9o vph 

LT =____1Q_ ··~ II II II 

t- I I- .. ~ :~ \ ~ Step 8. Intersection Level of a: I- ...J .. Service 

l~ II 
f.t) lo? 1~5 "'° ~_s: 4-SS (compare Step 7 with Table 6) ,_ - --- C\J 

.c - 4S5 .r: 
0 0 0 ~ --""'» 4u r- ~ 
~ ~~~ ____. ~ 

Step 9. Recalculate 
...., .. ~11:~ NOT N ec.c:ssAIZ-'f 

~1~ 21 LT =--2Q.. 11UI Geometric Change 

TH =~ 
t' 

Signal Change 

RT =__k 
II II II 

Approac~ 4 
I- I I- Volume Change 
....I I- a: Approach 4 

Step 3. Identify Phasing 2tp Step 6a. Critical Volumes, in vph f_omments 

I- ._ 
(two phase signal) NOTE. "11-\-AI L.f.fT TUIZ.~ DEl-1,1\ND 

A\62. or AZ.e>\ 

_JfVL 
-Fol2. APPtLal\Ci.l 3 f:4'UAL.S 

I 1 1 A~ e>+ D~ A4?13 
C.A PAC IT'( . 

I 
~~: 4" I ~ \ ~ e >---"to ~ 

I 
0.. -- ,. \ .... 
0.. ~%---~ l ~ < ---- < 

I Ill I 
A1- A3 * B1 r B3j 

A2.- A4 t B2 ..J B4 l,. 
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(Example 1) Table 6. Level of Service Ranges 

Note: "(R)" denotes a recalculation. 

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

Step 2(H) . Identi y Volurres. Volumes, in vph 
are shown on the form. 

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

Step 4(H) . Left TUJ'll Check. Step 4 ( R) is 
identica;l to the pr·eceeding St · p 5. 

::i"tep 5(R) . Assign Lane Voluroos. Left turns are 
assigned to left turn lanes and through plus right 
turn volumes are distributed equally to the 
ranaining lanes. 

Step 6(R) . Critical Volwres. Critical volumes 
for phase A1A2 on Approaches 1 and 2 are 795 + 40 LT 
or 455 + 50 LT. Use 835. Critical volll!n3S for phase 
A3A4 on Approaches 3 and 4 are 165 + 120 LT or 265 + 
90 LT. Use 355. 

Step 7(H.) . Sum of G'l'itical Volwres. The sum of 
the cl'i tical volumes is (835 + 355) or 1190 vph. 

Level 
of 

Service 
A 

B 

© 
D 

E 

F 

PLANNING Applications (in vph) 
Maximum Sum of Critical Volumes 

Two Three Four or 
Phase Phase more Phases 

900 855 825 

1050 1000 965 

1200 1140 1100 

1350 1275 1375 

1500 1425 1225 

---------not applicable---------

OPERATIONS AND DESIGN Applications (in pch ) 
(de 1 eted) 

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



Example 2 

Critical Movement Analysis: PLANNING 
Calculation Form 1 

Intersection UNivE~5 1T'1' At.iD ~ APLE 

Problem Statement F1~c EXt~T1N<=i Los 

Design Hour 4 :3()- 5 :30 p.rn. 

Step 1. Identify Lane Geometry Step 4. Left Turn Check Step6b. Volume Adjustment for 
Multiphase Signal Overlap 

U•1'~JJ:ah3 ~ 
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 

0<f> per hour 
Bl6\ 12.o(\3Z) ®-lw"l~I} IZo"'~ b. Left turn capacity 

on change interval, ~ 

l~ ~-
in vph AZl51 Ibo (~1) ~:io-1~.,Z.lo(~) Ibo~ 

.c ---- .c c. G/C 
0 - 0 Ratio as ;::-- m 

d. Opposing volume A\~7.. l30lA I) oiz Z.I o ll'IZ.) 730 e e 
0. ---:::::;: 0. in vph 
0. ----.... ~ e. Left turn 

.,. 
< --- -- b"tf>3 ZDOlM) ZJ:J)-l.DO=~) zoo-.1 

-iJrl 
capacity on 
green, in vph 

f. Left turn bo(f;3} L\oo-bl>="'O ( M) 
(o 11-

capacity in vph M~3 0 J 

I (b + e) 

~ Approach 

1

4 

g. Left turn volume A'3f4 'Z..5(A3) oe.. 3'to CM) 31-o 
in vph 

h. ls volume > capac-
ity (g > f)'' 

1Step 2. Identify Volumes-, in vph 1 Step 5. Assign Lane Volumes-, 
in vph 

1step 7. Sum of Critical Volumes 1 

@l~I 
Approach 3 

_J?r'L 
zeo + =l?D + Z<oo +~ 

8 + RT =_l!Q_ 
TH ~~ = I f>I o vph 

II II II LT =~ 
f- r f- :~\ 110 

Step 8. Intersection Level of a: f- ...J 

~ "' Service 

I~ II 
,.... .,. U6 ZOo iw 4'.=-~:Ii - (\J (compare Step 7 with Table 6) 
'5 ~3~ - .c 

EJ "' uo.,:-;;;;; :.l FA.\LUt.E. e ~ e 

Step 9. Recalculate ,~ 
" r 

ir 
l Tueo LAI.le -A\"r«.o11.c.t1es) 

LT =~ ~1~1 ~1 
Geometric Change l LI lJ.llf- ~Prel.CA.C:llf~ I jl. 

TH = IT?D Signal Change 

RT =-~ Approac~ 4 

,, n II 
Volume Change I- r i-

...J f- a: 

Step 3. Identify Phasing 6cp Step 6a. Critical Volumes, in vph Comments 

IJ'r 
(two phase signal) :f I N1fl!!:>ECTI0 Ill WILL NOT 

'52 bl _J Al"oooh3 L of'~IZ.A'Tf w I rt+ou-r \/Ei..."( l..<l~~ 

1~~~ ~182 ot. A2.61 
~ueoes AUD eic.cES&IVE DE<../W'!>. 

I~<- A I A."2. 

~ II I \. i ~e>'3 B~ 

I'~ o-.~ ti M~ at. A.4&3 

IA.~~"'' 
I t ' I A3M 

A1 - A3 ~ 01 r 93j 

A4 t 92 _J 94 l.. A2-
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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 Voluires. Design hour 
volunes are shown on the form. 

Step 3 . Identify Phasing. An eight phase 
signal is planned, with left turn 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 
ranaining lanes. 

Step 6 . Critical Volumes. Using Step 3, the 
phase sequence which most likely will appear under 
the volumes of Step 5 is: B2Bl, A2Bl, A1A2, 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 

Level 
of 

Service 
A 

B 

c 
D 

© 
F 

Table 6. Level of Service Ranges 

PLANNING Applications (in vph) 
Maximum Sum of Critical Volumes 

Two Three Four or 
Phase Phase more Phases 

900 855 825 

1050 1000 965 

1200 1140 1100 

1350 1275 1375 

1500 1425 1225 

---------not applicable---------

OPE RATIONS AND DESIGN Appl ications ( in pch) 
(deleted) 

terminated. Thus, A2Bl is selected as the most 
probable phase, rather than A1B2. 

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 
critical lane volumes for all phases is 120 + 160 + 
730 + 200 + 60 + 340, or 1610 vph. 

Step 8. Intersection Level of Service. Using 
Table 6, t be critical sum of 1610 vph falls beyond 
Level of Service E ( 1375 vph) for eight phase control. 
Therefore, the intersection will not~operate 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 
Calculation Form 1 Example 2 

(Recalculation) 
Intersection _ U_N_1_v _e_!25_1_T_'i __ A._N_v __ ~_A_P_L_?:. _ _ _ __ _ Design Hour 4:3° - s :3D P· rn . 

Problem Statement Fi t-10 cHA.N~E 11\l Los BY A.D~fNEi -ADDITtoNAt. -nt1z.u A~:b I' T L-1\tJt=.S 

Step 1. Identify Lane Geometry Step 4. Left Turn Check Step 6b. Volume Adjustment for 

rrrh3~ 
Multiphase Signal Overlap 

Approach Poss ible Vo lu me Adj u tcd 
P roba ble C ri t ica l Ca rryove r Critical 

1 2 3 4 Pha se Vo lume to nex t Volume 

u.,,,.,Ji~I~ a. Number of in vph phase in vph 
change intervals 6~ 12o,~ per hour 'BZBI 12.d._&.) leiO-IZ<r- lbc(BI) b. Left turn capacity ~ 
on change interval, .... 

l~~~ ~" 
in vph AZ.Bl lbo (I)!) 3Y\-\b0:\:/4l"2-) \bo'~ -- c. G/ C ~ ---- ~ 

~ ::- - - ~ Ratio 

0 --:::;; - 0 d. Opposing volume Al f>J,, ?1f lA1) orz..114 (.Ai) 5H a. --- :....; a. in \'ph a. ----- ~ c. Left turn 
Zoo \B4) ll:O-ZD~ bo(l)3) 

...,. 
< --~ rl-tB? Zco,f 

~ y:111 
capacity on 
green, in vph J; 

f. Left turn 1\467 fp(1B) 1.fo1-- bO: Zo1CA4) bo-' ~ 
] 'f 

capacity in vph 

I I (b + e) 

r I g. Left turn volume A3M- Z..11-(f.:3) oi MlM) z.1r in vph 

Approach 4 h. Is volume ) capac-
ity (g > f)'! 

1- . -:nep ~. Identify Volumes, in vph 
1 Step 5. Assign Lane Volumes, Step 7. Sum of Critical Volumes 

in vph 
... r;:::r::r + (;,o + 211-

~ 1 ~1g 1 
Approach 3 _J'f'•"h'L 2BD 

+ RT ~ __!lQ_ 
133.4 TH :: \000 '~ ~l = vph 

II II II LT =-~ H-
I- I I- :l:ilt, "' Step 8. Intersection Level of a: I- _J 

~ "- Service 

l~ 11 
~ 100 Ill. ~-:3~- N (co m pa re Step 7 with Tab le 6) 
ii ~ "3~3 - - ii w ~~ - IZO +._-3fj - ni 

a. - i..'lr._ =" ~~ ·;,-- K 
- •n :r _., 

~ =~=,~ 11~!~ Step 9. Recalculate 
"' ~OT \j EL.€.5 5 .At. "( 

LT =~ ~ ~1 ~1 Geometric Change 

j~w~ TH = Ff3D N I I Signal Change 

RT= 4~0 Approac~ 4 

II II II t I- I I- Volume Change 
_J I- a: Approach 4 

Step 3. Identify Phasing ~ Step 6a. Critical Volumes, in vph Comments 

l..Jrl 
(two phase signal) 

!>Z Bl _J 'l'""h , L 1::: Of. :=1 Al BZ Dt A.2.B I 

I~ .-1 AIAZ 

j~ 11 I l. ~ I f4i'3 eq, 
I 1 ~°'" i' I A3&fct. ~'3 

I ~ t I A?M IAppco.141 A1-· A3 * 81 r 83j 

A4 t 82 J 84 l. A2-
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(Example 2) 

Note: " (R) " denotes a recalculation. 

Step l(R). Identify Lane Geometry. The new 
lane geanetry 1;o be analyzed is shown on the form. 

Level 
of 

Service 

Table 6. Level of Service Ranges 

PLANNING Applications (in vph) 
Maximum Sum of Critical Volumes 

Two Three Four or 
Phase Phase more Phase_s 

Step 2 (R). Identify Volumes. Design hour A 
volunes are shown on the form. 900 855 825 

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 mcxie). 

Step 4(R), Left Turn Check. Each left turn 
movanent 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 
ass igned to exclusive right turn lanes, on 
Approaches 1 and 2. Remaining volumes are 
distributed equally to the remaining lanes. 

Step 6(R). Critical Voluroos. Using Step 3, the 
phase s e quence which oost likely will appear under 
vollllleS of Step 5 is; B2Bl, BlA2 , A1A2 , B4B3 , A3B4 , 
and A3A4 • For example, since the left turn volune 
from Approach 2 (Bl) is greater than left turn 
volume from Approach 1 ( B2) , B 1 will continue 
receiving a green arrow after B2 has been 
terminated. Thus, A2Bl is selected as the most 
probable phase, rather than A1B2. 

Using the rrost probable phase sequence, the 
through· plus right turn volume (except where right 
turns have an exclusive lane) which rroves during a 
left arrao.v is subtracted from the total through plus 
right turn volume and the remaining volume is carried 
over to the next phase. Note that exclusive right 

B 

c 
D 

© 
F 

1050 1000 965 
1200 1140 1100 
1350 1275 1375 

1500 1425 1225 
---------not applicable---------

OPERATIONS AND DESIGN Applications (in pch) 
(deleted) 

tun1 lanes are not included in the critical volUIIE 
analysis when right turns on red are perrni tted unless 
the analyst considers this lane to be critical. In 
this exanple, right turns on red are permitted. 

Step 7(R). Sum of Critical Volumes. The sum of 
critical volunes 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 fran other geometric or signal changes, such 
as addition of double left turn lanes. 
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OPERATIONS AND DESIGN Applications: Procedure 

The OPERATIONS AND DESIGN application of Critical 
Movement Analysis allows for specific adjustments to 
be made for traffic and roadway conditions. In 
essence, there are five adjustments, related to the 
following factors: vehicle mix, peaking 
characteristics, turns, lane utilization (i.e., 
volume distribution) and lane width. 

This procedure follows a similar pattern as the 
PLANNING application, but works in passenger car 
units (pch) rather than in ~ixed vehicle units 
(vph). The level of service is taken fran Table 6, 
using the listing for this application. 

The OPERATIONS AND DESIGN procedure can be used 
for determining the following: 

1. What is the operational level of service for 
a signalized intersection, given information on 
demand volume, lane configuration, signal 
operation, and traffic and geometric conditions? 

2. What will be the effects of geometric or 
traffic signal operation changes on intersection 
level of service? 

3. What changes are necessary at an 
intersection to achieve a desired l evel of 
service, given a known demand volune? 

Step-B_v-Step Approach 

The procedure uses a step-by-step approach which is 
briefly explained below, and shown in Figure 3. 

Step 1. Identify Lane Ge<::>metry - the as~ed or 
known lane configuration for each approach is 

· identified. Lane widths are noted for all lanes. 

Step 2. Identify Hourly Volurnas the design 
volume (or existing volume) is identified by rmve
ment (in vph) for ea.ch approach. The percentage of 
trucks and through buses and the nurrber of local 
buses is also indicated for each approach. 

Step 3, Identify Phasing. Movements are iden
tified according to information shown in Step 3 
of the form. 

Step 4. Le~t Tl.l,l"n 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 
number of cycles per hem· 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 
nl.Jrlber of vehicles per hour that can clear through 
opposing traffic during the green interval is 
estimated by: 

VL = (G/C)(1200) - v0 
where: 

G/C = Green time/Cycle time ratio for opposing 
flow (Va). If no other design information 
is available, estimate by lane volume 
ratio. 

v0 Volume of opposing through plus right turn 
traffic, in vph . (Right turn volumes can 
be excluded from Vo if the exit is wide 
enough to minimize interference with VL.) 

Note that the green time in the G/C ratio is 
considered to be the green interval plus change 
interval. Use 0.50 as a value for G/C if no other 
design informu.tion is e..v3.ila.ble. 

If the sum of the two left turn volumes 
described above is less than the analysis volume, a 
separate left turn phase can be considered, by 
returning to Step 3. If the sum is greater than the 
left turn analysis volume, no special left turn 
phasing needs to be considered and the analysis 
moves to Step 5. 

The purpose of the left turn check is to 
determine whether all left turn movements not 
controlled by an exclusive turn phase can be 
accorrrnodated. If not, the assumption on signal 
phasing can be changed to provide for left turn 

Figure 3. Procedure for Critical Movement Analysis, OPERATIONS AND DESIGN Applications 

Step 3. Identify Step 4. Left 
Step 5. Develop 

Step 6. Calculate Step 1. Identify Step 2. Identify 
>------ Passenger Car -r---+ Hourly Volumes - Signal Phasing r-- Turn Check Period Volumes Lane Geometry Volumes 

-t ... I i I 
I I I L-------.J 

I 
Step 7. Turn 

(R) Adjustments 

I 
I 
I ! I 

Step 11. /ntu tctiott Step JO. Sum of 
Step 9b. Volume 

Step 9a. Calculate Step 8. Adjusted lst~p 12. Recalculate Adjustment for Multi-- -~ Level of Service -- Critical Volumes - Lane Volumes Volumes plrost Signal Overlap 
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moves to Step 5. 
The purpose of the left turn check is to 

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

Step 5. Develop Passeoger Ce.r VolllllEs - hourly 
volumes (HV) in mixed traffic terms (vph), are 
converted to an equivalent mmiber of rasser.ger cars 
per hour (pch). Each through bus and truck is 2.0 
PCE, each rassenger car or rrntorcycle is 1.0 PCE and 
each local bus (those with a designated stop at the 
intersection) is 5.0 PCE. The volumes, in pch, are 
computed for each traffic movement ce:g., left turn, 
through, and right turn) served by one or more 
lanes. 

PCV HV + T(HV) + 4(LB) 

where: 

PCV Passenger Car Volume, in pch 

HV Hourly Vo 1 ume, in vph 

T Trucks +Through Buses, as a decimal 
percentage of HV 

LB Local Buses (buses which have a scheduled 
stop at the intersection) per hour 

Step 6 . Calculate Period Volumes - from the 
passenger car volumes, design period volunes are 
calculated. The following formula is used : 

PV PCV/PHF 

where: 

PV Period Volume, in pch 

PCV Passenger Car Volume, in pch 

PHF Peak Hour Factor 

A PHF of 0.85 to 0.90 is average for many urban 
streets. The period volume implies that the 
analysis is based on a peak flow rate within the 
peak hour. The period volumes are assigned to each 
movement served by one or rrnre lanes. 

Step 7. Turn Adjustments - the period volumes 
are adjusted to account for turning rrovements. 

For left turns, there are two general cases. 
First, for left turns made from left through lanes, 
a PCE value is obtained from Table 3, items 1 or 2. 
Item 1 is applied for cases with no turn phase where 
the opposing traffic (from Step 2) is the principal 
determinant of the PCE value. Item 2 is applied in 
cases where a turn phase exists and the turning 
rrnvement is the determinant. 

Second, for situations with an exclusive left 
turn lane, PCE values are taken from Table 3, i tenE 
3 and 4. For left turns having no phase (item 3), 
the opposing volurre must be determined, fromStep 2. 

For turns made on an exclusive phase (item 4), a 
single PCE value (1.05) is used to account for the 
effective increase in volurre due to the turn. 

The PCE values obtained are multiplied by the 
appropriate left or right turn volume to obtain a 
total PCV volume (in pch). 

Step 8. Adjusted Volumes - the PCV volumes from 
Step 7 are multiplied by "lane utilization" factors 
(U, from Table 5) and by "lane width" factors (W, 
from Table 2). 

For nDvements having IIDre than one lane, the 
average of the lane widths is used to enter Table 2. 
This averaging is a simplifying asswnption for this 
method. Note that only the width available to rrnving 
vehicles is used. For example, assurre that an in
tersection approach has two lanes for through plus 
right turn traffic. One lane is 11 feet ( 3. 4 m) 
wide and the other is 18 feet (5.5 m) wide, with 5 
feet (1. 5 m) striped for a bike lane. The average 
lane width would be (11 + 18 - 5) / 2 = 12 feet (3. 7 
m). The 12 feet ( 3. 7 m) would be used to enter Table 
2. 

The lane utilization and lane width adjustments 
result in a final passenger car per hour (pch) vol
urre for each nDvement carried by one or IJDre lanes 
at the intersection. This volurre, in pch, has been 
derived by applying five adjustments to the base 
volume in vph. 

Adjusted PCV = U x W x PCV 

Step 9. Calculate Lane Volumes - the adjusted 
volume for each rrnvement, from Step 8, is divided by 
the number of lanes available for the IIDvement in 
Step 9a. For example, if a left turn lane is provided, 
one ( 1) lane is available for that left turn IIDvement. 
If two additional lanes' for through and right turns' 
are provided on the same intersection approach, then 
two lanes would be used for the through plus right 
turn adjusted volume. For the special case of a 
double (two abreast) left turn lane, two (2) lanes 
are used and the lane utilization adjustnEnt accounts 
for volume inbalance by lane. The computation for 
lane volume, in pch, is as follows: 

Lane Volume = Adjusted PCV ~ Number of Lanes 

For analysis of two phase signals, only Step 9a need 
be completed. For signals having multiphase (three 
to eight phases) operation a calculation of probable 
phasing and adjusted critical volumes in Step 9b is 
necessary. The most probable phase sequence repre
sents the sequence of a multiphase signal IJDst likely 
to occur under the volume conditions assigned in Step 
9a. 

The "volume carryover" computation is performed 
by subtracting the through plus right turn volurre 
which moves during a left arrow :from the total through 
plus right turn volurre for that rrnvement. The re
mainder is carried over to the next "probable" phase. 
The "adjusted critical volurre", in pch, is then selec
for each probable phase. 
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Step 10 . Sum of Critical Vo1Ull10S - using Table 
9, the critical corrbination of lane volumes for each 
of two streets is determined. The llDVemant descrip
tions in Table 9 relate to Figure 4. Footnote c in 
Table 9 makes an irrportant distinction between this 
OPERATIONS AND DESIGN application and that of 
PLANNING. Care must be exercised in carefully fol
lowing the critical volume sunmation procedure given 
in Table 9. 

Step 11 , Intersection Level of Service - using 
the sum from Step 10, a comparison with level of 
service values given in Table 6 is made, based on 
the type of signal phasing used for the analysis. 

Step 12. Recalculate - changes can be made in 
the assumed lane geometry, signal phasing, or 
volumes and a recalculation made--Steps l(R) through 
12(R). 

Summary 

The step-by-step approach described above is 
illustrated on Calculation Form 2. Two example 
problems utilizing this form are presented on the 
following pages. 

Figure 4. Identification of Intersection Movements 

.s:::. 
0 
«S 
0 .... 
a. 
a. 
<( 

Approach 3 

82_J 

A1 ~ 

+ 

C') "'1' 
CD <( 

t 

..\...... A2 
,81 

Approach 4 

Table 9. Combining Critical Movements, OPERATIONS AND DESIGN Applications 

Si gna 1 Phasing and Intersection Geometry Approaches a 

One Qhase, no left turn ba~ 1 and 2 
3 and 4 

One Qhase, with left turn bal 1 and 2 
3 and 4 

Two Qhases, no overlaQ, with left turn ba_y 

1. Leading or lagging left turns, from both 1 and 2 
directions 3 and 4 

2. Leading or lagging left turns, from one 1 and 2 
direction 3 and 4 

Two Qhases 1 with overl aQ, with left turn ba.}'. 

1. Leading or lagging left turns, from both 1 and 2 
directions 3 and 4 

2. Leading or lagging left turns, from one 1 and 2 
direction 3 and 4 

aSee Figure 4 for an identification of intersection movements and approaches. 

Critical Movementsb 

AlB2 or A2Bl 
A3B4 or A4B3 
Al or A2 or Bl or B2 
A3 or A4 or B3 or B4 

Al or A2 + Bl or B2c 
A3 or A4 + B3 or B4c 
Bl + Al or A2dd 
B3 + A3 or A4 

Al + Bl or A2 + B2 
A3 + B3 or A4 + B4 
Bl + Al or A2d 
B3 + A3 or A4d 

bBy approach, on a per lane basis. Select the maximum of the alternatives shown. 
cNote thut the criticul volume on il given street is the single highest volume. Combining through traffic 
and opposing left turns is not done in OPERATIONS AND DESIGN applications. This is a major difference 
between these applications and PLANNING applications. Messer and Fambro have established, through ac
tual use of the method (particularly, the identification of critical volumes) that the results have 
conceptual validity and are useful for design work. 

dAssume arrow is for movements Bl and B3. Other combinations are possible, depending on intersection 
configuration. 

Source: W. R. Reilly (NCHRP 3-28), based on Messer-Fambro(~). 

C'J 
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Critical Movement Analysis: OPERATIONS AND DESIGN 
Calculation Form 2 

·- 'intersection ----------------
1 

Design Hour ____ _ _ 

Problem Statement------------------------

Step 1. Identify Lane Geonietry 

_JA··~'",L 

.r:: 
0 e 
a. 
a. 
c{ 

I APP'O"'' 

Step 2. Identify Hourly Volunies 

1 11 

(HV)A~r:fc't'3 ~ + RT= __ 

T=-- TH= __ _ 
II II 11 

li; ~ S LB= __ LT=---
.J 

t= 
S T=_ 

T LB=_ 

R t 
Approach 4 

.r:: 
(,) 

"' ~
N 

T= o 

LB== l 
r 111 

II II II 

I- I 1-
...J I- a: 

Step 3. Identify Phasing 

D_D_ 
D_D_ 
D_D_ 

A1_.A3+ 

A2-A4 + 
B1 'B3~ 

B2J B4l. 

Step 4. Left Turn Check 
Approach 

a. Number of 
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 

, 2 3 4 

Step 5. Develop Passenger Car 
Volunies (PCV) in pch 

11 1 
II II II 

I- J: la: I- ...J 

Approach 3 

+ 

Step 6. Calculate Period Volunies 
(PV) inpch 

I 111 
Ii It II II 

u. I-II
~ a: I- ..J 

.J 

Apo<oach 3 lHF ~ 
l RT =--

TH =- --
LT : __ _ 

!~ II 
·:;:=1 'J J J . 
:~ :====--- I,--~+.-,- ~ s ~ ~ RT =--- Approach 4 a.. 

Step 7. Turn A djustnients 

Approach 
Movement 
Turn 
Turn volume 
(PV from Step 6) 
Opposing vol. in 
vph from Step 2 
Ped. vol/hour 
PCE LTfrom 
Table 3 
LT vol. in pch 

capacity on PCE RT from 
green, in vph Table 4 

·" ' . left turn 

Step 8. Step 9a. 
Calculate 

Lane 
Adjusted Vo/unies Volunies 

,-------., 
Total Adjusted No. PCV 

Move- PCV PCV of per 
ment (Step?) U W (UxWx PCV) Lanes Lane 

Step 9b. Volunie Adjustnientfor 
Multiphase Signal Overlap 

Possible Volume Adjusted 
Probable Critical Carryover Critica l 
Phase Volume to next Volume 

in pch phase in pch 

Step 10. Suni of Critical 
Volunies 

___ + ___ + ___ + ---

pch 

Step 11. Intersection Level of 
Service 

(compare Step 10 with Table 6) 

D 
Step 12. Recalculate 
Geometric Change -------- -

Signal Change ------- --

Volume Change ---------

capacity in vph RT vol. in pch I 

.... 

-(b_+_e_) ___ _._ _______ __,,_T_H_vo-l.-in_p_c_h _________ __, Coninients I g. Left turn volume from Step 6 
in vph Total PCV in pch 

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



Critical Movement Analysis: OPERATIONS AND DESIGN 
Calculation Form 2 

Example 1 

Intersection _L_1 t-l_c_o_L_N __ A_N_D __ C_o_M_~_E_g_c.-_E. ____ _ Design Hour 4-: 3o - 5: 3o p.m. 

ProbleDl State01ent~Fi_1~_0_. _EX_1s_T_1_N_&_L_o_5 _ _ c_A_~_L_T_B_E_H_M1_o_Le_D_w_1T_H_~___.~_2_. _____ ~ 

Step 1. Identify Lane Geometry I A:p~O<h ' I N 
~JTL_ 
~~ ~z.o' IN '5 lz.o' - - '5 
ftl - - ftl e ~-"' ~-1.· e 
~ 1z.o' ~ 

~J!~ f I Approach

1

4 I 
Step 2. Identify Hourly Volumes 

(HV) in vph jl ~I ~1 I A~roach 3 I RT = -3!?_ 
NI T~ ~k TH=.JMQ_ 

II II " DI A. 
I- I I- LB=_L__ LT=_.,._O_ 
a: I- ...J 

-~T· 2"/o 
50 

T•~ji 
J: -

~LB=~ ~ 
<:. 

a. ~ 
a. B=_b_ ~ <( ,0 
LT =_2Q_ ~1~1~1 T=~ 

TH =__lZ!Q_ LB=J-

RT =___f2£_ t " II II 

I- I I-
Approach 4 ...J I- a: 

Step 3. Identify Phasing Zrf 

Alt.Z.o~ D 
1\2..&I -- ---

A1 --A3 + 
A2-A4 t 
91 ,93~ 

B2J B4l. 

~A3&1oL0 L...:..2J M ~3 __ 

D _ D _ 
Step 4. Left Turn Check 

Approach 
1 2 3 4 

a. Number of 
change intervals 45 45 'rS 4; 
per hour 

b. Left turn capacity 
on change interval , ~o 9D ~ 90 
in vph 

c. G/C ·5D .So .?D ,50 Ratio 
d. Opposing volume 910 1590 5?c> 330 in vph 
e. Left turn , capacity on ¢ 1o z:to 

green. in vph 
f. Left turn 

capacity in vph ~D 
(b + e) 

90 l"o %o 

g. Left turn volume !:]O 40 .,0 (lo in vph 
h. Is volume > capac-

~o t-\o ~() t.lo ity (g > f)? 

Step 5. Develop Passenger Car 
Volumes (PCV) in pch 

~ 1 ~1~ 1 
Approach 3 

+ RT ,.__lL 
TH= ~(_ 

" II II LT : --1L_ 
I- I I-a: I- ...J ,, '" 

Jl II 
..... , 

LT =_B_ ~ 1~H TH = 15b4 

RT =~ t 
II II 

,, 
I- I I-

Approach 4 
_J I- a: 

Step 6. Calculate Period Volumes 
(P)/) in pch 

<81 ~ M{ I a-J Approach 3 

0 1 (1) =1 + 
II U II 

IL 1-Ilfi: a: I- ...J 

PHF " 0.~3 

RT =~ 
TH = 5•!J"=f 
LT =__ii_ 

Step 8. Step 9a. 
Calculate 

Lane 
Adjusted Volumes Volumes 

.------. 
Tow I Adjusted No. PCV 

Move- PCV PCV of per 
ment (S tcp 7) U W (U >< W>< PCV) Lanes Lane 

1'2 2.40 I.DO I.lo '2."-t l tb4-

Bl th+ I.DO l.(0 Z.~o I l/}o 

Al 1,36 1.05' I.DO Z.033 2. IOlb 

At 1oi~ ).05 1.00 1014- z. 5'H 

A'M- b,2- \.05 1.\0 1-,, z. 4-oo 

MB3 IOI~ l.O'i 1.10 II~ t i 5B5 

Step 9b. Volume Adjustmentfor 
Multiphase Signal Overlap 

Pos~iblc Volume Adjusted 
Probable Critical Carryover Critical 
Phase Volume to next Volume 

in pch phase in pch 

..... 
PHF = 0-BS 

LT ,, ____§.£._ 

TH ,, ..lMQ_ 
RT = _21.__ 

~~~;SI ~==========~ 
11 U II ti 

ILi--Ii
I ...J I- a: ApproaJ 4 [l_ 

Step 10. Sum of Critical 
Volumes 

C.B2. bt ~' ot.1\1 otM.)T CAn+ oat- M33) 
Step 7. Turn Adjustments lOlb(Ar) + SeB(Pi'l&~). + __ 

Approach 

Movement 

Turn 

- lbo4 pch 

-1_ _z._ l _f_ · L I .~ e2 Ar 61 1-3. &+ A3 ea A+ Step 11. Intersection eve oJ 
LT ~T l..T I!:!" LT RT LT RT Service 

(compare Step IO with Table 6) 
Turn volume 
(PV from Step 6) .bo % H ':#lo 11!1 ~ 156 U. 
Opposing vol. in 
vph from Step 2 "o - '''° -53o • 330 -
Ped. vol/hour Step 12. Recalculate r 
PCE LT from API> 11 1 ~ -T LA~'E 0 

• Eoo - S"o - ZSo • 500 

Table 3 4.0 - '·D - ' .O - 2.0 - ,. '" Geometric Change bPflLOl'IC!l~!> 3 #\ND..-, 

LT vol. in pch 12.it> - 2.CA - t.30 - 'lb Signal Change ---------
PCE RT from 
Table 4 - l.Oo • l.oo - l.Z.S - I.ZS Volume Change 

RT vol. in pch - !llo - -=Jb - ~ - 3' ~~~~~=========--
TH vol. in pch Comments ________ _ 
from Step 6 - 1610 - '4-t - 355 - (o'lc ""Boe.reruuf. btrWEC~ LOS D A Nl> E.. 
Total PCV in pch z..1o u,+ Z38 31b 

Im• IDZ.l 45+ :f03 L==========================.l 
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Critical Movement Analysis 29 

OPERATIONS AND DESIGN: Example 1 

Problem 

Lane oonfiguration and peak hour volumes are given 
as shown on calculation Form 2 for an existing urban 
intersection . Note that the geometry and volumes 
are identical to those of Example l under the 
heading of PLANNING Applications. Additionally, 
information is known about vehicle mix, peak hour 
factor, turns, and lane width . 

The following questions rrrust be answered: 

1. What is the intersection level of service? 

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

3. If left tuni lanes (ll feet wide) are added 
to Approaches 3 and 4, what cbange--if any-in 
level of service will occur? 

Analysis 

Step l . ldenti.fy Lane Georretry . Existing lane 
configuration and lane widths are shown on the fonn . 
Approaches are numbered 1, 2, 3, and 4 from the 
west, east, north, and south, respectively . 

Step 2 . Identify Hourly Volurres . Existing peak 
hour volumes (in vph) are shown on the forth Also, 
information on trucks plus through buses (T) and 
local buses ( LB ) is given . A pedestrian volune in 
pedestrians per hour is given for each of four 
crosswalks. 

Step 3 . Identify Phasing . A two phase signal 
exists . Movements are i dentified according to 
infomation shown in step 3 of tbe fonn. 

Step 4 . Left Turn Check. The number of left 
turns, in vph, that can be made without an exclusive 
signal phase is computed . A cycle length of 80 
seconds exists, with a 50/50 split. 

Ste.P 5 . Develop Passenger Car Volwnes. Using 
mixed vehicle voll.Ul'eS from Step 2 the passenger car 
volume, in pch, is computed for each movement. 'lbe 
percentage of trucks plus through buses is taken as 
constant for all mvements on a given intersection 
approach. 

PCV = HV + T(HV) + 4(LB) 

An example of this calculation for approach 1 thru 
traffic is : 

PCV = 1510 + (.02) (1510) + 4(6) 1564 

Step 6. Calculate Period Volumes. The period 
volume for each movement is computed, using the 
following formula: 

PV = PCV/PHF 

The peak hour factor for each approach is given on 
the fo1m. 

Step 7. Turn Adjustments . Tables 3 and 4 are 
used to determine the PCE values associated with 
left and right turns, respectively. The opposing 

volume, in vph, and the pedestrian volume, in 
pedestrians per hour, are taken from Step 2. 

For example, there is a period volume of 79 right 
turns from approach 3 (step 6), and the adjustment 
factor for a crosswalk having 250 pedestrians per 
hour (from Table 4) is 1,25. This results in a 
"RT vol. in PCH" of 79 x 1.25 = 99. 

Step 8 . Adjusted Volwres . The total PCV volune 
(in pcb) developed for each movement in Step 7 is 
adjusted for lane utilization and for lane width . 
The adjustment factors are based on info:nnation fran 
Step 1 and Tables 2 and 5, 

Step 9 . Calculate Lane Volumes . 
volume, in pch, for each movement from 
divided by the number of lanes available 
movement. Step !)a on the form is used. 

The PCV 
Step 8 is 
for that 

Step 10. Sum of Critical Lane Volumes. Using 
Table 9 and Figure 4 as guides, the sum of critical 
volumes on each of the two intersecting streets is 
obtained: 

Step 11 . Intersection Level of Service . The 
sum of 1606 pcb falls in the range of 1601- to 1800 
which Table 6 indicates to be Level of Service E for 
a two phase signal. 

Sum (B2 or Bl or Al or A2) + (A3B4 or A4B3) 
= Al + A4B3 = 1016 + 588 = 1604 

Step 12 . Recalculate. To determine the effects 
of adding 11 foot (3 .4 m) wide left turn lanes to 
Approaches 3 and 4, Steps 1 through 11 are repeated. 

Table 6. Level of Service Ranges 

PLANNING Applications (in vph) 

(deleted) 

OPERATIONS AND DESIGN Applicati ons ( in pch ) 

Level Ma xi mum Sum of Critical Vol umes 
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 

0 1800 1720 1650 

F ---------not applicable---------

Comment 

Note that in the PLANNING application, Example 1 
resulted in a Level of Service D for these 
conditions . This illustrates the point that 
application of specific adjustment factors may 
result in a diffe1·ent answer when canpared with the 
simplified R.ANNIOO application, which is based on 
typical average-to-good urban conditions . 

(Continued) 



Critical Movement Analysis: OPERATIONS AND DESIGN 
Example 1 Calculation Form 2 
(Recalculation) 
Intersection L1NC0Lt-1 AND Co..,~e1z.ce Design Hour 4:3o-5:3op.111 . 

Problem Statement F1t-11> C-Ht>.r-.\~E 1N L05 BY ADVIi\\§ LT LfllNE5 

Step 1. Identify Lane Geometry I Approach 3 I "'t 
~,,1,1 ~ 
,....~ _Jl .O' _ _ N 

-£ 1 z..0
1 ti 

"' --::-i "' e 9-1>' ~.~ e 
n -- n ;t /'l.o' n - iZ.o1 <( 

~ ~··;"r
~ I Approach 4 I 

Step 2. Identify Hourly Volumes 
(HV) in vph cl !JI ol I Approach 3 I _ -::L-.. 

n n" ~ I RT __ -,_u 
~I NI . I ' T= srYo TH = ~ 

II II II L AA 
I- I I- LB-= LT =_"'IV_ 
a: I- _J 

Ill:f-o T•-2°k4i 
<(r: ~B=~ I<( 

0 

LT ,, __lQ__ 
TH = lc;ifo 

AT =~ 

T=....:i.J'.a.. 

LB=-L 
t 

Approach 4 

II II II 

I- I 1-
_i I- a: 

Step 3. Identify Phasing 

r--.=i AISZ Oil D 
~Az.81 --

A1 -A3+ 

A2--A4 t 
81 ,8311 

82_J B4 l. 

~l\3~o~o 
~A.+~?> --

D_D_ 
Step 4. Left Turn Check 

A.pp roach 
1 2 3 4 

a. Number of 
change intervals 4~ 4S' 45' 4~ 
per hour 

b. Left turn capacity 
on change interval. 9o ~o '30 90 
in vph 

c. G/C .so ,50 .'50 .50 Ratio 
d. Opposing volume 

in vph ~to 1'5,0 ;'3o 3~0 

e. Left turn 
capacity on " ¢ -to 7..1o 
green, in vph 

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

;Jo /bo :%0 
g. Left turn volume 51> 40 'JO ll-0 in vph 
h. ls volume > capac- No ity (g > f)? No "40 No 

Step 5. Develop Passenger Car 
Volumes (PC V) in pch 

~1~~1 
II II II 

I- I I-
a: I- _J 

ll 
LT=_S_I _ 

TH :: 15b4 
RT ,, __fil_ 

Approach 3 

J 

J 

'I 

t 
Approach 4 

RT =_ll___ 

TH =_fill__ 
LT =__1L 

II 
~1~H 

II II U 

t- I 1-
_i I- a: 

Step 6. Calculate Period Volumes 
(PV) in pch 

~1 ti ~1 ~1 Arroach 3 

II ii II ti 

LL I-Ila: a: I- _J 

PHF = 0.55' 

LT =_bO 
TH= I f>fO 

RT = ---2.Q__ t 
Approach 4 

PHF = 0.,3 

RT =_]i__ 

TH = ")'l=f 
LT =---14__ 

~1 ~~;SI 
11 II II I! 

U.1-Il
jE _J I- a: 

Step 7. Turn Adjustments 

Step 8. Step 9a. 
Calculate 

Lane 
Adjusted Volumes Volumes 

.--------. 
Total Adjusted No. PCV 

Move- PCV PCV of per 
ment (Step 7) U W (UxW><PCV) Lanes Lane 

.Bl ZAo [.CX) l.10 2b+ I .u,4 
61 Z.h4 I.DO I.IV 2.'JO I z.~ 

Al 1~3b 1.051.00 lD33 2 1016 
At IOl3 1.051.00 l 074 2. S3t 
~ 2..% f.oo i.oo 2!>6 I Z3b 
ei3 31l 1.00 1.00 316 I 3(6 
A3 454 l.o:.; ! ./O S'Z.4 2. ?J,,Z 

A4 1t>3 1.05 /.10 f312. z. 4l6 

Step 9b. Volume Adjustmentfor 
Multiphase Signal Overlap 

Possible Volume Adjusted 
Probable Critical • Carryover Critical 
Phase Volume to next Volume 

in pch phase in pch 

2~ 

Step 10. Sum of Critical 
(Bl OIZ. 131 J{ fl.{'a'll;~ ( PA ot ~3 or. M az.M) 
IOI~ (1\1)+ 4cblM)+ + __ 

= 14l2 pch 

Approach 

Movement 

I 2 .3 4 
ei""Ai e,l'Ai eftA?> &J A4 Step 11. Intersection Level of 

Service 
Turn 

Turn volume 
(PV from Step 6) 
Opposing vol. in 
vph from Step 2 
Ped. vol/ hour 

PCE LT from 
Table 3 

LT vol. in pch 

PCE RT from 
Table 4 

RT vol. in pch 

TH vol. in pch 
from Step 6 
Total PCV in pch 

LT RT LT RT LT RT LT' RT 

bo 'b '14 t6 111 t7 150 lb 

-,10 - IS~o - !:o~o - 330 -
- 60 - ~ - 'Z5<> - !>oo 

4.o - '-·o - z.o - ~.o -
l,40 - Zk4 - Z.3b - 31{, -

(cu111pa1e Step IO with Table 6) 

Steo 12. Recalculate 
N01 1JEce.SSAl2.'( 
Geometric Change - -------

Signal Change 

- /.Oo - 1.00 - 1.2.5 - 1.25 Volume Change --------

- ')6 - =tb - ,, ~ ~ :============================--
- IB'lo - "41 - 3;5 - r.."to I Comments I 

!40 2.b4 23" <;16 --------------

1~36 1023 454 103 1-=::======================.J 
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(Example 1) 

Note: "(R)" denotes a recalculation. 

Step l(R). Identify Lane Geometry. Assumed 
lane configuration is shown on the fonn. 

Step 2(R). Identify Hourly Volumes. Identical 
to original Step 2. 

Step 3(R). Identify Phasing. Identical to 
original Step 3. 

Step 4(R). Left Turn Check. Identical to 
original Step 4. 

Step 5(R). Develop Passenger Car Volumes. 
Identical to original Step 5. 

Step 6(R). Calculate Period Volumes. Identical 
to original Step 6. 

Step 7(R). Turn Adjustments . On approaches 3 
and 4, movements 84 and B3 are carried in exclusive 
left turn lanes. Otherwise, the adjustments are 
identical to original Step 7. 

Step S(R). Adjusted Volumes. With the addition 
of the 11.0 foot (3 .4 m) turn lanes to Approaches 3 
and 4, movements B4 and BJ will bave specific values 
of U and W • Therefore calculations of adjusted 
volumes, in pcb, will be separated by movement 
(i.e., A3, A4, BJ, B4). 

Step 9(R). Calculate Lane Volumes. The 
adjusted vol\llle fran Step 8 is divided by the number 
of lanes available for each movement. . Step 9a on 
the fonn is used. 

Step lO(R). Sum of Critical Volumes. ·using 
Table 9 and Figure 4 as guides, the sun of critical 
voll.llles on each of the two intersecting streets is 
obtained. 

Step ll(R). Intersection Level of Service. 
Using Table 6, the sum of 1423 pch falls in the 
range of 1401 to 1600 which implies a Level of 
Service D for a two phase signal. 

Table 6. Level of Service Ranges 

PLANNING Applications (in vph) 
(deleted) 

OPERATIONS AND DESIGN Applications (in pch) 

Level Maximum Sum of Critical Volumes 
of Two Three Four or 

Service Phase Phase more Phases 
A 1000 950 900 

B 1200 1140 1080 

c 1400 1340 1270 

© 1600 1530 1460 

E 1800 1720 1650 

F ---------not applicable---------

Step 12(R). Recalculate. No recalculation is 
necessary. The solution is as follows: 

1. Intersection level of service, with existing 
geometry, is E (See Step 11). 

2. Left turns can be accommodated, with no 
special signal phasing, on all four 
approaches~see Step 4. 

3. The level of service changes to D when left 
turn lanes are added on Approaches 3 and 4--see 
Step ll(R). 

Comment 

Note that in the PLANNING application, Example 1 
(Recalculation) resulted in a Level of Service C for 
these conditions . This illustrates the point that 
application of specific adjustment factors may 
result in a different answer when conpared with the 
simplified PLANNING application, which is based on 
typical average-to-good urban conditions. 



Critical Movement Analysis: OPERATIONS AND DESIGN 

Example 2 
Calculation Form 2 

Intersection __ C_H_R_1s_T_1_E_A_N_D_R_o_.;.w..:....;E=L'-'L ______ _ Design Hour 4-.3Q-s:30 p.rn . 

Problem Statement WILL 2 f Ac.c.o1-10DATE Le:Fr Tue1..1cs ~ 

Step 1. Identify Lane Geometry 

~;r~ 
~ ~4.o N "5 -12.-;;-; - "5 
OS ----.-::'l OS 

~L./ 11.s' 11. e 
~ ~~ ~ <(m---,. <( 

JIT App•o~h~ I 
Step 2. Identify Hourly Volumes 

. (HV) in vph 

~1 ~1 :?\ I AJroac:
1
3 I RT = . I ~~ 

I I I I T= 2
10 I TH =~ 

II II II 4 
1- I 1-- LB= __ LT =~ 
a: I- _J 
~~~-r1 '...,_~~~ 

ii,::_?-- D"" ~ T· 4r.4( 
:t~ -B=~ I<( 

2J> 

LT = lf>O T= 2..%... 

TH =~ LB=.1_ 

RT -~ t 
Approach 4 

; ~g1~1 
II II II 

I 
_J I- a: 

Step 3. Identify Phasing 

1----.::1 A I B2. OJ. D 
~~ --
~MD+o~o 
L..1.JM63 __ 

D_D_ 

A1 .._A3+ 

A2--A4 t 
61 ,83~ 

s2J B4l. 

Step 4. Left Turn Check 
Approach 

a. Number of 
1 2 3 4 

change intervals So 50 So 50 
per hour 

b. Left turn capacity 
IDO (DO on change interval, \00 100 

in vph 
c. G/C ,55 .'55 ,45 ,4; Ratio 
d. Opposing volume 

in vph 12.SD 14£,o 12.W "~ e, Left turn 

~ capacity on ¢ ¢ ¢ 
green. in vph 

f. Left turn 
capacity in vph loo (DO lob too 
(b + e) 

g. Left turn volume 
IBD 12.o ~ eo in vph 

h. Is volume > capac-
ity (g >I)? '(E5 l(e!> NOtA ~t -

Step 5. Develop Passenger Car 
Volumes (PCV) in pch 

1 1 
II II II 

I- I la: I- _J ,, 

Approach3 ~ + RT = _ _ 

TH=--

LT = __ 

ll 
~~t 

Approach 4 

111 
II II II 

I- I 1-.J I- a: 

Step 8. Step 9a. 
Calculate 

Lane 
Adjusted Volumes Volumes 

Total Adjusted ~V 
Move- PCV PCV of per 
ment (Step 7) U W (U><W >< PCV) Lanes urne 

Step 6. Calculate Period ·volume~· 1Step 9b. Volume Adjustmentfor 1 

(PV) in pch Multiphase Signal Overlap 

I 1 1 1 
II II II II 

u. I-II
I a:1-.J 
a.. .) 

App<oooh3 [ HF· 
+ RT = __ 

TH =- - 

LT =---

I~ II 
p~,:: ,I J .I .I 

TH =--- t u. t- I 1-
RT = --- ~A-pp-r-oa-c~h ~4 fi: ...J t- a: 

Step 7. Turn Adjustments 

Approach 

Movement 

Turn 

Turn volume 
(PV from Step 6) 

Opposing vol. in 
vph from _Step 2 
Ped. vol/ hour 

PCE LTfrom 
Table 3 
LT vol. in pch 
PCE RT from 
Table 4 

Possible Volume Adjusted 
Probable . Critical Carryover Critical 
Phase Volume to next Volume 

in pch phase in pch 

Step 10. Sum of Critical 
Volumes 

___ + ___ + ___ + ---

= pch 

Step 11. Intersection Level of 
Service 

(compare Step 10 with Table 6) 

D 
Step 12. Recalculate 
Geometric Change --------

Signal Change --------

Volume Change 
RT vol. in pch 

TH vol. in pch ~ Comments~ 2 c/ 
from Step 6 ,I.. 
Total PCV in pch _T..:....:...IZ_.1( _ _;5::...c:i't'::__---------

~~~~~~=i l.=:====================1 

ltJl\DEQuATE 1 
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Critical Movement Analysis 33 

OPERATIONS AND DESIGN : Example 2 

Problem 

An existing urban intersection is being analyzed for 
possible changes in signalization and/or geanetry. 
Lane configuration and peak hour voltnnes are known. 
Additionally, information is known about vehicle 
mix, peak hour factors, turns and lane widths. 

The following questions are to be answered: 

1. Is a two phase signal adequate to 
accorrmodate left turns? If not, what phasing 
will acCOllJllOdate them? 

2. What is the existing level of service for 
the selected phasing? 

Step 1 . ldentify Lane Georretry. Existing lane 
configuration and lane widths are shown on the form. 

Step 2 . Identify Hourly Volurres . Existing peak 
hour volumes (in vph) are shown . Also, information 
on trucks plus through buses (T) and local buses 
(LB) is given. A pedestrian volume in pedestrians 
per hour is given for each of the four crosswalks. 

Step 3 . Identify Pbasing. A two phase signal 
exists . Movements are identified according to 
information given in Figure 4. 

Step 4. Left Turn Check. The number of left 
turns, in vph, that can be made without an exclusive 
signal phase is computed. A cycle length of 72 
seconds exists with a 55/45 (Approaches 1 and 
2/Approaches 3 and 4) split. 

For Approaches 1 and 2 the demand exceeds the 
capacity, whereas the demand is less than the capacity 
for Approaches 3 and 4. A two phase signal is there
fore inadequate and a recalculation must be done with 
a five phase signal. 



Critical Movement Analysis: OPERATIONS AND DESIGN 
Example 2 Calculation Form 2 
(Recalculation) 
Intersection Cr1R 15T 1E /\NJ) Powe LL Design Hour 4:30 -s:3D P·r>i..:. 

Problem Statement _F_1_N_o~_Lo_s~~~~~~~~~~~~~~~~~~~~~ 

Step 2. Identify Hourly Volumes 
(HV) in vph al al ol I Approach 3 I QT= /'fO 

~1 l{) I tt--1 t T= 2% ;~ = t oBo 
JI II II .A., 12. 
I- I I- LB= _.,-_ LT = __ o _ 
a:: I- --' 

- ~T· i°fo D l' .r: -- .r: 

~ LB=l_ 
0 0 

a. T=j-1£ K 
a. B=~ ~ <( 

LT =~ T= z..·1~ o~ l ~ J s j 
TH =_1_11Q__ LB=±_ 

RT =__2_Q_ f II II II 

I- I I-
Approach 4 --' I- a:: 

Step 3. Identify Phasing 

!JI BZBI ~ A3A-t A1 ._A3+ 

A2--A4 t 
81,83~ 

B2J 84 l. 

Step 4. Left Turn Check1' 
Approach 

a. Nl1mber of 
1 2 3 4 

change intervals !)o 50 
per hour 

b. Left turn capacity 
on change interval. 100 100 
in vph 

c. G/C .4-o Ratio ./tO 
d. Opposing volume 

in vph n.~o (,bo 
e. Left turn 

capacity on I> ¢ 
green. in vph 

f. left turn 
capacity in vph 100 \DO 
(b + e) 

g. Left turn volume =to eo in vph 
h. Is volume > capac- No Ne it)' (g > f)'! 

Step 5. Develop Passenger Car 
Volumes (PC V) in pch 

LT =---1.f!L 
TH = 1 4~31-

RT =~ 

Approach 3 

+ 

t 
Approach 4 

RT =~ 
TH = ___llil_ 
LT =___Q£_ 

11 II II 

I- I I
-' I- a:: 

Step 6. Calculate Period Volumes 
(PV) in pch 

u.. I-II
I Ctl---' a.. ,, 

Approach 3 

+ 
PHF =~ 

RT=~ 
TH =J.Q!__ 
LT=~ 

Step 8. Step 9a. 
Calculate 

Lane 
Adjusted Volumes Volumes 

.------. 
Total Adjusted No. PCV 

Move- PCV PCV of per 
ment (Step 7) U W (UxWx PCV) Lanes Lane 

El 2.13 I.DO I.DO 2.13 I 2.13 

e1 143 \.DO 1.00 143 I 143 
Al '"" I.OS o.")o lhOb 2 f3o3 

A.7. 1139 1.os o . .,o l360 2 ~80 

174 4bfi 1.00 1.00 #}b0 l 4C:b 
ti~ 3::tl> 1.00 1.00 316 I 31h 
A3 0D4 1 . 0~ / .00 Bi4 z. -tz.z .. 
A+ l~l l.o5 O.°Jo l3BI l (o'jo 

Step 9b. Volume Adjustment/or 
Multiphase Signal Overlap 

Possible Volume Adjusted 
Probable Critical Carryover Critical 
Phase Volume to next Volume 

in pch phase in pch 

-
132..r,1 143(61) zi3· 143 .. 1Dt0Z.) 14?> 'l 
A-I 13l 1V tei) 003'1o·~ 3'3(1.1) :fa ,I '3 

Al AZ. f33(AI) oit- IP0o(A i.) 1-33 

PHF =~ 
LT = 1.D3 

TH =.J!!..§_ 
RT =~ 

t 

~A.4 ~tP.>t) oft ~=!i.LB~) o(Z.. 

42.2.. tA:?>) ol?. '-'I li\lt) b'}o 

~.I ~~I ~I ~================~ 
u. 1- I 1- Step JO. Sum of Critical 

Approach 4 iE --' 1- a:: Volumes 

Step 7. Turn Adjustments + -133 + '-~o + __ 

Approach 

Movement 

Turn 
Turn volume 
( PV from Step 6 J 
Opposing vol. in 
vph i'rom Step 2 

Ped. vol / hour 

PCE LT from 
Table J 

l T vol. in pch 

PCE RT from 
Table 4 

RT vol. in pch 

TH vol. in pch 
from Step 6 

Total PCV in pch 

I z 3 4 - - -
82. Al 8.1 A?.~ A?i ~3 M 

LT P.T L1 R.T l. T l!..T l.T RT 

W B3 13b 2./8 =ftJ /Bb 94 lrl 

12.EO - 1490 - IZ.~o - bW -
- 'lJ) - eo - ZJ)O - 2o 

I.OS - 1.1>5 - C..o - 4.o -
2.13 - 14~ - #.0 - :Hb -

1.00 1.z.5 - 1.00 - - 1.00 -
.. 83 - Z.IB - 2.33 - 171 

- It.lb - 12.21 - St/ - IZ.?o 

Z.I?> 14? 4"'6 3fb 
I'-" l't~, 0o4- 1#>1 

=~?lb pch 

Step 11. Intersection Level of 
Service 

(compare Step 10 with Table 6) 

Steo 12. Recalculate 
Nol" "1 e c. e :5-5AfUf 
Geometric Change --------

Signal Change --------

Volume Change .. Comments 1-l f:Eo oNt..'i c.ll f4. 
UN p tt.o'T e c:. TED p H~Si::.:>. 
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(Example 2) 

Note: "(R)" denotes recalculation. 

Step l(R) . Ident i fy LIJ.ne Geometry. Identical 
to original Step 1 . 

Step 2(R). Identify Volumes. Identical to 
original Step 2. 

Step 3(R). Identify Phasing. A five phase sig
nal is to be analyzed with protected phases for 
Approaches 1 and 2. 

Step 4(R). Left Turn Check. The estimated G/C 
ratio is arrended to 0.40 (Approaches 3 and 4), 0.40 
(Approaches 1 and 2), and 0.20 for left turns (Ap
proaches 1 and 2). Approaches 3 and 4 do not have 
exclusive phases, therefore a left turn check of these 
approaches must be made. This estirrated split of the 
cycle tine is adequate for determining item a in left 
turn check. 

Step 5. Develop Passenger Car Volurres. Using 
mixed vehicle volurres from Step 2, the passenger car 
volune, in pch, is computed for each llDVerrent. The 
percentage of trucks plus through buses is taken as 
constant for all l!Dverrents on a given intersection 
approach. 

Step 6 , calculate Period Volumes. The period 
volume for each movement is computed in pch. The 
peak hour factor for each approach is given on the 
form. 

Step 7. Turn Adjustrrents. Tables 3 and 4 are 
used to determine the PCE values associated with 
left and right turns, respectively. The opposing 
volume in vph and the pedestrian volume, in 
pedestrians per hour are taken from Step 2. 

Step 8 . Adjusted Volumes. The total PCV volume 
in pch developed for each movement in Step 7 is 
adjusted for lane utilization and lane width. The 
adjustment factors are based on information from 
Step 1 and Tables 2 and 5. 

The average of both through plus right lanes on 
all approaches was used to arrive at a value for W. 
For example, in Al the average of 12.6 and 14.0 is 
13.3, therefore W = 0.90 was used. 

Step 9 . Calctilate Lane Volurres. Lane volumes, 
in pch, are determined by dividing the adjusted 
volumes from Step 8 by the number of lanes 
available. 

Table 6. Level of Service Ranges 

PLANNING Applications (in vph) 

(deleted) 

OPERATIONS ANO DESlGN Applications (in pch) 

Level Maximum Sum of Critica l Volumes 

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 

© 1800 1720 1650 

F ---------not applicable---------

Using Step 3(R), the phase sequence which most 
likely will appear, with lane volumes of Step 9a, is 
as follows: B2Bl, A1B2, A1A2, and A3A4. For 
e~ample, since left turn volume from Approach 2 (Bl) 
in Step 8 is less than left turn volume from 
Approach 1 CB 2), A 1B2 is more probable than A 2 B 1 . 

Using the llDSt probable phase sequence, the 
through plus right turn volune which rroves during a 
left arrow is subtracted from the total through plus 
right volume, and the remaining volune is carried 
over to the next phase. 

Step 10. Sum of Critical Volumes. Using Table 
9 and Figure 4 as guides, the 11cri ti cal volume, 11 in 
pch, for each phase is obtained. From Step 9, the 
sum of the critical volumes is: 

Sum = B2 + (Al or A2) + (B4 or B3 or A3 or A4) 

= B2 + Al + A4 = 213 + 733 + 690 = 1636 pch 

Step 11 . Intersec t ion Le vel of Servi ce . The 
sum 1636 pch falls in the range of 1461 to 1650, 
which Table 6 indicates as Level of Service E for a 
five phase signal. 

Step 12 • Recalculate. No further recalculation 
is necessary. The solution is as follows: 

1. A two pi1ase signal is not adequate to handle 
left turns from Approaches 1 a:nd 2. A five phase 
signal with exclusive left turn phases for these 
approaches will accommodate the left turns. 

2. The intersection level of service with a 
five phase signal is E. 
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Unsignalized Intersection Capacity Calculation Form 

Intersection----------------- ---------------- -------
Location Plan: D 

A 

c 

B 

Counts: 

Dat"-------- --

Day - - ------

Time ----- ---

Control ------ --
Prevailing Speed, _ ___ _ 

Hourly Demand Traffic Volumes from __ to __ , __ m 

Approach D 

Movement 

Volume 

pch 1>ee Table I) 

Step l Right Turn rrom c/o CR,- D11 _; 

Conflicting Flows = MH = \Ii AR + Ar = \Ii BR + Br = 

(from Fig. 1) ___ + = --- VJJh + = ---VJJh 

Critical Gap from Table 2 T0 = sec sec 

Capacity from Fig. 2 = MNo = M1 = - - -J>Ch MNo =Ml = --- peh 

Demand= CR=--- peh DR =---peh 

Capacity Used = 100 (CR/M1) = % IOO(DR/Mi) = ___ % 

Impedance Factor from Fig. 3 = P1 = P[= _ _ _ 

--- Shared Lane - See Step 3 

--- No Shared Lane - Available Reserve M1 - CR= ---peh M; - DR= ---peh 

Delay & Level of Service (Table 3) D D 
Step2 Left Tum from B/A BL r AL _) 

Conflicting Flows = MH = AR + Ar = BR + Br = 
(from Fig. I) + = VJJh + = ---VJJh 

Critical Gap from Table 2 T0 = sec sec 

Capacity from Fig. 2 = MNo = M2 = --- J>Ch MNo = M~ = --- peh 
Demand= BL= peh AL=---peh 

Capacity Used = 100 (BdM2) = % 100(AL/M4) = ___ % 

Impedance Factor from Fig. 3 = P2 = P;= ___ 

Available Reserve = Mz - Bi= J>Ch M4- Ai =---pen 

Delay & Level of Service (Table 3) D CJ 
Step3 Thru Movement from C/D Cr + Dr t 

Conflicting Flows = MH = 1hAR + Ar + Ai + Bi + Br + BR 1hBR + Br + Bi +Ai +Ar+ AR 
(from Fig. I) __ +_+_+_+_+ _ __ +_+ _ +_+_+_ 
<Mr & MT- are used in Step 4) MH =Mr= VJJh M" = MT-= ---VJJh 

Critical Gap from Table 2 T0 = sec sec 

Capacity from Fig. 2 = MNo = ---peh MNo=---peh 
Adjust for Impedance MNo X P2 X P; = M3 = J>Ch MNo X P; X P2 = M~ = ---peh 
Demand= Cr=---pen Dr= ---pen 
Capacity Used= I 00 (Cr/M3) = % I 00 (Dr/M~) = --- % 

Impedance Factor from Fig. 3 P3 = P;= ___ 



Unsignalized Intersection Capacity Calculation Form (continued) 

Step 3 (Continued) CT t DT • -- No Shared Lane 

Available Reserve = M3-CT= pch M!i- Dr= ---peh 

Delay & Level of Service (Table 3) CJ D 
-- Shared Lane with Left Tum 

See Step4 

Shared Lane Demand = C11 +CT= C11r= Prh D11 +Dr= D11r = Prh 

--- Shared Lane with Right Tum 
M13= 

(C11 +Cr) 
M;3 = 

<D11 +Dr) 

Capacity of Shared Lane = (C11/M 1 ) + (CT/M3) <D11/M;1 + <Dr/M!1I 
M13 = ---Prh M;3 = --- Prh 

Available Reserve = M,3 - CRT= - --peh M;3 - D11r = - - - Prh 

Delay & Level of Service (Table 3) CJ D 
Step4 Left Turn from c/o CL ~ DL '-

ConHicting Flows = M11 = MT + Dr + D11 = M7- + Cr + C11 = 

(Mr & M7' were calculated in Step 3) __ + __ + __ =---l!ph __ + _ _ + _ _ = - - - l"J>h 

Critical Gap from Table 2 T0 == sec sec 

Capacity from Fig. 2 = MNo= peh M.~.= --- IH'h 

Adjust for hnpedance MNo X P2 X P; X P: X P~ = M4 M~0 x P; x P2 x P, x P3 = M~ 

M.= peh M4=---IH'h 

-- No Shared Lane Demand= CL= P<'h DL = --- Prh 

Available Reserve = M. - CL= P<'h M~ - DL = ---- JH'h 

Delay & Level of Service (Table 3) CJ D 
Shared Lane Demand= Cr+ CL= Cn = P<'h Dr+ DL = Dn = ---11rh 

-- Shared Lane with Thru (Cr+ CL) Dr+ DL 
Capacity of Shared Lane = M34 = 

(Cr/M3) + (CifM4) 
M!i.= 

(DT/Mfi) + <D1./M~) 
Ma4 = --- P<'h M~4 = ---prh 

Available Reserve = M34 - Cn = ---- -- P<'h ~.- Dn = ---pCh 

Delay & Level of Service (Table 3) CJ D 
Shared Lane Demand = C11 + Cr + CL = C11n = --- P<h D11 +Dr+ DL = D11n = ---11rh 

-- Shared Lane with Thru & Right 

Capacity of Shared Lane = 
C11 +Cr+ CL , D11 +Dr+ DL 

M134 = M -
(Cx/M,) + (Cr/M3) + (CifM4) 134 

- (011/M;) + (Dr/M;) + (DL/M~I 
M1a• = P<'h M;a4 = ---Prh 

Available Reserve = M1a4 - C11n = P<'h M;34 - D11rL = --- peh 

Delay & Level of Service (Table 3) CJ D 

Overall Evaluation - ---- - ----- -------------- - --------- ---



Unsignalized "T" Intersection Capacity Calculation Form 0:0 
lntern:ction - ---------------------------------------
Location Plan: 

A B 

c 
Hourly Demand Traffic Volumes from __ to __ , __ m 

Approach A =-; 8 7 c -y-
Movement Ar- AR' Bir Br.-- c,, \ CR( 

Volume 

pch ''cc Tahlc I 1 

Step 1 Right Turn from C CH ( 

Conflicting Flows = MH = 1/i AR + Ar = 

(from Fig. I) --- + --- = --- VJ>h 

Critical Gap from Table 2 T. = ___ sec 

Capacity from Fig. 2 = M.vo = M1 = --- pch 

--- Shared Lane - See Step 3 

-- No Shared Lane Demand= CR=---pch 

Available Reserve = M1 - CR= ---pch 

Delay & Level of Service (Table 3) D 
Step2 Left Turn from 8 B,. r 

Conflicting Flows= MH = AR + Ar = 
(from Fig. I) ---- + --- = --- VJ>h 

Critical Gap from Table 2 T0 = ___ sec 

Capacity from Fig. 2 = MNo = M2 = --- pch 

Demand= Bl=--,,..h 

Capacity Used = 100(Bi/M2) = ___ % 

Impedance Factor from Fig. 3 = P2=---
Available Reserve = M2 -- Bl= ---pch 

Delay & Level of Service (Table 3) D 
Step3 Left Turn from C c,, \ 

Conflicting Flows = MH = 1/iAR + Ar + BL + Br = 

(from Fig. I) __ +_+_+_=---VJ>h 
Critical Gap from Table 2 T. = ___ sec 

Capacity from Fig. 2 = MNo=---PCh 

Adjust for Impedance MNo X P2 = M3 = ---PCh 

--- No Shared Lane Demand= cl =---peh 

Available Reserve = M3- CL= ---pch 

Delay & Level of Service (Table 3) D 
Shared Lane Demand = cR +cl= cRl = ---,,..h 

--- Shared Lane with Right Tum 
(CR+ Cl) 

Capacity of Shared Lane = M1a= 
(CR/Mi)+ (Ci(M3) 

M13 = ---,,..h 

Available Reserve = M13 - CRL = ---PCh 

Delay & Level of Service (Table 3) D 

Counts: 

Dfil .. ~--------
Day _______ _ _ 

Time - ------

Control --------
Prevailing Speed ______ _ 

Overall Evaluation - --------------------------- ---------
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USER APPLICATIONS 

Introduction 

To facilitate the calculation of capacities at 
unsignalized intersections, ccmputational forms have 
been developed. These forms were designed to enable 
practitioners to apply the methodology previously 
discussed. 

In order to introduce and explain the 
"Unsignalized Intersection Capacity Calculation 
Forms," this description of user applications will 
cover the following subject areas: (1) the concepts 
underlying the organization of the forms, (2) the 
definitions of terms used in the forms, and (3) 
three examples of how the forms are applied in 
measuring unsignalized intersection capacity. 

Concepts 

The basic concept of the analysis is a sequential 
evaluation of the individual flows in the 
intersection. It is assumed that the thru movement 
on the major street and the right turns from the 
major street are unimpeded and have the right of way 
over all side street traffic and left turns from the 
major street. If this is not the case and there is 
congestion on the major street such that side street 
vehicles cannot enter, the intersection is operating 
at Level of Service F. This is usually caused by a 
downstren.m condition 
the intersection under consideration. The 
intersection cannot be analyzed for capacity until 
the downstream condition is ameliorated. 

All other flows in the intersection cross, merge 
with, or are affected by other flows. The concept 
used in this procedure is to process the individual 
movements in a sequential manner. For each Irovement 
in turn, all conflicting flows are summed, and a 
critical gap is determined. A graphic solution 
provides the potential capacity of that IlKlVement. 
Adjustments are made for mutual interference to the 
individual streams, e.g., the additional adverse 
effect of main street vehicles waiting to make left 
turns on minor street vehicles waiting to cross the 
major street. 

Consideration is first given to the right turns 
from the minor street. This maneuver is affected by 
the thru vehicles (in the curb lane only) ccming 
from the left on the major street. It is also 
affected by right turns from the major street. 
Although these right turns do not directly conflict 
with traffic entering fran the minor street, they do 
have an inhibiting effect on the minor street 
traffic unless a separate turning lane for this 
Irovement is present. To allow for this effect, a 
flow equal to one half of the right turns is added 
to the other conflicting flows. This value may be 
reduced or eliminated where large radius turning 
areas for the right turns and/or STOP or YIELD 
control of these turns is present. 

Left turns fruia Ll1e major street a.re considered 
next. The ability to make this maneuver is affected 
by the opposing thru flow and the right turns from 
the opposing approach. Large radius curb returns or 
channelized right turn areas reduce or eliminate the 
effect of right turning vehicles. 

Vehicles crossing the major street are then 
analyzed. The conflicting flows include all major 
street tra.f f ic except the near side right turns 
which are treated as described earlier. Impedances 
caused by major street left turning vehicles being 
delayed in making their turns are applied to reduce 
the potential capacity of the crossing flow. 

The final flow to be analyzed is left turns fran 
the minor street. In addition to all of the 

conflicts that crossing vehicles encounter, left 
turns also conflict with the thru and right turns 
frcm the opposing minor street approach. Impedances 
caused by these minor street conflicting flows as 
well as those caused by the major street left turns 
must be applied. 

The above discussion has assumed that each minor 
street flow (right, thru, and left) has had one 
exclusive lane. Generally this is not the case. In 
Iae L , f1·equen Lly all three maneuvers share the same 
lane. When a single lane must be shared by two or 
three different movements, there is bound to be 
interference. 

The disadvantage of shared lanes is not 
important at intersections with wide approach areas 
or large radius corners, because vehicles can stop 
side by side at the intersection (e.g., a right 
turning vehicle can bypass a delayed crossing 
vehicle). 

Where the vehicles are confined to a single 
lane, the shared lane capacity equation (see 
DISCUSSION, above) is used. The shared lane 
capacity is applicable only to a traffic stream that 
has the same proportion of Irovements as used in the 
equation. For example, if the existing flows are 
100 thru and 60 left and the shared lane capacity is 
240 this implies a stream flow of 150 th111 and 90 
right. 

Once the capacities of the individual flows are 
determined they are compared to the existing or 
"Y"\...,.,......; ............ +.-.rl -Pl,....,,,,,,.,.... I\. 1""7 ............................... V'>,... ......... +..; ........... r1.; ..f'..p,....,...,.,......,,.,...,...... 
_tJ..L'-JJ'-''-''-''-''-" ..L...L\Jl"IV• CJ. "-'V.l.V V.l. J.J.V0"41J..LV\V" U..L..L..L\V..Lc:;J.,1.1.,,.-V 

indicates intersection failure and extreme 
congestion. A positive difference indicates an 
available reserve capacity, the magnitude of which 
determines Level of Service and expected delay. 

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

Definitions 

The following terms are utilized in the calculation 
of unsignalizcd intcrocction capacity. 

Available Reserve - The difference between 
capacity and present or future demand. It is used 
to define Level of Service and expected delay. 

Capacity Used - The percentage of the capacity 
of a movement that is used by the existing or 
projected demand. 

Conflicting Flows (M~ - The sum of all existing 
or projected flows that conflict with the movement 
under consideration. These flows are in vehicles 
per hour. The specific elements of MH are shown in 
Figure 1. 

Critical Gap ( T0 ) - The minimum gap (in seconds) 
needed by drivers to negotiate the eonilicting 
flows. Critical gaps suggested by the original 
developers for passenger cars are contained in Table 
2. These critical gaps are dependent upon the 
intended maneuver, the type of control (STOP or 
YIELD), the major street prevailing speed, and the 
number of lanes on the major street. 

Demand - The existing or projected traffic flow 
in the stream under consideration. Demand is given 
in pi.ssenger car equivalents per hour. Conversion 
factors are contained in Table 1. 

Impedance (P) - The interference caused by a 
conflicting stream becoming congested thereby 
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DISCUSSION 

The methodology described has been adapted from the 
OECD publication "Capacity of At-Grade 
Intersections"* which in turn is a translation of a 
German docunent.** Although this material has been 
available for a number of years, it has not been 
e xtensively applied in the United States. This 
chapter clarifies the methodology and presents a 
simplifi€!d computational procedure. 

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

The capacity or maximun flow of vehicles (MN0) 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 service is 
estimated. 

The assumption is nia.de that major street traffic 
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 thru 
flow. Minor street flows, however, are impeded by 
all other conflicting movements. The methodology 
includes adjustments for mutual interference to the 
minor street traffic streams, e.g., the additional 
adverse effect of main street vehicles waiting to 
make left turns. 

In order to treat these potential impedances, it 
is necessary to structure the computational 
procedures and deal with individual traffic 
movements in the following order: 

1. Right turns into the major road; 
2. left turns from the major road; 
o. Through traffic crossing the major road; and 
4. left turns into the major road. 

In addition, the method takes into account the 
lane configuration on the minor street and has 

evaluate present conditions. For new intersections 
or to analyze future conditions, forecasts of the 
flows ImlSt be made. 

The methodology requires a specific sequence of 
steps which is presented below. 

The preliminary steps include the gathering of 
basic data. Required a.re: the general layout of the 
intersection; the number of lanes on the major 
street; the lane configuration on the minor street 
approaches; the type of contol (STOP or YIELD); and 
the prevailing speed on the major street. left, 
right, and through volumes are required for each 
approach (this is, of course, sirnplified in the case 
of a "T" intersection). Minor street movements and 
left turn movements fran the major street should be 
converted to passenger car equivalents per hour 
(pch) to account for approach grade and traffic mix. 
Table 1 provides estimated conversion factors. 

Table 1. Converting Existing Traffic Flow to 
Passenger Car Equivalents per hour 

Type~ -4% -2% 0% +2% 
Vehic 

Motorcycles 0.3 0.4 0.5 0. 6 
Passenger Cars 0.8 0. 9 1.0 1. 2 
Trucks/R.V. 's 1.0 1. 2 1. 5 2.0 
Truck-Trailers 1. 2 1. 5 2.0 3.0 

Motor Vehicle* 0.9 1.0 1.1 1.4 

+4% 

0. 7 

1.4 

3. 0 

6.0 

1. 7 

*Approximate value used for estimate calculations . 

The computational methodology is described below 
in the sequence that is followed. 

The conflicting individual traffic streams ( ) 
that must be considered in each step when evaluating 
the minor street are shown in Figure 1. 

Figure 1. Definition of Conflicting Traffic Streams 

Step 1 Right turns into major street M8 = 'lzAR+ Ar Ar 

AR--.., ,.-
I 

'M. 

Step 2 Left turns from major street MH= AR+ Ar Ar ~-----;MN 

AR~ 

Step 3 Crossing major street M8 = Y.z AR + Ar + AL + BL + Br + BR 
~B. 

- Br 
"1 AL llt 

Ar • 
A•~ 

: MN 

Step 4 Left turns into major street ~=Y.z~+~+~+~+~+~+~+~ 
D~t Dr 

Br 
AL ...:..._____; ,.----:- BL 

Ar " • 
A" ~lMN 

Note: In Step 1, if there is more than one lane on the major street, Ar is the flow in the curb lane only. 
In Steps, 1, 3, and 4, if a turning lane is present for major street right turns, A,. can be omitted. 
In Steps 2 and 3, large radius turning areas for right turns off the major street and/or STOP or YIELD control of these turns 

reduce or eliminate the effect of A,. and e,. 
For complementary movements, reverse the major street movements 

appropriate adjustments for movanents that use the 
same lane (shared lane). 

Calculations are based upon maximum hourly flows 
using the intersection at a given time. A given 
intersection may have to be tested for different 
time periods during the day to account for varying 
directional flows. Traffic flows at existing 
intersections are obtained from traffic counts to 

( A and B ) and minor street movements ( C and D ) • 

* Organisation for Economic Co-Operation and 
Development, "Capacity of At-Grade Junctions", 
Paris, 1974. • 

** Forschungsgesellschaft fur das Strassenwesen, 
"Merkblatt for Lichtsignalanlagen an La.ndstrassen, 
Ausgabe 1972", Forschungshesellschaft fur das 
Strassenwesen, Koln, 1972. 
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Table 2. Critical Gap for Passenger Cars, in seconds 

Prevailing Speed 

Vehicle Maneuver and 30 mph (50 kph) 55 mph 

Type of Control 
Major Road Major 

2 lanes 4 lanes 2 lanes 

Right Turn from Minor Road 

YIELD Control 5.0 5.0 6.0 

STOP Control 6.0 6.0 7.0 

Left Turn from Major Road 

No Control 5.0 5.5 5.5 

Crossing Major Road 

YIELD Contro.l G.O 6.5 7.0 
STOP Control 7.0 7.5 8.0 

Left Turn from Minor Road 

YIELD Control 6.5 7.0 8.0 
STOP Control 7.5 8.0 9.0 

Figure 2. Maximum Capacity based on Conflicting Volume and Critical Gap 
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In steps 1, 3 , and 4, there is not a direct 
conflict between the movement under consideration 
(MN) and the right turn from the major street (AR) • 
However, this right turning traffic does have an 
inhibiting effect on the minor street traffic. To 
allow for this effect, half of this flow is included 
in MH• This influence diminishes where large radius 
curves or deceleration areas are available and 
disappears entirely when a separate turning lane is 
provided. 

Conflicting traffic streams (MH) are used as 
existing or forecast volumes in vehicles per hour 
and are not converted into passenger car 
equivalents. Bicycles on the major road are 
included if it is apparent that they cause 
restrictions to minor street movement. 

Vehicles emerging from the minor road (and 
left-turning vehicles fran the major road) can only 
do so if the available gaps in the conflicting 
streams are long enough for thEm to execute their 
desired maneuver. The critical gap can be used to 
describe the minimum gap required by drivers 
affected by the intersection. 

Table 2 shows critical gaps which apply to 
passenger cars • These critical gaps are dependent 
upon the intended maneuver, the type of control 
(STOP or YIELD), the major road prevailing speed , 
and the number of lanes on the major street. 

Once the relevant conflicting flow (Mu) and the 
critical gap ( Tu) are determined for a given 
movement, the maximum capacity ( MN0 ) is read from 
Figure 2. This maximum capacity is the largest flow 
that can be achieved from the minor movement into 
the intersection, assuming the following conditions 
prevail: 

a) the traffic on the major road does not block 
the major "road; 

b) congestion at nearby intersections does not 
back up into the intersection under consideration; 
and 

c) a separate lane is provided for the 
exclusive use of the minor street movement under 
consideration. 

If these conditions exist, the actual capacity 
is the value obtained from Figure 2 for right turns 
from the minor road and left turns off the major 
road. Additional adjustments are necessary for 
crossing traffic and left turns from the minor road 
due to congestion interference. Further adjustments 
may alro be required for shared lane conditions. 

There is a possibility that traffic turning off 
the major road may become congested and interfere 
with minor road traffic. In the case of left turns 
off the minor road, congestion in the opposing 
through traffic and right turns may also have 
congestion interference. To compensate for this 
factor, the maxi.mun capacity (MN0 ) is reduced. For 
this µrrpose, an impedence factor (P) is obtained 
for each relevant traffic stream from Figure 3. 

Figure 3. Capacity Reduction caused by Congestion 
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This value is applied to any minor road movement 
that is likely to be impeded by such congestion. 
The "P" value def ines the probability that this 
minor road movement rEmains unaffected. The entry 
value in Figure 3 is the percent of capacity used or 
the ratio between the existing or forecast demand 
(in pch) of a potentially congesting flow and the 
c apacity ( MN0 ) of that stream, expressed as a 
percentage (i.e., 100[ Bi/M2 ]). 

The following equations show how the basic 
capacities for each vehicular movement are to be 
reduced. 

1. Left turns into the major street at a "T" 
intersection: 

2. Thru traffic crossing the major street at a 
4-way intersection: 

3. Left turns into the major street at a 4-way 
intersection: 

The procedures up to this point have assumed 
that each minor flow has an exclusive lane for that 
particular movement. This is frequently not the 
case, as often two or more movements must share a 
lane. There is bound to be interference between the 
movements sharing the lane. This interference may 
be reduced or eliminated at intersections with large 
radius corners, because two or more vehicles can 
stop side by side. In such cases, the adverse 
effect of the shared lane can be neglected. 

If the shared lane on the minor approach 
continues as a single lane up to the near edge of 
the major street, as is the case where small curb 
returns are used, the capacity of the shared lane 
can be determined by the following equation: 

_l_=_x_+L+_z_ 
M, 34 M1 M3 M4 

where: 
M134 Capacity of a 11 streams 

using the shared lane 
x,y,z Proportion of right, thru, 

and left movements, respec
tively 
Capacity of the right, thru, 
and left individual streams, 
respectively 

Note: Only those movements included in the 
shared lane are included in the computation (e.g., 
if the shared lane is right turning and thru 
vehicles, only the first two terms are used and the 
last term is anitted). 
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A simpler computational form that can readily be 
set up on a programnable calculator is as follows: 

where: 

Cn + C,. + Ci. 
Ml3• = - - ---------

IC11/M1) + (C1./M3) + (C1.!M.) 

Demand of the right, thru, 
and left movements, respec
tively 

A sample program for a Hewlett-Packard model 33E 
prograrrmable calculator is presented in an appendix 
to this section. 

The calculated capacity is then compared with 
the existing or projected traffic demand. This 
requires the conversion of the existing (or 
projected) minor approach traffic streams (e.g., Cr) 
into passenger car equivalents (pch). If there are 
appreciable grades on the minor street approaches, 
the gradient effect must also be considered. 
Conversion factors are contained in Table 1. 
Bicycles, if considered, are treated like 
motorcycles. 

If the existing or projected traffic demand is 
greater than the calculated capacity, a failure or 
breakdown condition occurs. This is not Level of 
Service F. Level of Service F occurs viheil the major 
street traffic backs up fran a downstream condition 
and blocks the minor street such that the minor 
street ·vehicles carH1ot enter the intersection. 

A minor street approach operating at or near 
capacity has very long traffic delays and lengthly 
queues. These conditions can be tolerated only if 
they are relatively rare occurrences. 

The difference between the capacity figure and 
the existing or projected flows is defined as the 
reserve capacity. Traffic delay and the resulting 
Leve l of Service are directly related to the 
magnitude of the reserve capacity. Suggested ranges 

o f r eserve capacities for the various l evels of 
service are shown in Table 3. 

Table 3. Level of Service and Expected 
Delay for Reserve Capacity Ranges 

Reserve Level of Expected Traffic 
Capacity Service Delay 

400 or more A Little or no delay 
300 to 399 B Short traffic delays 
200 to 299 c Average traffic delays 
100 to 199 D Long traffic delays 

0 to 99 E Very Long traffic delays 
Less than 0 E Failure - extreme congestion 
(Any value) F Intersection blocked by 

external causes 

The reserve capacity concept applies only to an 
individual stream (or shared lane stream) and 
assumes that all these streams remain constant. 
Even in a shared lane , the reserve capacity assumes 
the same proportion as the current contributing 
streams. The summation of individual res e rve 
capacities for the various movements is incorrect 
and should not be done. 

Once the capacity of all of the individual 
ffi0'!e!l"!e..'!ts b!i_ve bee.11 cal c1iLate<J Rnd t heir T_,pvpl"' nf 
Service and expected delay determined, an overall 
evaluation of each minor street approach or the 
total minor street is made. Normally, the worst 
condition or Level of Service defines the overall 
evaluation, but this may be tenpered by engineering 
judgement. 

Computational forms for unsignalized "T" and 
4-way intersections are shown on the following 
pages. 
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blocking the intended maneuver. It is based upon 
the percentage of capacity used by the conflicting 
stream and is obtained fran Figure 3. 

1\18 - See Conflicting Flows 

l\1No - See Potential Cs.paci ty 

P - See Impedance 

~ - passenger car equivalents per hour (See 
Table 1 for conversion factors). 

Potential capacity ( l\1No) - The capacity obtained 
from Figure 2 before adjusting for impedances and/or 
shared lanes. It is in terms of passenger car 
equivalents per oour. 

Shared Lane Capacity - The result of the 
combining equation which relates flows and exclusive 
lane capacities to determine the capacity of the 
shared lane. 

Shared Lane Dell!Uld - The sum of the individual 
flows using the shared lane in pch. 

T0 - See Critical Gap 

~ - vehicles per oour 

Following are three examples which display the 
capacity calculation procedure. The first of these 
examples begins on the following two facing pages. 



Example 1 Unsignalized "T" Intersection Capacity Calculation Form 1111 
Intersection ________ -:JO __ N_E_S_P_R_l_\J_E_~_T_H_AR_K_ET __ S_TR_f_E_T ____ _ 
Location Plan: 

A 8 

h 
c 

Hourly Demand Traffic Volumes from "f ! 3C 105: 3l) , ~ m 

Approach A ' 8 f c -y-
Movement Ar- AR' Br - CL' 

Volume 0 ~t> 

pch !.\cc Tahlc 11 

Step I Right Turn from C CH ,-
Conflicting Flows = Mn = 112 A11 + Ar = 

(from Fig. I) ;J..C + z.$0 - 2..7D --- -------VJJh 

Critical Gap from Table 2 T. = ~sec 

_L 
Capacity from Fig. 2 = M . .,.. = M1 = 1Z...b P<:h 

Shared Lane - See Step 3 

-- No Shared Lane Demand= C11= ---P<:h 

Available Reserve = M1 - CR= ---pch 

Delay & Level of Service (Table 3 J ....-----. 
L..J 

Step2 Left Turn from B B,_ r 
Conflicting Flows = Mn = A11 + AT = 

(from Fig . I) ---- + --- = --- VJJh 

Critical Gap from Table 2 T. = ___ sec 

Capacity from Fig. 2 = MNo = M2 = --- pch 

Demand= BL=--pch 

Capacity Used = 100 (BdM2) = ___ % 

Impedance Factor from Fig . 3 = P2=---
Available Reserve = M2 - BL = --- P<:h 

Delay & Level of Service (Table 3) D 
Step3 Left Turn from C c,, ' Conflicting Flows = Mn = ViAR + AT + BL + BT = 

(from Fig . I) -- + - + _ + _= ___ ,,,... 

Critical Gap from Table 2 T• = ___ sec 

Capacity from Fig. 2 = MNo=---pch 

Adjust for Impedance MNo X P2 =Ma= ---pch 

-- No Shared Lane Demand= CL=---P<:h 

Available Reserve = Ma- CL= ---pch 

Delay & Level of Se1vice (Table 3) D 
Shared Lane Demand = C11 +CL= CRL = ---Jl('h 

-- Shared Lane with Right Tum (CR+ CL) 
Capacity of Shared Lane = M1a = 

(Ci!/M,) +(Ci/Ma) 

M1a = ---prh 

Available Reserve = M1a - CRL = --- pch 

Delay & Level of Service (Table 3) D 

Counts: 
Date ::rtJNE-2..D 
Day iDl:.:SM;'/ 
Time 3-7~ 
Control .sri)::..___:P_-=-----,--~
Prevailing Speed_~ t-f?_'i_ 

Overall Evaluation -----------------------------------
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Example I 

The first example is a T intersection in an urban 
area. Market Street is a two lane collector and 
Jones Drive is a two lane local street serving a 
housing developnent. Jones Drive is controlled by a 
STOP sign. There is no widening in the vicinity of 
the intersection and the corner radii are 20 feet (6 
m). The terrain is level and the prevailing speeds 
are approximately 30 mph (50 kph). There is a 
relatively heavy left turn from Market Street and 
conversely a heavy right turn from Jones. 

Problem 

Residents of the housing develoµnent on Jones Drive 
have complained that there is substantial delay in 
the late afternoon turning right into Market Street. 
According to the residents, this delay is caused by 
both left and right turns from Jones Drive having to 
use the single lane available. They have requested 
that a right-turn-only lane be constructed. This 
complaint is to be evaluated. 

Analysis 

The "Unsignalized 'T' Intersection Capacity 
Calculation Form" is used for the analysis. A 
sketch plan of the intersection showing pertinent 
features is drawn (see opposite page), and volume 
data are obtained. In this case, a turning movement 
count was made on Tuesday, June 20 from 3 to 7 p.m. 
The peak hourly vollllTies occurred during the period 
from 4:30 to 5:30. These peak demand volumes are 
inserted into the table. Each approach is 
designated by a letter. A and B are the major 
street approaches and C is the minor.street 
approach. For a four-way intersection D is used for 
the other minor street approach. The subscript 
after the letters (i.e., L, T, and R) identifies the 
movement -- left, thru, and right respectively. 

For the calculation process, some of the vollllTies 
in vehicles per hour (vph) should be converted to 
passenger car equivalents per hour (pch). This is 
accomplished through the use of Table 1. No 
classification count was made in this example, 
therefore the last row is used. Because it is 
level terrain, the factor of 1.1 is used. 
Calculating passenger car equivalents is not 
necessary for the major street except for the left 
turn. 

Table 1. Converting Existing Traffic Flow to 
Passenger Car Equivalents per hour 

Type~ -4% -2% 0% +2% +4% 
Vehic 

Motorcycles 0.3 0.4 0.5 0.6 0.7 
Passenger Cars 0.8 0.9 1. 0 1. 2 1.4 
Trucks 1.0 1. 2 1. 5 2.0 3.0 
Truck-Trailers 1. 2 1. 5 2.0 3.0 6.0 

Motor Vehicle* 0.9 1.0 @ 1.4 1. 7 

*Approximate value used for estimate calculations. 

Step 1 covers right turns from the minor street. 
The conflicting flows which affect these right turns 
are determined in accord with Figure 1 and as shown 
on the form. Because there is no separate lane or 
traffic control for the right turning major street 
vehicles, their effect cannot be reduced or 
eliminated. Therefore, half the right turn rrovement 

(20) and the total thru movement (250) is sunmed to 
provide the total conflicting flow (M,;=270) • This 
value is in vehicles per hour. 

Figure 1 Definition ol Conllicting Trallic Streams 

........ I Right turns into majo.- st.-e "t )I\,. •'< -... • °'' 

The critical gap is then selected based upon 
maneuver, type of control, prevailing speed, and 
number of lanes on the major street. Critical gaps 
are tabulated in Table 2 for passenger cars. If 
there are significant numbers of trucks (>5%), the 
critical gap may be increased to accommodate the 
heavier vehicles. Grades on the minor approach may 
also affect the critical gap. In this example, 
right turn onto the major street, passing a STOP 
sign, prevailing speed of 30 mph (50 kph), and a 
two-lane major street -- the critical gap is 6.0 
seconds. 

Table 2 Critical Gap 1or Passenger Cars, in seconds 

V•nlci h · two1:1•1,J'HJ" iiind 30 mph (50 kph) 55 mph (90 kph) 

Type of Control Major Road Major Road 

' l•fll!J"I ' htu11• ' lane a 

Right Turn from Minor Road 

'tf.flLD ('tli t'JLttll 5 , 0 ~ . 0 6.0 6.0 

STOP Control (6.0) 6.0 J,O t ,? 
Left Turn from Majo[" Road 

No Control 5.0 S.5 5 , 5 6.0 

C.rossinq Major Road 

YIELD Control 6.5 l, O ... 
STOP Control 7. 0 1.0 ... 

Left Tu["n from Minor Road 

YIELD Control 6.S 7.0 B.O 9 , 0 

STOP Control '" B.O ... 10 , 0 

The values for critical gap (T0 ) and conflicting 
flow ('M4) are used to enter Figure 2 to determine 
potential capacity (MN0). This value in Step 1 is 
also called M 1 and is used in later computations. 

Figure 2 Maximum Capacity based on Conflicting Volume and Crilical Gap 

""' 
,.., . .,, 

Conllictlnq 'l'ra!!lc: Str11!llllll,M., in Vflhlc:l111 par hour 

This is the end of Step 1 in this example 
because the right turning vehicles share the single 
lane with left turning vehicles. The shared lane 
computation will be completed in Step 3. If this 
had been an exclusive lane for right turns, Step 1 
would have been completed by bringing down from the 
data table the existing right turn demand and 
subtracting it from the potential capacity to obtain 
the available reserve. The available reserve is 
used to determine delay and Level of Service. 

(Continued) 



1Ent~.rsearnctiopnl_e_1 ___ u_"_5'_·g_n_a_li_z_ed_'_·r_·_· _'"-t~e~rs_e~c-t-io_n_c_a_p~a~c~it_y_C~a-l_c_u_la~t-io_n_F_o_rm ______ l}_r--=I .. ::TONES PRt\/E A:T HARKET STREET I 
Location Plan: 

A 
I 

I 
c 

MARKET 
8 

Hourly Demand Traffic Volumes from~ to5 : 3tl . ~ m 

Approach A ' B 7 c --,(-
Movement Ar- AR' BL r Br - C1.' CR,-

Volume 250 41-D ISD .3(X) J./.0 l 2IJ 

pch ( '"" Tahlc 11 I~ 'i.'/. 132. 

Step 1 Right Turn from C CR ,-
Conflicting Flows = MH = l/2 AR + Ar = 

(from Fig . I) ~ + zBD = 2.7D ""h 

Critical Gap from Table 2 T0 = __Q._Q_ sec 

Capacity from Fig . 2 = Mso = M, = 7Z.C;:, peh 

--L Shared Lane - See Step 3 

-- No Shared Lane Demand= CR=--- pch 

Available Reserve = M, - CR= ---peh 

Delay & Level of Service (Table 3) D 
Step2 Left Turn from 8 B1. r 

Conflicting Flows= MH = AR + Ar = 

(from Fig. I) _ __xi_ + .1:SQ_ = 2 q 0 --- l)ph 

Critical Gap from Table 2 T0 = ~sec 
Capacity from Fig . 2 = MNo = M2 = _j_QQ__P<'h 

Demand= BL=~pch 
Capacity Used = I 00 (BdM2) = ~ o/c 

Impedance Factor from Fig . 3 = p2 = C.~7 

Available Reserve = M2-BL=~pch 
Delay & Level of Service (Table 3) ~D :DE.LAY ~ 

Step3 Left Tum from C C1. ' Conflicting Flows = MH = YiAR + Ar + BL + Br = 

(fromFig. 1) llL +~ -fl5Q_ +3:00 = 720 IJPh 

Critical Gap from Table 2 T0 = ___ sec 

Capacity from Fig. 2 = MNo = --- PCh 

Adjust for Impedance MNo X P2 = Ma = --- PCh 

-- No Shared Lane Demand= C1.=---1>Ch 
Available Reserve = Ma - CL= ---pch 

Delay & Level of Service (Table 3) CJ 
Shared Lane Demand = cR +cl= cRL = ---peh 

-- Shared Lane with Right Tum (CR+ Ci) 
Capacity of Shared Lane = M," = 

(CR/M,) +(Ct/Mal 

M1a = ---,,,.h 

Available Reserve = Ml3 - CRL = ---PCh 

Delay & Level of Service (Table 3) D 

Counts: 

Date :nJNf:-2..D 
Day i\JE:S~Y 
Time 3-7 
Control .51tiP 
Prevailing Speed ~ H?tl 
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(Example 1) 

Step 2 deals with the left turns o~f of the 
major street onto the minor street . The conflicting 
flows are again determined as shown in .Figure 1. In 
this case, the total right turns (40) from the major 
street are included in the conflicting flow and are 
added to the thru movement (250) resulting in a 
total conflicting flow of 290 vph. 

Figure 1 Delinilion ol Conllicling Tral1ic Streams 

The critical gap is selected from Table 2. For 
left turns from a 30 mph (50 kph) two-lane major 
road, the critical gap is 5.0 seconds. 

Table 2 Critical Gap ror Pass enger Cars, in seconds 

Pr:ev11ilinq Speed 

V•hhd'llll M11n.u~r And JO 111ph (50 kph) 55 mph (90 kph) 

Typ• Gf CCX! trol M• ~~~ RO&d Major Road 

2 lanea • lane• 2 111ne1 • lane1 

Ri9ht Turn !rom Minor Road 

YIELD Control ... 5.0 ... 6.0 

STOP Control 6.0 6.0 7.0 7.0 

Left Turn fl'."om Major Road 

c.;) No Control 5.5 5,5 6 . 0 

Crossin9 Major Road 

YIELD Control 6.0 '·' 7.0 8.0 
STOP Con trol 7.0 }.> e. o 9.0 

Left Turn from Minor Road 

YIELD Control 6.5 8.0 9.0 

STOP Control 7.5 8.0 9 . 0 10.0 

Using the conflicting flow value of 290 vph and 
the critical gap of 5.0 seconds to enter Figure 2, 
results in a potential capacity of 900 pch. 

Figure 2 Maximum Capacily based on Conflicting Volume and Critical Gap 
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Continu.i.ng Step 2 r quires the detennination of 
tb impedance factor tbat this movement will have on 
other minor street flows. The left turn demand in 
passenger car equivalents per hour (165 pch) is 
brought down f rom the data table . The percentage oi 
th potential capacit y that is actually used is 
computed by dividing the demand (165 pch) by the 
capacity (900 pcb) and multiplyi ng by 100 to convert 
to a percentage . The nearest .r.:ercent (i.e., 18'.t) is 
adequate accuracy . 

The percentage of capacity used (18) is the 
entry point to the graiib on the capacity reduction 

graph (Figure 3). 'l'he resulting impedance factor 
is 0.87. This factor is used in step 3 to reduce 
the potential capacity of conflicting minor street 
movements caused by possible congestion in the left 
turning stream. The more potential capacity this 
stream uses the greater the impedance to the 
conflicting minor street flow. 

Figure 3. Capacity Reduction caused by Congestion 
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The a vaila ble r e serve is the n computed by 
sublTacting the demand (165 pch) from the ca.pa.City 
(900 pch) resulting in 735 pch . This value is then 
compared to Table 3 to find the Level of Service 
(IDS) and probable delay . In this example, the left 
turo movement bas a LOS of A and anticipates 
virtually no delay. 

Table 3. Level of Service and Expected 
Delay for Reserve Capacity Ranges 

Reserve Level of Expected Traffic 
Capacity Service Delay 

400 or more A Little or no del ay) 
300 to 399 B Short traffic delays 
200 to 299 c Average traffic delays 
100 to 199 D Long traffic delays 

0 to 99 E Very Long traffic delays 
Less than 0 - Failure - extreme congestion 
(Any value) F Intersection blocked by 

external causes 

btep 3 examines the critical lett turn movement 
fran the side street. Again the conflicting flow is 
determined as described in Figure 1. Note : Step 3 
for a"T"intersection corresponds to Step 4 for a 
four-way intersection and some of the movements do 
not exist. In this example, all major street 
movements are used including half the right turns 
(20), both thru movements (250 and 300), and the 
left turns (15) or a total of 720 vph. 

Figure 1 Oelirtilion of Conflicting Trallic Streams 

(Continued) 



Elntxerseamctiopnl_e_1 _ __ u_n_s_ig_n_a_l_iz_e_d_'_'T_'_' _'"_t_e_rs_e_c'-t-io_n_ c_a_p_a....:c_it_y_c_a_l_c_u_la_t-io_n_ F_o_r_m _____ l}_'_I mNE.5 PR1\JE ~T HARKET 5TRE..ET I 
Location Plan: 

MAR~T 
A Time -""'~---'-'~---B 

h Control _..5rt)......_-=-'-;p _ __ _ 

C Prevailing Speed 3>0 1-f?H 
Hourly Demand Traffic Volumes from .JJJQ_ to 5: 3tl , ~m 

Approach A ' B 7 c -y-
Movement Ar- AR' BL r Br -- CL \ CR,-

Volume 230 41-D l.5'D 3cr) J./.0 121'.:l 

pch i.cc Tahlc 11 I fa5 '/.'/. 132 

Step 1 Right Turn from C CR ,-
Conflicting Flows = MH = 1/ 2 AR + Ar = 

(from Fig . I J ---1:P__ + z..$0 = 2..7D VJJh 

Critical Gap from Table 2 Tg = ~sec 

__L_ 
Capacity from Fig. 2 = MNo = M, = 7l...b pch 

Shared Lane - See Step 3 

-- No Shared Lane Demand= CR=--pch 

Available Reserve = M1 - CR= --peh 

Delay & Level of Service (Table 3) D 
Stepl Left Tum from B B,, r 

Conflicting Flows = MH = AR + Ar = 
(from Fig. I) _ _jQ_ + 1=.5Q_ = 2q CJ """ 

Critical Gap from Table 2 Tg = ~sec 
Capacity from Fig. 2 = MNo = M2 = J..Q(L_ pch 

Demand= Bi= ill_ ..,,h 

Capacity Used = 100 (BL/M2) = --1.li._ % 

Impedance Factor from Fig. 3 = p2 = 0.~7 

Available Reserve = M2 - aL = n~-_..,,,, 
Delay & Level of Service (Table 3) ~D I:>ELAY ~ 

Step3 Left Tum from C c,. \ 

Conflicting Flows = MH = 'hAR + Ar + BL + Br = 

(from Fig. I) ~~-+i!ill__+~= 720"""' 
Critical Gap from Table 2 Tg = ___L.5._ sec 

Capacity from Fig. 2 = MNo=~pch 
Adjust for Impedance MNo X P2 =Ma= 2.~/ peh 

-- No Shared Lane Demand= CL=-. - pelt 

Available Reserve = Ma - CL= --P<h 

Delay & Level of Service (Table 3) D 

__JL_ 
Shared Lane Demand = CR + CL = CRL = __r]_fQ_ J><"h 

Shared Lane with Right Tum (CR+ CL) 
Capacity of Shared Lane = M1a = 

(Ci!/M 1) +(Ci/Mal 
M,a =.m_,,..h 

Available Reserve = M,a-CRL=~.,.,,, 
Delay & Level of Service (Table 3) A'JE.RAfs,E. b f.LA'/ IO 
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(Example 1) 

Table 2 gives a critical gap of 7.5 seconds for 
a left turn passing a SIOP sign. 

Table 2 Crilical Gap 101 Passenger Cars, in seconds 

Prevailinq Sp11ed 

Vehicle Maneuver and JO mph (50 kph) 55 lllph (90 kph) 

Type ot Control Major Rclad Major Road 

2 l~n11111 • lana11 J 11u.,.• . h1na.1 

Riqht Turn !ro111 Minor Road 

YIELO Control 5,0 ... 6.0 6.0 

STOP control 6.0 6.0 7.0 7.0 

Left Turn fro!ll Major Road 

No Control 5 .0 5.5 5.5 6.0 

croaein9 Major Road 

YIELD Control ... 6.5 7.0 ... 
STOP Control l.O 7 , 5 ... '·• 

Left Turn fro111 Hinoc Road 

YIELD Control 

<tb 1.0 o.o 9 ,0 
STOP Control 8.0 t. o 10.0 

'fhe potential capacity is read :from Figure 2 
using a conflicting flow of 720 vph and a critical 
gap of 7 . 5 seconds . The value is 265 pch. This 
potential capacity must be reduced because of 
impeodance created by the left turns fran the major 
street . The impedance factor was ccmputed in Step 2 
(0 . 87) . Reducing the potential capacity (265) by 
this factor yields 231 peh as the potential capacity 

Figure 2. Maximum Capacily based on ConlHcling Volume and Critical Gap ,.,. 
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of the left lane. If there were an exclusive lane 
for the left turns, the calculated value would be 
the capacity and b~ subtracting the demand, the 
available reserve would be found. Comparing the 
available reserve ·with Table 3 would provide the U)S 
and the expected delay. 

However_, in this example, right and left turns 
share a conmon lane. The capacity of the shared 
lane ;is computed by the formu la shown on the 
calculation f orm, which results in a shared lane 
capacity of 471 pch. This capacity is for a shared 
lane with a 3 to 1 ratio of right turns to left 
turns and these specific major street flows. 
Subtracting the combined demand of 176 pch leaves an 
available reserve of 295 pch . Ccmparing this value 
with Table 3 gives a LOS of C and average traffic 
delays. 

Table 3. Level of Service and Expected 
Delay for Reserve Capacity Ranges 

Reserve Level of Expected Traffic 
Capacity Service Delay 

400 or more A little or no delay 
300 to 399 B Short traffic delays 
200 to 299 c Average traffic del ays) 
100 to 199 D long traffic delays 

0 to 99 E Very Long traffic delays 
Less than 0 - Failure - extreme congestion 
(Any value) F Intersection blocked by 

external causes 

The overall evaluation section indicates the 
effect of adding a right-turn lane. Essentially, 
the wicompleted parts of the form were canpleted to 
obtain the additional LOS values. Adding a 
right-tum lane would virtually eliminate delay to 
three-fourths of the Jones Drive approach traf!ic. 
Average delay for left turns is greater than the 
average for the combined stream in the sbared lane 
resulting in a lower level of service for the left 
turns. 

• 



Unsignalized Intersection Capacity Calculation Form l_J Fl 
~::~I_e _2~~~~~EL~M~S_TR~E~E_T~AN~D __ \Nc__A_LN_U~\_5_~~E_E_T~I~ 
Location Plan: D 

A 

-------
B 

Counts: 

Date OC"\DBE:R. 11 
Day Tl) E'5 l::t\ Y 
Time 7-IOR~ 
Control .5T OP 
Prevailing Speed 50 HJ:>H 

Hourly Demand Traffic Volumes from 1.l15_ 10 ___au,5___A m 

Approach c D 

Movement AL .J CL ~ Cr + CR(" DL '- Dr t DR..,.J 

Volume 30 "/.'() 120 5C 10 JCO 25 
pch ''"" Table I > ~3 'I'{ 132.. 55 I I 110 1.8 

Step 1 Right Turn rrom C/D CR r- DH_; 

Conflicting Flows = Mu = 'h AR + Ar = 'h BR + Br = 

(from Fig. I) 2.5 + ~ = -1.5h.VJ>ll .so + ~ = -2...0f)_ vPA 

Critical Gap from Table 2 T0 = h,O sec !'n,Q sec 

Capacity from Fig. 2 = MNo = ·Mt= ~pell MNo =Mi= _:J!l.Q_pe11 

Demand= CR=~li_pe/I DR = _4:8._ pell 

Capacity Used = 100 (CR/M1) = _____:f.__ % 100 (DR/M;) = _l/_ % 

Impedance Factor from Fig. 3 = P,=~ P{ = '_Qj[J_ 
C.&D Shared Lane - See Step 3 

-- No Shared Lane - Available Reserve M, - CR= ---pell M;. - DR= ---pell 

Delay & Level of Service (Table 3) D D 
Step2 Lefl Tum from e/A BL ' AL .J 

Conflicting Flows = Mu = AR + Ar = BR + Br = 

(from Fig. I) + = ---VP/I + =---VP/I 

Critical Gap from Table 2 T0 = sec sec 

Capacity from Fig. 2 = MNo = M2 = --- pen MNo = M~ = ---pell 

Demand= BL=---pell AL=---pell 

Capacity Used = 100(BL/M2) = ___ % 100 (AL/M~) = ---% 

Impedance Factor from Fig. 3 = P2=--- P;= ___ 

Available Reserve = M2 - BL= ---pell M~ -AL= ---pell 

Delay & Level of Service (Table 3) D D 
Step3 Thru Movement from C/D Cr + Dr + 

Conflicting Flows = Mu = 'hAR + Ar + AL + BL + Br + BR l/2BR + Br + BL + AL + Ar + AR 
(from Fig. I) __ +_+_+_+_+ _ __ +_+_+_+_+_ 
(Mr & M7- are used in Step 4) Mu=Mr=---VJ>ll MH=MJ.=---VJ>ll 

Critical Gap from Table 2 T0 = sec sec 

Capacity from Fig. 2 = MNo=---pell MNo=---pell 
Adjust for Impedance MNo X P2 X P; = M3 =---pell MNo X P; X P2 = M:) =---pell 

... Demand= Cr= ---pell Dr=---pc11 
Capacity Used= too (Cr/M3) = ___ % I 00 (Dr/M:J) = ---% 

Impedance Factor from Fig . 3 P3= ___ P;= ___ 
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Example 2 

This example is an urban four-way intersection. 
Walnut Street is an arterial and Elm Street is a 
two-lane collector in a grid system with S'IDP sign 
control. The northbound Elm approach has been 
widened to provi de an exclusive lane for left turns. 
CUrb radii are 25 ft. (7-1/2 m). The t errain i s 
level, and the prevailing. spe€d is 30 mph (50 kph) . 

Problem 

Complaints have been r eceived of extensive backups 
and long delays on Elm Street at this intersection 
particularly in the morning peak. 

Analysis 

The Unsignalized Intersection Capacity Calculation 
Form is used. A sketch plan of the intersection is 
drawn and volune data are obtained. In this case, a 
turning rrovement count was made from 7 to 10 a .m. on 
Tuesday, October 17. 'l'he peak volumes occurred 
during the peri od 7: 15 to 8: 15 and are inserted in 
the volume data table. 

Many of the volumes must be converted from 
vehicles per ~w· ( vph) to passenger car equivalents 
per bow:· (pch) by t he f actors i n Tabl e 1 . No 
classifica tion count was made, therefore the last 
row is used, and the factor is 1.1. This conversion 
is not necessary for major street thru and right 
turns. 

Table 1. Converting Existing Traffic Flow to 
Passenger Car Equivalents per hour 

Type~ -4% -2% 0% +2% 
Vehic 

Motorcycles 0.3 0.4 0.5 0.6 

Passenger Cars 0.8 0.9 1.0 1. 2 

Trucks 1. 0 1. 2 1. 5 2.0 

Truck-Tra i1 ers 1. 2 1. 5 2.0 3. 0 

Motor Vehicle* 0.9 1. 0 (1.0 1.4 

+4% 

0.7 

1.4 

3.0 

6.0 

1. 7 

*Approximate value used for estimate calculations. 

The calculation form covers two pages and each 
step has two colunns . The left column deals with 
the C approach (or in this case the nortl1bounJ 
approach) while the right column D or southbound 
approach . Both collJMS are conputed for eacb step . 
Computed values i n t he rigbt column are designated 
by a prime (e .g., M~ .• ) . 

step 1 covers rigbt turns from the minor street. 
The conflicting flows that affect these right turns 
are deterrnined in accord with Figure 1. Note that 
Figure 1 only shows right turns from the C approach, 
the similar turns from the other approach are 
treated in the same manner. The conflicting flows 
for Care half the right turns (25) and the thru 

Figure 1 Defintfion ol Conflicting Tra llic Slreams 

moveme nt (250) divided by 2 (see the first note on 
Figure 1) for a total of 150. Likewise for D, half 
the right turns (50) and half the thru (300/2) 
equals 200. 

The critical gap is the same for the two minor 
street approaches and is selected from Table 2. For 
right turns into a 30 mph (50 kph), four lane major 
road, the value is 6.0 seconds. 

Table 2 Crilical Gap tor Passenger Cars, in seconds 

Pr•vailing Speed 

Vehicle !Uneuvei: ;a.nd JO mph (SO kph) SS 111ph (90 kph) 

Type of Control Major Road Major Road 

2 lanes • l11ne1 ) hnt• . ...... 
Right Turn fro111 Minor Road 

YIELD Contro l s. o 
~ 

6.0 6.0 

STOP Con trol 6.0 1-0 7.0 

Left Turn !rom Major Road 

No Control ... 5.5 ~ .. 6 .0 

crossing Major Road 

YIELD Control 6 .0 6.5 7.0 e.o 
STOP Control 7.0 1.5 e.o ... 

Lett Turn from Minor Roa;d 

YIELD Control 6.5 7.0 e.o 9.0 
STOP Control 1.5 e.o 9.0 io .o 

The conflicting flows ( 150 & 200 ) and t he 
critical gap (6 . 0) are used to enter Figure 2 . 840 
pch and 790 pch are the potential capacities for the 
right turning movements for the south and nortb 
approaches r espectively. 

Figu re 2 Maximum Capaclly based on Conflicting Volume and Critical Gap 
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Iropedance factors must be calculated f or both 
approaches for later use in Step 4 . Tbe right turn 
demands in pch a.t-e brought down from th data table . 
The percent of capacity used is canputed for each 
approach - 7% for the south approach and 43 f or tile 
other . These values are used to enter Figure 3 to 
obtain the impedance factors of 0. 95 and 0. 'iJ7 • 

Figure 3. Capacity Reduction caused by Congestion 
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Both the south and the north approaches have 
right turns sharing lanes with other movements (i.e. 
in the south approach, the right turn shares with 
the thru ioovement; while in the north approach, all 
three movanents share the same lane). This sharing 
of lanes is indicated at the far left of the form 
and the remainder of Step 1 is anitted. 

(Continued) 
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Intersection _____ __:___:EL=-M--'---'=S=---TR-'---=E=E~T--=A.:____!_N..::::_D____;W~A-LN_U_\_:5:__~____:E_ET __ _ 
Location Plan: D N /f 

A- -- - - - - -- 8 

------
; 
w 

Counts: 
Dale Ol.\D~E.R I/ 
DayTlJE.~t::AY 
Time 7- 10 'R~ 
Control~T OP 
Prevailing Speed50 H')::>H 

Hourly Demand Traffic Volumes from7lli__ to --8ll_~ __A_ m 

Approach A + B-)- c~ o-t-
Movement AL .) Ar- AR, BL r Br- BR~ CL"'\ Cr+ CR r- DL \._ Dr f DR...! 

Volume .30 2.5~ 50 l.iD 300 1m ~'D 12.0 5D 10 100 25 
pch 1 'ee Table I > ~~ W***lf:~WJ. N%fl ._~_._.*.~<:;.;w. - ~ (00 'i'Bw ~1"~'''~ \'.>! ~\f1 " " .. ' ·~ ' "" 132. 55 1 I 110 .2.8 

Step l Right Turn from c/o CR~ DH_; 

Conflicting Flows = MH = 1
/2 AR + Ar = Yi BR + Br = 

(from Fig. I) ~+~ = -1s5rL 11Pll .50 + ~ = 2..0..CL VPll 

CriticaJ Gap from Table 2 T" = b,O sec (,." 
"'''-" sec 

Capacity from Fig. 2 = MNo = M, = ~J>Cll M.Va =Mi = 1qo J>C" 

Demand= CR = --5..5._ J>Ch DR= --1:2__ J>Ch 

Capacity Used = 100 (CR/M1) = __i_ % 100 (DR/M;) = _:f_ % 

Impedance Factor from Fig. 3 = P,=~ P;=0fL_ 

C.&D Shared Lane - See Step 3 

-- No Shared Lane - Available Reserve M, - CR= --J>Ch M;-DR=--J>Cll 

Delay & Level of Service (Table 3) CJ D 
Step 2 Left Tum from B/A Bi r AL .J 

Conflicting Flows = MH = AR + Ar = BR + Br = 

(from Fig. I) 5D + 2CO = 2..50 IJPh 100 + 3CD = ~D'D 11Ph 

Critical Gap from Table 2 T0 = .. ~.5 sec 515 sec 

Capacity from Fig. 2 = MNo = M2 = J'fl) J>Cll M,\.0 = M:i = 7tl) J>Ch 

Demand= Bi = ___fr/a_ J>Ch At=~""" 
Capacity Used = 100 (Bt/M2) =__a_% 100 (Ai/M:i) = 5 % 

Impedance Factor from Fig. 3 = P2 = 'frl!i:._ P~=c.en 
Available Reserve = M2 - Bt = .J...J!:j__J>Ch M:i - Ai = ~ {p 7 Pell 

Delay & Level of Service (Table 3) f\JO DELAY._ ~ ~D DE:l.A~ B=J 
Step3 Thru Movement from C/D Cr + Dr ' Conflicting Flows = MH = 'li AR + Ar + Ai + Bi + Br + BR V2BR + Br + Bt + At + Ar + AR 

(from Fig. I) _+_+_+_+_+ _ _ +_+_+_+ _ +_ 
<Mr & Mr are used in Step 4) MH =MT= --11Pll MH = M~= --11Ph 

Critical Gap from Table 2 T0 = sec sec 

Capacity from Fig. 2 = MNo=--J>Ch M.\..=--""11 
Adjust for Impedance MNo X P2 X P; = Ma = -- J>Ch M,¥0 x P; x P2 = M3 = --J>Cll 
Demand= Cr=--pC/I Dr=--J>Cll 
Capacity Used = IOO(CT/Ma) = __ % 100 (Dr/M3) = --% 
Impedance Factor from Fig. 3 Pa=-- P;= _ _ 
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(Example 2) 

In Step 2, the left turns from the major street 
are treated. The conflicting volumes are determined 
in accord with Figure 1. Note that the total thru 
and right turn volumes are used resulting in flows 
of 300 vph and 400 vph. 

figure 1 Oelinilion of Conllicling Trafllc Slreams 

l~,.p 1 Left tucns fro'" ""'jor str.,et ' r .. ------~. .. ------.., 

The critical gap of 5.5 seconds is obtained from 
Table 2. 

Table 2 Critical Gap lor Passenger Cars, In seconds 

Vehicle Ma neuver and JO mph (50 kphl SS mph (90 kph) 

Type of Control M• Jac' RO•d Ma jor Road 

1 l •ACI. ' hn•• 2 lano• 4 lane1 

Righ t Tur n from Minor Road 

YIELD Control s.o 5.0 6.0 6 . 0 

STOP Cont["ol 6.0 6.0 7.0 J. O 

Left Turn from Major Road 

No Control ... 65> S.5 6.0 

Cros11ing M11.jor Road 

'HELD Control 6.0 '" 7.0 8.o 
STOP Control >.o 7 .5 8.0 9.0 

t.eft Tu rn from Minor Road 

YtELO Contrnl 6.5 7.0 8.0 9.0 
STOP Control "' 8.0 9.0 10 , 0 

Using the above values, Figure 2 is entered to 
provide capacities of 780 p·ch and 700 pch 
resp....-octi vely. 

Figure 2. Maximum Capacity based on Conflicting Volume and Crl!lcal Gap 
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fmpedance :factors am necessary for later steps. 
The percent of capacity being used is calculated and 
impedance factors obtained from Figure 3. Factors 
tle1·ived fran figure 3 are 0.97 and 0.94. 

Figure 3. Capacity Reduction caused by Congestion 
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The available reserve for each left turn is then 
calculated by subtracting the demand from the 
capacity. These available reserves of 714 pch and 
667 pch, respectively, when compared to Table 3, 
indicate an excellent operating condition with Level 
of Service A and no expected delay. 

Table 3. Level of Service and Expected 
Delay for Reserve Capacity Ranges 

Reserve Level of Expected Traffic 
Capacity Service Delay 

400 or more A Little or no delay) 
300 to 399 B Short traffic delays 
200 to 299 c Average traffic delays 
100 to 199 D Long traffic delays 

0 to 99 E Very Long traffic delays 
Less than 0 - Failure - extreme congestion 
(Any value) F Intersection blocked by 

external causes 

Example 2 continues with Step 3 on the 
following pages • 

(Continued) 



Example 2 Unsignalized Intersection Capacity Calculation Form l_J LI 
Intersection ______ EL_M___,;____:S::__TR_E-=E_:_T_AN--=-.!...::D~W_:_:_~__:._L_N_U_l___:5=---:"ffi~f£~T-l_I 
Location Plan: D 

A 

------ -------
8 

Counts: 
Da1e Ol.-\D~E.R 1"1 
Day T\J~bl\Y 
Time 7-1'0 'R~ 
Control ~TOP 
Pn:vailing Speed ~C H°f'H 

Hourly Demand Traffic Volumes from 1 ! \.S to~~ _A_ m 

Approach A+ 8 c D 

Movement AL ..) Br-- BR \._ 
CL ' 

Cr t cRr- DL '- Dr f DR....,) 

Volume .30 .300 </.'() 120 5D 10 100 2.5 
pch '"'e Table I> 33 "" 132. 5 11 110 l. 

Step 1 Right Turn From C/D CR,- DH _; 

Conflicting Flows = MH = 'h AR + AT = 1/2 BR + BT = 
(from Fig . I) _bL+~ 

= ~""" .so + ~ .= ..2.acLVJJll 
Critical Gap from Table 2 T0 = h,0 sec ~.D sec 

Capacity from Fig. 2 = MNo=M1=~,,.,h M.Va = Mi = 1qo """ 
Demand= CR=~peh DR=~peh 
Capacity Used = 100 (CR/M 1) = _7_% 100 (DR/M;) = _.!/__ % 

Impedance Factor from Fig. 3 = P,=ML P;= DJfl . 

l&D Shared Lane - See Step 3 

-- No Shared Lane - Available Reserve M, - CR= --peh M;- DR= --pelt 

Delay & Level of Service (Table 3) D CJ 
Step2 Left Turn rrom B/A Bl r Al _) 

Conflicting Flows = MH = AR + AT = BR + Br = 

(from Fig. I) 50 + 2(t) 
= 

ZjO 100 + 3CD = "/DD """ llPh 

Critical Gap from Table 2 T0 = s:l .5 sec s.s sec 

Capacity from Fig. 2 = MNo = M2 = 7~ peh M' -M' - ]($) No- 2---peh 

Demand= Bl=~peh AL=~,,.,,. 
Capacity Used = 100 (Bl/M2) = 'S % 100 (AL/M~) = __5_ % 

Impedance Factor from Fig. 3 = P2 = "f:rl!i_ P;= 0/f7 
Available Reserve = M2 - Bl= .JJ!i:.._peh M~ - AL = ~ ftJ 7 pell 

Delay & Level of Service (Table 3) ~o DELAY ~ f'.JD DEJ.A':L ~ 

Step3 Thro Movement from C/D Cr + Dr + 
Conflicting Flows = MH = l/2AR + AT + AL + BL + Br + BR l/2BR + BT + BL + AL + AT + AR 

(from Fig. I) .?5_ + ~ + 30 + (JO +3a> + I (X) & +):){) + {,() + 30 ~+so 
(MT & Mr are used in Step 4) 

;.5 
MH =Mr= 7b5 111>11 MH = Mr= 7'/Q """ 

Critical Gap from Table 2 T0 = sec 1·5 sec 

Capacity from Fig. 2 = MNo = z.1,CJ P<:h M,V0 = 2-bf) """ 
Adjust for Impedance MNo X P2 X P; = Ma = ~ ,,.,11 M,V0 x P; x P2 = M; = _lTI,,,," 
Demand= Cr=~peh D - 110 r- pell 

Capacity Used= 100 (CT/Ma)= ~ % 100 (Dr!M;) = ~ % 

Impedance Factor from Fig. 3 Pa=~ p; = () ,([jz... 
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(Example 2) 

Conflicting flows are determined for both 
entering minor street approaches as indicated in 
Figure 1. Half of the near side right turns plus 
all of the rest of the entering major street traffic 
yields 765 vph and 740 vph respectively. Note these 
values are also labeled Mr and M~ and are used later 
in Step 4. 

Figure 1, Definition o1 Conflicting Trallic Streams 

The critical gap is 7.5 seconds as indicated in 
Table 2. 

Table 2 Critical Gap lor Passenger Cars, in seconds 

Vehicle Ma neuver and JO mph (50 kph) 55 mph (90 kph) 

Type of control Major Road Major Road 

' l.1nui . l.lin11• 2 l imes 4 lanes 

Right Turn from Minor Road 

v1~t.D cant.n:il 5.0 ... 6.0 ... 
STOP Control 6.0 ,.c , l. O "' 

Left Turn from Major Road 

No Control 5.0 5.5 5.5 6.0 

Crossing Major Road 

YIELD Control 

~ 
7.0 ... 

STOP Control 1. 0 > 0.0 9.0 

Left Turn from Minor Road 

YIELD Cont["ol ... 7,0 0.0 9.0 

STOP control 7.> 0.0 9.0 10.0 

The above vaJ.ues a.re used to enter Figure 2 to 
obtain potential capacity. Note that only the first 
entry is illustrated on Figure 2 because the lines 
are very similar. The two potential capacities are 
250 pch and 260 pch respectively. These values must 
be adjusted for the impedance caused by the left 
turns off of the major street. The impedance 
factors ( P2 and P~ ) were determined in Step 2 and 
are 0.94 and O.<Jl respectively. Each thru movement 
must be multiplied by both factors to yield the 
exclusive lane capacity. 

Figure 2 Maximum Capacity based on Con11icling Volume and Critical Gap 
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Conlllctlnq Tral!h: Stre11m11,MH, in vehlcla • per hoUE" 

Additional impedance factors must be determined 
for use in Step 4. Demand values of 132 pch and 110 
pch are brought down from the data table and the 
percent of capacity is determined (58% and 46%). 

These percentages are used to enter Figure 3 to 
obtain impedance factors of 0.50 and 0.62. 

Figure 3. Capacity Reduction caused by Congestion 
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The rEinaining part of Step 3 is on the back of 
the form. The first section is for exclusive lanes 
(i.e., no shared lane). Because this example does 
not have exclusive lanes for the thru movement, this 
section is omitted. The second section is for a 
shared lane with left turns. The southbound 
approach (D) has all thru movement sharing the 
lanes, therefore a "D" is inserted in the space at 
the far left. The analysis of this shared lane will 
take place in Step 4. 

(Continued) 



E I 2 
Unsignalized Intersection Capacity Calculation Form (continued) 

xampe 

Step 3 (Continued) Cr t Dr t 
-- No Shared Lane 

Available Reserve = Ma - Cr= --- JJCh M~ - Dr=--· -JJCh 

Delay & Level of Service (Table 3) D D 
_D_ Shared Lane with Left Tum 

See Step4 

Shared Lane Demand= CH+ Cr= CRr = ISi prh DR+ Dr= DRr = ---wh 
c Shared Lane with Right Tum (CH+ Cr) <DR+ Dr) 

M1a= 
(CR/Mi)+ (Cr/~alz.qo 

M;a = 
<DR/M;) + <Dr/M~) Capacity of Shared Lane = 

M,a----wh M;a= --wh 

Available Reserve = M1a - CRT= __!_Q3__,,,,h M;a - DRT = --- wh 

Delay & Level of Service (Table 3) LD~6 DELAV.S rnJ D 
Step4 Left Turn from C/D CL "'I DL \.._ 

Conflicting Flows = MH = Mr + Dr + DR = Mr + Cr + CR = 

(Mr & Mr were calculated in Step 3) ..,~ + 100 + 2.5 = ~vPh _m + J'X)_ + _9J_ = -"10 t"J>h 

Critical Gap from Table 2 Ta = a.o sec a.o sec 

Capacity from Fig. 2 = MNo = 110 JJCh M.~·. = _l(aQ_ vrh 

Adjust for Impedance MNo X P2 X P~ X P; X P; = M4 

M4 = ___j1__ JJCh 

M~0 x P~ x P2 x P1 x Pa = M~ 

M~ = _Ul1__ peh 

~ No Shared Lane Demand= CL= 'ii./. JJCh DL = ---prh 

Available Reserve = M4 - CL = ljq JJCh M~ - DL ~ ---prh 

Delay & Level of Service (Table 3) VERY LONG OcLA'/S m ·o 
Shared Lane Demand= Cr+ CL= Cn = ---JJCh Dr+ DL = Dn = ---vrh 

- - Shared Lane with Thru (Cr+ CL) Dr+ DL 
Capacity of Shared Lane = Ma4 = 

(Cr/M3 ) + (CL/M4) 
Mi4 = 

(Dr/Mi) + (D1,/M~) 
Ma4 = ---pch M~4=--,,rh 

Available Reserve = Ma4 - Cn = --- peh Mft4 - Dn = --- wh 

Delay & Level of Service (Table 3) D D 
Shared Lane Demand = CR+ Cr+ Ci= CRn = ---wh DR + Dr + DL = DRTL = I '1'1 vrh 

__lL_ Shared Lane with Thru & Right 

Capacity of Shared Lane = 
CR+ Cr+ Ci M' _ DR + Dr + DL 

M1a4 = 
(CR/M1) + (CrfMa) + (Ci/M4) ta4 - (D /M' D /M' , R 1) + ( r 3) + (DL/M4l 

M1a4 = ---JJCh M;a4 = '22.ltJ wh 

Available Reserve = M1a4 - CRTL = JJCh M:a4 - DRTL = __fl_ pe:h 

Delay & Level of Service (Table 3) D VEF::/ LO~ DELAVj CE] 

OveraUEvaluation .INTER~EeTION r:i?ERATES A:T ~EAR 
L.ApAl..trY rN JltE: FEAK HOURS. 
C.HEC.t<. $I CrNAL h/ARRANifL 
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(Example 2) 

In the northbound approach (C), thru and right 
turns share a single lane. A "C" is inserted in the 
space at the far left and this section is completed 
for this approach. The capacity of the shared lane 
is computed as shown on the form. A programable 
calculator program for this equation is presented in 
1m appendix following Example 3. The result of the 
computation in this example is 290 pch. The shared 
lane demand (sum of thru and right turns) is 
·obtained from the data table and equals 187 pch. 
The difference (103 pch) is the available reserve, 
which in Table 3 indicates a Level of Service D and 
long traffic delays. 

Table 3. Level of Service and Expected 
Delay for Reserve Capacity Ranges 

Reserve Level of Expected Traffic 
Capacity Service Delay 

400 or more A Little or no delay 
300 to 399 B Short traffic delays 
200 to 299 c Average traffic delays 

(100 to 199 D Long traffic delays) 
0 to 99 E Very Long traffic delays 

Less than O - Failure - extreme congestion 
(Any value) F Intersection blocked by 

external causes 

Step 4 analyzes the left turns from the minor 
street. These turns have many conflicting flows as 
shown in Figure 1. The major street flows have been 
slUIIIled in Step 3 and labeled MT and M~ respectively. 
These values are entered in Step 4 and the opposing 
approach thru and right turns are added. For the 
northbound approach, the conflicting flow totals 890 
vph while there are 910 vph in conflicting flows for 
the 9'.)Uthbound approach. 

Figure 1. Delinilion or Conllicling Tra11ic Streams 
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The critical gap (8.0 seconds) is selected from 
Table 2. 

Table 2. Critical Gap for Passenger Cars, in seconds 

Vehicle Maneuver and 30 mph (50 kph) 55 mph (90 kph) 

Type of Control Major Rm1.d Major Re.iid 

: l•nH ' 1111n. • 2 lanes 4 1111ne1 

Right Turn from Minor Road 

YIELD Control 5.0 5.0 6.0 , ,0 

STOP Control 6.0 6.0 7.0 ?.o 

Left Turn from Major Road 

No Control 5.0 5.5 5.5 6.0 

Cro111ing Major Road 

YIELD Control 6.0 6.5 7.0 e.o 
STOP Control 7 . 0 7.5 e.o 9.0 

Left 'l'urn from Minor Road 

YIELD Control 6.5 ... e.o 9.0 

STOP Control 7 ,) e 9.0 10.0 

Step 4 continues by determining the potential 
capacity from Figure 2. Again, only one line is 

illustrated because of the closeness of the values. 
The values from the figure (170 pch and 160 pch) 
must be adjusted for impedances. Note that of tne 
adjustments for the northbound approach, P2 , P~ , 

P! , and P~ , the last three (those with primes) 
were computed during the analysis of the southbound 
approach. The reverse is true for the other 
approach. After applying the impedance factors, the 
resulting capacities are 93 pch and 69 pch. 

Figure 2 Maximum Capacity based on Conflicting Volume and Crilical Gap 
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The next section of Step 4 is for exclusive left 
turn lanes. The northbound approach does have an 
exclusive left turn lane. Therefore, a "C" is 
entered in the space at the left, and this section 
is completed for that approach. The left turn 
demand (44 pch) is obtained from the data table. 
Subtracting 44 pch from the capacity of 93 pch 
yields an available reserve of 49 pch. Table 3 
indicates a Level of Service E with very long 
traffic delays. 

Table 3. Level of Service and Expected 
Delay for Reserve Capacity Ranges 

Reserve Level of Expected Traffic 
Capacity Service Delay 

400 or more A Little or no delay 
300 to 399 B Short traffic delays 
200 to 299 c Average traffic delays 
100 to 199 D Long traffic delays 
( 0 to 99 E Very Long traffic delays) 
Less than 0 - Failure - extreme congestion 
(Any value) F Intersection blocked by 

external causes 

The next section of the form is for shared lanes 
with thru and left turns. Although the southbound 
approach does have the thru and left turns sharing a 
lane, they also share it with right turns. 
Therefore, the last section is used to analyze the 
shared lane with all three movements. A "D" is 
inserted in the last space on the left • The complex 
formula is used to canpute the shared lane capacity. 
In this example, the result is 226 pch. Subtracting 
the combined demand (fran the data table) of 149 pch 
leaves an available reserve of 77 pch. Table 3 
again indicates Level of Service E and very long 
traffic delays. 

For the overall evaluation of this intersection, 
it is apparent that the minor street operates at 
near capacity in the peak hour. Very little 
additional traffic would cause congestion. Check 
current and predicted traffic against signal 
warrants. 



Example 3 Unsignalized Intersection Capacity Calculation Form Ba 
Intersection _______ f3_iE._Ni()\j _ _ t+_ l bH-----=-W-=-=A----'-'Y'-ANl)-==--M---'-'1'-----LL=---R.:.=QA::::.......:..!b'-----
Location Plan: D 

A - - - -- - - - B 

loH~rtlO~ ?ti 
~~cAR~ i5 
"TR.~5 l'h 
T~~-\~l\!L.Ef~ 3 

Counts: 

Date ~OVEHro "e 
Day _Nt:DNE'SIJAY 
Time '-1. - .5 -PH 
Control -1'.l -=E=bD~---
Prevailing Speed S.!S H"f=>\-1 

Hourly Demand Traffic Volumes from ___.!t__ to ___![___, ~ m 

Approach A -(- B +- c--t-- o-t-
Movement AL _) Ar- An, BL r Br- Bn '-._ CL ~ CT. cnr DL '-

DT ' 
Dn~ 

Volume f.DD J2b 2'0 "fa 100 'YO Z.D J./.O l'D 10 m 12.0 
::.:,.:.· :, '- •t J./ "I M1'] pch h« Table I 1 c,s .~ . ··~ --~ 

.>::-'1'.t.!'':~2'..%~ ~.)':..• ~ ........ -o-.~ ~ ::i 1mt~: 27 5'9 l"f. ID 1q 11 "/ 

Step l Right Turn from c/o Cn r- Dn _; 

Conflicting Flows = MH = 'h An + AT = l/2 BR + BT = 

(from Fig. I) __lrL_ + 12 !> = ~VJJh 2.I> + 100 = 12ll__""" 
Cnt1cal Gap from Tabie 2 T~ = 

L."" '- " "'"U sec ~·u sec 

Capacity from Fig. 2 = MNo = M, = ~pch MNo = M; = Z7D pch 

Demand= Cn=---pch Dn = - -- --peh 

Capacity Used = 100 (Cn/M1) = ---% lOO(Dn/M;) = ___ % 

Impedance Factor from Fig. 3 = P,= ___ P;= ___ 

-- Shared Lane - See Step 3 

-- No Shared Lane - Available Reserve M1 - CR= ---peh M;. - DR = --- pell 

Delay & Level of Service (Table 3) D D 
Step 2 Left Tum from H/A BL r AL _J 

Conflicting Flows = MH = An + AT = Bn + BT = 

(from Fig. I) + = ---VJJh + = ---VPh 
Critical Gap from Table 2 T0 = sec sec 

Capacity from Fig. 2 = MNo = M2 = --- pen MNo = M~ = --- pch 
Demand= BL=---pch AL=---pe/I 
Capacity Used = 100 (BL/M2) = ___ % 100 (AL/M~) = ---% 

Impedance Factor from Fig. 3 = P2=--- P~=---
Available Reserve = M2 - BL= ---pch M~ - AL= ---pch 

Delay & Level of Service (Table 3) D CJ 
Step 3 Thru Movement from C/D CT • Dr ' Conflicting Flows = MH = 'hAn + Ar + AL + BL + Br + Bn 1/2Bn + Br + BL + AL + Ar + An 

(from Fig. 1) _+_+_+_+_+ _ _ +_+_+_+_+_ 
(Mr & MT- are used in Step 4) MH =Mr= ---VPh MH =MT-= ---t>Ph 

Critical Gap from Table 2 T0 = sec sec 

Capacity from Fig. 2 = MNo= ---peh MNo=---peh 
Adjust for Impedance MNo X P2 X P~ =Ma= ---peh MNo X P~ X P2 = M3 = ---peh 
Demand= Cr=---peh Dr=---pch 
Capacity Used = 100 (Cr/Ma) = ---% I 00 (Dr/M3) = ---% 

Impedance Factor from Fig. 3 Pa=--- P;= ___ 
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Example 3 

This example is a rural four-way intersection with 
prevailing speeds in the 55 mph (90 kpm) range. 
Benton Highway leads to a small community to the 
west. Mill Road leads to numerous farms and to a 
small housing developnent to the north. There are 
grades of +2% for the northbound approach and -2% 
for the southbound approach. Benton Highway is 
level. Sight distance is good and the minor street 
is controlled by YIELD signs. Mill Road has been 
recently widened in the vicinity of the intersection 
to provide a right turn lane for the southbound 
approach and a left turn lane for the northbound. 

Problem 

Evaluate the adequacy of the intersection during the 
evening peak period from 4 to 5 pn. 

Analysis 

The "Unsignalized Intersection Capacity Calculation 
Form" is used. A sketch plan of the intersection is 
drawn, noting the grades that exist. Volume data 
are obtained. In this case, a turning movement 
count was made from 4 to 5 pn on Wednesday, November 
8. A classification count for the e ntixe 
intersection was also made. These counts indicated 
a com1.:osition of 85% passenger cars, 12% single unit 
trucks, and 3% trucktrailers. 

The volune data need to be converted to pch in 
accord with Table 1. The factor for the Benton 
Highway is: 

(0.85 x .1.0) + (0.12 x 1.5) + (0.03 x 2.0) = 1.09 

The computations for the north and southbound 
approaches of Mill Road are: 

(0.85 x 1.2) + (0.12 x 2.0) + (0.03 x 3.0) 
and 

(0.85 x 0.9) + (0.12 x 1.2) + (0.03 x 1.5) 

Table 1. Converting Existing Traffic Flow 
to Passenger Car Equivalents per hour 

Type ~ade -4% - 2% 0% +2% 
Vehicl~ "'-

Motorcycles 

Passenger Cars 

Trucks 

Truck-Tra i 1 ers 

Motor Vehicle* 

0.3 

0.8 

1.0 

1. 2 

0.9 

0.4 

0. 9 

1. 2 

1. 5 

1.0 

0.5 

1.0 

1. 5 

2.0 

1.1 

0.6 

1.2 

2.0 

3.0 

1.4 

1.35 

0.95 

+4% 

0.7 
1.4 

3.0 

6.0 

1. 7 

*Approximate value used for estimate calculations. 

These factors, when appropriately applied, 
convert vph to pch and account for the gradient as 
well. 

Step 1 covers right turns from the minor street. 
Conflicting flows are determined as indicated in 
Figure 1 and entered on the form (i.e., 130 vph and 
120 vph). 

Figure 1. Definition ol Conllicling Traffic Streams 

The critical gap is the same for the two minor 
street approaches and is selected from Table 2. For 
right turns into a 55 mph (90 kph), four-lane majo.c 
road, the value is 6.0 seconds. 

Table 2 Critical Gap tor Passenger Cars, In seconds 

Pr•vailinq speed 

Vehicle Maneuver emd )0 raph (SO kph) SS .. ph (90 kph) 

Typa of Control Major "oaod Major Raad 

> l 11m•• • llfl111•• ' l•" ... • llilln• • 

Right '1'urn from Minor Road 

~ YIELD Control 5.0 ... 6.0 

STOP Control 6.0 ... . 7.0 

Left Turn ! rom Major Road 

No Control 5.0 '·' '· ' 6.0 

cros11ing Major Road 

Y !ELD Control 6.0 ... 7.0 e.o 
STOP Control 7.0 , .. e.o 9.0 

Left Turn frn111 Minor ROad 

YIELD Control 6.5 7.0 e.o ... 
STOP Control '·' B. O 9.0 10,0 

The conflicting flows (130 & 120) and the 
critical gap (6.0) are used to enter Figure 2. Only 
one set of lines is illustrated, 860 pch and 870 
pch are the potential capacities for the right 
turning novements for the south and north approaches 
re:;;pectively. 

Figure 2, Maximum Capacity based on Conllicting Volume and Crilical Gap 
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Example 3 Unsignalized Intersection Capacity Calculation Form BE 
Intersection ______ _ Es~~~-=.:....::..._;_++-'--'l__,,,6H~W_,,_A._._.__Y---'-ANI>---=----u~M--!..!....::I LL=--R:....:.oA,..,._,:.ct>:...__ ___ _ 
Location Plan: D 

A - - -

/ 
Al 

B 

loH~rtlO~ ~t> 
~~cAR.~ '.Sf) 

Counts: 

Date NO\/E.HrfR .g 
Day t'JEDNE~AY 
Time "I. - .5 "'PH 
Control .Yl .... ELD~.__ __ _ 
Prevailing Speed 5.5 H"PH 

"'TR~5 I')... 
c T~~-l~AIL.Ef~ .3 

Hourly Demand Traffic Volumes from ____!:{_to _£__, ----e..- m 

Approach D 

Movement DL '- Dr t DR..,.) 

Volume ID 21J 12.0 
pch ''ee Table I> 10 

Step l Right Turn from c/o CR r- DH_; 

Conflicting Flows = MH = 1h AR + Ar = •1i BR + Br = 

(from Fig . I) -ID-+ 12n = J.30_""11 2h + 100 = 12ZJ.._""" 
Critical Gap from Table 2 T., = 2.:0 sec fo.Q sec 

Capacity from Fig. 2 = MNo=M,=~pe/I MNo =Ml= 1'1D pell 

Demand= CR= ---1Lpell DR= _l l!:/_pe/I 

Capacity Used = 100 (CR/Mi)= 2 % IOO(DR/M;) = __!.3_% 

Impedance Factor from Fig. 3 = P. = C.~B P;=CfiL 

~ Shared Lane - See Step 3 

--0- No Shared Lane - Available Reserve M, - CR= --pell M;-DR=~pell 

Delay & Level of Service (Table 3) D t!.\Q ULA'/ [D 

Step2 Left Tum from B/A BL r AL .J 

Conflicting Flows = MH = AR + Ar = BR + Br = 
(from Fig. I) ]./:J + 12h = l~l> 111111 ~ + 100 = J!j_Q_""" 

Critical Gap from Table 2 T., = 5,5 sec 5,5 sec 

Capacity from Fig. 2 = MNo = M2 = _!130_ pc/I MNo = M~ = 'i ~() pc/I 

Demand= Bi = ___!i!J_ pcll Ai = ____fu5__ pell 

Capacity Used = 100 (Bi/M2) = -.5--% 100 (Ai/M~) = __J_ % 

lmpedance Factor from Fig. 3 = P2 = ag,z P;=Mi__ 

Available Reserve = M2 - Bi= 8Sfo pell M~ - Ai = !li_ pell 

Delay & Level of Service (Table 3) MO "hEI Jt>.I [!J ~Q 1:>8 AY. [1fJ 

Step3 Thru Movement frOm C/D Cr + Dr ' Conflicting Plows = MH = 1hAR + Ar + Ai + Bi + Br + BR 1/2BR + Br + Bi + Ai + Ar + AR 
(from Fig. I) _+_+_+_+_+ _ _ +_+_+_+_+_ 
(Mr & MJ. are used in Step 4) MH= Mr= """ MH=MJ.=--IJIJll 

Critical Gap from Table 2 T., = sec sec 
Capacity from Fig. 2 = MNo=--pell MNo=--DCll 
Adjust for Impedance MNo X P2 X P; = M3 = 

""" MNo X P; X P2 = Mi = --""" 
Demand= Cr= """ Dr=-_,,,,,. 
Capacity Used = 100 (Cr/Ma)= __ % 100 (Dr/M~) = __ % 

Impedance Factor from Fig. 3 Pa= P:i=--
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(Example 3) 

Impedance factors must be calculated for both 
approaches for later use in Step 4. The right turn 
demands in pch are brought down from the data table . 
The percent of capacit y used is canputed for each 
approach- 2% for the south approach and 13% for the 
othe r. These values are used to enter Figure 3 t o 
obtain the impedance fact ors of 0. 98 and 0. 91. 

Figure 3. Capacity Reduction caused by Congestion 
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The northbound approach r ight turns share the 
right lane with t he thru movement. This is 
indicated in the space to the l eft. 

The southbound approach has an exclusive right 
turn lane. The demand is subtracted from the 
capacity to yield the available reserve (870-114=756 
pch). Comparing this r eserve to Table 3 indicates a 
Level of Service A and no delay. 

Table 3. Level of Service and Expected 
Delay for Reserve Capacity Ranges 

Reserve Level of Expected Traffic 
Capacity Service Delay 

(400 or more A Little or no delay) 
300 to 399 B Short traffic delays 
200 to 299 c Average traffic delays 
100 to 199 D Long traffic delays 

0 to 99 E Very Long traffic delays 
Less than 0 - Failure - extreme congestion 
(Any value) F Intersection blocked by 

external causes 

In Step 2, the left turns fran the major street 
are treated. The conflicting volumes are determined 
in accord with Figure 1 resulting in conflicting 
flows of 140 vph for each left turn . 

Figure 1, Delinilion o1 Conllicling Traffic Slreams 

The cri tical gap of ~.5 seconds i s obtained fran 
TablP 2. 

Table 2 Critical Gap ror Passenger Cars, in seconds 

Pravnilinq Spe ed 

V111Mi:1• l'Wn•~-tu· •n4 JO mph (50 kph) 55 mph (90 kph) 

Type of Control Major Road M11.jor Roll.d 

1 lllrM!• • '"""' ' lane• . lan11e 

Right Turn from Minor Road 

YIELD Control 5.0 ... 6 . 0 6 . ~ ... ... 7.0 7.t 

Left. Turn from Majoc Road 

Ko CDl\t-J'Ol 5.0 ... (W) . .. 
Cras11ing Major Road 

YIELD Control 6.0 ... 7.0 e.o 
S'l'OP f:'ontrol l.O '·' e.o ... 

LOtt 'fbn'I ftM IUnct lloAd 

YIELD Control 6.5 B.O 9.0 

T.$ e.o 9.0 10.0 

Us ing the above values, Figure 2. is e ntered t o 
provide capacities of 930 pch for each l ef t turn . 

Figure 2 Maximum Capacity based on Con llicling Volume and Critica l Gap 
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Impedance factors are necessary for l ater steps. 
The percent of capaci ty being used i s cal culated and 
impedance factors obtained fran Figure 3 . 

Figure 3. Capacity Reduction caused by Congestion 
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Capacity Used by Existing Demand, Percent 

The available reserve for each left turn is then 
calculated by subtracting the demand from the 
capacity. These available reserves of 886 pch and 
865 pch respectively, when compared to Table 3, 
indicate an excellent operating condition with Level 
of Service A and no expected delay. 

(Continued) 



Example 3 Unslgnalized Intersection Capacity Calculation Form I~ H 
Intersection _______ es_B'Sttt\> ___ +f_ l 6H_-'---'W_A..:....:.Y_ANI>_=---M_ I LL_ R--=-oA-=--t> _ ___ _ 
Location Plan: D Counts: 

~fi~M=~~~--A~µ~:~l -~l--l%-b~~--
Date NOVE.~ ~ 
Day _NEbNE'S!)A-'/ 
Time 'l-5 PH 
Control YI EL-D 
Prevailing Speed S.!S Ht::>\-1 

A - - - - - - - - --- B 

lOHPO~lll O~ ~ D 

~~R,.cAR~ '!5 
""TR.~~ 17. 
T~OOC:-1RAI L..Ef~ .3 c 

Hourly Demand Traffic Volumes from __!f_ to __x__, --/!- m 

Approach A-+ B D 

Movement 

Volume ID m 
pch I >ee Table I 1 10 

Step l Right Turn from c/o CR r- DH -1 

Conflicting Flows = MH = \ti AR + Ar = \ti BR + Br = 

(from Fig. I) _m___ + 12!> = 13C 21> + 100 = 
122) 

--IJJJ/l vJJ/11 

Criiical Gap from Table 2 Tu = 
p,'() sec f(i,O sec 

Capacity from Fig. 2 = M,...0 = M, = ~~o M' -M'- Z7D pc/I No- 1- - - pc/I 

Demand= CR= 14' l j;.; 
pc/I DR= --pc/I 

Capacity Used = IOO(CR/Mi) = _2_% IOO(DR/M;) = ~% 
Impedance Factor from Fig. 3 = P, = t)q°& P:= c,q1 · 

_L_ Shared Lane - See Step 3 

JL No Shared Lane - Available Reserve M1 -CR=--pch M; - DR= l;)(p pelt 

Delay & Level of Service (Table 3) D ~O DELA'I ~ 

Step2 Left Tum from B/A BL r AL .J 
Conflicting Flows = MH = AR + Ar = BR + Br = 

(from Fig. I ) 2.J) + 12.D = r 'i-b 'ID + 100 ti.Jo 
IJJJh =--VP/I 

Critical Gap from Table 2 Tu = 5.5 sec 5.5 sec 

Capacity from Fig. 2 = M.vo = M2 = '130 11 MNo = M~ = 'i3D 
pe/l 

Demand= - 'I"/. pc Ai=~pe" Bi---pcll 

Capacity Used = 100 (BL/M2) = __,5_ % IOO(AL/M~) = __ "]_ % 
Impedance Factor from Fig. 3 = P

2 
= ().q] P~= 0.q,5 

Available Reserve = ~Q ba.tl -Bi = 8~ (o cii" Mi - A1.. = g fo.5 pcll 

Delay & Level of Service (Table 3) .f.JO b8..AY [fil 

Step3 Thru Movement from C/D CT + DT + 
Conflicting Flows= MH = 112AR + Ar + Ai + Bi + Br + BR l/2BR + Br + Bi + Ai + Ar + AR 

(from Fig. I) -l!L ·+ l2D + ~ + ~ + ICD + "/() .2CL +im + 'IO + lJb + 1zn + zn 
(Mr& Mi-are used in Step4) MH= Mr= 37D 

IJJJ/l MH = Mi-= 3(ol) vJJ/11 

Critical Gap from Table 2 Tu = 7.D sec 1.0 sec 

Capacity from Fig. 2 = MNo = SIQ pc/I M' - 5/j No---pch 
Adjust for Impedance M,...0 x P2 x P~ = M3 = ~pc/I M;..0 x Pt x P2 = Mi = "-n5 """ 
Demand= Cr=~PC" Dr= I 'f pc/I 

Capacity Used = 100 (CT/M3) = _l_I _ % 100 (OT/Mi) = __!:/__ % 

Impedance Factor from Fig . 3 P3 = 0. 'fZ, p~ == 0.11 
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(Example 3) 

Conflicting flows are determined for both 
entering minor street approaches as indicated in 
Figure 1. Half of the near side right turns plus 
all of the rest of the entering major street traffic 
yields 370 vph and 360 vph respectively. Note these 
values are also labeled Mr and M~ and are used later 
in Step 4. 

Figu1e t Oelinilion ol Conflicling Traffic Streams 

~~~~ti~t: ;f:~t~tf~~t~~~®t~~~~~f \i~lli~f:~f:jf I?if~~~~~~~~tf~~~~~~~~I~~ ~~~~;:;~~Jf ~~ 
-~~~~~~f Hf t;~;f t~mtt~~~fil~~f:~{/~~~~1~tf tII~~f ~{}f Ir~nt I~ ~~~~~.~:~~~!:~~ 

'- '· 
~:~c---;:: 
"·~tAI,. 

liii..11 t Croasln9 TMjor streat "1 . ....... . . ,., • .,..,.,, • •• 

The critical gap of 5.5 seconds is obtained from 
'l'able 2. 

Table 2 Critical Gap !or Passenger Cars, in seconds 

V11hicle M111n11uver and 30 mph (SO kph) 55 mph <90 kph) 

Type of control Major Road Me)or: Ro.Id 

• iin ... • '•nu 1 hA•• • t•M• 

flight Turn fro11 Minor Road 

YIELD Control s.o 5.0 6.0 ... 
STOP control 6.0 6.0 7.0 7. p 

L11ft Turn .f rom Major Roi\d 

No Control s.o s.s s.s 6.0 

Cro1111in9 Major Road 

G 'I lELD Control ... . .. .., 
STOP Control l.O , .. ... ... 

Left TUrn from Minor Road 

YIELD Control ... 7.0 e.o ... 
STOP Control '·' ... 9.0 10.0 

The above values are used to enter Figure 2 to 
obtain potential capacity. Note that only the first 
entry is illustrated on Figure 2 because the lines 
are very similar. The two potential capacities are 
510 and 515 pch respectively. These values must be 
adjusted for the impedance caused by the left turns 

off of the major street. The impedance factors 
( P2 and P~ ) were determined in Step 2 and a.re O. 87 
and 0. 95 respectively. Each thru movement must be 
multiplied by both factors to yield the exclusive 
lane capacity. 

Figure 2 Maximum Capacity based on Conllicling Volume and Critical Gap .... 
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Additional impedance factors must be determined 
for use in Step 4. Demand values of 54 pch and 19 
pch are brought down from the data table and the 
percent of capacity is determined (11% and 4%). 

These percentages are used to enter Figure 3 to 
obtain impedance factors of 0.92 and 0.97 • 

Figure 3. Capacity Reduction caused by Congestion 
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Example 3 Unsignalized Intersection Capacity Calculation Form (continued) 

Step 3 (Continued) CT + DT • -- No Shared Lane 

Available Reserve = M3 - CT= - .-- pch Mj - DT= ___ ,,,,h 

Delay & Level of Service (Table 3) D D 
_D____ Shared Lane with Left Tum 

Sec Step4 

Shared Lane Demand= CH+ CT= CRT= _ta_8_,...h DR+ DT = DRT = P<'h 

--'----- Shared Lane with Right Tum 
M1a= 

(CH+ CT) 
M;~ = 

<DR+ DTJ 

Capacity of Shared Lane = (CR/M1) + (CT/M3) (DR/M;) + (DT/M~) 
M 13 = --5.l.8_ ,...h M;a= - -· wh 

Available Reserve = M13 - CRT= !i.5.I2__ peh M;a - DRT = - - - ,.,.h 

Delay & Level of Service (Table 3) LfiTI E, DELA':i IX) D 
Step4 Left Turn from c/o CL ~ DL '-

Conflicting Flows = MH = MT + DT + DR = Mf. + CT + CR = 

(MT & Mf. were calculated in Step 3) 3JJL + -11_ + llL = --5..0.3__ VPh 3f!:D._ + __$_ + ~ = _'il.$_ l"J>h 

Critical Gap from Table 2 T0 = s.o sec ~.o sec 

Capacity from Fig. 2 = MNo = -3!JJ:L__ peh M.~o=~- ,.,.h 

Adjust for Impedance MNo X P2 X P; X P; X P:J = M4 M~0 x P; x P2 x P1 x P3 = M~ 

M4=..2:Jlpeh M~ = Sl.LL,.,.h 

_c__ No Shared Lane Demand= CL = --2.2_ peh Di= - - - pch 

Available Reserve = M4 - CL= 2.5..0- P<'h M~ - DL = - -- P<"h 

Delay & Level of Service (Table 3) 6\IEEW:zE: bEJ Ay !ZJ D 
Shared Lane Demand = CT+ Ci = Cn = --- pch DT + DL = Dn = ---pr h 

-- Shared Lane with Thru (CT+ Ci) DT+ DL 
Capacity of Shared Lane = Ma4 = 

(CT/Mal + (CifM4) 
Mj4 = 

(DT/Mj) + (Di./M~) 
Ma4 = ---peh Mj4 = ---prh 

Available Reserve = Ma4 - Cn = --- pch ~4 - Dn = --- pch 

Delay & Level of Service (Table 3) D D 
Shared Lane Demand = CR+ Cr+ CL= CRn = --- .... h DR + DT + DL = DRTL = --- vrh 

- - Shared Lane with Thru & Right 

Capacity of Shared Lane = 
CR+ CT+ CL M' - DR + DT + DL M1a4 = 

(CN/M1) + (CT/M3) + (Ci/M4) 
134 

- (DR/M;) + (DT/Mj) + (DL /M~I 
M134 = P<"h M;a4 = prh 

Available Reserve = M134 - CRTL = --- P<"h M;34 - DRTL = P<"h 

Delay & Level of Service (Table 3) D D 

Overall Evaluation ----------------------- -------------
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(Example 3) 

The remaining part of Step 3 is on the back of 
the form. The first section is for exclusive lanes 
(i.e., no shared lane). Because this example does 
not have exclusive lanes for the thru movement, this 
section is omitted. The second section is for a 
shared lane with left turns. The southbound 
approach (D) has all thru movements in the left 
lane, therefore a "D" is inserted in the space at 
the far left. The analysis of this shared lane will 
take place in Step 4. 

In the northbound approach (C), thru and right 
turns share a single lane. A "C" is inserted in the 
space at the far left and this section is completed 
for this approach. The capacity of the shared lane 
is computed as shown on the form. A programmable 
calculator program for this equation is presented in 
an appendix following this example. The result of 
the computation in this example is 518 pch. The 
shared lane demand (sum of thru and right turns) is 
obtained fran the data table and equals 68 pch. The 
difference (450 pch) is the available reserve, which 
in Table 3 indicates a Level of Service A and little 
delay. 

Table 3. Level of Service and Expected 
Delay for Reserve Capacity Ranges 

Reserve Level of Expected Traffic 
Capacity Service Delay 

400 or more A Little or no del ay) 
300 to 399 B Short traffic delays 
200 to 299 c Average traffic delays 
100 to 199 D Long traffic delays· 

0 to 99 E Very Long traffic delays 
Less than O - Failure - extreme congestion 
(Any value) F Intersection blocked by 

externa 1 causes 

Step 4 analyzes the left turns from the minor 
street. These turns have many conflicting flows as 
shown in Figure 1. The major street flows have been 
summed in Step 3 and labeled Mr and M~, 
respectively. These values are entered in Step 4 
and the opposing approach thru and right turns are 
added. For the northbound approach, the conflicting 
flow totals 503 vph while there are 428 vph in 
conflicting flows for the southbound approach. 

Figure 1 Oelinilion ol Conllicling Trallic Streams 

The critical gap (8.0 seconds) is selected from 
; Table 2. 

Table 2 Crilical Gap for Passenger Cars, in seconds 

Prevailing Speed 

V~hl~I• .H.llillluYlll' &I'll! JO mph (50 kph) 55 mph (90 kph) 

Type of Control Major Road Major Road 

} hnH . lilnu 2 lanee 4 la nee 

Right Turn from Minor Road 

YIELD Control 5,0 >.• 6,0 ... 
STOP Control 6.0 ... 7.0 ... 

Left 'I'urn from Major Road 

5.0 5.5 5,5 ... 
Croaeing Major Road 

YIELD Control ... 6.5 7 . 0 ... 
STOP Control 7.0 l" e. o ... 

Left Turn from Minor Road 

~ YIELD Control ... . .. 9.0 
STOP Control l.5 ... 10.0 

Step 4 continues by determining the potential 
capacity from Figure 2. The values fran the figure 
(340 pch and 385 pch) must be adjusted for 
impedances. Note that of the adjustments for the 
northbound approach P2 , P~ , P; , and P~ , the last 
three (those with primes) were canputed during tbe 
analysis of the southbound approach. The reverse is 
true for the other approach. After applying the 
impedance factors, the resulting capacities are 277 
pch and 320 pch. 

Figure 2 Maximum Capacily based on Conllicling Volume and Critical Gap .. ., 
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The next section of Step 4 is for exclusive left 
turn lanes. The northbound approach does have an 
exclusive left turn lane. Therefore, a "C" is 
entered in the space at the left, and this section 
is completed for that approach. The left turn 
demand (27 pch) is obtained from the data table. 
Subtracting 27 pch from the capacity of 277 pch 
yields an available reserve of 250 pch. Table 3 
indicates a Level of Service C with average traffic 
delays. 

Table 3. Level of Service and Expected 
Delay for Reserve Capacity Ranges 

Reserve Level of Expected Traffic 
Capacity Service Delay 

400 or more A Little or no delay 
300 to 399 B Short traffic delays 
200 to 299 c Aver<ige tra'ffic delays 
100 to 199 D Long traffic delays 

0 to 99 E Very Long traffic delays 
Less than 0 - Failure - extreme congestion 
(Any value) F Intersection blocked by 

external causes 

(Continued) 



Example 3 Unsignalized Intersection Capacity Calculation Form (continued) 

Step 3 (Continued) CT + DT • 
-- No Shared Lane 

Available Reserve = M3-CT= pell M~ - DT= ---pell 

Delay & Level of Service (Table 3) CJ CJ 
D Shared Lane with Left Tum --

St:t: Stt:p4 

Shared Lane Demand = CR + CT = CRT = _JQL "'"" DR+ DT = DRT = "'"" c Shared Lane with Right Tum (CR+ CT) (DR+ DT) --
M,a = M;3 = 

Capacity of Shared Lane = (CR/M 1 ) + (CT/M3) (DR/M;) + (DT/M~) 

M,3=~"'"" M ;3 = --- "'"" 

Available Reserve = M,3 - CRT= "15 0 PCh M;3 - DRT = --- P<'ll 

Delay & Level of Service (Table 3) LriTLE Df;LA'I [2:L] CJ 
Step4 Left Turn from c/n CL "\ DL '-

Conflicting Flows = MH = MT + DT + Dn = M~ + CT + CR = 

(MT & M~ were calculated in Step 3) 31D +L+UL_= ..503 VPh 3fil__ + ___$____ + ~ = _'-12$_ ,.,,,. 

Critical Gap from Table 2 T0 = 
s.o sec ~.o sec 

Capacity from Fig. 2 = MNo = 3J./O pch M.~-0 = 385 pell 

Adjust for Impedance MNo X P2 X P; X P{ X P:) = M4 M~. x P; x P2 x P, x P3 = M~ 
...,....,..., 

M~ = 3_2_U__ pell M4 = ~I I pch 

c No Shared Lane Demand= CL = _];]___ pch DL=---JX"h --
Available Reserve = M4-CL=~pch M~ - DL = --- prh 
Delay & Level of Service (Table 3) ..o\l.J E eAbE. 1) E.LJ\y ~ CJ 
Shared Lane Demand = CT + CL = Cn = ___ "'"" DT + DL = Dn = 2.9 Prh n__ Shared Lane with Thru (CT+ Ci) DT+ DL 
Capacity of Shared Lane = M34 = 

(CT/M3) + (CifM4) 
M;4 = 

(DT/M~) + (DiJM~J 
M34 = pell M~4 = _!iD]__ prh 

Available Reserve = Ma4 - Cn = ---""" Mi;4 - Dn = ~- """ 
Delay & Level of Service (Table 3) CJ ..) t\ DRi t::>E.l..A'i <\ - fKJ 
Shared Lane Demand = Cn + CT+ CL = Cnn = ---"'"" Dn + DT+ DL = DRn = ---Prh 

-- Shared Lane with Thru & Right 

Capacity of Shared Lane = 
Cn +CT+ CL , Dn +OT+ DL 

M134 = M -
(C11/M1) + (CT/Ma) + (CL/M4) 134 - (D /M' D /M' , R 1)+( T 3)+(DL/M4I 

M1a4 = pc/I M;a4 = prh 
Available Reserve = M1a4 - Cnn = pch M;34 - Dnn = --- """ 

Delay & Level of Service (Table 3) CJ D 
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(Example 3) 

The next section of the form is for shared lanes 
with thru and left turns as is the case in this 
example. A "D" is entered at the left and the 
shared lane capacity formula is employed to obtain a 
capacity of 407 pch. The combined demand of thru 
and left turns is 29 pch. The available reserve is 
378 which Table 3 indicates as Level of Service B 
with short traffic delays. 

The overall evaluation indicates some delay to 
left turns from Mill Road. All other movements have 
LOS A. The intersection operates satisfactorily at 
the present time. 

Table 3. Level of Service and Expected 
Delay for Reserve Capacity Ranges 

Reserve Level of Expected Traffic 
Capacity Service Delay 

400 or more A Little or no delay 
(300 to 399 B Short traff ic delays 
200 to 299 c Average traffic delays 
100 to 199 D Long traffic delays 

0 to 99 E Very Long traffic delays 
Less than 0 - Failure - extreme congestion 
(Any value) F Intersection blocked by 

external causes 
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APPENDIX 

Program for Computing Shared Lane Capacity 

The following program was developed for a Hewlett-Packard Model 33E 

Programmable Calculator to solve the Shared Lane Capacity equation shown 

below and calculate the Shared Lane Demand and Available Reserve. 

C11 + Cr + Ct 
Capacity of Shared Lane = M134 = ---------

(C11/Mi> + (Cr/M3) + (CdM.) 

Where: 

Demand for right, thru, and left movements 

respectively 

M1, M31 M4 = Exclusive lane capacity for right, thru, and 

left movements respectively. 

Shared Lane Demand = C11n = C11 + Cr+ Ci 

Available Reserve = M1a4 - C11n 

Program 

Key Entry Display Key Entry Display 

f CLEAR PRGM 00- l 17-
STO 1 01- 23 1 STO 2 18- 23 71 
STO 0 02- 23 0 R/S 19-
R/S 03- 74 g X=O 20- 15 
STO 2 04- 23 2 l 21-
STO + 0 05- 23 51 0 STO 3 22- 23 71 
R/S 06- 74 RCL 3 23- 24 
STO 3 07- 23 3 RCL 2 24- 24 
STO + 0 08- 23 51 0 RCL l 25- 24 
RCL 0 09- 24 0 + 26-
STO 4 10- 23 4 + 27-
R/S 11- 74 STO 0 28- 23 71 
g X=O 12- 15 71 RCL 0 29- 24 
l 13- l RCL 4 30- 24 
STO -;- l 14- 23 71 l - 31-
R/S 15- 74 RCL 0 32- 24 
g X=O 16- 15 71 GTO 00 33- 13 

Reqisters 
Ro M1a• I R1 C11/M1 l Rz Cr/M3 l R~ CdM4 
R4 CRTL I Rs I Ri; I R7 

l 
2 

74 
71 

l 
3 
3 
2 
l 

51 
51 

0 
0 
4 

41 
0 

00 
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User Instructions 

Step Instruction Input Keys Output 

1 Key in program 
2 Set display f FIX 0 
3 Initialize f PRGM 
4 Input Right Turn Demand CR R/S 
5 Input Thru Demand Cr R/S 
6 Input Left Turn Demand cl R/S 

Display Shared Lane Demand CRTL 
7 Input Riqht Turn Capacity M1 R/S 
8 Input Thru Capacity M3 R/S 
9 Input Left Capacity M. R/S 

Display Shared Lane Capacity M13• 
10 Exchange X and Y X~Y 

Display Available Reserve Mt34 - CRTL 
11 For New Problem, go to Step 4 

NOTE: All input entries must be entered. Where only two 
movements share a lane (e.g. Right and Thru), enter 0 for missing 
Demand and Capacity. 

NOTE: For T intersections enter 0 for Cr and enter M3 
for M3 and M4. --

Example 1: Single lane shared by all three movements 

CR 
Cr 
Ci 

Keystrokes 

47 R/S 
98 R/S 
23 R/S 

865 R/S 
299 R/S 
189 R/S 

X~Y 

47 
= 98 
= 23 

Display 

47. 
98. 
168. 

865. 
299. 
333. 

165. 

Comment 

Enter CR 
Enter Cr 

M1 865 
M3 299 
M4 189 

Enter CL - Display shows Shared Lane 
Demand 

Enter M 1 

Enter M3 

Enter M4 - Display shows Shared Lane 
Capacity 

Display shows Available Reserve 

71 
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Example 2: Lane shared by Thru and Left movements only 

CH 
cl 
Cr 

Keystrokes 

0 R/S 
98 R/S 
23 R/S 

0 R/S 
299 R/S 
189 R/S 

X~Y 

0 
98 
23 

Disp l ay 

0. 
98. 
121. 

l. 
299. 
269. 

148. 

Comment 

M, 0 
M3 299 
M, 189 

Enter 0 for no Right Turn Demand 
Enter Cr 
Enter Cl - Display shows Shared Lane 

Demand 
Enter 0 for no Right Turn Capacity 
Enter M3 

Enter M~ - Display shows Shared Lane 
Capac i t y 

Display shows Available Reserve 

Example 3: T intersections with lane shared by Right and Left turns 

CR 
Cr 
cl 

Keystrokes 

132 R/S 
0 R/S 
44 R/S 

720 R/S 
231 R/S 
231 R/S 

XHY 

132 
0 

44 

Display 

132. 
0. 
176. 

720. 
231. 
471. 

295. 

Comment 

Enter CR 

M, 720 
M3 231 

Enter 0 for no Thru m0vement 
Enter CL - Display shows Shared Lane 

Demand 
Enter M1 
Enter Ma 
Enter M3 again - Display shows Shared 

Lane Capacity 
Display shows Available Reserve 
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DISCUSSION 

Introduction and Concepts 

This chapter describes the various factors which 
influence bus and rail transit capacity. It 
sunrnarizes results of previous studies, presents 
basic analytical relationships, and sets forth 
transit capacity guidelines for busways, freeways, 
arterial streets and terminals. It also contains 
sumnary materials pertaining to rail transit. The 
material in the chapter may be used to estimate: 

• total passenger flow based on roadway condition, 
and mix of cars and buses 

eeffects of bus flows on intersection capacity 

•bus berth requirements along downtown busways, 
at tenninals, and at bus stops on city streets 

•passenger movements on rail transit lines for 
varying car sizes, train length, service 
frequency, and loading conditions. 

Definitions 

Following are definitions of the important terms 
which relate to transit capacity. 

Person Capacity - The maximum number of persons 
that can be carried past a given location during a 
given time period under specified operating 
conditions without unreasonable delay, hazard, or 
restriction. Usually measured in terms of persons 
per oour. 

Person Level of Service - The quality of service 
offered the passenger within a transit vehicle, and 
determined by the available space per passenger. 

Uninterrupted Flow - Transit vehicles moving 
along a roadway or track without stopping. 

Interrupted Flow - Transit vehicles moving along 
a roadway or track and having to make service stops 
at regular intervals. 

Service Time - The time, in seconds, for a 
passenger to board or to alight a transit vehicle. 

Maximum Load Point - The point along a transit 
route at which the greatest number of passengers is 
being carried. 

Dwell Time - The time, in seconds, that a 
transit vehicle is stopped for the purpose of 
serving passengers. 

S~ Capacity - The number of passenger seats on 
a transit vehicle. 

Per cent Standi ng - The number of standing 
passengers expressed as a percentage of the number 
of seats. 

Crush Capacity - The number of passengers 
carried by a transit vehicle with conditions at 
Level of Service F; the maximum number that can 
physically be acconrnodated. 

Person Movement 

In assessing the role and capacities of public 
transport, it is important to view each roadway or 
transit facility in terms of people carried, that 

is, person movement. This calls for knowledge of 
the occupancy of each transit vehicle, as·well as 
the number of vehicles. For example, an urban 
freeway lane carrying 1800 passenger cars per lane 
per oour with an average occupancy of 1.5 persons 
would have a person movement of 2700 people per 
hour. Likewise, an arterial street carrying 600 
automobiles per hour and 50 buses per hour, with 
occupancy of 1.5 and 40 respectively, would have a 
total person movement of 2900 persons per hour , with 
approxill'ately 70 percent being carried by public 
transport. 

Person Capacity 

The person capacity for any given transport mode can 
be defined as "the maximum number of people that can 
be carried past a given location during a given time 
period under specified operating conditions without 
unreasonable delay, hazard, or restriction". More 
specifically, it depends on the number of vehicles 
per hour that can pass a given point, and their 
occupancy. Person capacity is a function of the 
type of vehicle and its size, and passenger carrying 
ability of each vehicle, and of frequency or headway 
of operation (1). The number in parentheses refers 
to the list of-references at the end of the chapter. 
Thus, with a fixed number and type of vehicles 
passing a point, an increase in average vehicle 
occupancy increases person capacity. 

The mix of automobiles and transit vehicles in 
the traffic stream results fran the choice of travel 
mode by the traveler and , in the case of the bus , a 
determination by the transit operator of the number 
of transit vehicles to be scheduled over the 
facility to handle adequately the persons desiring 
to travel by the transit mode. The patronage that 
can be carried by a given bus or rail line, 
therefore, reflect the operating policy of the 
transit property with respect to minimum service 
frequency and passenger loading condi tons (i.e. , 
number of standees). 

Observed Person and Bus Flows 

The importance of public transport in increasing the 
person capacity of transport corridors is well 
documented. Although buses and rail transit cars 
require more room per vehicle on the street or 
highway because of their size and operating 
characteristics than private automobiles, transit 
vehicles carry many more passengers per unit than 
automobiles and, therefore, can reduce the total 
number.of vehicles in the traffic stream. 

Illustrative examples of various types of 
transit vehicles may be found in Table 1. The 
typical 40 foot (12 m) urban transit bus can 
normally seat 53 passengers and can carry up to 32 
additional standees. Similarly, a 60 foot (18 m) 
articulated bus can carry 69 passengers and 41 
standees. The total passenges carried will vary, 
depending upon bus and rail car design, and the 
tradeoff between seated capacity and total capacity. 

Table 2 gives levels of service for conventional 
40 foot (12 m) buses, based on 53 passengers per bus 
and 320 square feet (30 m2 ), gross per vehicle. 
These levels of service are from the perspective of 
passengers on the vehicle, rather than the number of 
vehicles in a given channel. Similar measures for 
rail transit vehicles are given in subsequent 
sections. 

Public transport vehicles carry a substantial 
number of peak-hour person trips across the do~Titown 
cordon, and along many urban freeways, arterials and 
downtown streets. 
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Table 1. Characteristics of Transit Vehicles 

Type of Vehicle or Train 

Minibus-short haul 
Transit bus 

Articulated transit bus 

Streetcar train 
Light rail car train 

Rapid transit train 

Length 
ft m 

19 .5 5.95 
30.0 9.15 
35 . 0 10.65 
40.0 12.20 
54.1 16.50 
60.0 18.30 

140.0 42.70 
220 . 0 67 .00 

170.0 51. 80 

605.0 184.40 

600.0 182.90 
700.0 213.35 

Width 
ft m 

7.7 2.35 
8.0 2.45 
8.0 2.45 
8.5 2.60 
8.2 2.50 
8.5 2.60 
9.0 2.75 
8.9 2.70 

7.7 2.35 

10.0 3.05 

10. 3 3.15 
10.5 3.20 

Typical CaEacitya Remarks 
Seats Standees Total 

18 12 30 
36 19 55 
45 25 80 
53 32 85 
48 124 172 European model 
69 41 llO US speulfluciLlu<IB 

177 198 375 3-car P.C.C. trainb 
204 366 570 3-car train, 6-axle 

car, us 
128 372 500 2-car train, 8-axle 

car, Europe 
500 1,700 2,200 10-car train, New 

York IND 
616 2,000 2,616 8-car train, Toronto 
720 1,280 2,000 10-car train, BART, 

San Francisco 

a 
In any transit vehicle the total passenger capacity can be increased (and passenger comfort 
decreased) by removing seats and making more standing room available, and vice versa. 

bPresidents' Conference Cars. 

Source: Ref. (~ 

Table 2. Leve!s of Service for Bus Transit 

Peak-Hour 
Level of Service 

A 

B 

c 
D 

E (Scheduled Load) 

F (Crush Load) 

Passengers/Seat 
(Approximate) 

0.00 - 0.50 

0.51 - 0.75 

0.76 - 1.00 

1.01 - 1.25 

1.26 - 1.50 

1.51 - 1.60 

(1 foot 

Approximate 

ft.
2
/Passenger 

11.9 or more 

11.8 - 8.0 

7.9 - 6.1 

6.0 - 4.8 

4.7 - 4.0 

< 4 0 

.305 meter) 

Table 3 indicates the peak period use of public 
transport, bus and rail combined, by persons 
entering the central business districts of selected 
cities in Canada and the United States (2). Transit 
carries more than two-thirds of all peak-hour 
travelers to or from the New York, Chicago, 
Philadelphia, and Toronto downtown areas, and more 
than a third of all peak hour travelers entering or 
le.aving most other CBD's. The variations in transit 
use reflect variations in population, central 
business district employment, extent of bus and rail 
transit services, and geographic characteristics. 

Table 4 presents bus use statistics for urban 
freeways (3). Buses carry over 85 percent of all 
peak hour-person triµ:; through the Lincoln Tunnel, 
account for about half of all peak hour travelers on 
the San Francisco-Oakland Bay Bridge, the Shirley 
Highway (Virginia), Ben Franklin Bridge 
(Philadelphia), and the Long Island and Gowanus 
Expressways (New York City), and for more than a 
quarter of all passengers on radial freeways in many 
other larger cities. 

Buses carry an even higher proportion of 
peak hour travelers on city arterial streets as 
shown in Table 5. More than 85 percent of peak hour 
person trips on Hillside Avenue, Ne\1/ York City; 

State Street, Chicago;Ma.rket Streets in Philadelphia 
and San Francisco; and 14th Street and Pennsylvania 
Avenue in Washington, D.C., are on buses. Buses 
accommodate more than half of all peak-hour 
person-trips on downtown streets in many other 
cities Ci). 

Table 3. Peak Hour Use of Public 
Transit by Persons Entering or 

Leaving the Central Business District 

Percent by 
Urban Area Year Public Transport 

New York, NY 1974 90a 

Chicago, IL 1974 82a 

Toronto, ONT 1970 68a 

Boston, MA 1974 49a 

Ottawa, ONT 1974 44 

Cleveland, OH 1970 44a 

Vancouver, B.C. 1970 40 

Los Angeles, CA 1974 37 

Detroit, MI 1974 35 

Denver, co 1977 30 

Wds!iln':l Lun, DC 1968 29b 

Dallas, TX 1971 28 

Milwaukee, WI 1974 25 

Minneapolis, MN 1965 20 

Houston, TX 1971 14 

aWith Rail Transit 

bincludes Pentagon Area but prior to rail transit 

Source: Cordon Counts for each city, compiled 
in Ref. (2) 
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Table 4. Peak Hour Bus Volumes on Urban Freeway Facilities, Ranked by Percentage of Total 
Passengers Carried by Bus, in Dominant Direction of Flow Under Current Conditions 

Facility 

Lincoln Tunnel 

I-495 

San Francisco
Oakland Bay Bridge 

Shirley Highway (I-95) 

Ben Franklin Bridge 

Long Island Expressway 

Memorial Bridge 

Lions Gate Bridge 

Schuylkill Expressway 

Southeast Expressway 

I-71 

Golden Gate Bridge 

South Capitol St. 
Bridge 

George Washington 
Bridge 

14th St. Bridge 

North Lake Shore Drive 

John c. Lodge Freeway 

North Central 
Expressway 

Bayshore Freeway 

South Lake Shore Drive 

I-5 

Hollywood Expressway 

North Expressway 

East Memorial Shoreway 

Memorial Drive 

Stevenson Expressway 

Harbor Freeway 

I-45N 

I-35W 

us 59 

I-45S 

I-lOW 

Jones Falls Expressway 

Chrysler Freeway 

Metropolitan 
Area 

Vehicles 
Per Hour 

Bus Auto 

New York 7 35 

New York 490 

San Francisco-
Oakland 327 

Washington, 110 
D.C. 

Philadelphia 137 

New York 89 

Washington, 100 
D.C. 

Vancouver, B.C. 45 

Philadelphia 78 

Boston 65 

Cleveland 35 

San Francisco 80 

Washington, 32 
D.C. 

New York 108 

Washington, 79 
D.C. 

Chicago 80 

Detroit 40 

Dallas 

San Francisco 

Chicago 

Seattle 

Los Angeles 

Atlanta 

Cleveland 

Houston 

Chicago 

Los Angeles 

Houston 

Minneapolis
St. Paul 

Houston 

Houston 

Houston 

Baltimore 

Detroit 

32 

35 

24 

47 

36 

24 

24 

11 

16 

23 

19 

13 

13 

11 

8 

3 

4 

3,200 

3,000 

8 ,115 

3,200 

4,490 

2,710 

3, 69 0 

3,300 

5, 300 

4,200 

3,200 

6,650 

3,335 

9,440 

6,565 

9,500 

4,950 

4,000 

6, 800 

5,700 

9,800 

7,650 

4,550 

5,800 

2, 250 

4,600 

7,200 

6,450 

4,950 

6,900 

6,000 

5,870 

2,780 

5 I 550 

. d a Pa s se nge r s Carrie 
Bus Auto Total 

32,560 5,065 

21,600 4,750 

13,000 10,400 

5,550 4,500 

5,065 5,620 

3,560 4,100 

4,020 6,650 

2,000 4,600 

2,800 6,650 

2,450 6,000 

1,850 4,500 

3,750 9,250 

1,920 5,000 

4,245 13,215 

3,295 10,425 

4,000 14,200 

1,800 6,920 

1,200 5,600 

2,270 10,880 

1,400 8,000 

2,300 13,700 

1,755 10,500 

1,070 6,380 

1,250 8,100 

500 3,380 

840 6,900 

1,050 10,000 

875 9,550 

585 6,900 

600 10,300 

505 9,000 

370 8,800 

125 3,900 

180 7,750 

37,625 

26,350 

23,400 

10,050 

10,685 

7,660 

10,670 

6,600 

9,450 

8,450 

6,350 

13,000 

6,920 

17,460 

13,720 

18,200 

8,720 

6,800 

13I150 

9,400 

16,000 

12,255 

7,450 

9,350 

3,880 

7,740 

11,050 

10,425 

7,485 

10,900 

9,505 

9,170 

4 ,0 25 

7,930 

alnvolves assumption in some cases as to car or bus occupancy. 

75 

Percent 
Carried 
By Bus 

85.5 

82.0 

55.5 

53.0 

47.5 

46.5 

37.6 

30. 2 

29.5 

29.0 

29.0 

28.8 

27.7 

24.3 

24.0 

22.0 

20.6 

17.5 

17.3 

14.9 

14.4 

14.4 

14.4 

13.3 

1 2 .9 

10.9 

9.5 

8. 4 

7. 8 

5.5 

5. 3 

4.0 

3.1 

2. 3 
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Table 5. Peak Hour Bus Volumes on Urban Arterials, Ranked by Percentage of Total Passengers 
Carried by Bus, in Dominant Direction of Flow Under Current Conditions 

Arterial Location 

Nicollet Mall 

Market Street 
(East of Broad) 

State Street 
@ Madison 

Hillside Avenue 

Pennsylvania Ave. 
@ Seventh 

Market Street 
@ Van Ness 

Main Street 
@ Fourth Street 

Main Street 
@ Harwood Street 

Hill Street 
@ Seventh Street 

Broad Street 
@ Hunter Street 

Seventh Street 
@ Main Street 

Forbes Avenue 
@ Wood Street 

Fifth Avenue 
@ Smith field 

Liberty Street 
@ Sixth Avenue 

"K" Street NW 
@ 13th Street 

Eye Street 
@ 13th Street 

Smithfield Street 
@ Fifth Avenue 

Thirteenth Street 
@ "F" Street 

City 

Minneapolis 

Philadelphia 

Chicago 

New York 

Washington, D.C. 

San Francisco 

Los Angeles 

Dallas 

Los Angeles 

Atlanta 

Los Angeles 

Pittsburgh 

Pittsburgh 

Pittsburgh 

Washington, D.C. 

Washington, D.C. 

Pittsburgh 

Washington, D.C. 

Broadway Los Angeles 
@ Sixth Street 

Adams Street Bridge Chicago 

Granville Street Vancouver 
@ Georgia 

Wisconsin Avenue Milwaukee 

Chestnut Philadelphia 
@ 12th Street 

State Street Chicago 
@ Roosevelt 

Washington Street Chicago 
@ Wacker 

Wood Street Pittsburgh 
@ Forsyth Ave. 

Seventh Street Washington, D.C. 
@ Pennsylvania Ave. 

Main Street @ Pratt Hartford 

Jackson Blvd. Bridge Chicago 

Vehicles Per Hour 
Bus Auto Total 

0 

165 

465 

630 

600 

155b 1,2')0 

115 720 

100 635 

109 800 

48 290 

91 705 

47 400 

47 420 

66 650 

130 1,300 

104 1,100 

50 550 

101 1,050 

78 850 

107 785 

70 900 

78 935 

67 890 

72 670 

108 1,100 

55 800 

80 1,150 

75 625 

88 845 

64 

60 8 

616 

800 

720 

1,355 

835 

735 

909 

338 

796 

447 

467 

716 

1,430 

1,204 

600 

1,151 

928 

892 

9 7') 

1,013 

957 

712 

1,208 

855 

1,230 

700 

933 

Passengers Carried 
Bus Auto Total 

2,900 

8,300 

6,100 

8,500 

6,000 

0 

695 

660 

950 

900 

2,900 

8,995 

6,760 

9,450 

6,900 

9,900 1,550 11,450 

5,850 1,100 

4,400 900 

5,250 1,200 

1,920 435 

4,500 1,050 

2,300 560 

2,300 590 

3,250 910 

6,500 1,950 

5,200 1,600 

2,450 770 

5,000 1,600 

4,000 1,390 

3,425 1,220 

3,150 1,200 

3,100 1,200 

3,350 1,350 

2,305 935 

3,800 1,540 

2,700 1,120 

4,000 1,720 

1,875 815 

2,815 1,325 

6,950 

5,300 

6,450 

2,355 

5,550 

2,860 

2,890 

4,160 

8,450 

6,800 

3,220 

6,600 

5,390 

4,645 

4,350 

4,300 

4,700 

3,240 

5,340 

3,820 

5,720 

2,690 

4,140 

Percent 
Carried 
By Bus 

100.0 

92.5 

90.0 

90.0 

87.0 

86.5 

84.0 

83.0 

81. 5 

81.5 

61.0 

79.5 

79.5 

78.2 

77.0 

76.5 

76.0 

75.8 

74.5 

73.7 

72.5 

72.0 

71. 5 

71. 4 

71.4 

70.8 

70.0 

70.0 

68.0 

(Continued) 
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Table 5. (Continued) 

Percent 
Vehicles Per Hour Passengers Carried Carried 

Arterial Location City Bus Auto Total Bus Auto Total By Bus 

Sixth Avenue Pittsburgh 33 560 593 1,620 780 2,400 67.6 
@ Smith field 

Eglington Avenue Toronto 80 1,200 1,280 3,300 1,700 5,000 66.0 
@ Bathurst 

Elm Street Dallas 80 1,345 1,425 3,500 1,880 5,380 65. 2 
@ Harwood 

Sacramento Street San Francisco 25 410 435 1,000 535 1,535 65.0 

Constitution Ave. Washington, D.C. 120 2,200 2,320 6,000 3, 300 9,300 64.5 
@ 15th 

Spring Street Los Angeles 111 1,500 1,611 4,450 2,500 6,950 64.0 
@ Seventh Street 

Sixteenth Street Washington, D.C. 80 1,500 1,580 4,000 2,250 6,250 64.0 
@ Florida Ave. 

Fourteenth Street Washington, D.C. 80 1,550 1,630 4,000 2,350 6,350 63.0 
@ Constitution Ave. 

Connecticut Avenue Washington, D.C. 90 1, 800 1,890 4,500 2,700 7,200 62.5 
@ Cathedral Ave. 

Walnut @ 15th Street Philadelphia 48 960 1,008 2,400 1,450 3,850 62.5 

Commerce Street Dallas 72 1,415 1,487 3,300 2,120 5,420 61.0 
@ St. Paul 

Sheridan 
@ Hollywood Chicago 32 500 532 1,100 700 1,800 61. 0 

Michigan Avenue Chicago 77 770 847 1,815 1,210 3,025 60.0 
@ Roosevelt Rd. 

Asylum Hartford 35 450 485 875 585 1,460 60.0 
@ Main Street 

Michigan Avenue Chicago 116 1,590 1,706 3' 5·80 2,390 5,970 60.0 
Bridge (Upper 
Levell 

Sutter Street San Francisco 63 1,300 1,363 2,500 1,700 4,200 59.5 

Madison Avenue New York 96 2,400 2,496 4,800 3,600 8,400 57.1 
@ 42nd Street 

Second Avenue New York 110 2,800 2,910 5,500 4,200 9,700 56.8 
@ 42nd Street 

First Avenue New York 110 2,800 2,910 5,500 4,200 9.700 56.B 
@ 44th Street 

Sixth Avenue Los Angeles 29 965 994 1,875 1,430 3,305 56.7 
@ Figueroa 

Georgia Avenue Vancouver 45 1,200 1,245 2,000 1,600 3,600 55.5 
@ Granville 

Clay Street San Francisco 26 650 676 1,050 850 1,900 55.3 

Ninth Street Philadelphia 22 600 622 1,100 900 2,000 55.0 
@ Market Street 

Second Avenue Birmingham, AL 44 1,400 1,444 2,300 1,950 4,250 54.0 
North 

(Continued) 
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Table 5. (Continued) 

Percent 
Vehicles Per Hour Pas se n9ers Carrie d Carried 

Arterial Location City Bus Auto Total Bus Auto Total By Bus 

Grand Avenue Los Angeles 24 855 879 1,400 1,215 2,615 53.5 
@ Temple Street 

Geary Street San Francisco 43 1,250 1,293 1,720 1, 630 3,350 51. 4 

Howard Street Baltimore 30 470 500 790 755 1,545 51. 0 
@ Fayette Street 

Marietta Atlanta 35 1,050 1,085 1,400 1, 580 2,980 47.0 
@ Spring Street 

Peachtree Atlanta 55 1,700 1,755 2,200 2,550 4,750 46.5 
@ Ellis 

Tryon Street Charlotte, N.C. 40 1,150 1,190 1,200 1,700 2,900 41. 4 

Eighth Street Los Ange les 30 1,155 1,185 1,290 1,835 3,130 41. 3 
@ Los Angeles St. 

O'Farrell Street San Francisco 27 1,200 1,227 1,080 1,550 2,630 41. 2 

Trade Street Charlotte, N.C. 30 1,030 1,000 1,000 1,500 ?,500 40.0 

Pratt Street Baltimore 64 2,390 2,454 2,215 3,825 6,040 36.7 
@ Paca Street 

Charles Street Baltimore 33 1,915 1,948 1,480 3,060 4,540 32.6 
@ Madison St. 

Lombard Street Baltimore 42 1,750 1,792 1,335 2,800 4, 135 32.0 
@ Greene St. 

Eleventh Street Washington, D.C. 54 4 ,120 4,174 2,870 7,735 10,605 27.1 
Bridge 

Cathedral Street Baltimore 36 1,545 1,581 880 2,470 3,350 26.3 
@ Eager 

St. Paul Street Baltimore 45 2,815 2,860 1,375 4,505 5,880 23.4 
@ Preston 

Calvert Street Baltimore 39 2,645 2,684 1,185 4,230 5,415 21. 9 
@ Lexington 

aData involves assumptions in some cases as to car or bus occupancy. 

bBuses ope rate in more than one lane. 

The observations reported in these tables do not 
necessarily represent ma.xinrum possible bus volumes 
or total traffic volumes. They do, however, clearly 
indicate that while buses account for a relatively 
small proportion of the vehicles in a traffic 
stream, they represent a sizable part of the total 
person flow. 

Operational Experience 

The number of buses which can operate past a point 
in a given period of time varies widely according to 
specific roadway conditions and operating practices. 
A sunrnary of both theory and actual practice in bus 
operations follows (5). 

Several studies- have analyzed the effects of 
buses on the capacity of mixed traffic roadways. 

They have viewed buses in terms of passenger car 
equivalents, assuning uninterrupted flow and no time 
losses for µlSsenger discharge or pickup. Rllnges in 
bus capacities or volumes based on these theoretical 
studies are shown in Table 6. Values for buses 
stopping in traffic are also shown for canparative 
purpooes (6, 7). When buses do not stop, capacities 
of 900 or more buses per lane per hour can be 
achieved on exclusive bus roadways with 
uninterrupted flow. Theoretical simulation studies 
based oo buses that have 30 second dwell times and 
operate in platoons of six between stations 0.3 
miles (0.5 km) apart, result in capacities ranging 
from 350 to 400 buses per hour on an exclusive 
grade-separated busway (.§) • 

Uninterrupted flow studies of concentrated bus 
movements have determined bus-car equivalency 
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re'la tionships. For instance, a study was ma.de in 
1962 by the Port of New York Authority in a single 
lane of the two lane one way north tube of the 
Lincoln Tunnel (9). The study site was on a level 
section at appi°"oximately the midpoint of the 1-1/2 
mile (2 ,4 km). long tunnel. Automatic detecting and 
recording equipment was used to determine the time 
of pi.ssage of the front and rear of each vehicle 
over two points a few feet apart. A computer 
program then summarized a variety of vehicle 
characteristics, including velocity, length, and 
headway time. 

" In this single lane carrying 60 percent cars, 32 
percent buses and 8 percent trucks, data were 
collected on 3,200 vehicles. Included were 1,200 
samples where cars followed cars, and almost 400 
cases of buses followed by buses. The relationship 
of time headway and speed were compared for these 
two types of flow. Results showed for cars 
following cars a minimum headway of 2.39 sec. at 
21.6 mph (34.6 kph); for buses following buses, a 
minimum of 3.49 sec. at 24.2 mph (38.7 kph). The 
headway difference between the two types of flow was 
found to range from 1.3 sec. at speeds of 14 .O mph 
(22.4 kph) to 1.0 sec. at 41.0 mph (65.6 kph), with 
a 1.1 sec. difference of minimum values. 

Comparison of the minimum headway times resulted 
in a pi.ssenger car equivalency of 1.46 for buses. 
over a speed range of 14.0 to 41.0 mph (22.4 to 65.6 
kph), the equivalent was found to decrease from 1.53 
to 1.36, probably because the greater length of 
buses is a 110re significant influence at low speeds. 
In surrmary, it was found that a car-bus equivalent 
varies with speeds but that an equivalent of 1.5 
cars per bus is representative of tunnel flow. 

A nationwide study of th.e Bureau of Public Roads 
(now the ·Federal Highway Adminstra tion) of mixed 
traffic flows on expressways carrying relatively 
large numbers of buses (7), involved detailed 
recording of speed and spacing of thousands of 
vehicles. This study indicated an equivalency 
factor of 1.6 as generally applicable on both 

expressways and full freeways. This factor appears 
appropriate to each of the traffic lanes at their 
normal speeds. 

Lcx::a tluui:; obi:;erved included: 

1. Route 3 approaches to Lincoln Tunnel, New 
Jersey (New York City area) 
2. Center Tube, Lincoln Tunnel, New Jersey (New 
York City area) 
3. Shoreway West, Cleveland, Ohio 
4. La.keshore Drive, Chicago, Illinois 
5. Mark Twain Expressway, St. Louis, Missouri 
6. Bayshore Freeway, San Francisco, California 
7. San Francisco-Oakland, California, Bay 
Bridge (temporary exclusive bus lane, lower 
deck) 

An earlier limited study of mixed traffic 
conducted by the Bureau of Public Roads on the 
Shirley Highway near Washington, D.C., showed a 1.7 
factor, and a test track study by a bus manufacturer 
showed a value of about 1.4. 

The similarity of these several findings 
indicates that when buses are in motion, either 
exclusively bus traffic or in mixed traffic, under 
uninterrupted flow conditions over a broad range of 
levels of service, their equivalency factors will be 
approximately 1.6 passenger cars (7). 

The capacity or service volume of an exclusive 
bus lane with uninterrupted flow can be computed by 
applying the 1.6 car equivalency factor to the 
computed capacity or corresponding service volume in 
passenger cars per hour. For example, a roadway lane 
having a capacity of 1, 500 passenger cars per hour 
would have an equi valency of 940 buses per hour and 
one within Level of Service C at a service volume of 
1 , 100 cars per hour , an equi valency of 690 buses per 
hour. This uninterrupted flow volume requires, of 
course, in the case of a single-lane facility, that 
bus stops be located off the lane and that adequate 
acceleration and deceleration lanes be provided. 

Bus Stops. The effects of bus stops to pick up 

Table 6. Typical Theoretical Bus Volumes 

Facility or Source 

G.M. Proving Grounds: 
Uninterrupted Flow 
(Initial Studies) 

Highway Capacity Manual, 1965 
Freeway - Level of Service D 

Level of Service C 

G.M. Proving Grounds: 
6-Bus Platoons, 30-sec On-Line Stops 

Highway Capacity Manu.al, 1965 
Arterial Streets - 25-sec Loading 
and 25-sec Clearance 

Taranto Transit Commission 
(Planning Criteria) 

Buses 
Per Hour 

l,450b 

940 
690 

400 

72 

60 

Headway 
(Seconds) 

2.5 

3.8 
5.2 

9.0 

50 

60 

aEquivalent passenger volume assumes 50 passengers per bus. 

Average 
Bus Stop 
Spacing 
(Feet) 

No Stops 

No Stops 
No Stops 

Variable 

Not Cited 

500-600 

Average 
Bus Speed 

(mph) 

33 

33 
40-60 

15 

Not Cited 

10 

Equivalent 
Passengers a 

Per Hour 

72, 500 

47 ,000 
34,500 

20,000 

3,600 

3,000 

bSubsequent studies have reported bus volumes of 900 to 1,000 vehicles per lane per hour, these are 
consistent with reported flows. 

source: Compiled from various Bus-Use Studies. Summarized in Ref. (11), p. 38 
(1 foot= .305 meter 
1 mph = 1.6 kph) 
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Table 7. Observed Peak Hour Bus Volumes 

Average 
Bus Stop Average 

Buses Headway Spacing Bus Speed Passengers 
Facility or Source Per Hour (Seconds) (Feet) (mph) Per Hour 

Lincoln Tunnel - Uninterrupted Flow 735 4.9 No Stops 30 32,560 

I-495 (New Jersey) Exclusive 
Bus Lane - Uninterrupted Flow 485 7.3 No Stops 30-40 21,600 

San Francisco - Oakland Bay Bridge 350 10.3 No Stops 30-40 13,000 

South Michigan Avenue, Chicago 
(5-minute rate, some multiple lane 

ll,400a use) 228 15 Not Cited Not Cited 

Hillside Avenue, New York City 
(Multiple lane use with lightly 

s,5ooa patronized stops) 170 21 530 Not Cited 

Shirley Highway Busway and 14th 
Street Bus Lanes, Washington, D.C. 900 35 (Freeway) 
area 160 23 (in CBD) 6-12 (CBD) s,oooa 

State Street, Chicago; Market Street, 
Philadelphia; and Market Street, 6,100-
San Francisco (Multiple lanes) 150 24 300-600 6-10 9,900 

K Street, Washington, D.C. 130 28 500 !i-8 6,500a 

Downtown Streets (Single Lane) 4,500-

with stops (various cities) 90-120 30-40 500 5-10 6,000a 

aEstimated, assuming 50 passengers per bus 

Source: Compiled for various Bus-Use Studies . Summarized 
in Ref. (!) (l foot= .305 meter; l mph= 1.6 kph) 

and discharge passengers are given in Table 7 , which · 
surrmarizes observed bus volumes on arterials and 
city streets. The highest volumes, 735 buses per 
lane per l:Dur in the Lincoln Tunnel and on the Port 
Authority Bus Terminal access ramp, are achieved on 
a completely exclusive right-of-way where vehicles 
make no stops. Where bus stop or layovers are 
involved, reported volumes are much less. 

Stopping a bus to pick up or discharge 
passengers limits the capacity of a bus lane. Time 
rrrust be allowed for acceleration, deceleration, and 
stop clearance as well as the time when the doors 
are open. Observed transit lane volumes where 
intermediate stops are made rarely exceed 120 buses 
per hour, al though volumes of 180 buses per hour or 
more are feasible where stops are short or where 
buses use two or rn::ire lanes and stopped vehicles can 
be overtaken~with careful management and control of 
bus operations. These volumes compare with maximum 
streetcar volumes on city streets sane 50 years ago 
approaching 150 cars per track per hour--under 
condi tion.s of extensive queueing and platoon loading 
at heavy stops (10). 

Terminals. Usage characteristics of major bus 
terminals--in the United States are summarized in 
Table 8. During a typical peak hour, New York's 184 
berth midtown terminal serves 33,000 entrants; San 
Francisco's 37 berth Transbay Terminal, 13,000 
(before BART); and Chicago's 22 berth 95th and Dan 
Ryan Terminal, 5,000. 

Effects of Buses on Vehicular Capacity 

Buses have a reductive effect on vehicular capacity 

which varies according to their method of operation. 
In general, the time available for other vehicles 
will be reducea by the time preempted by buses. 
This time loss depends upon the number of buses in 
the traffic flow, and their service time 
requirements. 

Consequently, for uninterrupted flow, buses are 
the equivalent of 1.6 passenger car units, in the 
lane in which they operate. At bus stop locations, 
buses will have a greater reductive effect because 
of the time involved in discharging and receiving 
passengers. The equivalency factors for these 
conditions depend upon the duration of the bus stop 
and its reductive effect on arterial street green 
time. 

The reductive effects on other vehicles in the 
lane where local transit buses operate can be 
sumnarized as follows: 

Where the buses stop in a lane which is not used 
by moving traffic (for example in a curb parking 
lane), the time loss to other vehicles is 
approximately three to four seconds per bus. 
For this case, buses would either accelerate or 
decelerate across the intersection, thereby 
reducing the impeditive effects to other 
traffic. 

Where buses stop in a nonnal traffic lane, the 
time loss involves the dwell time for buses plus 
a time loss for stopping and starting, and the 
associated queueing effects on other traffic. 
The time loss can be estimated from the 
following equation for the lane in which the 
buses operate. 
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Table 8. Principal Central Area Bus Terminals 

Development Costsb 

Type of Bus 
Service 

Date 
Completed 

Number of Bus 
Levels 

Number of Bus 
Loading Docks 

Contiguous 
Transportation 
Facilities 

Access 
Connections 

Number of 
Buses 

Average Bus 
Occupancy 

Daily 

Peak 
Hour 

Daily 

Peak 
Hour 

Daily 

Peak 
Hour 

Avg. Number Daily 
of Buses 
Per Dock 

Avg. Bus 
Layover 
Time in 
Hours 

Peak 
Hour 

Daily 

Peak 
Hour 

Anci 11 ary Land 
Uses 

Remarks 

Port 
Authority 
Bus Terminal, 
New York, NY 

$58,000,000.00 

Commuter and 
Intercity 

1950 

3 

184 

Subway, 
Local Bus, 
Auto Parking 

Di re ct Ramp 
Connections 
with Lincoln 
Tunnel 

105 ,500 

32,600 

3,350 

730 

27.4 

44.1 

18.2 

4.0 

1. 32 

0.25 

Retail 
Convenience 
Goods, 
Restaurants 

1,080 cars; 
saves buses 
30 mi ns. over 
previous 
operations 

aOne direction only bus volumes. 

George 
Washington 
Bridge Bus 
Terminal, 
New York, NY 

$15,300,000.00 

Commuter and 
Intercity 

1963 

2 

43 

Subway, 
Local Bus 

Di re ct Ramp 
Connections 
with George 
Washington 
Bridge 

20,000 

4 ,200 

850 

108 

23. 5 

39 .0 

19.6 

2.5 

1. 22 

0.4 

Retail 
Convenience 
Goods, 
Res tau rants 

Located over 
cross Bronx 
Expressway 

bData on maintenance costs and revenues unavailable. 

cAlso four unloading and six loading docks. 

Greyhound 
Bus Terminal, 
Cl ark and 
Randolph Sts. 
Chicago, IL 

$8,000,000.00 

Mainly 
Intercity 

1952 

30 

Subway, 
Local Bus, 
Curb Parking 

Tunnel and 
Ramp Connections 
with Garvey St. 
and Wacker Dr. 

10 ,000 

Retail 
Convenience 
Goods and 
Offices over 

Designed to 
a 11 ow office 
building over 
station 

Transbay Bus 
Terminal, 
San Francisco, 
CA 

$11,000 ,ODO .00 

Intercity and 
Commuter 

1960 

1 

37 

Streetcar 
and Bus, 
Auto Parking 

Direct Ramp 
Connections with 
San Francisco
Oakl and Bay 
Bridge 

44,000 

13,000 

2,200 

350 

20 . 0 

37.2 

59 .5 

9.5 

0.40 

0.16 

Retail 
Convenience 
Goods 

Prior to 1960 
key system 
taxis used 
terminal 

81 

Dixie Terminal 
Cincinnati, OH 

Not Available 

Commuter 

Rail cars -1921 
Buses - 1936 

1 

Local Bus, 
Auto Parking 

Di re ct Ramp 
Access to 
Suspension 
Bridge over 
Ohio River 

5,000 

1,800 

195 

48 

25.4 

37.5 

32.5 

8.0 

0.16 

0.08 

Retail, 
Offices, 
Restaurants 

Former inter
urban rail 
terminal, 
shared by rail 
& bus 1936-
1950. Bus only 
s i nee 1950 



82 Transit 

Time Loss (in seconds per hour) 
= (G/C) x s x (D + L) (1) 

where: 
G/C Green time/Cycle time ratio 
s Buses per hour that stop 
D Average Dwell Time, in seconds 
L Additional Loss due to stopping, starting, 

and queuing, in seconds (l = 6 seconds, 
assuming average conditions) 

Equivalent passenger car units can be derived· 
from this formula, for various rates of vehicle 
flow, dwell times, G/C ratio and bus volumes. 

Bus Berth Capacity 

General Considerations 

The service volumes of bus routes, terminals and 
busways--in persons carried--is generally limited by 
the ability of stops, or loading areas, to pickup 
and discharge passengers. Just as the signalized 
intersection ucuQlly determines arterial street 
capacity, bus route capacity is determined by the 
µissenger service times at major passenger loading 
and unloading points. P.or this reason, theoretical 
bus capacities for uninterrupted flow have little 
practical application for other than express runs. 

Each bus requires a certain amount of service 
time at stops, which varies with the number of 
boarding and alighting passengers, door 
configuration of buses, and methods of fare 
collection. The minimum safe spacing between buses 
in motion, and the number of loading positions 
available at any stop also influence the total 
number of buses that a given stream can carry. Bus 
volume may be increased where vehicles can overtake 
or leave each other in entering or leaving loading 
positions. 

The number of buses per lane per hour and the 
nunber of people they carry depend on a variety of 
roadway and operating factors. These factors 
include: 

1. 'I'ype and characteristics of the roadway -
mixed traffic versus special busway; expressways 
versus arterial lanes; extent of signalization, 
flow restrictions and interferences. 
2. Mode of ope.ration - singly or in platoons; 
on-line versus off-line stations; consistent 
arrival versus random arrival at designated 
loading areas. 
3. Design of vehicle - seating capacity and 
door configuration; single versus articulated 
vehicles; standing versus seated loads; single 
versus multiple doors; number and height of 
steps. 
4. Clearance between buses - queueing versus 
nonqueueing operations; low speed versus 
high-speed operations. 
5. Frequency and duration of stops - (including 
dwell times); dispersed versus concentrated 
loadings; comnon or separated passenger boarding 
and alighting; prepayment versus on-vehicle fare 
collection; single-coin versus odd-penny fares. 
6. Interface between buses and pedestrians at 
bus station. 
7. Bus layover practices at terminals -
intercity versus suburban operations; driver 
relief and schedule recovery requirements. 

Analytical Relationships 

The following relationships show how the various 
factors influence the capacity of a downtown busway 
or bus terminal area. They establish ranges in 
typical time requirements for each· of the operations 
at a bus berth, and they identify relationships 
between bus passenger line-haul capacity, boarding 
and alighting volumes, and major parameters of 
equipment and facilities. These formulas should be 
applied to the peak 15 minutes in each rush hour, 
since this period usually contains the maximum 
boarding and alighting volumes. 

capacity of a Berth. capacity of a berth can be 
estimated as follows: 

Minimum headway at bus berth (h') 

h' = aA + bB + C (2a) 

(for two-way fl ow through doors) 

h' = aA + C (2b) 

(for exiting only; one-way f1ow) 

h I = bB + c 
(for boarding only; one-way rlow) ( 2c) 

Where passengers enter via the front door, and 
exit via the rear door, the greater of equations 2b 
or 2c determines minimum headways and dwell times. 

Maximum passengers per berth per hour (G) 

f' = 3600/h' = 3600/(aA + bB + C) 
(for two-way flow) 

f' = 3600/(aA + C) 

(for exiting only) 

f' = 3600/(bB + C) 
(for boarding only) 

( 3a) 

( 3b) 

( 3c) 

The following relationships apply to a single 
station, assuming that loading conditions govern. 
Similar formulas can be derived based upon passenger 
interchange or unloading: 

MaAimum passengers per berth per hour 
G = f'B = (3600)/(bB + C) (4) 

Effective l>erths required (N) to serve J passen
gers per hour 

N = J/G = J(bB + C 
3600 B ( 5) 

The basic variables used in the various analyses 
are defined in Table 9. Table 10 presents basic 
analytical relationships for a single station and 
contains a set of illustrative calculations, 
assuming that loading conditions govern. 
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Table 9. Basic Bus System Algebraic Variables 

Synt>ol Description 

A Alighting Passengers per Bus in peak 10-15 minutes 

Alighting Service Time per Passenger, in seconds 

Boarding Passengers per Bus in peak 10-15 minutes 

Boarding Service Time per Passenger, in seconds 

Clearance time between Successive Buses, in seconds (time between closing of doors on first bus and opening of doors on second bus) 

D Bus Dwell Time at Bus Stop, in seconds (time when doors are open and bus is stopped) 

f Bus frequency, in buses per hour (all routes using the facility), at Maximum Load Point (if all buses stop at all stations, f = N(f') 

f' Maximum Peak Bus frequency at a berth, in buses per berth per hour 

G Boarding Passenger Capacity per berth per hour 

H Alighting Passenger Capacity per berth per hour 
Bus Headway on the facility, in seconds, at Maximum Load Point (h = 360D/f) 

h' Minimum Bus Headway at a berth, in seconds (h' = 3600/f') 

Passengers Boarding at Heaviest Stop, per hour 

K Passengers Alighting at Heaviest Stop, per hour 

Peak Hour Load factor, in passengers per bus seat per hour, at Maximum Load Point 

Number of Effective Berths at a Bus Station or Stop (N = N' x u) 

N' Number of Berth Spaces Provided in a Multi-berth Station 
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Line Haul Capacity of a bus facility, in persons per hour, past the Maximum Load Point (hourly flow rate based on maximum 10-15 minutes) 

PHf Peak Hour factor 

Seating Capacity of Bus (varies with design) 

Berth Utilization factor (an efficiency factor applied to the total number of berths to estimate realistic capacity of multi-berth 
stations. u = N/N' ) 

Proportion of Maximum Load Point Passengers which Board at Heaviest Stop (X = J/P) 

Proportion of Maximum Load Point Passengers which Alight at Heaviest Stop (Y = K/P) 

Source: Adapted from Ref. (1_!), p. 41. 

Table 10. Bus System Capacity Equations, Illustrative Example 
(Boarding Conditions Govern) 

Variables Equation (Hourly Rates) 

Minimum Headway at Stop 

Maximum Buses per Berth per hour 

Maximum Passengers per Berth per hour 

Effective Berths Required to serve 
J passengers per hour 
Bus Frequency Required to serve 
J passengers per hour 

Bus Frequency at Maximum Load Point 

Passengers per Bus at Heaviest Stop 

Minimum Headway at Heaviest Stop 

Buses per Hour at Heaviest Stop 

Number of Effective Berths at 
Heaviest Stop 

Source: Adapted from Ref. (11.), p. 41. 

h' 

f' 

G 

N 

f 

f 

B 

h' 

f' 

Bb + C 

3600/h' 3600 
= Bb + C 

f'B 

J/G 

f'N 

P/S 

X(S) 

3600 
Bb + C 
J(Bb + C) 

36006 

J/B 

Bb + C = bX(S) + C 

I 3600 
3600/h = bX(S) + C 

N = f. = _f( bXS + C) = P bXS + C 
f' s 3600 3600 s 

Example 

Let: c 15 seconds 
b 3 seconds/passenger 
B 10 passengers/bus 
J 2400 boarding pass./hour 

h' 10(3) + 15 = 45 seconds 

f' 3600/45 = 80 buses/berth/hour 

G 80( 10) = 800 pass./berth/hour 

N 2400/800 = 3 berths 

f 3(80) 240 buses 

Let: P 6000 passengers 
b 
s 
c 
x 

3 seconds/passenger 
50 passengers/bus 
15 seconds 
0.50 (50%) 

f 6000/50 = 120 buses/hour 

B 50(0.50) = 25 passengers/bus 

h' = 25( 3) + 15 90 seconds 

f' = 3600/90 = 40 buses/berth/hour 

N 120/40 3 berths 
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System Capacity. The capacity of any busway or 
terminal and approach system will be governed by the 
nunber of passengers (a) boarding and/or alighting 
at the heaviest stop or (b) traveling past the 
maximum point (between stops), whichever is less. 
These condtions apply when the approach volume of 
buses and passengers is specified and it is desired 
to estimate the required number of berth positions. 
The sequence of analyses is as follows: 

1. The maximum load point demand establishes 
bus frequency requirements in the corridor. 

2. Bus service frequency and boarding volumes 
determine minirm.un headway per berth. (For planned 
system:;, where no boarding counts are available, the 
percentage of passengers boarding at the heaviest 
stop is a key parameter of total passenger 
capacity.) 

3 • The maximum bus frequency per berth depends 
on this minirm.un headway. 

4. Berth needs are derived fran the required 
bus frequency at the maximum load point and the 
maxir.nin bus frequency which can load at the heaviest 
berth. 

The following equations show how maximum load 
point and heaviest stations parameters interrelate. 
These relationships assume that loading conditions 
govern; a similar set of equations could be derived 
where piSsenger alighting (or passenger interchange) 
determine capa.citia::;. 

p ( 3600 )( N)( S) 
bB + C (6) 

Or, since boarding passengers per bus depends on 
bus frequency, f 

p 3600 N 
( 7) Xb + C/S 

This relationship can also be expressed in terms 
of the passenger capacity per berth as follows: 

p = NG = fS x (8) 

These equations indicate that the number of bus 
berths required at the heaviest stop or bus terminal 
varies directly with the total passengers to be 
served at that point, the boarding and alighting 

service times required per passenger, and the 
clearance times between buses. Table 10 contains an 
illustrative set of calculations. 

The following example also shows how these 
formulas can be applied. It is desired to find the 
total passengers that can be carried past the 
maximum load point in an oour, based on the peak 15 
minute flow rate. Operating policy calls for a 20 
second clearance between buses (C = 20), and 50 
passenger buses, and a load factor of 1.00 ( S = 50) • 
There is prepayment of fares, and the ability to 
load buses at 2 .o seconds per passenger ( b = 2. 0) • 
System design anticipates that 50 percent of the 
total passengers will board at the maximum load 
point (X =0.5). Four effective berths are provided. 
Substituting in fonnula (7): 

(3600)(4) 
P (0. 5)( 2)+( 20/SO} - 10,286 - 10,000 persons/hr. 

The actual oourly volune would be less since the 
capacity represents four times the peak 15 minute 
flow rate. To calculate the hourly volllm8, a peak 
oour factor ( PHF) is used. PHF is defined as the 
hourly volume divided by four times the highest 
15 minute volume occurring within the hour. The 
oourly volune can be calculated by: 

Hourly Volume (HV) 

HV = (Peak 15 min. volume)(4)(PHF) 

In this example if the peak hour factor is 0.75, the 
oourly volume would be 7,000 persons. 

Bus system capacities can be increased 
(alternatively, berthing requirerrents can be reduced) 
by: (1) increasing the number of downtown (or 
"terminal") stations on a busway or busline thereby 
reducing the number of boarding and alighting 
passengers at the heaviest stop; (2) reducing the 
loading and unloading times for passengers through 
multiple doors on buses, pre-payment, and/or 
selective separation of loading-unloading; and (3) 
using larger buses to reduce the clearance interval 
time losses between successive vehicles. In 
sUIIl:J9..J.·y, the person capacity of a bus lane appeitrS 
to depend heavily on the number of doors per bus and 
the methods of fare collection. 
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Table 11. Suggested Use Factors for Multiple Berth Operations, Linear Stations 

Berth On-Line Stations a Off-Line Stations a 

Number Capacity Factor 
Factorb Efficiency (Cumulative) 

Capacity Factor 
Factorb Efficiency (Cumulative) 

1 100% 1.00 

2 75% 1. 75 

3 50% 2.25 

4 25% 2.50 

5 Negligible 2.50 

aAssumes that buses do not overtake each other . 

bcumulative capacity. 

Sources: Ref. CQl and Ref. (~). 

1. 000 100% 1.00 1. 000 

0.875 85% 1. 85 0.925 

0.750 75% 2.60 0.867 

0.625 65% 3.25 0.812 

0.500 50% 3.75 0.750 

Note: In Ref. (~), efficiency values were (1) 100%, (2) 73%, (3) 41%, (4) 27%, and (5) 18%. 
The resulting capacity factors (cumulative) were 1.00, 1.73, 2.14, 2.41, and 2.54. 

Berth Use Efficiency 

Actual bus route schedules may not permit an even 
distribution of scheduled buses among berths or an 
even distribution of passengers among loading 
positions. The actual efficiency of a system of 
loading positions will also vary with the type of 
design, and should be considered in developing 
capacitiesfor any given loading area. The berth 
efficiency factors shown in Table 11 are based on 
the experience at the Port of New York Authority. 
Further research is necessary to develop typical use 
factors, because experience with high-volume 
exclusive bus facilities is limited. 

Passenger Service Times and Bus Headways 

The minimum headway of buses at a stop consists of 
(1) actual station dwell time when the bus doors are 
open for boarding and alighting, plus (2) clearance 
times between buses. The time lost in opening and 
closing doors may be added to the dwell times, or 
incorporated in the clearance intervals. 

Field observations of bus clearance times are 
limited. A British study (13) reported "dead time" 
(standing at a stop with the-doors closed) of two to 
five seconds. Scheel and Foote (6) indicate that 
bus start-up times should also range fran two t o 
five seconds. The time for a bus to tra ve 1 its own 
length after starting ranges from 5 to 10 seconds, 
depending on acceleration and traffic conditions. 
Accordingly, a reasonable estimate of clearance time 
per bus is 10 to 20 seconds, including door opening 
and closing times. 

Station dwell t imes may be governed by boarding 
demand (e.g., in the PM peak when substantially 
empty buses arrive at a heavily used stop), 
alighting demand (e.g., in the AM peak at the same 
location), or total interchanging passenger demand 
(e .g., at a major transfer point on the system). In 
all cases, dwell time is proportional to boarding 
and / or alighting volumes times passenger service 
time. 

Kraft (27) in his research on passenger service 
times founcr--that the physical characteristics of 
vehicles such as the dimensions and number of 
stairs, aisle width, seating configuration and gate 

configuration affect service times. His 
investigations indicated the following: 

1. There is no difference between front door 
and rear door alighting times. 
2. Using ooth doors to alight requires more 
than one-half the time than it does to alight 
from one door. Time reductions of 27 to 80 
percent were observed. 
3. For alighting passengers, double stream 
doors have been observed to require 27 to 46 
percent less time than single stream doors. 
4. Rear door boarding times for double stream 
doors were observed to be O. 4 second per 
passenger faster than for double stream front 
doors, a reduction of 30 percent. 
5. The use of boarding through both doors 
required less time than for one door, but the 
time requirements for two doors was more than 
half that required for one door. 

It was difficult to detennine the effects 
of aisle width and seating configuration 
because of their interaction with other 
elements. However, it was concluded that 
decreased aisle width increases passenger 
service time and that reducing the double 
seats on each side of the vehicle to a single 
seat on one side of the vehicle may result in 
reduced pLSSenger service time. 

Analysis of boarding and alighting time 
indicated the following : 

1. Boarding service time requiranents exceed 
those for alighting. 
2. Alighting times are greater when boarding 
passengers are present. 
3. Fewer delays to alighting and boarding 
passengers occurred when boarding queues were 
organized and orderly. 
4, The presence of standees increases 
passenger service time. Observations of bus 
operations on Bloanfield Avenue in Newark, New 
Jersey, indicated an increase of 20 percent in 
boarding and alighting times when standees 
were present. It was observed that standees 
did not always interfere with the boarding and 
alighting of passengers. 
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Observed ranges in passenger service times for 
various bus operating and fare collection procedures 
are sur.marized in Tables 12, 12a, and 13 for both 
American and European experience. The appendix to 
this section all:O contains passenger service times 
from a recent U.S. study (27). 

Boarding service times are usually greater than 
alighting times. However, sane stop time equations 
in Table 12 relate to total passenger interchange. 
Differences among cities reflect door widths and 
configurations, fare collection practices, and one 
versus two-man operation. Some formulas also 
reflect the time losses resulting fran opening and 

Table 12. Bus Boarding and Alighting Times in Selected Urban Areas 

Boarding and Boarding and 
Bus Alighting Fare Fare Alighting 

Location Type Method Scheme Collection Relationship a 

Louisville, Ky. One-man Alighting only Flat fare Driver T 1. 8 + 1.lF 
One-man Boarding only Flat fare Driver T -0.1 + 2.6N 
One-man Simultaneous Flat fare Driver T 1. 8 + l.OF + 2.3N 

-0.02FN 

London Two-man Consecutive Graduated Conductor T 1.3 + 1.5 (N+F) 
One-man Consecutive Graduated Driver T 8 + 6.9N + l.4F 
One-man Simultaneous Flat fare 

Single Mechanical T 7 + 2.0N 
coin 

3.3~ TWO coin Mechanical T 5.7 + 

Toronto One-man Simultaneous Zonal Fare Box T l.7N, T = l.2SF I 
T = l.4(N+F) 

Copenhagen One-man Simultaneous Flat fare Split entry c T 2.2N 

Dublin Two-man Consecutive Graduated Conductor T l.4(N+F) 
One-man Consecutive Graduated Driver T 6.SN + 3.0F 

France: 
Bordeaux One-man Simultaneous Flat fare Driver T 15 + 3N 
Toulouse One-man Simultaneous Flat fare Driver T 11 + 4.6N 
Paris One-man Simultaneous Graduated Driver T 4 + SN 

Two-man Simultaneous Graduated Conductor T 2.3N 

aT = stop time, in sec; N = number of passengers boarding; F 
alighting. 

number of passengers 

b In peak time; T = 5.7 + S.ON in off-peak time. 

cDriver and machine. 

Sources: Refs. (14) and (15). 

Table 12A. Means and Variances of Observed Passenger Service Time Distributions 

Direction Doors Coefficient 
Location of Flow Bus Type on Bus Time in Seconds of Variation 

Variance (%) 

Montreal, Canada Boarding Can. Car 2 2.097 o. 727 40.67 

Montreal, Canada Boarding GMC 2 2.034 0.834 44.89 
New Brunswick, NJ Alighting GMC 1 1.972 1. 045 51. 83 

New Brunswick, NJ Boarding GMC 1 3.471 3.499 53.90 

San Diego, CA Alighting GMC 2 1.472 0.403 43. 34 

San Diego, CA Boarding GMC 2 2.180 0.868 42.75 

Source: Ref. (~) 
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Table 13. Reported Passenger Service Times On and Off Buses 

Conditions 

Very little hand baggage and 
g parcels; few transfers 

:;:l Moderate amount hand baggage or 
~ many transfers 
.-i 

5 Considerable baggage from racks, 
(intercity runs) 

Time 
(Seconds) 

1.5 - 2.5 

2.5 - 4.0 

4.0 - 6.0 

Sources: Adapted from Ref. (18), pp. 338-348, and 
Ref. (30), p. 7. 

closing doors. However, this loss can be 
incorporated into clearance time between buses. · 

Examples of means,variances,,and coefficients of 
variation of passenger service times are shown in 
Table 12A. Coefficients of variation generally 
range from 40 to 50 percent of the mean passenger 
service time. 

American experience with single-door buses shows 
passenger boarding times ranging from 2 seconds 

Conditions 

Single coin or token fare box 

Odd penny cash fares, multiple 
zone fares 

Pre-purchased tickets and 
registration on bus 

Multiple zone fares; cash; 
including registration on bus 

Prepayment before entering bus 
or pay when leaving bus 

Time 
(Seconds) 

2.0 - 3.0 

3.0 - 4.0 

4.0 - 6.0 

6.0 - 8.0 

1.5 - 2.5 

aAdd one second where fare receipts are involved. 

(single-coin) to over 8 seconds for rrrultiple-zone 
fares collected by driver (Table 13). Alighting 
times range from about 1-1/2 to 2-1/2 seconds for 
typical urban conditions to 6 seconds or more where 
mggage is involved. 

Suggested ranges in bus service times in 
relation to door width, methods of operation, and 
fare collection practices are presented in Table 14. 
These bus service times, based on current 

Table 14. Typical Bus Passenger Boarding and Alighting Service 
Times for Selected Bus Types and Door Configurations 

Bus Type Available 
Doors or Channels 

Typical Boarding Service Times 
a Typical Alighting 

b 
Service Tirres 

Conventional 

Articulated 

Special Single 
Unit 

Number Location 

1 Front (F) 

1 Rear (R) 

2 Front (F) 

2 Rear (R) 

2 F 
d 

& R 

4 F & 
f 

R 

3 Front, Rear & Center 

2 Rear 

2 Front & Center 
d 

6 Front, Rear & Center 

6 3 Double 
h 

Doors 

Prepayment Single Coin Fare 
c 

2.0 sec. 2.6-3.0 sec. 1. 7 sec. 

2.0 
c 

1. 7 sec. n.a. sec. 

1.2 sec. 1.8 sec. 1.0-1.2 

1.2 
c 

1.0-1.2 sec. n.a . 

l.2 
c 

0.9 sec. n .. a .. sec. 

0.7 
c 

0.6 sec. n.a. sec. 

f c 
0.8 0.9 sec. n.a. sec. 

1.2 sec. 
g 

n.a. 
g 

0.6 sec. 

0.5 
c 

0.4 sec. n.a. sec. 
e 

0.5 
c 

0.4 sec. n.a. sec. 

aTypical interval in seconds between successive boarding and alighting passengers. Does not allow for 
clearance times between successive buses or dead time at stop. 

bAlso applies to pay-on-leave or free transfer situations. 

cNot applicable with rear-door boarding. 

done each. 

eTwo double doors each position. 

ft.ess use of separated doors for simultaneous loading and unloading. 

gDouble door rear loading with single exits, typical European design. Provides one-way flow within 
vehicle, reducing internal congestion. Desirable for line-haul, especially if 2-person operation is 
feasible. May not be best configuration for busway operation. 

hExamples: Neoplan TR-40 Mobile Lounge designed by Trepal Systems, Inc., for airport apron use. 

Sources: Ref. (18), Ref. (13), and Ref. (31). 

sec. 

sec. 

g 
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experience, provide a basis for further estimating 
bus and person capacity. They assume that 
pre-payment before entering buses would reduce 
passenger service time, a reasonable assumption for 
downtown busways and bus terminals. 

Passenger service times decrease as the number 
of door channels available to passengers increases. 
The time values in Table 14 reflect inefficiencies 
in utilizing additional doorway capacity. For 
P.xampl P., onP. paRRP.ngP.r may m:cupy a douhlP. door; 
moreover, passengers do not distribute themselves 
uniformly among doorway openings. The values do 
not, however, reflect docrway and aisle turbulence 
at points of heavy simultaneous boarding and 
alighting (See References 16 and 17 for more 
details). - -

Figure 1 shows how berth capacity can be 
increased by changing downtown fare collection 
practices on a standard versus an urban transit bus. 
The example shown in Figure 1 is based on the 
following assumptions: clearance interval, 15 
sec. /bus; service time with single-coin fare, 3 sec. 
(top curve); service time with double doors and 
prepaid fare, 1.2 sec. (bottom curve); and 15-minute 
peak passenger flow rates, stated in hourly terms. 
The figure also indicates how increasing the number 
of passengers boarding per bus tends to decrease the 
frequency of buses that can load at a berth. If the 
boarding passenger volumes are distributed over 
several stops so that peak boarding averages 10 
passengers/bus at the heaviest stop, from 80 to 140 
buses could be scheduled, depending on fare 
structure, door availability, and the number of 
alighting passengers. At outlying stops where 
boarding or alighting averages less than 5 
passengers/bus, 120 buses/berth/hour can be 
scheduled when single-coin fare and single-door 
entry are used. Conversely, where the entire bus 
fills up at a given stop, only 20 to 48 buses/hour 
could be served. 

CBD Busway Guidelines 

CBD busway capacity can be computed from the 
precedinE formulas, utilizing appropriate 
assumptions regarding type of bus u.sed, maximum 
allowable bus loading, distribution of ridership 
among CBD stops and ratio of the peak 15 minute 
demands of the entire hour, and type of status (on 
or off-line) which would affect berth efficiency. 

Bus Use. The number of people per bus will 
depend upon (1) size of vehicles (about 50 
seats/regular bus to 60 seats/articulated bus), and 
(2) operating policies with regard to standees. To 
provide an acceptable level of comfort for express 
bus commuters with a minimum non-stop run of three 
to five miles, the passenger load factor in the peak 
15 minute period should not exceed 1.00--i.e., there 
should be a seat available for each passenger 
(Higher load factors are acceptable on shorter bus 
routes). When total hourly flows are considered, a 
lower load factor should be assumed. Depending on 
land use and employerhours,conservative load factors 
also will minimize on-vehicle turbulence at bus 
stop:;. 

Passenger Distribution at CBD Stops. A 
reasonable design assumption is that 50 percent of 
the maximum load point volume is served at the 
heaviest CBD busway stop--assuming a minimum of 
three stop:; in the downtown. The Washington-State 
Sul:1Nay Station in Chicago accounts for about half of 
all boarding passengers at the three downtown stops 
on the State Street line. 

Peak H.our Factor. Typical relationships between 
the peak 15 minutes and peak 60 minutes for transit 
lines range from 0 . 60 to 0 • 85 • Quinby cites a range 

of 0.70 to 0.95, with 0.83 as a guide, in the 
Transportation and Traffic Engineering Handbook 
(~. For example, the Los Angeles SCRTD reports 
pe ak hour factors for Route 83 of 0.66 for 
col!Illunters and 0.74 for locals. For busways, an 
average peak hour factor of 0.67 is reasonable. 

Illustrative busway capacity guidelines for 
central urban areas are shown in Figure 2 and given 
in Table 14 for a variety of bus types and service 
conditions. Figure 2 shows how door configuration 
and number of berths increases maximum load point 
capacity. The lower horizontal scale applies to 
typical through station operations while the upper 
scale applies to a single-station situation. 

Table 15 gives assumptions used in deriving 
capacities. The computations assume that: 

1. passengers per bus at maximum load point is 
50 for conventional buses and 60 for articulated 
buses, 

2. fity percent of the maximum load-point 
passengers board at the heaviest CBD stop, 
3. there are three loading berths for both 
on-line and off-line boarding (for alternate 
station sizes, see Figure 2) and loading and 
unloading areas are separated, 
4. an adjustment factor of 0.75 is used to 
allow for on-vehicle turbulence and schedule 
irregularity, 
5. a peak hour load factor of 0. 67 is used to 
convert from peak 15 minute flow rates to 
overall average hourly volumes, and 
6. fares are prepaid (no fares collected on bus 
in CBD). 

Figure 1. Illustrative Example of Bus Berth 
Capacity in Relation to Passenger Boarding Volumes 
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Table 15. Illustrative Bus Capacity Guidelines for CBD Busways 

Loading Condition A: Single door conventional bus, simultaneous loading and unloading 

Loading Condition B: Two door conventional bus, both doors loading or double-stream doors simultaneously 
loading and unloading 

Loading Condition C: Four door condventional bus, all double-stream doors loading 

Loading Condition D: Six door articulated bus, all doors loading 

Loading Condition 

--A-- --B-- --c--
Station+ On- Off- On- Off- On- Off-

line line line line line line 

Passengers Boarding at Heaviest Stop 
Number of Passengers 25 25 25 25 25 25 

Boarding Time per Passenger, in seconds 2.0 2.0 1. 2 1. 2 0.7 0.7 

Total Boarding Time, in secondsa 65 65 45 45 3212 3212 

Berth Use, in buses per hour 

Maximum buses per hour per berth 55 55 80 80 111 111 

Use Factor, for three berths 2.25 2.60 2.25 2.60 2.25 2.60 

Total for All Berths 124 143 180 208 250 289 

Adjusted Total for All Berthsb 93 107 135 156 188 217 

Passengers per hour at Heaviest Stop 
Peake 4650 5350 6750 7800 9400 10850 

Averaged 3115 3570 4520 5200 6300 7320 

aincludes fifteen second bus clearance interval 

bAdjusted by a factor of 0.75 to account for turbulence, schedule irregularities, and the like. 

cFrom Figure 2 

dAdjusted by a factor of 0.67 from peak volume 

Source: Adapted from Ref. (~), p. 39 (Table 8). 

50 1000 

Figure 2. Typical CBD Busway Line Haul Service Volumes (Flow Rates) 
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Resulting average hourly bus volumes at maximum 
load points are as shown in Table 16. 

Table 16. Busway Volumes at Maximum Load Points 

on-Line Off-Line 
Type of Operation Stations Stations 

Conventional Bus a 3,100 3,550 

Two Doors Available b 4,500 5,200 

Four Doors Available c 6,300 7,250 

Articulated d 60-Passenger Bus 8 ,050 9,350 

asingle door for loading 

bDouble-door entrance or front and rear single doors 
with separate or negligible alighting 

cWide double-doors front and rear with separate or 
negligible alighting 

dsix door channels and separate or negligible 
alighting 

Note: Peak 15-minute flow rates would be SO percent 
higher, assuming a ly yical luad factor of 
0.67. 

Source! Herbert S. Levinson 

Bus Terminals 

Berth space requirements at major bus te:nninals can 
be canputed by the preceding fo.rr.rulas . a::mputations 
soould reflect l:x>th scheduled and actual peak period 
bus arrivals and departures, since intercity bus 
services regularly run "extras" during peak travel 
periods. They should also recognize the specific 
type of carrier operations, fare collection 
practices, bus door conf igurations, passenger 
arrival patterns, amount of baggage, driver 
layov r-recovery times, tenninal design, and berth 
configuration. 

Bus service times may be increased to allow 
buses to meet scheduled departure times. In these 
cases , it may be necessary to add 5 minutes or more 
to computed clearance and dwell times. Current 
experience shows about two buses per berth per hour 
for intercity operat ions and about 10 to 12 buses 
per berth for camJuter operation. 

Illustrative berth loading capacities are shown 
in Table 17. Note that bus unloading capacities 
will approximate loading conditions. These 
capacities assume that each berth would be fully 
effective and that passenger loading times would 
determine bus dwell times. 

Typical berth operations and resulting levels of 
service are as follows: 

•Prepaid fare collection with use of double 
entrance doors can accomodate 2,400 to 2,900 
passengers per oour per berth (with queueing); 

• Free, prepaid, or pay-on-exit operations, with 
single doors, can accomodate 1,600 to 1,900 
passengers per oour per berth with queueing; 

•With lllllti-zone fares~where tickets are sold or 
validated by the bus driver--capacities 
capacities are reduced to as low as 250-500 
passengers per oour per berth. 

In practice, the capacities would have to be 
reduced to reflect actual operating conditions. 

These capacities should also be reduced -to allow for 
schedule recovery and driver relief time. A lllllJCilmJn 
of two services per loading berth should be 
operated. Therefore, service patterns will also 
influence berth requirements. 

Bus Operations on Urban Arterials 

Bus operations along arterial streets and urban 
expressways are influenced by: (1) the nunber of 
other vehicles with which they must share roadway 
space, (2) marginal interference, (3) intersection 
delays, and (4) time lost in passenger boarding or 
alighting. 

Bus Stop Spacing. Bus stop spacing is largely a 
matter of operating policy. Successive stoµ:; should 
be closest in the central business district and 
farthest in outlying suburban areas. Current 
practice suggest the following ranges: 

• Central Business District - 400 to 600 feet (122 
to 183m) 

• "Urban" Areas - 600 to 750 feet (183 to 229m) 
• "Suburban" Areas - 1200 to 1320 feet (366 to 

402m) 

Bus Stop Location. The location of curb stops; near 
side of intersection, far side, or midblock, may 
have a si gnHic.1rnt effect on the transit operation 
itself as well as on overall street capacity. Bus 
stop locations should be standardized within each 
community to the extent that service requiranents 
and traffic conditions permit. However, locations 
usually involve tradeoffs between locational 
consistency and conflict minimization ( 11) • Thus, 
where conf icts would otherwise seriously impeded bus 
and/or vehicle flow, stops should be either 
relocated to adjacent intersections or eliminated. 

Bus Stop Locational Guidelines. It is difficu1t to 
establish a fixed locational policy. An efficient 
transit operation which is in harmony with overall 
traffic flow requires detailed analysis of each 
route and stop. Choice of stop will depend upon 
availability of curb loading space; location of 
existing stoµ:;, convenience of passenger transfer, 
and proximity to passenger destinations. Other 
significant factors include bus routing patterns; 
directions of intersecting streets; the types of 
traffic flow controls (signal, stop, yield), 
traffic volune and turning movanents; and widths of 
sidewalks or roads. 

Far side stops are preferable, where sight 
distance or signal capacity problems exist, 
where buses have use of curb lanes during peak 
travel periods, and where right or left turns by 
general traffic are heavy. 
Near side stops are preferable where transit 
flows are heavy, but traffic and parking 
conditions are not critical. From the transit 
operator's point of view, they make it easier to 
rejoin the traffic stream, particularly where 
curb parking is permitted in peak periods. They 
also allow the first bus to stop at the 
intersection. 
Midblock stops are generally applicable in 
downtown areas where multiple routes require 
long loading areas, and where stops might extend 
an entire block. 

Bus Stop Capacity GuideUnes. The length of bus 
stops should reflect (1) the number of buses that 
each stop will accomodate simultaneously in each 
peak 15 to 30 minute period, (2) maneuvering 
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Table 17. Illustrative Local and Commuter Bus Terminal Berth Loading Capacities, 
in Relation to Fare Collection Procedures 

Type of Fare Collection Procedure 
Free, Prepaid, or 

Pay on Exit 
Pay on Entry, Farebox with Single

Ooorway Entrance Channel 
Double Single Single Coin 
Door Door or Token Odd-Penny Multi-zone 
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a 
Passenger Headway 0.8-1.2 secs. 1.0-2.0 secs. 4.0-6.0 2.0-3.0 secs. 3.0-4.0 secs. 6.0-8.0 

secs.b 

Doors Used 

Dwell Time to !Dad 

50 Passengersd 
(33 through heaviest 
door) 

Minimum Bus Headway 
e 

Queued Buses 

Single Busesf,g 

.Equivalent .Berth Capacity 

Queued Buses 

Single Buses 

Eq_uivalent Passenger Load 

Queued Buses 

Single euses 

.Effective .Berth ca.12acit;i::: 

40% in Peak 20 Minimum 
Queued Buses 

Single Buses 

50% in Peak 20 Minimum 
Queued Buses 

Single Buses 

2c 2c 

34-40 secs. 30-6S secs. 

SO secs. 7S secs. 

100 secs. 125 secs. 

72 buses/hr. 48 buses/hr . 

36 buses/hr. 29 buses/hr. 

3,600 2,400 

1,800 l,4SO 

2,900 1,900 

1,400 1,200 

2,400 1,600 

1,200 1,000 

aPrepurchased tickets, registered on bus by driver. 

1 1 

100-105 secs. lS0-200 secs. 

160 secs. 210 secs. 

210 secs. 260 secs. 

23 buses/hr. 17 buses/hr. 

17 buses/hr. 14 buses/hr. 

l,lSO 850 

8SO 700 

900 680 

S80 S60 

770 570 

570 470 

bcash fare, driver makes change, and farebox prints receipts for passenger to show on exit. 

cAssumes 67-33 split between front and rear doors. 

secs. 

1 
1 

a 
200- 300 secs "b 
300-400 secs. 

310 a 
secs.b 

410 secs. 
a 360 secs.b 

460 secs • 

a 
17 buses/hr.b 

8 buses/hr. 
a 

10 buses/hr "b 
7 buses/hr. 

600a 
400b 

sooa 
350b 

480a 
320b 

400a 
280b 

400a 
270b 

330a 
230b 

dAssumes SO-seat buses loaded to seating capacity for express runs. Standees can be accommodated on 
relatively short express runs, but seating capacity is considered more realistic in view of the need 
to compete with private auto comfort. 

eAssumes that the next bus is always waiting behind the loading bus and can pull in and be ready to 
load within 10 seconds (i.e., linear platform). 

fAssumes that the next bus has to be summoned from a holding or storage area, involving a 60-second 
delay and/or recovery time (linear or shallow sawtooth platform) . 

gwith lower times, capacities would approach those for queued operations. 

Source: Adapted from Ref. (11), p. 46. 
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Peak Hour 
Bus Flow 

15 
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75 
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180 

Table 18. Bus Stop and Bus Bay 
Capacity Requirements 

Headway 
Per Min. 

4 

2 

1 

1/2 

1/3 

Capacity Requ~red 
Service 

10 
Sec. 

1 

1 

1 

1 

1 

1 

1 

1 

2 

2 

20 
Sec. 

1 

1 

1 

1 

2 

2 

2 

2 

3 

3 

Time at 
30 

sec. 

1 

1 

2 

2 

2 

2 

3 

3 

3 

4 

(Bays) 
Stop 

40 
Sec. 

1 

1 

2 

2 

3 

3 

3 

3 

4 

5 

Source: Ref. (11), p. 130. 

When 
is 

50 
Sec. 

1 

2 

2 

3 

3 

4 

4 

5 

5 

6 

requirements of buses to enter and leave the stop, 
and (3) the type of stop. 

The number of buses that can be handled at 
curbside bus stop:; without unacceptably long queues 
(and associated waiting lines) being caused varies 
principally with the service time per bus and, to a 
lesser ·degree, with the number of loading positions. 
Additional loading spaces (or additional length of 
bus zones) increase the capacity, but at a 
decreasing rate as the number of spaces increases. 

The number of bus loading positions at any given 
stop, in turn, depends upon (1) the rate and nature 
of bus arrival, (2) passenger service times, and (3) 
allowable amount of queueing. Bus stop and bus 
capacity requirements based UJX>n a Poisson (random) 
arrival rate and a 95 percent confidence interval 
are sumnarized in Table 18. This table gives the 

number of bus berths that should be provided, 
allowing only a 5 percent chance that the bus bays 
will overload. Thus it is a reasonable 
approximation of Level of Service C. Emergent 
criteria for bus stop capacity are as follows: 

• Passenger sevice times of 20 seconds or less -
one bus berth per 60 peak hour buses (this is 
the typical radial arterial street condition). 

• Passenger service times of 30 to 40 seconds -
one bus oorth per 30 peak hour buses • 

• Passenger service times over 40 seconds - one 
bus oorth per 20 peak hour buses. 

These results are generally consistent with the 
guidelines set forth in the 1965 Highway Capacity 
Manual (18) which found that "a bus stop can serve 
buses arriving at half the average service rate, or 
trip frequency, with well under 10 percent 
probability of forming queues beyond the stop." 
According to the manual, 

An acceptable rule of thumb might oo to 
assume that the headways at a curbside bus 
stop (in minimum seconds of interval between 
vehicles) could be about twice the average 
service time per vehicle. Along any arterial, 
the stop with the longest service time will oo 
the bottleneck. The cavaciLy uf Lhe artery 
itself could be increased by providing 
different bus stops for different routes, 
provided vehicles could overtake each other. 

To illustrate: Assume that along "Main 
Street" the average service time at the 
busiest bus stop is 25 seconds, including 
clearance. Provided the length of the bus 
stop is adequate, this stop wiil handle buses 
at a minimum headway of about 50 seconds. 
Headways can be approximately halved 
(frequency of service doubled) by providing 
alternate sets of bus stop:; far enough removed 
from each other so as not to cause 
inLerference in entering and leaving the 
loading zones. Each set of stops can then 
handle buses at 50 second headways, and the 

Table 19. Minimum Desirable Lengths for Bus Curb Loading Zones 

Loading Zone Length a (ft.) 
Approximate Approximate One-Bus Sto)2 Two- Bus Stop 
Bus Seating Bus Length Nearb Far Mid- Nearb Far Mid-
Capacity (ft.) Side Sidec Block Side Sidec Block 

30 and less 25 90 65 125 120 90 150 

35 30 95 70 130 130 100 160 

40-45 35 100 75 135 140 110 170 

51-53 40 105 80 140 150 120 180 

51-53d 40 90-105 80-100 130-145 135-150 125-145 175-210 

aMeasured from extension of building line, or from an established stop line, whichever is appropriate. 
Based on side of bus positioned 1 ft. from curve; if bus is as close as 6 in. from curb, 20 ft. should be 
added to near-side stops, 15 ft. to far-side stops, and 35 ft. to midblock stops. 

bincrease 15 ft. where buses are required to make a right turn. If there is a heavy right turn movement 
of other vehicles, near side stop zone lengths should be increased 30 ft. 

cBased on roadways 40 ft. wide, which enable buses to leave the loading zone without passing over center
line of street. Increase 15 ft. if roadway is 16 ft. wide, and 30 ft. if roadway is 32 ft. wide. 

d From Ref. (11) . 

Sources: American Transit Association, Ref. (18), and Ref. (!!_). (1 foot . 305 meter) 
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Figure 3. Illustrative Bus Stop Design Standards 
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Source: Adapted from Ref. (ll), p.131 
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street as a whole can handle buses at 
25 second headways, if exactly 50 percent of 
the buses are assigned to each set of stoµ:;, 
and if schedule reliability can be maintained. 
Ample smoothly-operating stops help assure 
reliability. However, it should be realized 
that in the case of the usual all bus-lane 
oreration, buses would be restricted to this 
lane, hence, overtaking would be inp:>ssible and 
multiple stoµ:; would not be feasible (18). 

Dus Stops on Freeways and Expressways. Bus loading 
zones on an exclusive roadway within a freeway 
right-of-way have capacities similar to those of 
curbside loading zones. Here again, the length of 
the stop and the ability of buses to overtake others 
are important. Given similar loading facilities, 
any difference does not lie in the oi;eration of the 
stop itself , but in the capacity of the roadway lane 
leading into and away fran the stop. 

© 

~ Far-Side Bus Stop 
After Right Turn 

LEGEND 
--•-•NO PARl<ING ANYTIME f 

Bus Stop Design Guidelines. Figure 3 and Table 19 
gives minimum desirable bus stop lengths for 
curb side loading zones. These guidelines are based 
on a 40 foot bus; stop lengths should be adjusted 
for a longer or shorter length and 45 feet should be 
added for each additional bus. 

Arterial Street Capacity Guidelines. Arterial 
street bus capacity can be estimated based on the 
general approaches identified in Tables 9 and 10, 
assuming (1) prepayment or on-vehicle fare 
collection or pay as you leave and (2) a greater 
number of bus loading points than for busways. Key 
factors include: (1) average service time at 
busiest stops, (2) desired space between buses, (3) 
number of stopping positions, and (4) allowable 
queueing at stops. 

Queue Behavior Parameters - Typical bus queue 
behavior along downtown arterial streets is 
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Table 20. Comparative Bus Flow and Queue Statistics 

(a) Actual Flow 

5-Min 
Flow Max. 

Volume Rate in Bus 
in Buses/ Buses/ Headway in Secs. Queue 

Location Hour Hour Aver. Range At Stop 

s. Michigan Ave., Chicago 174 228 21 16- 33 4 
N. Michigan Ave., Chicago 112 148 32 3-150 5 
Washington St., Chicago 106 132 34 3-121 4 

(b) Queue Behavior at Stop Locationsa 

Queue Length No. of Queue Delay in Secs. 
(No. of Buses) Occurrences Range Mean Medi an 

1 50-70 
2 8 6-49 14 8 
3 6 9-61 29 24 
4 3 47-59 51 48 

aData represent bus volumes of 100 to 120 vehicles per hour 

Source: Ref. (~.!), p. 42. 

given in Table 20. These statistics suggest 
that when bus volIBnes exceed 100 per hour , 
queues of 2 to 4 buses are likely to develop 
approximately 20 percent of the time (19). 
Service Volllll'e capaci t y J{anges - The preceding 
analysis, coupled with additional observations 
of existing service volumes suggest the 
representative service volumes in Table 21 for 
central areas and their radial approaches. 

Where stops are relatively lightly patronized, 
such as along outlying arterials, it is reasonable 
to increase these volunes by ab.Jut 20 percent. 

Bus Priority Treatments 

A growing nlID!ber of cities have established or are 
considering exclusive bus lanes and other bus 
priority measures to improve person flow over city 
streets and highways. Bus priority measures are an 
essential part of transportation system management 
(TSM) programs which attempt to maximize transport 
system efficiency consistent with social, econanic, 
and environmental objectives. 

Because buses may stop within priority lanes to 
pick up and discharge passengers, the ability of 
these lanes to carry people will be affected by 
loading and unloading time requirements set forth 
earlier. Guidelines presented in the previous 
section can be used to estimate capacities. The 
following section surrrnarizes the pertinent features, 
planning guidelines and potential benefits 
associated with various bus and high occupancy 
vehicle priority measures. 

Table 22 gives an overview of key factors for 
priority treatments existing in 1979. Table 23 de
fines the various types of measures that can be 
implemented. 

Operational Overview 

Freeway Related Treatment s. Examples include the 
San Bernardino, Shirley, and Pittsburgh Busways; 
peak hour bus pre-emption of one of two roadways on 
the Ottawa River Parkway; contra-flow bus lanes on 
the Long Island Expressway (New York City), I-495 
(New Jersey), and U.S. 101 (Marin County); normal 
flow bus lanes on U.S. 101 (Marin County), Moanalua 

Table 21. Bus Lane Service Volumes 

Level of Service Buses/Lane/Hour 

A - Free Flow Under 25 

B - Stable Flow, 25-45 
Unconstrained 

c - Stable Flow, 45-74 
Interference 

D - Stable Flow, 75-104 
Some Platooning 

E - Unstable Flow, 105-134 
Queueing 

F - Forced Flow, 135 and over 
Poor Operation 

aResults in more than one-lane operation. 

Source: Herbert S. Levinson 
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Freeway, Honolulu and I-95 (Miami); a special 
reversible bus ramp for Seattle's Blue Streak 
express bus service, and the bus and car pool byPa.ss 
lanes at the San Francisc<>--Oakland Bay Bridge toll 
plaza; and bus and/or car pool priorities at sane 50 
metered freeway ramps in the Los Angeles area; and 
at nine locations along I-35W, Minneapolis. 

Arte rial Street Treatments . Operating 
installations include bus-onl y str·eets in Chicago, 
Madison, Minneapolis, Ph iladelphia, Portland, 
Washington, D.C. and Vancouver, B.C.; contra-flow 
bus lanes in Chicago, Harrisburg, Honolulu, 
Indianapolis, Los Angeles, San Antonio, San Juan and 
Seattle; median bus lanes in Chicago, Denver, and 
Miami; and curb bus lane s in most cities. A 
half-mile (0.8 km) "split-level" tunnel serves 
trolley and diesel buses in Harvard Square, 
Cambridge, Massachusetts; and buses use a half-mile 
(0.8 km) tunnel in Providence, Rhode Island. 

Si gnificant terminals. This type of priority 
treatment is typified by New York City's Midtown and 
George Washington Bridge terminals, San Francisco's 
Transbay Terminal, Chicago's 69th and 95th Street 
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Table 22. Summary: Bus Priority Treatments 

General 
Applicability To: 

Local 
Bus 

Limited-
Express 
Bus 

Planning 
Period 

Design-Year Conditions 
Range in Range in One-Way 
One-Way Peak-Hour Bus 
Peak-Hour Passenger Type of 

Treatment Service Service in Years Bus Volumes Volumes 

FREEWAY RELATED 
Busways on special 

right-of-way 

Busways within free
way right-of-way 

Busways on railroad 
right-of-way 

Freeway bus lanes, 
normal flow 

Freeway bus lanes, 
contra-flow 

Bus lane bypass at 
toll plaza 

Exclusive bus access 
ramp to nonre
served freeway or 
arterial lane 

Bus bypass lane at 
metered freeway 
ramp 

Bus stops along free
ways 

ARTERIAL RELATED 
Bus streets 

CBD curb bus lanes, 
main street 

Curb bus lanes 

Median bus lanes 

Contra-flow bus 
lanes, short seg
ments 

Contra-flow bus 
lanes, extended 

Bus turnouts 

Bus preemption of 
traffic signals 

Special bus signals 
and signal phases, 
bus-actuated 

Special bus turn 
provisions 

x x 10-20 

x 10-20 

x x 5-10 

x 5 

x 5 

x 5 

x x 5 

x 5 

x 5 

x x 5-10 

x 5 

x 5 

x x 5 

x 5 

x x 5 

x 5 

x 1-5 

x 1-5 

x 1-5 

aBoarding or alighting passengers in peak hour . 
Source: Ref. (11), p. 28. 

40-60 1,600-2,400 

40-60 1,600-2,400 

40-60 1,600-2,400 

60-90 2,400-3,600 

40-60 1,600-2,400 

20-30 800-1,200 

10-15 400-600 

10-15 400-600 

5-10 50-lOOa 

20-30 800-1,200 

20-30 800-1,200 

30-40 1,200-1,600 

60-90 2,400-3,600 

20-30 800-1,200 

40-60 1,000-2,400 

10-15 400-600 

10-15 400-600 

5-10 200-400 

5-10 200-900 

Related Lane-Use and 
Transportation Factors 

95 

Urban population, 750,000; 
CBD employment, 50,000; 20 
million sq. ft. floor space 

Freeways in corridor conges
ted in peak hour 

Not well located in relation 
to service area. Stations 
required. 

Applicable upstream from 
lane-drop. Bus passenger 
time saving should exceed 
other road user delays. 

Freeways 6 or more lanes; 
where imbalance in traffic 
volumes permits level of 
service D in off-peak 
travel directions. 

Adequate reservoir on ap
proach to toll station. 

Alternate surface street 
route available for metered 
traffic. Express buses 
leave freeways to make 
immediate stops. 

Generally provide at surf ace 
street level in conjunction 
with metered ramp. 

Commercially oriented front
age. 

Commerically oriented front
age. 

At least 2 lanes available 
for other traffic in same 
direction. 

At least 2 lanes available 
for other traffic in same 
direction; ability to 
separately vehicular turn 
conflicts from buses. 

At least 2 lanes available 
for other traffic in oppo
site direction. Signal 
spacing greater than 500-
ft. intervals. 

Points of major passenger 
loadings on streets with 
more than 500 peak-hour 
autos using curb lane. 

Wherever not constrained by 
pedestrian clearance or 
signal network constraints. 

At access points to bus lanes 
busways, or terminals; or 
where special bus turning 
movements must be accommo
dated. 

Wherever vehicular turn pro
hibitions are located along 
bus routes. 
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Table 23. Functional Classification of Bus Priority Treatments on Urban Highways 

Type of Bus Service 

Element 
Rapid 
Transit 

Demand 
Express Local Actuated 

- - - . - ----------------------- -
FREEWAYS OR FREEWAY RELATED 
la. Special busways 

Exclusive subway (underpass in street or 
private right-of-way) 

Exclusive elevated way 
Other exclusive bus right-of-way (at grade 

or depressed) 
Exclusive use of freeway median (reversible 

lanes, other) 
Exclusive busway in nonhighway rights-of-way 

(railroad; public utilities) 
lb. Reserved freeway lane (peak hours; all day) 

Inside lane reserved, buses flow with traffic 
Inside lane reserved, buses flow against traffic 

le. Bus ramps 
Exclusive bus ramps to freeway to nonreserved lanes 
Bus bypass lanes at toll booths 
Special bus access to exclusive bus lanes 

Ramp metering with preferential bus treatment 
ld. Bus bays or turnouts on freeways 
URBAN ARTERIALS 
2a. Exclusive bus streets (peak hours; all day) 

CBD street or alley 
Other arterial 

2b. Exclusive bus lanes (peak hours; -all day) 
Flow with traffic 

CBD, curb lanes 
CBD, center lanes 
Arterials, curb lanes 
Arterials, center lanes 

Flow against traffic (contra-flow lanes) 
CBD 
Arterials 

2c. Exclusive bus bypass of congested locations 
Underpass 
Overpass (exclusive bus lanes) 
Other exclusive short rights-of-way 
Special bus turning lanes 

2d. Bus stops 
Bus bays or turnouts 
Curb loading and unloading platforms 
Median loading and unloading platforms 

2e. Special traffic signalization 
Bus preemption of intersection (driver actuated) 
Bus presence detector in street 
Special bus signal phase (turn provision) 

2f. Special traffic control 
Turn lanes for buses only 
Permissive bus turns (other movements prohibited) 

BUS TERMINALS 
3a. Central area terminals 
3b. Outlying terminals, park-ride 

Freeway related 
facilities 

Arterial related 
Rapid transit related 

OTIIER TRAFFIC OPERATIONAL MEASURES 
4a. 

4b. 

4c. 

Permissive bus turns (where movements by other 
vehicles are prohibited) 

Parking prohibitions or restrictions to facilitate 
bus flow 

STOP sign or YIELD sign protection for streets 
used by buses 

x 

x 
x 

x 

x 

x 
x 

x 
x 
x 
x 

x 

x 

x 

x 
x 
x 

x 

x 

x 

x 

x 

x 
x 

x 

x 

x 
x 

x 
x 
x 
x 
x 

x 
x 

x 
x 
x 
x 

x 
x 

x 
x 
x 
x 

x 
x 
x 

x 
x 
x 

x 
x 

x 

x 
x 
x 

x 

x 

x 

x 

x 
x 

x 
x 

x 
x 
x 
x 

x 
x 

x 
x 
x 
x 

x 
x 
x 

x 
x 
x 

x 
x 

x 
x 

x 

x 

x 

aPassenger facilities amenity and bus service operating procedures not identified. 

Source: Ref. (_~) , p. 12. 

x 
x 

x 
x 

x 

x 
x 
x 
x 

x 
x 
x 

x 
x 
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bus bridges over the Dan Ryan Expressway, Toronto's 
bus-rail terminals, and Cleveland and Washington's 
extensive bus-rail-car interchange facilities. 
Park-and-ride lots are tied to express bus services 
in many carrnunities including Washington, Miami, Los 
Angeles, Boston, New York, Hartford, Portland and 
Providence. 

Car Pool Priori ties . Programs of this type were 
first installed on the San Francisco-Oakland Bay 
Bridge in 1971, and on Boston's I-93 in 1973. Since 
then, reserved car pool lanes have been installed on 
freeways in Honolulu, Miami, Qakland, Portland, San 
Francisco, and Washington, and on arterial streets 
in Honolulu and Miami. Many metered ramps in the 
Los Angeles area provide car pool bypass lanes. 

Appraisal. Most bus priority measures 
constitute reserved bus lanes on city streets -
usually in the direction of traffic flow. However, 
the nlllllber of bus only streets~such as State Street 
in Chicago, Nicollet Mall in Minneapolis, and 
Chestnut Street in Philadelphia~is increasing. 

Busways and reserved lanes on freeways are 
mainly found or are being proposed in larger 
American Cities~usually with a large downtown 
employment and heavy peak hour bus ridership. 
Within the last few years, there has been a tendency 
for medium-sized cities such as Miami and Portland 
to install normal flow bus and car pool lanes • The 
trend is to implement operationally oriented 
measures because of the time, costs, and complexity 
associated with major new construction. 

Distribution of buses in central areas remains 
an important challenge, and comnunities are giving 
this item increased attention . Freeway-related 
treatments generally provide good access to the CBD 
perimeter, but do not substantially improve service 
within the downtown core . Terminals are not always 
located near major employment concentrations and may 
require secondary distribution, and curb bus lanes 
may not be effective. Consequently, there have 
been several attempts to install contra-flow bus 
lanes in downtown areas. 

Many bus priority measures have produced 
important passenger benefits-especially those 
relati ng to freewa.ys . They achieve pr.>..ak hour travel 
time savings of 5 to 30 minutes-savings which 
compare favorably with those resulting fran rail 
transl t ex tensions. 

Successful priority treatments are usually 
characterized by: (l} an intensively developed 
downtown area with limited street capacity and high 
all day pg.rking costs, (2) a long-term reliance on 
public transport, (3) highway capacity limitations 
on approaches to downtown, ( 4) major water barriers 
which limit road access to the CBD and which channel 
bus flows, (5) fast non-stop bus runs for 
considerable distances, (6) bus priorities on 
approaches to or across water b!u"I'iers, (7) special 
bus distribution within the CBO-often off-street 
terminals, and (8) active traffic management, 
maintenance, and operations programs. 

Planning Criteria 

Planning and implementing bus priority measures 
require: (1) a reasonable concentration of bus 
services, (2) a high degree of bus and car 
congestion, and (3) camiunity willingness to support 
public transport. There is little value in 
providing bus priority measures where service is 
poor, costly, or non-existent; where there are 
neither buses nor congestion; and where the 
comnunity has no desire to maintain and improve bus 
service. 

Planning calls for a realistic assessment of 
demands, costs, benefits, and impacts. The 

objective is to apply measures .which (1) alleviate 
existing bus service deficiencies, (2) achieve 
attractive and reliable bus service, (3) serve 
demonstrated existing demands, (4) provide reserve 
capacity for future g1•owths in bus trips, (5) 
attract auto drivers, and (6) relate to long-range 
transit improvement and downtown development 
programs. 

Key factors include: (1) the intensity and 
growth prospects of the city center; (2) the 
historic and potential future reliance on public 
transport; ( 3) street width, configuration, 
continuity, and congestion; (4) the suitability of 
existing streets (and expressways) for express bus 
service; (5) bus operating speeds and service 
reliability in tbe. city center; (6) availability of 
alternate routes for displaced auto traffic; (7) 
locations of major employment centers in relation to 
bus routes; (8) goods and service vehicle loading 
requirements; (9) express and local bus routing 
ratterns; (10) bus passenger loading requirements 
along curbs; and (11) community attitudes and 
resources. 

Bus priority measures must fit real world street 
systems. They must be reasonable, not only in how 
they improve bus service, but how they impact other 
traffic as well . Ccmnuni ty acceptance and support 
is essential--especially over the long run. 
Effective enforcement and maintenance are also 
necessary elements in priority treatments for buses 
and car pools. 

Buses must be able -to enter and leave priority 
lanes easily, and alternative routings must be 
available for potentially displaced automobile 
traffic. New problems should not be created, nor 
should existing problems merely be transferred fran 
one location to another. 

Before any treatment is placed into effect, an a 
priori assessment should be made of its benefits and 
impacts. This is important to provide a rational 
basis for implementing the treatment and to assure 
its operational viability. A comnitment also should 
be obtained from appropriate government agencies 
regarding enforcement and maintenance . 

Traffic management and bus priority studies of 
urban freeways are, in reality, freeway operations 
studies. Demands, queues, and densities, as well as 
speeds and volumes, should be clearly identified. 
Various computer models may prove useful in 
analyzing and simulating priority lane and ramp 
control strategies. 

Guidelines for Specific Priority Treatments 

Busways. Busways, unlike most other bus priority 
measures, may require substantial capital 
investments. Off-street busways in the city center 
generally will require peak hour one-way bus volumes 
of 60 buses per hour, existing bus speeds less than 
6 mph (10 kph), and an intensively congested area 
which extends for rrore than 1 mile (1.6 km). 

Busways should be of economi cal design and 
should be built, wherever feasible, for lower 
per-mile capital costs than rail transit lines. 
Shoulders generally will not be necessary in view of 
the relatively low bus voll.lllles (one to three buses 
per minute each way) and the low incidence of bus 
breakdown. 

Capacities of 6,000 to 9,000 persons per hour 
can be achieved with 40 foot (12 m) buses and with 
conventional linear station designs. 

Contra-Flow Freeway Lanes . Contra-flow bus 
lanes are an adaptation of the reversible lane 
concept applied to urban freeways. Costs are 
minimal, enforcement is easy, and passenger safety 
is good, but application depends on suitable road 
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Item 

Appl i r.ability 

Principal 
Design 
Features 

Capacity 

Construction 
Costs Per 
Mile 
(1974 levels) 

S1Jeeu 
Minutes/Mile 

Minutes/Mile 
Saved 

Remarks: 

Table 24. Summary: On-Street Bus Service Options 
(Bus Lanes and Bus Streets) 

Curb Bus Lanes
Normal Flow 

Generally 30-40 buses/ 
hour; 1,200-1,600 
people/hour/one-way. 
Preferably two lanes 
available for other 
traffic in same direc
tion. Ability to 
restrict turns. 

10' lanes delineated 
by paint and signs. 

60-90 buses/lane/ 
hour desirable 
( 4, 500 people) 
90-120 maximum 
(6,000 people). 

$3,000-$6,000 

5 to 10 

1.5 to 5.0 

May impact curb 
access and deliveries. 
Difficult to enforce. 

Curb Bus Lanes
Contra-Flow 

(Extended) 

40-60 buses/hour; 
1,600-2,400 persons/ 
hour/one-way. 
At least two lanes 
available for other 
traffic. Signal 
spacing greater 
than 500-foot 
intervals. 

Lanes separated by 
paint or physical 
barrier. Opposing 
left turns pro
hibited or specially 
treated. 

60-90 buses/lane/ 
hour desirable 
( 4 , ~00 people) 
90-120 maximum 
(6,000 people). 

$4,000-$100,000 

5 to 8 

1. 5 to 6. 5 

May impact curb 
access and deliv
eries. Self
enforcing. 

Median Bus Lanes 

60-90 buses/hour; 
2,400-3,600 ~ersons/ 
hour/one-way. 
At least two lanes 
available for other 
traffic. Ability to 
separate turn con
flicts from buses. 

Lanes separated by 
paint and/or block
long pedestrian 
islands at least 5' 
wide with access at 
adjacent intersec
tions. 

60-90 buses/lane/ 
hour desirable 
(4,500 people) 
90-120 maximum 
(6 ,000 people). 

$15,000-$100,000 

5 to 8 

1. 5 to 6. 5 

Difficult for buses 
to leave lanes in 
central area. 
Passengers must 
cross traffic to 
board buses. 
Excellent potential 
for express service 
on approaches to 
city center. 

Ens Streets 

60-80 buses/hour; 
2, 400- 3, 600 pen;urn;/ 
hour/one-way. 
Commercially oriented 
frontage. Ability to 
service buildings 
(from alternate loca
tions or in off-peak 
periods.) Minimum 
garage across require
ments along street. 

Minimum 22-33' width. 
Four-lane operation 
on wide street. 

60-90 buses/lane/ 
hour desirable 
For 2 lanes one-'-'lay 
60 buses/lane/hour 
desirable. 

$500,000-$2,000,000 
Costs may be lower 
where existing streets 
can be used without 
physical changes. 

5 to 7 

1.5 to 8 

Requires alternate 
traffic routes. May 
enhance CED by re
moving cars and in
creasing sidewalk 
width. Excellent 
visibility. Self
enforcing. Optimal 
distribution in 
medium-sized cities. 

Sonrce: Ref. (Q_) • (1 mph = 1.6 kph, 1 min/mile = 0.6 min/km) 

geometry, and maintenance costs are high . They 
~hould be applied only on six and eight. lane 
freeways, where peak hour traffic is highly 
imbalanced, ~d all auto traffic enters and leaves 
from the right . The bus lane can be separated fran 
owosing traffic by a one lane buffer on e ight lane 
freeways and by traffic posts on six lane freeways . 
Buses must run non-stop througrout the extent of the 
contra-flow lanes . 

Nornal Flow Freeway Lanes. Nonnal flow freeway 
lanes for buses and car poels pose potential safety 
and enforcement problems although they appear more 
adaptable to ear pools than contra-flow lanes . They 
may be provi ded by adding a lane to t he existing 
f r eeway or by designating an existing lane for 
prior;i. ty vehicle use . Caution should be exercised 
if an existing lane is pre-empted in the 

peak direction of travel~this practice generally 
should be avoided . 

Ramp Metering. Metering freeway ramps and 
providing bypass lanes for buses (and car pools) has 
widespread applicability . Tbis is because metering 
is · nexpensive and because it improves general 
traffic flow as well . Tbe objecti ves are to give 
bigh occupancy vehicles preference around the queues 
of waiting vehicles , and to simultaneously improve 
mainline freeway flow. 

Storage capacity upstream from the metering 
point should be adequate to minimize backups onto 
intersecting streets. Whether the inside or outside 
ramp lane is metered will depend upon the geanetry 
of the ramp terminal. Where car pool bypass lanes 
are provided, enforcanent must be adequate. 

Bus streets and Bus Lanes. On-street bus 
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priority treatments can be quickly implemented, have 
minimum environmental impacts, and have low inti tial 
costs. Table 24 gives pertinent features and 
capacity guidelines for bus streets and lanes. 
capacities of 3 '000 to 4 '500 persons per hour per 
lane can be achieved with good service levels. 

Effectiveness is usually limited in terms of 
time savings and service reliability. Principal 
disadvantages include : (1) limited net gains in 
person capacity: (2) need for suitable diversionary 
roadways, (3) service requirements of adjacent 
land use, (4) potential left and right turning 
restrictions to general traffic, and (5) reliance on 
high levels of enforcement. 

Rail Transit Capacity 

This section contains a brief overview of peak-hour 
rail transit ridership in the United States and 
Canada, and its passenger capacity implications. 
More detailed information on rail transit ridership 
and capacity is set forth in a variety of references 
(20, 21, 22, 23). 

Operational Experience 

The operating experience for typical rail rapid 
transit facilities is shown in Table 25. These 
figures show typical AM peak hour peak direction 
passenger volumes per track for various U.S. and 
Canadian rail transit properties. The wide range of 
passengers carried reflects many factors, including 
the nunber, length, and size of the trains operated. 
Factors of importance are the peak carrying value 
assigned for scheduling purposes, the demands in the 
specific corridors, and the configuration or 
constr~ints of principal terminal stations. Track 
and signal capacities, station platform lengths and 
arrangements, and the capacities of station 
stairways, ramµ:;, and escalators, further influence 
the limits of practical and safe operations. In 
each case, capacity is determined by station 
capacity or line capacity, whichever is snaller. 

Trains Per Hour. Current 1979 rail operating 
characteristics are described below. There are 
geierally less than 30 trains per track during the 

peak-hour in the United States and Canada , although 
during portions of this period slightly shorter 
headways are sometimes operated. In general, the 
90-second headway which is possible with modern 
signaling systems is not realized on an hourly 
basis. The single exception in the PATH system, 
which operates 38 trains per hour on a single track 
under the HudEOn River from the multi-track World 
Trade Center Terminal in New York City. 

cars Per Train . Train lengths of 4 to 10 cars 
are conmonly operated. Maximum train lengths range 
up to 8 cars in Chicago, Toronto, and Washington, 
D.C., and 10 cars in New York City and San Francisco. 
The IRT Flushing Line in New York City is the only 
line which operates 11 cars per train. 

Passengers Pe r Hour. Peak hour passengers 
carried per track past the maximum load point range 
upward from 5, 400 in Cleveland to 36, 000 in Toronto 
and over 50,000 in New York City. The highest 
volumes carried are found on the Queens-Manhattan 
trains passing through the 53rd Street Tunnel 
(53,000 persons per hour in one direction). 

Capacity Factors 

The capacity of rail transit line depends upon: (1) 
car size and train length, (2) allowable crush loads 
or standees as determined by scheduling policy, and 
(3) minimum spacing (headway) per train as 
determined by (a) signal control system and .system 
alignment (horizontal and vertical), and (b) dwell 
times at major stations. Car lengths range from 
about 50 feet (15 m) in Chicago and New York (IRT, 
PATH) to 75 feet (23 m) in Wash i ngton, San 
Francisco, and New York (new cars). 

Passenger capacity in the peak direction in the 
peak- hour can be estimated from the following 
formulas: 

Passengers/hour 

= trains x car.s x seats x passenger s ( lO) 
ToUr train car seat 

OR 
= cars x seats. x passengers ( ll) 

hour car seat 

Table 25. Reported Rail Rapid Transit Peak Hour Volumes· (in Peak Direction) 

Name of Line 

New York City (1976) 

IRT 4,5 Lexington Express 
IND A,D 8th Avenue Express 
IND E,F 53rd Street Tunnel 
PATH Downtown (World Trade b 

Center) 

Toronto (1974) 

Yonge Street Subway 

Chicago (1974) 

Lake-Ryan 
North-South 

Cleveland (1974) 

West Side 

San Francisco (1977) 

BART (Mission) 

aTypical values (rounded) 

bMultiple berth terminal 

Trains / Hour 

23 
23 
28 

38 

28 

20 
2'1 

14 

10 

Source: Various transit operating agencies, 
compiled by Herbert s. Levinson 

Cars / Hour 

230 
224 
266 

266 

224 

160 
160 

52 

80 

Approximate Peak-Hour Passengers 
Car Lengtha (Maximum Load Point) 

50 I 35,700 
60 I I 75' 32,700 
60 I I 75' 53,300 

50' 20,900 

75' 36,000 

50' 14,000 
50' 14,000 

50 I I 70 I 5,400 

75' 6,500 

(1 foot . 30 5 meter) 
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An alternative formulation, based on allowable 
levels of pedestrian space, is as follows: 

Passengers per hour 

=(trains x ~ x ft~) ( ft.
2 

) (l2) 
hour train car passenger 

This fornrulation derives a person-capacity which 

is independent of the seating configuration and 
which directly relates to the area of each car. 
Cars which maximize total passengers generally 
minimize seats. 

The precise values for these equations will vary 
among property, depending upon the type of equipncnt 
used and operating policy. Table 26 contain!:; ear 

Table 26. Rapid Transit Car and Train Capacities 

New 
York 
City 
Transit 
Authority 

IRT 

IND 

R-44 
R-46 

Port Authority 
of NY & NJ 
(PATH) 

Chicago Transit 
Authority 

Broad 
St. 

Market 
St. 

Blue 
Line 

Orange 
Line 

Red 
Line 

New Jersey 
(PATCO) 

1953-
1958 

1962-
1975 

Bay Area 
Rapid Transit 

Montreal Urban 
Community 
Transit 
Commiooion 

'O 

~ -~ 
g1 ~ Airporter 
Q) ~ 

,.-f E-< 
u ,.-f ~ 
~ "'·.-4 
Q) I': ~ 
.µ o o Other 
m ·s. £ 
~&~ 

Washington 
Metropolitan 
Area Transit 
Authority 

Length 
(ft.) 

51. 33 

60.50 

75.00 

51. 25 

48.25 

67.50 

55.33 

48.75 

55.31 

69.81 

67.83 

74. 76 

57.00 

75.00 

56.42 

70. 25 

48.75 

75.00 

Width 
(ft.) 

8. 79 

10.0 

10.0 

Area 
(ft. 2 ) 

451.2 

605 

750.0 

4.23 473.0 

9.33 450.l 

10.00 675.0 

9.08 502.4 

8.58 418.3 

9.28 513. 3 

10.35 722.5 

10.12 686.4 

10.33 772. 3 

10. 33 588.8 

10.5 787.5 

8.25 465.5 

10.41 731. 3 

10. 33 403.6 

10.15 761.2 

Seate d 
Passengers 

44 

50 

72-76 

42 

c.50 

67 

55 

48 

54 

63 

80 

84 

62 

72 

39 

80 

54 

80 

Total 
Passengers 

Design Crush 

140 

180 

225 

140 

125 

N/A 

115 

125 

175 

208 

100 

230 

174 

144 

157 

120 

100 

175 

180 

220 

272-
280 

200 

135 

281 
(est) 

200 

191 

240 

275 

200 

310 

233 

216 

208 

140 

197 

240 

Maximum 
Cars/Train 

10-11 

10 

8 

7 

8 

6 

8 (est) 

4 

4 

4 

8 

6 

8 

10 

29 

4 

6 

10 

Seated 
Passengers/ 

Train 

440-484 

500 

576-608 

294 

400 

450 

440 

192 

216 

252 

640 

504 

496 

720 

351 

320 

324 

800 
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and train capacities for U.S. and Canadian rapid 
transit systems. This tabula ti on indicates : 

• 1.0 seated passenger per foot of car length; 

or "design" load; 
• 2.6 square feet (0.2 m2 ) passenger 

loads". 

101 

"crush 

• 10 square feet ( O .1 m2 ) of space per seated 
passenger; 

• 4.0 square feet (0.4 m2 ) passenger = scheduled 

The "crush load" factor should not be used in 
determining capacity, since it is not practical to 
assume that passenger loads will be equally 

New 
YorY. 
City 
Transit 
Authority 

IRT 

IND 

R-44 
R-46 

Port Authority 
of NY & NJ 
(PATH) 

Chicago Transit 
Authority 

Broad 
St. 

Market 
St. 

Blue 
Line 

Orange 
Line 

Red 
Line 

New Jersey 
(PATCO) 

1953-
1958 

1962-
1975 

Bay Area 
Rapid Transit 

Montreal Urban 
Conununity 
Transit 
Conunission 

'tl 

~~ 
ri w Airporter 
~ ~ 
QJ lo< 
rl 8 
u rl b' 
lo< Ill •.-i 
QJ I': lo< 
.µ o o Other 
m ·s. 'fi 
~&~ 

Washington 
Metropolitan 
Area Transit 
Authority 

Source : Herbert 

Total Passengers/ 
Train 

Design 

1400 

1800 

1800 

980 

1000 

N/A 

920 

500 

700 

832 

800 

1380 

1'392 

1440 

1413 

480 

600 

1600 

S. Levinson 

Crush 

1800 

2200 

2240 

1400 

1480 

1686 

1600 

764 

960 

1100 

1600 

1860 

1864 

2160 

1872 

560 

1182 

2400 

Table 26. (Continued) 

Seated 
Passengers/ 

Foot of r..enqth 

0.86 

0.83 

0.96-1.01 

0.82 

1.03 

0.99 

0.99 

0.98 

0.98 

0.90 

1.01 

1.12 

1.09 

0.96 

0.69 

1.14 

1.11 

1.07 

Total Passengers/ ft.
2

/ 
Foot of Le·ngth Seated 

Desiqn Crnsh Passengers 

2. 72 

2. 97 

3.00 

2.73 

2.59 

N/A 

2. 07 

2.56 

3.16 

2.98 

1. 47 

3.08 

3.05 

1.92 

2.78 

1. 71 

2.05 

2.33 

3.51 

3.64 

3.73 

3.90 

3.83 

4.16 

3.61 

3.91 

4. 34 

3.94 

2.95 

4.14 

4.09 

2.88 

3.69 

1.99 

4.04 

3.20 

10.2 

1 2 .l 

9.9-
10.l 

11. 3 

9.0 

10.l 

9.1 

8.7 

9.5 

11.4 

8.6 

9.2 

9.5 

10.9 

11.9 

9.1 

9.3 

9.52 

ft. 
2 
/Total 

Passengers 
Design Crush 

3.22 

3.36 

3.33 

3.37 

3.60 

N/A 

4.37 

3.34 

2.93 

3.47 

6.68 

3. 36 

3.38 

5.47 

2.96 

6.09 

5.04 

2.50 

2.75 

2.67 

2.36 

2.43 

2.40 

2.51 

2.19 

2.14 

2.62 

3.43 

2.49 

2.52 

3.64 

2.23 

5.22 

2.55 

4. 35 3 .17 

(1 foot .305 meter ) 
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distributed among cars . Moreover , such loads are 
unacceptable to p9..Ssengers, except for ver y brief 
pericds • For these reasons, t he scheduled loads are 
normally 65 to 75 percent of the crush load. 

Pushkarev a nd 7.11pan suggest the use of 5 . 4 
square feet (0.5 m2 ) per p9..Ssenger, as a realj stic 
passenger capacity (22). 

Typical ranges in rail rapid transit capacities 
are S\.llllllari ze<I i 11 Table 27 for U.S. and Canadian 
opera.t i ng experiences, based on 30 trains per track 
p:!r hour. Ranges reflect varying car lengths (50 
feet a.ad 75 f eet) (15 m and 23 m) and train sizes 
(6, R, or 10 cars) and passenger load factors. 
These capacities can be adjusted upward or downward 
based Cl'l specific operati ng JX>licies . 

In estimating rail transit capacities and levels 
of service or overcrowding, it is esse nti al to 
a.nalyze the peak 15 or 20 minute pe1•iods. For 
example , a. "scheduled l evel" of 200 percent standees 
( 3 . 3 square feet per passenger or 0.3 m2 /pass.) 
would r elat e t o the peak 15 minut e period. 
Similarly, if an hourly capacit• of 27,000 people is 
provided with 6-car 50 feet (15 m) trains with 200 
pe~cent standees, this implies that the peak 15 
minutes would carry 6,750 people. If half of t he 
peak hour passengers moved in this period , t hen the 
effective hourly capacity would be 13,500 . In this 
cai:;e, the peak hour factor would be 0.5, therefore , 
the hourly capacity would be 0.5 x 27,000 or 13,500 . 
These peaking characteristics further explain the 
differences between observed passengers and 
theor etical capacities. 

Service levels are also shown in Table 27 for 
various load factors, i.e., percent standees. 
General guidelines are suggested as listed in Table 
28. 

Light Rail Systems 

As with all other i·ail transit , the passenger 
carryi ng capacity of light rail transit (LRT) 
depends on vehicle sl.ze, train length, and headway. 
However, the realizable IBT capacities also depend 
on design and policy consi derations which reflect 
specific local constraints of at grade operations 
and type of right-of-way. LRT trains are usually 

limited to a maximum of three or four cars. There 
are several reasons that longer trains are not used. 
'rhe major r eason is that longer trains could not 
operate on city streets without simultaneously 
occupying more than one intersection when traversing 
short blocks. Other reasons for limiting t lte :::i:t.e 
of trains include clearing at-grade intersections 
rapidly and the desirabi lity or need to limit 
platfonn length at the stations . The canadian light 
rai 1 vehicle will be designed t o openL LC:! in eight 
car trains, but this feature i s not currently 
planned to be utili7..ecl in operation. 

Headways for light rail systems can also vary. 
For operation under the control of block signaling 
system, as is cournon in rail rapid transit, 120 
seconcl headways are t ypical. At these headways, a 
high speed LRT system operating on mainly reserved 
right-of-way with three-unit Boeing vehicle t rains 
would have a line capacit y slightly i n excess of 
6, 000 seated and 19, 000 total passengers per hour. 
Unde r single vehicle manual operation at lower 
speeds, closer headways are feasible. At 60 second 
headways, single Boeing IBT uni ts have a capacity of 
4,000 seated and 13 ,000 total passengers per hour 
(24). 

Several European systems have reported 
capacities mnging up to 18 , 000 pP.r!'ions per t rack 
per hour . capacities have been reported as high as 
15 , 000 on ex is ting U. S . light rail systems, al though 
current 1979 volunes are considerably lower. 

Opes."t..ting Experience . The ,lewarl< Streetcar 
&'ul:7Nay operates as one route with 30 single-unit cars 
per oour, with a mini mum peak headway of 90 seconds. 
I ts capacity is limited by equipment shortage to 
approximately 3,000 persons per hour. 

The Philadelphia Market Street streetcar subway 
accorrrnodates five routes. Single-unit cars are 
operated which load in plat oons at downtown 
stations . Special vari able message signs direct 
passengers to the correct boarding point for each 
car . This facility has carried 140 cars per hour, 
w·th a minimum headway of 23 seconds . Peak hour 
flow in 1977 was 9 , 000 passengers per hou:..· , al though 
as many as 12,000 passengers per hour have been 
observed in previous years. 

The Boston-Tremont-Boylston streetcar subway 

Table 27. Typical Rail Transit Capacities: 
(Thirty Trains per Track per hour, 2 minute headway) 

Passen;i:ers Per Hour 
Approximate SO% 100% 150% 200% 250% 

Approximate Seat Load Standees Standees Standees Standees Standees 
Cars/Train Car Length Seats/Train (l.OO)a (l.50)a (2.00)a (2.50)a (3.0o)a (3.50)a 

6 so ft. 300 9,000 13,500 18,000 22,500 27,000 40,500 

180 cars/ 75 ft. 450 13,500 20,250 27,000 33,750 40,500 60,7SO hour 

8 50 ft. 400 12,000 lA,000 24,000 30,000 36,000 S4,000 

240 cars/ 7S ft. 600 18,000 27,000 36,000 4S,OOO S4,000 81,000 hour 

10 so ft. soo lS,000 22,SOO 30,000 37,SOO 45,000 67,500 

300 cars/ 75 ft. 7SO 22,SOO 33,750 4S,OOO 56,2SO 67,SOO 101,250 hour 

ft. 2 /Passenger: 10.0 6.7 s.o 4.0 3.3 2.8 

Passenger Level of Service 
(U.S. & Canada Conditions) c D E-1 E-2 E-1 F-2 

aPassengers per seat 

Source: Herbert s. Levinson (1 foot = . 30S meter) 



Table 28. Levels of Service for Rail Transit 

Peak-Hour 
Level of a 

ft. 2/Passengera Service Passengers/Seat 

A 0.00-0.65 15.4 or more 

B 0.66-1.00 15.2-10.0 

c 1.01-1.50 9.9- 7.5 

D 1.51-2.00 6.6- 5.0 

E 2.01-2.50 4.9- 4.0 

E (Scheduled 2.51-3.00 3.9- 3.3 
Load) 

F (Crush 3.01-3.80 3.2- 2.6 
Load) 

aApproximate 

Note: Fifty percent s~andees reflects a load 
factor of 1.5 passengers per seat. 
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operates single-unit twcrcar and three-car trains 
oo four routes. A volune of 60 trains per peak hour 
was traditionally scheduled, totaling about 150 
cars. At one station (Park Street), there is 
llD..llti-platfonn loading. Cars load simultaneously in 
platoons at all downtown stations. The 
Massachusetts Bay Transportation Authority (MBTA) 
estimated the capacity of the subway at 15 , 000 
persons per hour in 1971, when inbound peak hour 
flow approximated 12,000 persons (25). Owing to 
on-street interference and extensive service 
variety, several trains on the same route tend to 
platoon , which causes an uneven loading of vehicles 
(26). With many cars loaded to crush capacity, 
dwell times at major st.oP> are excessive and peak 15 
minute conditions are analogous t.o Level of Service 
F (forced flow) • 

Sources: H.S. Levinson 
and W.R. Reilly (1 square foot 0.09m2

) 

These light rail (streetcar) subway experiences 
imply a practical limit of 120 t.o 150 buses per hour 
in CBD busways with on-line stations, even with 
platooning of buses. The corresponding line haul 
passenger capacity would range fran 6,000 to 7,500 
persons per hour, depending on vehicle size and load 
factor. Higher volumes are conceivable with 
off-line loading in turnouts or in a parallel lane. 
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USER APPLICATIONS 

Methodology 

Engineers and planners encounter various types of 
problems related Lu Lran~l L operations within the 
overall transportation system. The purpose of this 
section is to present procedural guidelines for 
uccr-oricnted analysis of transit operations and 
system effects. 

This section contains two parts. First, a 
general description of analysis types along with 
definitions of term.s is presented. Second, example 
problems and appropriate stei;r-by-step procedures for 
their solution are given. 

The discussion and examples relate to the 
preceeding DISCUS:SION which contains a rro1·e thorough 
presentation of the underlying theories. 

Overview of Analysis 

There are five general types of transit analysis 
described in this section, as listed below. For 
each of the general problem statements, several 
specializ<:;d appl cation contexts can be developed 
which would re lat to particular planning, design, 
or oi:erations objectives. 

Type 1: Effect of Buses on Highway Capacity 

For a freeway traffic lane carrying mixed traffic 
(automobiles, buses), determin e the capacity 
reduction resulting from buses, and the passenger 
car equivalent (PCE) volume. 

For a lane carrying mixed traffic along an urban 
arterial, determine the losses occurring for auto 
traffic and the resulting PCE values corresponding 
to the operations of buses making stops, using 
berths located either in a through lane (on-line) or 
in a separated area (off-line). 

For an arterial carrying mixed traffic, 
de termine the overall capacity of the street and 
eva luate the level of service using the 
volune/capacity ratio. 

Type 2: Person Flow 

Using car and bus occupancies, determine the total 
person flow for an arterial street or freeway. 

Type 3: Passenger Service Times 

For various fare collection methods and bus door 
configurations, determine the service times for 
boarding and alighting passengers. 

Type 4: Bus Berth Capacity 

Determine the capacity of a bus berth, given the 
1lili~eul;!,el' loading or unloading characteristics; or, 
determine the number of berths needed, given the 
passeng e r loading and bus operating 
characteristics. 

Type 5: Bus System Capacity 

For an arterial street, determine the capacity of an 
exclusive bus lane, both in buses per hour and 
passengers per hour. Also, determine the 
operational variables and level of service for the 
bus system. 

Type 3, 4 and 5 problem categories have received 
the greatest emphasis in the USER APPLICATIONS 
section because they require analytical procedures 
that differed significantly fran those provided by 

the Highway Capacity Manual. The underlying 
principles and experimental information that was 
used in derivation of these procedures is presented 
in the preceeding DIS:.::USSION. 

Definitions 

Following are definitions of relevant terms used to 
help determine t.r:rnsi t. ('.a.pac:i t.y. 

Person capacity - the maximum number of p"rsons 
that can be carried pa.st a given location during a 
given time period und e r specified operating 
conditions without unreasonable delay, hazard, or 
restriction. Usually measured in terms of persons 
per hour. 

Person Level of Service - the quality of service 
offered the passenger within a transit vehicle, and 
determined by the available space per passenger. 

Uninterrupted Flow - transit vehicles moving 
along a roadway or track without stopping. 

Interrupted Flow - transit vehicles moving along 
a roadway or track and having to make se:.:vice stops 
at regular intervals. 

Service Time - the time, in seconds, for a 
passenger to board or to alight a transit vehicle. 

Maximum Load Point - the point along a transit 
route at which the greatest number of passengers is 
being carried. 

Dwell Time - the time, in seconds, that a 
transit vehicle is stopped for the purpose of 
serving passengers. Dwell Time is determined by 
multiplying Passenger Service Time by the number of 
passengers boarding or alighting. 

Seat Capacity - the nurnber of passenger seats on 
a transit vehicle. 

Percent Standing - the number of standing 
passengers expressed as a percentage of the number 
of seats. 

Crush Capacity - the number of pa~sengers 
carried by a transit vehicle with conditions at 
Level of Service F. 

Clearance - the minimum time in seconds between 
transit vehicles entering or leaving a stop, as 
determined by operating policy. 

Example Problems 

Introduction 

The following examples and their solutions will be 
of interest to transit planners and highway 
engineers in evaluating system capacity, 
establishing bus schedules, and designing terminals. 

Capacity of a transit stop or lane depends upon 
the size and loading standards of vehicles, the 
minimum clearance time between buses at stops, and 
passenger service times. Passenger service times, 
in turn, depend upon method of fare collection and 
door size and configuration. It is important to 
recognize that these factors are largely determined 
by transit system operating policy, and may v~ry 
from system to system. 

The examples underscore the need to make 
reasonable assumptions regarding service times since 
they have important effects in transit system 
capacity. 

Example 1: Effect of Buses on Freeway Capacity 

Problem. Ninety (90) buses operate in the peak 
direction of a four lane freeway during the peak 
oour. The freeway also carries 3400 passenger cars 
in this direction. Average occupancies are 40 
persons/bus and 1.5 persons per car. 

It is desired to determine: 
(a) the equivalent peak hour peak direction 
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passenger par volume, 

(b) the level of service~assuming 12 foot lanes 
and no lateral obstructions, and 

(c) the total person-volume. 

Analysis . Each bus is the equivalent of 2.0 
passenger cars. Therefore, 90 buses are the 
equivalent of 180 cars (90 x 2.0 = 180). Th e 
equivalent passenger car volume is 3400 + 180 = 3580 
passenger car equivalents (PCE). 

Service voll..Dile for Level of Service D, with a 
peak-hour factor of 0.91, is 3300 (as indicated in 
the 1965 HCM). This would be exceeded by the voll..Dile 
on the road, suggesting that it operates in the 
lower end of the range for Level of Service E. 

The total person-volune is calculated as follows: 

buses : 90 @ 40 = 3600 ( 43'%) 
cars: 3400 @ 1.4 = 4760 ( 57%) 

Total 8360 (fOW;) 

Example 2: Effect of Buses on Arterial Street Capacity 

Problem. Sixty (60) buses an hour operate along an 
arterial street, with a dwell time of 15 seconds per 
stop. It is desired to determine the total 
reduction in availble green time in the lane in 
which buses operate, under the following two cases: 
(1) buses stop in an adjacent parking lane, and (2) 
buses stop in the through traffic lane. It is 
further assuned that: 

Green time/cycle ratio (G/C) = 0.5 

Maximum capacity of through traffic lane 
= 1500 cars/hour of green 
= 750 cars/hour (headway = 2. 4 seconds) 

What is the time loss per hour for each case? What 
is the percentage of the total lane capacity 
required for bus operation? What is the passenger 
car equivalency (PCE) value? 

Analysis for Case 1: Buses Stop in Parking Lane. 
Time loss in traveled lane resulting from buses 
maneuvering into and exiting the parking lane: 

Time loss/bus = 3 seconds/bus 
Time loss/hour= (bus volume)(3) 

Percent reduction in lane capacity: 

Time Loss/hour x 100 = 
1
1
8
a
0
o
0 

x 100 Green time/hour 

(60)(3) 
180 secs . 

= 10% reduction in available green time 

This reduction in available green time results in 
approximately the same percentage reduction in 
capacity: 

( % reduction )(capacity) = (0.10)(750) 
= 75 passenger cars per hour reduction 

Passenger Car Equivalants (PCE): 

PCE reduction in capacity (in pch) 
numoer of buses 

Sixty (60) buses result in a r e duction of 75 
passenger cars; therefore, each bus is the 
equivalent of 75/60 = 1.25 cars. 

Analysis for Case 2: Buses Stop in Travel Lane. 
Time loss for buses stopping in travel lan e is 
obtained as follows: 

TL = (G/C)(B)(D + L) 

where : 
TL = Time loss, in seconds per hour 

G/C = Ratio of green time to cycle time 
B Buses per hour that st op 
D = Average dwell time in seconds for buses 

loading or unloading passengers 
L Additional loss in seconds due to stopping, 

starting , and queui ng--assumed to be si x (6) 
seconds under average conditions 

then: 

TL = (0 . 5)(60)(15 + 6) 630 seconds/hour 

Percent reduction in lane capacity: 

Time loss/hour x 630 
Green time/hour lOO = 1800 x lOO 

= 35% reduction in lane capac ity 

This reduction results in approximately the same 
percentage reduction in capacity, or: 

% reduction) (. lane capacity 
(0.35)(750) = 262 pch 

Sixty (60) buses result in a reduction of 262 
passenger car units; therefore, each bus is the 
equivalent of 262/60 = 4.37 cars. 

Note that these adjustments apply only to the lane 
in which buses operate. Adjacent lanes in the same 
direction would operate with a capacity of 750 cars 
per hour, while the lane with buses would have a 
capacity of 750-262 = 488 cars and 60 buses. 

Example 3: Passenger Service Times 

Problem. An urban bus route has the following 
passenger danands at stops 1 through 6. 

Stop: 2 3 4 5 6 

Passengers alighting (A) : 5 • 8 12 15 20 
Passel)gers boarding (B) : 30 10 12 5 
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An exact fare method of collection is used, with a 
50 cent fare . 

It is desired to determine the dwell times at 
each stop under the following two cases: (1) 
passengers enter via the front door and leave via 
the rear door, and (2) all passenger movements take 
place through the front door. 

Analysis . Bus dwell times are canputed as follows : 

Case I: One-way flow through doors 
D = bB or aA, whichever is greater 

Case 2: Two-way flow through doors 
D aA + bB 

where: 
b Dwell time in seconds per boarding passenger 

a = Dwell time in seconds per alighting passenger 
A Number of alighting passengers 

B Number of boarding passengers 

The coefficients "a" and "b" each have different 
values for one-way and twcr-way flow through a given 
door and depend upon door width and fare collection 
methods. Their values can be determined from 
reference tables 12, 14 and 15. From those tables , 
values of 3 .0 seconds fortloarding passeng~rs and 
1.7 seconds for alighting passengers are selected as 
representative of the given door and fare 
conditions • 

The 50 cent fare is best described by the upper 
value for a "single coin" fare, and the lower value 
for an "odd penny" fare . 

These factors are applied to the number of 
boarding and alighting passengers as follows: 

Passengers St ol! : 1 2 3 4 5 6 
Alighting (A) 5 8 12 15 20 
Dwell time (aA) 8.5 13.6 20.4 25.5 34.0 

a = 1. 7 secs. 
Boarding (B) 30 10 12 5 3 
Dwell time (bB) 90.0 30.0 36.0 15.0 9.0 

b = 3.0 secs. 
- --- -- - -----Totals 

Dwell time, Case 1 (greater of aA or bB) 
90.0 30.0 36.0 20.4 25.5 34.0 

Dwell time, Case 2 (aA + bB ) 
90.0 38.5 49.6 35.4 34.5 34.0 

Total dwell time for all stops, Case 1: 235.9 secs. 
Total dwell time for all stops, Case 2: 282.0 secs. 

Considering all six (6) stops, total dwell times 
are about 236 seconds (4 minutes), where entry and 
exit are separated, and 282 seconds (4.7 minutes), 
where both movements take place through a single 
door. In both cases, total dwell times would be 
reduced if passengers could prepay fares, or enter 
via l:XJth doors at stop 1. 

Example 4: Berth Capacity for Unloading 

Prol>lem. A transfer facility is being built in an 
outlying area to facilitate transfer between feeder 
buses and a rail rapid transit system. It is 
assumed that buses will enter the facility on 

one minute headways, and each discharge 50 
passengers. Clearance time required for one vehicle 
to maneuver out of the berth and for another to 
enter it is assuned as 20 seconds. 

It is desired to know the number of unloading 
berths that should be provided assuming the 
following bu.s configurations: 

1. Single-width door, one door used. 

2. Single-width door , two doors used • 

Analysis. The number of berths required for a given 
passenger volune can be computed from the following 
formula: 

N= J aA+ C 
3600 A 

where: 

N The number of 
A The number of 

effective 
alighting 

c Clearance time per bus 

berths 
passengers per bus 

J Total passengers per hour to be served 
a = Dwell time per alighting passenger 

also: 
N = aA + C 

H 

where: 

H Headway between buses 
3600 

= J/A 

Substituting the values of H = 60 seconds, C = 20, 
and A = 50 passengers per bus, yields the following 
relationships: 

N a(50) + 20 
60 

The appropriate alighting service time factors, are 
obtained from Table 12 as follows: 

1. Single width door, 1 door used: 
a = 1. 7 seconds 

2. Single width door, 2 doors used : 
a = 0.9 seconds 

(Case 1) 

(Case 2) 

1. 7( 50) + 20 
60 

0. 9( 50) + 20 
60 

1.75 ~Use 2 berths 

1.08 ~ Use 2 berths 

In practice, allowance should be made for: (1) 
some buses carrying full or standing loads during 
part of the peak hour, (2) buses operating at closer 
headways during parts of the hour, and (~) 
imbalanced use of doors. 
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One approach is to assume that buses 
OJErate with standees for design purposes . Berth 
r equirements, assuming 75 persons per bus would be 
2 . 46 or 3 berths, assuming use of only a single 
door, and 2 berths, assuming availability of both 
doors for passenger discharge. 

Example 5: Berth Capacity for Loading 

Problem. A rail-bus interchange (intermodal 
terminal) is planned for two urban bus lines . 

Passengers pay a "single-coin" f are, and ente r 
via the front door . Each bus has a seating capacity 
of 50 people, and is equipped with single-width 
doors. It is desire d to determine the berths 
needed, assuming a clearance time of 15 seconds 
between buses . Bus frequency on Line 1 is 20 
buses/hour, and 30 buses/hour on Line 2. 

Analysis . The problem can be analyzed in detail in 
a manner s imilar to that for unloading . 

The numbe r of berths required for a given 
passenger volune can be canputed fran the following 
formula: 

N = J ( bB + C 
3600 B 

where: 
N Number of effective berths 

J Total number of passengers to be served per 
hour 

B Number of boarding passengers 

b Dwell time per boarding passenger 

C Clearance time per bus (in seconds) 
also: 

N = bB + C 
H 

where : 

H Headway between buses leaving station 

- 3600/(J/B) 

H1 = 180 seconds for Line 

H2 = 120 seconds for Line 2 

Subs ti tu ting the values of B = 50 passengers/bus, C 
= 15, and b= 3: 

N 3(50 ) + 15 = 165/H 
H 

165/180 0.92 +Use 1 berth (Case 1) 

165/120 1.38 + Use 2 berths 
(Case 2) 

During the peak 15 or 20 minutes, buses will 
probably load to their "design" or "crush" capacity. 
In this short period: (1) dwell times will increase 
and/or (2) clearance times between buses will 
decrease . The berths needed to accoomoda te loads of 
75-80 passengers JEr bus are determined as fol l ows: 

bB + C 3(80) + 15 
Nl = - H-

1
-= 180 1.42 + Use 2 berths 

(Case 1) 

_ bB + C _ 3(80) + 15 
N2 - - H-

2 
- - 120 2.20 + Use 3 berths 

(Case 2) 

Example 6: Berth Capacity for Loading at Major Stops 

Problem. It is desired to determine the capacity of 
a bus stop for a bus line where 10 people board each 
bus, passenger loading time is 3 seconds per 
passenger, and clearance time is 15 seconds per bus . 
It is assumed that l::oarding conditions govern. 

Analysis . The problem may be analyzed in detai 1 by 
use of the following formula: 

z = (3600)6 
bB + C 

where: 

if : 

Z Passenger service capacity in 
passengers/berth/hour 

B Boarding passengers per bus 
b boarding service time per passenger 

B 

z 
10, and b = 3, then: 

( 3600 10 -
3 10 + 15 - 800 passengers per hour 

Since 10 people board per bus, the stop has a 
capacity of 80 buses per hour. This relationship is 
als:::i shown in Figure 1. 

Example 7: CBD Bus Street or Busway 

Problem. A central business district "bus-only" 
street (i.e., at-grade busway) serves 2000 people 
past the maxinn.nn load point in the peak 20 minutes. 
The heaviest STOP has a 20-minute boarding volume of 
1000 people. It is desired to determine (1) the bus 
frequency, and (2) the number of berths required to 
accomnodate the l::oarding passenger volume. It is 
assuned that: 

1. "design" bus volunes are 75 persons/bus, 

2. clearance time between buses at each stop is 
15 seconds, and 

3. a pay-as-you-leave fare systan is used in 
the downtown area. 

Analysis. Table 13 gives a range of 1.5 to 2.5 
seconds per passenger for "passengers" through a 
single door of pay as you leave. Table 15 suggests 
a design value of 2.0 seconds per passenger. 

The number of buses JEr hour can be determined 
fran the following formula: 

f = P/S' 

where: 
f Bus frequency 
P Demand at maximum load point, in passengers 

per peak 20 minutes 

S'= Passenger capacity of bus (seated+ standing) 
therefore: 

f = 2000/75 = 26,7 = 27 buses per peak 20 minutes 
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Number of berths can be obtained from the 
following relationships: 

p 

where: 

(3600)N 
Xb + C/S' 

P Persons per hour 

N 
P(Xb +C/S') 

3600 

N Number of effective berths 
S'= Bus capacity (seated+ standing) 
C Clearance between buses 
X Proportion of total boarding passengers which 

occurs at heaviest stop 
b Boarding time per passenger in seconds 

in this example: 
p (2000 x 3) = 6000 

x (1000/2000) = 0.5 b = 2 seconds 
C 15 seconds 
S'= 75 persons C/S' = 0.2 

therefore: 

N = 6000(0.5 x 2 + 0.2) = 6000(1.2) = 2 o b th 
3600 3600 · er s 

Therefore, 2 effective berths should be provided. 
Allowing for berth "inefficiencies" 3 loading 
positions should be provided (Table 11). This 
corresponds to a cUllRllative capacity of 2.25 berths 
for "on-line" stations and 2 .60 berths for 
"off-line" linear stations. 

The Level of Service on the approa.ches to the 
central area would be D as shown in Table 21 (75-104 
bu<>es/hour lane result in Level of Service D). 
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APPENDIX 

Additional Data on Passenger Service Times 

Table A 1. Passenger Service Time Equations, Alighting Only 

Type 
SE 

Acceptable 

~ Dato ~ ~ Service Time Vehicl e Dae< n R2 _l i.. ~ ~ -
San Diego, 12-4-74 Wednesday Mixed Local P.M . GMC Front 11 .95 1.57 .27 T = 0.1968 + 1.4545 ALF 1-" ALF"- 14. 
Caliliomto 12-6-74 Friday Exact Fare Bus Single 

New Brunswick, 4-29-74 Monday Cash, C<ah Suburban P.M . GMC Front 21 . 91 5 . 73 . 15 T = 0. 9563 + 1. 9453 ALF l'-Alf"-30 
New Jeney 6-1~74 Friday & 01Gnge Bus Single 

LauM lle,(6) 5-16-68 to Monday Mixed, Cash local All GMC Bath 121 . 76 3.06 . 34 T = l .B437 + l.1122A l"A.:.20 
KtinNcky 5-29-6B to Friday & Change B ... Single 

6-23-69 to Monday Mixed Local All GMC Bath 147 .n 2.73 . T = 2. 2345 + 1. 0792 A 1 "- A "- 26 
6-27-69 to Friday E"act Fa1e Bus Sing le 

Newark, (34) 1~15-69 Monday Mixed Local A.M. GMC Bath 64 .76 1.55 .22 T • 3.3548 + l.OB16 A 1'- A ,;. 11 
New Jeney 1~16-69 lo Friday Exact Fare P.M. Bus Sing le 

1~22,24-69 
1~27-69 

l ouh·.,ille'{6) 5-16-68 to Monday Mhc ed, Cwh Local A.M. GMC Bath 27 .Bl 2.24 - T = l.B203 + 0.9187 A 1 6 A .::. 20 
l(an?ucky 5-29-6B to Friday & Change Bus Single 

M]d . 71 .79 3,09 - Y.1.6067 + 1.2141 A 1..:. A .:.19 
P.M. . 23 . 66 3.15 - T=2 .0938 + l . 1725A 1.:.. .. ... 17 

Washington, ( IUJ 6-26-67 - Mixed, Cash Local Peak wllh Bus . 44 .9B - - T • 3.945 + 0 .943 A l £ A £ 10 
o.c . to 9-9-67 & Chanee Standeu 

Peak-No . - 213 . 9B - - T = 3.5B9 + Q.936 A I if.. A k 25 
Stande• 

Off-Peak- . - 205 .96 - . T = 3.963+ 1. 155 A 14A -" 19 
No Stande• 

Newark, (J5) 2-2S-74 Monday Cash, Cash Local A.M. froUoy Front 70 . 76 2.76 . 21 T • 2.B236 + 0.8929 ALF 3 ,; ALF "' 29 
New Jeu ey 2-27- 74 Wedne1day & Change Double 

3-13-74 Rear B7 . 91 1.94 .12 T • 2.2079 + O.B384 ALR 2 ~ ALR ~ 36 
3- 4-74 Double 

Elther 157 . B5 2.41 .16 T = 3.0155 + O. B202A 2.:. A .:,. 36 
Double 

Bath 70 .n 2 . 70 .16 T = 4, 3224 + 0. 4573 A 6 '° A "-54 
Double 

Source: Ref. (27) 
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Table A2. Passenger Service Time Equations, Boarding Only (Cash and Change) 

Type 
sf 

Acceptance 

~ Dato ~ of Fore Service Tl"'e ~ °""' n R2 ...l. T &iuotl.,. ~ -
iViont real, 7-17-74 Wednesday Mixed Local P.M. GMC Front 18 .98 2.54 . 09 T • -4. 4992 + 2·. 3724 BDF 64 BDF.;26 
CoMdo 7-lS-74 Thursday B ... Single 

Montreal, 7-17-74 Wedne1day Mixed loco I P.M. Cm.Car ITo,. 12 .97 2.64 , 09 T = -3.3720+ 2.3359 BDF 7"BDF425 
Catiodo 7-IS-74 Thunday B,. Sing le 

lo~hvHl e16) 5-16-68 to Monduy Mixed local All GMC Front 41 .94 2.91 .25 T = --0.0855 + 2.5855 BDF 1.:;BoF£16 
k'.el\fucky 5-29-68 to F1idoy B ... Single 

Newo..X, (6) 10-15, 16-69 iViondoy Mi>eod Local A.M. GMC Front 157 .87 13.87 .32 T. 3.1599 + 3.3272 BDF 1' BDF"48 
New Je~ey JG-22 to 24-69 to Friday & P.M. 9.., Single 

I 0-27-69 

Louh'tlille
16

) 5-16-68 fo iAondoy Mixed Local Mid GMC Front 26 .94 2.72 - T = 0.2396 + 2.5288 BDF 1"-BDF£14 
ICc~vcky 5-29-68 to Friday P.M. Buo Single 12 .94 2.72 - l • --0.6494 + 2 .7169BDF 24eof & 16 

Irvington, 2-27-74 Wedn1nda y Mixed Suburban A.M. GMC hont 13 .97 7.43 .20 l c -18.5125 + 7.4099 BDF 3"°BDF"'19 
NC1w Jar,. 11 3-28-74 fhurufuv & p M. B .. Slnole 
Wc:nhingtoo, {IOJ 6-26-67 to Peok with Bu. - 42 , 99 - - T = 0,845 + 3.926 B 1" B£8 
D.C . 9-9-<>7 - Mixed - Standee 

Peak-No . - 191 .97 - - l . 3, 376 + 2. 676 B 1 "'B"'25 
Standees 
Off-Peak . - 194 . 98 - - l = 1.948 + 3.220 B 1"' B"25 

No Stondoes 

Newark, (JS) 3-13-74 Thunday C..h Local Mid Trolley Front 23 .90 7.52 .22 l = 9.208 + 3.862 BDF l ~BDF ,;25 
New JeBey Double 23 .90 5.03 .14 l • 6.913+ l.232PEC+ 7.466PRC 0tPRC~10 

O~PEC~IS 
3-25-74 Monday Nono Local A.M. Peak Trolley Both 12 .89 2.32 .23 l " 1,5458 + 0.6983 B 4~B ~3B 
3--04-74 Monduy Double 

hont 12 .92 0. 95 .22 T = 0.4541 + 1.3242 BDF t~BDF~9 
Double 

Roo. 51 . 93 1.30 .17 l = 1.6429 + 0.9213 BDR 2tBDR~29 
Double 

Source: Ref. (~ 

Table A3. Passenger Service Time Equations, Boarding Only (Exact Change) 

'w• 
SE 

Acceptable 
location Dote ~ of Fo.ro Setvlc.o Time Vehicle Doo, R2 s! Equorfan ~ 
Son Diego, 12-4-74 Wednesday Mixed Local P.M . GMC Bus Front 23 .92 5.12 .21 T= 0.6997 + 2.1308 BDF I ..... BDF ..:;33 
California 12-6-74 Friday Single 

De 1roH* 9-16-74 N'ondoy Mi1<ed Local P.M. GMC Bu. Frnnl 20 .94 4 . 19 . 17 · T = -0. 8533 + 2, 2300 BO F I 4. BDF,,; 28 
Michi9an 9-17-74 Tues.day .Single 
(Curl.ide) 

Detrail, 9-16-74 j\.\onday Mixed local P.M . GMC Bus Front 19 .89 10. IO .18 l = 3.6986 + 2.1889 BDF 1~ BOF.if.49 
Michigan 9-17-74 TueWay Single 
(Terminal) 

Octtrol l , 9-16-74 Nlondoy Mixed Express P.M. GMC Bu. Front 26 .93 4.59 .20 l = -3.3313 + 2.6054 BDF 2"'- BDF"' 25 
Mchlgon 9-17-74 Tuesday Single 

"'-hvl lle~61 6-23-69 lo Mmday Miud loco I All GMC Bus front 31 . 94 2.70 T = 0.5863 + I. 9957 BDF 1 = BOF£25 
Kc.ntvcky 6-27-69 to Friday Sing I" 

Newark, (J4) 10-15-69 Monday Mixed Local All GMC 8U5 Front 110 .95 5.70 .24 T = 2.3179 + 2.6736 BDF 16BOF.h38 
New Jersey 10-16-69 to Friday Single 

10-22-69 /o 

10-24-69 
10-27-69 

Irvington, 2-27-74 Wednesday MiKcd local A.M. & GMC 8uo Front 12 . 94 3 .38 .18 T = -1.8147 + 2.7570 BDF 2.:BoF.::14 
New Jeney ~28-74 Thundoy P.M. Single 

Washington, ( IO) 6-27-70 lo Mixed Pook Bu• 153 . 97 1=4.740+ 2.604 8 1 ~ B .::. 25 
D.C. 7-5-70 Off Peak Bu• 248 . 98 1=4.342+ 2. 853 B I .. B £25 

Source: Ref. (27) 
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Table A4. Passenger Service Time Equations, Simultaneous Boarding and Alighting 

Typo 
>E' 

locotion Date ~ of Fore Service Time Vehicle Doo< n R2 SE i ~ AC:C!flonu R~t 

~~~!~;{6) 5-16-68 lo Mondoy Mix.d, Cmh loco I All GMC Both 297 .88 5.78 . 26 T= l.7701+0.9727At 2. 2756BDF 16A•24 
5-29-68 to Friday & Oiong• Bus Singl• -0.0234 (A· 8DF) I" BDF"'36 

6-23-69 to Mondoy Mixed local All GMC Both 359 .BJ 6.55 - T= I .6043t 0.9588A+ 2.1543BDF l ... A.:30 
6-27-69 lo Friday Exact For~ Bus Slngle -0.0202(A· BDF) I• BDF.:33 

5-16-68 lo Monday Mixed, Co1h local A. M. GMC Both 43 .79 3.85 - 1=3.5985+ \,0089A-0.0913(A·B) l•A "22 
5-29-68 to Friday & Ch.crige Bus Single + o.4653(B)2-o.0215(B)3 l"'B "17 

Mid 191 .es 6.38 - T= 1.\762+ l.3822A-2.304\B '" A"'21 
-0.0B2B(A· B)+ 0.0013(B)3 I"' B"'JO 

P,M. 63 .96 4.16 - T = 0.4757+ I .0987A+ 2. 26148 '"A"-24 
-0. 0423(A• B) '"' a.:36 

hvtngton, 2-27-74 Wednesday Mixed, Cash U>cal A.M. & GMC Both I I .93 11.10 .23 T= 1.5601+ 1.2288ALF+4.504BDF 1.; ALF.:;20 
New Jeney 3-28-74 Thunday & Change P.M. Bus Single l•BDF"23 

2-27-74 Wedmuday Mixed Local A.M. & GMC Both 11 .96 B.37 .21 T= 6.0043+ 3.250J(BDF+ ALF) 3£. (BDF+ ALF)k33 
3-28-74 lhunday Exact Fore P.M. Bus Sing I• 

Washington, (IO) 6-26-67 to - MixGd, Cash - Peok with Bus - 224 .99 - - I • 3.602+ 0.873A >3. 340B -
o.c. 9-9-67 & Change Stand em -0.029B(A• B) 

Peak-Na 849 ,96 - - T= 3.439+ 0.91IA+2.9018 -
Storde• -0.0324(A·B) 

Off Peale 1160 .96 - - T= 3.456+ I ,094A+ 3.0B4B -
with Stand•• -0. Cl554(A· B) 

No Standees 1114 .96 - - T = 3.512+ 1.0B8A+ 3.Cl78B -
-O.Cl523(A•B) 

Nowatk, (35) 3-13-74 Wednesday Cmh Local A.M. Trolley Front 15 .eo 2.93 .17 T= 3.2364+ 1.2564 (ALF+ BDF) 4"- (ALF+ BDF) ,;20 
New Jeney ,2-27-74 Wednesday Catt. & Local A.M. Trolley Both 18 . 80 2.66 . 13 1=3.1066+ 0.5789(8+ A) 11"- (A+ 8)•47 

Ch<W'lgo 

Son Diego, 12-4-74 Wednudoy Mixed Loco I P.M . GMC Front 10 .78 7 ,54 .26 T~ -3. 9599+ 2 ,4\84(ALF+8DF) 5<;(A+B)~21 
ColHornio 12-6-74 Friday Exact Faro au. 

source: Ref. <El 

Table A5. Passenger Service Time Influence Zone Parameters, Alighting Passengers Only 

Number of Number Parameters Observed Range 
Doors on of Doors of 

L\'idth of Doors Vehicle Used c.I c 2 Passengers 

Single 

Double 

T - C - l 

where 

2 

2 

2 

2 

T Passenger Service Time in Seconds 

A Number of Passengers Alighting 

Source: Ref. (27) 

l.O to 

0.2 to 

2 1.9 to 

1.8 to 

2 3.7 to 

13.5 1.9 to 2.8 to 69 

l.O 1.5 to l.9 to 20 

2.0 0.9 to 1.2 to 37 

l. 9 0.8 to 0.9 2 to 36 

4.0 0.4 to 0.5 6 to 54 
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Table A6. Passenger Service Time Influence Zone Parameters, Front Door Boarding with Payment of Fare 

Method of Parameters 
Fare Colleetion Width of Door T.}'.(!e of Fare cl c2 

Cash and Change Single Multiple 
Zone -20.0 to -6.6 6.1to8.1 

Exact Fare 

T = c1 + c2 s 

where 

Single 

Double 

Single 

T = Passenger Service Time ·j n S~conds 

B = Number of Passengers Boarding 

Source: Ref. (~) 

Flat 

Flat 

Flat 

- 3.0 to 1.0 2.3 to 3.6 

3.4 to 9.2 0.9 to 3.9 

1.0 to 4.3 l.8to2.9 

Table A?. Passenger Service Time Influence Zone Parameters. 
Boarding Passengers with No Fare Payment 

Number of ~umber Parameters 
Doors on of Doors 

cl c2 Width of Doors Vehicle Used 

Single -2.0 to 3.2 2.9 to 3.9 

2 -3.0 to -2.0* 2.4 to 2.9* 

2 2 

Double 2 

2 2 

T = Passenger Service Time in Seconds 

B = Number of Passengers Boarding 

*Estimated parameters developed by author based 
on available information. 

Source: Ref. (~) 

2.6 to 3.l* l. l to 1.4* 

1.6 to 2.6 0.9tol.1 

0.5 to 0.6 0. 7 to 0.8 

Observed Range 
of Passen9ers 

2 to 63 

to 52 

to 25 

to 49 

Observed Range 
of 

Passengers 

11 to 63 

to 29 

4 to 38 



Source: Ref . (~) 

Source: Ref. (~) 

Table AS. Passenger Service Time Influence Zone Parameters, 
Passengers Alighting and Boarding Through Front Door with Fare Payment 

Method 
cl of Fare Collection 

Cash and Change 1. 0 to 2. 0 

Exact F(!re 0.5 to 1.5 

T = c1 + c2 ALF + c3 BDF 

where 

T = Passenger Service Time in Seconds 

ALF = Number of Passengers Alighting 
Through Front Door 

BDF = Number of Passengers Boarding 
Through Front Door 

Parameters 

C2 C3 

1.2 to 2.0 2.3 to 4.5 

1.0 to 1. 9 1. 8 to 2. 9 

Table A9. Passenger Service Time Influence 
Zone Parameters, Passengers Alighting Through Both 

Doors and Boarding· Through Front Door with Fare Payment 

Parameters 
Method of 

Fare Collection Cl C2 C3 C4 

Cash and Change -0.l to 3.6 0.9 to 2.2 2.3 to 4.9 0.02 to 0.5 

Exact Fare 0.5 to 2.4 1.0 to 1.4 2.1 to 2.9 0.02 to 0.1 

T = c1 + c2 A + c3 BDF - c4 (A · BDF) 

where 

T = Passenger Service Time in Seconds 

A = Number of Passengers Alighting 

BDF = Number of Passengers Boarding 
Through Front Door 
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DISCUSSION 

Concepts 

The purpose of this section is to describe the basic 
principles of pedestrian traffic flow theory and 
operational experience and to present a general 
framework of procedures for analysis of capacity and 
level of service on pedestrian facilities. This 
section also includes a thorough presentation of 
specific user-oriented analytical techniques and 
several accanpanying examples illustrating typical 
applications. 

The scope of the pedestrian analysis is limited 
specifically to pedestrian areas and facilities that 
are generally located within the street right-of-way 
boundaries. The analytical framework focuses on the 
pedestrian flow operations on walkways such as 
sidewalks and crosswalks and in stopping and 
queueing spaces such as reser voir areas at 
intersections. This scope is consistent with the 
emphasis on "highway" analysis that is prevalent in 
the current Highway Capacity Manual (HCM) (1) and 
that will be retained, with sane modifications, in 
the prospective new manual. 

Many users of the HCM have indicated that the 
incorporation of pedestrian operations as a major 
component of urban street capacity analysis is an 
issue of increasing importance in planning, 
designing, and operating transportation systems. 
The emergence of safety considerations, multi-modal 
evaluation methods, and person-movement concepts has 
generated a definite need for a more comprehensive 
and precise documentation of pedestrian operations 
within the transportation system. For example, HCM 
users need procedures to analyze quality of service 
considerations that affect pedestrian behavior, such 
as overcrowding of pedestrians on sidewalks and at 
intersections that can result in safety and street 
capacity problems caused by pedestrian-vehicle 
interactions. 

This analytical framework encanpasses the IOCJst 
significant areas of influence and interaction 
between pedestrian and vehicular traffic canponents, 
and it will enable pedestrian analysis that is 
complementary to highway analysis. 

This report does not address directly other 
major types of pedestrian facilties~stairways, 
escalators, elevators, moving walks, pedestrian 
malls--which nonnally are located outside the street 
right-of-way. Although these facilities do have 
certain operational characteristics in cCXllllOn with 
sidewalks, Grosswalks, and reservoir areas, it is 
more appropriate to use other specialized analytical 
procedures for this group of off-line facilities. 
Analytical procedures for analysis of off-line 
pedestrian facilities are described in various 
reference documents, such as (2), (3), and (4). 

The principles of pedestrian-flow theory and 
operation are similar in nature to the principles of 
vehicular traffic flow. The fundamental 
relationship between speed, volume, and density for 
a pedestrian stream is analogous to the vehicular 
flow relationship. That is, as volllr:le and density 
of the pedestrian stream increase fran free-flow to 
capacity levels, the speed decreases. As density 
increases beyond the capacity level, both volume and 
speed decline rapidly. 

Typically, walkways involve relatively 
uninterrupted flow conditions which are affected to 
an extent by a variety of friction factors such as 
sto~ pedestrians and obstacles. On the other 
hand, crosswalks and reservoir areas experience 
interrupted flow characteristics which are 
determined by intersection control features and 
vehicle operations. It is therefore necessary that 

the analytical framework incorporate adjustment 
factors that are sensitive to geometric and 
operational elements. 

The Level of Service concept, as related to 
vehicular traffic analysis, can also be applied 
usefully to pedestrian operations. This analysis 
enables a differentiation of various pedestrian flow 
conditions by the assignment of levels of service 
correspon~ing to particular density and speed 
criteria. The analytical framework must incorporate 
procedures for an integrated evaluation of both 
sidewalk and intersection facilities, involving 
uninterrupted and interrupted pedestrian flow 
conditions, for any given segment or longer route 
within the pedestrian system. 

The interaction between pedestrian and vehicular 
traffic at the intersection is another important 
element of the ccmprehensive analytical framework. 
This section develops general procedures for 
analysis of intersection geometry and control 
~easures and vehicle operations that affect the 
level of service and capacity of the pedestrian 
traffic system. A major research effort is being 
pursued by NCHRP to refine these analytical 
procedures and to quantify pedestrian-vehicle 
interaction effects at intersections. When these 
refined procedures are available, the analytical 
framework described in this report will then be 
revised before inclusion in the future manual. 

The following sections contain a listing of 
major terminology definitions and a discussion of 
the basic principles of pedestrian flow and the 
level of service concept. Subsequent sections 
indicate the rationale for development of the 
general analytical framework and the detailed 
procedures for capacity and level of service 
analysis of sidewalks, crosswalks, and reservoir 
areas. 

Definitions 

Important variables and parameters incorporated in 
the analytical framework are defined as follows: 

Speed - The rate of movement of pedestrian 
traffic in a specified direction, expressed as feet 
per minute (ft/min) or meters per minute (m/min). 
Speed values are used to describe stopped traffic, 
as well as IOCJving traffic, on all types of walkways. 

Flow - The number of pedestrians that pass a 
specified point on a walkway in a specified 
direction during a specified time period, expressed 
as pedestrians per minute (ped/min). "Point" refers 
to a line-of-sight that is usually oriented 
perpendicularly across the entire width of a 
walkway. Flow is also carrnonly termed "Flow Rate". 

Unit Width Flow - The flow of pedestrians per 
unit of effective walkway width, expressed as 
pedestrians per minute per foot (ped/min/ft or 
ped/min/m). 

Platoon Flow - The flow of a single platoon of 
pedestrians, or a series of platoons, passing a 
specified point. 

Volume - The number of pedestrians for a time 
period of 15 minutes or longer. 

Density - The number of pedestrians that are 
located within a specified walkway segment at a 
given instant, expressed as pedestrians per square 
foot (ped/ft2 or ped/m2). 

Pedestrian Space Module - The inverse of 
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density, expressed as space (or area) per pedestrian 
(ft2 /ped or m2/ped). 

Principles of Pedestrian Flow on Walkways 

The primary characteristics of pedestrian flow on 
walkways are similar in nature to those of the 
vehicular flow, As with vehicular flow, there are 
nunerous indicators of the degree of mobility for 
pedestrian facilities. One principal mobility 
measure is related to the free choice of speed. 
Other mobility indicators include the ability to 
pass slower pedestrians, to walk perpendicular to or 
in the reverse direction from the major flow of 
pedestrian traffic, and the general aoility to 
maneuver witlx>ut abrupt changes in speed, direction, 
or gait. 

Other inherent characteristics of pedestrian 
operations are distinctly different than vehicular 
operations. In addition to the mobility indicators 
described above, there are other important aspects 
which contribute to the overall quality of the 
pedestrian walking experience. These supplemental 
factors include comfort, convenience, safety, 
security, and economy. 

Comfort - climate control , walkway surface 
corrli tion, and grade. 

Conveni ence - directness of path, conflicts with 
standing pedestrians and obstacles, availability of 
ramps, and pedestrian controls. 

Safety - hazards associated with vehi cular 
traffic, obstacles, and surface condition. 

Security - am::>unt of lighting and surveillance, 
walkway activity level , restrictions to open view . 

Economy - user cost (primarily associated with 
travel delay). 

These supplemental factors are indicators of 
relatively intangible environmental attributes. 
Nevertheless, they probably have a more important 
effect on the pedestrian's overall quality of 
service than they have for vehicular traffic. 
Pedestrian travelers can experience high sensitivity 
to these types of factors that are not within their 
immediate control, whereas vehicular travelers 
presumably can control such factors to a greater 
degree and thereby limit their associated effects. 
The analytical procedures presented in the 
subsequent sections emphasize the mobility 
charaeLerl~Lle~; however, the supplemeuL~l 
characteristics listed above should also be 
considered in certain applications when planning, 
designing and evaluating alternative actions with 
regard to the · environmental attributes of pedestrian 
facilities. 

Speed - Density (Space) Relationship 

As with vehicular flow analysis, there would be 

Figure 1. Speed - Density /Space Relationship 
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Figure 2. Flow - Space Relationship 
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considerable difficulty in simultaneously 
incorporating all the various indicators of nnbility 
of pedestrian~low in an effective analysis. To 
develop a reasonable approach, the analytical 
framework must necessarily be simplified by 
incorporating consolidated pedestrian traffic 
measures that can be directly quantified and 
integrated with the vehicular traffic analysis. 
Consequently, speed, density, and volume measures of 
pedestrian flow have been stipulated as the 
principal indicators of mobility to be used in the 
analytical process. 

The fundamental relationship between speed, 
density, and volUJ1e for pedestrian flow is analogous 
to the vehicular flow relationship. As volume 
increases above a minimal level, the speed of the 
pedestrian stream tends to decline. This decreasing 
speed characteristic is directly attributable to the 
change in density of the pedestrian stream as volume 
increases. Clearly, the higher the density of flow, 
the lower the degree of mobility afforded the 
individual pedestrian and, consequently, the lower 
the resultant average speed of the stream. 

Figure 1 shows the relationship between speed 
and density for a variety of pedestrian classes as 
determined by four investigators. The density term, 
when used to describe pedestrian flow and specified 
in persons per square foot (or square meter) will 
have snall values usually less than 1.00. It is 
easier to visualize the reciprocal of density, or 
available space per pedestrian, which is shown as an 

(l foot = . 305 meter) 

alternative horizontal scale in Figure 1. This. 
reciprocal is termed the "pedestrian space module" 
and it is measured in square feet (or square meters) 
per pedestrian. 

Flow - Density (Space) Relationship 

The basic relationship between density (space) and 
pedestrian flow can be developed using the 
fundamental relationship of vehicular traffic flow 
as an analogous expression. This expression, 
complete with appropriate pedestrian units, is: 

Fl.DW = SPEED x DENSITY ( l) 

where, FI.OW is expressed as ped/rnin/ft (ped/min/m); 
SPEED is expressed as ft/min (m/min); DENSITY is 
expressed as ped/ft2 (ped/m2), 

"Flow" variable used in this expression is 
termed "unit-width flow'', which is defined as flow 
rate per unit width of the walk.way. 

An alternative expression can be developed using 
SPACE (pedestrian~ nxxlule) as the reciprocal of 
DENSITY: 

FI.OW = SPEED/SPACE (2a) 

This basic relationship between flow and space, 
as recorded by four investigators, is shown in 
Figure 2. 
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The conditions of maximum flow are of greatest 
interest since the maximum possible flow is the 
CAPACITY of the walkway facility. It is apparent 
from Figure 2 that all the different observations of 
rnaxirru.lrn flow (per unit of width) fall within a very 
narrow range of density--that is, with space 
allocations per pedestrian varying between about 5 
and 9 square feet (0.5 and 0.8 m2), Even the study 
by Oeding containing the outer range of ob~rvations 
indicates that maximun flow occurs in this density 
range, although the actual flow in this study is 
considerably higher than the others. As space is 
reduced to less than 5 square feet per pedestrian 
(0.5 m2/ped), the flow rate declines precipitously, 
and all IJX)Vement eventually comes to a standstill at 
the minimum space allocation of 2 to 4 square feet 
(0.2 to 0.4 m2 ). 

Thus, this flow-space relationship indicates 
that pedestrian traffic possesses characteristics 
which can be evaluated quantitatively using quality 
of flow and level of service concepts similar to 
vehicular traffic analysis. 1"or example, if a 
walkway must be designed to acconunodate a given 
pedestrian demand, the space allocation per 
pedestrian (detennined by walkway width and segment 
length) should be no less than 5 to 9 square feet 
(0.5 to 0.8 m2) throughout the segment. This space 
allocation would just acconrnodate the pedestrian 
demand at capacity conditions, which provides a 
relatively low level of speed and canfort. Space 
allocations below this range would lead to an even 
lower quality of service and flow less than 
capacity, since the given number of incoming 
pedestrians would be greater than the walkway's 
capacity and unstable flow conditions would 
materialize. Conversely, space allocations above 
the capacity levels would accommodate the given 
pedestrian demand and provide a higher quality of 
service. 

Speed· Flow Relationship 

To further understand these quality of flow 
implications, it is necessary to define the 
relationship of pedestrian speed, flow, and space 
variables. This relationship is depicted in Figure 
3, which has curves that are similar in shape to the 
speed-volune curves for vehicular flow. 

When there are few pedestrians on the walkway and 
flow is low, there is a free choice of walking speed 
and, hence, free-flow speeds are high. As flow 
increases, each participant in the traffic stream is 
IJX)re and more affected by others and the average 
speed declines. As the curves suggest, at 
approximately half the average free-flow speed, flow 
is at a maximum, or capacity level. As speed drops 
below this point, the flow declines. 

Speed· Density (Space) Relationship 

The manner in which speed varies with space is 
depicted graphically in Figure 4 together with the 
outer range of observations from Oeding. Figure 4 
confirms that speed declines rapidly toward zero at 
space allocations less than 4 square feet per 
pedestrian (0.4 m2/ped) and is about half of the 
maxinrum observed speeds when space is in the !5 9 square 
feet per pedestrian (0.5 to 0.8 m2/ped) range. 

The extreme observations depicted in Figure 4 
are of special interest, for they reveal certain 
effects related to the distribution of walking 
speeds in pedestrian traffic. At the low end of the 
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space allocation range, it is evident that the 
slowest walkers traveling about 150 feet per minute 
(46 m/min) are not able to achieve their chosen 
speed with space allocations below 15 square feet 
(1.4 m2). That is, even the slowest pedestrians 
cannot walk at their chosen speed when space per 
pedestrian drops below that level. At the high end 
of the space allocation range, the fast walkers 
wishing to travel up to 350 feet per minute (108 
m/min) are not able to achieve that speed until 
space allocations increase to about 40 square feet 
(3 .8 m1 ) . Consequently, these threshold values for 
speeds and space allocations suggest points of 
demlil'cation that can be useful for developing level 
of service standards. 

Effective Walkway Width 

To complete tbis analysis of the basic 
relationships between pedestrian flows and 
corresponding space allocations the issue of 
"effective walkway width" must be carefully reviewed 
and incorporated into the analytical framework. 

By analogy with highway design, some 
investigators in the past have used the concept of a 
pedestrian "lane''. The "lane" is meaningful in 
pedestrian analysis only if one wishes to calculate 
how ma.oy people can walk abreast, or pass each other 
simultaneously, along a walkway of a given width. 
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To avoid interference while passing each other , 
tv.o pedestrians should each have at least 2.5 feet 
(0.77 m) of walkway width, as observed by Oeding and 
Pushkarev (2). Pedestrians who know each other and 
are walking-tq:!;ether will walk as close as 2 feet, 2 
inches (0.65 m), center-to-center, and at this 
distance there is considerable likelihood of 
contact. Lateral spacing of less than 2 feet (0.60 
m) between strangers mostly occurs, as Fruin (3) has 
shown, only when the space allocation is lesS" than 
about 5 square feet per person (0.5 m2 /ped). Thus, 
multiples of about 2.5 feet (0.77 m) can be used to 
calculate clear walkway width necessary for a given 
number of people to walk abreast in a voluntary 
group or fpr one group to pass another group. 

The term "clear walkway width" is related to the 
utilization of a walkway for pedestrian movements. 
Moving pedestrians will shy away fran the curb 
and they will not press closely against building 
walls. Therefore, there is dead space along both 
edges of a walkway which nrust be excluded from its 
nominal width when calculating pedestrian design 
flows. Pushkarev (2) assumes this "buffer". width to 
be a total of 2.5 feet (0.77 m), canbining both curb 
and building effects. Also, a strip pre-empted by 
standing pedestrians near a building and physical 
obstructions such as light poles, mail boxes, and 
parking meters should be excluded, though the exact 
effects of these impediments on pedestrian flow have 
not been thoroughly investigated. 

Figure 4. Speed - Space Relationship 
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Table 1. Fixed Obstacle Width Adjustment Factors a 

Street Furni tu.re 
Light Poles 

Obstacle 

Traffic signal poles and boxes 
Fire alarm boxes 
Fi re hydrants 
Traffic signs 
Parking meters 
Mail boxes (1.7 x 1.7 dimensions) 
Telephone booths (2.7 x 2.7 dimensions) 
Waste baskets (1.8 diameter) 
Benches 

Public Underground Access 
Subway stairways 
Subway ventilation gratings 
Transformer vault ventilation gratings 
Skylights for subway stiltions 

Landscaping 
Trees (5.0-6.0 pavement cut) 
Planting boxes (3.7 diameter) 

Corrmercial Uses 
Newsstands 
Vending stands (fruit, vegetable, etc.) 
Advertising displays 
Store displays 
Sidewalk cafes (two rows of tables) 

Building Protrusions 
Columns 
Stoops 
Cellar doors 
Standpipe connections 
Awning poles 
Trucking docks 
Garage entrances 
Ori veways 

ft 

2.5-3.5 
3.0-4.0 
2.5-3.5 

2.5-3.0 
2.0-2.5 

2.0 

3.2-3. 7 
4.0 

3.0 

5.0 

5.5-7.0 
6.0 + 

5.0 + 

3.0-4.0 

5.0 

4.0-13.0 
variable 
variable 

Approximate walkway width preemptedb 

(not available) 

variable 
variable, try 7.0 

2.5 x 2.5 to 3.0 x 3.0 

2.0-6.0 

5.0-7.0 
1.0 
2.5 

(trucks protruding) 
(cars entering and exiting) 
(cars entering and exiting) 

m 

0.8-1.0 

o. 9-1.2 
0. 8-1.0 

0.9-0.9 
0.6-0.8 

0.6 

l. 0-1. l 
1.2 

0.9 
1.5 

l.6-2. l 
1.8 
1.8 

0.9-1.2 

1.5 

1.2-4.0 

2. l 

0.8-0.9 
0.6-1.8 

l.5-2. l 
0.3 

0.8 

aTo account for the avoidance distance normally occurring between pedestrians and obstacle~, an additional 
1.0-1.5 feet must be added to the preemption width for individual obstacles. 

bCurb to edge of object, or building face to edge of object. 

Source: Ref. (f,) \ (l foot = .305 meter) 



Pedestrians 121 

A list of typical obstructions and the estimated 
width of walkways that they pre-empt is provided in 
Table 1. Alro, Figure 5 shows generally the width 
of walkways preempted by curbs, buildings, or fixed 
objects. Figure 5 may be used as a guideline 
when specific walkway configurations are not 
available. 

Thus, the "effective walkway width" represents 
that portion of the entire walkway that is 
reasonably available for use by the pedestrian 
stream moving through the area. Various width 
reduction adjustments, as indicated in Table 1 and 
Figure 5, are applied to the naninal walkway width 
to determine the effective width. 

Figure 5. Buffer Space Width 
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Figure 6. Free Flow Walking Speed Distribution 
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Pedestrian Types and Trip Purposes 

The nnalysis of pedestrian flow is generally based 
on rooan walking speeds of groups of pedestrians. 
Within any group, or among groups , there can be 
considerable differences in flow characteristics due 
to trip purposes and age of pedestrian. Figure 6 
indicates the typical distribution of free-flow 
pedestrian speeds. 

Pedestrians going to and from work, using the 
same facilities day after day, may exhibit slightly 
higher walking speeds than shoppers. This has been 
shown in Figure 1. Older or very young persons will 
tend to walk at a slower gait than other groups. 
Shoppers not only may tend to walk more slowly than 
COllilluters, but they also can decrease the effective 
width of a walk.way by stopping or slowing to window 
shop. Thus, in applying the techniques and 
numerical data in this section, the analyst or 
designer should be cognizant of pedestrian groups 
which have behavior that deviates widely fran mean 
values. 

Levels of Service in Walkways 

Average Flow 

(1 foot = .305 meter) 

The criteria for differentiation among the various 
levels of service for pede strian flow are 
necessarily imprecise and the specification of 
demarcation points is scrnewhat subjective. However, 
it is possible to suggest appropriate ranges of 
space per pe<iestr i an and of flow rates that can be 
used to develop quality of flow criteria. 

One important level of service criterion is 
speed. At speeds of 150 feet per minute (46 m/min) 
or less, a pedestrian must resort to a shuffling 
gait, which results in cramped unnatural movements. 
As Figure 4 has indicated at an average speed of 150 
feet per minute (46 m/min) the corresponding space 
per person is in the range if 6 to 8 feet 2 (0.6 to 
0.8 m2 ). At space allocations of 15 square feet per 
person (1.4 m2 /ped) or less, even the slowest 
walkers .who would ordinarily choose to walk at 150 
feet per minute (46 m/min) are forced to slow down 
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(shown by the cross-hatching in Figure 4). The 
fastest walkers cannot reach their chosen speed of 
350 feet per minute (108 m/min) until space 
allocations are quite high. From Figure 2 it is 
evident that these three space allocations of about 
7, 15, and 40 square feet (0.7, 1.4, and 3.8 m2 ) 

correspond approximately to the maxirmin flow rate at 
capacity, two-thirds of capacity, and one-third of 
capacity, respectively. 

There are other significant indicators of 
service levels besides speed. For example, the 
ability of the pedestrian to freely choose his path 
across the path of other pedestrians is shown by 
Fruin (1) in Figure 7 to be impaired at space allo
cations below the 35 to 45 sq ft range (3.3 to 4.3 
m2), Above that level, Fruin states that the prob
ability of "stopping or breaking of the normal walk
ing pace" is reduced to zero. Below 15 sq ft per per
son (1.4 m2/ped) virtually every crossing movement 
encounters a conflict. Similarly, the ability to 
pass slower-moving pedestrians is unimpaired above 
35 square feet per person (3.3 m2 /ped) but becanes 
progressively more difficult as space allocations 
drop to about 18 square feet per person (1.7 
m2 /ped). Below this space allocation, passing 
becomes virtually impossible without physical 
contact. 

Another level of service indicator is the 
ability to maintain flow in the minor direction 
in opposition to the major flow direction. Here 
the quantitative evidence is somewhat less precise. 
For pedestrian streams of roughly equal volume 
distribution is each direction, there is little 

reduction in the capacity of the walkway canpared 
with one-way flow because each direction occupies 
its proportionate share of the walkway width. 
However, if the bi-directional flow split is 90/10, 
for example, evidenc e su ggests that for a space 
allocation of about 10 square feet per person (0.9 
m2 /ped), a capacity reduction of about 15 percent 
occurs. This reduction is a consequence of the 
inability of the minority movement to utilize its 
proportional share of the walkway width. 

Impediments to pedestrian movement are not 
confined to space allocations below 40 square feet 
per person (3.8 m2 /ped), however. Limited evidence 
suggests that for a higher space allocation of 60 square 
feet (5.7 m2 /ped), it is observed that pedestrians 
walk in a "checkerboard" pattern rather than 
directly behind or alongside one another. This 
suggests that unconscious shifts in position occur 
for other pedestrians in response to the alteration 
of a given pedestrian. Observations also suggest 
that space allocations of up to 100 square feet per 
person (9.5 m2 / ped) are required to establish 
smooth movements when opposing pedestrians pass. 
Finally, informal .)bservations suggest that at 
space allocations approaching 130 square feet per 
person. (12 .4 m2 /ped) corresponding to the outer 
range of Hall's "public interpersonal distances" 
(5), the individual pedestrian is no longer 
influenced by other pedestrians. Examination of 
still higher space allocations suggests that the 
in.voluntary bunching of pedestrians in "platoons" 
does not completely disappear until about 500 square 
feet per person (47 .5 m2 / ped) or higher. 

Figure 7. Cross Flow Traffic: Probability of Confl ict 
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Table 2. Comparative Level of Service Definitions for Walkways 
(Not for Specific Application) 

OE DING FRUIN PUSHKAREV 

Level of 
Service 

Label 

Tolerable 

Unacceptable 

Space 
2 (ft /ped) 

over 36 

18-36 

11-18 

7-11 

under 7 

Source: Ref. (~) 

Level of Service Definitions 

Level of 
Service 

Label 

A 

B 

c 
D 

E 

F 

Three researchers have previously defined levels of 
service on the basis of the average space 
allocation, as summarized in Table 2. There is 
I'a ther close agreement in selection of demarcation 
points annng all three in the 10 t o 40 square foot 
per person range (0.9 to 3.8 rn 2/ped). Ceding and 
Fruin closely coincide throughout the entire range 
of space allocations, except that Fruin divides 
Oeding's "tolerable" level of service into two parts 
termed B and C • At the lowest levels of the 
pedestrian space spectrum, Pushkarev defines only 
one category, termed "jamned". At higher levels of 
the spectrum, above 40 square feet per person 
(3.8 mZ/ped), Pushkarev defines three distinct 
categories. 

With such close agreanent in the middle of the 
spectrun, the key issue to be resolved is how to 
deal with the higher and lower regions to arrive at 
one integral set of definitions of levels of 
service. Although the evidence presented by 
Pushkarev indicates two differentiations in quality 
of flow for space allocations above 130 square feet 
per person (12.4 m2 /ped), one level of service 
should be sufficient for analysis in most 
app1icati ons. 

Space Level of Space Service 
(ft2 /ped) Label (ft 2/ped) 

Open over 530 

over 35 Unimpeded 130-530 

Impeded 40-130 

25-35 Constrained 24-40 

15-25 Crowded 16-24 

10-15 Congested 11-16 

5-10 Jammed 2-11 

under 5 

(1 foot .305 meter) 

For the lower region of the spectrum, two 
separate levels of service fo;:· space allocations 
less than 10 square feet per person (0.9 m2/ped) are 
in order, using the 6 square feet per person 
allocation (0.6 rn 2 /ped) as the dividing point. As 
indicated in Figure 2, one level of service with 
space allocation between 6 and 11 square feet per 
person (0 .6 to 0.9 m2 / ped) would represent the 
capacity condition. The level of service would, 
therefore, represent lower space allocation. 
congested conditions, and flow rates below the 
capacity level. 

Table 3 shows the adopted level of service 
standards. The alphabetic terminology is used to be 
consistent with that of vehicle flow. The primary 
criterion of the levels of service is space 
al l oca ti on; also, speed and flow rate 
(volume/capacity ratio) indicators can be used as 
supplemental criteria in special applications if 
deemed necessary by the analyst. The precise 
division points of the space allocation spectrum 
that was used by Pushkarev (2) are adopted in most 
instances in Table 3 to define the level of service 
standards because they correspond to reasonably 
progressive increments of flow rates and speeds. 

Graphic illustrations and descriptions of 
walkway levels of service are shown in Figure 8. 

Table 3. Pedestrian Levels of Service on Walkways: Based on Average Flow 
(Recommended for Application) 

Level Space of 2 Service (ft /ped) 

A over 40 

B 24-40 

c 16-24 

D 11-16 

E 6-11 

F under 6 

~Flow Rate relative to 
Speeds are calculated 
using Equation (2) 

cAssumed Capacity = 25 

Average Flow 
Ratea 

(ped/min/ft) 

under 6 

10-6 

14-10 

18-14 

25-18 

0-25 

effective walkway width 

Mean 
b Speed 

(ft/min) 

over 250 

240-250 

224-240 

198-224 

150-198 

0-150 

Volume/Capacityc 
Ratio 

< 0.24 

0.24 - 0.40 

0.40 - 0.56 

0.56 - 0.72 

0. 72 - 1. 00 

0.00 - 1. 00 

based on Space and Flow Rate variables, 

ped/min/f t ( 1 foot . 305 meter) 
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Figure 8. Levels of Service on Walkways 

LEVEL OF SERVICE A 
Average Pedestrian Space Allocation: 

At least 40 square feet per pedestrian 
Average Flow Rate: 

6 pedestrians per minute per foot of effective walkway width 
At walkway level of service A, sufficient area is provided for 
pedestrians to freely select their own walking speed, to bypass 
slower pedestrians, and to avoid crossing conflicts with others. 

LEVEL OF SERVICE B 
Average Pedestrian Space Allocation: 

24 - 40 ft. 2/ped. 
Average Flow Rate: 

6 - 10 ped./min./ft. effective walkway width 

At walkway level of service B, sufficient space is available to 
select normal walking speed, and to bypass other pedestrians in 
primarily one-directional flows. Where reverse-direction or 
pedestrian crossing movements exist, minor conflicts will occur, 
slightly lowering mean pedestrian speeds and potential volume. 

LEVEL OF SERVICE C 
Average Pedestrian Space Allocation: 

16 - 24 ft. 2/ped. 
Average Flow Rate: 

10 - 14 ped./min./ft. effective walkway width 

At walkway level of service C, freedom to select individual 
walking speed and freely pass other pedestrians is restricted. 
Where pedestrians cross movements reverse flows exist, there is 
a high probability of conflict requiring frequent adjustment of 
speed and direction to avoid contact. Designs consistent with 
this level of service would represent reasonably fluid flow: 
however, considerable friction and interaction between pedestrians 
is likely to occur, particularly rn multi-directional flow 
situations. 

LEVEL OF SERVICE D 
Average Pedestrian Space Allocation: 

11 - 16 ft. 2/ped. 
Average Flow Rate: 

14 - 18 ped./min./ft. effective walkway width 

At walkway level of service O, the majority of persons would have 
their normal walking speeds restricted and reduced, due to 
difficulties in bypassing slower-moving pedestrians and avoiding 
conflicts. Pedestrians involved in reverse-flow and crossing 
movements would be severely restricted, with the occurrence of 
multiple conflicts with others. Designs at this level of service 
would be representative of the most crowded public areas, where it 
is necessary to continually alter walking stride and direction to 
maintain reasonable forward progress. At this level-of-service 
there is some probability of intermittently reaching critical 
density, causing momentary stoppages of flow. 

LEVEL OF SERVICE E 
Average Pedestrian Space Allocation: 

6 - 11 ft. 2/ped. 
Average Flow Rate: 

18 - 25 ped./min./ft. effective walkway width 

At walkway level of service E, virtually all pedestrians would 
have their normal walking speeds restricted, requiring frequent 
adjustments of gait. At the lower end of the range, forward 
progress would only be made by shuffling. Insufficient area 
would be available to bypass slower-moving pedestrians. Extreme 
difficulties would be experienced by pedestrians attempting 
reverse-flow and cross-flow movements. The design volume 
approaches the maximum attainable capacity of the walkway, with 
resulting frequent stoppages and interruptions of flow. 

LEVEL OF SERVICE F 
Average Pedestrian Space Allocation: 

Less than 6 ft.'lped. 
Average Flow Rate: 

Variable, less than 25 ped./min./ft. effective walkway width 

At walkway level of service F, all pedestrian walking speeds are 
extremely restricted, and forward progress can only be made by 
shuffling. There would be frequent, unavoidable contact with 
other pedestrians, and reverse or crossing movements would be 
virtually impossible. Traffic flow would be sporadic, with 
forward progress based on the movement of those in front. This 
level of service is representative of a loss of control, and a 
complete breakdown in traffic flow. Pedestrian areas below 5 
square feet are more representative of queuing, rather than a 
traffic-flow situation, and this level of service is not 
recommended for walkway design. 

Source: Adapted from Ref. (~) 
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Figure 9. Effective Walkway Width - Design Considerations 
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The level of service relationship can also be 
depicted graphically as in the monograph in Figure 
9 • Thus I if the analyst is gi Ven any two Variables I 
sucb as effective walkway width and volume, the 
third variable, level of service, can be detennined 
directly fran this nomograph. 

It llllSt be anphasiz.ed that the level of service 
standards presented in Table 3 are based generally 
on the assumptions that pedest rians are uniformly 
distribute:i throug.hout the walkway segrrent and that 
flow is even, or homogenous in time. The flow rate 
in Table 3 is expressed in tenns of a 1 minute 
interval and t he uni f orm flow rates should not be 
extrapolated to longer periods of tim.:i without 
consideration of the special characteristics of 
platoons presented in the following section. 

Platoon Flow 

The definitions of the possible average flow rates 
at different levels of service (Table 3) will be of 
limited usefulness unless time intervals are 
specified over which these rates can reasonably be 
applied. That average flow rates may be misleading 
is clearly illustrated by the minute-by-minute 
variations shown in Figure 10. The data are for two 
locations in Lower Manhattan and are generally 
characteristic of many concentrate:i CBD locations in 
other cities. The maximum 15-minute flow rates 
average 1.4 and 1.9 pedestrians per minute per foot 
of effective walkway width (4.6 and 6.2 ped/min/m) 
during the two measurement periods. However, the 

(1 foot = .305 meter) 

diagrams indicate that .flow during one minute can, 
on occasion, be oore than 100 percent hig)ler tban 
the flow during the next minute, particularly when 
the overall volune is relatively low. Even auring 
the peak 15 minute periods, incremental variations 
of 50 to 100 percent frequently occur from one 
minute to the next • 

By comparing the scatter in the diagrams to the 
15 minute average, it is ev ldent that the highest 
1 minute flow within each of the 15 minute periods 
exceeds the average by at least 20 percent in nearly 
all uases and by a maximum of 75 percent on 
occasion. The third bighest 1 .minute flow exceeds 
the average by 10 to 30 percent. Even the seventh 
highest minute can be as much as 20 percent higher 
than the 15 minute average. In general , 50 to 7 5 
percent of all pedestrians are moving in streams 
haVing 1 minute flow rates significantly greater 
than the 15 minute average. 

It is clear that any facility designed for the 
average flow in a 15 minute period will afford lower 
quality of flow for a sizable portion of the 
pedestrian traffic using it. However, it would be 
extravagant to design for peak 1 minute flows that 
may be 150 percent of the average, but which may 
only occur with a 1 or 2 percent probability. To 
resolve this dilerrma, a relevant time period nrust be 
determined through closer investigation of the 
short-tenn fluctuation of pedestrian flow. 

Short-term fluctuation is present in any 
unregulated pedestrian traffic flow because 
pi.rticipants in the traffic stream arrive at a given 
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spot at random. Thus, purely due to the laws of 
chance, in one minute a section of sidewalk may 
receive many pedestrians, whereas in the mext minute 
it may receive very few. In an urban situation, 
this random uneveness is exaggerated by three 
additional factors. The most important factor is 
the interruption of flow and queue fonnation caused 
by signalized intersections. In addition, transit 
facilities and, to a lesser extent, elevators create 
interruptions by the release of groups of people in 
very short intervals of time, with pauses during 
which no flow may occur at all. Until they have a 
chance to dissipate, pedestrians in these types of 
groups proceed IJX)re-or-less together as a platoon. 
Lastly, if ~assing is impeded because of 
insufficient space, faster pedestrians will slow 
down behind slower ones, and a bunching of 
pedestrians occurs. All of these involuntary groups 
of pedestrians are ternied "platoons". 

Platoons can be defined quantitatively using 
either of two observation procedures -- termed 
"positive" or "negative". In the positive 
definition, platoons are timed and counted when it 
appears to the observer that a wave of above-average 
density and volume is swelling up in the traffic 
stream and passing the observation point on the 
walkway. In the negative definition, by contrast, 
relatively low volune gaps in flow are timed and the 
stragglers passing the observation point during 
these conditions are counted; then the non-platoon 
time and flow are subtracted from total time and 
slow to determine platoon characteristics. Judging 
from the experince of several researchers, it is 
recomnended that the positive procedural definition 
be used in- subsequent analysis. Platoons must be 
timed in seconds to avoid the arbitrary missing of 
periods of platoon flow with periods of non-platoon 
flow that can both occur during longer periods of 
time. 

Figure 10. Minute-by-Minute Variations in Pedestrian Flow 
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Figure 11. Relationship of Platoon Flow to Average Flow 
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The scatter diagram in Figure 11 indicates the 
platoon flow rate (positive definition) in 
comparison with the average flow rate for 58 
observation periods (mostly 5 to 6 minutes 
duration). The dashed line approximates the upper 
limit of platoon flow observations. The 
mathematical expression of this line relating 

platoon flow to average flow is: 
PLA'IWN Fl.OW = AVERAGE Fl.OW + 4 ( 3) 

where FLOW is expressed as ped/min/ft. The metric 
equivalent of this equation is as follows: 

PLATOCN Fl.OW = A VER.AGE FLOW + 13 .1 ( 3a ) 
where Fl.OW is expressed as ped/min/m. 

The form that Equation 3 takes-a constant 
increment added to the average flow~indicates that 
platooning has a relatively greater impact at low 
volunes than at high volumes. A measure of this 
impact is the ratio of platoon flow to average flow, 
termed the "platoon factor." Figure 12 indicates the 
relation of the platoon factor to average flow. The 
platoon factor is relatively large in the low flow 
region, but it diminishes as the flow increases. 
For example, for an average flow of 2 persons per 
minute per foot (6.5 ped/min/m), the platoon flow is 
substantially largP.r, a.bout 6 persons per minute per 
foot (19.5 ped/min/m)-corresponding to a platoon 
factor of 3 .o. For a higher average flow condition 
of 10 persons per mi nute per foot (32 .5 ped/min/m) , 
the platoon factor i s :;;i~nHkw1Lly lower, equaling 
1. 40. Since most pedestrian analysis will focus on 
the higher flow levels, platoon factors in the range 
of al:out 1.5 to 1.1 are of greater interest. 

This pat te1·11 is not i llogica-1, since gaps 
between platoons tend to fill up as flow increases. 
It does, however, point clearly to one possible 
design objective: there appears to be a need for 
mini mum wa l kway s t andards that apply even at 
relatively low average flow rates, because there is 
always the probability of a sudden relatively large 
platoon. However, at low flow rates where wide 
walkways also exist, the data shown in Figure 11 
suggest that the platoon flow rate is not likely to 
be greater than 2-4 pedestrians per minute per foot 
(6.6 to 13.1 ped/min/m) above the average flow rate. 
The upper flow limit is generally not experienced 
for low flow on wide walkways because platoons can 
more easily dissipate. 

It is clear that an "average" flow rate, even if 
it refers to a period as short as one minute, may 
not be entirely relevant to defining the condition 
of the majority of pedestrians in a traffic stream 
who are in platoons. To the pedestrian within a 
platoon, it is small consolation that a few seconds 
prior to his arrival, the section of walkway on 
which he is now experiencing congested conditions 
was virtually empty. For example, if the objective 
is to provide a relatively high measure of rocibility, 
then the time perioo truly relevant for design does 
not appear to be 15 minutes, 1 minute, or any other 

Table 4. Pedestrian Levels of Service on Walkways : Related to Platoon Flow 

Average Flow Conditions Platoon Flow Conditions 

Level Space, Average Flow Level Space, Platoon Flow 
of in ft.2/ped. Rate, in of in ft.2/ped. Rate, in 

Service ped./ft./min. Service ped./ft./min. 

A 130 + < 2 A 40 + a < 6 
A 40 - 130 2 - 6 B 24 - 40 6 - 10 

B 24 - 40 6 - 10 c 16 - 24 10 - 14 

c 16 - 24 10 - 14 D 11 - 16 14 - lB 

D 11 - 16 14 - 18 E 6 - 11 18 - 25 
E 6 - 11 18 - 25 F < 6 0 - 25 
F < 6 0 - 25 F < 6 0 - 25 

a On wide walkways, involuntary platoons occur infrequently at this low pedestrian flow level . 
(1 foot= .305 meter) 
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Figure 12. Relationship of Platoon Factor to Average Flow 
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arbitrary time span, but rather the intermittent 
periods during which flow in platoons occurs. Since 
this "time in platoons" is can}Xlsed of short spans 
of variable length, the most convenient way to deal 
with it is to take a time interval that is 
appropriate from the viewpoint of l onger cyclical 
variation, say 15 to 30 minutes, a nd then design not 
for the average, but for the platoon flow rate 
likely t o occur during sub-intervals within that 
period. 

The platoon factor corresponding to the average 
flow, indicated in Figure 12, can therefore be used 
(in appropriate circumstances) to calculate a new 
design volume for determination of geometric 
specifications (such as wi dth) of a relat i vely 
high-design pedestrian facility . Alternatively, 
d i rect platoon measureme nts can be made at 
comparable facilities in a particular city to 
incorporate locational variations and other factors 
that cannot be predicted reliably fran the New York 
City data used in Figure 12. 

Design Criteria 

To summarize this discussion of pedestrian flow 
effects, the correspondence between flow rates and 
space allocations for average flow and platoon flow 
is presented in Table 4. Platoon flow rates are 
calculated on the basis of Eq UD. t i on ( 3) , and 
platoon space allocations are approximated from 
these flow rates using Figure 2. 

Although the level of service standards are 
usually defined on the basis of average flow, as in 
Table 3, it is also possible to indicate 
representative levels of service for platoon flow 
based on the corresponding platoon space allocation, 
as shown in Table 4. Thus, the general 
rule-of-thumb derived from the available platoon 
data and the associated flow relationships is as 
follov.s: 

• The level of service occurring in platoons is 

( l foot .305 meter) 

generally about one level of service lower than 
the level indicated based on the average flow 
criterion. 
The selection of an appropriate design 

objectives~such as either to accomodate average 
flow or platoon flow at a target level of 
service~is determined by the analyst with 
considerations of various policy-oriented factors. 
For example, if the design objective is to provide a 
Level of Service C in platoon fl ows, space 
allocations must be in the range of 16 to 24 square 
feet per pedestrian in ·platoons (1 .5 to 2 . 3 m2/ped). 
In this case, platoon flows of 10 to 14 pedestrians 
per minute per foot (33 to 46 ped/min/m) would be 
accanodated at the designated level of service. The 
corresponding average f:low characteristics a.re space 
allocations of 24 to 40 square f eet per pedestrian 
(2.3 to 3 .7 m2 / ped) and fl ow ra tes of 6 to 10 
pede~trians per minut e peT f0ot (20 to 33 
ped/min/m) . 'rherefore, based on a vera.ge flow 
conditions in Table 3, the designer would calculate 
an effective walkway width that provides Level of 
Service B for average flow which corresponds to 
Level of Service C for platoon flow. Aloo, the size 
of the urban area under investigation may determine 
if platoon considerations are signiiicant i n the 
pedestrian analysis. In large urban areas, 
pedestrian platooning needs to be incorporated in 
the analysis. However, in smaller cities (or in 
outlying areas of larger urban settings) the 
duration of platooning may be oo insignificant that 
it need not be addressed in t he analysis • 

Additional examples of various design 
implications regarding average and platoon flow 
conditions are presented in detail under the heading 
of "USER APPLICATIONS" later in this section. 

Levels of Service in Reservoir Areas 

The location of the reservoir area is defined, 
typically, by the convergence of two perpendicular 
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Figure 13. Standing Levels of Service 

LEVEL OF SERVICE A 

Average Pedestrian Area Occupancy: 13 sq. ft./person or more 
Average Inter-person Spacing: 4 ft., or more 
Description: standing and free circulation through the queuing area 
is possible without disturbing others within the queue. 

LEVEL OF SERVICE B 

Average Pedestrian Area Occupancy: 10-13 sq. ft./person 
Average Inter-person Spacing: 3.5-4.0 ft. 
Description: standing and partially restricted circulation to avoid 
disturbing others within the queue is possible. 

LEVEL OF SERVICE C 

Average Pedestrian Area Occupancy: 7-10 sq. ft./person 
Average Inter-person Spacing: 3.0-3.5 ft. 
Description: standing and restricted circulation through the queuing 
area by disturbing others within the queue is possible, this density 
is within the range of personal comfort. 

LEVEL OF SERVICE D 

Average Pedestrian Area Occupancy: 3-7 sq. ft./person 
Average Inter-person Spacing: 2-3 ft. 
Description: standing without touching is possible; circulation is 
severely restricted within the queue and forward movement is only 
possible as a group; long term waiting at this density is discomforting. 

LEVEL OF SERVICE E 

Average Pedestrian Area Occupancy: 2-3 sq. ft./person 
Average Inter-person Spacing: 2 ft. or less 
Description: standing in physical contact with others is unavoidable; 
circulation within the queue is not possible; queuing at this density 
can only be sustained for a short period without serious discomfort. 

LEVEL OF SERVICE F 

Average Pedestrian Area Occupancy: 2 sq. ft./person or less 
Average Inter-person Spacing: close contract with persons 
Description: virtually all persons within the queue are standing in 
direct physical contact with those surrounding them; this density is 
extremely discomforting; no movement is possible within the queue; 
the potential for panic exists in large crowds at this density. 

Source: Ref. (_~) (l foot 2 .305 meter) 
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sidewalks at a street corner adjacent to the general 
traffic intersection area. This type of pedestrian 
facility generally experiences the l!X)St concentrated 
activities within the pedestrian network, 
characterized by varied interactions between several 
coincident pedestrian streams which may either be in 
moving or queueing states at any given instant. In 
comparison with the preceding analytical framework 
for sidewalk facilities, there are inherent 
complexities of pedestrian operations at 
intersections that have limited the developnent of 
analytical procedures. 

The general analytical frame110rk for calculating 
capacity and l evel of service for reservoir areas re
quires specification of the following input f actors: 

•Pedestrian multi-directional flow levels and 
interactions 

•Facility design features 

•Signal operation characteristics 

•Level of service standards and criteria 

There is only limited empirical data which 
describes pedestrian operations at intersection 
areas. Consequently, the underlying relationships 
among these input factors have not yet been studied 
rigorously, and the important concepts regarding 
mobility measures, levels of service, and cape.city 
have not been developed fully. 

Generally, two or more pedestrian streams 
simultaneously are utilizing a reservoir space at an 
intersection, and two distinct types of area 
requirements occur : 

Ci rcul a tion Area is necessary to accommodate 
multi-directional pedestrian flows not 
interrupted by the signal cycle phase. 
Hol ding Area is necessary to accODDnondate the 
build-up (or queueing) of those pedestrians 
waiting for the traffic signal to change in 
favor of their desired crossing. 

Both the oolding and circulation functions of 
the reservoir area can be evaluated based on level 
of service standards "for queueing conditions. " 
Figure 13 describes the standards and attendant 
operational characteristics for queueing facilities. 
The reservoir area is not utilized strictly for 
queueing, since substantial l!Rllti-directional stream 
flows also occur through the area. However , the 
queueing facility level of service standards do 
provide a useful analogy and a basis for analysis. 
The analyst can modify the approach and evaluation 
parameters used in queueing analysis, as necessary, 
to conform with the mixed functions of the reservoir 
area. 

Specific analytical procedures and examples of 
crosswalk evaluation are presented in detail under 
the "USER APPLICATIONS" heading later in this 
section. 

Levels of Service in Crosswalks 

The pedestrian flow characteristics in crosswalks 
are similar in nature to the operations on 
sidewalks. Thus, the basic uninterrupted flow 
relationships between speed, density, and volume for 
crosswalk flow are consistent with sidewalk flow. 

As the density of pedestrians in the crosswalk 
increases beyond the low-flow levels, the speed 
declines and volume increase s to the capacity 
condition. For densities greater than the capacity 
level, speed continues to decrease, and volume 
also decreases. 

There are certain characteristic features that 
differentiate crosswalk operations from sidewalk 
flow. One principal dissimilarity is the degree of 
interrupted flow. Because of signal phasing 
conditions, the incidence of platoon flows and their 
interactions in the crosswalk is sanewhat greater, 
generally, than what occurs in the typical mid-block 
area of a sidewalk. Also, the desired (free-flow) 
speeds of pedestrians in the crosswalk tend to be 
higher and more uniformly distributed than for 
sidewalks, although for more congested conditions 
queue discharge and platoon flow operations will 
significantly restrain the prevailing speeds. 

The level of service concept that was developed 
primarily far uninterrupted flow of pedestrians on 
sidewalks can be utilized to evaluate crosswalk 
operations, as well. Since substantial 
dissimilarities are apparent, however, the level of 
service standards should only be considered as 
relatively coarse descriptions of the quality of 
service in crosswalk analysis. 

Specific analytical procedures and examples of 
reservoir area evaluations are presented in detail 
under the following heading. 

USER APPLICATIONS 
Methodology 

The purpose of this section is to present a nunber 
of specific techniques and a detailed procedural 
framework for user-oriented analysis of capacity end 
level of service on pedestrian facilities. Typical 
example problems are also included , and the 
steir-by-step solution process is elaborated in each 
case to illustrate various types of applications. 

These specific applications procedures were 
developed from the basic principles of pedestrian 
flow theory and operational experience which 
wer e analyzed in the preceding "DISCUSSION . " 

The scope of the pedestrian analysis is limited 
specifically to pedestrian areas and facilities that 
are generally located within the street right-of-way 
boundaries. Three general types of facilities a.re 
addressed: 

1. Sidewalk - typically located adjacent to the 
street; generally involved in a "mid-block" 
walkway analysis of interrupted flow. 

2. Reservoir Area - typically located on the 
sidewalk at both ends of the crosswalk; 
generally involved in an "intersection" analysis 
of queueing conditions. 

3. Crosswalk - typically located across a 
street; generally involved in an "intersection" 
analysis of interrupted flow. 

The analytical procedures presented in this 
section have been developed to enable the 
calculation of capacity and levels of service for 
these three kinds of pedestrian facilities. The 
procedures are inherently flexible in nature and can 
be used at either a general or a detailed level to 
achieve a wide variety of specific applications 
objectives. 



Pedestrians-Midblock Walkway Analysis 
Calculation Form 1 

Location 
Location Plan: 

Xr=--

Street/Roadway 

Curb Line/Sidewalk Edge 

X01=-

Xe = -

X02 = --
Wall Line/Sidewalk Edge 

~V1=-

~V2=--

Counts: 
Date _______ _ 

Time _______ _ 

D One Way D Two Way 

Peak 15 minute Pedestrian Count 
from · to · _.m. 

•Pedestrian Volume 
Pedestrians/15 minutes (V0 ) 

• Walkway Width Analysis 
Total Sidewalk Width (Xr) 
Buffer Space/Dead Space (X8 ) 

(See Table l and Figure 5) 

Effective Width (Xe) 
If Xe is to be detennined, use Figure 9 

• Walkway Level of Service 
Level of Service rom igure 9 

Pedestrian Unit Flow Rate (F) for LOS 

• Platoon Analysis 

___ + __ 

__ peds.115 min. 

Xr= tt. 

- ft. 

_ _ _ ft. 

LOS=0 

F = V0 -:-15XE 

- __ ped.lft./min. 

(analysis to be used if platooning is anticipated or observed during a significant portion of the time) 

Platoon Factor (PF) from Figure 12 PF - __ 
Platoon Volume (Vp) Vp=VoxPF 
Level of Service (LOS) from Figure 9 - peds.115 min. 

LOS=0 

(1 foot= .305 meter) 
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Midblock Walkway Analysis 

Calculations are based upon maximum 15 minute 
pedestrian volunes utilizing the midblock walkway. 
A midblock walkway may have to be tested for 
different time periods during the day to account for 
varying directional flows. Pedestrian volumes are 
obtained from manual counts to analyze present 
conditions. For new locations or to analyze future 
conditions, forecasts of the flows nrust be ma.de. 

The methodology requires a specific sequence 
which is presented below (use Calculation Form 1): 

1. The preliminary steps include the gathering of 
basic data--such as peak fifteen minute pedestrian 
volumes (V0 ), total sidewalk width (XT) and 
identification of obstacles in the walkway. 

2. The effective width of walkway must be 
determined. The effective walkway width (XE) is not 
the total walkway width (XT), but rather that 
portion of the sidewalk section actually available 
for pedestrian travel, i.e., free of any physical 
obstruction or irnpedences. 

3. Thus, from Figure 9, knowing any two variable, 

Problem 

Determine the Level of Service (LOS> at which the 
sidewalk operates. 

Analysis 

For midblock walkway analysis, Calculation Fonn 1 is 
used, A location plan of the walkway showing 
pertinent features is completed and volume data are 
obtained. In this case the count was made on 
'Thursday, May 31, from 4 to 6 p.m.. The peak 15 
minute volune occurred during the interval from 4:45 
to 5:00. This peak 15 minute volume (V0 ) serted 
into Calculation Form 1. 

The total width (XT) of 14 feet is entered into 
the location plan. The buffer space is determined 
from Figure 5. A curb requires a buffer width of 
1.5 feet (Xe1 ) and window displays require a buffer 
width of 3.0 feet (Xe2 ). After combination, total 
buffer width (Xe) is 4.5 feet. Thus the effective 
width (XE) is: 14 - 4.5 = 9.5 feet. 

Figure 5. Buffer Space Width Requirements 

the third can be determined. The variables are sTitE£r111o••w•v 
Pedestrian Volune (V0), level of Service (LOS), and 
Effective Width (XE)• The following may be 
determined: 

a. knowing effective width (XE) and pedestrian 
volune (V0), the level of service (LOS) can be 
determined; 

b. knowing the effective width (XE) of walkway 
and its stated level of service (LOS), the 15 
minute pedestrian service volume (V0 ) can be 
found for the stated (LOS) ; and 

c. lastly, knowing the 15 minute pedestrian 
volume (V0 ) and level of service (LOS), the 
effective walkway width (XE) can be determined. 

4. Buffer width or dead space (Xe) requiranents 
lll.ISt be subtracted from the total sidewalk width 
( XT) to determine the effective walkway width (XE) , 
or added to the effective width (Xi,) to determine 
total sidewalk width (XT)• Buffer or dead space 
widths are indicated in Figure 5 and Table 1. 
Figure 5 shows the general buff er width requiranents 
when specific obstacle locations are not known. 
Table 1 provides specific infonnation about width 
requirements for known obstacles. 

The above methodology only considered average 
pedestrian flow conditions and does not take into 
account the surging of p~destrian flows 
(platooning), If platooning is anticipated or ob
served, special analysis should be used. Figure 12 
provides a platoon factor (PF) for a specified level 
of service. 

Example I 

A given sidewalk segment on Third Street of the 
pedestrian network plan has a counted 15 minute 
peak flow demand volune of 1250 pedestrians. A 14 
foot sidewalk section has a curb on one side and 
stores with window shopping displays on the other 
side. No other sidewalk impediments exist within 
the sidewalk section. 

Source: Rd . (!) 

The values for pedestrian volumes (V0 ) and 
effective width (Xi,) are used to enter Figure 9 to 
determine the level of service (LOS). Figure 9 
shows that LOS= B, and that the corresponding 
pedestrian unit flow rate (F) = 8.8 ped/min/ft. 

Figure 9. Effective Walking Width-Design 
Considerations 
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Pedestrians-Midblock Walkway Analysis 
Calculation Form 1 

Example 1 

Location ___ ___;_n....;."H.;.;.IR..;;,,;'J);,...._.S.;;;..T.....;.~..:.;~;;;...'G;;;..;r~Qa.;;;'5.;.,;;..A.;..;:;6;..:..T--=.S...;;;;1DC;........,)i:....:~;...:.....:...T_#:_'f5'~~;;..;:S'--____ _ 

Location Plan: Counts: 
Street/Roadway 

Curb Line/Sidewalk Edge 

Xa1=~ 

XE = q.51 

Xa2= ..3' 
Wall Line/Sidewalk Edge 

~ V1= &,2S 

~ V2 = ~25 

Date MAY .31 . 1979 • 

Day rlllll?:SIJ'9 Y 

Time ¢-(, P. M · 

0 One Way D Two Way 

Peak 15 minute Pedestrian Count 
from 4: fs to .S:t>t> E.m. 

• Pedestrian Volume 
Pedestrians/ 15 minutes (V 0 ) 

• Walkway Width Analysis 
Total Sidewalk Width (Xr) 
Buffer Space/Dead Space (X8 ) 

(See Table 1 and Figure 5) 

Effective Width (~) 
If XE is to be detennined, use Figure 9 

• Walkway Level of Service 
Level of Service (LOS) from Figure 9 

Pedestrian Unit Flow Rate (F) for LOS 

• Platoon Analysis 

V0 =V1+ V2 

= bzs+ hZS 

= /ZS-() peds.115 min. 

Xr= 14 ti. 

Xa=X01 +X02 
= 4.5 ft. 

LOS=~ 

F= V0 715Xe 

= 8.8 pe<1.1tt.1min. 

(Optional analysis to be used if platooning is anticipated or observed during a significant portion of the time) 

Platoon Factor (PF) from Figure 12 PF= /.#$ 
Platoon Volume (Vp) Vp=Vox PF 
Level of Service (LOS) from Figure 9 = 1813 peds.11s min. 

LOS =@J 

(1 foot= .305 meter) 
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Figure 12. Platoon Flow-Average Flow Relationship 

AVERAGE FLOW lped./mlntrl) 

- - - - - EXTRAPOLATED BEYOND AVAILABLE DATA 

ti foot • , Jos .. i. r ) 

To deterinine platoon volume (Vp) enter Figure 12 
with pedestrian unit flow of 8.8 ped/min/ft and 
determine the platoon factor (PF) of 1.45. The 
platoon volune and flow rate can then be determined: 
(Vp) = 1250 X 1.45 = 1813 ped/15 min. Entering Figure 
9 with the effective width (Xe) and platoon volume 
(Vp) the level of service is determined: LOS= C. 

The canplete series of calculations is indicated 
on completed Calculation Form 1. 

Walkway Reservoir Area Requirements 

Generally, the most concentrated area of pedestrian 
activity within the downtown walkway netv.ork occurs 
at signalized street intersections. At these 
intersection areas, pedestrian flows along two 
sidewalk corridors intersect each other and one of 
these flows is interrupted by the traffic signal 
phasing which regulates street crossing. Since 

Figure 14. Area Required for Condition 1 Movement Vectors 
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Figure 9. Effective Walking Width-Design 
Considerations 
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these areas have higher concentrations of 
pedestrians and cross traffic, they are the least 
desirable place for sidewalk impediments that could 
further constrict traffic flow. 

Area requirements for the walkway system at 
signalized street crossing areas are of two types: 
(1) Circulation Area and (2) Holding Area. 
Circulation Area is necessary to accommodate traffic 
flow not interrupted by the signal cycle phase, 
while Holding Area is necessary to accomnodate the 
maximum build-up of those pedestrians waiting for 
the traffic signal to change in favor of their 
desired crossing. See Figures 14 and 15 for an 
illustration of the above concepts. 

Figure 15. Area Required for Condition 2 Movement Vectors 

I 
VB 

f 
~-,,_~~-XT~~---.i~ 

-Vl 

--------..... .,..~x1__. 

SIDEWALK A 

\ CIRC. AREA 
t 1 ... 

YT v2 CI RC/REA 
_j 

HOLDING AREA ~ 

- Xe ~ - -
(,.) 

I :..: (Not Moving) ....J 
<C I 
~ VC2 Vl 
Vl t ~ 
(,.) 

,~ CROSSWALK D 

Each approach is designated by the letters A, B, C, and D. A and B are sidewalk approaches. The subscript 
of the volume vectors {V) identifies the movement on each approach. The designation 1 in a subscript in
dicates pedestrians walking toward the intersection, and the designation 2 indicates pedestrians leaving 
the intersection. Total Signal Cycle Length (TS), Curb Radius (r), Cross Time {CT), and Queue Time {QT) for 
each signal phase must be known. All volumes are for 15 minute peaks only. 
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The methodology employed to calculate 
circulation area requirements at intersections 
entails the sunmation of area requirements for each 
set of incoming pedestrian volume vectors that 
intersect each other perpendicularly during a 
particular light phase. The circulation area l!RlSt 
be large enough to avoid a high probability of 
conflict with crossing streams of pedestrians 
(Table 5). 

Holding a .. rea requlremen Ls a L ln Lersee Llons are 
determined by applying a queueing requirement (based 
on a given level of service) to the projected peak 
build-up of pedestrians waiting at the intersection 
for the signal phase to change in favor of their 
desired street crossing. The minimum recarrnended 
spa.ce rrodule (Q) for queueing in holding areas is 5 
ft. 2./person (Queueing Level of Service D, as 
irx:licated in Figure 13). 

Total area required at the sidewalk intersection 
area is the sun of the required circulation area and 
holding area at the intersection. However, the area 
requirements at a sidewalk intersection wlll va.r·y 
depending upon the particular phase of the signal 
cycle. Therefore, calculations are necessary for 
each IiJase of the cycle to determine which phase 
requires the maximum area, i.e., the most 
space-consuming phase of the total signal cycle. 

An overview of the procedure for determining 
walkway reservoir requirements at signalized 
intersections is shown in Figure 16. Once the total 
area required at the sidewalk intersection is 
determined, it must be compared against the 
available area at the intersection (Figure 17). 
Use Calculation Form 2 for this type of reservoir 
area analysis. 

Figure 16. Procedure for Determining 
Intersection Reservoir Area Requirements 

Describe the Intersection. Include 
Signal Timing and Movement Vectors 

Adjust Volumes for Platooning 

Compute Circulation Areas and Hol
ding Areas for Adjusted Volumes, 

under Condition 1 and Condition 2 

Compute Total Area Required under 
present conditions 

Compute Available Area 

YES 
t 

INTERSECTION IS ADEQUATE 

Table 5. Pedestrian Space Requirements for Cross 
Flow Traffic and Probability of Conflict 

Level of 
Space 

Conflict 
(ft

2 
/ped) Service Probability 

A over 35 0 .. 1 or less 

B 24-35 0 .. 5-0 .. l 

c lB-24 0 .. 75-0 .. 5 

D 13-lB 0 .. 90-0 .. 75 

E 6-13 0 .. 98-0 .. 90 

F under 6 0 .. 98 or more 

Source: Ref.. (l_) (1 foot ~ .. 305 meter) 

Crosswalk Analysis 

The determination of crosswalk capacity and level of 
service is somewhat similar to the midblock walkway 
analysis. Knowing the 2-way peak 15 minute 
pedestrian volune using the crosswalk and adjusting 
this volune for platooning, one utilizes Figure 9 to 
determine the necessary crosswalk width for a 
stipulated level of service. Calculation Form 3 is 
used for this type of crosswalk analysis. 

Figure 17. Intersection Reservoir Area Design Alternatives 

-----XT __ __., 

y 

XT =Total Walkway X width, in feet 
XE = Effective Walkway X width, in feet 

x = XT .;. 3 

YT Total Walkway Y 1~idth, in feet 
YE Effective Walkway Y width, in feet 
y YT .;. 3 

r = Curb radius, in feet 
Available Area, AA' in square feet 

AA 1.67(XT)(YT) - 0.215r2 

Source: Adapted from Ref. (i) (1 foot .305 meter) 



Pedestrians- Intersection Reservoir Area Analysis 
Calculation Form 2 

Intersection 

Corner: 

NWD 
SW D 

NED 
SE D 

Sign a I Phasing 
Condition 1 

Condition 2 

Movements 

Pedestrian Volumes 

Cross Time 

Queue Time 

Step 

1. Compute circulation areas 
for each condition. 

la. Adjust volumes 
VA and Va for platooning 
(see Figure 12) 

I b. Adjust volumes Vc1 and 
Vo1 for platooning 
(see Figure 12) 

le. Using volumes derived 
from Steps la and I b, 
determine effective 
widths of circulation 
areas using Figure 9. 

(1 foot= .305 meter) 

Counts: 
Total Signal Cycle (TS) = __ sec. Date _____ _ 

Curb Radius ( r) = ft. Day _____ _ 
Time ______ _ 

Area Required for Condition 1 Area Required for Condition 2 

"' 
Figure 14 I i Figure 15 

VB 

f x 
T 

0 
;;; 

_VD2._ 

x
0 

(Not Moving) YT r
2

CtRC. AREA 
-VA-- r--2~--

u I 
(Not Moy1ng) 

V~2 

tROSSllALX D 

Each approach is designated by the letters A, B, C, and D. A and B are s 1 dewa lk approaches. The subscript 
of the volume vectors (V) ident1f1es the movement on each approach. The designation 1 in a subscript in
dicates pedestrians walking toward the intersection, and the designatfon 2 indicates pedestrians leaving 
the intersection. Total Signal Cycle Length (TS), Curb Radius (r), Cross T1me (CT), and Queue T1me (QT) for 
each signal phase must be known. All volumes are for 15 minute peaks only. 

Condition 1 Condition 2 

v A(p) = v A x PF Vs(p) = V8 x PF 
- x - x -

- peds./15 min. - peds.115 min. 

Vc1(p)= Vc1 [TS + (CT 1 - 3)] Vo1(p) = Vo1 [TS+ (CT2 - 3)] 
= - [ __ + (_ - 3)] =_[_+ (_ -3)] 

= peds./15min = peds.115 min. 

Y1= _____ tt. use VA(p) X1= ft. use Vs(p) 

X1= __ tt. use Vs(p) Y1= ft. use VA(p) 

X2 = _____ tt. use Vc1<p> Y2= ft. use Vo1<P> 

(Continued) 



Pedestrians-Intersection Reservoir Area Analysis 
Calculation Form 2 (continued) 

Step 
Id. Determine number of 

pedestrians in circulation 
area <Pc). 

le. Determine circulation 
area (A.,;,c) using Table 5. 

2. Compute Holding Areas 
for Condition 1 and 
Condition 2. 

2a. Adjust volumes Vc2 and 
Vo2 for platooning 
(Figure 12) 

2b. Compute Holding Areas 
(HA1 and HA2). Queuing 
Space Requirement (0) 
from Figure 13. 

3. Compute total area 
required (Ar). Use Table I to 
derive a value for Aiead· 

3a. Select maximum area 
(Armax) of Conditions I 
and 2 from Step 3. 

4. Compute available area 
(AA) (see Figure 17). 

S. Compare Available area 
(AA) to maximum area 
(Armax). If maximum area 
exceeds available area by at 
least 10%, the intersection is 
deficient. 

(1 foot= .305 meter) 

Condition 1 Condition 2 
Pc, = VA(pJ (X, + X2) + (vB(p) + vcl(p,> Y1 p ~B(p)(Y, + Y2) + cvA(p) + vDl(p» xl 

2700 C
2 2700 

=-(_+_ ) + ( __ + _ _ )_ 

2700 

= - --pedestrians 

Acirc1 = P C1 X Ap 
= __ x __ 
____ ft.2 

Vo2(p) =(V02 -:- 15) x PF 
=(_-:-15) x -
= ___ peds./min. 

HA
1 

= V02(p) x Q x QT1 

60 
=(_x_x_) -:- 60 
= ___ ft.2 

AT1 = HA1 + Acirc1 + ~ead 
=_+ __ + __ 
= ___ ft ,2 

_ (_+_ )+( __ + __ )_ 
=------------

2700 

= ____ pedestrians 

Acirc2 = p C2 X Ap 
= __ x __ 
____ ft.2 

Vc2(p) =(Vc2 -:- 15) x PF 
=(_-:-15) x -
- _ __ peds./min. 

HA
2 

= Vc2(p) x Q x QT2 

60 
=(_x_x_) -:- 60 
____ ft.2 

AT2 = HA2 + Acirc2 + ~ead 
=_+ __ + __ 
____ ft.2 

ATmax. = _ ___ ft.2 

AA =1.67(XrHYr)-0.215r2 

= 1.67( )( ) - (0.215)(_2
) 

_ ____ ft.2 

AA X 1.10 > ATmax. 

__ x1.10= > __ 

DTrue: D False: 
Intersection is adequate. Intersection is deficient. 



Pedestrians-Intersection Crosswalk Analysis 
Calculation Form 3 

Intersection 

Comer: 

NWD 
SW D 

NED 
SE D 

Signal Phasing 
Condition 1 

Condition 2 

Movements 

Pedestrian Volumes 

Cross Time 

Queue Time 

Step 

1. Determine crosswalk 
widths required 
<Xe and Xo) 

I a. Determine total 
volumes in crosswalk 
(Ve and Vo) 

lb . Adjust crosswalk 
volumes for surging. 

le. Determine cross-
walk widths required 
<Xe and Xo> using 
Figure 9 . 

(1 foot= .305 meter) 

Counts: 
Total Signal Cycle (TS) = _ _ _ sec. Date ______ _ 

Curb Radius ( r) = ft. Day _____ _ 

Area Required for Condition 1 

Figure 14 

r ll Xz 
HOLOIHG 

V YT Y1 CIRC. CIRC. ARU.(3) 
- A._ AREA AREA 

1 2 

SIDEllA!.I'. A 

_vo2._ 
x
0 

(Hot ~ving) 

Time _____ _ 

Area Required for Condition 2 

Figure 15 

CROSSWALK D 

I 
(liot Moving) 

v~2 
t 

Each approach is designated by the 1 etters A. B. C. and D. A and B a re sidewalk approaches. The subscript 
of the volurre vectors (V) identifies the JOOvement on each approach. The designation 1 in a subscript in
dicates pedestrians walking toward the intersection. and the designatfon 2 indicates pedestrians leaving 
the Intersection. Total Signal Cycle Length (TS), Curb Radius (r), Cross Time (CT), and Queue Time (QT) for 
each signal phase must be known. All volumes are for 15 minute peaks only. 

OT,= OTz= 

Crosswalk C, Condition 1 Crosswalk D, Condition 2 

Ve =Vc1 + Vc2 Vo= Vo1 + Vo2 
- + - + 
- peds./15 min. - peds./15 min. 

Vc<p>= Vc[TS-:- ( CT1 - 3)] V0 <P> = V0 [TS-:- ( CT2 - 3)] 
= _[_ -:- (_ - 3)] = -l- -:- (_ - 3)] 

- peds./15 min. - peds./15 min. 

Xe= ft. Xo= ft . 
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Pedestrians-Intersection Reservoir Area Analysis 
Calculation· Form 2 

Example 2 

Intersection ___ __ ....,s~r.--'A.;..;T....;;:"€~S~T..:..;'!a=~==-=-r___;.A.-.r......;;;;;E ..... L .... ~ ......... s ... r. .... ~..;.;:e;;..;::e"""'r _____ ___ _ 

Comer: 

NW~ NED 
SW 0 SE 0 

Sign a I Phasing 
Condition 1 

--{+ 1--
1 I I t' -i ~ 
Condition 2 

_.L ___ ~L 
~; 

(~ 

-y·---~, 

Movements 

Pedestrian Volumes 

Cross Time 

Queue Time 

Step 

1. Compute cin:ulatlon areas 
ror each condition. 

I a. Adjust volumes 
VA and Ve for platooning 
(see Figure 12) 

I b. Adjust volumes Vc1 and 
Vo1 for platooning 
(see Figure 12) 

le. Using volumes derived 
from Steps la and lb, 
detennine effective 
widths of circulation 
areas using Figure 9 . 

(1 foot= .305 meter) 

Counts: 
Total Signal Cycle (TS)= 90 sec. Date Bt.IG. 30. /Q79 

I 

Curb Radius ( r) = 20 ft. 

Area Required for Condition 1 

Day rNUl<iSbAY 
Time 4.:3()-(# RMI. 

Area Required for Condition 2 

... 
" Figure 14 Figure 15 

SlDEllAl.K A 

_VD2._ 

1
0 

(Not ft>vtng) 

CROSSWAL K D 

Each approach is designated by the letters A. B, C, and D. A and B are sidewalk approaches. The subscript 
of the volume vectors (V) identifies the ioovement on each approach. The designation 1 in a subscript in
dicates pedestrians walking toward the intersection, and the desfgnat1on Z indicates pedestrians leaving 
the Intersection. Total Signal Cycle Length (TS), Curll Radius (r), Cross Time (CT), and Queue Time (QT) for 
each signal phase must be known. All volu~s are for 15 minute peaks only. 

CT1= 

~ 

Condition 1 

v A(p) = v A x PF 
- w x I." 
- 9«) peds./15 min. 

QT1= 
48 

Vc1(pJ= Vc1 [TS -:- (CT 1 - 3)] 
= /4';_ [_&2.-:- (.6- - 3)] 

= /()IJ8 pedsJ 15min 

Y 1 = _ __5___11. use V A(p) 

X 1 = J __ u. use Vs{p) 

X 2 = ___ .5__11. use Vc1{p) 

Condition 2 

Vs(p) = V8 x PF 
- ~ x /.~ 

- B~~ peds./15 min. 

Vo1(pJ = V 01 [TS -:- (CT 2 - 3)) 
= g/J_ [M -:- (-32_ - 3)1 
= //~/) peels / 15 min. 

X1= 5 ft use VB(p) 

Y 1 =-~ft. use VA(p) 

Y 2 =: _ _s__,.. u5e Vo1<P> 

(Continued) 
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Example 2 

Problem 

At State Street and Elm Street, the intersecting 
sidewalks each have a total width of 16 feet. The 
corner radius is 20 feet. The total signal cycle 
length is 80 seconds and is two-phase with a 48 
second/32 second split. The north-south street has 48 
seconds of green + yellow and the other street has the 
remaining 32 seconds. The 15 minute pedestrian 
volunes are as follows : 

VA 900 peds./15 min. 

Ve 800 peds./15 min. 

Vc1 600 peds./15 min. 

Vc2 700 peds./15 min. 

Vo1 400 peds./15 min. 

Vo2 400 peds . /15 min. 

Solve for Level of Service C for the circulation 
area and Level of Service D f or the holding area. 
ASSlllle no platooning exists. 

1. Determine if the intersection sidewalk 
reservoir has a sufficient area to accommodate 
the above given pedestrian flows. 
2. Determine the needed width for the 
crosswalks. 

Analysis 

The Intersection Reservoir Area and Crosswalk 
Calculation Forms are used for the analysis. A 
sketch of the intersection is shown in Fonn 2, 
showing the two conditions corresponding to the 
typical two-phase signal cycle. The 15 minute 
pedestrian vol\JlleS are represented by vectors with 
value identification nomenclature. Also shown on 
Form 2 are the circulation and holding areas that 
must be canputed for the two signal phases. Volune 
data is obtained. In this case, a pedestrian count 
was done on Thursday, August 30, 1978 from 4:00 to 
6:30 p.m. For future conditions, volune projections 
are used. The peak 15-minu~ pedestrian volumes are 
inserted into Fonn 2 for both conditions 1 and 2. 
Specify the signal cycle time (TS), phasing, 
walktime (WT), and queue time (QT) of the signal 
operation. 

Step 1. The Intersection Circulation Areas for 
Condi tions 1 and 2 are Ca!lput ed. 

Step la. Pedestrian volumes passing through 
circulation areas have to be adjusted for 
platooning. The pedestrian volumes ( VA, Ve ) are 
adj us t ed and a subscript (P) is indicated when 
platooning conditions have been accounted for. 
Figure 12 provides the platooning factors (PF) for 
different Level of Service (LOS) • If no platooning 
exists, the platoon factor is 1.0. 

For VA and Ve, which are the inbound sidewalk 
pedestrian volunes, adjust for platooning: 

VA(p) =VA x PF 

Ve(pl = Ve x PF 

However, in this example, it is assumed that no 
platooning occurs and PF is equal to 1.00. 

VA(p) = 900 x 1 
Ve(pl = 800 x 1 

900 peds./15 min. 
800 peds./15 min. 

Step lb. The pedestrian volumes Vc1 and 
V01 whi ch are the inbound crosswalk volumes, 
represent a special case. The actual peak demand 
for the incaning sidewalk vector will be relatively 
greater than the peaks for the other three vectors, 
because the measurement period for the crossing is 
considerably less than the total time for the 
measurement period. The hourly peak for Vc 1 and 
V01 is proportional to the ratio of the signal 
cycle time (TS) (in seconds) to the total cross tine 
(in seconds) for the crossing minus three seconds 
associated with pedestrian start-up delay prior to 
beginning to cross: 

Vc1(pJ= Vc1 x [TS + (CT, - 3)) 

Vo1(pJ = V0 , x [TS+ ( CT2 - 3)] 

where: 

Total signal time, in seconds TS 

CT- 3 Total cross time less 3 seconds start-up 
delay 

Vc1 = 600 x [80 .,. (48 - 3)J 
= 1068 peds./15 min. 

V01 = 400 x [80 ' (32 - 3)J 
= 1100 peds./15 min. 

Step le. Detennine the effective widths for the 
circulation area for conditions 1 and 2. Knowing 
V A(p) , Ve1pl , Vc1IPl and Vo1(p) and entering Figure 9 
for a spec i fied Level of Service C, the effective 
widths ( X,, X2 , Y1 , and Y2 ) can be determined. 
Knowing the effective widths, the circulation area 

Ff51u" II. Etrecthe W1lktn51 W1dth-Oes1gn Considerat ions 
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Pedestrians-Intersection Reservoir Area Analysis 
Calculation Form 2 (continued) 

Step 
Id. Detennine number of 

pedestrians in circulation 
area <Pc). 

le . Detennine circulation 
area (Acirc) using Table 5. 

2. Compute Holding Areas 
for Condition I and 
Condition 2. 

2a. Adjust volumes Vc2 and 
Vo2 for platooning 
(Figure 12) 

2b. Compute Holding Areas 
(HA1 and HA2). Queuing 
Space Requirement (0) 
from Figure 13. 

3. Compute total area 
required(AT). UseTable I to 
derive a value for Aooad· 

3a. Select maximum area 
(ATmax) of Conditions I 
and 2 from Step 3. 

4. Compute available area 
(AA) (see Figure 17). 

Condition 1 Condition 2 
Pc

1 
= VA(pl (X1 + X2) + (VB(p) + Vcl(p» Y1 p Je(p)(Y1 + Y2) + (VA(p) + Vnl(p» x1 

2700 C
2 

2700 

2700 

pedestrians 

Acirc1 = P C1 X Ap 
= /JJL x 2!f._ 
= Jt,3 ft .2 

V02(p) =(V02 + 15) x PF 
=(~+15) x _L_Q_ 

= 4/,. 2 peds./min. 

HA
1 

= V02(p) x Q x QT1 

60 
=~x.s:_x1E__) + 60 

=JBU11.2 

Ar1 = HA1 + Acirc1 + Adead 
=_+ __ + __ 
____ ft.2 

2700 

= _ _,f.'-·_.1.___ pedestrians 

Vc2(p) =(Vc2 + 15) x PF 
=(~+15) x _jJ2_ 

= z~.7 peds./min. 

HA
2 

= Vc2(Pl x Q x QT2 

60 
=f.ttix~x3Z__) + 60 
=i~n.2 

Ar2 = HA2 + Acirc2 + ~ead 
=_+ __ + __ 
____ ft.2 

Armax. = ____ ft.2 

AA =1.67(XrHYr)-0.215r2 
= 1.67( )( ) - (0.215)(_2

) 

_ ____ ft .2 

--·-----------;-----------------------------~ 
S. Compare Available area 

(AA) to maximum area 
(ATmax). lfmaximum area 
exceeds available area by at 
least 10%, the intersection is 
deficient. 

(1 foot= .305 meter) 

AA X 1.10 > Armax. 
__ x 1.10 = > __ 

D True: D False: 
Intersection is adequate. Intersection is deficient. 
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can be determined. (The minimum effective width is 
5 feet. This allows two pedestrians to pass one 
another without colliding.) 

For VAlPl of 900 Y1 5 feet 

For V8 lPl of 800 X1 5 feet 

For Vc1(Pl of 1068 X2 5 feet 

For V01 <Pl of 1100 Y2 5 feet 

Step ld. The space in the circulation areas 1 
and 2 nrust be large enough that the crossing streams 
of pedestrians have sufficient area to avoid an 
intense probability of conflict. 

The number of pedestrians (Pc) who are 
simultaneously located within the calculated 
circulation area ( A.,;,c1 and A.,;,c2 ) can be 
detennined for conditions 1 and 2: 

P _ VA'"J(X, + X2) + (Ve{pl i: Vc11p1lY1 
C1 - ~~~~~~~~~~~~~ 

2700 

p :!e(p)(Y1 + Y2) + (VA(p) + Vo1(p)IX1 

C2 - 2700 

Thus when these two equations are canbined, one can 
determine the total pedestrians in the circulation 
area. It is assumed pedestrians will walk at a 
lower speed of 3 feet/second because of the crossing 
conflicts, while the average walking speed is 
usually 4 feet/second. Note that at 3 feet/second a 
pedestrian will travel 2700 feet in 15 minutes. 

Pc
1 

= 900 (5 + 5) + (800 + 1068)5 
2700 

6.8 pedestrians 

800(5' + 5) + (900 + 1100)5 
2700 

= 7.6 pedestrians 

Step le. Table 5 is checked to determine if the 
calculated circulation area has enough space to 
afford an acceptable level of probability of 
conflict. Table 5 indicates the aIOOunt of area per 
pedestrian that is required for a given probability 
of conflict at a given level of service. 

Once a level of probability of conflict is 
chosen, the square feet per pedestrian is known. If 
we know the nunber of pedestrians in the circulation 
area from Step ld and choose an acceptable level of 
conflict from Table 5, we can then multiply the 
s pace r equ·irement per pedestrian ( Ap ft2) from 
Table 5 times the number of pedestrians in the 
circulation area. Thus, circulation area Acirc is 
determined. This calculation is carried out for 
conditions 1 and 2. This determines the area needed 
to maintain a given level of conflict for a given 
level of service. 

A.:irc1 = P C1 X Ap 
A.,;,c2 = PC2 x Ap 

Fran Table 5, for Level of Service C we need 24 
ft 2 /peds to achieve probability of conflict of 0.5. 
Thus, Ap = 24 ft2. 

Table 5. Pedestrian Space Requirements for Cross 
Flow Traffic and Probability of Conflict 

Level of 
Space 

Service (ft
2 
/ped) 

A over 35 

B 24-35 

© is-@ 
D 13-18 

E 6-13 

F under 6 

Source: Ref. (,l) 

A.:irc(p) = Pc X Ap 

A.:irc1 = 6. 8 X 24 = 163 ft .2 

A.:irc2 =6,7 x 24 = 161 ft.2 

Conflict 
Probability 

0 .1 or less 

0.5-0.1 

0.7Se 
0.90-0.75 

0.98-0.90 

0.98 or more 

(1 foot = . 305 meter) 

Step 2a. The vectors Vc2 and V02 , which are 
the ou tbound crosswalk volumes, are adjusted 
in the same manner as VA and V8 , except that Vc2 and 
V02 do not ranain as 15 minute vollineS. Instead, Vc2 
and V02 are converted fran a peak 15 minute volume 
to a peak one minute volune. One minute volunes are 
needed to compute the holding areas. 

Vc2(pJ =(Vc2 + 15) x PF 

V02(pl =(V02 + 15) x PF 

Vc2(p) =(700 15) x 1.0 46.7 peds./min. 

V02(p) =(400-.- 15) x 1.0 26.7 peds./min. 

Step 2b. Ccmpute holding area for conditions 1 
and 2 ( HA1 and HA2 ) • Vc2 and Vm are the 
pedestrian volunes that are queueing up waiting for 
the signal to change so they can cross the street 
for each phase. Since Vc2(p) and V02(p) are per 
minute flows they have to be changed to per-second 
flows by dividing by 60 (sec/min) flow rates of 
pedestrian per second. Thus, if the Queue Time (QT) 
or non-walk time is known, then the average nunber 
of pedestrians waiting per cycle can be determined. 
The queuing space requirement (Q) for a specified 
Level of Service is derived fran Figure 13 and then 
the holding area CHA) can be determined. 

HA
1 

= V0 2(Pl x Q x QT1 

60 

HA
2 

= VC2(pJ x Q x QT2 

60 

Where QT equals the non-green time (or red time) 
faced by a pedestrian !IX)Ving in the direction of the 
Vc2 or V02 vector. 



Pedestrians- Intersection Reservoir Area Analysis 
Calculation Form 2 (continued) 

Step 
Id. Detennine number of 

pedestrians in circulation 
area <Pc). 

le. Detennine circulation 
area (Ac;,c) using Table 5. 

2. Compute Holding Areas 
for Condition I and 
Condition 2. 

2a. Adjust volumes Vc2 and 
Vo2 for platooning 
(Figure 12) 

2b. Compute Holding Areas 
(HA1 and HA2) . Queuing 
Space Requirement (0) 
from Figure 13 . 

3. Comput~ total area 
required(A1). UseTable I to 
derive a value for A.lead· 

3a. Select maximum area 
(Armax) of Conditions I 
and 2 from Step 3. 

4. Compute available area 
(AA) (see Figure 17). 

S. Compare Available area 
(AA) to maximum area 
(Armax). If maximum area 
exceeds available area by at 
least IO%, the intersection is 
deficient. 

(1 foot = .305 meter) 

Condition 1 Condition 2 
Pc1 = VAtp)(X, + X2) + (VB(p) + Vcl(p» Yip ~BJ.p)(Y1 + Y2) +(vA (p) + Vo1cp» X1 

2700 C
2 2700 

-
2700 

= ~ .8 pedestrians 

Acirc1 = P C1 X Ap 
=~x.25l_ 

- /~3 ft.2 

Vo2(p) =(V02 -;- 15) x PF 
=( ?'10+15) x ~ 

= "" • 7 peds./min. 

HA
1 

= V02(p) x Q x QT1 

60 
=((&'}X_5_Xb_) -;- 60 
=11n_tt.2 

AT1 = HA1 + Acirc1 + ~ead 
=162+-'il+JL 
= 350 ft.2 

= 

2700 

6,? pedestrians 

Acirc2 = p C2 X Ap 
= 6,7_ x 2'¢. - - - --

= 16/ It.' 

Vc2(p) =(Vc2-;- 15) x PF 
=(~-;-15) x _LIL 

- LM·? peds./min. 

HA
2 

= Vc2(p) x Q x QT2 

60 
= (2/Mx _.5._ x 32 ) -;- 60 
= 7/ ft.2 

AT2 = HA2 + Acirc2 + ~ead 
=2L + _h.l+ JL_ 

=-~31- ft .2 

ATmax. = 35-0 tt.2 

AA =1.67(XrHYr)-0.215r2 
= 1.67( //, )( /@ ) - (0.215)( 2 0 

2
) 

- 34z 11.> 

AA X 1.10 > ATmax. 
.34'.2 x 1.10 = 37/J, > 3S'D 

~True: D False: 
Intersection is adequate. Intersection is deficient. 
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Ftgurell, Queuingleve\ofServ1ceOesi;:rlpt1ons 

QUEUIN6LEVELOFSERVJCEA 

Aver.,ge Pedestrian A.rea Occupancy: 13 sq . ft~/pereon or more 
Average Inter-person Spacing: 4 !t., or more . 
Description: standing and free circulation through the queui.ng area 
is possible without disturbing others within the. queue, 

QUEUING LEVEL Of SERVICE 8 

Average Pedeetrian l'lrea Occupancy: 10-13 sq, ft./peraon 
JWerage Inter-ptuson Spacing• 3.5-4 .O Et. . 
Description1 11tandin9 and partially restcicted circulation to avoid 
disturbing others within the queue is possible. 

QUEUING LEVEL or SERVICl l: 

Aver11qe Pede1trlan A.rea occupancy: 7-10 sq, ft./pereon 
A.Vilrage Inter-person Spacing: J.O-J.5 ft. . 
Deecription1 otanding and ros:tricted circulation through the queuing 
area by disturbing others within the queue is possible, this demiity 
ie within the range of personal comfort. 

Qlf:UINGLEVELOFSEAVICED ---- <"'"Q=5 
A""'ll'"Vf Ped.,_tdain i\l"U Occupuacy ( l-1 •q. t:t ... /PfnOft) 
.\nr.,,. intor--.-r:aon i1p.1cin.a1 :-.) I( . . 

::~~~;-1:1°~u:!:~~ a~: ~h:h! ~~~~~i~~d 1;0~=~~b;~~e~!~~ui: t~~~Y is 
roa•ihl• ... 1tiroup• lm'l•J t.4.-. waiting at thie density is discomforting. '-"'---'"--~~ 

cpJEU!HGLEVELOFSERVICEE 

Average Pedestrian Area occupancy: 2-J sq. ft ./person 
Average Inter-person Spacing: 2 ft. or less 
Description: standing in physical contact with others ia unavoidable; 
circulation within the queue is not possible1 queuing at this density 
can only be suSt3ined for 11 short period without seriou9 disco111fort. 

QUEUINGLEVELOFSERVICEF 

Avecage Pi!destrian l\rea Occupancy: 2 sq. ft./person or less 
Average Inter-pereon Spacing: close contract with persons . 
Deacription1 virtually all persona within the queue ar7 11tand~n9 in 
direct physical contact with thoee surroundin9 them; thl.8 dcmsi.ty is 
extcemely diecomforting; no movement is poesible within the queue; 
the potential for panic exists in large ccowds at this deneity, 

HA1 
46.7 x 5 >'. 48 

60 
186 .8 ft.2 

HA2 = 26.7 x 6~ x 32 = 71.2 ft.2 

Step 3 . c.ompute Total Area ( Ar ) Required for 
Conditions 1 and 2. HA is determined in Step 2b, and 
Ar.ire is determined in Step le. To detennine AcN.ad 
use Table 1 to the c.ompute area taken up by street 
furniture in the sidewalk (for this problan BSSUIOO 

Aciead = 0) • 

Figure 14. Area Required for Condition 1 Movement Vectors 

SIDEWALK A 

Acirc1 u 
~ 
__; 
cs: 
3: 
I/) 
I/) 

~ 
u 

• VCl 
I 

(Moving) 
I 

_VD2~ 

(Not Moving) 

CROSSWALK D 

Ar = HA + Acre + AcN.ad 
Ar1 = 187 + 163 + O = 350 ft.2 

Ar2 = 71 + 161 + 0 = 232 ft. 2 

Step 3a. Select the maximum area ( Armax ) by 
taking the larger value of conditions 1 and 2 in 
Step 3. 

Armax = 350 ft .2 

Step 4. Compute tbe Available Area at the 
Intersection . As ind icated in Figure 17, use the 
equation: AA =1 .67(X)(Y)-0.215r2 (X and Y are the 
total width of sidewalks A a.nd B; r is the radius 
used for the intersection walkway). 

1. 6 7 ( XT )(YT) 
1. 67(16){ 16) 

0.215r 2 

0.215(20 2 ) = 342 ft~ 

Step 5. Compare the Available Area ( AA) Against 
the Maxi mum Area ( Arron ) • The max imum Area 
( Arm~ ) should not e xceed the Available Area by 
more than 10%. Otherwise, if it does exceed the 
Available Area by more than 10%, the intersection is 
deficient and additional space must be provided to 
accommodate the flow. 

342 x 1.10 = 376 ft.2 > 350 ft.2 

Further steps utilizing Form 3 are described 
in the following pages . 

Figure 15. Area Required for Condition 2 Movement Vectors 
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u 
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t 

CROSSWALK D 

Each approach is designated by the letters A, B, C, and D. A and B are sidewalk approaches. The subscript 
of the volume vectors (V) identifies the mo vement on each approach. The designation 1 in a subscript in
dicates pedestrians walking toward the intersection, and the designation 2 indicates pedestrians leaving 
the intersection. Total Signal Cycle Length (TS), Curb Radius (r), Cross Time (CT), and Queue Time {QT) for 
each signal phase must be known. All volumes are for 15 ~inute peaks only. 



Pedestrians-Intersection Crosswalk Analysis 
Calculation Form 3 

Intersection ____ ___..5 .... TA .......... rG=--s=...:....r..:.....:'R=6=E;..;;T___,A~T.....;:E'i---..bM......._..;;:.s:;;.;r...:.R ... e=......;E--=r--------

Comer: 

NW~NEO 
SW D SE D 

Sign a I Phasing 
Condition 1 

--{ I t
i "ttl I I 

--1 r-
Condition 2 

_J~---+L 
~~ 

(> 
-r· ---~, 

Movements 

Pedestrian Volumes 

Cross Time 

Queue Time 

Step 
I. Determine crosswalk 

widths required 
<Xe and Xo) 

I a. Determine total 
volumes in crosswalk 
(Ve and Vo) 

I b. Adjust crosswalk 
volumes for surging. 

le . Determine cross-
walk widths required 
<Xe and Xol using 
Figure 9 . 

(1 foot= .305 meter) 

Counts: 
Total Signal Cycle (TS) =-~sec. Date 8ll<i 3~ 1979 

Curb Radius ( r) = '20 ft. Day Tttul?.sDflY 
Time 4 '3t>- 1":.3a RM. 

Area Required for Condition 1 Area Required for Condition 2 

I "' "' " "' Figure 14 
VB ~ Figure 15 a 

0 :: 

' x 

::;; 
"' 

r 

SID( Al.K A CROSSWALK D SIDEWALK A CROSSWALK 0 

I 
(Hot Moving) 

V~2 

Each approach is designated by the letters A, 8, C, and D. A and Bare sidewalk approaches. The subscript 
of the voluJJE vectors (V) identifies the roovement on each approach. The designat1on l in a .subscript in
dicates pedestrians walking toward the intersection. and the designation 2 indicates pedestrians leaving 
the intersection. Total Signal Cycle Length (TS). Curb Radius (r), Cross T1me (CT). and Queue T1me (QT) for 
each signal phase must be known. All volumes are for 15 m1nute peaks only. 

-

Crosswalk C, Condition 1 Crosswalk D, Condition 2 

Vc=Vc1+Vc2 Vo= Vo1 + Vo2 
- ~/){) + 7()0 - ~ + If.()() - -

- /3[)0 peds.115 min. - eoo peds./15 min. 

VC(p)= Vc[TS-:- ( CT1 - 3)] Vo(p) = V0 [TS-:- ( CT2 - 3)] 
= /3{)[) [ ___&2_ -:- (_!IL - 3)] = 8~ [___M_ -:- (~ - 3)] 

- 23/0 peds./15 min. - 22.0(p peds./15 min. 

Xe= II ft . Xo= 10 ft . 

(~~:C) (L(jS=C) 
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Additional Steps to Calculate Crosswalk Widths Ve = 600 + 700 = 1300 peds. / 15 min . 

Step la. To evaluate the cross walk width 
requirements associated with the pedestrian 
movements in crosswalks C and D, the following 
procedures are employed. Use Form 3 for this 
analysis. Ccmpute the two-directional volumes for 
each crosswalk. For crosswalk C, this total volune 
(Ve) is the sum of Ve1 and Ve2 which are the peak 
volumes for condition 1. Also, for crosswalk D,V0 
is the sum of V01 ,and V02 which are the peak volume 
for condition 2. (The subscripts ·e and o indicate 
the crosgwalk; subscript e' refers to the vertical 
(north-south) crossing and subscript o refers to the 
horizontal (east-west) crossing.) 

REFERENCES 

(1) Highway Research Board , Highway Capacity 
Mfiliual, HRB Special Report 87, Washington, D.C., 
1965 ' 411 pp. 

(2) Pushkarev, B., and Zupan, J. M. , Urban Space 
for .Pedestrians , Cambridge, MA, MIT Press , 1975 , 212 
pp. 

(3) Fruin, J. J. , Pedestrian Planning and Design, 
New York Metropolitan Association of Urban Designers 
and Environmental Planners, 1971, 206 pp. 

V0 = 400 + 400 = 800 peds./15 mi11 . 

Step lb. Compute the adjusted volume for 
each crosswalk, to acconnnodate surging. The 
results of the calculation are shown on the 
completed Calculation Form 3. 

Step le. Determine the required crosswalk 
widths for Level of Service C using Figure 9·, 

The complete series of steps followed is 
shown on the filled-in Calculation Form 3. 

(!) RTKL Associates, Inc. , Feasibility Analysis 
and Design Concepts nnd Criteria for Commulll tywide 
Sepaa·ated Pedestrian Networks, Phase III, Draft 
Pedestrian Planning Procedures Manual, Vols. I -
III, Maryland, 1977. 

(5) Hall, E.T., The Hidden Dimension, New York, 
Doubleday and Ccmpany, Inc., 1966, 216 pp. 
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WEAVING ANALYSIS: BACKGROUND OF TWO INTERIM 
PROCEDURES 
The release of two interim procedures (Polytechnic 
Institute of New York and J. Leisch) dealing with 
weaving analysis poses special problems over the in
terim period before the new Highway Capacity Manual 
is finalized. A most desirable goal for the final 
Manual is agreement on a single procedure. There
fore, user evaluation and feedback are of special 
importance so that an intelligent choice or synthesis 
can be made regarding the procedure to be adopted. 
Undoubtedly, there will also be some limited 
research carried out during the interim evaluation 
period which might lead to improvements. 

Users of the two procedures should have some 
familiarity with their backgrounds. The Polytechnic 
Institute of New York (PINY) procedure was developed 
as part of a FHWA contract effort to develop new 
freeway capacity procedures -- the goal was to 
develop procedures based on research accomplished 
since the 1965 HCM. Part of the "accomplished 
research" was NCHRP 3-15, Weaving Area Operations 
Study, also performed by PINY. The NCHRP 3-15 weav
ing procedure, documented in NCHRP Report No. 159, 
was found to be difficult to apply, so much so that 
a special effort was made to simplify the structure 
to make it more easily applied and understo,od, while 
still retaining its demonstrated accuracy and sen
sitivity to lane configuration, seen by PINY as a 
major factor influencing operations. PINY 
researchers used the same data base as the NCHRP 
3-15 study which consisted of 38 sites from the 1963 
BPR Urban Area Weaving Capacity Study and 14 sites 
collected specifically for the NCHRP study. As the 
modified PINY weaving procedure is now a portion of 
the freeway capacity procedures, the procedure was 
recalibrated to reflect modified service volume con
cepts developed in the overall freeway procedures. 
In summary, the PINY weaving procedure was part of a 
monitored research effort which has been presented 
in part at the Transportation Research Board 
Annual Meetings and reviewed by the Highway Capa
city and Quality of Service Committee, the NCHRP 
3-28 panel, and the contractor for the NCHRP 3-28 
effort. 

The Leisch weaving technique has a much differ
ent history. It was first introduced to the user 
community through an article published in the March 
1979 issue of ITE Journal. Essentially, it was an 
in-house development by Jack E. Leisch & 
Associates. As such, it was unfunded externally 
and not subject to outside monitoring. The indivi
duals involved in its development felt they had a 
significant contribution to make in design practice 
for weaving sections based on analysis of weaving 
data and experience in the highway design profes
sion. Inherent in its development was a practical
ity of application oriented toward the designer 
user. However, because the procedure is not 
supported by a research report, the user is forced 
to accept at face value the accuracy of the proce
dure as well as the strength of its foundation. 
The data used in the development was to some extent 
identical with that used in the PINY effort. The 
1963 BPR data were used, but mainly for Levels of 
Service D and E. The data gathered by PINY in the 
14 sites specifically for NCHRP 3-15 were also used 
as taken from summaries given in NCHRP Report 159. 
Finally, other data not as yet specified were used. 
The developed procedure builds on the 1965 HCM and 
also on Mr. Leisch's involvement as a consultant to 
PINY on the NCHRP 3-15 effort. The Leisch weaving 
procedure is intended to be used with the freeway 
materials currently in the 1965 HCM or with 
Mr. Leisch's reformatting and expansion of the 1965 
HCM entitled Capacity Analysis Techniques for 
Design and Operation of Freeway Facilities , 1974, 
FHWA Report RD-74-24. Chapter V of the latter re-· 
port deals with WEAVING SECTIONS and would be 
replaced by the new procedure. 

The user of these interim materials hopefully 
will apply and evaluate both weaving procedures. 
User ease of application, gaps and inconsistencies 
within each procedure, and accuracy are all of 
prime importance. It is recognized that the ques
tion of accuracy might require some data collection, 
but it is highly essential that this type of feed
back be obtained. 
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The "Freeway Capacity Procedures" section of 
this circular is the result of a Federal Highway 
Administration-sponsored effort to ~vnthesize the 
best available information and results on freeway 
capacity and related subjects into a cohesive set o~ 
procedures for design and analysis. The work was 
performed by the Transportation Traininci and Re
search Center of the Polytechnic Institute of New 
York. The procedures wer~ authored by Ors. Roger P. 
Roess, William R. McShane, Louis J. Pignataro and 
Mr. Elliot Linzer, all of the Polytechnic. 

The procedures developed are based upon a syn
thesis of available information, a number of pilot 
field studies, and a comprehensive re-evaluation of 
the data base collected for the National Cooperative 
Highway Research Program-sponsored "Weaving Area 
Operations Study," a 1 so conducted at the Po lytech
n i c. The latter re-evaluation, which was spurred by 
additional research res~lts not available at the 
time of the weaving study, resulted in the formula
tion of the weavinq procedures contained in the 
"Freeway Capacity Procedures" section. 

Where qaps in available information exist, they 
exist also in the freeway procedures, and are so 
noted. Like the 1965 HCM, the procedures are no 
better than the data and information available for 
their formulation. They improve on the 1965 HCM in 

PREFACE 

th at add it i ona 1 research resu 1 ts have become avail
ab le since its publication which have been adopted 
herein. This is not to suqqest that more research in 
the area is not needed, for there are many topics 
and subjects, some of which are as basic as speed
fl ow relationships, which are in need of further 
study and l aroer data bases for that study. 

It is hoped that these "Freeway Capacity Proce
dures" will help formulate the freeway content of 
the forthcominq HCM revision, due in the mid-1980's. 
It is hoped, though, that addition al research and 
information will be available to further improve 
these techniques for that revision. Capacity 
analysis techniaues must be dynamic and continuously 
reviewed, as driving habits and vehicles change the 
basic characteristics of highway flow. These 
procedures are merely one step of what should be a 
process of periodic review and revision. 

In its use, these procedures should be a useful 
tool to desiqners, operational analysts, and 
planners in evaluating freeway conditions. These 
procedures do not make decisions, but provide 
results which, along with economics, environmental 
concerns, energy impacts, etc. will be factors for 
professionals and decision-makers to consider in 
making and executing those decisions. 
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CHAPTER I - INTRODUCTION AND BASICS 

In 1950, the first edition of the Highwat Capa
city Manual (_!._) was published as a practica guide 
to the design and evaluation of streets and highways 
in terms of their traffic-carryinq ability. One of 
the principal purposes of this manual was to assure 
consistency of procedures in the national program of 
highway design and construction. In general, 
the data bases for the 1950 HCM were sparse, and the 
collective judgment of the outstanding professionals 
of the time was exercised through the Highway 
Capacity Committee of the Highway Research Board to 
produce a set of workable procedures. 

In 1953, the committee was reconvened to begin 
work on an improved manual, which was eventually 
published in 1965. The 1965 HCM, like its prede
cessor, was to be a practical guide in capacity 
analysis for design and operational evaluation. 
Reflecting the changing needs of the profession, the 
new manual (2) devoted a significant amount of at
tention to freeways and freeway components, such as 
weaving and ramps. It also reflected much-improved 
data bases, which had been collected by a variety 
of governmental agencies over the span of years 
between 1950 and the early 1960's. Substantial 
professional judgment, however, was still needed to 
close gaps in the available information. The 1965 
HCM remains the current standard in the field, but 
the Transportation Research Board Committee on 
Highway Capacity and Quality of Service is now 
working on a further updatinq which will result in a 
new manual being published in the early to mid
l980's. 

The committee's work is being assisted by several 
major contracts for research in highway capacity, 
funded by the National Cooperative High1~a.v Research 
Program and the Federal Highway Administration. 
This document is the result of one of these, speci
fically, "Freeway Capacity Analysis Procedures," 
sponsored by the FHWA. 

Since the publication of the 1965 HCM, a number 
of significant research efforts have taken place 
relating to freeway capacity analysis, including: 

• a comprehensive study of weaving area operations, 
sponsored by NCHRP and conducted by the Polytech
nic Institute of New York (l). 

• simulation studies treating the effect of trucks 
and traffic regulations on traffic streams for 
both two-lane and multi lane roadways, conducted 
by the Midwest Research Institute (i.~). 

• the development of simplified procedures for 
freeway capacity analysis by J. Leisch for the 
FHWA (~). 

• a study of truck weight/horsepower ratios 
conducted for NCHRP at Penn State University 
(~). 

• studies on the effect of recreational vehicles on 
two-lane, two-way traffic flow, conducted by A. 
Werner (§). 

These chapters contains procedures for freeway 
design and operational analysis, and represents an 
updating of procedures found in the 1965 HCM based 
upon the above and other research which has taken 
place in the field. It is intended that these 
procedures eventually be used, perhaps in modified 

form, as the basis for freeway chapters of the 
upcoming revision to the HCM. Their presentation 
here will enable them to be rigorously tested and 
evaluated by users in the field. 

The Freeway Facility 

The freeway is a type of facility which is rather 
unique, in that it is the only form of highway which 
offers totally "uninterrupted" flow, that is, the 
traffic stream is not interrupted at any time by 
factors external to the traffic stream. There are 
no STOP signs or signals, no at-grade crossings, no 
pedestrian access, no direct access to abutting 
lands, and all vehicle entries and exits are made at 
ramps. As such, the operation of the facility is 
highly sensitive to changes in traffic demand, even 
short-term fluctuations, as there are no metering 
devices to spread short-term peaks. Further, 
virtually everything which happens in terms of the 
overall operation of freeway traffic streams is the 
result of interaction between vehicles of the 
traffic stream, and of the interaction between 
vehicles and geometric characteristics of the 
highway. It is the objective of the procedures 
detailed herein to relate operating characteristics 
to the geometric and traffic conditions which exist 
during a defined time interval on a specified 
segment of freeway. 

A. Components of a Freeway 

In general, a freeway is composed of three 
different types of components: 

• Basic Freeway Segments: Segments of the 
freeway which are not affected by merging or 
diverging maneuvers at nearby ramps, or by 
weaving movements; 

• We av i nq Areas: Segments of the freeway where 
two or more vehicle flows must cross each 
other's path along a length of the freeway. 
These are usually formed when merge areas are 
followed by diverge areas. They are also 
formed when a freeway on-ramp is fo 11 owed by 
an off-ramp and the two are connected by a 
continuous auxiliary lane; 

• Ramp Junctions : Points at which on- and 
off-ramps join the freeway. The junction 
formed at this point is an area of turbulence 
due to concentrations of merging or diverging 
movements. 

Figure 1.1 illustrates several examples of these 
types of freeway components. This document presents 
procedures for the design and operational analysis 
of each type of component in Chapters II, III, and 
IV respectively. 

In each case, procedures are designed to consider 
components of uniform type (basic, weaving, ramp), 
geometry (grades, number and width of lanes, 
lateral clearance, curvature), and traffic con di -
tions (volume and percentages of trucks, buses, and 
recreational vehicles). Analysis of any extended 
length of freeway begins by breaking it up into such 
uni form components. Detailed instructions on how 
this is accomplished are given in Chapters II, III, 
and IV for the various types of segments. 
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BASIC FREEWAY SEGMENT 

(A) OUTSIDE THE INFLUENCE OF RAMP OR WEAVING MANEUVERS 

WEAVING AREAS 

(B) MERGE AREA FOLLOWED BY 
DIVERGE 

(c) ON-RAMP FOLLOWED BY OFF-RAMP 
WITH AUXILIARY LANE 

RAMP JUNCTIONS 

7 "' (D) ISOLATED ON-RAMP (E) ISOLATED OFF-RAMP 

7 7 
(F) CONSECUTIVE ON-RAMPS (G) CONSECUTIVE OFF-RAMPS 

(H) ON-RAMP FOLLOWED BY OFF-RAMP 
WITH NO AUXILIARY LANE 

FIGURE 1.1 
FREEWAY COMPONENTS ILLUSTRATED 

B. Overall Considerations 

While the basic freeway unit for consideration 
using the procedures detailed herein is a segment of 
uniform characteristics as described above, it must 
be remembered that the freeway operates as a 
cohesive unit, and that the operation of one compo
nent often influences that of others. Should one 
freeway component break down, the resulting conges
tion will spread upstream into adjacent segments. 
Thus, segments may become congested when procedures 
herein indicate that their operation should be 
acceptable. The procedures detailed herein do not 
account for problems in one segment which are caused 
by problems in another--yet the analyst or designer 
must be keenly aware of such potentials. 

Another critical factor is the transition between 
adjacent segments of freeway. There are generally 
several different ways in which a transition may be 
handled between adjacent freeway components. These 

alternatives genera l ly invol ve the concepts of lane 
balance and configuration. Figure 1.2 illustrates 
t1~0 prime examples , that of a lane addit i on and that 
of a lane drop . Fig ure l.2(a) i llust rates two 
alternative ways of adding a lane to a freeway at a 
ramp. Fiqure l.2(b) gives the correspond1nq alter
natives for dropping, or subtracting, a lane at a 
ramp. In both cases, the design of the upstream and 
downstream freeway sect i ans are not affected by the 
transition alternate selected. The quality of the 
merge or diverge by which the transition is made 
wil 1, however, be greatly different in each case. 
Chapter IV procedures can adequately analyze the 
effect of each alternative on the merge or diverge 
itself, but cannot take into account the differing 
impacts on upstream and downstream components. 

The difference between the alternatives of Figure 
1.2 is in the confi guration of lanes. In all cases, 
the trans it ion is between a 3-1 ane freeway segment 
and a 2-lane freeway segment. In the first alterna-
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(A) TWO ALTERNATES FOR ADDING A FREEWAY LANE AT A RAMP 

-------- --/ 

~" 
---------- ....... ~ 

....... ...... 

' ..... 
..... 

(B) TWO ALTERNATES FOR DROPPING AT A RAMP 

FIGURE 1.2 
ILLUSTRATION OF LANE BALANCE 

AND CONFIGURATION 

tive, single-lane ramps are used, and enterinq or 
exitinq traffic must do so in the lane closest to 
the sh.oulder. In the second of the alternatives, 
two-lane ramps are used, allowing merginq or diverg
ing to take place in two different lanes. In the 
diverge case, this provides for lane balance; that 
is, one more lane leaving the diverge point than 
is entering it. Obviously, the choice of which 
alternative to use will depend on the ramp analysis 
itself, and the designer or analyst's impres
sion of the likely upstream and downstream impacts, 
which are not clearly defined by procedures. 

The concept of l ane ba l ance is an import ant one. 
Lane balance provides the driver ap pr oaching a 
diverge point with a "choice" l ane ; that i s, there 
is one l ane from whi ch the dri ver may proceed along 
either leg of the di verge without a lane change. 
Such a de-si gn has the potential to r educe erratic 
movements resulting from last-second decisions 
and provides greater flexibility in lane utiliza
tion. Since lane balance does require 2-lane ramps, 
however, it cannot be provided in all cases. 

A number of other factors may also influence the 
operation of the freeway as a whole. Weather and 
incidents often have a critical effect on opera
tions. Procedures herein are based upon good 
weather conditions and the absence of traffic 
incidents. Any deviation from these conditions will 
adversely impact operations, depending upon the 

severity of the weather and/or incidents. In areas 
where ice and snow are the rule rather than the 
exception, some allowance must be made for this. 
Similarly, where the number of incidents is high, 
and their occurence frequent in peak periods, some 
allowances should be considered. No specific 
allowance can be specified, however, due to the wide 
variability of these effects. 

Freeway surveillance and control is another 
factor to be considered. In a number of urban areas 
where freeways are subject to regular peak hour 
congestion, freeway surveillance and control systems 
have been installed. These systems continuously 
monitor freeway flow, using detectors at several 
locations, and adjust the ramp metering rates 
according to those flows using one strategy or 
another. Some aim to quickly identify incidents and 
react to them to provide for speedy clearance. 
Several use variable message signs to advise drivers 
on safe speeds and approach i nq hazards. A large 
part of many such systems is ramp control, in which 
vehicles are permitted to enter the freeway one at 
a time at specified intervals. This prevents the 
clogging effect of several ramp vehicles forcing 
their way into a crowded stream at the same time, 
with the resultant breakdown in freeway flow, and 
may actually reduce the total number of vehicles 
entering the freeway at any given point. Ramp-meter
ing rates may be preselected by time of the day, may 
be responsive to freeway detector information, or 
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may be based upon the detection of gaps in the 
approaching freeway stream. 

The principal point, however, is that freeways 
having such systems may be operated better than 
similar freeways without. Freeway surveillance and 
control systems may have a beneficial effect on a 
freeway, one that cannot be taken fully into account 
using the procedures presented herein. Again, the 
user must be aware of this potential. (See Chapter 
IV, "Ramp Meterin9" ) 

Another factor of interest in some urban areas is 
the existence of exclusive high-occu pancy vehicle 
lanes on the freeway. These 1 anes come fo a wide 
variety of forms, and are becoming increasin9ly 
important with the current emphasis on transporta
tion systems management solutions. They are intended 
to improve the people - carrying capacity of the 
freeway without major capital expense and to provide 
additional incentives to use mass transit. The most 
common forms include the exclusive bus lane or 
high-occupancy vehicle lane which is used by buses, 
car-pools and, in N.Y.C., taxis. 

It is not the intent of this document to analyze 
in detail the transit-related impacts of high occu
pancy veh i c le lanes. A"transit" chapter prepared by 
Levinson and others is included elsewhere in this 
circular as an "interim capacity material.". These 
lanes do, however, have an impact on the operation 
of the remaining non-exclusive lanes of the freeway 
which must be considered. 

Where high-occupancy vehicle lanes are done on a 
contra-flow basis, (that is, the exclusive lane is 
taken from the opposing direction of flow, usually 
an off-peak or reverse-peak flow), the following 
impacts often occur: 1) The primary traffic flow in 
remaininq peak-direction lanes is reduced, as high 
occupancy vehicles have been removed to a contra
flow lane, 2) the number of lanes available to 
reverse peak traffic is reduced by one, or two, if a 
full-lane buffer between opposing flows is provided, 
3) flexible posts or other dividers used to separate 
opposing flows may hinder reverse-peak vehicles in 
remaining lanes, and 4) the process of enter ing 
and/or leaving the exclusive lane may be disrupt ive 
to other vehicles in the traffic stream. 

Where high occupancy vehicle lanes are installed 
in the primary flow lanes of the freeway, these 
impacts are somewhat different: 1) the primary flow 
vehicles not eligible to use the high occupancy lane 
are restricted one lane less than is normally 
available, 2) as both high-occupancy and other 
vehicles travel in the same direction, there is no 
need for flexible posts or other dividers which 
might hinder flow, 3) the process of entering and/or 
leavinq the special lane is generally not highly 
disruptive, although increased l ane-chanciing activ
ity near the lane's entry and exit points may 
result. 

Chapter V attempts to provide approximate proce
dures for analyzing some of these effects. It 
should be remembered, however, that the intent 
of such lanes is to optimize the person-c arr yi ng 
ability of the freeway as opposed to its vehicle
carrying ability This involves many planning 
considerations beyond the scope of this document. 

Lastly, the designer or operational analyst must 
keep in mind that the freeway interacts with other 
facilities making up the traffic system. The 
operation of other freeways, and of surrounding 

streets and arterials may all have an impact on the 
freeway, and vice-versa. Ramp control may benefit 
the quality of freeway operations, but it may also 
divert vehicles to the local arterial network, where 
they could create more congestion. Arterials and 
intersections may create queues which extend down 
freeway ramps and affect freeway operations. These 
and other potential interactions should always be 
considered in conjunction with specific analyses 
conducted using procedures detailed herein. 

Chapter V of these freeway capacity procedures 
gives a detailed treatment of the consideration of 
the overall freeway facility, including the issues 
and factors discussed above, as well as others. 
Where quantitative guidelines can be given, they 
are. In other cases, logical procedures are sug
gested, or qualitative instructions given. 

Structure of the Document 

The remainder of Ch apter I of these procedures 
discusses basic characteristics of freeway flow, the 
level of service concept, and basic definitions of 
terminology. Chapters II, III, and IV contain 
detailed procedures for the analysis of Basic 
Freeway Segments, Weaving Areas, and Ramps and Ramp 
Terminals respectively. Each of these chapters is 
divided into three parts: 

• Basic Characteristics: A discussion of the 
basic characteristics of fl ow in the type of 
segment under consideration, and the factors 
which affect them, as well as a presentation of 
the equations and/or methods which are used in 
textbook fashion. 

• Computational Procedures : A step-by-step set of 
instructions f or perf orming a design or analysis. 

• Sample Problems: A variety of problems are 
presented, solved, and discussed, representinq a 
broad ranqe of possibilities for each type of 
segment being considered. 

Drqanization of the chapters in this manner 
enables the user to avoid readinq throu9h the 
discussion of "characteristics" after the user 
has become familiar with the techniques presented. 
It also allows the user to follow a condensed 
step-by-step procedure for the consideration 
of each type of segment in a straightforward manner. 

As previously discussed, Chapter V treats the 
analysis of the freeway as a whole in a detailed 
way, and qives instructions on the combining of 
individual segment analyses and their interpreta
tion, as well as discussing some of the system 
elements noted previously. 

Definitions and Terminology 

In general, specific terms are defined for the 
user within the chapter sections in which they 
occur. This section is intended to present the 
major terms which will be utilized throughout the 
document, and those of which the user should have a 
strong conceptual understanding before proceding 
into specific procedures. 

A. Traffic Flow Measures 

Of particular interest are those measures which 
are used to define or characterize the condition of 



a traffic stream. These are defined and discussed 
below: 

(1) Speed: a rate of motion expressed as distance 
per unit time, generally as miles per 
hour or kilometers per hour. A 
qeneral measure, speed may be observed 
in a variety of ways. 

In characterizing the speed of a traffic stream, 
it is clear that some representative value should be 
used, as each vehicle within the stream has a 
different speed. For the purposes of these proce
dures, the aver ag e ru nn i ng speed is the meas ure 
which will be used. Av er age running speed is 
selected as it is easily determined from traffic 
stream measurements, and it is the most statisti
cally relevant measure which is easily obtained. 
The average running speed is computed by taking the 
length of the highway segment under consideration 
and dividinq it by the average travel time of 
vehicles to traverse the segment. Thus, if travel 
times t 1, t 2, t 3, . .. .. tn are measured for n vehicles 
traversing a segment of lengt h, the average run
ning speed would be: 

where: S 

P. 

n 

s P. 
n 
~ t ./n 

i=l 1 

average running speed, in mph 
length of the highway segment, 
in miles 

travel time of the ith vehicle 
to traverse the seqment 

number of travel times recorded 

For example, if the following travel times were 
observed for vehicles traversi~g a one mile highway 
segment: 

1.0 minutes 
1.2 minutes 
1.7 minutes 
1.1 minutes 

( .0167 hrs.) 
( .0200 hrs. ) 
( .0283 hrs.) 
( .0183 hrs.) 

the average travel time would be computed as (.0167 
+ .0200 + .0283 + .0183)/4 or .0208 hours. The 
average running speed is, therefore: 

S = 1.0 miles/0.0208 hours = 48.08 mph (76.9 km/h) 

For capacity analysis, speeds are best measured 
by observing travel times over a known length of 
highway. The length taken may be as short as 
several hundred feet for ease of observation. Radar 
meters give point speeds which can be averaged to 
give a "time mean speed" which is usually 1-3 mph 
hiqher than average running speed. 

(2) Volume: th e number of vehicles pass ing a 
point on a highway or highway lane 
du r ing one hou r , exp resse d as 
vehicles per hour. 

(3) Rate of Fl ow : the number of vehicles passing 
a point on a highway or 
highway lane during some 
period of time less than 
one hour, expre ssed as an 
equivalent rate in vehicles 
per hour. 
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The distinction between volume and rate of flow 
must be clearly understood. A volume represents an 
actual number of vehicles passing a point in one 
hour . A rate of flow represents the number of 
vehicles which would pass a point in one hour if 
they continued to arrive at a rate similar to that 
observed in a shorter time span. A rate of flow is 
computed by dividinq the number of vehicles observed 
passing the point in question by the time (in hours) 
during which they were observed. Thus, 100 vehicles 
observed in a 15-minute period represents a rate of 
flow of: 

100/0.25 hours = 400 vehicles per hour 

The difference between volume and rate of flow is 
illustrated by the following example. The following 
traffic counts were made durinq a one hour study 
period: 

5:00 - 5:15 
5:15 - 5:30 
5:30 - 5:45 
5:45 - 6:00 

1000 veh. 
1200 veh. 
1100 veh . 
1000 veh. 

The volume for this hour is the sum of these 
counts, or 4,300 vph. The rate of fl ow, however, 
varies in each 15-minute period. Durinq the 
peak period, the flow rate is 1200 veh./0 . 25 hrs. = 
4,800 vph. Note that 4,800 vehicles do not actually 
pas s the point in question in one hour, but that 
they do pass the point at that rate for 15 minutes. 

Consideration of peak rates of flow is of criti
cal importance, as a freeway breakdown of several 
minutes may take several hours to clear up. The 
procedures and guidelines presented in this document 
are based upon uniform flow rates. This is done so 
that peak flow rates may be used directly, and to 
insure that the description of operations durinq 
these periods is meaningful. 

The unit of time to be used for freeway flow 
rates has historically been taken as 5 minutes . In 
recent times, a number of practitioners have uti
lized 15 minutes (9) for practical reasons . Further, 
the results of the NCHRP- s ponsored Weaving Area 
Oper ations Study (3) incl uded t he conclusion th at 5 
min ute peri ods were stat istically unstable. Many 
oper at ional anal ysts , however , prefer t he use of t he 
shorter 5-minute pe riods, as t hey allow f or th e 
examination of shorter-term fluctuations in condi
tions. For the purposes of these procedures, either 
may be used, as long as the rate of flow is uniform 
for the period considered. 

Peak rates of flow are related to volumes through 
the use of the peak hour factor, which is defined 
below: 

VOLUME (for one hour) 
PHF = PEAK RATE OF FLOW (w1th1n the ~o ur ) 

Then, for 5-minute flow periods: 

v wh ere 12 is the number of 
5 min ut e peri ods in an hour 

PHF = 12 x N5 

and, for 15-mi nute fl ow peri ods: 

PHF = V 4 x N15 
wh ere 4 is the number of 
15-mi nute periods i n an hour 
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where: = peak hour factor 
=volume (for full hour) 

maximum 5-minute count during hour 
of interest 
maxi mum 15-mi nute count during hour 
of interest 

Where the peak hour factor is known, full hour 
volumes may be converted to peak fl ow rates within 
the hour: 

Peak Flow Rate = V/PHF 

The latter conversion from full-hour volumes, 
which are usually given, to peak flow rates, is also 
quite important. As the procedures herein are based 
upon peak flow rates, such a conversion is often 
necessary before computations may begin on any 
particular problem. 

(4) Density: the number of vehicles occupying a 
given length of highway or highway 
lane, averaged over time, usually 
expressed as vehicles per mile. 

Density is virtually never measured directly, as 
this requires costly elevated or aerial photography. 
Density, rate of flow, and average running speed 
are, however, related by the equation: 

F = S x D 

where: F = rate of flow, in vph 
S = Average running speed, in mph or km/h. 
D = density, in vpm or veh/km 

1000 FT. 
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16,000 

Knowing rate of flow and average running speed, 
density can be computed from this relationship. 

The parameters discussed in this section (average 
running speed, volume, rate of f low, peak hour 
fac tor , density) are those which are most often used 
in describing a traffic stream. These will be 
referred to throughout these procedures. 

B. Capacity Terms 

Freewa~ Capacity rnay be defined as the maximum 
rate of f ow which may be accommodated by a uniform 
freeway segment under prevailing roadway and traffic 
conditions in the specified direction of interest. 

Roadway Conditions refer to the geometric charac
teristics of the freeway segment under study, i.e., 
grades, number and width of lanes, lateral clear
ance, design speeds, configuration of lanes, curva
ture, etc. 

Traffic Conditions refer to traffic composition, 
generally expressed in terms of the percentages of 
trucks, buses, and recreational vehicles in the 
traffic stream. 

Capacity analysis of freeway segments of signifi
cant length is based upon Average Ki~hway Speed 
(AHS). Average highway speed is t e weighted 
average design speed of the segment, where the 
des i qn speed of each component is weighted by the 
length of the component (straight sections are 
assigned a design speed of 70 mph or 112 km/h.). 
The computation of AHS for an extended freeway 
segment is illustrated in Figure 1.3. 

DL~SlGN SPEED 
( M I'll) 

~o 
:>5 

i~ 

DES I GN Sl'El:lJ 
X l.J:NGTll 

1,082, 500 

500 FT. 

AllS l,082,500/16,000 67.66 MPH NOTE: mph 
rt. 

1.6 km/h. 
o. 304 8 Ill. 

FIGURE 1. 3 
ILLUSTRATION OF THE COMPUTATION 

OF AVERAGE HIGHWAY SPEED 



Other terms and concepts are introduced and de
fined as they are used in subsequent chapters and 
sections of this manual. 

Characteristics of Freeway Flow 

A. General 

The relationship between the three primary 
parameters of freeway flow has been discussed 
previously. Rate of flow, averaqe running speed, 
and density are macroscopic measures which are used 
to describe the condition of a traffic stream. 
Although the relationship F = S x D seems to suggest 
that a given rate of flow may occur at numerous 
combinations of speed and density, this is not 
true. Only a limited number of F, S, and D combi
nations will occur, as there are additional rela
tionships between F and S, F and D, and S and D 
which control those combinations that may occur. 
Figure 1.4 illustrates the general form of these 
relationships, which are the basis for capacity 
analysis. The exact shape of these curves depends 
upon the prevailing roadway and traffic condit i ans 
which exist on any given hiqhway segment. 

Note that a rate of flow of zero occurs under two 
conditions: (1) when there are no cars on the 
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road density is zero and speed is theoretically 
anything an individual driver would select, and (2) 
when the density becomes so high that all movement 
stops - speed is zero. This latter density is 
cal led "jam density." As figure 1.4 illustrates, 
any rate of flow, other than capacity, may occur 
under two different conditions, one of high density 
and low speed, and one of high speed and low den
sity. The entire high-density, low-speed side of 
the curves is the region of forced, or breakdown 
flow. The entire stable region of flow occurs on 
the low-density, high-speed side of the curves. 

The peak of the speed-flow and density-flow 
curves represents the maximum rate of flow, or 
capacity. The density at which this occurs is 
referred to as "critical density," and the speed at 
which it occurs is "critical speed." As capacity is 
approached, flow becomes more unstable, as available 
gaps in the traffic stream are fewer. At capacity, 
there are no usable gaps in the traffic stream, and 
any entering vehicles and/or vehicles changing lanes 
within the traffic stream will create a disturbance 
which cannot be effectively damped, or dissipated. 
Thus, operation of a facility at capacity is diffi
cult to maintain for long periods of time, and 
forced flow becomes almost unavoidable. For this 
reason, freeways are desic!ned to operate in the more 
stable regions of flow, ~t volumes less than capa
city. 
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B. Freeway Flow Under Ideal Conditions 

As has been noted, the calibration of any given 
flow relationship depends upon the prevailing 
roadway and traffic conditions existinq in the 
highway segment of interest. As a basis for freeway 
capacity analysis, a set of conditions called "ideal 
conditions" has been established. These conditions 
include: 

• 12 foot (3.7 m.) lane widths 

• at least 2 lanes for the exclusive use of 
vehicles in each direction 

• a minimum of 6 feet (1.8 m.) between the edge of 
the travel lanes and the nearest obstacle or 
object at the roadside 

• no trucks, buses, or recreational vehicles in 
the traffic stream (i.e., only passenger cars in 
the stream). 

Figure 1.5 illustrates the relationship between 
speed and flow for freeways under ideal conditions 
for various values of AHS. These relationships, 
which were estimated from the literature (9, 10) and 
original field studies (11) associated with this 
effort, are representative-Of urban commuter traffic 
streams. The user of these procedures may wish to 
modify the relationships for other types of traffic, 
such as weekend, rural, etc. The data base for 
Figure 1.5 was not sufficient to discern regional 
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differences, although these may also be a factor in 
some cases. Individual sections of these procedures 
qive aeneral quidelines on the modification of 
~rocedures to .. account for other types of flow. 

In extreme cases, users may wish to collect 
on-site field data and plot their own set of repre
sentative speed-flow curves. For most peak condi
tions, which are the principal periods for design 
and analysis, the curves presented in Figure 1.5 
(and s ubseque nt guidelines based upon it), are 
reasonably accurate, and may be used directly. 
There are two characteristics of the curves in 
Figure 1.5 that are worthy of note: 

• there is a substantial range of flow over which 
speed is insensitive to flow, a range which 
extends to fairly high flow rates. 

• as flow approaches capaclty, speed drops off at 
an extremely sharp rate. 

These two characteristics are of critical impor
tance, and together they indicate that speed may not 
be as good an indicator of service quality as was 
previously indicated in the 1965 HCM, particularly 
for high-type 70 mph designs. 

C. Factors Affecting Freeway Flow Under Ideal 
Condi t ions 

Flow relationships existing under ideal condi
tions are altered by any prevailing conditions which 
are not ideal. 

15 ------ NOTE: 1 mph 1.6 km/h. 

10 -------
700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000 

VOLUME ( PCPllPL) 

FIGURE 1.5 
SPEED - FLOW CHARACTERISTICS UNDER IDEAL 

CONDITIONS 



1. Trucks Buses, and Recreational Vehicles 
The presence o1 non-passenger cars rn the traffic 
stream can have a marked effect on the flow charac
teristics of any given highway segment, due to two 
reasons: 

1 these vehicles are larger than passenger cars, 
and therefore occupy more roadway space. 

1 the operating capabilities of these vehicles 
(acceleration, decelerat io n, maintenance of 
speed, etc.) are generally inferior to those of 
passenger cars, and their presence introduces 
incongruities into the traffic stream, and 
creates gaps in the stream which cannot alwa,vs 
be filled. 

The latter effect, particularly on sustained 
upgrades is extremely deleterious, as heavily loaded 
trucks maintain extremely low speeds, creating large 
gaps in the traffic stream . Figure 1.6 illustrates 
the acceleration and deceleration characteristics of 
trucks on grades . The curves are representative of 
a "typical" truck with a weight/horsepower ratio in 
the range of 250-350 lbs/hp which is used as the 
basis for these procedures. Individual procedures 
contain instructions on how to estimate the impact 
of trucks of different typical weiqht/horsepower 
ratios on traffic streams. Figure 1.6 is partially 
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taken from Reference 7. This is worthy of note, as 
there are a number of studies which have resulted 
in similar curves either by simulation (the most 
prevalent technique) or by field measurement. The 
results of these vary considerably, particularly 
with respect to final crawl speeds. The curves 
selected for use herein represent a rough "mi dd 1 e 
ground" among the studies available. 

Illustrations 1.1 and 1.2 depict the deleterious 
effects of trucks and other non-passenger cars in 
the traffic stream. 

2. Restrictive Geometrics Table 2.1, discussed 
in Chapter 2, depicts the effect of reduced average 
highway speed on speed-flow characteristics. Other 
restrictive geometric elements, such as narrow 
lanes, or roadside objects too close to the pavement 
edge, will also have deleterious effect on flow. 

Illustrations 1.3 and 1.4 depict the restrictive 
effects of narrow lanes and/or restrictive lateral 
clearances. Narrow lanes cause vehicles to travel 
closer to one another laterally. Drivers tend to 
compensate by leaving larger headways, thus reducing 
flow at any given speed. Restrictive lateral 
clearances have much the same effect, as drivers 
move further out in the lane than they normally 
wou 1 d, to put more di stance between themse 1 ves and 
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Illustration 1.1 Note the formation of large gaps 
in front of slow-moving trucks 
climbing the upgrade. 

Illustration 1.3 Note how vehicles shy away from 
both roadside and median barriers, 
driving as close to the lane 
marking as possible. The existence 
of narrow lanes compounds the 
problem, making it difficult for 
two vehicles to travel alongside 
one another. 

Illustration 1.2 Even on relatively level terrain, 
the appearance of large gaps in 
front of commercial vehicles is 
unavoidable. 

Illustration 1.4 In this case, vehicles shy away 
from the roadside barrier. Note 
that this causes a shift in the 
placement of vehicles in each 
lane. In all three lanes, vehicle 
placement is skewed towards the 
median. 



roadside (or median) objects. Thus, vehicles 
again are closer to each other laterally, and 
drivers compensate by leaving longer headways 
between vehicles. 

The effects of narrow lanes and/or restrictive 
lateral clearance impact flows throughout the range 
of stable speeds. 

The Level of Service Concept 

The 1965 HCM defines Level of Service as, "A 
qualitative measure of the effect of a numbe~ of 
factors, which include speed and travel time, 
traffic interruptions, freedom to maneuver, safety, 
driving comfort and convenience, and operating 
costs." It goes on to indicate that "in practice, 
selected specific levels are defined in terms of 
particular limiting values for certain of these 
factors." 

This document follows this general principle, and 
like the 1965 HCM, defines six Levels of Service, A 
through F, for freeways. The user should take care, 
however, to avoid confusing the criteria defined 
herein which differ considerably from those of the 
1965 H'cM. Service A through F, representing the 
best through the worst operating conditions respec
tively, are illustrated pictorially in Illustrations 
1.5 to 1.10. 

Level of Service A represents virtually complete
l y free-flow conditions, in which the speed. of 
individual vehicles is controlled only by driver 
desires and prevailing conditions, not by the 
presence or interference of other vehicles. Ability 
to maneuver within the traffic stream is unre
stricted. 

Levels of Service B, C, and D represent increas
ing level s of flo w r ate with correspondingly more 
interference between vehicles of the traffic stream. 
Average running speed of the stream remains rela
tively constant through a portion of this range, but 
the ability of individual drivers to freely select 
their speed becomes increasingly restricted as 
the Level of Service worsens. 

Level of Service E is representative of operation 
at or near capacity conditions. Few gaps are avail
able and the ability to maneuver within the traffic 
stre~m is severely limited, and speeds are low, in 
the range of 30 mph. Operations at this level are 
unstable, and a minor disruption may cause rapid 
deterioration of flow into Level of Service F. 

Level of Service F represents forced, or break
down, flow. At this level, stop-and-go patterns and 
waves have already been set up in the traffic 
stream, and operations at a given point may vary 
widely from minute to minute, as will operations in 
short adjacent highway segments, as congestion waves 
propagate through the traffic stream. Opera~ions at 
this level are highly unstable and unpredictable. 

Levels of Service are defined in greater detail 
for each type of freeway segment in Chapters I I, 
I I I, and IV. 

The philosophy carried throughout these proce
dures is that Level of Service is a quality measure 
which should be defined in terms of parameters which 
describe the experience and perception of service 
quality, as seen through the eyes of the individual 
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motorist. The parameters used should also be 
macroscopic and easily measured if they are to be 
useful to the practitioner. 

Speed is one of the principal parameters which 
can be directly experienced by the driver, and is 
one which has traditionally been associated with the 
defining of Levels of Service. Unfortunately, the 
speed-fiow relationships of Figure 1.5 indicate that 
for a large range of volumes, speed is insensitive 
to flow levels. Thus, while speed is clearly a 
principal ingredient in the perception of service 
quality, it cannot be the only parameter involved in 
defining Levels of Service. 

Drivers also experience directly the proximity of 
other vehicles, difficulty of executing lane changes 
and other internal maneuvers, difficulty in entering 
or leaving the facility, etc. Many of these factors 
cannot be easily measured in a direct way, but all 
are generally related to density, a meas ure describ
ing the number of vehic les physically present in a 
unit of freeway length. 

For the purposes of these procedures, Levels of 
Service are defined using the parameters of avera~e 
running speed and density . In keeping with t e 
philosophy of the 1965 ACM; laf~ty is introduced in 
a secondary manner by not al owing better Levels of 
Service on highways with restricted AHS. 

Using speed and density, Levels of Service are 
defined for basic freeway segments. Levels of 
Service for weaving areas and ramps are based upon 
speed primarily, but are directly related to the 
definitions for basic freeway segments. 

Note that these concepts are based primarily upon 
Level of Service as perceived by the driver. 
Existino information is not sufficient to allow 
consider.ation of a broader concept of service, which 
would treat passengers, freight, and non-user 
service quality as well. 

The basis of capacity analysis, however, is the 
relationship between various flow levels and Level 
of Service under prev ailing condit ions. Computa
tional procedures are utilized to determine these 
relationships. Level of Service guidelines for 
ideal conditions correlate flow levels with each 
Level of Service. The flow level for any given 
Level of Service is called a service volume. No 
service volumes are defined for Level of Servi ce F, 
which is an unst able conditi on. 

Note that a Leve l of Service represents a range 
of operating conditi ons. Servi ce volume is defined 
as the maximum rate of flow which may be acconrno
dated under prevailing traffic and roadway condi 
ti ons while still maintaining a quality of service 
ap prop r iate to t he i ndi cated Level of Ser vi ce . 
Levels of Service are defined by speed and density. 
The values of service volume which are tabulated and 
computed herein are in accord with the speed-flow 
relati onships depicted in Figure 1.5 . The guidelines 
given herein reflect observed speed- flow behavior, 
and are not arbitrarily defined. 

The Level of Service concept is central to 
capacity analysis. Given that it is not advisable 
to have freeways operate or desi gned to operate at 
cap acity , it is necessary that practit ioners be able 
to identify maximum rates of flow which can be 
supported under a selection of operating conditions. 
The Level of Service concept permits this. 
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Illustration 1.6 Level of Service B. 

Illustration 1.5 Level of Service A. 

Illustration 1.8 Level of Service D. 
Illustration 1.7 Level of Service C. 

Illustration 1.9 Level of Service E. Illustration 1.10 Level of Service F. 



Using the Freeway Capacity Procedures 

In general, procedures herein may be used in two 
ways: 
e dP.Siqn: given a set of forecasted demand 

volumes, traffic characteristics and a 
known set of design standards for AHS, 
lane width, and lateral clearance, 
procedures may be used to determine 
geometric characteristics - the number 
and configuration of lanes. For 
weaving areas and ramps, this may 
require some trial-and-error comouta
t ions. 

• analysis: given a set of known volumes, traffic 
ch aracteri st i cs, and geometrics, the 
situation may be analyzed to determine 
Level of Service, or if more detail 
is needed, speeds and densities. 
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Analysis is the most widely applicable usage, as 
some design will require trial-and-error analyses. 
Analysis is also extremely useful in evaluating the 
effectiveness of planned spot or segment improve
ments on existing facilities. 

The user is cautioned that these procedures are 
intended to be used as a guide, and do not replace 
the responsibility for decision-making or selection 
among viable alternatives. Procedures included 
herein provide the user with reasonably accurate 
estimates of likely operating conditions, qiven a 
specified set of prevailing conditions. The engineer 
must still decide which trial design or improvement 
to select, based upon estimates of performance, 
cost-effectiveness, environmental impact, and 
other factors. These procedures do not make deci
sions, but hopefully provide meaningful information 
to engineers and planners who must. 

Chapter I - References 

1) Hiqhwal Capacity Manual, 
Roads, 950. 

Bureau of Public 

2) "Highway Capacity Manual," Transportation 
Research Board Special Report 87, Transporta-
tion Research Board, 1965. 

3) Pignataro, et al, "Weaving Areas: Design and 
Evaluation," Nation al Cooperative Highway 
Research ProJram Report 159, Transportation 
Research Boar , 1975. 

4) St. John, et al, "Freeway Design and Contra l 
Strategies as Affected by Trucks and Traffic 
Regulations," Report No. FHWA-RD-75-42, 
Midwest Research Institute, April 1975. 

5) St. John and Kobett, "Grade Effects on Traffic 
Flow Stability and Capacity," NCHRP 3-19, 
Midwest Research Institute, August 1974. 

6) Leisch, Capacity Analysis Techniques for Design 
and 0 eration of Freewa Facilities, Federal 
i gh1-1ay minis tr at ion, 

7) 

8) 

9) 

10) 

11) 

Review of Vehicle Weight/Horsepower Ratio as 
Related to Passi ng Lane Oesi~n. NCHRP Project 
20-7, Penn State University , 1978. 

Werner and Morrall, "Determining Passenger Car 
Equivalencies of Trucks, Buses and Recreational 
Vehicles for Rural Two-Lane Highways," to be 
published in Transportation Research Board in 
1978-79. 

Southern State Park1vay Improvement Study , Jones 
Beach State Parkway Authority; Howard, Needles, 
TaITTnen, and Bergendoff, April 1977. 

Abramson and Amster, "Testing and Evaluating 
Deterministic Models of Traffic Flow," Report 
No. 1041-1, USDOT, FHWA, November 1968. --

Field surveys conducted on The Southern and 
Northern State Parkways, Nassau County, New 
York, April 1978. 





167 

CHAPTER II - BASIC FREEWAY SEGMENTS 

I. BASIC CHARACTERISTICS 

Basic freeway segments may be defined as those 
segments whose performance is unimpeded by the 
presence of nearby ramp junctions and/or weaving 
areas. 

The 1965 Highway Capacity Manual (1) defines the 
general influence range of ramp terminals and 
weaving areas as follows: 

, on-ramp terminals - 500 ft. (152 m.) upstream; 
2,500 ft. (762 m.) downstream 

1 off-ramp terminals - 2,500 ft.(762 m.) upstream; 
500 ft. (152 m.) downstream 

• weavin~ areas - 500 ft. (152 m.) upstream; 500 
ft.(15 m.) downstream ( in addition to weaving 
area itself) 

A study by Worrall, et al (2) led to the conclu
sion that the upstream effect of off-ramps may 
extend as far as 6,250 feet (1905 m.) upstream of 
the ramp under congested flow, and be as little as 
1,750 feet (533 m. )for free-flow conditions. 

These influence distances are, of course, general 
guidelines. The influence range experienced in any 
specific case is dependent upon numerous factors, 
including relative traffic volumes, geometrics, and 
other local conditions. Particularly on urban 
freeways, where forced flow conditions may frequent
ly occur, a breakdown at a ramp or weaving area may 
influence miles of adjacent freeway. Further, these 
guidelines were developed for right-hand ramps. The 
effect of left-hand ramps may be expected to be 
greater than the values shown. 

The definition of "basic freeway segment" is, 
therefore, subject to engineering judgment. Rural 
freeways wi 11 consist primarily of basic segments, 
while urban freeways may have relatively few truly 
"basic" sections. During periods of light flow, 
however, even weaving areas and segments in the 
vicinity of ramp junctions may behave similarly to 
basic segments. 

Chapter V describes detailed procedures for 
design and analysis of overall freeway sections, 
accounting for the difficulty in identifying 
basic freeway segments. 

Levels of Service 

As was discussed in Chapter I, Levels of Service 
for basic freeway segments are based upon two 
parameters directly related to the road users 
perception of service quality: 

• speed (Average Running Speed) 

• proximity to other vehicles (Density) 

The use of density as a second descriptor is neces
sitated by the charac teristics of typical speed
volume curves (C hapter I, Figure 1.5) which show a 
broad range of volumes over which speed remains 
primarily constant. Further, it introduces the 

factor of proximity to other vehicles into the 
definition of service levels, a factor of great 
importance to the road user. 

A. Criteria 

The criteria for Level of Service on basic 
freeway segments are shown in Table 2.1. 

The criteria 

It should, however, be noted that observed 
speed-volume-density relationships do vary, and that 
observations on any particular freeway may differ 
somewhat from the values in Table 2.1. Table 2.1 
represents typical conditions. 

B. Base Conditions 

Table 2.1 is developed for primarily "ideal" 
conditions, which consist of: 

• no trucks, buses, or recreational vehicles in 
the traffic stream (i.e., passen~er cars in the 
traffic stream) 

• 12-foot {3.66 m.) lane widths 

• no lateral obstructions closer than 6 feet (l.83 
m.) to the pavement edge. 

Table 2.1 accounts for the effect of AVERAGE 
HIGHWAY SPEED(AHS), which is the weighted average 
design speed for the section under consideration. 
The flow rates shown are for periods of uniform 
flow. Usually 5-minute or 15-minute periods are 
considered. A period usually of primary interest is 
the maximum 5- or 15-minute flow rate within the 
peak hour of the day. 

C. Description of Levels of Service 

Levels of Service were defined to generally 
fulfill the pictorial illustrations and cieneral 
descriptions of Levels of Service in Chapter 
I. Table 2.1 values are in accordance with observed 
speed-volume relationships shown in Chapter I, 
Figure 1.5. 

The service levels were further defined to 
represent reasonable ranges in average running 
speed, density, and service volume. The table 
has two characteristics of note: 

• 

• 

At Levels of Service A-C, speed is relatively 
insensitive to flow rate. 

At Levels of Service D and E, speed is highly 
sensitive to flow changes. Thus, the range of 
service volumes over these levels is relatively 
small. 
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TABLE 2.1 

LEVEL OF SERVICE FOR BASIC FREEWAY SEGMENTS 

LEVEL PERFORMANCE CRITERIA MAXIMUM SERVICE VOLUMES (ONE DIRECTION) 
OF FOR LEVELS OF SERVICE FOR LEVELS OF SERVICE DURING UNIFORM 

SERVICE Sl'ttU UtNSllY PERIODS OF FLOW ( PCPH ) 
MPH PC/mi /LN 4-L ane 6-Lane 8-Lane EA . ADD 
(Km/h) (PC/km/LN) (2 ea.dir) (3 ea.dir) (4 ea.dir) LANE 

AHS = 70 MPH (112 km/h.) 

A ~50(80) .S.15( 9.4) 1600 2400 3280 820 

B ~50(80) _s.25(15.6) 2500 3900 5400 1350 

c ~48(77) .s_35(21.9) 3400 5100 6800 1700 

D ~40(64) .S.47(29.4) 3850 5775 7700 1925 

E ~30(48) _s.67(41.9) 4000 6000 8000 2000 

F <30(48) >67(41.9) - highly variable -
AHS = 60 MPH (96 km/h.) 

A * * * * * * 
B ~45(72) _s.25(15.6) 2300 3525 4800 1200 

c 2_43(69) .s_35(21.9) 3050 4575 6100 1525 

D 2_38(61) i 47(29.4) 3600 5400 7200 1800 

E 2_30(48) i 67(41.9) 4000 6000 8000 2000 

F <30(48) >67(41.9) - high 1 y var i ab 1 e -

AHS = 50 MPH (80 km/h.) 

A * * * * * * 
B * * * * * * 
c ~40(64) _s.35(21.9) 2800 4200 5600 1400 

D 2_35(56) _s.47(29.4) 3300 4950 6600 1650 

E 2_30(48) _s.67(41.9) 4000 6000 8000 2000 

F <30(48) >67(41.9) - highly variable -

* Level of Service not achievable due to reduced safety on highways with 
restricted AHS 

Level of Service A is in the category of free 
flow operation. Average running speeds of 50 mph 
( 80 km/h) and above prevai 1 on freeways with 70 mph 
(112 km/h) AHS. Vehicles nre almost unimpeded in 
their abi 1 ity to maneuver within the traffic stream, 
and to enter and 1 eave it at ramps. The average 
spacinq between vehicles is approximately 330 
feet(lOl m. ), or 16 car lengths, affording the 
driver a hiqh level of physical and osycholoqical 
comfort. The effects of incidents or point break
downs in traffic are easily absorbed at this level, 
and while they will deteriorate the Level of Service 
in the vicinity of the incident, standing queues 
will qenerally not form, and traffic quickly returns 
to Level of Service A on passing the incident. 

Level of Service B may also be considered to be 
free flow. Average running speeds of 50 mph (80 

km/h) or greater still prevai 1 on freeways with 70 
mph (112 km/h) AHS, thouqh vehicles are more closely 
spaced, at about 191 feet (58 m.) or 10 car lengths. 
The ability to make 1 ane ch a news, or to enter or 
leave the traffic stream is somewhat restricted, but 
not at all difficult. The level of physical and 
psychological comfort provided is still high. The 
effects of minor incidents and point breakdowns are 
still easily absorbed, thouqh the local deteriora
tion in service may be more severe than at Level of 
Service A. 

Level of Service C provides for stable operation, 
but deteriorat ion of service as volume increases 
occurs quickly in this range. Vehicles still 
maintain a qood averaqe running speed, 48 mph (77 
km/h) for freeways with 70 mph (112 km/h) AHS, but 
freedom to maneuver within the traffic stream is 



clearly restricted. Average spacing between 
vehicles is about 6 to 7 car lengths, or 130 feet 
(40 m.). The proximity to vehicles in adjacent 
lanes also becomes noticeably restrictive. Incidents 
and point breakdowns are not easily absorbed, unless 
they° are mi nor in nature. Queues may be expected to 
form behind any significant blockage. 

Level of Service D borders on unstable flow. 
Speeds in the range of 40 mph (64 km/h) can be 
maintained on highways with AHS = 70 mph (112 km/h) 
if no incidents occur. The ability to maneuver 
within the traffic stream is severely restricted, as 
the average spacing between cars is reduced to about 
5 car lengths or 92 feet (28 m.) and gaps in 
adjacent lanes are infrequent. Minor incidents or 
breakdowns may cause extensive queuing. 

Level of Servi ce E descri bes cap aci ty operation, 
and 1S quite unstable . Speeds of abo ut 30 mph (48 
km/h) prevail, but there are virtually no usable 
qaps in the traffic stream. Because of this, any 
vehic.le entering the traffic stream or attempting to 
change lanes will cause a disturbance which the 
traffic stream cannot easily absorb. Incidents and 
breakdowns will result in immediate and extensive 
queue bu i 1 dup, as the traffic stream does not have 
sufficient flexibility to dampen even minor disturb
ances to flow. Vehicles are spaced at an average of 
60 feet (18.3 m.) or three car lengths. 

Leve l of Service F represents forced, or break
down, flow. Once demand is such that density rises 
above 67 PC/mi/L N(41.9 PC/km/LN), it is virtually 
impossible to mai ntai n uniform moving flow. Condi
tions will vary considerably from minute to minute, 
as traffic is brought to a halt, and then moves 
surprisingly well for a short distance before again 
being stopped. This condition is highly unstable, 
and it is impossible to define representative 
parameters. Speeds vary widely, but wi 11 generally 
range below 30 mph (48 km/h) as an average. 

D. Use of Criteria 

1. The Peak Flow Rates Table 2.1 is based 
upon uni form f low rates wh ich are analogous to full 
hours in which the peak hour factor is 1.00. 

When using the criteria of Table 2.1 for design 
purposes, the table must be entered with the peak 
flow rate during the design hour, which can be 
computed as: 

Peak Flow _ Directional Desi gn Hour Volume (pcph) 
Rate {pcph) - PHF 

Specification of criteria in this way enables 
them to be used to describe variations in service 
quality that regularly occur in periods of time less 
than one hour. For example, if a 6- lane freeway 
with 70 mph (112 km/h) AHS had a flow r ate of 5,500 
pcph for 15 minutes, and a flow rate of 5,000 pcph 
for the rest of the hour, this could be described as 
Levels of Service D and E respectively (Table 2.1), 
rather than trying to describe it as a single level 
for the entire hour. 

2. Anal ys i s. Table 2.1 may be entered with any 
uniform flow r ate for any period desired. A uniform 
f l ow r ate is the rate of flow for a given time 
interval, where the rate of flow does not vary 
significantly for sub-periods of the given interval. 
Thus, if from 2:00-2:15 PM a uniform flow rate of 
2000 pcph is observed on a freeway, the table would 
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be entered wit h that value t o obtain t he Level of 
Service for that 15-minut e per i od. Th e t able should 
NOT be entered with a non-uniform flow rate. 
Con si der the following observed flow s on an 8-lane 
freeway: 

time count flow rate level of service 

5:00-5:10 1000 6000 c 
5:10-5:20 1100 6600 c 
5:20-5:30 1300 7800 E 

5:00-5:30 3400 6800 c 

In the previous example, if the flow rate during the 
full 1/2 hour is considered in aggregate, the Level of 
Service would be described as 3 (Table 2.1). It can be 
seen, however, that during the 1/2-hour, two distinct 
Levels of Service have existed. Where feasible, Levels 
of Service should be described for UNIFORM FLOW PERIODS, 
that is, periods of time during which the flow rate does 
not significantly vary. 

If an analysis of the worst existing Level of Ser
vice is desired, the table should be entered with the 
peak flow rate, which is computed as: 

Peak Flow 
Rate (pcph) = Actual Peak Hour Volume (pcph) 

PHF 

3. Design AASHTO (3,4) currently specifies the 
use of Level of Service B in rural design and Levels 
of Service C and D in urban design. These are based 
upon the definitions of Level of Service found in the 
1965 HCM. Design usage of the Level of Service crite
ria herein must be approached differently. 

Particularly for freeways with a 70 mph (112 km/h) 
average highway speed, the difference between the max i
mum volume which can be accommodated at Level of Ser
vice 3 and capacity is slight. Given the margin of 
error in standard traffic forecasting techniques, de
sign at the maximum boundaries of Levels of Service 3, 
4 and 5 {capacity) as described herein is not advisable 
for highways with AHS = 70 mph (112 km/h). Design 
should be restricted to Levels of Service 1 and 2 in 
Table 2.1, with level 3 also being acceptable for high
ways with AHS = 50 mph (80 km/h) or 60 mph (96 km/h). 

Because of the parabolic shape of observed speed
volume curves (see Figure 1 .5), and because the better 
Levels of Service encompass large volume ranges, the 
designer may wish to perform a design for a condition 
WITHIN one of the Levels of Service, rather than at a 
boundary condition. To aid the designer and present 
him with a wider range of design options, Table 2.2 has 
been developed. It shows, for uniform increments in 
the v/c ratio, the average running speed and Level of 
Service which would result. Note that all of the use
ful design values, including a v/c of 0.80 fall within 
Level of Service 3 or better, except for AHS = 50 mph 
(80 km/h) and AHS = 60 mph (96 km/h), 8-lane freeways . 
It is recommended that NO design be attempted with a 
v/c greater than 0.80, and this only in extraordinary 
cases. 

The table is useful in that a design might be at
tempted on a highway with AHS = 70 mph (112 km/h) with 
a v/c of 0.80, which is WITHIN Level of Service 3, 
whereas the BOUNDARY condition for Level of Service 3 
is too close to capacity to be used for design . Fur
ther, the large volume range in Level of Service 2 may 
make it desirable to design at some intermediate level, 
without going all the way to Level of Service 1. 
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TABLE 2.2 

V/C* VALUES FOR USE IN DESIGN 

AVERAGE RUNNING SPEED, DENSITY, AND LEVEL OF SERVICE RESULTING 
V/C 

II.HS RATIO 4-Lane 6-Lane 8-Lane 

Speed Density LOS Speed Density LOS Speed Density LOS mph (PC/mi/LN) mph (PC/mi/LN) mph (PC/mi /LN) 

70 n ?nn I;? 7 F. 1 ~4 7.4 1 'i4 7 _4 1 
n .4nn • avi>raoi> maximum value for l """1 -ni SPrvfr-p -, -** 
n "'"' i;? ?3 , ? ~ ?? F. ' i;4 n_n ? 
0.650 - averaoe maximum value for Level nf $Arvire ? -** 
0.800 49 32 .7 3 51 31.4 3 51 :H.4 3 

60 0.200 50 B.O 2 51 7.8 2 51 7 8 ' 0. 400- 49 16.3 2 50 lF. 0 2 51 15 .6. ? 

0.576 - averaae maximum value for Level of s~rvice ' -** 
0.600 47 25 .5 3 48 ?5.0 2 48 25.0 ' n 7F.?. - '""r.inP m"ximum y,1luP fnr I "V" l nf '<orvirn 1 _ ..... 
0.800 - results in Level of Servi ce 4; DO NOT USE IN DESIGN· 

50 n ?nn 47 a s 1 47 A<; 3 47 B S 3 
0.400 46 17.4 3 46 17.4 3 46 17 .4 3 
0 ,600 43 27.9 3 41 ?] Q '! 43 2Z.!! J 
0 700 - .,,.,,.,~., m.wimum VAlllP fnr I """1 nf ~ .. ,..,;,.,, 1 -"'* 
0.800 - results in Level of Service 4; DO NOT USE IN DESIGN 

I I 

* Volume-to-capacity ratio 
** Average v/c for 4-, 6-, and 8-lane freeways of boundary condition. 

NOTE: 1 mph= 1.6 km/h - 1 PC/mi/LN = 0.63 PC/km/LN 

To convert a v/c value drawn from Table 2.2 to a 
maximum service volume (MSV) analogous to the MSV 
values of Table 2.1 for boundary conditions, the 
following formula may be used: 

MSV = 2000 (v/c} (N) 

where N is the number of lanes in one direction. 
Note that a maximum service volume computed as above 
is representative of a PHF of 1.00, as are values 
drawn from Table 2.1. 

Table 2.2 also shows average v/c ratios for 
boundary conditions. Values are "average," as exact 
boundary v/c ratios differ for 4-6- and 8-lane 
freeways. Thus, in des i qn, Table 2. 2 may be used 
directly, whether des i qn is to be attempted at a 
boundary condition or for some intermediate condi
tion within the Level of Service. 

4. Driver Population Tables 2.1 and 2.2 are 
based upon observed speed-flow relationships repre
senting primarily urban and suburban commuter 
traffic. It has been generally observed that other 
driver populations behave quite differently, al
though there does not yet exist a sufficient body of 
data to calibrate additional curves. 

Of particular interest is weekend traffic, which 
consists of substantial numbers of infrequent 

drivers in addition to those who also commute by 
car. Weekend trip purposes are far more varied than 
during commuting hours, and include recreation, 
shoppinq, cultural, and social trips as well as 
others. In general, weekend motorists will use a 
freeway less efficiently than commuters, that is to 
say, for any given speed, the volume accommodated 
will be less than that shown in Table 2.1. There is 
even some question as to whether weekend flow rates 
approach 2000 pcphpl on ideal freeways. 

The extent of the reduction in service volumes 
due to weekend traffic varies according to local 
conditions, and again, there is little available 
data to quantify this effect. In using Table 2.1, 
it is recommended that the maximum service volume be 
reduced by 10 to 15 percent where weekend traffic is 
beinci considered . There is some evidence, particu
larly from California, that reductions for weekend 
traffic may be even larger than this. 

Drivers in predominantly rural areas also differ 
significantly from commuters, but even less is known 
about rural traffic characteristics than is known 
about weekend traffic. The question is not as 
significant in this case, as rural highways do not 
often experience worse than Level of Service C. Any 
inaccuracy in Table 2.1 values in this range 
would not have a significant operational effect if 
used as is. 



Factors Affectinq Service Volumes and Level of 
Service 

Tables 2.1 and 2.2 allow the determination of a 
maximum service volume for a given Level of Service 
which is achi eved under ideal conditions consisting 
of al 12-foot (3.66 m.) minimum lane widths, b) no 
latera l obs tructi ons closer than 6 feet (1.83 m.) to 
the p aveme nt ed ge and c) no trucks, buses, or 
recre ati ona l veh ic les in the traffic stream . 
Any ex i sti ng or des i gn condi tions which vary from 
thes e base cond i tions require a downward adjustment 
in t he max i mum service volume. 

Adjustments are made through the application of 
mul tip l i cative adjustment factors which convert 
maximum service volume (MSV) to an actual service 
volume (SV). 

A. Adj ustment for Lane Width and Lateral Clear 
ance (w ) 

Lane widths which are narrower than 12 feet (3.66 
m.) have a restrictive effect on traffic. Vehicles 
are for ced t o t r ave l c l oser t o each ot her (later
a l ly) th an nor mal l y. Drivers compensate f or this by 
driv i ng more cautious ly and allowing gr eater longi
tudi na l spacing between vehi c les . 

Lateral obstruct i ans produce much the same 
effect. Objects close to the roadway edge at the 
roadside or in the median cause drivers in lanes 
adj acent to the obstruc t i on t o posit ion themsel ves 
fu rt her aw ay from the r oadway edge than normal. 
Thi s cau ses the lateral di st ance bet ween vehi cles to 
be reduced, just as in the case of narrow lanes. 

Conside r ab l e j udgment must be e xe r cised i n 
identifying actual lat era l obstruct ions . They may 
be cont inuous , such as a retai ni ng wall , concrete 
median barr i er , or cer tai n types of guar dr ail, or 
they may be periodi c, such as li ght poles or bri dge 
abutme nts. I n some cas e s , driv er s may become 
accust omed t o latera l obstruct ions, in which case , 
t heir effect becomes negligib le . Cert ain t ypes of 
guardra i 1, even when c loser t o t he pavement edge 
than 6 f eet ( 1. 83 m.}, do not cause dri ve r s to "shy 
away " fr om t he paveme nt e dge . The saf ety-type 
medi an bar r ier is a good examp le of t his . 

The 1965 HCM in di cated that "low" bar riers 
(smaller t h an 6" or 15 . 2 cm. in height ) oft en did 
no t i nfl uence driver behavior . Th i s, agai n, is 
subject to some judgme nt. The l ow median barr i er of 
Illustr ation 2.1 bel ow is of a very dangerous type, 
and does cause drivers to "shy away" as mu ch as is 
possi b l e . The ext ent of th e infl uen ce of low 
curbs varies according to what is on the other side 
of the curb , the width of t he lane it borders, and 
other factor s . Many modern designs use a 13-foot 
lane anywher e it is edged with a barrier curb. This 
effectively eliminates any impact of t he curb on 
traffic. Current AASHTO design standar ds do not 
recommend use of barrier curbs on freeways. 

Illustrations 2.1 and 2.2 show cases where 
lateral obstruct ions and lane wi dth res t r i ctions are 
eviden t . In t he first case, med i an and roadside 
obstruct ions are at t he pavement edge. Lane widths 
of 10 f eet a l so ex i st in t hi s case . In the second 
case, roadside obstructions exist 2-3 feet from the 
pavement edge with a 12-foot lane widt h. The type 
of median barrier shown here consti t utes an obstruc
tion, due to the use qf barrier curbs without 
lane-widening. 
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Illustrations 2.3 and 2.4 depict freeways free of 
lane width and/or lateral obstruction restrictions. 
In both cases, 12-foot lanes are provided, as is a 
shoulder clear of objects for more than 6 feet. 
(1.83 m.). While median barriers are closer to the 
pavement than 6 feet (1.83 m.), neither design 
produces any observable "shyinq away" on ~he 
part of drivers, and would therefore not be consid
ered to be lateral obstructions. 

The multiplicative adjustment factors for re
stricted lane width and reduced lateral clearance 
are discussed under "Computational Procedures . " 

B. Adj ustments for the Pr esence of Trucks, Buses, 
an d Recrea ti ona l Veh i c l es i n t he Tr aff ic 
Str eam 

Maximum service volumes shown in Tables 2 . 1 
and / or 2 .2 are for a traffic stream consi sting only 
of passenger cars . Th er e are three general cate
gor ies of veh icles which have markedl y different 
operating characteri sties than those of passenger 
cars: 

1 trucks 
• buses 
• recreational vehicles 

The presence of any of these vehicles in the traffic 
stream will reduce the actual service volume due to 
their size, operating characteristics and interac
tions with other vehicles. Note t hat 4-wheeled, 
2-axle vans m~y be considered to be pas senger cars. 

These vehicles affect operations in a number of 
ways, principally because they introduce vehicles 
with different operating capabilities into the 
traffic stream . It is the interaction of vehicles 
with widely varying operating characteristics that 
produces most of the reduction in service volume, 
not the fact th at they are larger, and therefore 
occupy more space. 

Procedures for adjusting computations to account 
for the presence of trucks, buses, and recreational 
vehicles in the traffic stream are discussed under 
"Computational Procedures." 

I I. COMPUTATIONAL PROCEDURES 

General Equation 

Computational procedures for basic freeway 
segments are relatively straightforward, and involve 
a single equation: 

SV = MSV x W x Q 

where 

SV = service volume under prevailing traffic 
and roadway conditions for the Level of 
Service under consideration 

MSV = maximum service volume under ideal con
ditions, taken directly from Table 2 . 1 
or computed from Table 2.2 using the 
equation: 

MSV = 2000 x N x V/C 
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Illustration 2.1 Lane width and lateral clearance 
problems are evident on this old 
section of park way. 

Illustration 2.3 Ideal geometric conditions are 
evident here. The safety-type 
median barrier does not pose an 
obstruction for capacity purposes. 

Illustration 2.2 Lateral obstructions at the road
side are 2 to 3 feet from the 
pavement on th1s freeway. The 
median barrier also presents an 
obstruction. 

Illustration 2.4 Another freeway with ideal geomet
rics is shown here. The type of 
median barrier used does not 
constitute a 1atera1 obstruction, 
primarily because the median lane 
is widened to 13 feet. 



w = 

Q 

N 

adjustment factor for the combined effect 
of restricted lane widths and lateral 
clearance problems 

adjustment factor for the combined effect 
of trucks, buses, and recreational vehicles 
in the traffic stream 

number of lanes in one di r ection 

V/C volume to capacity ratio. 

Service volumes so computed are representative of 
a PHF of 1.00, or peak flow rates within the hour 
under cons i der ation. In desi gn the service volume 
( S/V} is direct i on al design hour vol ume (DDHV) , 
adjusted to represent a peak r ate of flow. 

Design Procedure 

The steps for using the procedures are described 
here in . I n des ign, geometrics, s uch as alignment, 
lane widths and lateral c l ear ances, are set by the 
desi gn standards be i ng used . The designer uses 
capacit.v procedure s to determi ne the number of lanes 
which will be required to provide the desired Level 
of Service. For design, Table 2.2 is used, with the 
designer selecting a V/C ratio commensurate with the 
in tended des i gn Level of Service, at either a 
boundary or intermediate point. 

1) 

2) 

Select values for desiqn: V/C ratio, average 
highway speed, lane wi.dth, lateral clearance, 
grades, etc. 

Adjust the Directional Desiqn Hour Volume 
(DDHV) to represent the peak flow rate by 
dividing by the PHF . This is the value 
of service volume used in computations: 

SV = DDHV/PHF 

3) Find correction factors Wand Q (if needed). 
Note that factor Q may be slightly different 
for 4- and 6- or 8- lane freeways. A detailed 
discussion of these factors is qiven below . 

4) Insert the values found in steps 2 and 3 in the 
equation: 

SV = 2000 x N x V/C x W x Q 

and so 1 ve for N, the number of 1 anes required 
for one direction of the f reeway: 

N = SV/(2000 V/C W Q) 

If t he des ign indicat es the P.Oss i bl e need for a 
truck c l imbing lane , t he operat ion of t he f acility 
as a whol e should be checked us ing t he technique 
specifi ed for truck cl i mbi ng lanes , whi ch is dis
cussed 1 ater. 

Analysis Procedure 

In analysis, actual traffic volumes and geomet
rics are generally known, and the Level of Service 
is to be found, using the following steps: 

1) Convert the actual volume (demand) to the 
service volume by dividing the PHF . This is 
the actual SV to be used in computations. 
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SV = demand volume/PHF 

2) Find correction factors W and Q, using tech
niques discussed below . 

3) Compute the MSV provided by the facility under 
analysis: 

MSV = SV/(W x Q) 

4) Compare computed MSV to MSV in Tab 1 e 2 .1 to 
determine the Level of Service at which the 
facility is operating. 

Where a truck climbing lane is present, a Level 
of Serv ice must be assumed. The number of trucks 
using the lane are then subtracted from mi xed lanes, 
and the Level of Service on the mixed lanes is 
determi ned us ing remain ing traffic. This i s repeated 
until the ass umed Level of Service is equ al to th at 
computed . A special techniq ue f or tre atment of 
truck cli mbi ng l anes is d i scussed later in th is 
chapter. 

In analys i s , i t is also possib l e to determine 
Leve l of Service for periods other t han peak flow. 
Any period of uniform flow may be ana l yzed by using 
the fl ow rate of interest instead of the peak flow 
rate i n step 1. 

Findi ng W, Correction Facto r for Lane Width and 
Latera f Cl earance 

The factor fo r adjusting MSV to reflect the 
combined effect of reduced lane wi dth and / or re
stri cted lateral c l earance is found in Table 2.3. 
The factor s i n t h i s tab l e are drawn from the 1965 
HCM, as there has been na research on this topic to 
enable an updatinq. 

The effect of reduced 1 ane width and restricted 
lateral cle aran ce is most severe on 4-lane freeways 
and less severe on 6- and 8-l ane freeways. 

The tab l e is read d irectl y, except in the case of 
a l atera l obstruction on both s i des of the freeway 
where the l ef t - si de obstruction and the r ight-side 
obs t r uction are at d iff e r e nt d i stance s f r om th e 
pavement edge. In such cases, the table is entered 
with an obstruction on both side s at a distance 
which is the average of the two obstructions. 
For example, if t her e is an obstruction 3 feet from 
one side and another 5 feet from the other side, the 
table would be entered with an obst ructi on on both 
sides, 4 feet from the pavement edge . Interpo l ated 
values can be taken from the tab le in cases of 
intermediate lane widths, eg. 8.5 ft., etc. 

Findi ng Q, Correction Factor for the Comb ined Effect 
of Trucks , Buses , and Recreati onal Vehi cles 

The procedure for adjusting maximum service 
volume to reflect mixed traffic streams is carried 
out in two steps. 

I finding the PASSENGER CAR EQUIVALENT of each 
truck, bus, or recreat ional vehicle for the 
traffic and roadway conditions under considera
tion - the passenger car equival ent (Ep ER, 
or E ) for truc ks, bu se s , and recr e at ional 
vehi~es respect ively r epresents t he number of 
passenger cars which would utilize the SAME 
PERCENTAGE OF THE ROADWAY'S CAPACITY as one 
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• 

A. 

TABLE 2.3 

CORRECTION FACTOR FOR THE COMBINED EFFECT OF RESTRICTED LANE WIDTH 
AND LATERAL CLEARANCE (W) 

Distance From Adjustment Factor (W) 
Edge of Traveled Obstruction on one ::>1de Obstruct ion on ljOth :.icies 
Way To Obstruction* of One-Direction Roadway of One-Direction Roadway 

Lane Width 

ft. (m.) 12 ft. 11 ft. 10 ft. 9 ft. 12 ft . 11 ft. 10 ft. 9 ft. 
(3.7m.) (3.4m.)(3.0m.)(2.7m.) ( 3. 7m. ) ( 3. 4m. ) ( 3. Om. ) ( 2. 7m. ) 

4-lane divided highway, (2 lanes each direction) 

>6 - (1.8) 1.00 0.97 0.91 0.81 1.00 0.97 0.91 0.81 

5 (1.5) 0.99 0.96 0.90 0.80 0.99 0.96 0.90 0.80 

4 ( 1.2) 0.99 0.96 0.90 0.80 0.98 0.95 0.89 0.79 

3 (0.9) 0.98 0.95 0.89 0.79 0.96 0.93 0.87 0.77 

2 (0.6) 0.97 0.94 0.88 0.79 0.94 0.91 0.86 0.76 

1 (0.3) 0.93 0.90 0.85 0.76 0.87 0.85 0.80 0.71 

0 (0.0) 0.90 0.87 0.82 0.73 0.81 o. 79 0.74 0.66 

6- or 8-1 ane divided highway, (3 or 4 lanes each direction) 

>6 (1.8) 1.00 0.96 0.89 0.78 1.00 0.96 0.89 0.78 -
5 (1.5) 0.99 0.95 0.88 0.77 0.99 0.95 0.88 0.77 

4 (1.2) 0.99 0.95 0.88 0.77 0.98 0.94 0.87 0.77 

3 (0.9) 0.98 0.94 0.87 0.76 0.97 0.93 0.86 0.76 

2 (0.6) 0.97 0.93 0.87 0.76 0.96 0.92 0.85 0. 75 

1 (0.3) 0.95 0.92 0.86 0.75 0.93 0.89 0.83 0.72 

0 (0.0) 0.94 0.91 0.85 0.74 0.91 0.87 0.81 0. 70 

*Certain types of obstructions, high-type median barriers in particular, do 
not cause any deleterious effect on traffic flow. There is some evidence 
that driver reaction to barriers is based in part on their perception of 
likely vehicle damage should the bar·rier be hit. Concrete median barriers, 
which generally restrict damage to scuffed tires, are usually not a problem. 

truck bus, or recreational vehicle for 
preva{ling roadway and traffic conditions. 

us ing t he values for E , ER, a nd/or ER, a 
singl e multiplicative corlection factor f or· the 
COMB I NED EFFECT of trucks, buses, and r ecre a
tion a 1 vehicles in the traffic stream is 
calculated. 

To use extended section analysis, the freeway 
must be classified by type of terrain: 

• 

• 

Level Terrain: any combination of grades, 
length of grades, horizontal or vertical 
alignment which permits trucks to maintain 
approximately the same speed as passenger 
cars. This generally includes grades no greater 
than 1%. 

lt is often possible to consider an extended 
length of freeway containing upgrades, downgrades, 
and l eve 1 segments. This can be done where no one 
grade is long enough to have a significant impact on 
the operation of the general section . As a rule, 
general section analysis can be used where no one 
qrade of 3% or greater is longer than approx
imately 1/4 mile (402 m.) or longer than 1/2 mile 
{804 m.) for grades of less than 3%. 

• 

Rollinq Terrain: Any combination of grades, 
length of grades, horizontal or vertical 
alignment which causes trucks to reduce their 
speeds substantially below those of passenger 
cars, but which does not cause trucks to 
operate at crawl speeds for any significant 
length of time. 

Mountainous Terrain: any combination of 
grades, length of grades, horizontal or verti
cal alignment which causes trucks to operate at 
crawl speed for a significant distance or at 
frequent intervals. 



Table 2.4 shows values of EJ, E , and E for 
extended sections of level, rolling, ~r mount~nous 
terrain. Values of E and E are drawn from the 
1965 HCM; values of ~R are ~stimates based upon 
References 5 and 6. 

B. Passenger Car Equivalents for Specific Grades of 
Significant Length 

Any grade of more than 1/4 mile (402 m.) (for 
grades of more than 3%) or 1/2 mile (804 m.) (for 
grades of 3% or less) should be treated separately. 
On such grades, the effect of trucks, buses, and 
recreational vehicles is intensified as significant 
gaps form due to nonuniform vehicle operating 
characteristics. A single grade of significant 
length can seriously reduce the maximum service 
volume, and may present a severe constriction or 
"bottleneck," even though the same number of lanes 
is provided upstream and downstream of the grade. 

Passenger car equivalents for trucks and recrea
tional vehicles on specific grades are primarily 
based upon a simulation study of mixed vehicle flow 
conducted at ·the Midwest Research Institute(5). A 
study of vehicle operating characteristics conducted 
at Penn State(6) was also used. Passenger car 
equivalents for buses are the same as those in the 
1965 HCM, as there is virtually no information 
available upon which to update them. Equivalents 
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are calibrated in such a way th at they repre
sent the NUMBER OF PASSENGER CARS WHICH WOULD 
UTILIZE THE SAME PERCENTAGE OF THE CAPACITY DF A 
ROADWAY AS ONE TRUCK, BUS, OR RECREATIONAL VEHICLE 
UNDER PREVAILING ROADWAY AND TRAFFIC CONDITIONS. 

Tables 2.5, 2.6, and 2.7 show the passenger car 
eriuivalents for buses, trucks, and recreational 
vehicles respectively on UPGRADES of significant 
length. 

In general, if the downgrade is not so severe as 
to cause trucks to shift into a low gear, the 
downgrade may be considered as if it were an ex
tended section of level terrain. Reference 7, based 
upon the MRI simulations, suggests that for grades 
less than 4%, or shorter than 3000 ft., such an 
approach is reasonable. Where downgrades do cause 
vehicles to shift into lower gears, the passenger 
car equivalent is best estimated by takinq field 
measurements of speed, and using the equivalent for 
a comparable upgrade condition. Reference 7 pro
vides a rough procedure for evaluation of downgrades. 

For the most part, the passenger car equivalents 
for trucks in Table 2.6 are lower than those in the 
1965 HCM, except for smal 1 percentaqes of trucks 
where they are higher. In general, as the percen
tage of trucks increases, the passenger car equiva
lent decreases. The effect of each truck on traffic 
is highest when only a few are present. As truck 

TABLE 2 .4 
PASSENGER CAR EQUIVALENTS ON EXTENDED FREEWAY SECTIONS* 

FACTOR TYPE OF TERRAIN 

Level Rolling Mountainous 

ET for trucks 2 4 8 

EB for buses 1.6 3 5 

ER for rec.veh. 2 3 4 

*At Level of Service A, these values are highly variable -
Table 2.4 values are used as averages for this condition. 

TABLE 2.5 

PASSENGER CAR EQUIVALENTS FOR BUSES ON UPGRADES OF SIGNIFICANT LENGTH 

Grade Passenger Car Equivalent, EB 

% Level of Service A-C Level of Service D-E 

0-3 1.6 1.6 

4* 1.6 1.6 

5* 4 2 

6* 7 4 

7* 12 10 

*use generally restricted to grades over 1/4 mile long 
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TABLE 2.6 

PASSENGER CAR EQUIVALENTS OF TRUCKS ON UPGRADES OF SIGNIFICANT LENGTH 

G L PASSENGER CAR EQUIVALENT (ET) 
R E 4-Lane freeways 6- or more-lane Freeways A N 
D G (2 lanes each direction) (3 or more lanes in each direction 

E T Percent Trucks 
(%) H 

(mi)* 2 4 5 6 8 10 15 20 2 4 5 6 8 10 15 20 

0 All 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 

1 0 -1/4 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 
1/4-1/2 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 
1/2-3/4 4 4 4 4 3 3 3 3 4 4 4 3 3 3 3 3 
3/4- 1 5 4 4 4 3 3 3 3 5 4 4 4 3 3 3 3 
1 -1-1/2 6 5 5 5 4 4 4 3 6 5 5 4 4 4 3 3 
>l-1/2 7 5 5 5 4 4 4 3 7 5 5 5 4 4 3 3 

2 0 -1/4 4 4 4 3 3 3 3 3 4 4 4 3 3 3 3 3 
1/4-1/2 7 6 6 5 4 4 4 4 7 5 5 5 4 4 4 4 
1/2-3/4 8 6 6 5 5 4 4 4 8 6 6 5 5 4 4 4 
3/4- 1 8 6 6 6 5 5 5 5 8 6 6 6 5 5 5 5 
1 -1-1/2 9 7 7 7 6 6 5 5 9 7 7 6 5 5 5 5 
>1-1/2 10 7 7 7 6 6 5 5 10 7 7 6 5 5 5 5 

3 0 -1/4 6 5 5 5 4 4 4 3 6 5 5 5 4 4 4 3 
1/4-1/2 9 7 7 6 5 5 5 5 8 7 7 6 5 5 5 5 
1/2-3/4 12 8 8 7 6 6 6 6 10 8 7 6 5 5 5 5 
3/4- 1 13 9 9 8 7 7 7 7 11 8 8 7 6 6 6 6 

>1 14 10 10 9 8 8 7 7 12 9 9 8 7 7 7 7 

4 0 -1/4 7 5 5 5 4 4 4 4 7 6 6 5 4 4 3 3 
1/4-1/2 12 8 8 7 6 6 6 6 10 8 7 6 5 5 5 5 
1/2-3/4 13 9 9 8 7 7 7 7 11 9 9 8 7 6 6 6 
3/4- 1 15 10 10 9 8 8 8 8 12 10 10 9 8 7 7 7 

>1 17 12 12 1 9 9 9 9 13 10 10 9 8 8 8 8 

5 0 -1/4 8 6 6 6 5 5 5 5 8 7 7 6 5 5 5 5 
1/4-1/2 13 9 9 8 7 7 7 7 11 8 8 7 6 6 6 6 
1/2-3/4 20 15 15 14 11 11 11 11 14 11 11 10 9 9 9 9 
>3/4 22 17 17 16 13 13 13 13 17 14 14 13 12 11 11 11 

6 0 -1/4 9 7 7 7 6 6 6 6 10 7 7 6 5 5 5 5 
1/4-1/2 17 12 12 11 9 9 9 9 13 10 10 9 8 8 8 8 
>1/2 28 22 22 21 18 18 18 18 20 17 17 16 15 14 14 14 

* where the length of grade is a boundary value, always use the 
longer length range 

percentages increase, trucks tend to concentrate in 
right-hand lanes, producing more uniform flow, and 
DECREASING the effect of each truck on the traffic 
stream. This should not be confused with the total 
effect of all trucks on traffic, which INCREASES 
with increasing truck percentages. 

The equivalents in Table 2.6 are based upon of 
trucks with average weight/horsepower ratios in 
the range of 250 to 350 lbs./hp. The litera
ture(5,6,7,8,9) indicates that this range is repre
sentative of normally-occurring truck populations. 

In some cases, the designer or analyst may have 
reason to believe that the truck population would be 
different from what normally occurs. On freeways 
having a significant percentage of farm vehicles 
weight to horsepower ratios will be higher than 
350. Where small single-unit trucks prevail, ratios 
lower than 250 might be representative. For this 
reason, Appendix 1 to this chapter includes tables 

for ET for non -standard truck populations with 
weight to horsepower ratios of: 

1 ~ 350 lbs/hp 
1 150 lbs/hp 

Weight/horsepower ratios in the first group are 
rarely higher than 600 lbs/hp. 

Recreational vehicles include motor homes, motor 
campers, camper and boat trailers and others. These 
vary widely, but typically h~ve weight to horsepower 
ratios of 60 lbs./hp.; assuming maximum performance 
of the recreational vehicle. As the use of recrea
tional vehicles has increased dramatically over the 
past five to ten years, their effect on recreational 
routes has also increased. The provision of passen
ger car equivalents in Table 2.7 for them enables 
the designer or analyst to account for their pres
ence in the traffic stream. 
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TABLE 2.7 
PASSENGER CAR EQUIVALENTS OF RECREATIONAL VEHICLES 

ON UPGRADES OF SIGNIFICANT LENGTH 

G L PASSENGER CAR EQUIVALENT (ER) 
R E 
A N 4-Lane Freeways b- or more Lane Freeways 
D G (2 lanes each direction) (3 or more lanes each direction ) 
E T Percent Recreational Vehicles 

(%) H 
(mi)* 2 4 5 6 8 10 15 20 2 4 5 6 8 10 15 20 

0-2 All 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 

3 0 -1/4 3 2 2 2 2 2 2 2 3 2 2 2 2 2 2 2 
1/4-1/2 4 3 3 3 3 3 3 3 4 3 3 3 3 3 3 3 
1/2-3/4 6 4 4 3 3 3 3 3 5 4 4 3 3 3 3 3 
3/4- 1 7 5 5 4 4 4 4 4 6 5 5 4 4 4 4 4 

>1 7 5 5 5 4 4 4 4 6 5 5 5 4 4 4 4 

4 0 -1/4 5 4 4 4 4 4 3 3 5 4 4 4 3 3 3 3 
1/4-1/2 7 5 5 5 4 4 4 4 6 5 5 4 3 3 3 3 
1/2-3/4 8 6 6 5 4 4 4 4 6 5 5 4 3 3 3 3 
3/4- 1 9 7 7 6 5 5 4 4 7 6 6 5 4 4 4 4 

>1 9 7 7 6 5 5 4 4 7 6 6 5 4 4 4 4 

5 0 -1/4 5 4 4 4 4 4 3 3 5 4 4 4 4 4 3 3 
1/4-1/2 8 6 6 6 5 5 4 4 7 6 6 5 4 4 4 4 
>1/2 10 7 7 7 6 6 5 5 10 7 7 6 5 5 5 5 

6 0 -1/4 5 4 4 4 4 4 3 3 5 5 5 5 4 4 3 3 
1/4-1/2 10 7 7 7 6 6 5 5 10 7 7 6 5 5 5 5 
>1/2 10 7 7 7 6 6 5 5 10 7 7 6 5 5 5 5 

* where the length of grade is a boundary value, always use the 
longer length range. 

C. Passenger Car Equivalents for Trucks on Com
posite Upgrades 

The case of trucks on a composite upgrade is 
an i nteresti ng one . Jf a 3% grade of 1/2 mile (2640 
feet , 804 m. ) is fo l lowed irrmediate ly by a 5% gr ade 
of 1/2 fllile (2640 feet , 804 m. ) , what va l ue of ET 
shou ld be used? 

The simplest procedure suggests that the average 
grade should be used, that is to say, a grade equal 
to the total rise in elevation divided by the 
horizontal length traversed. For the problem above, 
assuming 15% trucks on a 6-lane freeway: 

total rise = 2640 x 0.03 + 2640 x 0.05 
211.2 ft. (64.4 m. ) 

avg. grade = 211.2/5280 = 0.04 or 4% 

Table 2.6 would then be entered with a 4% grade of 1 
mile (1.6 km.) in lenqth, and an ET of 9 found. 

This technique is, however, ap proximate. A 
method developed by J. Leisch is more exact( lO). It 
involves making use of the truck deceleration curves 
illustrated in Chapter 1, Figure 1.6. 

For the purposes herein, the Ref . 10 method has 
been simplified by eliminating consideration of 
vertical curves. The error introduced because of 
this is generally small, and considering the overall 
accuracy of capacity procedures, neqligible. The 
method involves finding a percent grade of total 
length equal to that of the composite grade under 

consideration which results in the same final speed 
of trucks. 

For the example cited above, a single grade of 
5280 ft. (1 mile, 1.6 km.) will be found which 
re sults in the same final speed of trucks as 
1/2 mile (R04 m.) of 3% grade followed by 1/2 mile 
(804 m. ) of 5% grade. 

Figure 2.1 illustrates the solution. Entering 
the acceleration-deceleration curves (Chapter 1, 
Figure 1.6) with 2640 ft. (1/2 mile, 804 m. ) and a 
3% grade, poi nt 1 i s located , and a speed of 38 mph 
is read on t he speed scale . Thus , trucks enter t he 
5% grade at a speed of 38 mph. Point 2 is located 
by the i ntersection of 38 mph and a 5% gr ade . 
Trucks en ter the 5% grade as if t hey were 1200 feet 
(365.8 m.) along such a grade having started from 
level terrain. As trucks now travel another 
2640 feet (804 m.) along the 5% grade, their final 
speed is found at point 3, located at the intersec
tion of 5% and 1200 + 2640 or 3840 feet (1170 m.). 
The final speed of trucks is, therefore, 19 mph 
(30.4 km/h.). 

Now, a single conti nuous upgrade of 5280 ft. (1.6 
km.) which al so resu lts in a final speed of 19 mph 
must be found. Point 4 is the intersection of 19 
mph and 5280 feet (1.6 km.), and indicates a grade 
of 5%. Thus, a value of ET is chosen for: 

• 5% grade, 1 mile (1.6 km.) long 

rather than a 4% grade of 1 mi le (1.6 km.) as was 
the case using the average grade technique. The 
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E value (15% trucks, 6-lane freeway) is 11, 
significantly different from the value of 9 found 
previously. 

add the lenqth of the second grade, and find 
the speed at the end of the second grade. 

In general, the modified Leisch procedure may be 
described in the following steps: 

a) Enter truck acceleration-deceleration 
(Chapter I, Figure 1.6) curves with the 
initial grade and lenqth of initial gr ade . 
Find the speed at the end of the init i al 
grade, which is the speed at which trucks 
enter the second grade. 

b) Find the length along the second grade 
which results in the same speed as found in 
step a. This is used as the starting point 
for length along Lhe second grade. 

c) Starting with the length found in (b) above, 

d) 

e) 

If t here are addit i onal grades , repeat steps 
(b) and (c ) f or each subsequent gr ade until 
the fi nal speed i s fo und. If there are no 
addi tional grades , the speed f ound in step 
(c) is the final speed. 

Enter the acceleration-deceleration curves 
with the final speed and the total l ength of 
the variable gr ade . Find the equ ivalent 
uniform grade. 

Some composite grades may include downg rade 
portions . The procedure for these is the same , only 
th e curves for negative grades are used . To be 
co nser vat i ve, it is never assumed t hat trucks 
acce lerate to speeds greater t han 55 mph, even on 
downgrades. 
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where: Q = combined correction factor On some composite 9rades , the final speed IS NOT 
the slowest speed experienced along the grade. In 
such cases, the E is found considering the point 
of slowest speed a1on9 the grade , and the length of 
the grade to that point . 

PT, PB' PR = percen t trucks, buses, and 
recreational vehicles respec
tively in the traffic stream 

IN GENERAL, THE LEISCH TECHNIQUE NEED NOT BE USED 
IF THE TOTAL LENGTH OF GRADE IS LESS THAN APPROXI
MATELY 2500 FT. THE AVERAGE GRADE TECHNIQUE IS 
ACCEPTABLE FOR SUCH CASES . It is not necessary to 
use t he Leisch technique for recreational vehicles 
due to the approximate nature of equivalents for 
these. Due to the form of passenger car equivalents 
for buses, the Leisch technique cannot be applied to 
bus equivalents. 

D. Com utin Combined Correction Factor for Trucks, 
uses, an Recreat1ona eh1c es 

Once ET' EB, and/or ER are found, it is possible 
to compute a correction factor for the combined 
effect of such vehicles on capacity or service 
volume. If more than one category of these v·ehic les 
are present in significant percentages in the 
traffic stream, the co.mbined correction factor 
should be computed as follows: 

ET' EB, ER passenger car equivalents for 
trucks, buses, and recreational 
vehicles, respectively. 

Where only one type of these vehicles is present 
(generally trucks), or where percentages of two are 
negligible compared to the dominant vehicle, Table 
2.8 may be used to find the factor Q. 

In general, any type of vehicle making up 2% or 
more of the traff ~c stre am should be separately 
considered. Where two types of vehicles are present 
in small quantities with respect to the third, all 
non-passenger cars would be assumed to be of the 
dominant type. For example, a traffic stream having 
15% trucks, 1% recreational vehicles, and 1% buses 
would be thought of as having approximately 17% 
trucks. 

A Special Procedure f or Consideration of Tru ck 
Climb1 nq Lanes 

On many long and/or steep grades, it is necessary 
to consider the provision of a truck climbing lane. 
This is not the same as adding a lane to the freeway 

TABLE 2.8 

PASS EN-
GER 
CAR 

EQUIVA-
LENT 

ADJUSTMENT FACTOR FOR THE PRESENCE OF TRUCKS, 
BUSES, AND RECREATIONAL VEHICLES IN THE TRAFFIC STREAM* 

ADJUSTMENT FACTOR, Q 

PERCENTAGE OF TRUCKS, PT (OR OF BUSES, PB)(OR OF REC. 

1 2 3 4 5 6 7 8 9 10 12 14 

VEH., PR) 

16 18 20 

2 0.99 0.98 0.97 0.96 0.95 0.94 0.93 0.93 0.92 0.91 0.89 0.88 0.86 O.B5 0.83 
3 0.98 0.96 0.94 0.93 0.91 0.89 0.88 0.86 0.85 0.83 0.81 0.78 0.76 0.74 0.71 
4 0.97 0.94 0.92 0.89 0.87 0.85 0.83 0.81 0.79 0.77 0.74 0.70 0.68 0.65 0.63 
5 0.96 0.93 0.89 0.86 O.B3 0.81 0.78 0.76 0.74 0.71 0.68 0.64 0.61 0.58 0.56 
6 0.95 0.91 0.87 0.83 0.80 0.77 0.74 0.71 0.69 0.67 0.63 0.59 0.56 0.53 0.50 
7 0.94 0.89 0.85 0.81 0.77 0.74 0.70 0.68 0.65 0.63 0.58 0.54 0.51 0.48 0.45 
8 0.93 0.88 0.83 0.78 0.74 0.70 0.67 0.64 0.61 0.59 0.54 0.51 0.47 0.44 0.42 
9 0.93 0.86 0.81 0.76 0.71 0.68 0.64 0.61 0.58 0.56 0.51 0.47 0.44 0.41 0.38 

10 0.92 0.85 0.79 0.74 0.69 0.65 0.61 0.58 0.55 0.53 0.48 0.44 0.41 0.38 0.36 
11 0.91 0.83 0.77 0.71 0.67 0.63 0.59 0.56 0.53 0.50 0.45 0.42 0.38 0.36 0.33 
12 0.90 0.82 0.75 0.69 0.65 0.60 0.57 0.53 0.50 0.48 0.43 0.39 0.36 0.34 0.31 
13 0.89 0.81 0.74 0.68 0.63 0.58 0.54 0.51 0.48 0.45 0.41 0.37 0.34 0.32 0.29 
14 0.88 0.79 0.72 0.66 0.61 0.56 0.52 0.49 0.46 0.43 0.39 0.35 0.32 0.30 0.28 
15 0.88 0.78 0.70 0.64 0.59 0.54 0.51 0.47 0.44 0.42 0.37 0.34 0.31 0.28 0.26 
16 0.87 0.77 0.69 0.63 0.57 0.53 0.49 0.45 0.43 0.40 0.36 0.32 0.29 0.27 0.25 
17 0.86 0.76 0.68 0.61 0.56 0.51 0.47 0.44 0.41 0.38 0.34 0.31 0.28 0.26 0.24 
18 0.85 0.75 0.66 0.60 0.54 0.49 0.46 0.42 0.40 0.37 0.33 0.30 0.27 0.25 0.23 
19 0.85 0.74 0.65 0.58 0.53 0.48 0.44 0.41 0.38 0.36 0.32 0.28 0.26 0.24 0.22 
20 0.84 0.72 0.64 0.57 0.51 0.47 0.42 0.40 0.37 0.34 0.30 0.27 0.25 0.23 0.21 
21 0.83 0.71 0.63 0.56 0.50 0.45 0.41 0.38 0.36 0.33 0.29 0.26 0.24 0.22 0.20 
22 0.83 0.70 0.61 0.54 0.49 0.44 0.40 0.37 0.35 0.32 0.28 0.25 0.23 0.21 0.19 
23 0.82 0.69 0.60 0.53 0.48 0.43 0.39 0.36 0.34 0.31 0.27 0.25 0.22 0.20 0.19 
24 0.81 0.68 0.59 0.52 0.47 0.42 0.38 0.35 0.33 0.30 0.27 0.24 0.21 0.19 0.18 
25 0.80 0.67 0.58 0.51 0.46 0.41 0.37 0.34 0.32 0.29 0.26 0.23 0.20 0.18 0.17 

*Not to be used where more than one type of such vehicles individually comprise 
2% or more of the traffic stream. For values outside the range of this table, 
use equation for Q directly. 
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in general, as it is in tended for sl ow- movinq 
vehicles only. It will norma ll y contain 100% trucks 
or other slow-moving vehicles, with remaining trucks 
and slow-moving vehicles sharing mixed traffic 
lanes. 

There are no exact or specially calibrated 
procedures for analyzing truck climbing lanes. The 
techniques recommended herein are approximate but 
will afford a general idea of how such a lane ~ould 
operate. 

First, it is necessary to estimate how many 
trucks will use t he truck climbing l ane. E for a 
lane containing 100% trucks may be as sumed toT be the 
lowest value given in Table 2.6 for the percent and 
lengt h of grade. This is reasonable, as E de
creases with increasing truck presence. The caJacity 
of the truck climbing lane, CT, may then be 
directly computed: 

If it is assumed that trucks utilize the same 
percentage of the capacity of the truck climbing 
lane as is utilized on the remainder of the freeway 
(a conservative view), the values shown in Table 
2.9 may be used. In areas where regulations REQUIRE 
the use of climbing lanes, higher values should be 
assumed. 

The number of trucks utilizing the truck climbing 
lane for a qiven Level of Service may then be 
computed at: · 

where SVT is the number of trucks or slow-moving 
vehicles usinq the climbing lane. 

Remai ning trucks or s low-moving vehic les are then 
assumed to share mi xed traffic lanes with passenger 
cars and other vehic les . The mixed vehi cle l anes 
may t hen be designed or ana lyzed us in g normal 
techniques. 

Examples using this technique are included in the 
"Sample Problem" section. 

III . SAMPLE PROBLEMS 

1) Desi gn: A Bas ic Case 

How many lanes must be provided through an 
extended section of level terrain to accommodate 
the following demand: 

TABLE 2.9 

1 DOHV = 4000 vph 

I PHF = 0.90 

• Traffic Composition 12% trucks 
no buses or recreat ional 
vehicles 

1 Design Level of Service = C 

Solution: The solution involves computation of 
THE MINIMUM NUMBER OF LANES REQUIRED TO PROVIDE 
FOR AN ACCEPTABLE Level of Service C design 
for a service volume of: 

SV = 4000/0.90 = 4444 vph. 

As design can not be attempted at the Leve l of 
Service C boundary condit ion (for AHS = 70 mph or 
112 km / h) , a v/c val ue of 0. 80 will be used. 
Thi s is taken fr om Table 2.2, which indi cates the 
resulting design would be at an intermed i ate 
point wi thin Leve l of Service C. 

The following design geometrics will be adopted: 

I 70 mph (112 kph) AHS 

1 12 ft. (3.7 m.) lanes 

1 no lateral obstructions. 

As there are no lateral obstruct ions , and lane 
wi dths are 12 feet, there will be no reduction in 
servi ce vol ume due to l ane width or l ateral 
cl earance restri ctions, wh ich is to say W = 1.00 . 

For 12% trucks on level terrain, ET= 2 (Table 
2.4) and Q = 0.89 (T ab le 2.8). 

Then: SV 2000 N vie W Q 
4444 2000 N (0.8) (1.00) (0.89) 
N = 4444/2000 (0.8) (1.00) (0 .89) 

3.12 lanes 

As a v/c of 0.8 represents the maximum feasible 
design value, and since 0.12 lanes cannot be 
provided, the minimum design would be 4 lanes in 
each direction, or an 8-lane freeway. -

The design probl em mo st pr operly ends here. 
Bec aus e th e de si gn provi des for some excess 
serv ice volume , howe ver, it would be inter
est i ng to see what Leve l of Service will actual ly 
exist at the design flow rate. 

PERCENT OF TRUCK CLIMBING LANE CAPACITY UTILIZED* 

Level of Service Percent Capacity Utilized, Pc (approx.) 

A 0.50 
B 0.72 
c 0.87 
D 0.93 
E 0.95 

* percentages based upon v/c values suggested in Table 2.1 
for 70 mph (112 km/h) AHS 



To analyze the situation, the known value of SV 
is used to compute the effective MSV. 

MSV = SV/{W x Q) 

where: sv 4444 vph, as before 
MSV Unknown 
w 1.0 as before 

Q 0.89 as before 
MSV 4444/{l.0 x 0.89) 
MSV 4993 pcph 

Comparing the effective MSV to Table 2.1 values, 
it is seen that the actual Level of Service will 
be B, despite the fact that design was attempted 
at a v/c of 0.80 (Level C). Because partial 
lanes may not be provided, a better initial 
operating level than intended has resulted. 

2) Design: Truck Climbing Lane Case 

A long segment of rural freeway is to be designed 
for Level of Service B (threshold). The DDHV is 
2200 vph, including 20% trucks, at a PHF of 0.95. 
A 5-mile segment of level terrain is followed by 
a 3% sustained grade of 1 mile. 

Solution: Again, it will be decided to provide 
ideal geometric conditions i.e., 70 mph AHS, 
12-foot lanes, and no lateral obstructions. 

From Table 2.2, a v/c value of 0.65 is used for 
the Level of Service B boundary. Then 

sv 

where: SV 

2000 N v/c W Q 

2200/0.95 = 2400 

vie = 0.65 

w 1.00 

2 (Table 2.4) 

Q = 0.83 (Table 2.8) 

2400 = 2000 N (0.65) (l.00) (0.83) 

N 2400/2000 (0.65) (l.00) (0.83) 

N =2.2SAY3 

From the computation, it is seen that a 6-lane 
freeway is needed. 

Consider now the 3%, 1 mile grade: 

sv 2000 N v/c W Q 

where: SV 2400 ET = 7 (Table 2.6) 

vie 0.65 Q = 0.45 (Table 2.8) 

w 1.00 

2400 = 2000 N {0.65) (l.00) (0.45) 

N 2400/2000 (0.65) (1.00) (0.45) 

N 4.1 

As 4.1 is a minimum value, it might be tempting 
to raise the value to 5. However, the level 
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terrain segment enteri ng the grade has only 3 
lanes, and the addition of 2 lanes on the grade 
is not practical. · 

Thus, an 8-lan·e freeway is required, or more 
properly, 4-lanes are needed on the upgrade. 
Lacking further information, the downgrade 
would b~ treated as if it were level terra~n, and 
as previously, only 3 lanes would be required on 
the downgrade. 

As a lane needs to be added on the upgrade, and 
presumably dropped thereafter, the total design 
will have to carefully consider the issues of 
lane balance and configuration. 

It appears that the additional upgrade lane might 
be specified as a truck climbing lane. Thus its 
operation should be checked using the procedure 
for truck climbing lanes. As the minim um E1 for a 3% grade of 1 mi le is 7, the capacity ot 
the truck climbing lane is: 

2000/7 = 286 trucks/hour 

At Level of Service B, it is expected that 72% of 
that capacity would be utilized (Table 2.9), so 
that the number of trucks expected to use 
the climbing lane is: 

286 x 0.72 = 206 trucks/hour 

The total number of trucks in the traffic stream 
is 2200 x 0.20 or 440 trucks/hour. Therefore, the 
3 lanes of mixed traffic will carry 2200-206 = 1994 
vph, 234 of which are trucks (12%). 

Therefore, an analysis will be made for a 6-lane 
freeway carrying 1994 vph with 12% trucksa.na-a 
PHF = 0.95. 

The effective MSV on the three normal freeway 
lanes is computed as: 

where: 

MSV = SV/{W x Q) 

sv 

w 

1994/0.95 = 2099 vph 

1.00 

ET 7 ( Tab l e 2 . 6) 

Q = 0.58 (Table 2,8) 

MSV = 2099/(1.0 x 0.58) 3619 pcph 

Comparing this to the criteria in Table 2.1, the 
Level of Service is B. 

Because the upgrade is not actually an 8-1 ane 
freeway, but a 6-1 ane freeway with a truck 
climbing lane, its Level of Service is actually 
B, not C as might have been thought since 4 lanes 
are provided where the initial computation 
indicated a need for 4.1 lanes. 

The final design, therefore, results in a 6-lane 
freeway with a truck climbing lane on the sus
tained 3% upgrade. 

3) Desi gn: Recreational Facili ty 

A sustained 5% upgrade of 1-1/2 miles is to be 
redesigned on a freeway serving a national park. 
After redesign, the road is expected to carry a 
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DOHV of 1000 vph, 20% of which are recreational 
vehicles and 5% of which are buses. There is no 
appreciable truck traffic. The PHF = 0.95, and a 
design for the Level of Service A boundary 
condition is desired. 

Solution: In this problem, both buses and 
recr eat 1on al vehicles are present in significant 
quantities, and must be separately considered. 
Again, a design including ideal geometrics is 
assumed (W = 1.00). Note that service volumes 
computed fr om Tab l e 2 . 1 ar e r educed by 10% as 
recommended, as this recreational route will 
attract its peak demand on weekends. Table 2.2 
values are representative of commuter traffic. 
Considering the upgrade: 

wher e: 

then: 

sv 2000 N V/C (0.90) w Q 

sv 1000/0.95 = 1052 

V/C 0.40 (Table 2.2 for Level of 
Service 1 boundary) 

w 1.00 

EB 4 ( Tab l e 2 . 5 ) 

ER 5 (Table 2 . 7) 

0 100/[100 + 5 (4-1) + 20 (5-1)] 
0.51 

0.90 = reduction in service volume to 
account for weekend traffic 

1052 = 2000 N (0.40)(0.90)(1.00)(0.51) 

N 1052/2000(0 .40)(0.90)(1 .00)(0.51) 

N 2.86 SAY 3 

The computation results in a determination that a 
6-1 ane freeway, or 3 lanes on the upgrade are 
required. 

Considering the downgrade as if it were level 
terrain: 

where: 

then: 

SV 2000 N V/C (0.90) W Q 

sv 

VIC 

w 

EB 

ER 

Q 

1052 = 

N 

N 

1052 

0.40 

1.00 

1. 6 ( Tab l e 2 . 4) 

2 (Table 2 .4) 

100/[100 + 5 (l.6-1) + 20 (2-1)] 
0.813 = 0.81 

2000 N(0.40)(0.90)(1.00)(0.81) 

1052/2000(0.40)(0.90)(1.00)(0.81) 

1.80 SAY 2 

For a design flow of 1052 vph, a 4- lane freeway 
is required, or 2 lanes downgrade. Thus, it 
appears that the section should be a 4-lane 
freeway with a climbing lane for slow-moving 
vehicles on the upgrade. 

An attempt could be made to analyze the climbing 
lane using the procedure for truck climbing 
lanes. The climbing lane procedure is, however, 
approximate, and its use with recreational 
vehicles, for which ER values are also highly 
approximate, is not justified. 

4) Analysis: A Basic Case 

An older urban freeway serving a peak hour volume 
of 2000 vph has the following characteristics: 

1 11-foot lanes 

1 obstructions immedi atel.v at the 
pavement edge at both the roadside and 
median 

• 6% trucks 

1 AHS 60 mph 

1 PHF 0.95 

1 4-lane freeway 

1 rollinq terrain 

Evaluate the Level of Service on the facility. 
How much additional demand could be accommodated 
before the boundary of Level of Service E 
is reached? 

Solution: The effective MSV on the facility is 
computed as -

where: 

MSV = SV/(W x Q) 

SV = 2000/0.95 = 2105 vph 

W = 0.79 (Table 2.3, 11 ft. lanes, 
obstruction on both sides at 0 
ft.) 

ET 4 (Table 2.4). 
Q 0.85 (Table 2.8) 

MSV = 2105/(0.79 x 0.85) 3135 
pcph 

Comparing this to criteria in Table 2.1, it is 
seen that the Level of Service is D. Capacity is 
4000 pcph, so that an additional 865 pcph 
could be accommodated before the limit of Level 
of Service 5 is reached. Converting this to vph 
for prevailing conditions: 

Remaining Capacity = 865 x 0.79 x 0.85 = 581 vph 

5) Analysis: Composite Grade 

Consider the compound upgrade shown in the figure 
below: 
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A six lane freeway with a 70 mph design speed 
carries a peak hour volume of 3500 vph with 5% 
trucks at a PHF of 0.85. The freeway has 
12-foot lanes, a 20-foot clear median, but has 
rock cliffs 2 ft. from the right edge of the 
pavement in both directions. At what Level of 
Service does the freeway operate durinq peak 

So luti on: The key to the upgrade solution is 
f ind ing a sinqle grade of 2 mi. which has the 
same effect on truck speeds as the composite 
grade shown above. The solution for this is 
illustrated in the figure which follows. 
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The acceleration-deceleration curves are entered 
at 2640 ft. and 2%. The speed at this point is 
then transferred to the 3% grade curve (which 
occurs at about 1300 ft. along the 3% grade). A 
length of 2640 ft. is advanced along the 3% grade 
(to about 3940 ft.), and the speed at the end of 
the 3% grade is found. This speed is then 
transferred to the 1% grade curve. Note that 
only the ac ce leration curve is intercepted, 
indicating that trucks will accelerate on the 1% 
grade. The speed at the end of the grade is 
found by movinq along the 1% grade curve a 
distance of 5,280 ft. 

The uniform grade of 2 mi. which would produce 
this speed is found by the i ntersect ion of the 
speed (a little less than 45 mph) and 2 mi. A 
grade of 1-1/3% (approx.) is indicated by solu
tion point 1, which may be used to find a value 
of E1 for Point 3 on t he diagram. From Table 
2.6, ET is 5.7 by interpolation. 

It mus t be considered, however, that the maximum 
impact of trucks occurs at the end of the 3% 
grade, at Point 2, when they are traveling 
only about 33 mph. This, as shown by solution 
point 2, is equivalent to a 2-3/4%, 1 mi. grade. 
Therefore, the upgrade Level of Service should be 
found using an ET for a 2-3/4% grade of 1 mile. 
The downgrade may be tre ated as if it were level 
terrain, lacking further information. 

The effective MSV must be computed for both the 
upgrade and the downgrade : 

where 

MSV = SV/(W x 0) 

sv 

w 

3500/0.85 = 4118 vph 

0.97 (Table 2.3, 2 ft. obst. on 
one side, 12-foot lanes) 

ET (upgrade) 9.25 (Table 2.6, 
1-mile, 2-3/4%) 

Q (upgrade) 0.705 (Table 2.8) 

ET (downgrade) 2 (Tab 1 e 2 . 4) 

Q (downgrade) 0.95 (Table 2,8) 

MSV upqrade 4118/(0.97 x 0.705) 
6022 pcph 
(Level of Service F) 

MSV downgrade 4118/(0.97 x 0.95) 
= 4469 pcph (Level of 

Service C) 

From these results, it wou ld appear t hat a truck 
climbing lane should be consi dered for at least 
the first mi le of the upgrade, and possibly for 
the entire upgrade. 

6) Design: Farm Vehicles 

A rural freeway segment of 3/4 mile on a 3% grade 
is to be designed t o a v/c rati o of 0.60. It 
will have a de mand of 1900 vph duri ng the 
design hour with 15% trucks and a PHF of 0.95. 
Truck s are expected t o be predominantl y of the 
f arm -to-mar ket vari ety , wi th high weig ht/ 
horsepower ratios. 

Solution: From Table 2.2, for a v/c ratio of 
0.60, the Level of Service will be B, assuming 

that 70 mph geometrics, 12-foot lanes and ade
quate clearances are provided. 

As the trucks in question are heavily loaded, the 
value of ET will be drawn from Tabl e A2 .2 for 
trucks with a weight/horsepower r atio of greater 
than 350 lbs . /hp. This table is included as part 
of t he appendi x t o t his ch apter. ET' from 
Table A2.2, for 15% tr ucks on a 3/4-mile 3% 
upgrade would be 12 for a 4- l ane freeway and 10 
for a 6- or more-lane freeway. 

Then, for the upgr ade: 

sv 2000 N V/C W Q 

where: sv 1900/0.95 = 2000 

V/C 0.60 

w = 1.00 

ET 10 (assuming 6- or more-lane 
freeway) 

Q 0.425 (Table 2.8) 

2000 = 2000 N (0.60) (l.00) (0.425) 

N 2000/2000 (0.600 (l.00) (0.425) 

N 3. 92 SAY 4 lanes 

and for the downqrade, where: 

ET = 2 (Table 2.4, level terrain) 

Q = 0.87 (Table 2.8) 

2000 = 2000 N (0.60) (1.00) (0.87) 

N 2000/2000 (0.60) (l.00) (0.87) 

N 1. 92 SAY 2 lanes 

This suggests that 2 climbing lanes would be 
required for the upgrade, which is not realistic. 
If a design were adopted which consisted of a 
4-l ane freeway with one climbing lane on the 
upgrade , the resulting ""OPeratinq conditions could 
be analyzed. 

The number of trucks expected to use the climbing 
lane is given by: 

SVT = 2000 Pc/ET 

where: ET = 10 (Table A2.2, minimum value 
for grade, 100% trucks) 

Pc = 0.72 (Tahle ~.9, Level of Service B) 

SVT = 2000 (0.72)/10 = 144 trucks 

The 2 remaining freeway lanes therefore must 
still accommodate a total volume of 1900 - 144 = 
1756 vph, of which 1900 (0.15) - 144 = 141 are 
trucks ( 8%) . The effective MSV for ·these lanes 
is therefore:: 

where 

MSV SV/W x 0 

sv 

w 

1756/0.95 = 1848 

1.00 



ET = 13 (Table A2.2) 

Q 0.51 

MSV 1848/(1.00) (0.51) = 3624 pcph 

This indicates a Level of Service of 0 for the 
remaining lanes (Table 2.1). Since _a Level of 
Service of B was assumed to obtain P from 
Table 2.9, the solution should be triecf again 
with an assumption of Level of Service C. Then: 

and: 

P = 0.87 (Table 2.9) c 

ET = 10 (as before) 

SVT = 2000/(0 .87)/10 = 174 trucks 
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Remaininq freeway lanes must accommodate 1900 -
174 = li26 vph, of which 1900 {0.15) -174 = 111 
are trucks (6%). 

Then: 

where: SV 

MSV = SV/W x 0 

1726/0. 95 = 1817 

w 1.00 

ET 14 {Table A2.2) 

0 0 .56 

MSV = 1817/(1.00) (0.56) = 3245 pcph 

From Table 2.1, this indicates a Level of Service 
of C, consistent with the starting assumption. 

Thus , t he up9rade will only operate at Level of 
Service C, even with a truck climbi ng lane. This 
is less th an the Level of Service B wh ich other 
segments wi 11 experience with the v/c of 0.60, 
but must realistically be tolerated. 
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Appendix - Values of ET for Non-Standard Truck Populations 

TABLE A2 .1 

VALUES OF ET FOR LIGHT TRUCKS 

(wt/hp ~ 150 lbs/hp) 

4-Lane Freeways 6- or More-Lane Freeways 

Percent Trucks 

{%) H 

0 

1 

2 

3 

4 

5 

6 

(mi)* 2 4 5 6 8 10 15 20 2 4 5 6 8 10 15 

All 2 2 2 2 2 2 2 2 2 2 2 2 2 2 

All 2 2 2 2 2 2 2 2 2 2 2 2 2 2 

0 -3/4 2 2 2 2 2 2 2 2 2 2 2 2 2 2 
>3/4 3 3 3 3 3 3 3 3 3 2 2 2 2 2 

0 -1/4 2 2 2 2 2 2 2 2 2 2 2 2 2 2 
1/4-1/2 3 3 3 3 3 3 3 3 3 2 2 2 2 2 
1/2-3/4 4 4 4 3 3 3 3 3 3 3 3 3 3 3 
3/4- 1 4 4 4 3 3 3 3 3 3 3 3 3 3 3 

1 -1-1/2 5 5 5 4 4 4 3 3 4 3 3 3 3 3 
>1-1/2 6 5 5 4 4 4 3 3 4 3 3 3 3 3 

0 -1/4 3 2 2 2 2 2 2 2 3 2 2 2 2 2 
1/4-1/2 5 3 3 3 3 3 3 3 3 3 3 3 3 3 
1/2-3/4 6 4 4 4 3 3 3 3 4 3 3 3 3 3 
3/4- 1 7 5 5 5 4 4 3 3 4 4 4 3 3 3 

>1-1/2 8 6 6 5 4 4 3 3 5 4 4 3 3 3 

0 -1/4 4 3 3 3 3 3 3 3 4 3 3 3 3 3 
1/4-1/2 6 4 4 4 4 4 3 3 5 4 4 3 3 3 
1/2- 1 7 5 5 5 4 4 3 3 6 4 4 3 3 3 

1 -1-1/2 9 6 6 6 4 4 3 3 7 5 5 4 4 4 
>1-1/2 12 8 8 7 5 5 4 4 8 6 5 4 4 4 

0 -1/4 5 4 4 3 3 3 3 3 4 4 4 3 3 3 
1/4-1/2 8 6 6 5 4 4 3 3 6 5 5 4 3 3 
1/2- 1 12 8 8 7 5 4 3 3 8 6 5 4 4 4 

>1 16 10 9 8 6 5 4 4 0 7 6 5 4 4 

* Where the length of grade is a boundary value, always use the longer 
length range 

2 

2 

2 
2 

2 
2 
2 
3 
3 
3 

2 
3 
3 
3 
3 

3 
3 
3 
3 
3 

3 
3 
3 
3 

20 

2 

2 

2 
2 

2 
2 
2 
3 
3 
3 

2 
3 
3 
3 
3 

3 
3 
3 
3 
3 

3 
3 
3 
3 
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TABLE A2.2 

VALUES OF ET FOR HEAVY TRUCKS 

(wt/hp 2. 350 lbs/hp) 

R E 4-Lane Freeways 6- or More-Lane Freeways 
A N 
D G Percent Trucks E T 

(%) H 
(mi)* 2 4 5 6 8 10 15 20 2 4 5 6 8 10 

0 All 2 2 2 2 2 2 2 2 2 2 2 2 2 2 

1 0 -1/4 4 3 3 3 3 3 3 3 4 3 3 3 3 3 
1/4-1/2 5 4 4 4 4 4 3 3 5 4 4 4 4 4 
1/2-3/4 7 5 5 5 4 4 4 4 7 5 5 4 4 4 
3/4- 1 8 6 6 6 5 5 4 4 8 6 6 5 5 5 
1 -1-1/2 10 7 7 6 5 5 4 4 10 7 7 6 5 5 
>l-1/2 11 8 8 7 6 6 5 5 11 8 8 7 6 6 

2 0 -1/4 8 6 6 l'i 5 5 4 4 7 5 5 5 5 5 
1/4-1/2 10 7 7 7 6 6 5 5 9 6 6 6 6 6 
1/2-3/4 12 9 9 8 8 7 6 6 11 8 8 7 7 7 
3/4- 1 14 10 10 9 9 8 7 7 13 9 9 8 8 7 
1 -1-1/2 16 11 10 9 9 8 8 8 15 10 10 9 9 8 
>1-1/2 16 12 11 10 10 9 8 8 15 11 11 10 9 8 

3 0 - 1/4 11 10 10 9 8 8 7 7 9 8 8 8 7 7 
1/4-1/2 13 12 12 11 9 9 8 8 11 10 10 9 8 8 
1/2-3/4 16 14 13 12 11 10 10 10 13 12 12 11 10 9 
3/4- 1 19 15 15 14 13 12 12 12 16 13 13 13 12 11 
>1 22 16 16 15 15 14 14 14 18 14 14 14 13 12 

4 0 -1/4 13 11 11 10 10 9 8 8 11 9 9 9 9 8 
1/4-1/2 18 13 13 13 12 12 12 12 13 11 11 11 11 10 
1/2-3/4 22 15 15 15 14 14 14 14 16 13 13 13 13 12 
3/4- 1 24 20 19 18 17 17 17 17 19 15 15 15 15 14 
>1 26 20 20 19 19 19 19 19 21 17 17 17 16 16 

5 0 -1/4 19 16 16 16 16 16 16 16 17 13 13 12 12 12 
1/4-1/2 26 21 21 21 21 21 21 21 22 17 17 16 16 16 
1/2-3/4 33 27 27 27 27 27 27 27 27 21 21 20 20 20 
>3/4 40 32 32 32 32 32 32 32 31 25 25 24 24 24 

* Where the length of grade is a boundary value, always use the longer 
length range. 
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CHAPTER III - WEAVING AREAS 

I . BASIC CHARACTERISTICS 

Weaving is defined as the crossing of two or 
more traffic streams traveling in the same general 
direction along a significant length of highway, 
without t he ai d of traffic signals. Weaving sections 
are formed when two or more one-way roadways merge 
forming a single roadwa,y, then diverge, or separate 
to form two or more roadways again. Figure 3.1 
illustrates the formation of a weaving section. 

If entry and exit roadways are referred to as 
"legs," vehicles traveling from leg A to leg D must 
cross the path of vehic les travel ing from leg B to 
leg C. Flows A- D and B-C are therefore referred to 
as weavinq flows, while flows A-C and B-D are 
"non-weaving" or outer flows . Figure 3.1 illustrates 
a simple weavin g sect1 on, which is formed by a 
single merge point followed by a single diverge 
point . Multiple weaving secti ons (discussed later 
in this chapter ) are fo rmed where two or more 
merge points are. followed by a diverge or where a 
single merge point is fo 11 owed by two or more 
diverge points. 

Weaving areas, of necessity, entail intense 
lane-changing maneuvers, as weaving vehicles must 
move into a lane appropriate to their exit leg . 
Because of this, non-weaving vehicles may also 

execute a greater-than-normal number of lane changes 
to reach outside lanes and avoid weaving turbulence. 
Due to this turbulence, the operation of freeway 
vehicles is considerably different from that on open 
freeway segments, and vehicles occupy more space 
than on basic sections. 

The requirement that many drivers execute lane 
changes to complete their weaving movements intro
duces a new geometric factor to consider - ~eng~h. 
The length of the weaving section restr icts t e t ime 
and distance in which a weaving driver must make the 
needed lane changes. Thus, as length is decreased, 
the intensity of lane-changing is increased for any 
given volume. The length of a weaving section is 
illustrated in Figure 3.2, from a point at which the 
two entry leqs are separated by two (2) feet (0.61 
m.) to a· point at which the exit legs are separated 
by twelve (12) feet (3.7 m.) 

Parameters of Interest 
There are a number of parameters which affect 

the operation of weaving areas. For convenience, 
they are listed and defined below. 

L l enqth of the weaving section, in feet 
(note: 1 ft. = 0.304B m.) 

FIGURE 3.1 
FORMATION OF A WEAVING SECTION 

i-.--- LENGTH OF WEAVING SECTION 

FIGURE 3.2 
MEASURING THE LENGTH OF A WEAVING SECTION 

NOTE : 1 FT. n:3048 M. 
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N 

v 

VW = 

VNW = 

VWl 

VW2 

R 

VR 

length of the weaving section, in 
hundreds of feet (note: 1 ft. = 0.3048 
m.) 

number of lanes in the weaving section 

number of lanes theoretically utilized 
by weaving vehicles 

number of lanes theoretically utilized 
by non-weavinq vehicles 

total volume in the weavinq section, 
pc pH 

total weaving volume, pcph 

total non-weavinq volume, pcph 

larqer of the two weaving flows, pcph 

smaller of the two weaving flows, pcph 

weaving ratio, vw21vw 

volume ratio, Vw/V 

average running speed of weaving vehi
cles, mph (note: 1 mph = 1.6 kph) 

average running speed of non-weaving 
vehicles, mph (note: 1 mph = 1.6 kph) 

SNW - SW 

portion or fraction of total lanes 
used by weaving vehicles 

Note that by definition: N Nw + NNW 

Levels of Service 

Weaving areas are often complex, and do not 
always exhibit homogeneous operating characteris
tics. For reasons which are discussed in the next 
section, weaving and non-weaving flows may exper
ience operating conditions which are highly dis
similar. Thus, Levels of Service are separately 
defined for both weaving and non-weaving flows. In 
general, the speed of ~eaving vehicles. is expected 
to be within 5 mph of that of non-weaving vehicles 
for acceptable operations. Averaqe speed thresholds 
were selected in concert with the Levels of Service 
on basic freeway segments, modified by the observed 
relationship between speed and volume of non-weavinq 
vehicles in a weaving section. This relationship is 
shown below: 

VNW = 1500 NNW - 50 SNW + 1900 

The relationship is valid throughout the ranqe of 
stable flow, which implies SNW greater than or 
equal to 25 mph (40 kph). 

Note th at due to the increased turbu 1 ence in 
weavinq areas, the relationship between non-weaving 
volume and non-weaving speed is linear. Speed is 
sensitive to volume levels throughout the range of 
stable non-weaving flows. 

Table 3.1 defines Levels of Service in weaving 
sections in accord with the preceding discussion. 

TABLE 3.1 

Level 
of 

Service 

A 

B 

c 
D 

E 

F 

LEVELS OF SERVICE IN WEAVING AREAS 

NON-WEAVING VEHICLES 

Avg. Running Speed of 
Non-Weaving Vehicles 

MPH (km/h) 

WEAVING VEHICLES 

SNW ~ 50 (80) 

SNW ~ 45 (72) 

SNW ~ 40 (64) 

SNW ~ 35 (56) 

SNW ~ 30 (48) 

SNW < 30 (48) 

Level of Service for Weaving IF t,S is 
Vehicles is the Level of 
Service for Non-Weaving Vehicles MPH (km/h) 

the same as t,S~ 5 ( 8) 

1 level poorer than 6 s < 10 (16) 

2 levels poorer than {'., s < 15 (24) 

3 levels poorer than 6 s < 20 (32) 

4 levels poorer than {'., s < 25 (40) 
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. The volume and design parameters associated 
with these levels of service are defined by equa
tions, in which speed is an explicit parameter. 
These are presented later. 

Configuration 

One of the most important factors influencing 
the operat ion of weaving areas is confi gur at ion. 
Configuration refers to the relative pl acement of 
lanes ' in the weaving section vis-a-vis entry and 
exit legs. Configuration has a drastic influence on 
the number of lane changes which are required of 
weavinq vehicles, and the ability of weaving vehi
cles to occupy a larger proportion of the total 
lanes. 

For each configuration, there is a practical 
maximum number of lanes which weaving vehicles may 
occupy, Nw(max.). When weaving volumes are such 
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that they would tend to occupy more than N (max) 
if a natural balance of lane utilizationwwere 
struck, the section is constrained. In such sec
tions, weav i ng vehic l es ar e restri cted to Nw(max ) 
and experience more congest ion than might be expec
ted, while non-weaving vehicles have a dispropor
tionate number of lanes available for their use. 
Thus, in constrained sections, non-weaving vehicles 
often display speeds considerably faster than 
weaving vehicles, an unhealthy operating condition. 

In sections where weaving and non-weaving flows 
compete for space and strike a natural balance in 
which Nw is less than Nw(max. ), the section is 
considered to be unconstrafned. 

There are four basic types of weaving config
uration within two broad categories of sections. 
These are illustrated in Figure 3.3, and are de
scribed below. 

RAMP-WEAVE SECTIONS 

(A) WITH CONTINUOUS AUXILIARY LANE 

MAJOR WEAVE SECTIONS 

---
:::-:::::-~-~---
~---~--~ . _ 
______-:- -(B) TYPE I, NO LANE BALANCE AT EXIT GORE 

---: ·---=-~-==~-----~--~= ~----------~ 

- (c) TYPE II, LANE BALANCE AT EXIT~ 

------ -----------
,_.,,.....-...- - - - - - ------------- ----

(D) TYPE III, WITH CROWN LINE 

FIGURE 3.3 
CONFIGURATIONS FOR WEAVING AREAS 
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Ramp -Weaves are one of the two broad categories 
of weaving sections. They are formed by a one-lane 
on-ramp followed by a one-lane off-ramp, where the 
ramps are joined by a continuous auxiliary lane. IT 
SHOULD BE NOTED HERE THAT ON-RAMPS FOLLOWED BY 
OFF-RAMPS WITHOUT AUXILIARY LANES ARE NOT CONSIDERED 
TO BE WEAVING AREAS AND ARE TREATED USING RAMP 
PROCEDURES PRESENTED IN CHAPTER IV. 

Figure 3.3A illustrates a ramp-weave, of which 
there is only one type. Note that this type of 
weaving section is divided by a lane markinq which 
begins at the entrance gore and ends at the exit 
qore. This "weaving crown lane" essentially divides 
the section into two distinct parts. Wherever a 
weaving crown-line is present, all weaving vehicles 
must execute at least one lane change, a condition 
which tends to limit the number of lanes which can 
be utilized by weaving vehicles. 

Ramp-weaves are also distinctive in that all 
weavinq vehicles are involved in a ramp movement 
which often requires reduced speed due to restric
tive geometry. Thus, many weaving vehicles are 
accelerating or decelerating through the weavinq 
area, and their speed, relative to that of non
weaving vehicles is more dependent upon length than 
upon other factors. Thus, a substantial difference 
in the average running speeds of weaving and non
weaving vehicles does not necessarily indicate that 
the section is constrained, that Nw(max.) has been 
reached. 

Major Weaves are different from ramp-weaves in 
that at least t hree of the entry and exit legs 
involve multiple lanes, and are generally pri
mary or major connector roadways whose geometry does 
not require reduced speeds compared to the open 
freeway. In such sections, weaving vehicles 
are not expected to accelerate or decelerate through 
the section, and the relative speeds of weaving and 
non-weaving vehicles result from competition for 
roadway space. Where no constraint exists, this 
competition will result in a balance in which 
weaving vehicles travel at an average speed within 5 
mph (8 km/h) of non-weaving vehicles. Where larger 
speed differentials exist, it is virtually always an 
indication of constraint, that Nw(max.) has been 
reached. 

There are three distinct types of major weaving 
sections, as shown in Figure 3.3B, C and D . . Types I 
and II major weaving sections provide a "through" 
lane for one of the weaving movements, that is, one 
weaving movement may be made without executing a 
lane change. The difference between types I and II 
is that type I sections do not have lane balance 
at the exit gore, while type II sections do. Lane 
balance exists when the number of lanes leaving a 
diverge point is equal to the number entering plus 
1. This is accomplished by having one lane divide 
to two at the gore, giving a vehicle in that lane a 
choice, in that it may proceed down either exit leg 
without changing lanes. 

In type I major weaving sections, where lane 
balance does not exist, one weaving movement is made 
without a lane change. The other weaving movement, 
however, requires a minimum of two lane changes. In 
type II major weaving sections, the other weaving 
movement may be made with only a single lane change. 
As a result type II major weaving sections are more 
efficient than type I's. Type II major weaving 
sections have larger Nw(max.) values, and for a 
given set of volumes, operate at higher average 
speeds than similar type I major weaving seciments. 

Type III major weaving sections are similar to 
ramp-weaves in that they have a weaving crown line, 
and all weavinci vehicles must make at least one lane 
change. They -are different in that entry and exit 
roadways are not single-1 ane ramps with restrictive 
geometry. These sections are, however, rare. The 
data base used to develop the procedure described 
herein did not contain type III cases. It is 
recommended that such sections be analyzed using 
ramp-weave procedures. 

Configuration is a central concept in weaving 
area design and analysis. It is not sufficient to 
determine N and L, as a given pair may exist in any 
of four different configurations, all with differinci 
operatinci characteristics. It is vital to note that 
configuration can be chancied only if the placement 
or design of entry and/or exit legs is altered. 
This generally entails the addition or subtraction 
of a lane or lanes on one or more legs, a decision 
which may have implications on adjacent freeway 
sections. 

Equations 

The equations presented herein are the result 
of a recalibration of the NCHRP We av inci Procedure 
(1). That data base was re-examined fn light of 
additional data and information developed since its 
oriciinal calibration. The result is a simplified 
procedure with slightly improved accuracy over the 
original NCHRP form, and one which retains the 
original 's advantages over the method specified 
in the 1965 HCM (2). 

For each type of weaving configuration, there 
are three basic equations: 

(1) An equation governing the maximum value of NW 
for the configuration. 

(2) An equation governing the relationship between 
weaving and non-weaving vehicle speeds. 

(3) An equation governing the portion or fraction 
of total lanes utilized by weaving vehicles. 

In each case, one of the equations is secondary , 
that is, valid only when the weaving section is not 
co nstra ined, only when Nw < Nw(max.). For rarnp
weav es this is equat ion (3), for major weaves, 
equation (2). 

Table 3.2 lists the equations, which are 
presented in nomograph form under "Computational 
Procedures." 

The equations show logical trends in most 
cases. Equation s governing N / N ind icate that as 
length increases, Nw/N , and the~efore NW, decreases
all else being equa l. Thus, the principle of 
tradinci length for width is valid, though somewhat 
restricted by other factors, as will be shown. 

For snort ienciths, the difference between SNW 
and S becomes 1 arge f or ramp-weave sect ions, ·a5 
has p~ev i ously been discussed. For major weaves, 
the speed equations yield small differences, as 
would be expected from a secondary equation, valid 
only in situations that are not constrained. 

The eq uation for Nw(max.), t ype II maj or 
weaves, shows an int eresting trend - that Nw(max .) 
increases as lencith decr eases . It might have been 
expected that the reverse is more logical: as lencith 
increases, weaving vehicles have more opportunity to 
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TABLE 3.2 

WEAVING AREA EQUATIONS 

----- -·-- ---
) 

TYPE OF EQUATION RAMP-WEAVES & TYPE III MAJOR WEAVES 

1) 

2) 

3) 

MAJOR WEAVES TYPE I TYPE II 

Maximum no. of Nw(max.) = 2.0 2 log Nw(max.) = 0.896 log Nw(max.) = 0.714 
weaving lanes, (PRIMARY1) + 0.480 log R + 0.186 log R 

Nw(max.) (r = 0.788; PRIMARY1) - 0.402 log LH 
(r = 0.655; PRIMARY1) 

Speed Relationship log Sw = 0.142 + 0.694 log SNW SW = 15.031 + 0.819 SNW SW = 2.309 + 0.871 SNW 
0.315 log LH - 23.52} VR + 4.579 VR 

(r = 0.883; PRIMARY1) (r = 0.982; SECONDARY1) (r = 0.931; SECONDARY1) 

Portion of total log Nw/N = 0.340 + 0.571 loq VR NW/N = 0.761 - 0.011 LH Nw/N = 0.085 + 0.703 VR 
lanes used by - 0.438 log SW + 0.234 loq LH - 0.005 6S + 0.047 VR + (234.763/L) = 0.018 65 
weaving vehicles, (r = 0.764, SECONDARY1) (r = 0.723; PRIMARY1) (r = 0.834; PRIMARY1) 

Nw/N 

1) PRIMARY indicates that the equation is valid for all cases. 

5ECONDARY indicates that the equation is valid only when the section is not constrained, 

2) 

3) 

i.e., where Nw .s_ Nw(max.) -

Data base for this equation limited to lengths in the range 400-700 ft. - for other 
lengths, use 85% of the value qiven by Type II equation. 

r = correlation coefficient (a measure of how well the equation represents real data: 
0.00 worst) 

NOTE: SW, SNW in mph (1 mph = 1.6 kph) 
Lin ft, LH in 100 FT. (1 FT.= 0.3048 M.) 
Variables as previously defined, pgs. 68, 69 

1.00 is perfect, 

...... 
"' w 
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use outside lanes, executing multiple lane chanqes 
to weave, and thus N {max.) snould also increase. 
Non-weaving vehicles, ~owever, give weaving vehicles 
wider berth in shorter sections to avoid higher 
levels of turbulence. The pecu liar characteristics 
of ramp-weaves, on the other hand, result in a 
virtually constant value of NW(max.). 

Note that the weaving area equations do not 
include volume explicitly, but deal only in ratios. 
Space is also al located throucih the use of a ratio 
(Nw/N). Real volume enters through the non-weaving 
equation, cited earlier. and N enters as a real or 
assumed inteqer value. 

II. COMPUTATIONAL PROCEDURES 

Computation a 1 procedures for weaving sections 
are utilized in the analysis mode only. Given 
vo 1 umes and known qeometr i cs, the procedure is 
used to compute expected speeds for weaving and 
non-weaving f101~s. Design is accomplished by trial 
and error. 

The trial and error design procedure is consis
tent with the fact that the design of any weaving 
area is constrained to a relatively few choices for 
N, and a relatively small len!]th range. N is 
controlled by the design of entry and exit legs. 
Generally only one or two integer values are feas
ible, and even where entry and exit leg designs are 
reconsidered, no more than three values are rea l 
alternatives. Approximate lenqth is controlled by 
t he location of interchange points. Interchange 
and ramp design al ternatives may allow a range of a 
few hundred feet for L, but 1 arger changes would 
generally require major chan!Jes to the freeway 
proper and/or intersecting facilities. The design 
assumed for initial trial will generally involve the 
maximum value of N feasible without altering the 
des iqn of input and output le!IS and a l enqth con
sistent with t ne interchange desi gn initially 
contemp l aterl. 

Simple Weaving Sect1ons 

Procedural steps for the analysis of simple 
weavinq sections are outlined helow. The analysis 
is made easier through the construction of a weaving 
diaqram. The weaving diagram is a schematic draw1.ng 
showing weaving and non-weaving flows in a weaving 
section. Figure 3.4 illustrates the construction of 
a weaving diagram. 

Note that the weaving diagram depicts actual 
flows in straight-line schematic form. The relative 
placement of exit and entry points (A,B,C,D) must 
remain as actually exists to insure proper placement 
of flows relative to each other. Volumes shown on 
the weaving dia!lram should represent peak flow rates 
in pcph. The computation of parameters illustrated 
in Figure 3.4 is accomplished using these peak flow 
rates. 

Computations are accomplished in the following 
steps: 

Step 1. 

Where: 

Adjust all volumes to represent peak flow 
rates in pcph, using the following equation: 

Peak Flow Rate (PCPH) = V PoH~ X mQ e ( V pH) 

PHF = peak hour factor 
Q = commercial/recreational vehicle factor 

obtained from Chapter II. 

Step 2. 

~· 

Construct weaving diagram and compute 
weav inq paramet ers as shown in Figure 3.4, 
using the adjusted flows of Step 1. 

Steps 3-9 represent a trial-and-error 
procedure in which a value of SNW is 

assumed and checked by computation. 
A solution is reached when the assumed and 
computed values agree. After gaining 
familiarity with the procedure, no more 
than 3 trials should be required for 
closure . 

A key feature of the trial-and-error 
procedure is the determination of whether 
or not the section in question is con
strained, i.e. Nw(max.) has been reached, 
or unconstrai ned. The latter represents a 
case in which a "natural balance" has been 
struck as a resull of unhindered competi
tion among flows for roadway space. The 
former indicates that a configurationa l 
constraint has restricted weaving vehicles 
t o Nw(max.) where t hey would otherwise 
have claimed a larper portion of the 
roadway. 

As the determination of constrained or 
unconstrained states deoends upon the value 
of SNW assumed, IT IS VITAL THAT TRIALS 

START WITH A HIGH VALUE, WITH SUBSE
QUENT TRIALS MOVING TOWARD LOWER SPEEDS. 

Assume a value of SNW (for unskilled 

users, 50 or 60 mph is a reasonable start
ing point.) 

Determ i ne S using Figure 3.5 for the 
appropriatj type of weaving section. 

A sample determinations of SW is shown on 

the figure. In all cases the figure is 
entered on the vertical axis with the 
assumed value of SNW' A horizontal 
line is constructed to the intersection 
with the appropriate L 1 i ne for ramp
weaves, or VR for major weaves. A vertical 
line is constructed from this intersection 
to the horizontal axis, where a value of 

SW is read. If the user prefers, the 
equations of Table 3.2 may be used directly. 

Determine Nw(max.) from Figure 3.6 for 

Major Weaves. Nw(max.) for ramp-weaves 

is 2.0. The footnote on Figure 3.6 indi
cates an approximation procedure for Type I 
sections outside the 400-700 foot range. 

The figure is entered from the vertical 
axis with a value of R. A horizontal line 
is constructed to the intersection with the 
aµµropriate L line. A vertical line is 
constructed from this intersection to the 
horizontal axis, where a value of Nw(max.) 

is read. An example is shown on Figure 
3.6. The user may choose to use the 
equations of Table 3.2 directly. 

The comparison between the TYPE I I major 
weave 500 ft. curve and the TYPE I major 
weave curve (for a similar length ranqe) 
clearly indicates the superiority of Type 
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SECTION AND FLOWS 

WEAVING DIAGRAM 
THEN: 

VWl = WEAVING FLOW WITH THE HIGHEST NUMERIC VALUE (500) 

VW2 = WEAVING FLOW WITH THE SMALLEST NUMERIC VALUE (300) 

vw = TOTAL WEAVING FLOW (500+300=800) 

vol = NON-WEAVING FLOW WITH THE HIGHEST NUMERIC VALUE (1500) 

vo2 = NON-WEAVING FLOW WITH THE SMALLEST NUMERIC VALUE (400) 

v = TOTAL VOLUME (500+300+1500+400=2700) 

R = WEAVING RATIO = Vw2/Yw (300/800=0.375) 

VR = VOLUME RATIO = Vw/Y (80012700=0.296) 

FIGURE 3.4 

CONSTRUCTION OF WEAVING DIAGRAMS AND 
COMPUTATION OF PARAMETERS 

II major weave sections, as they are less 
restrictive of NW" In general, Type I 
major weave designs should be avoided where 
possible. 

Step 6. Determine Nw/N using Figure 3. 7 for the 
appropriate type of section. An example is 
shown. 
In all cases, the figure is entered on the 
left-hand horizontal axis with a value of 
S for ramp-weaves, or L for major weaves. 
AWvertical line is constructed to the inter
section with t he appropriate L curve for 
ramp-weaves or 6 S curve for major weaves 
( 6 S = SNw-Sw ). From this intersect ion, 
a horizontal line is constructed to the 
in tersecti on with the appropriat e VR curve. 
From thi s second intersedion, a verti cal 
li ne is constructed to the right-h and 
horizontal axis where a value of NwfN is 

read. The user may elect to use the 
equations of Table 3.2 directly. 

~· Compute Nw = N x (Nw/N) and compare Nw 
with Nw(max) to det ermine whether the 
section is constrained or unconstrained. 

If NW> Nw(max.), section is CONSTRAINED 
(go to step 8) 

If NW .S. NW(max.), section is UNCONSTRAINED 
(go to step 9) 

Step 8. a) Set Nw = Nw(max.); Nw/N = Nw(max.)/N 

b) Compute NNW = N - Nw(max.) 

c) Determine SNW from Figure 3.8. An example 
is shown ""Oil"the figure, which is entered 
on the vertical axis with a value of VNW 
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Ramp-weave 
SNW = 42 mph 

L = 1000 ft. 
'Ihus , 8w = 3 8 mph 
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E~UtUICtlS •LOG Nw<MAX.) = 0 .714 + 0.480 LOG R (TYPE I) 

LOG NW (MAX') = 0.896 + 0.189 LOG R - 0.402 LOG LH 
(TYPE ID 

tt: t:::: ..,: ..,: ... ... 
R 0000 0 0 

...J 0000 0 0 OIO O in 0 in 

o.s ......... Clol N -

0.3 

0.2 

0.1 

, I 
I 

i-: ... 
0 
0 
0 -

/ 

/ 
~ 

/ 

/ EXAMPLE 

TYPE II SECTION 
VR = 0,4 
L = 1500 FT I 

THus, Nw(MAx,) = 2.2 

TYPE II 
- ----- SECTIONS 

TYPE I 
---SECTIONS 
I I 

1.0 2.0 3.0 4.0 
Nw (MAXIMUM) 

FIGURE 3.6 

MAXIMUM VALUES OF Nw IN MAJOR WEAVING SECTIONS 

•oATA BASE F8R TYeE I CURVE LIMITED TO LENGTHS IN THE 
ORDER OF 40 TO /UO FEET, FOR OTHER LENGTHS, MULTIPLY 
THE VA~UE FROM THE TYPE II CURVE OF APPROPRIATE LENGTH 
BY 0.85 AS A ROUGH ESTIMATE, 

NOTE: 

A horizontal line is constructed to the 
intersection with the appropriate NNW 
curve. A vertical 1 ine is constructed 
from this intersection to the horizontal 
axis where a value of SNW is read. The 
user may wish to use the indicated 
equation directly. 

d) Determine SW from Figure 3.5 for ramp
weaves andF i gure 3. 7 for Major Weaves. 
These figures represent primary relation
ships which are vali d for b oth con
strained and unconstrained cases. 
Secondary relationships are invalid for 
constrained cases. Figure 3.7 is entered 
with a value of Nw/N for this step, and 
is used in reverse to the use in Step 6. 

e) Using SNW and Sw, and co~paring to the 

1 FT, = 0,3048 M,· 

criteria in Table 3.1, determine non-weav
ing and weaving Levels of Service for 
existing or assumed conditions. 

The problem is complete - no further 
trials are needed once segment is deter
mined to be constrained. 

Step 9. a) Compute NNW = N - NW 

b) Determine SNW using Figure 3.8. 

c) If SNW determined in b) is not equal to 
SNW assumed (within ~ 2 mph), assume 
another speed and repeat computations. 

d) If SNW determined in b) equals SNW as
sumed~ then take SNW and Sw com-
puted in Step .f"and determine Levels 



EXAMPLE 

Sw = 37 mph, 

L = 1000 ft., 

VR = 0.18 

Ramp-weave 

Thus, Nw/N = 0. 30 
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EQUATION 

VNW = 1500 NNW - 50.0 SNW + 1900 

6000 

,._, ... 
c::: 5000 u 
~ 

3: z 
> . 4000 
;.iJ 

:::: 
::::l 
-l EXAMPLE 0 
> 
(.:l 3000 VNW = 3600 PCPH z 
> NNW = 2.0 LANES <: 
~ THUS, 3: 

I 2000 z SNW = 26.7 MPH 0 z 

1000 

26.7 MPH 

2~ 30 35 40 45 50 5~ 60 6~ 

AVERAGE RUNNING SPEED OF NON-WEAVING VEHICLES, SNW (MPH) 

FIGJRE 3.8 

SPEED-FLOW RELATIONSHIP FOR NON-WEAVING 
VEHICLES IN A WEAVING SECTION 

NOTE: 

of Service for weaving and non-weaving 
vehicles by comparing to the criteria of 
Table 3.1. 

It is important to note that while 
initial trials may appear to be uncon
strained, as the user closes to a solu
tion, later trials may show a constraint. 
This underscores the need to choose trial 
speeds properly; i.e., beginning with 
high speeds to low. If this is not done, 
a constraint may appear, ending the 
computation, while an unconstrained 
solution exists at another speed. 

Table 3.3 gives an index to the figures 
used in computational procedures. 

Multiple Weaving Sections 

The 1965 HCM (2) contains procedures for the 
analysis of two-segment multiple weaving sections 
based upon the principle of proportional distribu
tion of overlapping weaving movements by length. 

1 mph = 1.6 km/h, 

The Weaving Area Operations Study (3) found that the 
assumption of proportional weaving was not supported 
by field data collected in that study. Rather, each 
weaving movement tends to concentrate in a single 
segment of a multiple weave, the selection of which 
depends upon two principles, which are competing: 

necessity to weave -- most drivers will not 
weave until they have to - i.e., weaves will 
tend to concentrate in the last segment before 
their diverge point. 

Presegregation -- most drivers enter a weaving 
sect ion a ]ready in lanes appropriate to their 
desired travel path; drivers may execute an 
"early" weave in a multiple weaving section to 
presegregate themselves from other components 
of flow. 

The governing principle will virtually always 
be the one which results in the least interference 
between component flows, in the segment. For all 
practical purposes, these principles result in the 
same distribution of flows for all multiple weaving 
sections of a similar type. 
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EQUATION TYPE 

Speed Relationship 

Portion of Roadway 
Used By Weaving 
Vehicles 

Maximum NW 

TABLE 3.3 

INDEX TO FIGURES USED IN WEAVING 

PROBLEMS 

RAMP-WEAVES AND MAJOR WEAVES 

TYPE III MAJOR WEAVES TYPE I 

Figure 3.51 Figure 3.62 

Figure 3.92 Figure 3.101 

NW = 2.0 Figure 3.81 

Non-Weaving Vehicles Figure 3.12 Figure 3.12 

1) Figure depicts PRIMARY relationship 

2) Figure depicts SECONDARY relationship 

TYPE II 

Figure 3.82 

Figure 3.111 

Figure 3.81 

Figure 3.12 

Figures 3. 9 and 3 .10 i 11 ustrate the component 
flows for multiple weaves formed by a single merge 
followed by two diverge points and those formed by 
two merge points followed by a single diverge 
respectively. It is judged that these will virtually 
always hold, except in cases where one segment of 
the weave is extremely short with respect to the 
other segment (a ratio of 4:1 or more). In such 

cases, only those weaves which must take place in 
the short segment will - all others will occur 
in the longer segment. 

In Figure 3.9, movement 5 must weave with both 
movements 3 and 4 within the first segment. Move
ment 2, which could weave with movement 3 throughout 
both segme nts , in fact weaves only in segment 2. 

FLOWS 

1 SEGMENT 2 
, ____ 

____________ !__©~~~-----------~-:-_ x 

$A-X 
A-Y 
s-x 

tt2 

SEGMENT 1 

IB-Y 
A-Z 
B-Z 

SEGMENT 2 

TIGURE 3.9 

WEAVING FLOWS IN A MULTIPLE WEAVE FORMED BY 
A SINGLE MERGE FOLLOWED BY TWO DIVERGE POINTS 



SEGMENT 1 

© 

c FLOWS 

SEGMENT 1 

ITGURE 3 .10 

SEGMENT 2 

~
A-X 
B-X 
A-Y 

t + 2 

SEGMENT 2 

WEAVING FLOWS IN A MULTIPLE WEAVE FORMED BY TWO 
MERGE POINTS FOLLOWED BY A SINGLE DIVERGE 

III. SAMPLE PROBLEMS 

i B- Y 
c-x 
c-v 
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x 

This is an appl ication of the "necessity to weave" 
pr i nciple, resu lting in a l ate weave intended to 
avoid conf lict with other weaving movements in 
segment 1. 

Figure 3.10 depicts t he situat ion in whi ch 
mo vemen t s 3, 4 an d 5 must weave in the second 
segme nt of the weaving area . Movements 2 and 3 
could conce ivably weave throughout both segments of 
th e weave . In fact , this weave occurs virtually 
entirely in segment 1, an app l i cation of the "pre
segregat ion " princip le. In this case , t hese vehicles 
execute an early weave to avoid confli ct with other 
weaving movements on segment 2. 

In all sample problems, judgment has been used 
to pick an initial value of SNW for trial. The 

L= 1500 FT. 

inexperienced user should generally start with an 
assumption of 50 mph. 

Problem 1: A Major Weavi ng Section 

Consider ~he following weaving area: 

.,,..,-
A"-. ~~ C 

"-- - -- -- ---- - - - - - ,,,,..,,- ,,,,..,,-_.... 

>----------,,..,,~ < -- - -- - -- -- -- --------s-- . --o 
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Volumes: 

AC = 1815 vph 5% Trucks 
AD = 692 vph PHF = 0.91 
BC = 1037 vph Level Terrain 
BO = 1297 vph 

At what Level of Service will the facility operate 
during peak periods? 

SOLUTION: The first step of the solution is the 
conversion of peak hour volumes in mixed vph to peak 
flow rates in pcph. This is done by dividing 
the above volumes by PHF and Q, the commercial 
vehicle factor, or 

Peak Flow Rate = 

Where PHF = 0.91 

Peak Hour Volume 
PHF X Q 

Q = 0.95 (Table 2.5, 5% trucks, 
Et = 2 from Table 2.4) 

Then: AC = 1815/ (0.95 X 0.91) 2100 pcph 
AD = 692/ (0.95 X 0.91) 800 pcph 
BC = 1037/ (0.95 X 0.91) 1200 pcph 
BO = 1297/ (0.95 X 0.91) 1500 pcph 

and a weaving diagram may be drawn. 

A 
2100 

B 

The analysis should begin with an assumption of 
SNW' As the total volume is 5600 pcph in 4 lanes, 
or 1400 pcphl, moderately low speeds might be 
expected. A speed of 35 mph might reasonably be 
tried . Note that this is a Type II major weaving 
section, as it provides a "through" lane for one 
weaving movement, and has lane balance at the exit 
gore. 

Try: SNW = 35 mph 
Then: t Find Sw using Figure 3.5 Sw = 34.5 

mph Therefore, 6S = 35.0 - 34.5 = + 0.5 mph 

e Find Nw(max.) using Figure 3.6 Nw(max.) = 
2.20 lanes. (This is the example shown 
on Figure 3 .8). 
Note: This value remains constant 
through all iterations. 

t Find Nw/N using Figure 3.11 Nw/N = 0.49 

t NW= 4 x 0.49 = 1.96 lanes As Nw 
(l.96) is less than Nw{max.), the 
section is UNCONSTRAINED 

c 

t NNW = 4 - 1.96 = 2.04 lanes 
Now find SNW using ~igure 3.12~ 
2.04 lanes dnd VNW - 3600 SNW -
mph 

using 
28 

as this does not agree closely with the assumed 
value of 35 mph, another trial is necessary. 

The first assumed value was obviously too high. 
For a second trial, it might be thought that a value 
between the assumed and computed speeds should be 
selected. One factor tempers this. The procedure 
is such that as the assumed S W is decreased, so 
also is the comput~d value, bu~ at a slower rate. 
The two values do not naturally work towards one 
another. The second trial, therefore, should be 
lower than 28 mph. 

TRY: SNW = 25 mph 
t Find SW from Figure 3.5 

SW= 25.5 mph 
Therefore, t.S = 25.0 - 25.5 = 0.5 mph 

t Nw(max.) = 2.20 (from previous trial) 

t Find Nw/N from Figure 3.7 
NW/N = 0.510 

R = 800/2000 = 0.400 
VR = 2000/5600 = 0.357 

t NW= 4 x 0.510 = 2.04 lanes 

as 2.04 is less than Nw(max.) of 2.20, 
section is still UNCONSTRAINED 

t NNW = 4-2.04 = 1.96 lanes 

Now find SNW Figure 3.8, using 1.96 
lanes and VNW = 3600 

SNW = 25 mph 

As the assumed and computed values agree, the 
solution is completed. The section will operate in 
an unconstrained condition with SNW = 25 mph and 
SW= 25.5 mph. From Table 3.1, this is Level of 
Service F for non-weaving vehicles - and Level of 
Service F for weaving vehicles - an obviously 
undesirable condition. 

Problem 2: A Ramp-Weave Section 

Consider the fol lowing weaving section. All 
volumes are given as peak flow rates in pcph: 
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L=1000 FT. 

------- ----- ..... ----
~---------------~~ 

SOLUTION: As the total flow of 5000 pcph in 4 lanes 
represents an average of 1250 pcph, a relatively 
good speed might be expected. Noting that this is a 
ramp-weave, and that trials should begin from high 
speeds te low, a first trial will be made at 
sNw=60 mph. 

TRY SNW = 60 mph 
• Find Sw from Figure 3.5 

·sw = 49 .o mph 
• Nw(max.) = 2.0 for all ramp-weaves (Table 

3.Z) 

• Find Nw/N from Figure 3.7 
Nw/N = 0.26 

• NW= 4 x 0.26 = 1.04 lanes 
As 1.04 is less than Nw(max.) of 2.0, 
section is UNCONSTRAINED 

• NNW = 4 - 1.04 = 2.96 lanes 
Now, fi nd SNW from Figure 3.8, using 2.96 
lanes and VNW = 4100. SNW = 45 mph 

Since fairly close agreement between assumed and 
computed values has not been realized, a second 
trial is made at a value somewhat less than 45 
mph. 

TRY : SNW = 42 mph 

• Find Sw from Figure 3.5 
Sw = 38 mph 

• Nw(max.) = 2.0 (from first trial) 
• Find Nw/N from Figure 3.7 

4000 

R = 300/900 = 0.333 
VR = 900/5000 = 0.180 

Nw/N = 0.29 
I NW = 4 x 0.29 = 1.16 

As Nw is less than 2.0, section is 
UNCONSTRAINED 

1 NNW = 4 - 1.16 = 2.84 
Now, find SNW from Figure 3.8, using 2.84 
lanes and VNW = 4100. 
SNW = 56 mph 

The agreement is exact, and the problem is 
complete. The facility is expected to operate in 
the unconstrained state with SNW = 42 mph and 
Sw= 38 mph, corresponding to Levels of Service C 
for non-weaving vehicles and C for weaving vehicles. 

Problem 3: Illustration of a Constrained Section 

Consider the weaving segment in Problem 1, with 
a reduced length of 1000 feet and the following 
vol umes : 

AC = 655 vph BC = 1178 vph 
AD = 785 vph BD = 655 vph 
PHF = 0.85; 10% trucks; Rolling Terrain 

SOLUTION: These vol umes must agai n be converted to 
peak flow r ates in pcph. Th i s is done by dividing 
the PHF and Q. For 10% truck s in roll ing t errain, 
Et = 4 (Table 2.4) and Q = 0. 77 (Table 2.8). 
Thus: 

AC = 655/ (0.85 X 0.77) 
AD = 785/ (0 .85 X 0.77) 
BC = 1178/ (0 .85 X 0.77) 
BD = 655/ {0.85 X 0.77) 

= 1000 pcph 
= 1200 pcph 
= 1800 pcph 
= 1000 pcph 

1000 

R = 1200/3000 = 0.40 
VR = 3000/5000 = 0.60 



204 

EQUATION 

Nw/N = 0,085 + 0.703 VR + (234.763/L) 
- 0.018 AS 

10 0 

INTERSECTION 
DEFINES SOL, 
AT Ll.s=b, 

2000 3000 

LENGTH (FT.) 

as 
0 

tJ 

t6 
TB 

+t2 
tl5 

4000 5000 

VR 0.10.2 0.3 0.4 0 _5 

. 0 .655 

n2 n3 Q4 n5 nG o~ ne a9 
Nw/N 

0.6 

0.7 

TIGURE 3.11 

SOLUTION FOR hS IN PROBLEM 3 USING FIGURE 3. 7 
NOTE: 1 MPH = 1,6 KPH 

Although the total volume of 5000 vehicles in 
the 4 lane (1250 pcphpl) is not un usual ly high, 60% 
of these are weaving vehicles, and the potential for 
conqestion is present . A first trial of SNW = 45 
mph appears reasonable . 

TRY: SNW = 45 mph 
1 Find SW using Figure 3.5 

Sw = 44.3 mph 
Therefore, tis= 45.0 - 44.3 0.7 mph 

1 Find Nw(max.) from Figure 3.6 

Nw{max.) = 2.62 
1 Find Nw/N = 0.740 from Figure 3.7 
1 Nw = 0.74 x 4 = 2.96 lanes 

As 2.96 is more than the Nw(max.) of 2.62 
lanes, the section is CONSTRAINED 

1 Therefore, set N = 4 

NW 2.62 

NNW 4 - 2.62 = 1.38 

Nw/N = 2.62/4 = 0.655 

1 Find SNW from Figure 3.8, 
lanes and VNW = 2000. 

SNW = 39.5 mph 

1 Find tiS from Figure 3.7 

using 1.38 

tiS=6 mph (this solution is illustrated in 
Figure 3.11: tis is defined by the 
intersection of the two constructed 
lines in Figure 3.11) 

Sw = 39.5 - 6.0 = 33.5 mph 
1 Computations are complete. Levels of Service 

are D for non-weaving vehicles and E for 
weav1ng veh1cles (Table 3.1). 

To be absolutely certain that a section is 
ind eed constrained, a trial at a higher speed should 
be made to see if an unconstrained solut ion exists 
at a higher speed. In this case, the constraint is 
clear, and a trial of 50 or 55 mph would confirm the 
constraint. 

Problem 4: A Design Application 

A weaving section is being considered as a 
major junction between two urban freeways. The 
pre-determined configuration of entry and exit 
legs fol lows, as do demand volumes, expressed as 
peak flow rates in pcph. Design constraints limit 
the length to a maximum of 1500 feet. A design 
Level of Service commensurate with that existing on 
entry and exit roadways is desired. 

SOLUTION: To determine the desired Level of Service, 
it 1s first necessary to find the Level of Service 
anticipated on entry and exit roadways. This is 
done below: 



Level of Service 
~ Volume ·(Tab le 2 .1) 

A 3000 c (4-lane freeway ) 
B 3500 B (6-lane freeway ~ 
c 3500 B ( 6- lane freeway 
D 3000 c ( 4-1 ane freeway ) 

Therefore, a design at Level of Service B, 
would be most desirable, if it can be achieved, but 
Level C would also be acceptable. The obvious trial 
design would consist of 5 lanes and the maximum 
allowable length of 1500 ft., as shown below. 

1 Find Nw/N from Figure 3.7 
Nw/N = 0.61 

1 NW= 5 x 0.61 = 3.05 lanes. 
As 3.05 lanes is more than Nw(max.) of 
1.90, the section is CONSTRAINED. 

I Set Nw = 1.87, NNW = 5 - 1.87 = 3.13 
Then, Nw/N = 1.87/5 = 0.374 
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Note that t his is a Type 1 major weaving area . 
An analysis must now be cbnducted to determine how 
well t he proposed segment would perform. The 6500 
tota l flow in 5 l anes is 1300 pcphpl with 40% 
weaving vehic l e.s. An initial tria l of SNW = 40 
mph appears to be reasonab le. 

TRY: SNW = 40 mph 

1 Find SW from Figure 3.5 

Sw = 38.5 mph 
Therefor e, L'. S = 40.0 -38.5 1.5 mph 

1 Find Nw(max.) from Figure 3.6 - note the 
footnote which instructs user to take 85% 
of the corresponding Type II value for 
lengths outside the 400-700 ft . range. 
Nw(max.) = 0.85 (2.20) = 1.87 lanes 
(solution for 2.20 is illustrated on Figure 
3.6) 

1 Find SNW from Figure 3.8, using VNw= 4000 

and NNw= 3.13 SNW = 52.0 mph (Level of 
Service A, Table 3.1) 

1 Find L'. S from Figure 3.7, as illustrated 
in Figure 3.12. L'. S = 40 mph -- a very 
rough estimate, as the value is quite a bit 
off the calibrated range of the algorithm. 
Thus, SW = 12 .0 mph. This is Level of 
Service F from Table 3.1. 

Operations in the proposed segment are obviously 
intoler able, and the Type I des ign could not be 
adopted . The constraint is extreme, and further 
trials at higher speeds are not really necessary. 

A Type II desi gn of 1500 feet might be attempted by 
adding a l ane to leg D. This lane wou 1 d then be 
dropped at a conveni ent location at least 3,000 to 
4,000 feet downstream. The new proposed design is 
illustrated below: 
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L=1500 _,,,../ --- ~' / ...... --------------------~/ -- -
~~====~~=:~-=-=-======~ ~---------------- ......................... --- --........ .......... 
~- --~ --

Another analysis will be conducted, starting with an 
assumption of SNW = 40 mph. 

the section is CONSTRAINED, although it 
could bP. considered to be a borderline 
case. 

TRY: SNW = 40 

• Find SW using Figure 3.5 
Sw = 38.8 mph 
Therefore t-, S = 40.0 - 38.8 = 1.2 mph 

• Find Nw(max.) using Figure 3.6 
Nw(max.) = 2 . 2 (This is the problem 
illustrated in Figure 3.6) 

• Find Nw/N using Figure 3.7 
Nw/N = 0 .48 

• NW= 5 x 0.48 = 2.4 lanes 
As 2.4 is greater than Nw(max.) of 2.20, 

-9 
-6 
-3 

0 
t3 
t6 +• 

-1,~·---~~--"'~~~-----~~--"~~~---~~----'+-~ 
1000 2000 3000 

LENGTH (FT.) 

FIGURE 3.12 

• Set Nw = 2.20, NNW = 2.80 
Therefore Nw/N = 2.2/5 = 0.44 

1 Find SNW from Figure 3.8, usinq 

VNw= 4000 and NNw= 2.80. 

SNW = 42.5 mph (Level of Service C, 
Tab le 3 .1) 

• Find SW from Figure 3.7 
t:, S = 4 mph 

Sw= 42.5 - 4 = 38.5 mph (Level of 
Service C, Table 3.1) 

EQUATION 

Nw/N - 0.761 - 0.011 LH 

.,.~,, 

0.38,, 
I ,, I ~l 1 ,, 

- 0.005 AS + 0.047 VR 

0.4 0.5 0.6 0.7 

VR 
0.1 
0.3 
0.0 

PORTION Of ROADWAY USED BY 
WEAVING VEHICLES (NW/N) 

SOLUTION FOR AS IN PROBLEM 4 USING FIGURE 3. 7 

NOTE: l mph 1.6 k111/h. 
l ft. • 0,3048 m. 



To be sure that the determination of constraint is 
valid, a trial with a speed of SNW = 50 mph should 
be made. This is done here as the constraint 
is clearly borderline, and because the solution 
speeds are higher than 40 mph, which was assumed. A 
quick check yields the following: 

If SNW = 50 mph, Sw = 47' 6S = 3 mph, Nw/N = 0.47; 
NW= 2.35 lanes which is still greater than Nw(max.) 
of 2.2. The constraint is therefore valid, and the 
above solution holds. 

The Type II design could be adopted, as Level of 
Service of C is acceptable during peak periods. 

This problem, however, clearly indicates the 
great advantage of Type II major weaving sections 
over Type I major weaves, which are far more re
strictive to weaving vehicles, and produce generally 
worse operations than similar Type II major weaving 
sections. 

Problem 5: A Multiple Weave 

At what Level of Service would the following 
weaving section operate. All volumes are expressed 
as peak flow rates in pcph: 

L, = 1000 FT. 

Flows: 
A-X= 900 pcph (1) B-X=400 pcph (2) C-X=300 pcph (5) 
A-Y=lOOO pcph (3) B-Y=200 pcph (4) C-Y=lOO pcph (6) 

SOLUT ION : Referring to Figure 3.10, weaving diagrams 
for the two segments may be constructed as follows: 

SEGMENT 1 

900 

R = 400/1400 = 0.286 
VR = 1400/2500 = 0.560 
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Note that flow numbers conforming to those in 
Figure 3.10 have been indicated above for conven
ience. Both segments would be treated as Type II 
major weaves. This is based upon the fact that one 
weaving movement can be made without a lane change, 
and the other with only one lane change. Were two 
lane changes required for the second weaving move
ment, Type I procedures would be used; and if all 
weaving movements required a lane change, ramp-weave 
equations would be used. 

Consider segment 1, with 2500 pcph in 3 lanes, with 
a length ofl:OOO ft . (305 m.). High speeds would be 
expected, and an initial trial of SNW = 50 mph 
w i 11 be made. 

TRY: SNW = 50 mph 

• Find SW using Figure 3.5 
SW = 48 mph 
Therefore 6S = 50 - 48 = 2 mph 

• Find Nw(max.) using Figure 3.6 
Nw(max.) = 2.46 lanes 

• Find Nw/N from Figure 3.7 
NW/N = 0.68 

• Nw = 0.68 x 3 = 2.04 < 2.46 lanes 
UNCONSTRAINED 

NNW = 3 - 2.04 = 0.96 lanes 

• Find SNW from Figure 3.8 
SNW = 46 mph (outside range of nomograph) 

SEGMENT 2 

900+400 

R = 300/1500 = 0.200 
VR = 1500/2900 = 0.517 
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A second trial with SNW 

TRY: SNW = 42 mph 

42 mph will be made. 

• Find SW from Figure 3.5 
Sw = 41.6 mph 
Therefore, t-S = 0.4 mph 

• Find Nw/N from Fiqure 3.7 
NW/N = 0. 710 

• NW = 3 x 0.71 = 2.13 lanes < 2.46 lanes 
UNCONSTRAINED 
NNW = 3 - 2.13 = 0.87 lanes 

• Find SNW using Figure 3.8 

SNW = 42 mph 

As agreement between assumed and completed values is 
exact, computations cease here. Non-weaving vehicles 
will average 42 mph (Level of Servi ce C, Table 3.1) 
and weaving vehicles 41.6 mph (Level of Service C, 
Table 3.1) in segment 1. 

Consider segment 2, with 2900 pcph in 3 lanes, with 
a length of 1500 f t. (457 m. ). An initial trial is 
made at 50 mph. 

TRY: SNW = 50 mph 

• Find Sw from Figure 3.5 
SNW = 48 mph 
t- S = 50 - 48 = 2 mph 

• Find Nw(max.) from Fiqure 3.6 
Nw(max.) = 1.9 lanes 

• Find Nw/N from Figure 3.7 

Nw/N = 0.57 

• NW= 0.57 x 3 = 1.71 < 1.90 
UNCONSTRAINED 

NNW = 3 - 1.71 = 1.29 

• Find SNW from Figure 3.8 

SNW = 49 mph 

Segment 2 wi 11, therefore, op er ate with non-weavi nq 
speeds of 50 mph (Level of Service A, Table 3.1) and 
weaving speeds of 48 mph (Level of Service A, Table 
3.1). Segment 2 operates better than segment 1 
primarily due to its longer length and lower percen
t age of weaving vehicles. (The equations and 
nomographs illustrate both these points.) 
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CHAPTER IV - RAMPS AND RAMP JUNCTIONS 

I. BASIC CHARACTERISTICS 

Introduction 

A ramp may be described as a length of roadway 
providing an exclusive connection between two 
highway facilities. Th1s chapter concerns itself 
with the capacity of ramps for which at least one of 
the connecting facilities is a freeway. The capacity 
of such ramps is controlled by one of three elements : 

• the ramp-freeway terminal 
• the ramp proper 
• the ramp-street system interface (generally 

an at-grade intersection) 

Procedures for analyzing the capacity of 
at-grade intersections are included in Chapter 6 of 
the 1965 Highway Capacity Manual (l)and in other 
parts of this circular, and are not treated herein. 
This chapter details procedures for ramp-freeway 
junctions, which are usually the critical element to 
consider, and for ramps proper. 

The design and operational characteristics of 
ramps and ramp-freeway junctions may have a great 
impact on the overall operation of a freeway. 
Merging and diverging vehicles will directly in
fluence freeway vehicles in the freeway lane adja
cent to the ramp, normally the lane nearest the 
outside shoulder (lane 1). Insufficient capacity at 
these merge and diverge points may create problems 
on the freeway itself, as exiting vehicles are 
prevented from leaving the freeway expeditiously, 
and entering vehicles cannot join the freeway stream 
smoothly. 

There is great variability in the physical 
design of ramps and ramp terminals. The procedures 
herein are primarily applicable to high-type de
signs, though, where noted, some relationships may 
be applied to substandard cases. Physical design 
standards for ramps and ramp terminals are given in 
AASHTO (2,3), and should be carefully considered. 

This chapter presents a discussion of ramp 
operational characteristics as well as specific 
computational procedures for capacity and Level of 
Service analyses. It treats the following subject 
areas: 

• the ramp-freeway junction 
• the ramp proper 
• ramp control 

The latter subject is treated qualitatively 
with general quantitative guidelines given. It is 
an area which will become increasingly important in 
urban area freeway operation, where construction of 
new or expanded facilities is difficult. 

Operational Characteristics 

A freeway ramp terminal is an area of competing 
traffic demands for space. Upstream freeway demand 
competes with on-ramp demand in merge areas. 
On-ramp demand is usually generated locally, though 
arterials and collector. streets may bring vehicles 

to the ramp from more distant or1g1ns. The freeway 
demand upstream of an on-ramp is the composite of 
demands on all upstream on- and off-ramps. In the 
merge area, on-ramp vehicles attempt to find gaps in 
the lane adjacent to the ramp (usually the shoulder 
lane, or lane 1). As the ramp volume increases, 
greater pressure is exerted upon lane 1 vehicles to 
move into other freeway lanes in order to avoid the 
turbulence in the merge area. 

The situation is a dynamic one in which both 
the freeway volume and the ramp volume are indepen
dent variables which could be altered by making 
changes in the ramp location and design or in the 
design of the upstream freeway itself. Ramp volumes 
may be controlled directly through the imposition of 
ramp control. 

Off-ramp operations are similar, though it is a 
diverging maneuver which takes place rather than a 
merge. Again, the principal interaction between 
exiting traffic and through vehicles occurs in lane 
1, upstream of the off-ramp. Exiting vehicles must 
occupy the lane adjacent to the ramp, and as their 
numbers increase, pressure on through vehicles to 
move into other lanes also increases. Where 2-lane 
off-ramps are present, the influence of diverging 
movements may spread over several lanes of the 
freeway. Again, given a basic freeway design and 
ramp location, the demand volumes involved are 
more-or-less independent variables, or inputs 
to an analysis. 

Procedures given herein treat ramp and freeway 
volumes as given inputs to a ramp capacity analysis, 
with Level of Service, or operational characteris
tics as the output. This is consistent in that the 
ramp is a point location whose detailed design or 
analysis would be considered only in conjunction 
with an overall facility whose design or charac
teristics have already been established. 

A ramp will operate properly only if the three 
elements of concern -- ramp-freeway junction, ramp 
proper, ramp-street system interface (if any exists) 
-- are compatably designed. 

1) 

2) 

Ramp-Freeway Terminal : the ramp-freeway junction 
should be designed to allow vehicles to enter or 
leave the freeway traffic stream at the normal 
speed of the traffic stream, that is, the design 
should be such that acceleration and decelera
tioA takes place on the ramp. This requires that 
adequate acceleration or deceleration lanes be 
provided, and that horizontal and vertical 
curvature near the ramp-freeway junction allow 
operation at appropriate speeds. Visibility is 
also a critical factor: on-ramp vehicles should 
have an adequate view of the adjacent freeway 
lane to allow timely selection of a gap in the 
freeway stream; off-ramp vehicles should be able 
to assess conditions at the gore area and on the 
ramp proper in time to permit appropriate 
driving decisions. Any factor which requires 
that merging or diveraing vehicles slow signif
icantly on the freeway itself will cause disrup
t ion to the smooth flow of traffic on the 
freeway. In extreme conditions, this disruption 
will spread to all freeway lanes. 

Ramp Proper: the ramp proper must be designed 
to carry the expected ramp volume under appro-
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priate operating conditions . It should provide 
for adequate storage of vehicles where queuing, 
particularly from signalized at-grade intersec
t ions, is expected. The storage of queued 
vehicles should not extend to a point on the 
ramp where it would interfere with exiting 
traffic at the ramp-freeway terminal. Ramps 
should also be designed to allow stalled or 
slow-moving traffic to be passed. This is a 
design requirement of AASHTO on ramps longer 
than 1000 feet. 

3) Ramp-Street System Interface: the nature of 
many ramp-street system interf ace points require 
that they be controlled in some way, either by 
signs or signals. The control aspects of these 
at-grade intersections are complex, particularly 
where diamond interchanges are concerned, and 
will not be discussed in these procedures. 
In general, the design and operation of inter
face points should minimize queue buildups on 
the ramp itself, subject to constraints imposed 
by street-side concerns. 

A ramp will operate efficiently only if all 
three elements have been properly designed. It is 
critical to note that a breakdown of any one of 
these elements will adversely affect the operation 
of the entire ramp . 

Ramp-Freeway Terminals 

The ramp-freeway junction is usually the 
critical element in ramp design and operation. 
Merging and diverging movements which occur at 
these terminals should take place at the speed of 
the freeway traffic stream and without disruption to 
that stream. 

Because merging and diverging maneuvers occur 
in the freeway lane adjacent to the ramp, the amount 
and character of traffic in th i s lane is a crit i cal 
concern. For the common case of a right-hand ramp, 
this is the lane next to the outside shoulder, which 
will be referred to herein as lane 1. Computational 
procedures, therefore, concentrate on estimatng 
of the volume in lane 1. In general, the volume in 
lane 1 of a freeway, a freeway, immediately upstream 
of a ramp is basically dependent on: 

1 the type of ramp (on-or off-ramp) 

1 traffic volume on the ramp (Vr) 

• total freeway volume, immediately upstream of 
the ramp (Vf) 

• the distance to adjacent upstream or downstream 
ramps (Du, Dd) 

1 the volume on the adjacent upstream or downstream 
ramps (Vu, Vd) 

The procedure presented herein a 11 ows for the 
analysis of isolated ramps, or ramps in association 
with one adjacent upstream or downstream ramp. 
Where a ramp has both an adjacent upstream and 
downstream ramp, it will enerall be considered 
t wi ce f i rst in co n unc on w1 e a 
upst r eam ramp, t en w1 t t e ownstream r amp. 1s 
procedure i s di scussed under "Computat ional Proce
dures for Ra~-Freeway Terminals " and illustrated 
under "Sample Problems." 

Figure 4.1 illustrates the various ramp config
urations for which direct procedures are available. 
Note that the case of an on-ramp followed by an 

off-ramp, with an auxiliary lane connecting them, is 
not considered a ramp configuration. These are 
considered to be ramp-weave sections which are 
analyzed using procedures presented in Chapter III. 
The procedures discussed herein are adapted from the 
1965 Highway Capacity Manual, but are simplified and 
modified based upon the results of the Weaving Area 
Operations Study, NCHRP Project 3-15(4). 

Because of the wide variety of ramp configura
tions, there will be cases that are not specifically 
covered by the procedures contained herein. In such 
cases, approximations may be made by utilizing a 
procedure most closely representing the case at 
hand. Such approximations will be discussed at 
greater length later in this chapter. 

A. Critical Elements for Consideration 

The computation of lane 1 volumes enables the 
evaluation of the following critical volumes, 
referred to as "checkpoint volumes": 

1 merge vo lume (V ) : merge volume equals the 
lane 1 volume pl~ the ramp volume which joins it 
at an on-ramp terminal, which is the entire ramp 
volume in the case of one-lane ramps, or the ramp 
volume in the lane adjacent to lane 1 in the case 
of two-lane ramps. A two-lane on-ramp may or may 
not be associated with a lane addition at the 
ramp. 

• diverge volume (V ): diverg e volume is the 
volume in lane 1 wRich divi des to a ramp volume 
and a volume continuing on the freeway at an 
off-ramp terminal. In cases of a two-lane ramp, 
there may be two such diverge volumes, one 
associated with each lane of the off-ramp. A 
two-1 ane off-ramp may or may not be associated 
with a lane drop at the ramp. 

• weaving volume (Vw) : in cases of an on-ramp fol

lowed by an off-ramp (without an auxiliary lane), 
functional weaving takes place between the ramps 
as on-ramp vehicles cros s the path of off-ramp 
veh icles . This weavi ng volume is usually ex
pressed as a uniform rate of weavi ng vehicles per 
500 feet (153 m.)of weavi ng l ength (the distance 
between r amps) . 

• freeway volume (Vf): for each ramp terminal, the 

total freeway volume should be checked against 
the criteria given in Table 2.1. For on-ramps, 
the check is made at a point immediately after 
the merge; for off-ramps , inmedi ate ly before the 
diverge. 

Figure 4.2 illustrates the relationship between 
these critical volumes. It is these volumes which 
determine the level of op er at ion of a particular 
ramp-freeway junction, and it is these volumes for 
which Level of Service standards are given. 

B. Level of Ser vice Criteria 

Level of Service criteria for merge (Vm),diverge 

(Vd), and weaving (Vw) volumes at ramp-freeway termi

nals are given in Table 4.1. These criteria are modi
fied from the 1965 Highway Capacity Manual Table 8.1 
to reflect uni ts of passenger cars per hour, uniform 
periods of flow (i.e. PHF = 1.00), and the freeway 
criteri a of Tabl e 2. 1. Cri ter i a for t ot a l freeway 
volume (V ) are t he same as t hose shown in Table 
2.1, wh ichf i s consu lted directly for th is checkpoint. 
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(a) Isolated on-ramp 

77 
(c) Adjacent on-ramps 

7 
(d) On-ramp followed by 

off-ramp 
(no auxiliary lane) 

~ 
(f) Lane addition 

(h) Major diverge 

FIGURE 4.1 

(b) Isolated off-ramp 

(d) Adjacent off-ramps 

)""') 7 
(e) Off-ramp followed by 

on•ramp 

• 

" (g) Lane drop 

( i) Major merge 

RAMP CONFIGURATIONS COVERED BY PROCEDURES 

TABLE 4.1 

CHECKPOINT VOLUMES AT RAMP-FREEWAY TERMINALS 
FOR UNIFORM FLOW RATES (PHF = 1.00) 

Level of Mer{ ea Oivergeb Weavec Volume per 500 ft.(153 m.) 
Service Volume pcph) Volume (pcph) of Weaving Length (pcph) 

A < 750 < 800 - -
B 7~1 - 1200 801 - 1300 

0 1201 - 1550 1301 - 1650 

0 1551 - 1800 1651 - 1900 

Ed 1800 - 2000 1901 - 2000 

F widely variable 

a. lane 1 volume plus ramp volume (for 1- lane ramps) 
b. lane 1 volume immediately upstream of off-ramp 
c. weaving vehicles between on-ramp, off-ramp pair per 

500 ft. (153 m.) of length 
d. capacity · 

NOTE: for total freeway service volumes, see Table 2.1. 

500 

501 - . 700 

701 - 1300 

1301 - 1550 

1551 - 2000 

211 
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-}vf v, ___ vrrrav, +v, 

~---

{a) Checkpoint volumes at an on-ramp 

(b) Checkpoint volumes at an off-ramp 

- -v, - -'-.../ V••--~--~ ~ /_,_ __________ ......._ 

/&/ '~ 
Ramp A Ramp 8 

(c) Checkpoint volumes atan on-ramp fol lowed by an off
ramp (no aux ii iary lane) 

FIGURE 4.2 

CHECKPOINT VOLUMES FOR RAMP-FREEWAY TERMINALS 

These criteria are intended to reflect volumes 
which can be accommodated while permitting the 
freeway as a whole to operate at the stated Level of 
Service in the vicinity of the ramp. Thus, for 
merge, diverge, and weaving volumes shown for Level 
of Service C, operation of the freeway as a whole is 
expected to be as described in Chapter 2 for basic 
freeway section Level of Service C, assuming V 
does not preclude this. Vehicles in lane 1 would b~ 
expected to experience some turbulence beyond 
th at experienced on open sections, but average 
speeds and densities equivalent to those in Table 
2.1 would, on the average, be maintained. The 
operation of merging, diverging, and weaving vehi
cles at each Level of Service is described in the 
paragraphs which follow. 

Level of Service A represents unrestricted 
operat10n. Entering and exiting vehicles have 
little effect on other freeway flows. Merging 
is smoothly accomplished with little or no speed 
adjustments required to fill gaps; diverge movements 
encounter no significant turbulence. 

At Level of Service B, entering vehicles may 
have to adjust their speed slightly to fill lane 1 
gaps, but exfting vehicles still experience little 
difficulty.. Vehicles not involved directly in 
merging and/or diverging maneuvers are not seriously 
affected. 

Level of Service C is the limit of relatively 
stable flow, though small changes in volumes may 
make the situation unstable. Both lane 1 and 
entering vehicles must adjust speeds to make smooth 
merges, and under heavy ramp flows, minor queuing on 
on-ramps may occur. Some slowing may also occur at 
diverge points. The operation of all freeway 
vehicles is somewhat affected due to a general 
increase in turbulence, but over a 11 speed and 
density is not seriously deteriorated. 

At level of Service D, smooth merging becomes 
di fficult, and both entering and lane 1 vehicles 
must frequently change their speed to achieve 
acceptable merging operations. Slowing at diverge 
areas also becomes noticeable. On heavily used 
on-ramps, queues may become a disruptive factor. 



Level of Service E represents capacity opera
tion. Merglng movements create significant turbu
lence, but continue without noticeable queuing. 
Diverging movements entail significant storing in 
the diverge area. Other freeway flow components 
attempt to avoid turbulence by moving towards the 
inside lanes. 

At Level of Service F, all merging is on a 
stop-and-go basis, and ramp queues and freeway lane 
1 backups are extensive. Much turbulence is 
created as vehicles attempt to change lanes to avoid 
merge and diverge areas. Considerable delay is 
encountered in the vicinity of the ramp terminal 
{and perhaps for quite a distance upstream on the 
freeway), and conditions vary widely from minute to 
minute, as unstable conditions create "waves" of 
alternately good and forced flow. 

As is the case for other components, design 
should preferably be at Levels of Service A and B. 
For some urban cases, Levels of Service C may also 
be an acceptable design level. The instability of 
Levels of Service 0 and E, however, particularly 
considering the accuracy of volume forecasts, makes 
design at these levels questionable. An underesti
mate of 200 pcph in ramp merge or di verge volumes 
may make the difference between Level of Service D 
operation and Level of Service E. 

II COMPUTATIONAL PROCEDURES FOR RAMP-FREEWAY 
JUNCTIONS 

When the design of a ramp is being considered, 
the ramp location and general freeway design are 
already determined (at least for a particular 
computat'ional tri a 1). Thus, ramp and freeway demand 
volumes are also known, and are inputs rather than 
outputs of the computation. In analysis as well, 
volumes are known. Given known geometrics and 
volumes, computational procedures are established to 
determine the existing Levels of Service. Thus, 
design iS accomplished by trial-and-error, assuming 
a configuration, applying forecasted volumes, and 
finding the resulting Levels of Service. 

This design procedure is not difficult as the 
number of possible designs in any given instance is 
generally limited. As other major elements of the 
freeway would already have been considered before 
specific location, rather than the design of a ramp 
terminal rrDre in question. 

A step-by-step computation al procedure for the 
analysis of ramp terminals is given below: 

(1) Establish the geometrics and demand volumes for 
the case under study. This includes adjacent 
ramp configurations. 

(2) Compute v1 , the lane 1 volume immediately 

upstream of the ramp in question using one of 
the nomographs included in the Appendix to this 
ch apter. Where no appropriate nomograph 
exists, v1 may be approximated using Table 

4.3 and Figure 4.3. Table 4.2 provides an 
index to aid in the selection of the appropri
ate nomograph. 

(3) Find the percentage of trucks in the lane 1 
volume, using Figure 4.6. 

(4) 

(5) 

(6) 

(7) 
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Convert all volumes in mixed vehicles (V1 , Vr, 

Vf) to pcph by dividing each by an appropriate 

adjustment factor for trucks, buses and re
creational vehicles. These factors are computed 
using the procedures presented in Chapter 2. 

Compute all checkpoint volumes. In general, 
for single-lane ramps {Figure 4.2 illustrates): 

V merge volume 
vdm= diverge volume = vl 

weaving volume; expressed as a rate 
per 500 ft. (153 m.) of length 

as a checkpoint is taken at a point 
just downstream of an on-ramp and just 
upstream of an off-ramp 

Convert a 11 checkpoint vo 1 umes to peak fl ow 
rates by dividing each by the PHF. 

Compare all converted checkpoint volumes to the 
criteria in Table 4.1 to determine Level of 
Service. 

Each of these steps is discussed in more detail 
and illustrated in the sect ions which fol low. 

STEP 1 - Est ab 1 i sh Ramp Geometry and Vo 1 umes 

In analysis, these two factors are known. In 
design, a geometric configuration will be assumed, 
and forecasted demand volumes are assigned to the 
freeway and ramp{s). 

The establishment of a configuration includes 
the type, location of, and volumes on adjacent 
ramps, and is the basis for selection of a nomograph 
or approximation procedure for use in analysis. As 
the nomographs primarily deal with ramp pairs, an 
individual ramp with both an adjacent upstream and 
downstream ramp will often be considered twice, 
as part of a pair with each. For initial purposes 
of this step, "adjacent" should consider adjacent 
ramps within 6000 feet of the ramp in ~uestion. 
Individual nomographs include more detailed criteria 
for when an "adjacent" ramp may be considered as 
being isolated, and when it must be considered as a 
combination with adjacent ramps. 

STEP 2 - Computation of Lane 1 Volume 

The computation of V is the critical step in 
any ramp analysis. Thes~ procedures provide 13 
nomographs for the computation of V1 under certain 
given configurations. In situatiol'ls not covered 
specifically by these, or where situations cannot be 
reasonably approximated by these, approximations may 
be made using Table 4.3 and Figure 4.3. Table 
4.2 provides an index to these procedures. 

Each of the nomographs included in The Appendix 
to this chapter contains a complete set of instruc
t ions for use, and details the conditions under 
which use is acceptable. These should be carefully 
noted, particularly where an approximation is 
involved. Special instructions for such cases are 
included. The equation for each nomograph is also 
prominently displayed. Where greater precision is 
desired, the di re ct use of the equation is recom-
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TABLE 4.2 

INDEX TO NOMOGRAPHS AND PROCEDURES FOR ANALYSIS OF RAMP TERMINALS 

4-L ane Freeway 
Configuration (2 lanes ea.dir.) 

1st Ramp 2nd Ramp 

Isolated One-Lane 
On-Ramp 

Fig.A4.1 -
/ 

Isolated One-Lane 
Off-Ramp 

Fig.A4.2 -
""-

AdJacent une-Lane 
on-Ramps 

ry2ny 
Fig.A4.1 Fiq.A4.5 

Adjacent One-Lane 
Off-Ramps see 

note 1 Fig.A4.2 
lst'\.2nd'\ 

On-Ramp Fo I lowed 
by Off-Ramp 

/I st 2na'\ 
Fig.A4.1 Fig.A4.3 

Off-Ramp Fo ! lowed 
by On-Ramp 

Treat as Isolated 
~st 2~ 

Loop Ramps 

Fig.A4.4 Fig.A4.3 

c J 
Two-Lane On-Ramps 
- - - - - - - - - N.A.* -
-7// 
Jwo-Lane Utt-Ramps 

--------- - N.A.* 

~~ 

mended, though in most cases, the precision 
provided by the nomographs is adequate. 

Tabl e 4.3 and Figure 4.3 are used onl where 
nomo graphs are not available for the par i cular 
configuration being considred. Table 4.3 and Figure 
4.3 were calibrated in California usinq data for 
primarily Level of Service D (as defined in the 1965 
HCM). When used, they yield approximate results. 

Lane 1 volumes are computed by obtaining the 
percent age of ;'through" vehicles in lane 1 from 
Table 4.3, the percentage of off-ramp vehicles in 
lane 1 from Figure 4.31 and/or the percentage of 
on-ramp in lane.1 from 'Fi gure 4.3II. Total lane 1 

6-Lane Freeway 8-Lane Freeway 
(3 lanes ea.dir.) (4 lanes ea.dir.) 

1st Ramp 2nd Ramp 1st Kamp i:'.nd Ramp 

Fig.A4.6 - Fig.A4.9 -

Approximate 
usinq Table 

Fig.A4.7 - 4.3 and -
Fig.4.3 

Approximate Approximate 
usinq Table using Table 

Fig.A4.6 Fig.A4.8 4.3 and 4.3 and 
Fig.4.3 Fig. 4.3 

Approximate Approximate 
see using Table using Table 
note 2 Fig.A4.7 4.3 and 4 .3 and 

Fiq.4.3 Fig.4.3 

Approximate 
usinq Table 

Fig.A4.6 Fig.A4.7 Fig.A4.10 4 .3 and 
Fig.4.3 

Fig.A4.6 Treat as Isolated Ramps 

Approximate 
using Table· 

Fig.A4.6 Fig.A4.7 Fig.A4.10 4.3 and 
Fig.4.3 

F1g.A4.11 N.A.* -

- Fig.A4.12 - N.A.* 

volume is the sum of these elements, where a 
"through" vehicle is defined as one not involved in 
~ ramp movement within the configuration being 
consi dered. 

The followinq brief examples illustrate the 
computation of v1 using the nomographs, as well as 

by Table 4.3 and Figure 4.3. 

a. Example a - Nomograph Procedure 

Find the lane 1 volumes upstream of ramps A 
and B as illustrated below: 



TABLE 4.2 (cont.) 

4-Lane Freeway 6-Lane Freeway 8-Lane Freeway 
Configuration (2 lanes ea.dir . ) (3 l anes ea.dir .) {4 lanes ea. di r . ) 

1st Ramp Znd Ramp ! s t Kamp Znd Kamp ist Kamp znd Ramp 

Addition of Lane I I I 
at on-Ramp 

Merge criteria in Table 4.1 may be applied directly to the on-ramp ---- - ---- volume as a checkpoint. 
--y -----

I 

Dropping a Lane 
at Off-Ramp 

--------- Diverge criteri a in Table 4.1 may be applied di rectly to the off-ramp 
volume as a checkpoint. -----~ 

I I I I I ' MaJor Junctions Assume t hat Ramp Lane B earn es an amount of traff1c equal to tne 
merge checkpoint volume in Table 4.1 for the assumed Level of Service . 

Tane-i-----
Ramp Lane A t hen car ries t he remain i ng ramp traffic . Compute Lane 1 
volume using Figure A4. 1 (4- l ane f reeway) , A4 .6 (6-l ane freeway) , or 

0/= A4 .9 (8- l ane fr'eeway), enterin9 with V = Ramp Lane A vol ume. Find 
checkpoint Level s of Service . ContinGe computat i ons until assumed 
level agrees with results. 

Major Forks 
(Diverges) ------=- N.A.* Fig.A4.13 N.A.* - - - - -----

<" --- ...... -~ 
* Not Available 

TABLE 4. 2 NOTES 

1) Us e Fi gure A4.2 to find v1 in advance of t he first ramp, but enter 
with a V which i s equal t o t he tota l vo l ume on both off-ramps. 
Th is t ecHniq ue i s vali d where t he distance between ramps is less 
th an 800 ft. (243. 8 m. ). Where t he distance between ramps is 
between 800 and 4000 f t. (243.8 and 1219.2 m. ), use Table 4. 3 and 
Fi gure 4 .3 t o app roximate th e si tuation. Where the dis tance 
between r amps is 9reater th an 4000 ft. (1219.2 m. ), the ramps are 
treated as if t hey were independent (isolated). 

2) Use Figure A4. 7 t o fi nd v1 in adv ance of t he fi rst ramp , but enter 
with a V whi ch is equal to the total vol ume on both off-ramps. 
This t.ectfni que is vali d where the dist ance between ramps i s less 
than 800 ft. (243.8 m. ) . For ot her di stances, see note 1 above. 

215 



216 

TABLE 4.3a 

APPROXIMATE PERCENTAGE OF THROUGHb TRAFFIC 
REMAINING IN LANE 1 IN THE VICINITY OF RAMP TERMINALS 

Total Through Throuqh Traffic Remaini ng in Lane 1 
Volume, One 8-Lane 6-Lane 4-Lane 
Direction ( vph) Freeway Freeway Freeway 

I. 

II. 

>6500 10 --

6000-6499 10 --

5500-5999 10 --
5000-5499 9 --

4500-4999 9 18 

4000-4499 8 14 

3500-3999 8 10 

3000-3499 8 6 

2500-2999 8 6 

2000-2499 8 6 

1500-1999 8 6 

<1499 8 6 -

Percentage of Off-Ramp Traffic Present in Lane 1 at 
Various Distances from Ramp 

Percentage of On-Romp Traffic Present in Lane 1 at 
Various Distances from Ramp 

NOTE: !f percentage found in this figure is less than the percentage of 
through volume in lane l (given in Table 4. 3), use the percentage 
qiven for through volume (Table 4.3) 

FIGURE 4.3 

PERCENTAGE OF RAMP VEHICLES 
IN LANE 1 

(adapted from Reference l, Figure 8.23a) 

--
--
--
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--
--
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l"ll~--1000 ft--... ~ 
4000_ 

vph - V1A -- V1e- ----

~oo~~~ 
-49~ A -49~ 8 

From Table 4.2, Figure A4.6 is used to 
compute the lane 1 volume immediately up
stream of ramp A(V1A), while Figure A4.8 is 
used for ramp B(V1B). 

Note that the use of Figure A4.6 for ramp A 
is an approximation. Following instruction 
No. 3 under "Conditions for Use," a value of 
5 will be used for 640 V /D , as no down
stream off-r amp exi sts (Hn Sn-ramp -ex ists 
here). Further, ins truction 2 requires that 
Vu be taken as 50, as no upstream off-ramp 
exists. Thus, using the equation directly: 

v1 = -121 + 0.244Vf - 0.085 Vu 
+ 640 Vd/Dd 

where: Vf = 4000; Vu= 50; 640 Va/Dd = 5 

VlA = -121 + 0.244(4000) - 0.085(50) + 5 

v1A = 856 vph 

Figure 4.4 illustrates the same solution 
using the nomograph, v1A = 860 vph. The 
difference between computed and nomograph 
values is due to the scale precision of the 
nomograph. <-

Figure A4.8 may be applied directly for the 
solution of lane 1 volume immediately up
stream of ramp B. Note that for ramp B, 
Vf is equal to 4000 vph plus the 400 vph 
entering at A, or 4400 vph. Us ing the 
equation: 

v1 = 574 + 0.228 vf - 0.194 vr 

- 0.714 Du + 0.274 Vu 

where: Vf 4400, Vr = 500, Du 

= 1000, vu = 400 

VlB 574 + 0.228(4400)-0.194(500) 

- 0.714(1000) + 0.274(400) 

v1B = 876 vph 

Figure 4.5 illustrates the same solution 
using the nomograph, VlB = 870 vph. The 
difference between computed and nomograph 
solutions is once again due to the scale 
precision of the nomograph. 

b. Example b: Approximate Procedure 

Find the lane 1 volume upst~eam of ramp B, as 
illustrated below: 

5000----~~l·====-75~0~f~t====·l!...,_~~
vph----.--------

In this problem, the lane 1 volume for the 
second ramp is the desired solution. Table 4.2 
indicates that the approximate procedure of 
Table 4.3 and Figure 4.3 should be used in this 
case. (See "Adjacent On-Ramps-2nd Ramp-8-lane 
freeway".) 

v1 for this problem will consist of two 
components: the "through" vehicles remaining 
in lane 1 and the upstream on-ramp vehicles 
remaining in lane 1. 

Table 4.3 is used to compute the number of 
through vehicles in lane 1. The number of 
vehicles NOT involved in any ramp maneuvers 
(through vehicles) is 5000. From Table 4.3, 9% 
of these remain in larie 1. Therefore: 

V1(through) = 0.09 x 5000-= 450 vph 

Figure 4.3 is used to compute the amount of 
adjacent ramp traffic in lane 1 at the point in 
question. The point in question is located 750 
ft. downstream of the adjacent on-ramp. 

From Figure 4.3, case II, and interpolating 
between 500 ft. and 1000 ft., 80% of on-ramp 
traffic is still in lane 1 at a point 750 
ft. downstream. Therefore: 

v1(on-ramp) = 0.80 x 600 = 480 vph 

and: v1 = 450 + 480 = 930 vph 
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v, 
F"t:!W&T 'VOLUME 

UPSTR!AM OJo 
OM-RAMP 

VPH 

6200 

5400 

4600 

3800 

3000 

2600 
2400 

SOLUTION 

V1 
VOL UM( 

IN LAN( 1 
UPSTREAM OF 

VPH 
( 640;.;) 

900 

Vu 
(S!E NOTE Z I 
VOLUME OF 
AOJACENT 

UPSTA!AM 
OFF•AAMP 

VPH 

50 
100 

200 

300 

400 

500 

600 

700 

800 

900 

1000 

1100 

Vd 
<SEE NOTE ~I 

VOLUlll( OF 
AOJACENT 

OOWNSTAEAM 
OFF·AAMP 

VPH 

50 
100 

200 

300 

400 

500 

600 

700 

800 

900 

1000 

1100 

1200 

1300 

DIAGRAM: --
\\" I • u 0 u 

CONDITIONS FOR USE: 
l) 

2) 

3) 

4) 

Single lane on-ramps on 6-lane freeways with or without upstream and/or 
downstream off-ramps, with or without acceleration lane. 

If there is no upstream off-ramp within 2600 ft., use V =SO. 
u 

If there is no downstream off-ramp within 5,700 ft., and Vf < SOOO vph, 
use 640 Vd/Od=S, and skip step 2 below. 
Normal ranQe of use: ~f=2400 to 6200vph; V =SC to llOOvph; Vd=50-1300vph 

- Vr~lOd to 1700vph; odY900 to 5700 ft.; ou=900-2600 ft. 

STEPS IN SOLUTION: 
l) 

~) 

3) 

Draw a line from vf value to v u value, intersecting turning 1 ine 1. 

Draw a 1 ine from vd value to od value, intersecting 640 Vd/Dd 
Draw a line from the steo 1 intersection with turning line 1 to 
Vd/Od value of step 2; read solution at intersection with 

FIGURE 4.4 
AN ILLUSTRATION OF A NOP()GRAPH SOLUTION FOR 

VlA OF EXAMPLE 1 USING FIGURE A4.6 

vl 

1 ine. 
the 640 

1 i"e. 



"' SOLUTION 
v, Vr 

~"!!W.t.Y VOl.Ullll 
ZNll o. "• 

'IOI.UM( Ul'STllUM U"9TllUll O' ~H£ I VOLUME 
U"9TllUll 0' ON-llAMI' DISTANCE TO 

ZNO. ON-11.t.W 
Z NQ ON-11.t.MP VOl.U .. UP!Tll£.t.M ON-A.t.111' 

""" Vl'H Vl'H Olt-llAMP I FEt: Tl '/l'H 
5400 

5000 

4600 

4200 

3800 

3400 

3000 

2600 

2200 

1800 

100 soo 

200 

300 
600 

400 
LINE 1 .. soo 

! 700 ... 
600 1100 

"' 700 ... .. z z 
:::; 
~ 
i a: 
~ 

:::; 

800 800 ~ 

! 
z z 
~ -... 

100 
1400 

~soo 1100 

EQUATION: V1 = 574 +0.228Vf-0.194Vr-0.714 Du 
+ 0.274 Vu 

- --Ou- --
DIAGRAM: , 

v · -

7~~ 
Vu Vr 

CONDITIONS FOR USE: 

1400 

1300 

1200 

1100 

1000 

900 

800 

700 

600 

500 

400 

300 

200 

100 

1) Single la,ne on-ramps on 6-l ane freeways with adjacent upstream 
on-ramps, with or without acce ler ation lanes. 

2) Normal range of use: Vf '" 1800 to 5400 voh; Vr = 100 to 1500 vph 

Vu '" 100 to 1400 vph; Ou '" 500 to 1000 ft. 

STEPS IN SOLUTION: 
1) Draw a line from Vf value to Vr value, intersecting turning line 1. 

2) Draw a line from Vu vaJue to Ou value, intersecting turning line 2. 

3) Draw a line from intersesction of step 1 to that of step 2; read 
solution on v1 line. 

FIGURE 4.5 
AN CLLUSTRATION OF A NOPIOGRAPH SOLUTION FOR 

v18 CN EXAfllllLE 1 USING FIGURE A4.8 
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STEP 3 - Convert All Volumes to PCPH 

Volumes v1, Vr, and the total freeway volume 
should now be converted to pcph units . Volumes in 
mixed vehicles per hour may be converted to pcph by 
dividing by the appropriate cornnercial/recreational 
vehicle correction factor, from Table 2.8. 

Before V 1 may be appropriately converted, it 
is necessary to find the percentage of trucks in 
v1 . Truck distribution is not uniform across 
all freeway lanes, as trucks tend to concentrate in 
right-hand lanes. 

Figure 4.6 illustrates the average percentaae 
of total trucks which will be in lane 1 un er 
various cond i t ions. This percentage may then be 
converted to one which represents the proportion of 
trucks in vl. 

Consider Ramp A of Example a in the previous 
section . For a 6-lane freeway, the following was 
given: 

Vf = 4000 vph (before merge) 

vr = 400 vph 
vl = 856 vph (computed) 

If the freeway volume includes 8% trucks, and the 
ramp volume 10% trucks, what percentage of v1 is 
trucks, and what wi 11 the truck percentage for the 
freeway be at a point just beyond the merge? 

Entering Figure 4.6 with a volume of 4000 vph 
(read on scale as 40), rising vertically to the 
"6-1 ane freeways" curve and projecting horizontally, 
it is found that 52% of all trucks will be in lane 
1. Then: 

~ 100 
w 
z 
<( 
_J 

z 80 -
(/) 
~ 
u 
:::> 
0:: 
I- 60 
_J 

~ 
0 
I-
LL. 40 -
0 

4-LANE FREEWAYS 

6-LANE FREEWAYS 

Sample solution 

I- I z 

Number of trucks on freeway = 0.08 x 4000 = 320 
Number of trucks in lane 1 = 0.52 x 320 = 166 
% trucks, lane 1 = (166/856) x 100 = 19.4% say 19% 

Number of trucks on freeway (after merge) 
=320+(400x0 .10)=360 

Total freeway volume (after merge) = 4000 + 400 
= 4400 

% trucks, freeway(after merge) = (360/4400)x100 
= 8.2% say 8% 

Once these percentages are established, each volume 
may be converted to pcph by dividing by the appro
priate truck factor, extracted from the appropriate 
tables in Chapter 2. In this case, assuming level 
terrain for the segment in question: 

volume % 
* ** volume item (vph) trucks ET Q (pcph) 

freeway vol . 
(before merge) 4000 8 2 0.93 4000/0.93 

=4,301 

freeway vol . 
(after merge) 4400 8 2 0.93 4400/0.93 

=4,731 

ramp volume 400 10 2 0.91 400/0.91 
= 440 

1 ane 1 vol ume 856 19 2 0.84 856/0 .84 
=1,019 

* Table 2 .4 ** Table 2.8 

Having converted all component volumes to pcph, 
it is now possible to compute checkpoint volumes 
directly. 

w I :::= :. ~ 20 ~~_._~~1~-'-~--L-~_._~~1~-'-~~_._- ~_._~_.__~_._~~~~----'1'----L~-
w 0 10 20 30 40 50 60 70 
n.. FREEWAY VOLUME ( 100 VPH) 

FIGURE 4.6 - TRUCK PRESENCE IN LANE l 

(Source: adapted from Refs. l and 4) 



STEP 4 - Compute Checkpoint Volumes 

For each ramp analysis, there are up to four 
checkpoint volumes for each ramp, or pair of ramps: 

1 merge volume (Vm) - in any merge situation, 
two lanes will join to form a single lane. The 
merge vo 1 ume is the sum of the vo 1 umes in the 
two lanes which join. In the standard case of a 
one -1 ane, right-side on-ramp , the merge vo 1 ume 
is the sum of the ramp vo lu me (Vr) and the 
vol ume in lane 1 inmediately prior to the merge 
(Vl). 

1 diverge volume (Vd) -the diverge volume is the 

total volume in a freeway lane immediately 
upstream of a point at which that lane divides 
into two separate lanes. For the case of a 
one-lane, right-side off-ramp, this is equal to 
the volume in lane 1 (V1). 

© 
I 
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1 total freeway volume (Vf) - total freeway 

volume must be checked at critical points. It 
is always checked inmediately upstream of an 
off-ramp and immediately downstream of an 
on-ramp. 

1 weavi ng volume (Vw) - in cases where an on-ramp 

is followed by an off-ramp (with no continuous 
auxiliary lane connecting them), the amount of 
weaving volume per 500 (153 m.)feet of length is 
used as a criteria. Thus, for 800 weaving 
vehicles in a 1000 ft. (305 m.) length, Vw 
would equal 800 (500/1000) or 400. 

Figure 4.7 illustrates the computation of check
point volumes. Note that for the problem illus
trated, only one freeway volume check is made for 
both ramps, at the point of maxi mum freeway volume 
which occurs anywhere between the two r-amps. Note 
further that the computation of weaving volume 

~ 
I 
I 

® 
I 

--1 v;=-T __ _ 

·~~ 
I 

L • 1~00 ft. 

CHECKPOINTS 

( t) Mergt (immediately after on-ramp) at Po int G) : 

(2) Diverge (immediately before oft-ramp) at Point @: 

(3) Freeway Checkpoint Volume (upstream of off-ramp 

between the ramps) at Point ~ : 

(4) Weaving Volume (assuming that none of the on-ramp 
vehicles also use the off•ramp }, per 500 ft (153m.) 
of length: 

~ 
~ 

FIGURE 4.7 

COMPUTATION OF CHECKPOINT VOLUMES FOR A 
CASE OF AN ON-RAMP FOLLOWED BY AN 

OFF-RAMP 
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per 500 feet (153 m.) of weaving length requires the 
assumption that none of the on-ramp vehicles exit by 
the off-ramp immediately downstream. In some cases, 
the actual component flows may be known, and no 
assumption would be necessary. 

STEP 5 - Convert All Checkpoint Volumes to Peak Flow 
Rates 

Before comparing checkpoint volumes to the 
criteria given in Table 4.1, they must be adjusted 
to reflect uniform peak flow rates rather than 
full -hour volumes . This is done by div id ing each 
checkpo int volume by t he PHF . Off -peak per iods may 
be check ed by using any per iod in which flow rates 
are uniform. 

STEP 6 - Find the Level of Service 

The Level of Servi ce for a gi ven an alysis is 
fou nd by compar i ng t he checkpoi nt vol umes (expressed 
as peak flow r at es) for me r gi ng , di verg ing, and 
weaving wi t h t he cr iteri a given in Table 4.1. Total 
freeway volume is checked versus the criteria given 
in Table 2 .1 . 

I n many cases , t he various oper ational elements 
(merge , di ver ge , weaving, total volume) will not be 
in ba1ance , . i .e ., t he Leve l of Servi ce for the merge 
may be different than for the diverge , etc. In 
such cases , th.e worst res u 1 tant Level of Service is 
assumed to govern the section in question. Further, 
the analysis will clearly indicate which element or 
elemerts of operation are cont ro ll ing the situation. 
Thus, if a mer ge volume i s creat ing a difficulty, 
efforts at impr ovement shoul d be keyed to the design 
and operat ion of t he merge poi nt, r ather than other 
element s. 

SPECIAL CASE - 10 Lan e Fre ew a s 5-lanes in each 
irect ion 

Ten -lane (fi ve l anes in one di rection) freeway 
sections i n urban areas is becoming more frequent. 
Often, t hese segme nts in vo lve ramp junctions which 
need to be des igned or analyzed. Wh i le no speci fic 
pro cedures for t he consi der ati on of su ch ramps 
ex ist, Ref . 5 cont ains an appr oximate procedure 
wh ich is usefu l. 

Table 4.4 shows approximate standards for 
considering 10-lane sections as equivalent B-lane 
segments by computing an equival ent freeway volume 
which when used in conjunct ion with procedures for 
8-lane fr eeways , results in t he same lane 1 volumes 
as exist on 10-lane freeways. 

Thus, in the case of an off-ramp on a 10-1 ane 
freeway carrying a volume of 6400 vph, procedures 
for a similar confi gurati on on an 8-lane freeway 
would be used, but with a freeway vqlume of: 

6400 x 0.85 = 5440 vph 

The lane 1 vo lume computed in this way is an appro
ximation of the actual lane 1 volume occurring on 
the 10-lane freeway. 

When considering such segments, other special 
considerations include: 

(1) trucks in lane 1 - truck presence may be 
computed using the 8-lane freeway curve in 
Figure 4.6. This is a "worst case" assumption, 
as little information exists concerning truck 
distribution on 10-lane freeways. 

(2) freeway vo l ume - the freeway volume check may 
be made di rect ly in Table 2.1, and does not 
require an approximation. The 10-1 ane freeway 
may be checked directly using the actual 
freeway volume. 

SPECIAL CASE - Left-Hand Ramps 

While not normally recommended, left-hand ramps 
do exist on some freeways , and often occur on 
collector-distributor roadways. 

Refe rence 5 aqain contains an approximate 
procedure for treating such ramps, which involves 
two modifications to normal procedures: 

(1) l ane i vo l umes The freeway l ane of int erest 
is not lane 1 in t he case of left -hand ramps, 
but l ane i , the left-most lane of the freeway 
adj acent t o t he r amp. To compu te l ane i 
volumes, which are generally higher than 
corresponding lane 1 volumes, the lane 1 volume 
is computed as norma·lly done. Then: 

lane i volume 1.25 x lane 1 volume (on-ramps) 
lane i volume = 1.10 x lane 1 volume (off-ramps) 

(2) truck presence The percentage of trucks 
present in lane i is approximated as follows. 

For 4-lane freeways, the percentage of t hrou~h 
trucks is 25% of total through trucks on t e 
freeway. In the case of on-ramps, no udditional 
trucks would be in lane i, but in the case of 
off-ramps, ALL exiting trucks would be in lane 
i. 

TABLE 4.4 

Ramp Type 

ENTRANCE 

EXIT 

CONVERSION FACTORS FOR CONSIDERATION OF 
RAMPS ON TEN-LANE FREEWAYS 

Freeway Volume (5-lane segment) 

all volumes 

< 4000 - vph 

4001 - 5500 vph 

5501 - 7000 vph 

> 7000 vph -

Conversion Factor 

0.78 

1.00 

0.90 

0.85 

0.80 



For 6-or-more-lane freeways, no through trucks 
are assumed to be in lane i .- As with 4-lane 
freeways, no on-ramp trucks would be in lane i 
prior to the ramp junction, but ALL off
ramp trucks would be in lane i. 

EFFECTS OF RAMP GEOMETRY - A Qualitative Treatment 

There is no question that the specific geomet
rics of a ramp terminal can affect its operation. 
Such characteristics as grade, the differential 
between freeway and ramp grade, an!'.jle of conver
gence, len!lth of acceleration and deceleration lanes 
and others influence the overall operation and, 
perhaps, the capacity of a ramp . 

Unfortunately, there is little in the way of 
quantitative information in this regard. A study by 
Wattleworth, et al (7} resulted in observations of 
the effects of geometric parameters on speed distri
butions at on-ramps, but these are difficult to 
relate to capacity and service volume. 

In a textbook by Drew (8) he develops a method
ology for on-ramp merge "capacity" based upon 
gap-acceptance models, calibrated with a small data 
base. The technique al lows for the effect of 
varying angle of convergence and length of au xiliary 
lane. While the Drew technique cannot be directly 
integrated into the procedures presented herein -
his use of the term "capacity" is not synonomous 
with the use herein, or in the 1965 HCM - it can be 
used to illustrate the potential effect of angle 
of convergence and acceleration 1 ane 1 ength on 
capacity and service volume . 

Table 4.5 illustrates the percentage of gaps 
accepted by merging vehicles for various combina
tions of angle of convergence and length of acceler
ation lane. The table is based upon an "ideal" case 
of 2° convergence angle and a 1200-foot (365.8 m.) 
acceleration lane. It is also based upon a lane 1 
volume of 1000 vph, although similar percentages 
could be shown for other v1 values. 

USERS OF THI S DOCUMENT SHOULD BE CAUTIONED THAT 
THIS TABLE IS ONLY ILLUSTRATIVE. IT CANNOT, FOR 
EXAMPLE, BE USED TO MODIFY THE RESULTS OF PROCEDURES 
PRESENTED HEREIN, AS THOSE PROCEDURES DO NOT REPRE
SENT THE "IDEAL" CASE ASSUMED BY DREW. INFACT, THE 
DATA BASE FOR THE PROCEDURES INCLUDES NUMEROUS 
"SUB-IDEAL" CASES BY THE CRITERIA OF TABLE 4.5. 

TABLE 4.5 IS MEANT, THEREFORE, TO PROVIDE A 
GENERAL INSIGHT INTO THE POTENTIAL EFFECTS OF THESE 
TWO IMPORTANT DESIGN PARAMETERS, RATHER THAN TO 
SERVE AS A SPECIFIC COMPUTATIONAL DEVICE . 
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Designers should be careful to provide for 
adequate geometric design, as defined in AASHTO 
policies (2,3), and analysts should be aware that 
poorly designed ramps may not operate with the 
conditions specified herein. Nevertheless, the 
field studies upon which the 1965 HCM was based 
showed some remarkably high merge volumes at such 
poorly-designed ramp junctions, where almost all 
traffic consisted of "repeat" drivers familiar with 
the site. Many such cases were included in the 
calibration of the procedures presented herein. 

III. COMPUTATIONAL PROCED URES FOR RAMPS PROPER 

There is very little information concerning 
operational character istics on ramps proper. 
Because most pr obl ems occur at ramp terminals, 
most quantitat ive studies have been concerned with 
terminal operations, not the ramp itself. 

Some basic design standards exist in AASHTO 
pol icies (3) but these are not related to specific 
operat ional characteristics . J. Leisch (5) has 
adapted this materi al to provide a broader set of 
criteria, but aga in, they are not re lated to speci
fic operational characteristics. 

Ramps differ considerably from the freeway 
mainline in that: 

1) they are roadways of limited length and width 
(often one l ane) 

2) the design speed of the ramp is frequently 
lower than that of the roadways it connects 

3) on single-lane ramps, where passing is not 
possible, the adverse effect of trucks and 
other slow moving vehicles is more pronounced 
than on a multi-lane roadway 

4) ac.ce lerat ion and deceleration often takes pl ace 
on the ramp itself 

5) at ramp-street system interfaces, queuing may 
develop on the ramp. 

Because of these distinct characteristics, it 
is difficult to adjust basic freeway criteria to 
approximate criteria for ramps . Reference 5 gives 
instructions for estimating the approximate capacity 
of ramps. Service volumes for other Levels of 
Service are not as easily found, nor are there clear 
defin itions of what type of operation is associated 
with each .Level of Service. Table 4.6 gives appro
ximate service volumes for ramps. Capacity esti
mates were generated from Reference 5. For consis-

TABLE 4.5 
THE EFFECT OF RAMP GEOMETRICS ON GAPS ACCEPTED BY MERGING VEHICLES* 

(% of ideal case) 

angle of lenqtb of acceleration lane 
convergence 1200 ft. lUOO ft. 8uu ft. 600 ft . 4UU tt. 

2· 100.0 96.8 90.3 64.5 32.3 
4• 80.6 77 .4 48.4 32.3 17.7 
5• 45 .2 45.2 32 .3 24.2 11.3 
8. 33.8 33. 8 25.8 15.5 9.7 

10· 32.3 32 .3 24.5 13.5 8.1 

* for vl 1000 vph 
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TABLE 4.6 

APPROXIMATE SERVICE VOLUMES FOR SINGLE LANE* RAMPS 
(PHF = 1.00; PCPH) 

Level of RAMP DESIGN SPEED mph (kph) 
Service go(32J 20-30 30-40 40-50 > 50 -

A ** ** ** ** 700 
B ** ** ** 1000 1050 
c ** ** 1125 1250 1300 
D ** 1025 1200 1325 1500 
E 1250 1450 1600 1650 1700 
F widely variable 

* for 2-lane ramps, multiply above values by 1.7 for< 20 mph 
1.8 for 20-30 mph 
1.9 for 30-40, 40-50 mph 
2 .0 for 2_ 50 mph 

** Level of Serv1ce not achievable due to restricted design speed. 

tency, other Leve ls of Service were specified at 
v/c ratios similar to those for the same level on 
basic freeway segments. Extant data does not permit 
each level to be precisely described in terms 
of operating characteristics. 

These values may be adjusted for non-passenger 
vehicle presence and lane width-1 ateral clearance 
restrictions using the appropriate factors from 
Chapter 2. Their use in this context, it should be 
remembered, is approximate. 

It should be noted further that Table 4.6 
refers only to the ramp proper. Even though up to 
1700 pcph may be accommodated in a single-lane 
ramp, this does not guarantee that they can be 
accommodated in a single-lane ramp-freeway terminal. 
As a general rule-of-thumb, where volumes exceed 
1500 pcph, a two-1 ane ramp and a two-lane ramp 
freeway terminal are needed. 

Further, even where a one-lane ramp and ter
minal is sufficient from the capacity point of view, 
a two-lane ramp is generally provided if: 

1 the ramp is longer than 1000 feet, to provide 
opportunities to pass slower moving vehicles. 

1 queues are expected to form on the ramp from a 
controlled ramp-street junction, to provide 
additional storage. 

1 ramp is located on a steep grade or has minimal 
geometrics. 

If a two-lane ramp is provided for any of the above 
reasons, it is usually tapered to a single-lane 
prior to the ramp-freeway junr.tion , 

Two lane loop ramps are normally not be pro
vided due to the restrictive geometry of a loop. In 
such cases, flush shoulders are generally provided 
with sufficient width to allow stalled vehicles to 
be passed. In cases where two-lane loops are 
provided, lanes must be wider than 12 feet. 

The guidelines included here are most useful in 
design, where alternate ramp configurations may be 

developed for detailed analysis using the ramp
freeway terminal procedures. In analysis, total 
ramp volumes may be quickly checked to insure that 
adequate capacity is provided. Rarely, however, 
will the ramp proper itseif be a controlling 
factor in either design or analysis. 

IV. RAMP-STREET SYSTEM INTERFACE 

These procedures do not treat the subject of 
ramp-street system interfaces. The 1965 HCM contains 
detailed procedures for the analysis of signalized 
at-grade intersection. A procedure for unsignalized 
intersections is included as an interim capacity 
material elsewhere in this circular. 

Where the ramp-street interface is a high-type 
design the procedures for ramp-freeway junctions may 
be used to approximate conditions. 

V. RAMP METERING 

Ramp metering has been used as an effective 
method of improving freeway operations at a number 
of on-ramp locations, and is now a generally ac
cepted practice. It has the following advantages 
related to facility capacity: 

1 it al lows the full capacity of downstream 
sections to be effectively utilized by avoiding 
upstream bottle-necks which prevent demand from 
reaching capacity levels; 

1 it sometimes permits a desired Level of Service 
to be attained and maintained on the facility. 

In addition, it has specific operational advantages 
at particular problem sites. For instance, it has 
been used successfully to enhance safety in cases of 
poor sight distance or short ramps. It has also 
been used to disperse platooned arrivals from 
signals at local streets. 

Reference (9) is an important treatment of 
"Urban Freeway Survei 11 ance and Contra 1: The State 
of The Art, 11 and addresses both ramp metering and 
the system use of ramp controls. Within the context 



of the present document, attention will focus on 
basic concepts and their relation to unmetered 
ramps. 

A. Types of Ramp Metering 

There are several levels of ramp-metering: 

• fixed time metering 

• real time metering 

• gap-acceptance metering 

• greenband meterin~ 

Fixed time metering uses a pre-selected ramp 
si gnal timing rate, usually employing pretimed 
controllers. This rate may vary by time of day. 
The signal normally rests in the red indication. 
The green is initiated by an on-ramp vehicle cross
ing a detector. Thus, an approaching vehicle is not 
confused by changing signal indications on an empty 
ramp. 

Real-time meterina uses a mainline sensor to 
estimate the currentemand, from· which the permis
sible ramp flow is computed using a predetermined 
relationship. The ramp signal entry rate is then 
adjusted in cognizance of this level. 

Gag-acceptance metering is intended to match 
entering vehicles to specific gaps in the lane 
adjacent to the ramp, to enhance the probabil
ity that they will enter the freeway stream eff i
ci ently and to lessen potential conflicts. Sensors 
in lane 1 are used to detect gaps which are then 
projected forward to the merge area. 

Greenband meterin~ is an additional level of 
sophistication which a ds a series of closely spaced 
signals on the ramp which display a green progres
sion leading the ramp vehicle to the merge in a more 
precise fashion. Although specific applications may 
find special use for these versions, most installa
tions are of the simpler types described in previous 
paragraphs. Applications of this type of metering 
have not been successful to date. 

The basic set-up of a ramp-control installation 
is illustrated in Figure 4.8. 
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B. Implications on Capacity and Service Volume 

The basic purpose of ramp metering is to assure 
that free flow is maintained in freeway lanes, with
out breakdown int9 congested flow with its shock 
waves, stop-and-go opration, and resultant loss of 
traffic-carrying capability below inherent capa
cities. 

The methods and procedures presented in this 
chapter for the computation of ramp-freeway junction 
service levels are based upon data collected at 
uncontrolled ramps. At the present time, no detailed 
data exists from which to establish shifts in lane 
usage, truck presence, or capacity due to the 
presence of a metered ramp. In general, it is 
reasonable to consider ramp metering as a way of 
assuring that ramp flows do not exceed certain 
anticipated or planned levels, and to use the 
methods presented herein to determine the lane 1 
volume and the Level of Service for a given ramp 
volume, Vr. 

In uncontrolled situations, Vr prevails and 

determines the lane 1 volume by its presence and 
influence on entering. Ramp metering merely 
controls the maximum value of Vr. 

In operations, demand-responsive control 
sometimes alters the usual pattern of Vr determin-

ing V : the control relationship r eacts to the 
upstre\.m Lane 1 volume and sets the meteri ng rate 
(V maximum) based upon a maximum merge volume r 
(V1 + Vr). Thus, the nature of the ramp control 

modifies the usual sequence of cause and effect. 

Because Vr may be controlled through the 

setting of maximum metering rates, it is often 
u sefu ( to use the procedures herein to compute 
V as the dependent variable. By so doing, a r 
maximum V can be set which allows the facility to 

r 
operate at a selected Level of Service. This is a 
trial-and-error process, in that vr must be 

ass umed to compute a VJ value. To compute a Vr 
max imum for a given Lever of Service: 

-- --- --- --- --- --- ---- - - -- --- --- --- ---

VOLUME DETECTOR~ 
MAY BE USED TO 
SET METE RI NG 
RATE 

FIGURE 4.8 

ENTER ONE 
VEHICLE 
ON GREEN 

A TYPICAL RAMP METERING INSTALLATION 
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(1) Find the merge SV (Vm) for the Level of 
Service of interest (Table 4.1) 

(2) Assume a value for Vr 

(3) Compute v1 using the procedures described in 
this chapter 

(4) Compute Vr = Vm - Vl 

(5) Continue computations until the Vr assumed 
in (1) matches that computed in (4). 

Of course, all values must be converted to pcph and 
peak flow rates as derscribed elsewhere in this 
chapter . 

In cases of severe platooning of arrivals at an 
entrance ramp, it is quite likely that ramp control 
will induce a better mainline distribution of 
freeway vehicles. This does not mean that it is 
necessarily different than that of a "normal" 
uncontrolled ramp in the procedures of this chapter. 
Indeed, it is reasonable to expect that the uncon
trolled ramp with heavy platoon arrivals caused an 
abnormal lane distribution. 

Metering rates must be kept reasonable if 
driver observance is to be reliably maintained. In 
this regard, a metering rate with a red interval of 
more than 15 seconds will invite widespread viola
tions. 

C. System Coordination of Controlled Ramps 

An overall facility can be regulated by judi
cious use of ramp controls, and successful projects 
exist in Minneapolis (the only actual real-time 
system in operation), Los Angeles, Dallas, and other 
locations. The overall plan is established by use 
of the procedures contained in this document, but 
the detailed computations and methodologies fall 
within the general topic of f reeway surveillance and 
control more than within the topic of capacity and 
Level of Service methods. Interested persons should 
refer to Reference 9. The topic of evaluatinq 
overall Level of Service is addressed herein in 
Chapter 5. -

VI. SAMPLE PROBLEMS 

Problem 1: Isolated On-Ramp 

Consider the following on-ramp: 

What Level of Service would be expected to prevail? 

So lu tion : Using the index provi ded in Tab l e 4.2, 
Figure A4 .1 is chosen as the appropr iate nomograph 
for this case. 

Thus, v1, immediately upstream of the ramp, may be 
computed as: 

v1 136 + 0.345 Vf - 0.115 vr 
v1 136 + o.345 (2500) - 0.115 (550) 
v1 935 vph 

or found from the nomograph as approximately 930 
vph. 

From Figure 4.6, about 67% of all trucks on the 
freeway will be in lane 1 immediately upstream of 
the ramp. Thus, 

item 

vl 

vr 

vf 

Total trucks on freeway = 2500 x 0.10 250 
trucks in lane 1 = 250 x 0.67 = 168 
% trucks in lane 1 = (168/935) x 100 18% 

Now, v1, Vr, and Vf may be converted to 
pcph . Values of ET are taken from Table 2.4 of 
Chapter 2, and values of Q from Table 2.8. 

volume 
ET 

% Q volume (pcph) = vo lume{ vEhl 
(vph) trucks Q 

935 18 0 .85 1100 

550 2 5 0.95 579 

2500 2 10 0.91 2747 

Checkpoint volumes may now be computed: 

vm = vr + vl = 579 + 1100 = 1679 pcph 

Vf(after merge) = Vf( before merge)+Vr 

= 2747+579 = 3326 pcph 

These are now expanded to peak flow rates by divid
ing by the peak hour factor. The Level of Service 
for the merge is found by compari ng V to Table 
4.1 criteria; for the .freeway vo lume, it ~s found by 
comparing to Table 2.1 . 

LEVEL TERRAIN 
PHF=0.90 
70 mph AHS 
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vm = 1679/0.90 = 1866 pcph 
(Level E, Table 4.1) 

vf = 3326/0.90 = 3696 pcph 
(Level D, Table 2.1) 

In this case, the merge area is the controlling 
feature (an un desi rable condition), and Level of 
Service 5 prevails. 

Problem 2 - Consecutive Off-Ramps 

Consider the following ramp configuration: 
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total trucks on freeway = 4500 x 0.05 
225 
trucks in lane 1 = 225 x 0.56 = 126 
% trucks· in lane 1 (126/1514) x 100 
8.3% say 8% 

RAMP 2: % total trucks in lane 1 = 53% (Figure 
4.6) 
total trucks in lane 1 4200 x 0.05 
210 
trucks in lane 1 = 210 x 0.53 = 111 
% trucks in lane 1 = (111/1301) x 100 
8.5% say 9% 

4500 
vph 

i-----7 so f· ..... t.----· I 

5% 
trucks 

At what Level of Service would the two off-ramps be 
expected to operate? 

Solution : As indicated in Table 4.2, Note 2 must be 
consulted when ana lyzi ng the first ramp. Note 2 
specifies the use of Figure A4 .7 for this ramp, but 
instructs that vr should be taken to be eq ll al to 
the total off-ramp volume on both ramps. Figure 
A4.7 --rsal so used for the second ramp. 

RAMP 1: f!£ there is no upstream on-ramp, the value 
"215 Vu/Du" will be t aken as 2, as directed by 
item 2 under "Conditions for Use" on Figure A4.7. 
As noted above, Vr will be taken as 300+500=800 
for consideration of the first ramp. Then: 

v1 = 94 + 0.231 vf + 0.473 vr 

+ 215 V/Du 

v1 94 + 0.231 (4500) + o.473 (800) + 2 

V 1 1514 vph 

RAMP 2: For ramp 2, Vf equals 4500 - 300 or 4200 

vph. Further, 215 V/Du will still be set at 
2. 

v1 94 + 0.231 (4200) + o.473 (5oo) + 2 
v1 1303 vph 

Figure 4.9 illustrates the nomograph solutions for 
both of these values. (V1 = 1500 for Ramp 1; 1300 
for Ramp 2) 

The percent age of trucks in the respective 1 ane 1 
volumes should now be computed: 

RAMP 1: % total trucks in 1 ane 1 
4.6) 

56% (Figure 

ROLLING TERRAIN 
PHF=0.95 
AHS = 70mph 

A 11 vo 1 umes are now converted to pcph in the 
table below: 

volume • % Q** volume (pcph) = volume(vph) item (vph) ET Trucks Q 

vf 4500 4 5 0.87 5172 

Vr(l) 300 4 0.87 345 

Vr(2) 500 4 5 0.87 575 

v
1 

(1) 1514 4 8 0.81 1869 

v1 (2) 1301 4 9 0.79 1647 

• Table 2.4 
•• Table 2.8 

Three checkpoint volumes are of il)terest: freeway 
volume at th.e maximum point (before the two ramps), 
and the diverge volume before each of the off-ramps. 
Each eheckpoint volume must be expanded by the peak 
hour factor to reflect peak flow rates and compared 
with the standards in Tab 1 es 2. I and 4. L 

Vf = 5172/0.95 = 5444 pcph (Level D, 
Table 2 .T) 

Vd(RAMP l)=V1(RAMP 1)=1869/0.95=1967 pcph (Level E, 
Table 4~1) 

Vd(RAMP 2)=V1(RAMP 2)=1647/0.95=1734 pcph (Level D, 
Table Cl) 

In this situation, the diverge at Ramp 1 is clearly 
the critical restrictive element, causing th e 
overal l level of Service to be E. The high lane 1 
volume at that point, however, is great ly in
fluenced by the presence of the second, more high ly 
utilized off-ramp. The diverge movement at Ramp 1, 
per se , is not really a problem - the total lane 1 
volume is. In such a situation, other than consid
eri ng combin ing th e two ramp~ at a single exit 
point, t here are no minor improvements which could 
be made to al levi ate ffiSituation. 
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vf 
'"l!l!.V 
VOLUME 

VPM 

6200 
6000 

5400 

4800 

4200 

3800 

3000 

2400 

1800 

1200 
1100 

1.ANt I 
VOLUllC 

VPM 

... 
! 
~ z 
~ g z ,_ 
z ::> 
a; ~ 

::> 0 ,_ "' 

800 

600 

400 
360 

Vr 
0'F·AAMP 

1/01.UME 
I/PM 

Vu 
VOLUME OF 
UPSTREAM 
OPPAAMP 

VPM 

50 

200 

400 

600 

800 

1000 

1200 

EQUATI o N: V1 = 94 + 0.231 vf + 0.4 73 vr + 215 vu/0u 

----- Du-----
DIAGRAM: vt{v,_-__ 

CONDITIONS FOR USE: 
1) Sin9le-lane off-r"amp on a 6-lane freeway with .,,. without upstr~ar:t 

)n-r"amp, with or without deceleration lane. 

2) If there is no upstreoim on-ramp with in 5700 ft., skip step 2 bt! J ()W, 

an1 set 215 Vu/Du to 2. 

3) Normal ranQe of use: Vf • 1100 to 6200 vph; v,. " 20 to 1800 vph; 

Vu • 50 to 1200· vph; Ou ~ 900 to 5700 ft. 

STEPS IN SOLUTION: 
1) Ora• line frOlll Vf value to v,. value, intersectinq turning line. 

2) Draw line frOlll V vo\lue to 9 value, intersectinq 215 v ID line. u • u •J ,J 

3) Ora. line frOlll intersection point of step 1 to that of step 2; ,.ead 
solution on v

1 
line. 

FIGURE 4.9 
NOMlGRAPH SOLUTIONS FOR Vt, SAf!IPLE PROBLEM 2 

(Nomograph is Figure A4.7) 



Problem 3: On-Ramp Followed by an Off-Ramp 

Consider the following configuration: 
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i.-------1200 ft.-----
5500vph-- - - - --- - - ----).- --------- --
10% ---------- - ------- --

trucks ~ 
400vph -------- LEVEL TERRAIN 

5%truc~ 70mphAHS 10% 
trucks PHF = 0.90 

At what Level of Service would the section operate? 

Solution: Table 4.2 indicates that the on-ramp be 
analyzed using Figure A4.10. The off-ramp situation 
must be approximated using Table 4.3 and Figure 
4.3. 

ON-RAMP: Note that the distance of 1200 ft. between 
ramps falls outside of the calibrated range of 1500 
to 3000 ft. for Figure A4.10. Nevertheless, it 
appears reasonable to extend this range slightly for 
use here, rather than resort to Table 4.3 and Figure 
4.3. In this case, Figure A4.10, though not directly 
applicable, is used to approximate the situation. 
Thus, 

v1 -353 + 0.199 vf - 0.057 vr + o.486 vd 

v1 -353 + o.199 (5500) - 0.057 (4000 + o.486 (600) 

v1 1010 vph 

From Figure 4.6, the percentage of total trucks in 
lane 1 is 49. Therefore: 

total trucks on freeway = 5500 x 0.10 = 550 
trucks in lane 1 = 550 x 0.49 = 270 
% trucks in lane 1 = (270/lOlO)xlOO = 26.7% say, 27% 

OFF-RAMP: The freeway volume in advance of the 
off-ramp is 5500 + 400 = 5900 vph. It contai ns 5500 
(0.10) + 400 (0.05) = 570 trucks, or {570/5900) x 
100 = 9.7%. 

The "through" volume for this section, that is, the 
vol ume not invol ved in either ramp movement, is 
5500-600 or 4900 vph. The lane 1 volume immediately 
in advance of the off-ramp consis ts of: 

9% of the through vehicles (Table 4.3) 
100% of the off-ramp veh icl es (Figure 4.3 I) 

48% of the on-ramp vehicles (Figure 4.3 II, 
interpolating between 1000 ft. and 1500 
ft.) 

Thus: v1 = 0.0_9 (4900) + 1.00 (600) + 0.48 (400) 
v1 = 1233 vph 

From Figure 4.6, this lane 1 volume contains 54% of 
the total trucks on the freeway. Therefore: 

total trucks on freeway = 5900 x 0.097 = 572 
trucks in lane 1 = 572 x 0.54 = 309 
% trucks in lane 1 = (309/1233)xl00 = 25.1, say 25% 

Now, each volume must be converted to pcph and 
expanded to a peak flow rate by dividing by the PHF. 
This is done in the table below. Note that the 
freeway volume is taken between the ramps, at a 
point where it is the maximum value. 

Vol. % 
E• vol. (pcph)_vol (Q~h) vol.IDcohl 

item vph) trucks T Q*• r11r 

vl (on) 1010 27 2 0.79 1278 1420 

V1(off) 1233 25 2 0.80 1541 1712 

~f 5900 10 2 0.91 6484 7204 

~r(on) 400 5 2 0.95 421 468 

r.ir(off) 600 10 2 0.91 659 732 

* Table 2.4 
** Table 2.8 or Q = 100/[100 + PT (ET - 1)] 

Critical checkpoint volumes may now be computed and 
compared with the criteria in Tables 2.1 and 4.1. 

Vm = V1(on)+Vr(on) = 1420+468 
= 1888 pcph (LEVEL I.Table 4.1) 

Vd = Vl(off) = 1712 pcph (LEVEL .Q., Table 4.1) 

Vw = [Vr(on)+Vr(off)][500/1200] 
[468+732][0.417] = 500 pcph 
(LEVEL~. Table 4.1) 

Vf = 7204 pcph (LEVEL .Q., Table 2.1) 

In this case, Level of Service E will prevail due to 
the merge at the on-ramp, the-diverge at the off
ramp, and general freeway conditions. Weaving is 
not expected to create problems in this section. 
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Problem 4: Two-Lane On-Ramp 

Consider the following two-lane on-ramp: 

3000v)h ___ _ ___ _ __ LEYELTERRAIN 
________ _ 60mphAHS 

5%trucks LANE 1 --- PHF= 0.96 

1S~~ / 

I ~c'f..l!I 'ff 0 

What Level of Service would be expected at this 
location? 

Solut ion: Table 4.2 ind icates that Figure A4.11 
shoul d be used for this problem. Note, in Figure 
A4.ll, that the solution to this problem entails two 
merges - the first when the lane 1 volume merges 
with the lane A volume, the second when the lane B 
volume merqes with the total volume from the first 
merge. Th-e second merge is the most critical for 
analysis . 

Figure 4.10 illustrates the nomograph solution for 
v1 and for Vl+A· <---Fi 

Therefore: Vl+A = 1700 vph 

v1 352 vph 

VA vl+A - v1 = 1700 - 352 = 1348 vph 

VB 1800 - 1348 = 452 vph 

Vf (after merging) = 4800 vph 

Each of these mu st be converted to pcph. To accom
plish this, it is necessary to assume that there are 
5% trucks in both lanes A and B of the ramp. 
Procedures do not give specific guidance on this 
point, and lacking specific information, and equal 
percentage of truck traffic in each ramp lane would 
be assumed. From Figure 4.6, 49% of the total trucks 
on the freeway are in lane 1 immediately in advance 
of the ramp. Thus: 

% * item vol. (vph) trucks ET 

vl 352 21 2 

Vl+A 1700 8 2 

VA 1348 5 2 

VB 452 5 2 

vf 4800 5 2 

* Table 2 .4 

Q** 

0.83 

0.93 

0.95 

0.95 

0.95 

vm2 = vl+A+VB = 1904+496 = 2400 pcph (LEVEL £, 
Table 4.1) 

5264 pcph 
Tab le 2 .1) 

(LEVEL Q, 

Obviously, the second merge volume of 2400 pcph 
would not actually occur. However, it is clear that 
during peak periods of flow, great congestion will 
exist in the vicinity of this merge-congestion 
caused by the merge itse 1f. Leve 1 of Service Fis 
highly likely. 

The addition of a lane at this point which would be 
carried for a significant distance might be consid
ered. If this is not possible, the deletion of a 
lane from the main freeway approaching the merge 
might be considered, creating a major junction with 
geometry as shown below: 

vol.(pcph)= vol. ~vph) VO 1. ( pq~h) 
PHF 

424 442 

1828 1904 

1419 1478 

476 496 

5053 5264 

** Table 2.8 or Q = 100/[100 - PT (ET - 1)] 

Checkpoint volumes may now be computed and 
compared with standards: 
vml = Vl+VA = 442+1478 = 1920 pcph (LEVEL f , 

Table 4.1) 

From Table 4.2, this alternative may be analyzed 
using Note 5, which describes a multi-step trial 
-and-error process. 
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1100 · 
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1000 
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VPH 

2380 

2200 

2000 

1800 

1200 

1000 

800 

600 

Vr 
IOIAL 

ON·HAMI' 
VOLUME 

VPH 

3000 

· 2800 

2600 

- 2400 

2200 

1800 

1600 

- 1400 

EQUATION: (a) V1 ; 54 + 0 070Vt+ 0049Vr 
(b) Vt +A; -205 + 0.287Vt 

+0.575Vr 
DIAGRAM: { _ _ 

Vt Vt --- v. +A 

z,:---= - __,~> --
~'(,'b 

CONDITIONS FOR USE: 
1 ) 

2) 

Two-lane on-ramps on 6-ldne freeways with 
acceleration ld111~ of at least 800 feet in 
length. 

Normal ran~e of use: Vf "" 600 to 3000 vph 

V ; 1100 fo 3000 vph r 

STEPS IN SOLUTION: 
1 ) Draw line from Vf value to V. value. 

v1 on v1 line. VltA on Vl+A li~e. 
Read 

- 1200 2) Con{>ute VA"" VltA-1; V
6

"" Vr-VA 
· 1100 

3) Check L. of S. for two merge points: 
vml : Vl+VA; VM2 ; vl+A+VB 

FIGURE 4.10 

SOLUTION FOR vl ANO vl+A IN SAMPLf PIWllLfr-t 4 

(No111ogrc.1ph b Figure A4. l l) N 
w 
..... 
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From Table 4.2, this alternative may be analyzed 
using Note 5, which describes a multi-step trial
and-error process. 

If Level of Service D is assumed, lane B is assumed 
to carry 1800 pcph or 1800 x 0.95 = 1710 vph. Thus, 
lane A would carry only 90 vph. At Level of Service 
C, lane B would carry 1550 pcph or 1550 x 0.95 = 
1473 vph. Lane A would carry 327 vph. At Level B, 
lane B carries 1200 x 0.95 = 1140 vph and lane A 
carries 660 vph. These values are drawn from Table 
4.1 in accordance with Note 5 and converted to 
vph. 

The lane 1 volume is found us1ng F1gure A4.l. 
Therefore: 

v1 = 136 + o.345 vf - 0.115 vr 

where Vr is taken to be only the lane A volume. 
As the assumption of Level of Service 2 resulted in 
the most reasonable distribution of the ramp volume, 
that level is tried first: 

v1 = 136 + o.345 (3000) - 0.115 (660) 
v1 = 1096 vph 

From Figure 4.6, lane 1 will contain 80% of all 
trucks on the freeway, or: 

trucks in lane 1 = 3000 (0.05) (0.8) = 120 
% trucks in lane 1 = (120/1096) x 100 = 10.9%, 

say 11% 

The checkpoint volume of interest here is the merge 
volume consisting of the lane 1 volume plus the lane 
A volume. Converting these to pcph and dividing by 
the PHF: 

Then: vm = 1311 + 359 
(LEVEL Q, Table 4.1) 

1770 pcph 

It is now clear that the merge Level of Service will 
be in the D ranqe. A third trial could be made to 
confirm this, but the computations thus far leave no 
other alternative. Remember that the total freeway 
volume downstream of the merqe remains the same 
as in the initial problem, and produces Level of 
Service Q, so that a balanced operation will result. 

It is, however, certain that the alternate geometry 
produces a more orderly merge, and greatly improved 
overall operation. The first design tended to force 
ramp vehicles into lane A, whereas the second makes 
a great deal more use of lane B. Further, by 
"adding" a lane, lane B vehicles do not merge. The 
removal of a lane on the freeway at this point is 
not critical, as the Level of Service provided by 
the three initial lanes is out of balance with 
the merge and downstream conditions. Two lanes is 
sufficient for balanced operation. If a third lane 
were needed at some more distant upstream point, a 
lane drop would have to be desi.gned before approach
ing the vicinity of the merge in question. 

Problem 5: Ramp Proper 

A loop ramp with a design speed of 25 mph is expect
ed to carry 800 vph, 10% of which are trucks. If the 
PHF = 0.90 and the ramp is on a 1400 ft., 4% up
grade, what design should be adopted and what Level 
of Service can be expected. 

Solution: First, the demand volume must be adjusted 
to reflect pcph and a peak flow rate. Note that 

% * vol.(pcph)= vol .~vph) vol.~pcph) item VO 1. ( Vph) trucks ET Q** HF 

vl 1096 11 2 0.90 

VA 660 5 2 0.95 

* Table 2.4 
** Table 2.8 

Then: Vm = v1 + VA = 1269 + 724 
(LEVEL f, Table 4.1) 

1218 

695 

1993 pcph 

As Level of Service B was assumed, and Level E 
resulted, a second trial, starting with Level C 
should be made: Then, VA= 327, and: 

v1 = 136 + o.345 (3000) - o.115 (327) = 1133 
vph 

As previously, lane 1 will contain 120 trucks, or 
(120/1133) x 100 = 10.6%, say 11%. Converting v1 
~nd V. to ocoh. and dividing by the PHF: II , . . 

1269 

724 

1400 ft. 1/4 mile. 
(using 4-lane freeway 
Q = 0.77. Thu s, the 
is: 

From Table 2.6, ET = 4 
values). From Table 2.8, 
adjusted demand flow rate 

800/(0.77 x 0.90) = 1154 pcph 

From Table 4.6, a one-lane ramp would provide for 
Leve 1 of Service E (design speed = 25 mph). Si nee 
the ramp is longer than 1000 ft., however, it is 
advisable to provide for flush shoulders wide 
enough to permit passing of a stalled vehicle. 
Two lane loop ramps are not normally provided. 

% * vol.(pcph)= vol.~vph ) vo1.~nFehl item vol.(vph) trucks ET Q** 

vl 1133 11 2 0.90 1259 1311 

VA 327 5 2 0.95 344 359 

* Table 2.4 
** Table 2.8 



Provisi on of a bett er Level of Servi ce requires an 
improvement in the design speed used . A 40-50 mph 
des ign speed woul d result in Leve l of Servi ce C 
operations, a more acceptable result. 

A 40-50 mph design speed will create an extreme
ly long loop ramp , consuming a great deal of land in 
its wake. The desi gner is faced with sever al 
options here: 

1 accept a lower Level of Service, using a loop 
ramp of 25 mph design speed 

1 use a 40-50 mph loop ramp and accept the ineffi
ciency of the design 

1 design a direct interchange not requiring a loop 
ramp. (This involves cost ly structures.) 

In this case, only the first and last alternatives 
could reasonably be cons idered . 

Problem 6: Isolat ed Off-R amy on a 10-Lane Freeway 
(Five-Lane Freewa_ Segment) 

The following off-ramp occurs on a five-lane freeway 
segment (10-Lane Freeway): 
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Off-Ramp Vehicles in Lane 1 400 vph 
v1 " 936 vph 

From Figure 4.6, using an 8-lane freeway with Vf 
of 5760 vph, the percentage of total trucks in lane 
1 is 52%. Thus: 

Then: 

total trucks on freew ay " 5760 x 0.10 " 576 vph 
total trucks in lane 1 " 576 x 0.52 = 300 vph 
% trucks in lane 1 = (300/936) x 100 = 32% 

item vol. (vph) • ET Q** vol. (pcph)• vol.bv~h) vol .MJ)il!h) 

Vl 936 4 0.51 1835 1932 

yr 400 4 0.77 519 547 

vf 7200 4 0.77 9350 9842 

• Table 2.4 
** Table 2.8, or co"'rnted 

7200vph---------- PHF=0.95 
---------- AHS=70m h 

--~ - ------- - p 
1010 trud<s - - - - - - - - - - ROLLING TERRAIN 

What Level of Service would be expected to prevail? 

Solution : From Table 4.4, the se gmen t may be 
treated as though it were a four-lane segment with a 
freeway volume of: 

vf = 7200 x 0.80 = 5760 vph 

From Table 4.2, for an 8-lane freeway, the lane 1 
volume must be approximated using Table 4.3 and 
Figure 4.3, using a freeway volume of 5760 vph. 
From Table 4.3, 10% of through traffic will remain 
in lane 1 in th e vicinity of the ramp; 100% of 
off-ramp traffi c must also be in lane 1 i11111ediately 
upstream of t he r amp. Thus , 

Through Vehicles in Lane 1 = (5760 - 400) 
x 0.10 536 vph 

400vph 
10% trucks 

Computing checkpoint volumes: 

vd = v1 = 1932 pcph (Level E, Tab le 

V f = 9842 pcph for 5-1 anes 

- 4.1) 

(Level E, Table 2.n 
The segment will operate at Level of Service E. All 
elements are in balance. 

Problem 7 - Left-Hand On-Ramp 

Consider the following left-hand on ramp: 

<so 
PcpH ~ ...... ______ PHF =0.90 

1200 
- ... ~----------LEVELTERRAIN 
PCPH ------------------------~~~~AHS=70mph 
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At what Level of Service would the section be 
expected to operate? 

Solution: In this problem, the volume in t he 
left-hand l ane must be computed immediate ly upstream 
of the ramp. The "SPECIAL CASE-Left Hand Ramps " 
section of ttiis chapter indicates t hat this volume 
(Vi) can be ap prox imated as 1.25 ti mes v1 f or a 
similar configuration of a right-hand ramp. 

From Table 4.2, the equivalent v1 is found using 
Figure A4.1. Use of this nomograph results in: 

v1 = 520 pcph 

Thus: Vi = 520 x 1.25 = 650 pcph 

Computing checkpoint values and dividing by the PHF: 

Vm ( 650 + 250) /0. 90 = 1000 pcph 

V f (1200 + 250) /0. 90 = 1611 pcph 

(Level B, 
Table 4.T) 

(Level B, 
Table 2 .T) 

The facility wi 11 operate at Leve 1 of Service B. 

Problem 8: Ramp Metering 

It is desired to control Vr by establishing a 
maximum flow rate through ramp metering at the 
following location : 

2000 
) 

PCPH 

volume of 1550 x 0.90 = 1395 vph. Considering the 
situation given in the problem, a tabular computa
tion may be set up as follows: 

Assumed v1 
vr (Fig. A4.1) 

200 810 
400 775 
600 760 

Computed Vr 

(1395-Vl) 
Comparison 

NG 

NG 

NG 

650 750 

585 
620 
635 
645 OK SAY 650 PCPH 

A metering rate of 650 PCPH or one car every 
3600/650 = 5.54, say 5.5 seconds would be set. 

These computat ions are, naturally, more complex 
where vol umes contain mixed veh i c 1 es, but the 
procedure and basic approach are as illustrated 
herein. 

A more precise solution may be found by usin~ the 
equation for Figure A4.l directly 

v1 = 136 + o.345 vf - o.115 vr 

and considering that 

vr = 1395 -v1 

(1) 

( 2) 

PHF=0.90 

AHS=60mph 

----- LEVEL TERRAIN 

~ VR 

If a fixed-time ramp meter is utili zed , at what rate 
should ramp veh ic les be allowed to ent er the traffic 
stream if the Level of Service is not to be permit
ted to be worse than C? 

So l ution : The question asks for a solution of a 
maximum value of Vr such that the Level of Service 
is C. The trial-and-error method described in 
Section V of this chapter is used. 

From Table 4.1, the maximum merge service volume for 
Leve 1 of Service C is 1550 pcph (peak flow rate). 
For a PHF of 0.90, this is equivalent to an hourly 

Substituting for v1 in equation 2, 

vr = 13g5 - (136+0.345 Vf - 0.115 Vr) 

vr = 1259 - 0.345 vf + 0.115 vr 

0.885 vr = 1259 - 0.345 vf 

1259-0.345 vf 
vr = o.885 

v _ 1259-0.345(2000) 643 pcph 
r - o.885 
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Appendix 

NOMOGRAPHS FOR THE SOLUTION OF LANE 1 VOLUMES 

In using the nomographs in this Appendix, note 
the following: 

CONDITIONS FOR USE specify configurations for 
which the nomograph and accompanying equation 
were apply. Where use is indicated for both 
ramps "with or without acceleration/deceleration 
lanes," the data base used in calibrating the 
nomograph incl uded both , and no stati stically 
significant di fferences (with or without) were 
observed. "Normal range of use" indicates 
the range of data used to calibrate the nomo
graph. Use outside this range should be limited 

to cases close to the range, and should be done 
with caution. 

CONDITIONS FOR LISE also contain instructions for 
using nomographs to approximate configurations 
not covered elsewhere. 

STEPS IN SOLUTION are a s tep-by-s tep set of 
instructions for using each nomog·raph . 

EQUAT ION shows the mathematica l rel ationship for 
each nomograph , wh ich may be used directly for 
greater precis ton i n v1 computations. 
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VPH 

SOLUT·tON 
VI 

UPSTREAM 
LAN[ I 
VOLUME 

VPH 

3400 ~ Tl300 
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3000 
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2~00 
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IOOO 
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8200 
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"• 
ON-RAMP 
VOLUME 

Vf'H 

50 
100 

200 

300 

40 

500 

600 

700 

800 

90 

IOOO 

1100 

1200 

1300-

1400 

F lGUIH! A4. l 

EQUATION: V1 =136 + 0.345Vt-0.115Vr 

DIAGRAM: v { ______.. 
t v,_ 
~~ 
Vr 

CONDITIONS FOR USE: 
l) Single-lane on-ramp (not a loop) on 4-l.1n·~ 

freeway, wlth or without acceleration la11t~. 

~) for use only when 110 adjacent upstream 
on-raup exists within 2000 feet. 

3) Normal range of use: Vf = 400 to 3400 vph 
V ~ 50 to 1400 vph 
r 

STEPS IN SOLUTION: 
l) Draw line from Vf value to V value; read 

solution on v
1 

llne. r 

DETEHMI NAT I ot~ OF LANE l VOLUME UPSTIH!AM 
OF ONE-LANE ON-RAMPS ON 4-LANE FIUWWAYS 

(2 lanes in each direction) 

"' ..., 
00 



v, SOl.UTIO .. 

V1 UPSTREAM 
fll£(W4't UPSTREAM 
VOl.1-.E LAN( I 

VPH VOLUMl 

4200 VPH 

. 2300 
-

3800 . . 
2100 

3400 -
1900 

3000 - 1700 

2600 1500 

2200 ·1300 

1800 1100 

1400 
900 

700 
IOOO 

500 
600 

400-" -'-300 

v, 
Off·RAMP 
VOLUME 

VPH 

1500 

------ --- ---- -

EQUATION: 

DI AGRAM: 

V1 = 165 + 0.345 Vt 
~ 0.520Vr 

v, {v, -
1300 

~ 
1100 

900 

700 

500 

300 

100 

0 

CONDITIONS FOR USE: 
l) Single-lane off-ran~ on a 4-lane freeway, 

with or without a deceleration lane. 

2) for use only when there is no ddjacent 
upstream on-ra11l> within 3200 ft. 

3) Normal ran9e M use: Vf = 400 to 4200 vph 
Vr = 50 to 1500 vph 

STEPS IN SOLUTION: 
1) Urdw line from V f value to V value; read 

solution on v
1 

l 111e. r 

FIGURE A4.2 

DETER~INATION Of LANE I VOLUME UPSTREAM 
OF ONE-LANE OPf-llAMJ>S ON 4-LANE 1:REH/AYS 

(2 lanes in each direction) 

v, 

N 
w 
"' 
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11 

SOLUTION 

V1 
UPSTR(AM 

LAN( I 
VOLUME 

Vf'H . 

li88 
2100 

1900 

1700 

. 1500 

t l300 

ti 100 

900 

700 

500 

Vr 
OH-RAMP 

VOLUME 
VPH 

1600 

1400 EQUATION: 

Du 
01$TANCf TO 

UPSTREAM 
ON-RAMP lfff Tl 

700 
800 

1000 

1300 V.1= 202 +0 362U+Q496Vr 1200 . "T 
-0.069Du-t 0.096 Vu 1400 

IOOO 
DIAGRAM: 

1800 

800 vt{v,-
~ 

600 ~'""' Du Vu 

2200 

400 2600 

3000 

Vu 
VOLUMf Of 
UPSTREAM 
ON-RAMP 

VPH 

900 

800 

700 

600 

500 

400 

300 

200 

988 J I I ±igg 
200 

100 

25 3200 
100 

50 
CONDITIONS FOR USE: 

1) Single-lane off-ranl> on a 4-lane freeway, 
with or without a deceleration lane, with 
an adjacent upstream on-ranf) wlth in 3200 ft. 

2) Normal range of use: Vf = 70 to 4200 vph 

~r : ~g ~~ l~gg ~~~ 
o~ = 700 to 3200 ft. 

STEPS IN SOLUTION: 
1) Draw line from Vf value to V value, 

intersecting turhing line l.r 

2) Draw a line from the point defined in 
step 1 to the Ou value, intersecting 
turning line 2. 

3) Draw a line from the point defined in 
step 2 to the V value. Read the 
result from theuv1 line. 

~IGURE A4.3 

llETEllMfNATION Of LANE l VOLUME UPSTREAM OF ONE-LANE 
OFl~-RAMPS ON 4-1.ANE r:Rcl.!WAYS (2 lanes in each dir.) 

W lTll ADJA( f UPSTREAM ON-RAHPS 
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EQUATION: aV1 = 166 + 0.280Vf 
(for Vr <600VPH) 

bV1 = 128 + 0.482 Vt - 0.301 Vr 

(for Vr between 
600-1200 VPH) 

DIAGRAM: v { -
f v, .. 

1(1 )j 
CONDITIONS FOR USE: 
l) Single-lane, loop-type oo-raq> on a 4-lane 

freeway with or without an acceleration lane. 

2) Normal range of use: v - 600 to 2000 vph 
vf - 600 to 1200 vph (b) 

r o to 600 vph (a) 
STEPS IN SOLUTION: 
l) If 'Jr< 600 vph, n~ad solution on solution 

line (a). horizontally to the left of 'Jf 
v a I u e 

2) If 'J is between 600 and 1200 vph, draw a 
linerfrom Vf value to V value; read result 
on so h1tiori I ine (b). r 

F IGURI.! A4 • 4 

DETERMINATION OF LANE 1 VOLUME UPSTREAM 
OF ONE-LANE. tOOP-TYPU ON-RAMPS ON 4-1..ANE FltEEWAYS 

t2 lanes in each direction) "" """ ,..... 



SOLUTION 

v, V1 
f•tWAY lo"Ol.Ulill LAN( I YOLUMf 

..STAUM or uPSTRUM Of 
IND ON-AAIW ZNI> ON-RAMP 

VPH VPH 

3600, =-:1460 

3400-I I 
1400 

3200-I T1300 

3001 1200 

2800 1100 

2600 IOOO 

2400-I w 
..I 900 

~ 2200-I ... 
~ 800 ..I 

2000-f i 
700 

1800-I l 
600 

1600-I I 

1400-I I ~WO 

1200~ 
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1•00 
300 
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eooJ J..210 

. Vr 
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ON-RAMP 
llOLUM[. 

VPH 
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200 

300 

400 
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-
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1000 

1100 -

1200 
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1400 

1500 

FIGURE A4.5 

EOUA T ION: V1 = 123 + 0.376 Vt 

-0.142Vr 
DIAGRAM: Vt{ V,-
~ ~ Vu I. Du r .I On-Ramp 

CONDITIONS FOR USE: 
1) Single-lane on ranp on 4-lane freeway with 

adjacent upstream on-raq> with in 400 to 2000. 
feet l with or without acceleration lane). 

2) Not accurate where 0 < 400 or V > 1000 vph. u- u-

3) Normal range of use: vf : 800 to 3600 vph 

~r : ~gg ~~ ~~gg ~~~ 
Du : 400 to 2000 ft. 

u 

STEPS IN SOLUTION: 
1) Draw a line from Vf value to Vr value; read 

solution on v1 lin~. 

UIJTERMI NAT ION 01~ LANE l VOLUME UPSTREAM OF ONE-LANE 
ON-RAMPS ON 4-LANE FREEWAYS (2 lane in each direction) WITH 

ADJACENT UPSTRHAM ON-RAMPS 

N 

"" N 



Fl'IEEWAY llOLU~ 
UP5Tl'IEAM O~ 
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6200 

5800 
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5000 
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'i 
z 
a: 
~ ,_ 

SOLUTION 

V1 
VOLUME 

IN L4NE I 
:.JPSTl'l[AM OF 

v "" 

2100 

1900 

1700 

1500 

1300 

... 
~ .... 

900 
~ ,_ 
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CONDITIONS FOR USE: 

vu vd 
<SEE NOTE Z l !SEE NOTE .3 l 
VOLUME OF •OL:.JME OF 
ADJACENT ADJACENT 

UPSTl'l[AM 00WNST1'1[4'M 

( 640~) OFF·AAMP OFF·l'IAMP 
VPH VPH 

900 50 50 
100 100 

800 

700 300 
300 

,.~s~~ aO" 
o~~<",.,_ 500 

'-9 J',. "'e. 500 500 "4'. -9~,, e,. 
'4 ~ 

400 ' "':i :io,, 
700 

,., 700 
300 :io 

900 
"Oo= 

~~ 
J ,,,, 

i/'Oo 900 
"o 0 o 1100 .1 Oo 

100 3>~0,, 
" 

0 1100 1300 

1) Sinqle-lane on-ra~s on 6-lane freeways with or without upstream and/or downstream 
off-ramps, with or without acceleration lane. 

2) If there is no upstream off-ramp within 2600 ft., use Vu= SO. 
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3) If there is no downstream off-ramp within 5700 ft., and Vf < 5000 vph, use 
and skip step 2 below. -

vd 
640 n: = 5, 

d 
4) Normal range of use: Vf=2400 to 6200 vph; Vu= 50 to 1100 vph; Vd= 50 to 

Vr• 100 to 1700 'Ph; Od=900 to 5700 ft.; Ou~900 to 

STEPS IN SOLUTION: 

1) Draw a line from Vf value tG V value, intersecting turning line 1. 

1300 vph. 
2600 ft. 

2) Draw a line from V value to Du value, intersecting 640 Vd/Dd line. 
3) Draw a line from tRe step 1 in~ersection with turning line 1 to the 640 Vd/Dd 

value of step 2; read solution at intersection w;th v1 line. 

FIGURE A4.6 

DETERMINATION OF.LANE 1 VOLUME UPSTREAM OF 
ONE-LANE ON-RAMPS ON 6-LANE FREEWAYS (3 lanes in each dir.) 

WITH OR WITHOUT AD'JA.CENT OFF-RAMPS 
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EQUATI 0 N: V1 = 94 + 0.231 Vf + 0.4 73 Vr + 215 Vu/Du 
i------Du----.. 

DIAGRAM: 

CONDITIONS FOR USE: 

Vu 
·10LUN( OF' 
uP~TR(AN 

ON•RANP 

50 
100 

200 

300 

400 

500 

600 

100 

800 

900 

1000 

1100 

1200 

1) Single-lane off-ramp on 6-lane freeway with or without upstream on-ramp with 
or without deceleration lane. 

2) If there is no upstream on-ramp within 5700 ft., skip step 2 below, and 
set 215 Vu/Du s 2. 

3) Normal range of use: Vf = 1100 to 6200 vph; Vr = 20 to '1800 vph; 
Vu = 50 to 1200 vph; Ou = 900 to 5700 ft. 

STEPS IN SOLUTJON: 
l) 8raw a line from Vf value to Vr value, intersecting the turning line. 
2) Draw a line from V value to D value, intersecting the 215 V /D line. 
3) Draw a line from iHtersection ~oint on the turninq line of stMp ~to the value 

v 
on the 215 .,;:- line of steo 2; read solution on v1 line. 

II 

FIGURE. A4. 1 
• 

DETERMINATION OF LANE 1 VOLUME UPSTREAM OF 
ONE-LANE OFF-RAMPS ON 6-LANE FREEWAYS 

(3 lanes in each direction) 
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EQUATION: V1= 574 +0.228Vf-0.194Vr-0.714Du+0.274Vu 

DIAGRAM: v,
0r v, =: 

/7/ §~mp 
Vu Vr 
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CONDITIONS FOR USE: 
1) Single-lane on-ramp on 6-lane freeways with adjacent upstream on-ramps, with 

or without acceleration lanes. 
2) Normal range of use: Vf = 1800 to 5400 vph; vr = 100 to 1500 vph; 

Vu = 100 to 1400 vph; Du = 500 to 1000 ft. 

STEPS IN SOLUTION: 
l) Draw a line from Vf val'ue to Vr value, intersecting turning line l. 
2) Draw a line from Vu value to Du value~ intersecting turning line 2. 
3) Draw a 1 ine from intersect ion on turning line 1 of step 1 to the 

intersection on turning line 2 of step 2; read solution on v1 line. 

FIGURE A4.8 

DETERMINATION OF LANE 1 VOLUME UPSTREAM OF ONE-LANE 
ON-RAMPS ON 6-LANE FREEWAYS (3 lanes in each direction) WITH 

UPSTREAM ON-RAMPS 



SOLUTION 

v1 V1 
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HU.WAY LANE I 
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EQUATION: V1= -312 + 0.201 Vt 
+ O.t27Vr 

DIAGRAM: 
Vt { :::: 

v -
' 7~~-

Vr / 

CONDITIONS FOR USE: 
1) Single-lane on-ran'1 on 8-lane freeway with 

or without acceleration lane . 

2) Not for use if there is adjdcent downstream 
off-ran~> within 3000 ft. 

3) Nonnd I range of use: Vt = 3000 to 7700 vph 
vr = 300 to 1300 vph 

STEPS IN SOLUTION: 
STEPS IN SOLUTION: 

l) Oraw a line from Vf value to V value; read 
solution on v

1 
lin~. r 

FIGURE A4.9 

DETERMINATION OF LANE 1 VOLUME UPSTREAM OF ONE-LANE 
ON-RAMPS ON 8-LANE FREEWAYS 

(4 lanes in each direction) 

N 

""' "' 
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FIGURE A4. 10 

EQUATION:-353 i- 0.199Vt 
'I' 

- 0.05 7 Vr + 0.486 Vd 

v, v.= DIAGRAM: { --

~ / \'\\ 
'I· Oct • IVd 

CONDITIONS FOR USE: 
1) Single-lane on-ramp on 8-lane freeway with 

acceleration lane, with adjacent downstream 
off-ramp within 1500 to 3000 ft .. 

2) Normal limits of use: Vf: 3000 to 7100 vph 

~r : :gg ~~ l~gg :~~ 
D~ : 1500 to 3000 ft. 

STEPS IN SOLUTION: 
1) Draw a line from Vf value to V value; 

intersecting turning line. r 

2) Draw line from intersection of step 1 with turning 
line 1 to Vd value; read result on solution line. 

DE:ff.RMINATJON OF LANl! 1 VOLUME UPSTIH:AM OF ON-RAMPS 
ON 8-1.ANE FIU::EWAYS (4 lanes in each direction) WITll ADJACENT 

DOWNSTREAM CW F - RAMPS 
N _.,.. ...., 
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EQUATION: (a) V1 = 54 + 0.070Vt+ 0.049Vr 
(b) Vt+A =~205 +0.287Vt+0.575Vr 

DIAGRAM: v { --
f v, ----- v,~. 

~;:--~---'--' ---

~~"'" 
CONDIT IONS FOR USE: 
1) Two-lane on-ramps on 6-lane freeways with 

acceleration lane of at least 800 feet in 
length. 

2) Normal range of use: Vf = 600 to 3000 vph 
Vr = 1100 to 3000 vph 

STEPS IN SOLUTION: 
1) Oraw line from Vf value to V value. 

Read Vl on Vl line, VltA on ~ltA line. 

2) COllflUte VA = vltA - vl; VB = vr - VA 

3) Check Level of Service for two merge points: 
Vml = Vl + VA and Vm2 = Vl+A + VB 

FIGURE A4.ll 

DETERMINATION OF LANE l VOLUME UPSTREAM OF TWO-LANE 
ON-RAMPS ON 6-LANE FREEWAYS 
(3 lanes in each direction) 
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SOLUTION Col 
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EQUATION: 

DIAGRAM: 

(a) Vl+A =-158+0.035Vt + 0.567V, 

(b) V1 = 18 + 0.060Vf + 0.072Vr 

v,{ ~ 

CONDITIONS FOR USE: 
1) Two-lane off-ran~s on 6-lane freeways with 

deceleration lanes of at least 700 feet in 
l e n g t h . 

2) Normal range of use: Vf = 2100 to 6000 vph 
vr = 1100 to 6000 vph 

STEPS IN SOLUTION: 
1) Draw line from Vf value to V value; read 

v1 solu~ion on v1 line, Vl•Arsolution on 
Vl•A lrne. 

2) Coq>ute: VA= Vl•A - V1; V8 = Vr - VA 

3) Check level of Service for two diverge volumes: 
Vdl = Vl•A and Vd2 = VB 

FIGURE A4.12 

6ETERMINATION OF LANE 1 VOLUME UPS1'REAM OF TWO-LANE 
OFF-RAMPS ON 6-LANE FREEWAYS 
(3 lanes in each direction) 
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EQUATION: (o)Vc= 64 + 0.285Vt + 0.141Vr 
(b) Vt= 17 3 + 0.29 5 Vt -0.320V, 

DIAGRAM: I ~ ~· 
VI Ve~~ 

CONDITIONS FOR USE: ~ V~Jr 
1) Major diver9e junctions on a 6-lane freeway, 

with three (3) lanes dividing to two 2-lane 
roadways 

2) Normal range of use: Vf = 1200 to 4500 vph 
V = 300 to 2650 vph r 

STEPS IN SOLUTION: 
1) Draw l1ne from Vf value to Vr value on the far 

right-hand scale, read Ve on solution (a) line. 

2) Draw a line from Vf value to V value on the far 
left-hand scalei read.V1 on.so~ution (b) line. 

3) Con'1ute VA = Ve - V1 and V8 =Vr - VA 

4) Check Level of Service for two diverge volumes: 
vdl = Vci vd2 = VB 

FIGURE A4.13 

DETERMINATION OF CRITICAL LANE VOLUMES AT A MA.JOit FORK 
OF A 6-LANE FREEWAY (3 lanes in each direction) WllICtl 
DIVIDES INTO TWO 4-LANE l~REEWAYS ( 2 lanes in each di r.) 
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CHAPTER V - THE FREEWAY AS A TOTAL FACILITY 

Chapters I I, I I I, and IV of these procedures 
have treated in detail the design and analysis of 
basic freeway segments, weaving areas, and ramp 
terminals respectively. This Chapter addresses how 
these elements are to be combined into a complete 
freeway design or analysis, and a number of special 
features which may be present and have a significant 
impact on operations. 

Combined Analysis of Freeway Segments 

A. Design 

When approaching the design use of procedures 
herein, it is necessary to clearly indicate the 
kinds of information which would generally be 
available, and what results are desired. Capacity 
analysis is only one of several inputs into the 
design process. Others include geometric standards, 
safety standards, standards for signing, etc. 

These procedures are utilized primarily in the 
design of cross-sectional elements (number of lanes, 
lane widths, shoulders, etc.) and in the selection 
of lane configurations for individual freeway 
elements. In general, the following information 
would be available as inputs to the design problem: 

• horizontal and vertical alignment 

• approximate location of ramps and interchanges 

• forecasted demand volumes 

• forecasted demand characteristics, such as the 
percentages of trucks, buses, and recreational 
vehicles in the traffic stream, PHF, etc. 

The principal problem in coordinating the 
design of an overall freeway facility is the segment
ing of the freeway into component parts for indivi
dual consideration via the methods of Chapters II, 
III, and IV. In general, the following guidelines 
may be utilized: 

1) Each section of freeway between ramps or major 
junction points should be considered to be a 
separate "basic freeway segment." 

2) Within these basic freeway segments, any grade 
of more than 1/4-mi le (if grade > 3%) or 1/2-
mil e ( if grade < 3%} must be considered as a 
separate "basic freeway segment." Any sharp 
change in terrain, such as from level to rolling 
terrain would also necessitate the division of a 
single segment into separate subsegments. Long 
basic segments with no single grade of signifi
cance may be considered as extended segments of 
level, rolling, or mountainous terrain, as 
defined in Chapter II. Downgrade segments would 
normally be considered to be "level terrain" 
unless local data allows more specific treatment 
(see Chapter II). 

3} Each ramp junction should be considered separ
ately, in combination with the adjacent down
stream ramp, and in conjunction with the adja
cent upstream ramp. Ramps which are clearl~ 
part of a weaving section would not be analyze 
using ramp procedures, but wouldbe treated in 
step 4 below. 

4) Potential weaving and multiple weaving areas 
should be investigated as such. "Potential" is 
used in that some segments may turn out to be 
either weaving areas or ramp conbinations 
depending upon the final configuration adopted. 

In application, these guidelines lead to fairly 
straightforward computations in the following 
sequence: 

1) Establish design Level of Service, demand volume 
and traffic characteristics, horizontal and 
vertical alignment, and approximate ramp loca
tions. 

2) Determine the basic number of lanes required for 
each of the basic freeway segments identified as 
previously noted, using the procedures detailed 
in Chapter II. The basic number of lanes for 
each ramp may also be determined using "ramp 
proper" techniques described in Chapter IV. 

3) The results of step 2 will suggest probable con
figurations for ramp junctions and potential 
weaving areas. Analyze each ramp junction from 
three points of view: 1) as an isolated ramp, 
2) in combi nation with the adjacent downstream 
ramp, and 3) in combination with the adjacent 
upstream ramp using the procedures of Chapter 
IV. Usuall t, one or two of these views will be 
invalid ated ~Y those procedures, but i n other 
cases, there will be more th an one valid anal
ysis. In such cases, the analysis indicating 
the poorest operations or Level of Service 
is taken as a final result. 

4) Weaving areas should be analyzed using the 
procedures of Chapter III to determine likely 
operating conditions. Note that in design, the 
case of an on-ramp followed by an off-ramp 
must be looked at BOTH as a potential weaving 
section with an auxiliary lane AND a ramp 
combination without. 

5) If the results of steps 3 and 4 are unsatisfac
tory, consideration may be given to: 

• altering the number and/or location of ramps 
(which may affect demand distribution) 

• changing the design of ramps and/or mainline 
segments determined in step 2 to create new 
configurations 

• changing the design of major interchanges to 
achieve different configurations, reduce weaving, 
etc. 

Steps 2-4 are then repeated. 

EXAMPLE 

The simple design problem indicated in Figure 
5.1 illustrates the above procedure. Note that the 
given demand volumes are already expressed as peak 
rates of fl ow i n pcph . 

STEP 1: Establish Demand , Al ignment, Ramp Location 
Th ese are indicated i n Figure 5.1. 
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STEP 2: 

SEGMENT SEGMENT 

2 3 
A 8 
I I 
I I 
I ~ I I ~"i"~ () I I <o() 

I I 
I I 

6000 FT. I 2000 FT. 
I 

2000 FT. 
I I 

FLOW RATES ON MAINLINE SEGMENTS: 
se llment volume 

1. 2900 PCPH 
2. 2900 + 500 3400 PCPH 
3, 3400 + 600 4000 PCPH 
4. 4000 - 400 = 3600 PCPH 
5. 3600 - 300 = 3300 PCPH 

FIGURE 5.1 

I ,, 
II 
II 
II 
I· 

SEGMENT 
4 

2500 FT. 

ROLLING 
TERRAIN 

DESIGN OBJECTIVE: 
LEVEL OF SERVICE B 

sEGMEtH 
5 

() 

5800FT. 

SAMPLE DESIGN PROBLEM 
NOTE: 1 FT, = 0,3048 Mo 

Det erm in e Basic Number of Lanes for O~en 
Fr eeway Segments and Ramps The t1 P.man on 
each open freeway segment is shown in 
Figure 5.1. Using Table 2.1 criteria 
directly for Level of Service B, the number 
of lanes in each may be found. Note that 
12-ft. (3.7 m.) lanes, adequate lateral 
clearance and 70 mph (112 kph) AHS are are 
to be provided as the result of design 
decisions. 

No. of 
Segment Flow Rate Lanes Reg'd 

1 2900 3 

2 3400 3 

3 4000 4 

4 3600 3 

5 3300 3 

Table 4.6 may be used to estimate the 
number of lanes required for each of the 
ramps. It will be assumed that all ramps 
will be designed for a minimum of 40 mph 
design speed. Using this criteria, all of 
the ramps of Figure 5.1 are single-lane 
ramps. 

Based upon these results, the configuration 
illustrated in Figure 5.2 is most likely to 
be appropriate. Note that in this config
urati on, as there is an auxiliary lane 
between Ramps B and C, this is a weaving 

STEP 3: 

area. Segments 2, 3 and 4 together 
comprise a multiple weaving area. 

Analyze Ramp Junctions Given that ramps B 
and C are definitely part of a weaving 
section for the trial design of Figure 5.2, 
the following ramp combinations remain to 
be analyzed using ramp procedures: 

• Ramp A, Isolated 
• Ramp D, Isolated 

Ramp A and D could conceivably be consid
ered both as isolated ramps with a simple 
weaving section in segment 3, or as part of 
a multiple weaving confi guration wit h 
segment 3. Both cases woul d be anal yzed. 

Ram~ A, Isolated From Table 4.2, Figure 
A4. is used. As the ramp is taken to be 
isolated, Vu is set as 50 (Note 2, Figure 

A4.6) and 640 Vd/Dd as 5 (Note 3, 
Figure A4.6). 

V1 = 600 (Figure A4.6) 

Vm = 600 + 500 = 1100 Level of Service B 
(Table 4.1) 

Ramp D, Isolated From Table 4.2, Figure 
A4.7 is used. Thus, for: 

vr = 300, Vf = 3600, 215 Vu/Du = 2 
("Conditions for Use," note 2): 
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~~1 _______ 2 ____________ 3 ____________ 4 _________ 5 __ ~ 
-........ --- - -- --- -- - ---· - --------------::==--...,, .......... _________ --------------- ----

RAMP A 

STEP 4: 

I 
$ ·--------s;: ~ ! 

I 
I 

I 

I 
I 
I 

I 

I 

I I ,_ 2000 FT. ·I. 2ooon. -I· 2500FT. ·I 

FIGURE 5.2 
A LIKELY DESIGN FOR SAMPLE PROBLEM 

NOTE: 1 FT, = 0,3048 H, 

v1 = 1050 (Figur~ A4.7} 

Vd = 1050 Level of Service B (Table 4.1) 

Ramps B and C should not be considered as a 
part of a· ramp configuration, as the trial 
design of Figure 5.2 shows them to be in a 
weavi ng configuration, analyzed as such in 
step 4. 

Analyze Potential Weaving Areas Segments 
2 and 3 should be consi dered as a multiple 
weave. For the purposes of this analysis, 
all off-ramp vehicles at C will be assumed 
to originate from the freeway mainline, a 
worst-case assumption. Figure 5.3 depicts 
the resulting flows and weaving diagrams. A 

Segment 2 As one of the Segment 2 weaving 
movements is made with no lane change and 
another with one lane change, this is a 
Type II section. For Segment 2: 

VR = 900/3400 = 0.26 

R = 400/900 = 0.44 

A trial speed of 50 mph will be assumed to 
begin computations. 

• Sw = 47 mph 

• Nw(max.) = 1.9 lanes 

1 Nw/N = 0.33 

NW = 0.33 X 3 

(Figure 3.5) 

(Figure 3.6} 

(Fi gu re 3 • 7) 

0.99 lanes 
(UNCONSTRAINED) 

• NNW = 3 - 0.99 = 2.01 lanes 

SNW = 48 mph (Figure 3.8) 

To obtain a more exact agreement between the 
assumed and computed values of SNW' and a second 
trial with SNW = 47 mph will be tried: 

1) SW = 45 mph (Figure 3.5) 

2) Nw(max . ) = 1.9 lanes (as before) 
3) NW/N = 0.35 (Figure 3.7) 

Nw = 0.35 x 3 = 1.05 lanes 

4) NNW = 3 - 1.05 = 1.95 lanes 

SNW = 46.5 mph (Figure 3.8) 

Thus, SNW would be expected to be 47 mph 
(Level of Service B, Table 3.1) and SW 
would be 45 mph (Level of Service B, Table 
3.1). This is acceptable for the desired 
design Level of Service.B. 

Segment 3 This should be considered as a 
ramp-weave, as it has an auxiliary lane, as 
shown in Figure 5.3, and all weaving 
vehicles make at least one lane change. 
Note that consideration of segment 3 of the 
multiple weave is the same as considering 
it as a simple weaving section. 

For Segment 3: 

VR = 1000/4000 = 0.25 
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' 2000 FT. 2000 FT. ~I ~ ........ _ -------~~~~~~~~~~~~~~~~-

.......... 

....... __ 
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FIGURE 5.3 
CONSIDERATION OF MULTIPLE WEAVE 

NOTE: l FT, = 0,3048 M, 

• Sw = 58 mph (Figure 3.5) 

Considering this alternative, assume SNW 
= 50 mph 

• Nw(max.) = 2.0 

• Sw = 53 mph (Figure 3.5) 

• Nw(max.) = 2.0 

• Nw/N = 0.35 (Figure 3.7) 

NW = 0.35X4 = 1.40 < 2.0 (UNCONSTRAINED) 

• NNW = 4 - 1.40 = 2.60 

SNW = 55 mph (Figure 3.8) 

A second trial will be made with SNW 
assumed to be 57 mph. 

• Nw/N = 0.34 (Figure 3.7) 

• NW= 4 (0.34) = 1.36 lanes 

• NNW = 4 - 1.36 = 2.64 lanes 

SNW = 56 mph (Figure 3.8) OK 

Thus, SNW would be expected to be 57 mph 
(Level of Service A, Table 3.1) and Sw 
would be 58 mph (Level of Service A, Table 



3.1). This is acceptable for the desired 
design Level of Service. 

Obviously, in this option, excellent 
operating conditions will exist (since 4 
lanes are provided for a total of 4000 
pcph). Level of Service A has been shown 
to prevail. 

The ramp-weave section will provide service 
which is better than on adjacent segments. 
As slightly better operations in the 
ramp-weave section will exist, this will 
al low for some growth in weaving traffic. 

Segments 3 and 4 should now be looked at as 
a multip le weaving area, as is illustrated 
in Figure 5.4. Again, it will be assumed 
that no on-ramp vehicles at B leave the 
freeway at C or D (a worst-case assumption) . 

Segment 3, in this case, remains the same 
as previously, so no addit ional analysis is 
required. 

2000 FT, 

(A) CONFIGURATION 

2700 SEGMENT 3 

300 

400 

(B) FLOWS 

2700+300 
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Segment 4, however, should be analyzed as a 
Type II weaving section, as one weaving 
movement is made with no lane change, 
and the other requires only one lane 
change. For Segment 4: 

VR = 900/3600 = 0.25 

R = 300/900 = 0.33 

A first trial will be made at SNW = 50 mph. 

1) Sw = 47 mph (Figure 3.5) 

2) Nw(max.) = 1.7 lanes (Figure 3.6) 

3) Nw/N = 0.30 (Figure 3.7) 

Nw = 0.30 x 3 = 0.90 lanes 

4) NNW = 3 - 0.90 = 2.10 lanes 
SNW = 48 mph (Figure 3.8) 

2500 FT. ·I 

SEGMENT 4 

... 
2700 

(c) WEAVING DIAGRAMS 

FIGURE 5.4 
CONSIDERATION OF A MULTIPLE WEAVE 
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To obtain closer agreement between assumed 
and computed values of SNW' a second 
trial will be made at SNW = 47 mph . 

1) Sw = 45 mph (Figure 3.5) 

2) Nw(max.) = 1. 7 lanes (as before) 

3) Nw/N = 0.32 (Figure 3.7) 
Nw = 0.32 x 3 = 0.96 lanes 

4) NNW = 3 - 0.96 = 2.04 lanes 
SNW = 46 mph (Figure 3.8) OK 

Thus, SNW would be expected to be 47 mph 
and SW 45 mph for the conditions proposed. 
This results in Level of Service B opera
tion for both weaving and non-weaving 
vehicles (Table 3.1). 

B. Anal ysis 

The analysis approach for total freeway evalua
tion is quite si mi lar to the des ign approach , but is 
simpler in that there are no alt ernates to consi der. 
All volumes, goemetri cs, and traff ic condit ions 
are known, and the freeway may be segmented with 
certain knowledge of ramp locations, weaving con
figurations, etc. 

Once t he freeway has been divided into uniform 
seg ments accordi ng to t he guidelines previou sly 
noted, the following computational seguence may be 
followed: 

1) Determine the Level of Service for each poten
tial basic freeway segment using the procedures 
of Chapter I I. 

2) Determine the Level of service for each ramp 
junction, considering each ramp: 

1 as an isolated ramp 

• in conjunction with the adjacent downstream 
ramp 

• in conjunction with the adjacent upstream 
ramp 

These checks are made using the procedures of 
Chapter IV. Ramp s which are clearly part of a 
we aving conf iguration wou ld not be examined 
using Chapter IV procedures. 

3) Determine the Level of Serv i ce of each weaving 
and multiple weaving segment using the proce
dures of Chapter III. 

Where a given segment falls under several of 
these analyses, the analysis resulting in the worst 
Level of Service is the controlling solution. 

Once the analysis of segments is complete, the 
• .erall interpretation of results is subject to the 
exercise of judgme nt . As was discussed in Chapter 
II, the 1965 HCM (l). gi ves gui delines on the extent 
of influence of weaving areas and ramp junctions. 
Other research has yielded varying results which 
tend to indicate that the extent of influence of 
any individual element can range from as little as 
several hundred feet to more t han a mile. As it is 
not possible to exactly determine the extent of such 
impacts, weaving and ramp junction areas which 

operate at Levels of Service poorer than adjacent 
segments should be viewed with caution. 

A graphic t echnique presented in the 1965 HCM 
is useful as a t ool to get a pictorial overview of 
overall operations. The technique assumes standard 
areas of influence as follows: 

on-ramps 

off-ramps 

- 500 ft. upstream, 2500 ft . 
downstream 

- 2500 ft. upstream, 500 ft . 
downstream 

weaving areas - 500 ft. upstream of on-ramp and 
500 ft. downstream of off-ramp. 

Figure 5.5 il lustrates t he t echnique, with which 
levels of service are plotted for each segment . The 
illustration shown cl ear ly in dic ates tha t the 
"bottle-neck" or limiting segment is the weaving 
area of segment 4. As long as the indicated opera
tions hol d, segment 4 wi ll operate poorly , at Level 
of Service E, wh i le other segments could oper ate at 
Leve ls B and C, if not prevented from doi ng so by 
spillback fr om segment 4. As noted previously, the 
exact ext ent of this spillback cannot be determined 
with cert ainty . What can be said is that segment 4 
should not have an extended effect as long as it 
does not break down, i.e., slip to Level of Service 
F. 

If more flow is added, segment 4 would be the 
first to break down -- and segment 4 is the most 
su sceptable to break downs caused by i ncidents, 
weather or other extraneous factors . Once breakdown 
occurs here, the spat i al and time extent of the 
breakdown can be est imated using techniques detailed 
in the next section. 

C. Analysis of Breakdown Conditions 

The two basic numbers supplied by the 1965 HCM 
for capaci t y unde r ideal condit ions for un interr up
ted and interrupted flow are criti cal to t he under
standi ng of the ge nera l re sp on se of f reeways to 
breakdowns: 

1 under ideal conditions, the maximum flow 
rate which can be accormiodated under unin
terrupted flow conditions is 2000 pcphpl. 

• once stopped, vehicles cannot depart from a 
st and ing queue at a r at e greater t han 1500 
~. under ideal conditions. It sli'OuTcf 
oenoted that there is some controversy over 
this limit, and some engineers accept a 
value as high as 1700 pcphpl. 

When breakdown occurs on a freeway segment, and 
sto p-and-go cond i tio ns are formed, in effect , a 
standi ng queue has been formed . Even t hough the 
stop point of the queue may move t hrough the t r affic 
stream i n a wave- l i ke motion, the queue is real, and 
capacity unde r ideal conditions drops from 2000 
pcphpl to somethi ng in the range of 1500-1700 
pcphp l. 

Consider the case illustrated in Figure 5.6 a 
three-lane freeway segment operating under ideal 
conditions with a demand of 5500 pcph during a peak 
hour, 4500 pcph dur ing the hour aft er t he peak, and 
3000 pcph thereafter . What wi ll occur if an inci
dent blocks one l ane for 15 mi nut es at the beginning 
of the peak period? 
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A GRAPHIC REPRESENTATION OF OVERALL 

LEVEL OF SERVICE 
NOTE: 1 FT, - 0,3048 H, 

The following operational effects should be 
anticipated: 

1) When blockage occurs , capacity inmediately 
drops from 6000 pcph to 4000 pcph or 1 ow er, 
which quickly creates stop-and-go queues, 
due to the 5500 pcph demand. This f urther 
deteriorates capacity to 3000 pcph ( assum
ing a drop to 1500 pcphpl with 2 lanes open. 
Thus, during the first 15 minutes, 5500/4 = 
1375 pc arri ve and only 3000/4 = 750 pc are 
processed, and a queue of 615 pc is formed 
behind the blockage. 

2) After the blockage is removed, capacity 
improves to 1500 X 3 = 4500 pcph, as standing 
queues stil le'Xl st. Full capacity cannot be 
regai ned until a ll queues are diss ipated. 
Thus, i n t he ens uing 45 minutes , 5500 X 3/4 
or 4125 pc arri ve and 4500 X 3/4 or 3375 pc 
are processed. The queue continues to build 
to 625 + 750 = 1375 pc. 

3) During the second hour, 4500 pc arrive, and 
exactly 4500 pc are processed. The queue 
is stable, but does not dissipate. 

4) Thereafter, the queue will dissipate, as 
3000 pcph arrive, and 4500 pcph may be 
processed. The 1375 queued vehicles dissi
pate in 1375/(4500-3000)=0 .92 hours, and full 
capacity is restored, some 2.92 hours after 
the occurrence of a 15-minute blockage. The 
queue length (assumi ng 3 1 anes and 25 feet 
per veh ic 1 e) reached ( 1375/3) X 25 = 11,458 

feet, or more than 2 miles at its peak, which 
lasted for one full hour. 

Figure 5.6 illustrates this graphically. 

This technique is approximate, and does not 
account for many microscopic properties of unstable 
freeway flows . It is, however, useful in estimating 
the overall effect of a breakdown in one locat·ion on 
overall operations. 

Freeway Surve i llance and Control 

A complete treatment of this subject is beyond 
the current scope, of this report, but there are 
excellent references on the subject. The interested 
reader is ref erred to a state-of-the-art report by 
FHWA (~) and to the results of NCHRP Pr oject 3-22A, 
which is concurrent with the present efforts 0). 
A. Background 

It is important to recognize that freeway 
surveillance and control is employed relatively 
commonly, and that it has a number of potential 
advantages. Some of the key potential advantages 
are: 

• rel i ef of congestion, by virtue of exercising 
control over excessive entries; 

• decrease in delay, for the same reasons; 

t protection of Level of Service; 

t response to freeway incidents. 
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FIGURE 5,6 
EFFECTS 0 F BREAKDOWN ILLUSTRATED 

There is an interesting d1st1nct1on between the 
first and third items: a freeway can be controlled 
with a single objective - to avoid breakdown 
(by restricting entries at appropriate locations), 
or it can be controlled so that some specified Level 
of Service is maintained. In the latter case, one 
may specify ramp metering rates in anticipat ion of 
future growth in demand. Thus, freeway management 
can be used at the planning stage, and not simply as 
an operational correction . 

A freeway management sys tem may be pre-planned, 
or it may be responsive to traffic variations. 
Further, it may or may not have explicit response to 
incidents. 

B. Control Elements 

The principal elements which are added to the 
facility because of a survei 11 ance and contra l /man
agement effort are: 

• Vehicular Detectors; 

• Ramp Metering; 

• Video and/or Other Observation; 

• Control Policies,, Implemented by Central 
Computer or Other Hardware; 

• Static and perhaps Variable Message Signing, 
to inform motorists of alternate routes 
and/or conditions. 

At the time of this writing, r;irlio r:ommunication 
with the motorists via CB or other means is also 
being actively considered. 

Of these elements, the ramp metering is the 
most essential, for it is the most positive control 
action exercised. Chapter IV has addressed the lack 
of detailed knowledge on Lane 1 effects of metering, 
but its known advantages in control are in "smooth
ing out" disruptive arrival platoons. It is useful 
to consider an illustration of the ramp and mainline 
effects of a metered ramp, in order to make that 
discussion meaningful. 

Consider the situation of Figure 5.7: an 
on -ran; has the demand depicted rung ing from 250 to 
575 vph (flow rate ) ; the ma inl ine has 3500 vph 
alre ady on it , wi t h a capacity of 4000 vph. Cl ear ly, 
if the ramp demand is allowed to enter, a Level of 
Service F situation wi ll occur upstream of the ramp. 
How may the ramp be metered to avoid this? What 
delay and queue will occur at the ramp because of 
this. 

To not exceed capacity on the mainline, the 
ramp must be metered at 500 vph. This means 1 
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AN ILLUSTRATION OF A RAMP-METERING NEED 

vehicle every (3600/500) = 7.2 seconds. With a 
qreen-red signal at the ramp, this would usually 
mean 2 seconds of green followed by 5.2 seconds of 
red. This may be implemented in a number of 
ways, including a convent iona l electromechanical 
controller, another local cont roller (possible a 
microprocessor), or a command from a remote computer. 

From Figure 5.7, ramp demand reaches the 500 
vph level at approximately 5:09 PM, and does not 
decrease below that level again until 5:51 PM. In 
the interim, a queue will form and continue to 
enlarge, as illustrated in Figure 5.8. <· 

Figure 5.8 is a plot of ramp vehicles vs. time. 
At any given time, the horizontal distance between 
the demand and vehicles serviced curves is the 
delay/vehicle, and the vertical distance between the 
curves is the queue length. From Figure 5.8, the 
maximum delay/vehicle would occur at 5:51 PM, and 
would be approximately 5 minutes. The queue length 
at this time would be about 50 vehicles. 

It should be noted ~ere, however, that many 
drivers will be unwilling to accept 6 minute delays. 

{In Los Ange les, 1-2 minute delays are the maxi mum 
usually observed.) Many of the queued vehic les 
might be expected to seek alternate rou tin gs to 
avoid the delay. Thus, a critical consi der ati on on 
ramp metering is the availability of alternate 
routes, and the impact of diverted traffic on them. 

It should also be noted that some freeway 
man ageme nt syst ems oper ate on not hing more th an 
app l ication of t he above princip le in a consecuti ve 
set of freeway segment s: t he section input is 
monitored; the seqment capacity is known; the ramp 
input is not al 1owed to cause mainline flow to 
exceed capacity. 

Some of the cities currently using some form of 
freeway surveillance are: Chicago, San Antonio, 
Milwaukee, Houston, Minneapolis, For t Worth, Toron
to, San Jose, Dallas, San Francisco , Detroit, and 
Los Angeles. 

C. Determination of Problems and Control 

Freeway management is more frequently motivated 
by operational problems: one or more sections are 
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A PLOT OF CUMULATIVE RAMP DEMAND AND OUTPUT 

"bottlenecks," with significant mainline congestion 
occuring. The problem is then to alleviate the 
congestion and to maintain a Level of Service better 
than F. In some cases, the project includes con
strur.tinn ilt some locat ions to prov ide additional 
cap acity , or i nc lu des the incorpor ati on of high 
occupancy vehicle l anes . 

Although an entire treatment of freeway manage
ment is not appr opr iate in the present context, two 

problem areas deserve special mention: hidden 
bottlenecks, and origin-destination patterns. 

Fi gure 5.9 depict!; a hypothetical freeway with 
five sect ions, and with the input demands shown. 
Clearly, demand will exceed capacity in Section 3, 
and Leve 1 of Service F wi 11 result. Stop-and-go 
operation can occur in all upstream sections, 
de pending upon the duration over which demand 

CAPACITY ( PCPH) 

5800 I 5600 I 4800 l 5800 I 5200 

5300~• ~ • I '/' I 
pcph \ ..- I I 

300 pcph 300 300 pcph 
pcph 

SEC 1 SEC 2 SEC 3 SEC 4 SEC 5 

FIGURE 5.9 

POTENTIAL FOR HIDDEN BOTTLENECKS 



exceeds capacity (i . e . , over which the congestion 
has a chance to spread). · 

In pr~ctice, the c apacit ies are not compu ted 
and one s1mply observes severe congestion in Sect ion 
2, caused by Section 3. 
The . cong~stion may spread to Section 1 if the peak 
per1od is long e nough or Section 2 is short. 

Assume that some physical reconstruction 
perhaps coupled with decreasing the 5300 PCPH input 
vi a ramp metering further upstream, alleviates the 
problem. Lacki ng the capacity f igures for all 
sections , one may overlook the fact that if Section 
3 now outputs a flow rate higher than 5200 PCPH a 
bott l eneck wil l ap pear at Section 5 for the fi ~ st 
time . It was al ways t her e, but only t he solution of 
tlie"Secti on 3 pr ob l em all owed the demand t o attai n 
levels necessary to exhibit it. That is, it was 
"hidden" by the upstream bottleneck in Section 3. 

Cert ai nly, one must conduct a comp lete capaci ty 
anal ysis of the facility to avoi d the "h idden 
bottleneck" problem. In doing so, one must antici
~ate changes in flow due to the improvements. For 
instance, is the off-ramp in Section 4 shown at a 
level of 300 PCPH because it is the true demand or 
because it .i~ the observed amount which could get 
past the or1ginal bottleneck? In addition one must 
recogni ze that the service volumes in som~ sections 
(e.g . , weaving sections) are functions of the 
traffic mix, which may change. 

Because t he fl ow pattern may be di stor ted it 
is i~ or~ant to have some knowledge of the ori'gin
dest inat i on of the t raffic. Furt her , t he origin
dest inat i on pattern i nfl uences what can be done arid 
w~at should be done. Consider a freew ay on which 
virtu aTly-a'l l the outlying ramp ent r ies stay on the 
f ac i ~ i ty unt i 1 it terminates in the downtown area. 
Consider an identical physical facility but with 
traffic using it for many short trips,' with much 
outly~ ng traffic exiting before another "layer" of 
traffic enters. The control opportunities and the 
equity of various control options vary radically 
between these two extremes. 

D. Incidents 

I ncidents 
facil ities, 
desi gn to a 
condition. 
because they 

occur rel ati vel y commonly on t raffic 
alt hough it is s tandard pr act i ce to 
Leve l of Serv i ce for t he non - inci dent 
Clearly, incidents require attention 

• disrupt the level of service being provided; 

• reduce the capacity radically; 

• present hazards to the mot orists, particu-
1 arly those directly invo l ved . 

Incident 
Occurs 

x x 
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Certainly incident response is desired in order to 
provide assistance to the motorists involved -- tow, 
medical, police as the need arises. Incident 
response can also be directed to minimizing the 
impact on other vehicles and to recovering use of 
the facility. 

One study (4) showed that an inc i dent removed 
to the shoulder on a three lane f ac il ity still 
reduced capacity by one-third; a single-lane 
blockage reduced capacity by 50%; a two-lane block
age reduced capacity by 79%. In addition to the 
magnitude of the impact, the duration must also 
be considered. Refer to Figure 5.10, which identi
fies four critical phases of an incident history. 
Analogous to the ramp metering illustration in 
Section B above, the effect can persist long after 
the incident itself is removed, due to the backups 
cre ated . One faci-lity (5) es timated that peak 
per iod inc i dents were responsibl e f or more delay 
than recurrent peak period congestion at the loca
tion in question. 

Incidents may be detected by video observation, 
audio reports (ca 11-boxes, CB), or roadway sensors. 
There is some recent FHWA work on the last subject. 

Incidents may be responded to by some combina
tion of required assistance, ramp restrict ions or 
closure, and alternative route advisories. The 
control actions may be preplanned or dynamic deci
sions. 

Table 5.1 shows a compilation of data from 
several sources on the impact of incidents on 
traffic capacity. Incident effects are combined 
in the table with the impacts of various types of 
maintenance procedures which normally result in 
temporary lane closures. 

Weather 

Freeway capacity is affected by weather. The 
most extreme case is represented by heavy snowfalls 
which cause multiple lane closings. However, a 
variety of weather conditions -- rain, snow, fog, 
glare, and others -- affect capacity without such 
dramatic evidence of their existence. 

Quantitative information is sparse, but some 
indications do exist: one study found that rain 
reduced capacity by 14-19% (6,7): another found 
a typ ical figure of 8% for raTn- (8) although much 
variat ion was observed . I ndeed, -the substant i-al 
variations due to the intensity of the weather 
condition and the specifics of the location are 
entirely rational. Most importantly, it must be 
recognized that 10-20% reductions are typical and 
higher percentages are quite possible. These 
effe~ts must be considered in facility de s ign, 
particul arly when adverse conditions are common. 

Incident 
Removed 
x x TIME 

Detection Response Treatment Effects 
to stene Persist 

FIGURE 5.10 

PHASES OF AN INCIDENT 
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TABLE 5.1 

TYPICAL CAPACITY FLOW RATES 

No. of lanes one direction 2 3 (Normal Operation) or 4 4 

No. of lanes open one direction 1 2 3 

* Type of operation: 

-- Medi an barrier or guardrail repair 1500 vph 3200 vph 4800 vph 

-- Pavement reoair, mudjacking, pavement grooving 1400 vph 3000 vph 4500 vph 

-- Stripping, resurfacing, slide removal 1200 vph 2600 vph 4000 vph 

-- Pavement markers llOO vph 1400 vph 3600 vph 

-- Middle lanes - any reason ---- 2200 vph 2400 vph 
** Accidents 

-- Incident occurring in moving traffic lane 
with one lane blocked 1300 vph 2700 vph 4300 vph 

No. of lanes in one direction 2 3 4 

** Accidents 
-- Incident occurring in shoulder with 

no lanes blocked 3000 vph 4600 vph 6300 vph 

* From Forbes, C.E. et al. "Reducing Motorist Inconvenience Due to Maintenance Operation 
on High-Volume Freeways," HRB Special Report 116, 1971, pp. 181-188. 

** From Goolsby, Merrill E. "Influence of Incidents on Freeway Quality of Service," 
HRR No. 349, 1971. 

High-Occup ancy Vehicle Lanes on Freeways 
(H V Lanes) 

The existence of exclusive high-occupancy 
vehicle lanes on freeways raises two issues: (1) 
what is their capacity, and what are the operating 
characteristics of such lanes, and (2) what effect 
does their presence have on the operation of the 
remainder of the freeway. 

A. Capacity Anal ,ysi:> fur HOV Ldrtes 

This issue is addressed by Levinson (9) in his 
draft of a "Transit" chapter submitted to the 
Highway Capacity and Quality of Service Committee of 
the Transportation Research Board. 

The issue is a complex one. High-occupancy 
vehicle lanes come in many forms, including: 

• exclusive bus lanes 

• exclusive bus/taxi lanes 

• exclusive bus/car pool lanes, with varying 
occupancy restrictions 

• exclusive bus/taxi/car pool lanes. 

In addition, each type may be implemented as a 
contra-flow lane, with the exclusive lane taken from 
the opposing freeway lanes, or as a concurrent 
flow lane, in which the lane is taken from freeway 
lanes in the same direction of flow. These lanes 
are adopted to provide for smooth and speedy flow of 
passengers in vehicles using the lanes, and are used 

to circumvent freeway segments operating at or near 
breakdown conditions. The contrast of high-occupancy 
vehicles progressing smoothly while other vehicles 
are mired in heavy congestion is also intended to 
act as an inducement to motorists to abandon their 
car for a bus or car pool. 

Thus, it is unthinkable for such a lane to 
operate at, or anywhere near, capacity or at a low 
Level of Service. To do so would defeat its 
funct1on and purpose. The 1ssue of the "capacity" 
of such lanes is, therefore highly speculative, as 
few (if any) existing lanes approach this condition 
at any time. If defining capacity of such lanes is 
a problem, the selection of criteria for defining 
Levels of Service is even more difficult. Average 
travel time might be one appropriate measure -
but should this be on a per vehicle or per person 
basis? 

Since the goal of an HOV lane is to increase 
the person-capacity of a freeway without costly 
capital expenditures, strong consideration should be 
given to the development of capacity and Level of 
Service criteria in terms of persons rather than 
vehicles. The literature, whT e rep orting many 
site-spec ific studies and accompanying data, has not 
yet approached this question in a comprehensive 
way. A comprehensive study would be required to 
address the many issues involved in the formulation 
of HOV lane Level of Service criteria in a serious 
fashion, one which would be well beyond the scope 
and resources of this current work. 

The issues involved in defining capacity analysis 
techniques for high-occupancy vehicle lanes are, 



therefore, too complex to be resolved within 
these provcedures, and the available data base too 
variable. Levinson's work (9,10,11) provides a 
useful guide, and there are numerous studies of 
existing operations (!.£-22 ) which may be utilized 
for general insight on the subject. The portion of 
this circular devoted to transit capacity is the 
result of Levinson's work. 

B. Effect of HOV Lanes on Freeway Operations 

The existence of a HOV lane on a freeway influ
ences the operation of remaining freeway lanes 
in three ways: 

• a lane is removed from one direct ion of flow 
(occasionally two are removed, the second 
being used as a buffer lane) 

1 cones or other devices used to demark the 
lane (where used) pose lateral obstructions 
to flow in the adjacent lane, if a buffer 
lane is not provided 

1 the movement of vehicles into or out of the 
HOV lane may be disruptive to other traffic. 

Unfortunately, there is no meaningful body of 
data which has quantified these effects. Estimates 
of the first two factors can, however, be made using 
techniques presented in Chapter II. 

The removal of a lane is simply handled by 
assuming that the 8-1 ane freeway becomes a 6-1 ane 
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freeway, and the 6-lane freeway a 4-lane, etc. The 
effect of cones or other di vi de rs may be estimated 
by treating them as lateral obstru.ctions at the 
roadside edge. Depending upon their placement, they 
may also have the effect of narrowing the lane as 
well. 

In contra-flow lanes, this latter effect is 
mark ed, as vehicles shy away fro m the i mposi ng 
oppo site flow of large vehi c les at rel ative ly 
high speeds. I n some instances , an entire adjacent 
lane is taken out of service to act as a buffer 
zone. 

Figure 5.11 illustrates a problem using this 
estimating technique. The problem is to analyze the 
impact of a proposed contra-flow lane on Level of 
Service in the direction from which the lane is 
taken, and on the concurrent direction of flow. 

Before HOV Lane is Initiated 

Primary Flow = 

Contra-flow 

5100 + (1.6 x 300) = 5580 pcph in 
3 lanes of 12 ft. each, with no 
lateral obstructions. Level of 
Servi ce D, approximate speed 43 
mp h (Table 2.1, interpolate for 
speed ) 

2800 pcph in 3 lanes of 12 ft., 
with no lateral obstructions. 
Leve 1 of Service B, speed 50 mph 
(Table 2.1) 

LANE IS 5 MILES LONG 

36 FT. 

70 MPH 
AHS 

-~-~-~-~-~-~-~-~
POSSIBLE HOV LANE 

5100 PCPH _____ ----- -----------
)loo 

300 BUSES------------------

NOTES: ALL VOLUMES ARE EXPRESSED AS PEAK FLOW RATES; 
ONE BUS ,,. t.6 PASSENGER CARS 

FIGURE 5.11 
EXAMPLE FOR ANALYSIS OF HOV LANE IMPACT 

ONE liUS "' 1.6 PASSEHGER CARS 

NOTE: 1Ml,,,.1,6 KM, 

2800 
PCPH 

LEVEL 
TERRAIN 

36 FT, 
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After HOV Lane Is Initiated Level of Service on the freeway in the reverse 
direction decreases from B to C, and speed from 50 
mph to 49 mph, causing each vehicle to lose (5/49 -
5/50) 60 = 0.12 minutes. Primary fl ow = 

Contra-flow 

5100 pcph in 3 lanes of 12 ft. 
with no lateral obstructions. 
Level of Service C, approximate 
speed 48 mph (Table 2.1) 

2800 pcph in 2 lanes with a 
lateral obstructfon at O' feet on 
one side - assume 11 foot lanes 
due to divider placement -- W = 
0.87 (Table 2.3) -- effective flow 
= 2800/0.87 = 3218 pcph. Level of 
Service C, approximate speed 49 
mph (Table 2.1, interpolate for 
speed) 

While not totally definitive, this approximate 
technique is useful in evaluating the gross effects 
of HOV lane implementation on remaining freeway 
flows. These impacts would have to be evaluated in 
light of the benefits and costs of the HOV lane 
itself and related issues. 

Some General Guidelines for Planners 

On the basis of this approximate analysis, the 
creation of the new lane improves flow in the 
concurrent direction by removing buses from the 
stream. Level of Service improves from D to C, and 
avera(]e running speed increases from 43 mph to 48 
mph, which saves each vehicle (5/43 - 5/48) 60 = 
0.78 minutes. 

During the initial stages of transportation 
system planning, it is often necessary for planners 
to consider alternate freeway facilities as part of 
their investigations . During this process, the 
planner will need some qener al information on 
freeway capacity and performance. Certainly 
all of the procedures detailed herein are valid, but 
they are often too detailed for use at this level, 
where ramp locations, specific configurations, etc. 
are not yet known or even contemplated. 

Level 

of 

Service 

1 

2 

3 

4 

5 

1 

2 

3 

4 

5 

1 

2 

3 

4 

5 

TABLE 5.2 

SERVICE VOLUMES FOR FREEWAYS WITH AHS = 70 MPH, 
12-FOOT LANES AND ADEQUATE LATERAL CLEARANCE 

4- lane freeways 6- l ane freeways 8-lane freeways 
(2 l anes in each dir. ) f 3 l anes in each di r. ) (4 lanes in each dir. l 

Percent Trucks 

0 5 10 15 20 0 5 10 15 20 0 5 10 15 20 

LEVEL TERRAIN 

1600 1520 1455 1390 1330 2400 2280 2185 2088 1990 3280 3115 2985 2855 2720 

2500 2375 2275 2175 2075 3900 3705 3550 3390 3235 5400 5130 4915 4700 4480 

3400 3230 3094 2960 28?0 5100 4845 4640 4435 4235 6800 6460 6190 5915 5645 

3850 3660 3500 3350 3195 5775 5485 5255 5025 4795 7700 7315 7000 6700 6390 

4000 3880 3640 3480 3320 6000 5700 5460 5220 4980 8000 7600 7280 6960 6640 

ROLLING TERRAi N 

1600 1390 1230 1105 1010 2400 2088 1848 1655 1510 3280 2855 2525 2265 2065 

2500 2175 1925 1725 1575 3900 3390 3005 2690 2460 5400 4700 4160 3725 3402 

3400 2960 2620 2345 2142 5100 4435 3925 3520 3215 6800 5915 5235 4690 4285 

3850 3350 2965 2655 2425 5775 5025 4445 3985 3640 7700 6700 5930 5315 4850 

4000 3480 3080 2760 2520 6000 5220 3080 2760 2520 8000 6960 6160 5520 5040 

MOUNTAINOUS TERRAIN 

1600 1185 945 785 670 2400 1850 1415 1175 1010 3280 2425 1935 1605 1375 

2500 1850 1475 1225 1050 3900 2885 2300 1910 1640 5400 3995 3185 2645 2270 

3400 2515 2005 1665 1430 5100 3775 3010 2500 2142 6800 5030 4010 3330 2855 

3850 2850 2270 1885 1615 5775 4275 3405 2830 2425 7700 5700 4545 3775 3235 

4000 2960 2360 1960 1680 6000 4440 3540 2940 2520 8000 5920 4720 3920 3360 



The planner must be able to quickly determine 
whether a 4-, 6-, 8-, or more-lane freeway is likely 
to be needed in a given system configuration, as 
well as whether a freeway facility is needed at 
all. The latter determination requires information 
on non-freeway facilities which are beyond the scope 
of this manual. Table 5.2 does, however, provide a 
set of easily used service volumes for freeways, 
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assuming that ideal geometrics are provided, for a 
variety of traffic conditions. 

While these guidelines are useful for initial 
sketch-planning, all free way facili ties resulting 
from such pla~s wi ll have t o be subj ected to seg
ment-by-segment detai led analysi s usi ng the methods 
presented in this manual. 
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A NEW TECHNIQUE FOR DESIGN AND ANALYSIS OF 
WEAVING SECTIONS ON FREEWAYS 

INTRODUCTION 

The technique for design and analysis of weaving 
sections on freeways described below was developed 
by Jack E. Leisch, President of Jack E. Leisch & 
Associates, Evanston, Illinois. This material has 
been adapted from an article in the March, 1979 
issue of ITE Journal. 

The procedure was developed independently by 
Mr. Leisch based upon the 1963 BPR data base (1), 
the procedures of the 1965 Highway Capacity Manual 
(HCM) (2), Mr. Leisch's involvement in NCHRP 
Project 3-15 (3), and numerous unpublished studies 
(4). The purpose of the ITE Journal article was 
to introduce an updated technique for use in the 
improvement of operational efficiency and safety 
in the rehabilitation of congested and outmoded 
freeways. The article presents the primary re
sults of Mr. Leisch's considerable experience and 
analysis in a form to permit application of those 
areas of major concern. 

The procedure for weaving sections as present
ed here is primarily for design purposes. Analy
sis cases must be done in reverse, and require 
engineering judgment when the two levels of service 
differ ~aterially. 

This technique is intended to be used with the 
freeway materials currently in the 1965 HCM, and 
not with the freeway treatJnent contained in the 
Freeway Section of this Circular. The speed
volume relation assumed herein is that of the 1965 
HCM; the level of service definitions are those of 
the 1965 HCM (except that average speed-relations 
are used for weaving movements); and the truck 
factors used in the calibration are those of the 
1965 HCM. 

FORM OF PRESENTATION 

The primary results are presented to the reader in 
the form of two composite graphs which permit the 
solution of. the majority of weaving problems on 
freeways. The end product is embodied in the nomo
graphs of Figures 1 and 2. 

The weaving section configuration and identi
fication were determined to have a pronounced 
effect upon operational characteristics. Designa
tions of one-sided and two-sided weaving sections 
were specifically established; these were further 
subdivided into "lane-balanced" and "lane
imbalanced" sections and included within the basic 
graphs. Application of nomographs in the solu
tion of problems is simple and direct as described 
further on. The terminology in the 1965 HCM has 
been maintained for the most part. 

DEVELOPMENT OF METHOD 

The development of this technique for design and 
analysis of weaving sections was approached on the 
basis of the following premise and objectives: 

1. The procedure was to be simple and easy to use. 

2. The format, to all feasible extent, was to 
follow the makeup and terminology applied in the 
1965 HCM. 

3. The revised procedure was to make appropriate 

and extensive use of both the 1963 BPR data base, 
supplementary data and development of the NCHRP 
Project 3-15 on "Weaving Area Operations Study." 

4. Statistical analyses, independently performed, 
to reflect the data of both projects, were to play 
a major role in establishing the needed relation
ships. 

5. Elements of analytical modeling and rational 
formulations were to be utilized to supplement and 
expand upon portions of findings determined sta
tistically to provide a sufficiently broad spec
trum for application. 

The adherence to these objectives, and the 
confidence that the general framework of proce
dure in Chapter 7 of the 1965 HCM (despite some of 
its shortcomings) could provide a definitive ave
nue of investigation, gave impetus to the study. 
The 1963 BPR data base furnished the major basis 
of investigation, coupled with numerous elements 
of research derived in the NCHRP 3-15 Project. 
The latter provided valuable information and 
insights previously unavailable; this further 
aided the development of the revised or updated 
methodology reported herein. Direct experience of 
the author in design, construction, and operation 
of weaving sections has provided an additional 
dimension to the practical considerations of real 
conditions to be reflected in the results. 

With this direction, the course of research 
and development followed a series of separate but 
interrelated analyses. These were made possible 
with a mechanism by which the data could be reduced 
to simulate operationally "balanced" sections. In 
addition, weaving section configurations must be 
identified as one of two basic forms: one-sided 
(ramp weaves, irrespective of numbers of ramp 
lanes); or two-sided (where entering and existing 
traffic from opposite sides weave across the free
way flow, producing disruptive tendencies within 
an otherwise state of maintained route continuity). 
These two basic forms are geometrically and opera
tionally different, but when properly "balanced" 
and grouped into speed categories, good correla
t~on was found by regression analysis of weaving 
volume-speed-length relationships. For each basic 
configuration a different set of curves evolved. 

The analysis further verified that when weav
ing sections are operationally balanced, there is 
another ingredient within the volume-speed-length 
relationship which, as in the 1965 HCM, may be 
referred to as a measure of weaving intensity, or 
factor "k". For one-sided weaving sections the 
maximum value clustered at 3 and reduced downward 
toward 1 as length and speed increased for a given 
volume. Distribution of k values from the analysis 
took the form shown in the upper-left portion of 
Figure 1. For two-sided weaving sections, 
interestingly enough there was no correlation with 
speed, but there was a very definite relationship 
between values of k and R (ratio of the smaller 
weaving volume, W2, to the total weaving volume, 
W1 + Wz). The values of k also clustered around 3 
but only when W1 and W2 were nearly equal, or when 
R was of the order of 0.5 or 0.4 For lesser 
ratios of R, the value of k increased rapidly to a 
maximum of 6 for relatively small Wz movements, or 
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R values of 0.1 or less . The maximum of k ~ 6 can 
be rationally deduced. The k values of 3 to 6 all 
reduced necessarily to 1 as the length of section 
approached and passed into the "out of the realm 
of weaving" zone. Distribution of k values, with 
the R variable, was charted from the analysis as 
indicated in the upper-left portion of Figure 2. 

The average running speeds of weaving traffic 
for the one-sided section, where ramp traffic 
weaves along one side of the freeway, were taken 
to be 5-mph below the average through speeds, with
out inhibiting the freeway level of service. This 
is a logical deduction from the data base, and in 
general agr~ement with the philosophy that at ramps 
the entering and exiting traffic is acceptable 
with slight momentary speed reduction. 

Accepting this compatibility, the average run
ning speeds of weaving traffic for the various 
freeway levels of service are shown within the 
lower-left portion of the nomograph, Figure 1. The 
average freeway speeds for the various levels of 
service have been converted from the current 
"operating speeds" as presently shown in the 1965 
HCM. 

The average running speeds of weaving traffic 
on the two-sided section, where the through freeway 
traffic is crossed by entering-exiting movements, 
were considered to be the same as the speeds of 
freeway traffic itself. This, of course, is logi
cal since here the main freeway movement is an 
element of the weaving traffic. The speeds and the 
correspondingly designated levels of service, as 
indicated by the regression curves developed from 
the available data, collaborated this relationship. 
Thus, the average running speeds shown for the 
various levels of service in the lower-left portion 
of the nomograph, Figure 2, are indicative of both 
the weaving traffic and the freeway traffic. 

The right-hand elements of each nomograph are 
derived from the basic equation: 

N (V + (k - 1) W2) -t SV 

Although this is a rational expression used in the 
1965 HCM, the correlation of k factors with 
volume-speed-length relationship determined through 
the mechanism of balancing the weaving sections, 
provides real N values for specified SV (service 
volumes) per lane. The results are in fractional 
rather than an integer number of lanes. The final 
result must be rounded to a whole number of lanes. 
When the lane adjustment is slight, such as 
several tenths of a foot per lane, the overall 
results are practically unaffected. With more 
radical adjustments in lane requirements or other 
features, the nomographs still permit the deter
mination of the controlling levels of service, or 
an adjusted level of service, or an approximation 
of an adjusted ·speed. The total nomograph allows 
for an integrated solution of all elements of a 
weaving section. 

It may be noted in both nomographs that three 
w-f.d th& of basic lanes, Nb• are indicated for the 
major approach to the weaving section. The three 
right-hand elements of both Figures 1 and 2 are 
provided for this purpose, allowing for the varia
tion in service volumes, SV, with the width of 
traveled way. The numerical values of SV are 
predicated on the 1965 HCM with a preselected peak
hour factor built into the indicated service 
volumes. 

The levels of servioe presented in Figures 
l and ~ are for t11e weaving and non-

weaving traffia separately (the lower left 
and lower right seotions, respeotively). 
The levels of servioe are olosely related 
to the speed ranges (for weaving traffio) 
and volwne ranges (for non-weaving 
t raffic) of t11e l965 HCM. They OTe not 
equivalent t o the designations used rn-
ot1ier pa-rts of this Circular, and should 
not be intermixed when reporting results 
without a clear statement to this effect. 

Referring back to the lower-left portion of 
the nomograph, it is noted that the solid curves 
are for lane-balanced weaving sections, i.e., with 
a proper arrangement of lanes operationally includ
ing an "optional" lane; the dashed curves are 
representative of sections lacking lane balance, 
requiring longer weaving dimensions for given 
levels of service. 

SAMPLE PROBLEMS 

To provide some preliminary indication in the use 
of the updated procedure the following examples are 
presented. 

Example l 

The problem to be investigated is a one-sided 
lane-balanced weaving section formed along the 
freeway between two interchanges. The design calls 
for Level of Service C. The volumes noted have all 
been converted to equivalent passenger cars per 
hour (pcph). Referring to the weaving configura
tion at the upper-right portion of Figure 1 in 
describing the example, the approach freeway vol
ume is 5100 pcph on 4 lanes with 4500 pcph 
proceeding through and 600 pcph departing at the 
next exit. At the entrance ramp 1100 pcph are 
merging, 950 pcph are proceeding on the freeway, 
and 150 pcph are destined to the next exit. The 
total volume through the weaving section amounts to 
6200 pcph. The problem is to determine the mini
mum spacing (for weaving) between ramps and the 
number of lanes required through the weaving sec
tion to maintain Level of Service~eration. 

Enter with weaving volumes (W1+w2) of 600 + 950 
~ 1550, proceed right to the 40-mpn curve (maxi.mum 
for C) and turn downward to read a minimum required 
weaving length, L, of 1300 feet. Then, from the 
original intersection point proceed along the 40-mph 
curve to the "turning line for k," and continue up
ward to intersect the k values curve (no need to 
read k), at this point turn right and proceed to the 
smaller weaving volume, w2 of 600, followed by a 
downward turn to V ~ 6200; then a horizontal projec
tion to Level of Service C line (1400 pcph) for Nb c 

4 produces, with a downward projection, a total num
ber of lanes, N, of 5.2. A rounding to 5 lanes 
would be close enough to maintain a balanced section. 
Theoretically, this barely places the operation into 
Level of Service D zone and a proportional decrease 
of weaving speed by approximately 1 mph. (In this 
case the slight difference may be ignored. 

Example 2 

Here a two-sided weaving section is formed by an 
entering ramp on the right and an exiting ramp on 
the left, as diagrammed in the upper part of 
Figure 2. The existing section is badly congested 
and is slated for improvement as required in 
length and width to produce an operationally bal
anced f acilit y at Level of Servi ce C. T.he total 
volume of V = 4 700 includes 1800 pcph (W!> pro..:_ 
ceeding t hrough on the freeway, and 500 pcph (Wz) 
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crossing the freeway from entrance to exit ramp. 
Following the solution arrows on the nomo

graph, it is noted that with w1+w2 of 2300 and 
Level of Service C, the spacing between r amps has 
to be i ncreased t o a t least 2100 f eet . Proceeding 
further through t he graph with R "' O. 22, W2 "' 500, 
and a proposed Nb of 3 lanes, the required number 
of lanes i n the weaving section is i ndicated to be 
4.8. A rounding of N to 5 lanes would be appro
priate, maintaining reasonable balance with possi
bly a very slight iir~rovement in operation. 

ASSESSMENT OF METHOD 

The graphic presentation for analysis permits a 
variety of problems to be investigated and solved 
rapidly. Having all the major variable selected 
on a composite nomograph provides for flexibility 
in the procedure and a means of comparing alterna
tive solutions without calculations. An important 
aspect is that the application of a "balanced" 
section, which in turn minimizes the number of var
iables required, permits the nomograph and its 
associated procedure. 

All analyses and relations have been predi
cated on the present definitions of levels of 
service and the measures related to them. One of 
the adjustments reflected in the methodology is 
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the use of average running speeds, taken from the 
data of field experiments expressed as space mean 
speeds; however, the basis of the 1965 HCM operat
ing speeds of the various levels of service were 
maintained in making the conversion to the more 
usable average running speeds. The numerical 
service volume have also been retained from the 
1965 HCM, except for the means of "building-in" the 
peak-hour factor within the base service volumes. 
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