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PREFACE

In 1967 the author presented a procedure for the graphic solution of the capacity of signalized
intersections entitled “Capacity Analysis Techniques for Design of Signalized Intersections.” The
success of this publication prompted the author to develop a similar type of publication for analyz-
ing capacity problems associated with freeway operations.

In this publication the author has presented a procedure for the graphic solution of the capacity
of freeway facilities to simplify the work required by the computational procedures in the Highway
Capacity Manual. Figures and nomographs have been developed to solve the capacity problems on
through lanes, exit and entrance ramps, and ramp terminals. A full discussion of the principles
and procedures in the application of the figures and nomographs in addition to sample problems
has been included in this publication.

The application of these techniques greatly facilitates the design of freeways and is particularly
applicable to improving operational efficiency and safety in the rehabilitation of congested and out-
moded freeways.

Jack E. Leisch

Evanston, Illinois
February 1974

iti



0500
TE W J j 4 d
175
.L44
1979

MAR 1 1 1996



CONTENTS

Chapter Page
LisT OF ABBREVIATIONS AND EQUIVALENTS _ oo viii

I INTRODUCTION o o e 1
II Freeway ProPER—UNINTERRUPTED Frow _____ . ________________ 7
IIT C-D Roaps anp FREEwAY DISTRIBUTORS 21
IV RaAMPS o e e 25
V  WEAVING SECTIONS _ e 61
VI DeterMINATION OF NUMBER AND ARRANGEMENT OF LANES ON FREEwAYS 71

BIBLIOGRAPHY o e 83

LIST OF ILLUSTRATIONS

Figure Page
1 Freeway components requiring separate capacity analyses _____________ 1
2 Effect of length and grade on speed of average trucks on modern

multilane highways _____ . 11
3 Basis for measuring length of equivalent uniform upgrade in conjunction
with truck operations ___________________________________________ 11
4 Nomograph for determination of levels of service, service volumes, and
capacity on freeways; average highway speed—70 mph ____________ 13
5 Nomograph for determination of levels of service, service volumes, and
capacity on freeways; average highway speed—65 mph ____________ 14
6 Nomograph for determination of levels of service, service volumes, and
capacity on freeways; average highway speed—60 mph ____________ 15
7 Problems 4, 5, and 6 illustrated _____ . ______ 17
8 Chart solutions for problem 4—truck speeds - __________________ 18
9 Chart solutions for problem 4—equivalent grade values ______________ 18
10 Solution for problem 4 ___________________________ 19
11 Nomograph for determination of service volumes and capacity on freeway
distributors and C-D roads ____________________________________ 22

12 Ramp elements ___________ . _____________ .. 25

13  Service volume relations at entrance and exit terminals ________________ 27

14 Procedure for determining service volumes and capacity of isolated

entrance ramps ________________________________________________ 28

15 Procedure for determining service volumes and capacity of isolated

exit ramps .. 30
16 Procedure for determining service volumes and capacity of successive

entrance and exit ramps __________.____________________________ 31
17 Single-lane entrance ramps—nomograph for determination of levels of

service, service volumes, and eapacity __.__________________________ 32
18 Single-lane exit ramps—nomograph for determination of levels of service,

service volumes, and capacity ____________________________________ 33
19 Single-lane entrance on exclusive (auxiliary) lane—nomograph for deter-

mination of levels of service, service volumes, and capacity . ________ 35

v



CONTENTS
List of Illustrations—Continued
Figure Page
20 Singlelane exit on exclusive (auxiliary) lane—nomograph for determina-
tion of levels of service, service volumes, and capacily —.____—_—______ 36
21 Relationship between overall percentage of trucks in freeway approach
volume and percentage of trucks in Lane 1 volume __________________ 37
22 Problem 9 illustrated . _____ 38
23 Problem 12 illustrated ________________________________ . _____ 38
24  Problem 14 illustrated ________________________ . 40
25 Service volumes for design of signalized intersections and ramp terminals—
two-way facilities, urban area _________________________________ 43
26 Service volumes for design of signalized intersections and ramp terminals—
one-way facilities, urban area ___________________________________ 44
27 Service volumes for design of signalized intersections and ramp terminals—
rural area . __ 45
28 Service volumes for design of signalized T or Y ramp junctions —________ 46
29 Service volumes for design of signalized intersections and ramp terminals—
separate right- and left-turn lanes, with no separate signal indication for
turning movement ___________________ . _________________________ 47
30 Service volumes for design of signalized intersections and ramp terminals—
separate right- and left-turn lanes, with separate signal indication for
turning movement _____________________________________________ 48
31 Service volumes for design of signalized intersections and ramp terminals—
double turning lanes ___________________________________________ 48
32 Procedure for analysis of combined double left-turning and double right-
turning movements with optional lane ____________________________ 49
33 Procedure for analysis of widened intersection and ramp approaches—
length requirements ____________________________________________ 49
34 At-grade ramp terminals, single-lane ramps—index to analysis procedures 50
35 At-grade ramp terminals, 2-lane ramps—index to analysis procedures ____ 51
36 Problem 21 illustrated .. _____________________________________ 52
37 Problem 22 illustrated __._._________________ o ____ 53
38 Problem 23 illustrated ______ _______ . 56
39 Problem 24 illustrated _______________________ L ____ 57
40 Problem 29 illustrated _________________________________________.__ 60
41 Design chart for weaving sections ._________________________________ 62
42 Problem 31 illustrated ______________ L ___ 64
43 Problem 32 illustrated __________________ 64
44 Problem 33 illustrated . _____ 65
45 Problem 34 illustrated __________ . ________ .. 66
46 Analysis worksheet for problem 34 _________________________________ 67
47 Problem 35 illustrated _____________________________ . ____ 68
48 Analysis worksheet for problem 35 _________________________________ 69
49 Basic number of lanes—schematic ___________________________.______ 73
S0 Coordination of lane balance and basic number of lanes - _____________ 73
51 Coordination of lane balance and basic number of lanes through application
of auxiliary lanes . ______________ 74
52 Special use of auxiliary lanes ______________________________________ 76
53 Problem 36 illustrated _________________ 77



CONTENTS

List of Illustrations—Continued

Figure

54 Analysis steps, problem 36 _____________ .

55

Solution for problem 36—stage development _________________________

LIST OF TABLES

Table

1
2

(S0

10
11
12

13

14

15

Capacity and service volume relations on freeways under ideal conditions

Levels of service and maximum service volumes (expressed as a ratio to
capacity) for modern freeways under uninterrupted flow conditions ____

Design and pessible capacity values (AASHO) for modern freeways under
uninterrupted flow conditions ____________________________________

Adjustment factors for trucks on freeway facilities ____________________
Speed reduction distance of trucks on grade from higher speeds to 50 mph

Service volumes suggested for design of freeway distributors and C-D
roads under uninterrupted flow conditions . ________________________
Adjustment factors, Fyw, for lane width and lateral clearance on freeway
distributors and C-D roads (2-, 3-, and 4-lane one-direction roadways)
Service volumes (base values) suggested for design of ramps proper
(single-lane operation) _________________________________________
Service volumes for design of ramp terminals ________________________
Adjustment factor (Frz or Fr,) for entering trucks __________________
Service volumes for design of ramps proper __________________________

Volume adjustment for second ramp of successive ramp entrances (single-
lane entrance with number of freeway lanes maintained beyond entrance)

Volume adjustment for first ramp of successive ramp cxits (single-lane exit
with number of freeway lanes maintained beyond exit) ______________

Conversion factors for analysis of ramp entrances and exits on 5-lane (one-
direction) freeways _________ . _______ e __

Per lane service volumes for weaving sections on freeways _______._______

10
11

21

21

26
26
34
42

54



List of Abbreviations and Equivalents *

Abbreviation Equivalent
AASHO  American Association of State Highway Officials (in late 1973 changed to American
Association of State Highway and Transportation Officials)

AHS average highway speed

CBD central business district

C-D collector-distributor roads adjacent to freeways
DHV design hourly volume

EN entrance terminals

EX exit terminals

G/C green time for any one signal phase (in seconds) divided by cycle time (in seconds)
Ib./hp pounds per horsepower

MP metropolitan population

mph miles per hour

parclo partial cloverleaf

pcph passenger cars per hour

PHF peak hour factor

sta. station (surveyor’s)

SV service volume

vC vertical curve

vph vehicles per hour

VPI vertical point of intersection

* Omits commonly known units.



Chapter 1

INTRODUCTION

The planning and design of freeways cannot be accom-
plished without consideration of the pattern and volumes of
trafic which will utilize them and the ability of such facili-
ties to accommodate this traffic. Accordingly, the geometric
features—alinement and profile, interchange configuration
and spacing and, most importantly, the number and arrange-
ment of lanes—must be determined largely through capacity
analyses.

A procedure based on the data and findings reported in
the Highway Capacity Manual' is presented here as a tool
in the planning and design of freeway facilities. A graphi-
cal method utilizing special nomographs and procedural
steps has been developed to facilitate the understanding of
highway capacity and its application to design of freeways.
The subject is dealt with by a separate analysis of each
component of the freeway, induding numerous illustrative

*Highway Capacity Manual, Highway Research Board Special
Report 87, 1965; hereafter referred to as the Manual.

;@

samples, and then combining the results to reach a com-
posite solution for design of the complete freeway facility
or for its operating system. The analysis techniques and
sample solutions of problems are presented both on the
basis of the Manual approach and in accordance with the
design policies of the American Association of State High-
way Officials (AASHO).2 The slight differences in the
philosophy and approach are explained and the two methods
related.

FREEWAY COMPONENTS

As shown in figure 1, capacity analyses in design of free-
ways are appropriately accomplished by dividing the facility
into its basic components, as follows:

a. Freeway Proper is that portion of freeway Uy largely
unimpeded by merging, diverging, or weaving traffic, char-

* A Policy on Geometric Design of Rural Highways, AASHO, 1965;
hereafter referred to as the AASHO Design Policy.
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Ug — UNINTERRUPTED FLOW SECTION, FREE OF INTERCHANGE
INFLUENCE

Ug — UNINTERRUPTED FLOW SECTION, WITHIN INFLUENCE OF
ENTERING AND EXITING TRAFFIC

Ex— EX!T TERMINAL (DIVERGING FLOW)

En— ENTRANCE TERMINAL (MERGING FLOW)

W — WEAVING SECTION

W,, — MULTIPLE WEAVING SECTION
R, — RAMP PROPER

G — AT-GRADE RAMP TERMINAL
FD — FREEWAY DISTRIBUTOR

CD — COLLECTOR-DISTRIBUTOR ROAD

Ficure 1.—Freeway components requiring separate capacity analyses.
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acterized by what may be termed uninterrupted flow.
Other portions of the freeway along which exits and en-
trances occur are also considered to be generally under
uninterrupted flow conditions, but within influence of
merging, diverging, and weaving trafic Ug; such sections
must be further analyzed with respect to these influences,
as represented by the components below.

b. Ramps are those elements of interchanges consisting
of ingress and egress facilities. Operational characteristics
of entrance terminals (ENj and exit terminals (EX)
‘along the freeway not only affect operation on the frccway
proper but, in themselves, have specific capabilities of
handling merging and diverging traffic. The other ends
of the ramps—those joining the intersecting highway—
also have influence on the total operation. Somc of the
terminal designs are operationally comparable to the ramp
terminals joining the freeway. Yet, others may be entirely
different as, for example, the at-grade terminals of diamond
and partial cloverleaf (parclo) interchanges G which have
much the same operational characteristics and limitations
as normal at-grade intersections. The portion of the ramp
proper between its two terminals Rp must also be considered
in the analysis to achieve a balanced design.

c. Weaving Sections are those portions of freeway on
which operation is affected by overlapping movements of
the successive entering and exiting traffic. Such arrange-
ments may constitute simple weaving sections W where
weaving maneuvers take place between an entering ramp
and a following exiting ramp; or, may entail multiple
weaving sections Wy where overlapping weaving maneuvers
take place in conjunction with several closely spaced ramps.
Weaving sections are critical elements on most freeways,
particularly in urban areas, and must be analyzed to deter-
mine their geometric features.

Initially, each component of the freeway facility is ana-
lyzed separately. Then the requirements for each are
brought together and harmonized to produce an integrated
facility—geometrically and operationally balanced.

CAPACITY AND LEVELS OF SERVICE

In general terms, the “capacity” of a highway refers to
its ability to carry traffic. In a strict sense “capacity” indi-
cates the maximum volume of traffic which can be accom-
modated by a facility. According to the Manual, “capacity”
is defined as the maximum number of vehicles which have
a reasonable expectation of passing over a given section of
lane or roadway in one direction during a given time period
under prevailing conditions. Unless specified otherwise,
capacity is an hourly volume.

The prevailing conditions which affect capacity may be
divided into two general groups: (a) prevailing roadway
conditions, indicative of the physical features such as road-
way alinement, number, and width of lanes; and (b) pre-
vailing traffic conditions, indicative of the nature of traffic,
such as peaking characteristics and composition of traffic.
Thus, capacity may vary between different freeways de-
pending on the particular conditions. However, a capacity
base—a single value—for what may be termed “capacity
under ideal conditions,” can be established for all freeways.
The capacity of a freeway under ideal conditions is consid-

ered to be 2,000 passenger vehicles per lane per hour. Ideal -
conditions for freeways are defined as the state of uninter-
rupted flow with passenger cars only in the traffic stream,
horizontal and vertical alinement adequate for operation
at 70 miles per hour (mph) or greater, traffic lanes 12 feet
wide, and adequate shoulders and no lateral obstructions
within 6 feet of the edge of traveled way. The capacity of
2,000 passenger vehicles per lane per hour is the average
lane volume of traffic in all the lanes in one direction of
travel for a full hour of operation. Capacity is also indica-
tive of a reasonably uniform flow in which the rate of flow
for any 5-minute period during the hour is approximately
the same as the total hourly flow. The prevailing conditions
which differ from the “ideal” produce a reduction in the
capacity base of 2,000 vehicles per hour (vph). The re-
ducing effects of each condition below the ideal have been
established in the Manual so that the capacity of any free-
way under prevailing conditions can be evaluated. Capacity
is characterized by high traffic density and relatively low
and uniform speed. Maximum flow occurs at what may be
termed “optimum speed” and “critical density.” At ca-
pacity, speeds are in the range of 30 to 35 mph and denst-
ties are in the order of 50 to 70 vehicles per mile. A typical
traffic condition at capacity on a freeway may be described
as an average speed of 30 mph, a density of 65 vehicles per
mile, and a mean headway of-1.8 seconds or vehicle spacing
of about 80 feet.

As the volume of traffic approaches capacity, the flow
becomes unstable. Any mishap which causes traffic to slow
down below the optimum speed can produce stoppages of
trafic and a breakdown of the facility. Because of this
sensitivity and the restrictive operational characteristics, the
capacity condition is considered to be inappropriate for
planning and design purposes. To insure that a highway
provides an acceptable quality of operation to the road
user, it is necessary for the volume of traffic to be lower
than the capacity of the roadway. To meet this require-
ment, a level of service concept is introduced. Level of
service, as stated in the Manual, is a qualitative measure of
the effect of a number of factors, including specd and travel
time, traffic interruptions, freedom to maneuver, safety,
driving comfort and convenience, and operating costs. Six
levels of service have been selected, 4 to F, designating
operating conditions from excellent to intolerable, including
capacity. The various levels of service, although indicative
of a combination of several factors, are quantified with
respect to two principal parameters—operating speed and
service volume. Thus, each level of service is associated
with a limiting volume of traffic. Stating it another way,
the maximum number of vehicles which can be carried at
any selected level of service is referred to as the service
volume (SV) for that level.

Each level of service actually falls within a volume band
ranging between the limiting service volume of the next
higher level of service and its own (maximum) service
volume. For example, if on a given section of freeway the
service volume for level of service C is 4,000 vph and for
level of service B it is 3,000 vph, then any volume that the
facility would carry just abovc 3,000 vph and not over
4,000 vph would be considered to be within level of service
C.
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The level of service concept permits each element of a
highway or a system of highways to be designed to produce
a balanced facility, with reasonably uniform and consistent
quality of operation throughout. This is the main objective
in applying the level of service concept. The two levels of
service generally associated with design of freeways are
level B for rural conditions and level € (sometimes D) for
urban environment. The preceding concepts and nomen-
clature are essentially as presented in the Manual. Utilizing
the same basic data and general concepts, AASHO has
evolved, through its geometric design policies, a somewhat
different nomenclature and approach to the application of
capacity. The differences are not significant. Understand-
ing both bases, as intended here, will allow the traffic and
highway engineer to employ either procedure or a combina-
tion of the two. The American Association of State High-
way Officials has rctained the more comprehensive meaning
of the word “capacity” which, incidentally, is the way the
term was used in the previous (1950) Highway Capacity
Manual. 1In its broader use, “capacity” may relate to other
than an absolute value. It may indicate a specified limiting
number of vehicles which can be accommodated commen-
surate with a sclected operational quality, or it may be
indicative of some measure of comfort and convenience.
To differentiate this type of operation and its limiting
volume of traffic from the type of operation when an abso-
lute or highest possible volume of traffic is achieved, AASHO
refers to the former condition as design capacity and the
latter condition as possible capacity.

Design capacity may be defined as the highest permissible
number of vehicles which can be carried under given road-
way and traffic conditions without unreasonable delay or
restriction to the driver’s freedom to maneuver, and is the
representative or practical value established in designing
the highway to accommodate the design volume. Possible
capacity represents the maximum number of vehicles which
can be accommodated under given or prevailing roadway
and traffic conditions, regardless of the effect of delaying
drivers and restricting their freedom to maneuver; it is the
largest volume of traffic a facility could be expected to
carry. Obviously, the AASHO terminology design capacity
is in essence the same as the Manual terminology maximum
service volume for a selected level of service. Also, the
AASHO terminology possible capacity is identical concep-
tually and quantitatively to the Manual terminology ca-
pacity.

Both the AASHO Design Policy and the Manual select
several measures of operational quality, expressed numer-
ically as “design capacities” and “service volumes,” respec-
tively. The AASHO, in effect, deals with several levels of
service expressed by three design capacity conditions se-
lected to be representative of rural, suburban, and urban
conditions, These AASHO design capacity values are nu-
merically blanketed by the service volumes for levels of
service B, C, and D as indicated in the Manual. The two
scales in table 1 compare levels of service (and service
volumes) in the Manual with design capacities in the
AASHO Design Policy.

The Manual relates each level of service to an operating
speed. Operating speed is the maximum safe speed at

which an individual driver can travel under prevailing
traffic conditions without exceeding the design speed of the
highway at any time. The operating speed of 60 mph or
more at level A4 reduces progressively with each lower level
of service to about 30 mph at level £ (capacity). The
Manual further relates each level of service to a service
volume. Although both the operating speed and the service
volume are indicators of the levels of service on a highway
and are frequently compatible, there are times when the
two measures are not in harmony with each other. In these
situations either criterion may control the level of service.
That is, in accordance with the relationships in table 1, if
the operating specd falls bclow the stipulated value, the
next lower level of service pertains, or if the service volume
exceeds the indicated amount, the next lower level of service
governs. Thus, if either criterion is not satisfied the service
is dropped to the next level. On existing facilities, checks
for both speed and volume are essential to determine the
operating level of service, with the speed frequently being
the governing element. Table 1, and more specifically
table 2, may be used for this purpose on existing freeways.

On new freeways—being planned or designed—speed
cannot be measured, but from known relationships of oper-
ating speeds, average running speeds, and highway quality
(expressed first in terms of “design speed” and later in
more detail as “average highway speed,” AHS), speed-
service relations can be predicted and hence an approximate
level of service. This has been accomplished and reported
both in the Manual and in the AASHO design policies.
Table 2 indicates these relationships with the suggestion
that the service volume to capacity ratio v/c be used as the
basis for design in combination with AHS.

The Manual also relates each level of service to a service
volume average per lane, in accordance with the number
of lanes on the freeway. For stable flow conditions—levels
of service 4, B, and C—the service volume increases with
successively wider facilities. In other words, given the
same average volume of traffic per lane, the freedom to
maneuver is greater on 3 lanes than on 2 lanes, and greater
on 4 lanes than on 3 lancs. For the same degree of freedom
or level of service, wider freeways are capable of handling
larger volumes per lane. As shown in table 1, level 4
corresponds to lane service volumes of 700, 800, and 850
vph for 2, 3, and 4 freeway lanes in one direction. Level B
is represented by volumes of 1,000, 1,150, and 1,250 vph
respectively. At level of service C, although still in the
range of stable flow, higher service volumes of 1,250 to
1,500 vph can be accommodated while at level of service D,
which approaches unstable flow, volumes up to about 1,650
vph can be carried. _

At levels C and D operation is so critical that (unlike
levels 4 and B) rates of flow within a period shorter than
an hour must be considered. For these conditions the
Manual suggests that the highest rate of flow for a 5-minute
period within the hour, rather than the maximum number
of vehicles expected during the full hour, be used to evaluate
levels of service. To accomplish this, it is necessary to
adjust a uniform hourly flow by an appropriate peak-hour
factor (PHF). For freeway facilities the PHF has been
expressed as the ratio of the whole-hour volume to the
highest rate of flow occurring during a S-minute interval
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TaBLE 1.—Capacity and service volume relations on freeways under ideal conditions

HIGHWAY CAPACITY MANUAL(Y)

AASHO DESIGN POLICY(2)

SERVICE VOLUME(3)

DESIGN CAPACITY

OPERATING VPH PER LANE VPH PER LANE AVERAGE 1
LEVEL OF SPEED RUNNING | (o oo |
SERVICE P AVR. FOR NO. OF LANES {AVR. FOR NO. OF LANES  SPEED i
IN ONE DIRECTION OF: | IN ONE DIRECTION OF: MPH
2 3 4 2,3 0R 4
A Seo \/ \/ \/ \/
700
800
_ 850
B8 >55
1000 1000 45 - 50 RURAL
3 1150 .
¢ > 50 1200 40.45  SUBURBAN |
1250 | 1250 ,
- i
1400 |
D > 40 | 1500 1500 35 - 40 URBAN |
i
1650 |
ALL !
E |
30 - 35 LOCATIONS !
(CAPACITY) (Possible !
2000 2000 30 Capacity) J|

{1) Highway Capacity Manual, 1965, HRB Special Report 87.

(2) A Policy on Geometric Design of Rural Highways, 1965.

(3) At level of service C, peak-hour factor (PHF) of 0.83, 0.87 and 0.91 for 2-, 3- and 4-lane freeway in one
direction, assumed (for illustrative purposes) to be representative of small-to-medium, medium-to-large, and
large city, respectively. At level of service D a PHF of 0.91 is assumed to be characteristic of this level of
service, considering medium and large cities. At levels of services A and B, PHF not applicable; and at level of
service E, PHF approaches 1.00. Service volumes, for the peaking conditions shown, are rounded to closest 50

vph.

within the peak hour, that is, the hourly flow divided by
12 times the actual 5-minute flow. For example, if the
total hourly volume is 300 vph and the highest 5-minute
flow is 30 vehicles, PHF = 300 = (30 X 12) = 0.83.
(Under interrupted flow conditions, involving controlled
movements at intersections and on at-grade ramp terminals,
the peak-hour factor is based on a 15-minute rate of flow.)

Hourly traffic fluctuations represented by peak-hour fac-
tors are largely the product of land uses, trip purposes, and
city size. The smaller cities tend to have traffic peaks of
shorter duration than one hour, producing sizeable varia-
tions in 5-minute flows during the hour and yielding low
peak-hour factors. Large cities tend to have extended
traffic peaks, frcquently of longer duration than one hour.
Under these circumstances, the 5-minute flows are more
nearly equal during the hour, with resulting high peak-hour

factors. Representative peak-hour factors for freeway op-
erations, according to the Manual, may be generalized for
various metropolitan area sizes as follows:

1. Less than one-half million population—0.77
2. One-half to 1 million population—0.83
3. Over 1 million population—0.91

Actually, there may be a considerable scatter in magnitude
of peak-hour factors within any onc population group, re-
quiring caution in the application of these relationships.
However, where specific PHF’s are not available, the values
indicated are suggested.

Peaking characteristics may be further influenced by in-
sufficient highway capacity for the traffic demand, which
tends to extend the period of peak flow, producing high
density or congestion and with it high peak-hour factors.
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Thus, there is a tendency generally for the higher peak-hour
factors to be associated with the lower levels of service.
For example, a PHF of about 0.90 is frequently found at
level D operation, and at capacity or level £, PHF ap-
proaches 1.00. Referring to table 1, representative service
volumes for level of service C—1,250, 1,400, and 1,500 vph
for 2, 3, and 4 lanes in one direction of travel—are predi-
cated on the fact that the fewer numbers of lanes are in-
dicative of the smaller-size cities and the larger numbers
of lanes are apt to be associated with the larger-size cities.
Accordingly, PHF’s of 0.83, 0.87, and 0.9, respectively,
were assumed for the three widths of freeways, yielding the
volumes shown. For level of service D, a peak-hour factor
of 0.91 was taken to be representative for each width of
freeway, producing a single service volume of 1,650 vph.
For level of service E, the limiting service volume, at ca-
pacity, is the 2,000 vph previously established.

The right half of table 1 shows a similar set-up for the
AASHO Design Policy and permits direct comparison with
the Manual values. Each design condition in terms of
type of area or environment is designated by a design ca-
pacity, expressed in vph per lane. Design conditions are
identified as rural, suburban, and urban, for which design
capacity values are 1,000, 1,200, and 1,500 vph, respectively.
Possible capacity, which pertains to all locations, is 2,000
vph as previously established. Design capacity for each
location is further compared to an average running speed,
a good indicator of operating conditions (freedom to ma-
neuver). The average running speed is the distance over a
specified section of highway divided by the average of run-
ning times of all vehicles traversing the section during the
hour. Thus, it is an average speed of all traffic indicative
of operation during the design hour. Generally, 45 to 50
percent of the vehicles exceed the average speed. The
faster drivers referred to in the Manual as traveling at
operating speed normally will exceed the average running
speed by about 5 to 7 mph. The two speeds, however, tend
to become more nearly equal during periods of unstable
flow. At capacity (or possible capacity), there is little
difference between speeds of individual vehicles, so operating
speed and average running speed both approach an optimum
value of approximately 30 mph.

The AASHO Design Policy, for any one design condition
or location identification (see table 1), assumes an hourly
volume per lane which is constant for all widths of freeways.
Thus, design capacity value in vph per lane is indicative of
a representative width of freeway for the condition—rural,
suburban, or urban. Furthermore, each design capacity
value may be considered to have a built-in peak-hour factor;
that is, the volume indicated by design capacity for each
location or environment takes into account the representa-
tive peaking characteristics of that environment. For
example, for the rural condition shown in table 1, a design
capacity of 1,000 vph per lane at average running speeds
of 45 to 50 mph is representative of the usual 4-lane freeway
(two lanes in each direction), and an occasional 6-lane
freeway, operating under normal rural peaking character-
istics, This is equivalent to level of service B designation
in the Manual, with service volumes of 1,000 and 1,150 vph
per lane at operating speeds of 55 mph or more for 4-lane
and 6-lane freeways, respectively.

For the urban condition shown in table 1, a design ca-
pacity of 1,500 vph per lane at average running speeds of
35 to 40 mph is representative of the usual 6- and 8-lane
freeways (3 and 4 lanes in one direction), operating under
what may be termed average urban peaking conditions—
PHF’s in the range of 0.85 to 0.90. This is equivalent to
the lower limit of lcvel C or the higher limit of level D
designated in the Manual. Limiting service volumes for
level C, as shown, are normally 1,400 and 1,500 vph for 6-
and 8-lane facilities at operating speeds of about 50 mph,
while for level D the limiting service volume is generally
1,650 vph at operating speeds of 40 mph. For the suburban
environment the AASHO Design Policy designates a design
capacity of 1,200 vph at average running speeds of 40 to
45 mph. This is an intermediate value between rural and
urban conditions which, for the most part, is equivalent to
the Manual’s level of service C. It is evident that the
AASHO Design Policy sets out average or representative
controlling values for purposes of design. The simplicity
of the approach is justified on the basis that the design
capacities chosen are applied to projected or assumed con-
ditions 20 years or more in the future. Moreover, the
determination of the number of lanes and several other
geometric features is not established solely on the basis of
capacity analyses. Other controls and criteria, which some-
times are overriding factors, have a bearing on geometric
design. The Highway Capacity Manual presents a more
detailed and thorough evaluation of operational features
and iheir relation to prevailing roadway and traffic condi-
tions. It provides a more precise determination of lane
requirements, provided all the conditions are actually
known. For this reason, the Manual procedures are recom-
mended for “operations,” that is, for evaluation of existing
operating conditions (for which the various traffic charac-
teristics and factors are known or can be measured) and
determination of the design needed to produce a desired
improvement for the current conditions, or those which can
be projected several years or a short period into the future.
With assumed peak-hour factors, the Manual can also be
used for design of new facilities.

This explanation is intended to assist the highway and
traffic engineer in understanding the interrelationship and
philosophical approach between the Manual and the AASHO
procedures, and in properly applying the data and analysis
techniques presented. ‘

DEVELOPMENT OF SIMPLIFIED
PROCEDURES

The Highway Capacity Manual is based on extensive
research and field observations and provides a sound basis
for evaluating highway capacity. However, it is oriented
more toward operations than design. Although procedures
in the Manual are generally provided for design purposes,
they are somewhat cumbersome. Besides, there are areas
for which data are not available or where suggested empiri-
cal methods are not sufficiently detailed.

The AASHO Design Policy simplifies the general ap-
proach to design, as covered under the previous heading,
but continues to rely on the Manual as a guide for certain
details and adjustment factors for specific conditions, Thus,



6 CAPACITY ANALYSIS TECHNIQUES

even with the AASHO approach, there is some difficulty in
practical application of the available data.

To facilitate the use of the Manual and to expand on the
AASHO Design Policy procedures, simplified techniques
have been developed and are presented later in this report.
The research aspects and longhand calculation methods in
- the Manual have been converted into a procedure which is
more practical for application to design. Of particular
significance are those for analyses of ramp exits and en-
trances, which in the Manual entail two somewhat over-
lapping and incomplete procedures. In this report only
the pertinent data are utilized; where appropriate, the
methods have been simplified and streamlined. To achieve

a complete analysis technique, several refinements and ad-
ditional (rational) procedures are presented for conditions
not covered in the Manual.

A graphical method combined with procedural steps has
been developed for design of freeways. The same tech-
niques are applcable to freeway opcrations. The graphic
solution for relating levels of service and capacity to perti-
nent geometric features and traffic conditions uses design
charts and tables. The charts are chiefly stepped nomo-
graphs provided separately for each of the major freeway
components—freeway proper, freeway exit terminals, free-
way entrance terminals, at-grade ramp terminals, and
weaving sections,



Chapter II

FREEWAY PROPER—UNINTERRUPTED FLOW

Freeways are designed to provide uninterrupted flow—a
condition in which vehicles traveling the facility are not
required to stop by any cause external to the traffic stream.
A freeway, by the nature of its design and the service it is
intended to provide, ideally maintains uninterrupted flow
characteristics throughout. However, traffic on the freeway
encounters two conditions of uninterrupted flow, as illus-
trated in figure 1—those free of the influence of entering
and exiting traffic and those modified by the influence of
merging, diverging and weaving traffic.

The point at which freeway operation may pass from one
condition to the other cannot be measured directly. De-
pending on traffic volume, lane distribution, and geometric
features, such influence may range from the actual length
of diverging and merging maneuver lengths up to a distance
of several thousand feet or more. The exact distance is not
important, except for identifying the condition when eval-
uating levels of service and capacity, and hence determining
the number and arrangement of lanes. In general terms,
the influence of simple diverging or merging traffic along
the freeway is deduced to be in the range of 2,000 to 2,500
feet on each side of the crossroad forming the interchange,
or each interchange may be considered to have a total in-
fluence of 34 to 1 mile along the freeway.

Levels of service and capacity for sections free of inter-
change influence are simply evaluated, as set out below.
For sections within the influence of interchanges the same
general procedure applies, except that it is modified by
analyses required for ramp entrances, ramp exits, and
weaving sections.

BASIC VALUES AND FACTORS

Uninterrupted flow on modern freeways (12-foot lanes
with full shoulders) may be measured by a service volume
for each level of service. This is expressed in the Manual
as:

SV = 2,000 N% Fr

where
SV = service volume (vph), total one direction of travel
N = number of lanes, one direction of travel
v ratio of volume to- capacity (values given in
.= table 2); for levels C and D, the ratio also in-

volves peak-hour factor as multiplier

Fr = truck adjustment factor (values given in table 4)

Table 2 expresses the v/c values with respect to level of
service, average highway speed (AHS), number of lanes
in one direction N, and the peak-hour factor (PHF).

The average highway speed is a measure of the quality
of a highway. It is defined as the weighted average of
“potential design speeds” within a highway section when
each subsection therein is considered to have a measure of
an individual design speed. Each horizontal curve can be
calculated for its potential design speed (arbitrarily taken
up to 70 mph), while portions of tangents, if long enough
(allowing for appropriate acceleration and deceleration),
are assumed to have a potential design speed of 70 mph.
A “potential” speed profile based on these values can be
obtained for the highway section or route (whether it be an
existing facility or one under design), and weighted for
development of an average highway speed. The area under
the speed profile divided by the length of highway produces
the average highway speed.

However, for high design spceds such detailed analysis
is normally not required. On modern freeways designed
for speeds of 60 to 80 mph, average highway speeds do not
vary appreciably from design speeds. A freeway designed
for a speed of 70 mph would be considered to have an AHS
of :70 mph. A freeway designed for a speed of 80 mph
would have an AHS of the order of 80 mph. For purposes
of evaluating service volumes, according to the Manual,
values of AHS of “70 mph or more” would be used in
table 2 for such facilities. A freeway designed for a speed
of 60 mph over some length would tend to have a somewhat
higher AHS, probably 65 to 70 mph. As an average, it
may be assumed that a freeway designed for a speed of
60 mph would represent an AHS of 65 mph. On the other
hand, a gentle alinement with an occasional controlling or
minimum curve on the facility would tend to approach an
AHS of 70 mph. A 60-mph design freeway with a con-
tinuously curvilinear alinement in mountainous terrain

would tend téoward an AHS of 60 mph.

The significance of the peak-hour factor in determining
service volumes was covered previously (pages 3 to 5).
At intermediate levels of service C and D, the PHF is used
as a multiplier in table 2 in determining the v/¢ ratio. On
existing facilities the peak-hour factors, operating speeds,
and volumes can be measured. From these, levels of service
can be determined or degree of improvement or redesign
indicated in accordance with the desired level of service.

In design of new freeways, which are intended to account
for conditions 20 years or so in the future, peak-hour factors
based on today’s conditions may be meaningless since they

7
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TABLE 2.—Levels of service and maximum service volumes (expressed as a ratio to capacity) for modern freeways under
uninterrupted flow conditions

Service Volume to Capacity Ratio (v/c)!
Traffic Flow Conditions Limiting Value for Average Highway Speed (AHS) of:
Level 70 mph or more 60 mph
of
Service Operating
Deseription Speed* 4-lane 6-lane 8-lane 10-lane 4- to 10-lane
mph Freeway Freeway Freeway Freeway Freeway (any
(2 lanes, (3 lanes, (4 lanes, (5 lanes, number of lanes,
one direction) onc direction) one direction) one direction) one direction)

4 Free flow > 60 <20.35 <0.40 =Z0.43 20.44 —1
Stable flow

B (upper speed > 55 <0.50 <0.58 <0.63 <0.65 <0.25
range)

C Stable flow > 50 Z(0.75X PHF)? | Z(0.80X PHF) | <(0.83 X PHF) | 2(0.84 X PHF) | Z(0.45 X PHF)*
Approaching

D unstable > 40 <(0.90 X PHF)? <(0.80 X PHF)?
flow
Unstable

E flow 30-35 <1.00
(capacity)

F Foreed flow <30 Not Meaningful

Adapted from 1965 Highway Capacity Manual.

! Operating speed and basic v/c ratio are independent measures of level of service; both limits must be satisfied in any determination

of level.

* Operating speed required for this level is not attainable even at low volumes.
* Peak-hour factor (PHF) for freeways is the ratio of the whole-hour volume to the highest rate of flow occurring during a 5-min. inter-

val within the peak hour.

are subject to change with redevelopment. As noted before,
representative peak-hour factors may be generalized for
several metropolitan area sizes as follows: less than 14
million population—0.77; 15 to 1 million population—
0.83; and over 1 million population—0.91. Since there is
a tendency for PHF to increase with traffic density, there
is indication that at intermediate levels of service peak-hour
factors are likely to be in the range of 0.83 to 0.91. Where
peak-hour factors are not available, the following relations
are suggested for design purposes:

Medium-to-large metropolitan areas
Level C—PHF of 0.83
Level D—PHF of 0.87
Level E—PHF of 0.91 to 1.00 (1.00 at capacity)

Large metropolitan areas (1.5 million or greater popu-
lation)
Level C—PHF of 0.87
Level D—PHF of 0.91
Level E—PHF of 0.95-1.00 (1.00 at capacity)

The formula for SV indicated above is also fitting to AASHO
procedure, except that the v/c values and lane design ca-

pacities as shown in table 3 are applicable. The adjustment
for trucks Fp described below is the same for either pro-
cedure.

The service volume or capacity may be significantly
affected by truck traffic. Each truck,® with respect to its
influence on traffic movement, may be thought of as repre-
senting a number or group of passenger vehicles. Increases
in the rate and length of grade produce higher passenger-
car equivalents per truck. Within a normal range of con-
ditions in alinement geometry and proportion of trucks on
freeway facilities, passenger cars equivalent to one truck
may be in the range of 2 to 15, as indicated in part A of
table 4. The relations here are for measuring the effects
on individual or specific grades.

In estimating the effects of trucks over the whole of a
freeway or extended sections of it, the equivalents in part B
of table 4 are suggested. These permit the evaluation of

1 Truck—a vehicle with dual tires on one or more axles, excluding
two-axle, fourtired vehicles that may be classified as trucks for
registration purposes, but which have operating characteristics similar
to those of a passenger car. For planning and design purposes, buses
with dual tires are included in the truck class.
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TaBLE 3.—Design and possible capacity values (AASHO) for modern freeways under uninterrupted flow conditions

Average Service Volume
Environment or Operating Condition | Running Speed, mph v/c Ratio peph per Lane for Ideal Conditions
Design Rural 45-50 0. 50 1,000
Capacity Suburban 40-45 0.60 1,200
Urban 35-40 0.75 1,500
Possible Capacity 30 1.00 2,000

overall levels of service of freeways, exclusive of variations
in levels of service for shorter lengths of individual grades.
The generalized equivalents are 2, 4, and 8 passenger cars
per truck for what are termed to be level, rolling, and
mountainous terrain conditions. Classification of terrain
condition is partly a matter of judgment. The following
general guide is suggested:

Level terrain is predominantly flat, less than 2 percent
grades.

Rolling terrain is generally undulating, 2 to 3 percent
grades, with short lengths of 4 to 5 percent.

Mountainous terrain is long, sustained grades of 3
percent or more, and/or undulating grades of 5 percent
Oor more.

The presence of trucks reduces service volume or capacity.
The reduction factor for trucks, or the truck adjustment
factor, as it is generally referred to, may be expressed as:

1
1+t (Er — 1)

FT=

where
Fr = truck adjustment factor
[

percentage of trucks in traffic stream--100
Er = number of passenger cars equivalent %o one truck

Thus any volume of mixed traffic can be converted to
equivalent passenger cars by dividing this volume by Fy.
Similarly, any service volume expressed in passenger ve-
hicles can be converted to mixed traffic through multiplica-
tion by Fr. Part C of table 4 contains the normal range
of truck adjustment factors based on the above equation.

Another aspect of the effect of trucks on levels of service
is the reduction in speed of trucks due to grade changes.
This is largely accounted for in the application of Fr factors.
However, in any design it may be desirable to control the
gradeline to keep the speed of trucks from falling below a
certain level. Figure 2 shows the effect of length and steep-
ness of grade on speed of average trucks (weight-power
ratio of 200 pounds per horsepower (1b./hp)) on modern
multilane highways. The solid curves show deceleration
based on the assumption that the truck enters the grade at
about 50 mph. However, a lower entering speed can be
used in the graph to find the speed reduction for any dis-
tance upgrade. The dotted curves indicate acceleration
performance on a full range of up and down grades.

Where the approach speeds of trucks are estimated to be
greater than 50 mph, the relations in table 5 may be
used to augment the deceleration distance in figure 2.
The distances upgrade in figure 2 and table 5 are based on
uniform grades. Where vertical curves are present, a por-
tion of the curves is attributable to the effect of the grade.
One-half to one-quarter of the length of vertical curve, as
shown in figure 3, may be added to the upgrade {or down-
grade) to kproduce an equivalent uniform grade, Lg, which
then can be applied to figure 2 and table 4. Four types of
vertical curves, I-1V, corresponding to the Manual designa-
tion, produce four variations (two shown in figure 3) in
the measurement of Lg. Means of determining truck speeds
and truck adjustment factors on broken or compound grades
utilizing successive Lg values, as Lgs, Lgs, €tc., are covered
later in conjunction with illustrative problems.

The Manual indicates the sensitivity of the adjustment
factor for trucks involving individual upgrades of variable
rates and length, particularly as outlined in table 4~A.
Although it is known that the effect of trucks on traffic
operations and levels of service is in need of further re-
search and refinement, the Manual methods are accepted
as the best available at this time and are used throughout
in the analyses presented here.

It is emphasized again that the effect of trucks on levels
of service (other than capacity) are predicated generally
on average passenger-car equivalents per truck Ey, either
on general profile character (table 4-B)—level, rolling, or
mountainous terrain—or on some composite value averaged
over a series of grades along the section of highway being
tested. However, the determination of E; values at the end
of long grades or along some point of grade normally is
necessary for the determination of capacity (possible ca-
pacity) of the highway. Another purpose for such evalua-
tion is to determine the level of service or capacity of a
ramp exit or entrance occurring along an upgrade section
of freeway.

As described above, to test the effect of truck traffic with
respect to a given point along a profile grade, see table 4-A,
which gives the relationship directly. Where the grade is
preceded by a sag vertical curve or terminated by a crest
vertical curve, figure 3 gives the approximate way for
measuring the “length of equivalent uniform grade.” The
procedure (not covered in the Manual) for estimating the
effect of trucks along any point of a broken or compound
gradeline is fully outlined in a following illustration
(problem 4).
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TaBLE 4—Adjustment factors for trucks on freeway facilities

A. Passenger Car Equivalents on Specific Grades B. Passenger Car Equivalents on Extended
Sections
Passenger Car Equivalent, Er*
Er*
Length
Up of Levels of Service A through C for:
Grade Grade All Levels of
(%) (miles) Service and Normal
39, 5%, 109, 159, 209, Terrain Range of Truck (%)
Trucks Trucks Trucks Trucks Trucks
0-1 All 2 2 2 2 2
2 Y% 5 4 4 3 3 ;
341 7 5 5 4 4
114-2 7 6 6 6 6 Level 2
3-4 7 7 8 8 8
3 Y 10 8 5 4 3
14 10 8 5 4 4
34 10 8 6 5 5
1 10 8 6 5 6
134 10 9 7 7 7
2 10 9 8 8 8
3 10 10 10 10 10
4 Y% 120%* 9 5 4 3 Rolling 4
14 120 9 5 5 5
34 120 9 7 7 7
1 12e 10 8 8 8
134 120 11 10 10 10
2 120 11 11 11 11
5 Y 13e 10 6 4 3
15 13e 11 7 7 7
34 13 @ 11 9 8 8
1 13e 12e 10 10 10 Mountainous 8
134 13 @ 13 @ 12 @ 12 @ 12 @
6 Add 1 to E, values for 59, grade
* Values with ®, add 1 for levels D and E. * Average, generalized equivalents.
C. Adjustment Factors Based on Truck Percentages and Passenger Car Equivalents
Passenger Car Truck Adjustment Factor Fr for Percentage of Trucks, T, of:
Equivalent
Er
1 2 3 4 5 6 7 8 9 10 12 14 16 18 20
2 0.99 |1 0.98 | 0.97 1 0.96 | 0.95| 0.94 | 0.93 | 0.93 ) 0.92 | 0.91 | 0.89 | 0.88 | 0.86 | 0.85 | 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 |1 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 | 0.83 | 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 | 0.8 | 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 | 0.53 | 0.54 | 0.51 | 0.47 | 0.44 | 0,42
9 0.93 | 0.8 | 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 1 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

Tables adapted from Highway Capacity Manual.



FREEWAY PROPER—UNINTERRUPTED FLOW

11

50 ~6:0% -40% -20% -10% LEVEL .
T FET]T EB2
N A - 1-0(%
S~ A T —t A=l T T T ] H
L4 —
) - —
40 ’» 7 Q N 1 - 2:01%)
[4 ¥ — —p—
i -~ . — — =T T T T T
717 \/ A —
Q A AN L N .
30 |}t 7 AN A
4 N b
Il A \ —e
1"y ™ ~— I
=~ Mg 7T TN — 1 40%
T Myl7)? 4% I
o AL ~ 5-0/%
s 20 . 0 4 L L[N L [~ e
— 1 g 1
w Y/ 24 I N S G B [ B Ay o 6-0
<D‘ 4
x |
(4]
10
g | | L.
a MULTILANE HIGHWAYS DECELERATION
w — — — ACCELERATION
W JI O I I
7 [T T TTTT
o ] 2 3 4 5 "8 7 [ 9 10
DISTANCE UPGRADE (IOQOFT.)
SOURCE: Highway Capacity Manual 1965 — HRB Special Report 87
Based on: Schwender, H.C. et al, “New Methods of Capacity Determination for Rural Roads in Mountainous Terrain’
HRB Bulletin 167, pp 10-37 (1957)
Webb, G.M,, Traffic Bulletin No. 2, “Truck Speeds on Grades,” Cal. Div. of Highways (196})
Ficure 2.—Effect of length and grade on speed of average trucks on modern multilane highways.
TaBLE 5.—Speed reduction distance of trucks' on grode - Loa
rom higher speeds to 50 mph - La > = -
f & pe p - . T PGRADE
./
/44 ve >
. . . vC- > ey ‘E - 2 Ve -
Approximate distance along upgrade, in <VC, ‘,(,N*D
feet, at which speed is reduced to 50 mph @ } v
Upgade from an initial (approach) speed of: um_ ' K
0 ./' -\A\»
< vc wV¥C O ve VO O_ DOWN%
55 mph 60 mph _ @ LT P T 7 . €
DOW_ —"
HADE
2 1,000 1,800 - Le Lo toa
i ;gg 1’338 Ficure 3—Basis for measuring length of equivalent uniform up-
5 400 ,800 grade in conjunction with truck operations.
6 300 600 .
add further to the knowledge of operations, and thus allow

! Trucks having a weight-power ratio of 200 1b./hp.

Although the degree of refinement and detail with regard
to the calculation of E7 values at points along or at the end
of sustained uphill profiles having two or more gradients
may be questionable, it is believed that the demonstration
of the technique is sufficiently significant for purposes of
gaining an advanced knowledge in design of truck operating
speeds and their variation along a highway. As part of
the procedure (demonstrated in problem 4) a predicted
speed profile for the sclected truck can be plotted. The
plotting of an accompanying passenger-car speed profile can

the designer to adjust the location or alter the design of the
highway in preliminary stages to avoid hazardous speed
differential problems, or provide a more favorable or uni-
form level of service through design modification or lane
rearrangements.

ANALYSIS TECHNIQUES

Given the level of service for a specified hour or period
of operation, the average highway speed, the number of
lanes in each direction, the grade or terrain condition, and
the percentage of trucks during the period noted above, the
service volume on the freeway can be calculated by using
the previously established formula, SV = 2,000 (N) (v/c)
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(Fr). Values for v/c are found in table 2 and for Fy in
table 4. If the design hourly volume (DHV) is given in-
stead of the level of service, the latter can be found by
substituting DHV for SV in the formula and solving for v/c.
Comparing the calculated v/c with values in table 2, the
level of service (at which the facility would operate accom-
modating the DHV) can be identified. The same basic
formula and table 4 may be used for the AASHO procedure.
Table 3 applies here for the v/c values.

To simplify computation procedures, a set of nomographs
has been developed. Three charts are included, figures 4
through 6, corresponding to average highway speeds of
70 mph or more, 65 mph, and 60 mph, respectively. All
of the above elements—the basic formula, the table 2 rela-
tions, and the E; and Fy values of table 4—are incorporated
in the charts. The relations are based on 12-foot lanes, full
shoulders, and adequate clearances. The same solution re-
sults are obtained by both the longhand method and the
nomographs. The advantage of the nomographs is that any
variable can be found directly. The design may be ad-
justed by adding or removing a traffic lane, increasing the
design hourly volume, or changing the design speed or the
average highway speed. The effects of these adjustments
can be examined visually on the charts.

The three external scales on the nomograph represent the
service volume per lane (left), the freeway volume in one
direction (bottom), and the percentage of trucks in the
freeway volume (upper right). Supplementary scales for
service volumes per lane are indicated in conjunction with
the left ordinate and are used only when the lane service
volumes for a given level of service and a given PHF are
required. The charts may be used in any of several ways:

a. Starting at the upper left with a given level of service
and number of lanes, proceeding down and to the right to
find the permissible freeway service volume on the bottom
(V) scale, as shown by dotted arrows in figure 4.

b. Entering at the bottom (V) scale with a given design
hourly volume on the freeway and proceeding up and to
the left to find the level of service for a given number of
lanes.

c. Again entering at the bottom but this time proceeding
to find the fractional number of lanes required for a limiting
level of service.

The nomographs can also be applied to the solution of
capacity problems using AASHO procedures. In thus using
figure 4, the PHF scales of 1.00 are utilized only and no
reference is made to the level of service bands. The average
highway speed does not enter directly into the solution.
(Figures 5 and 6 can also be employed and will give the
same answer.) Lane service volumes in this case are sig-
nificant (chart ordinate on the left) and would be used as
follows: rural conditions, 1,000 passenger cars per hour
(peph) ; suburban conditions, 1,200 peph; urban conditions,
1,500 pcph; and capacity conditions, 2,000 pcph.

The following example problems illustrate the application
of these procedures for interrupted-flow conditions on free.
ways.

Problem 1

Determine the maximum service volume to maintain
level of service C on a 4-mile section of eight-lane freeway

through an industrial district on the outskirts of a large
metropolitan area. Other conditions are: AHS = 70 mph,
PHF = 0.83, 12-foot lanes, full shoulders, profile charac-
teristic of a rolling terrain, and trucks make up 15 percent
of the predominant flow during peak hours. Use both the
longhand and the nomograph procedures in the solution.

Solution In using the longhand method, the service
volume is established by the formula, SV = 2,000 (N)
(v/c) (Fr). The maximum volume/capacity ratio at level
of service C for AHS = 70 mph and N = 4 (cightlane
freeway) s found in table 2 to be v/c = (0.83) PHF =
0.83 X 0.83 = 0.69. To determine the truck adjustment
factor, first a passenger-car equivalent per truck must be
established. In table 4-B, £y = 4 for an extended section
of highway in rolling terrain; in table 4-C, using £r = 4
and T = 15 percent, Fr = 0.69. Maximum service volume
in one direction to maintain level of service C is then SV =
2,000 X 4 X 0.69 X 0.69 = 3,800 vph.

For the nomograph solution, use figure 4. The example
on the chart, shown by dotted lines and arrows, illustrates
the solution of this problem. In the upper left portion of
the chart locate the intersection point of ‘“4-lane” line and
“maximum level C” curve (circled point). From this point,
project downward to PHF = 0.83, then proceed right inter-
secting the truck adjustment factors, Fr. Reenter chart at
upper right with T = 15 percent. Proceed horizontally to
E; = 4 (value obtained from small table at lower left for
rolling terrain}, then vertically down to Fr adjustment. At
the turning line, project radially to intersect the horizontal
line previously drawn. From this point, project down to
read ¥y = 3,800. In this case, the freeway volume ¥, is
equal to the service volume or SV = 3,800 vph in one
direction,

Problem 2

Determine the number of lanes required to maintain a
directional volume of 2,900 vph at level C operation on a
one-mile section of 3 percent upgrade. Other conditions
are: AHS = 65 mph, PHF = 091 and T = 10 percent.
With the required number of lanes provided, determine also
the maximum volume which can be accommodated by the
facility.

Solution Using figure 5, enter chart at bottom with
V; = 2,900 and proceed vertically to intersect the fan of Fr
factors. Reenter chart at upper right with T = 10 percent;
proceed left to £y = 6 (value obtained from table at upper
left using 3 percent grade, length 1 mile, and 10 percent
trucks), and then down to F, adjustment. At the turning
line (Fr = 0.67), project radially to intersect vertical line
previously drawn. From this point of intersection, proceed
left to PHF = 0.91, and up to intersect the “maximum for
C” curve; read 3.8 lanes.

To maintain level C operation, the number of lanes is
rounded to N = 4. Proceeding left from the point where
the last projected line in the chart intersects the “4-lane”
line, a service volume per lane may be read on the bar
scale for PHF of 0.91; it is found to be approximately
1,080 peph. This base value can be found also by dividing
the total freeway volume by the number of lanes and by the
truck adjustment factor, or 2,900 <+ (4 X 0.67) = 1,080

peph.
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To find the capacity of this facility, locate the intersec-
tion point of “4-lane” line with the “maximum for E” or
capacity line (circled point). From this point, project
downward to the upper turning line representing a PHF of
1.00. (PHF approaches 1.00 at capacity, even though at
free flow or uncongested conditions it may be considerably
lower; thus the unrestrained PHF of 0.91 noted above be-
comes 1.00 at capacity.) Then, proceed right to intersect
the previously established Fr radial of 0.67. From this
point project down to ¥, (at capacity) = 5,350 vph.

The above solution was accomplished by using the
nomograph. The longhand solution was not attempted be-
cause of the trial and error procedure which would have
been required in using table 2. It may be noted that v/c
varies not only with the number of lanes (which is an un-
known to start with) but with the AHS. The nomograph
is more expedient, providing direct solutions in all cases.

Problem 3

A 5-mile section of freeway is planned within a built-up
district of a mctropolitan area of 2 million population. Its
curvilinear type of alinement conforms to a design speed
of 70 mph. The vertical alinement undulates generally
between 2 and 2.5 percent, with a critical grade of 3 percent
1,400 feet long and another 2.5 percent 7,500 feet long.
Trucks constitute about 8 percent of -the one-way peak-hour
flow. The design hourly volume over the length of the
improvement varies from 4,200 to 4,800 vph in one direc-
tion. Determine the basic number of lanes required and
the capacity of this facility, based on (a) the level of service

concept, and (b) the AASHO procedure.

Solution a. Design of new freeways in urban areas
is normally predicated on level of service C, which level will
be applied here. The PHF is not known. Hence, for level
C operation in a large city, select a factor of 0.87 in accord-
ance with the suggestion on page 8. Since the 70-mph
design speed is equivalent to AHS of 70 mph, use figure 4
for the analysis. The vertical alinement described fits into
a “rolling terrain” category, per classification outlined on
page 9. Thus the passenger-car equivalent of trucks is
taken as 4 (table, lower left corner of figure 5).

Enter the chart with DHV = V; = 4800 and T = 8
percent; proceed in reverse order, using £ = 4 (yielding Fr
of 0.80) and PHF = 0.87. Find 4.2 lanes required where
the projected line intersects the “maximum for C” curve.
Proceeding similarly through the chart, but using the lower
range of DHV (4,200), the number of lanes required for
level € operation is found to be 3.8. Thus, in terms of
basic number of lanes, N = 4 in each direction may be
considered appropriate. Each individual upgrade of 2
vercent or more, however, should be analyzed to determine
whether an extra (auxiliary) lane may be required for
trucks. Use of auxiliary lanes is covered in subsequent
chapters, with particular emphasis in chapter VI.

In evaluating the capacity of a freeway, the generalized
passenger-car equivalents of trucks over extended sections
of the facility (which may be used for levels of service
under stable-flow conditions) cannot be employed. Instead,
the most critical grade within a given section of freeway—
as its weakest link~—contrc!s the capacity. In this problem
two critical grades are indicated. The first, a 3 percent

upgrade 1,400 feet long (=1 mile), with 8 percent trucks,
yields E; = 6 (table 4-A or upper table in figure 4). The
second, a 2.5 percent upgrade 7,500 feet long (Y4 mile),
yields by interpolation Er = 7. The latter is therefore the
controlling grade. To determine capacity of the freeway,
enter the chart of figure 4 at the upper left with N = 4, and
proceed from the uppermost circled point (maximum for E)
to the bottom of the chart, using PHF turning line of 1.00,
T = 8 percent and Ey = 7 (F; = 0.68) ; find capacity of
5,400 vph in one direction.

b. According to AASHO, the design of freeways in
urban areas is predicated on a design capacity base or
service volume of 1,500 pcph per lane. Peak-hour factor
is not involved since it is considered “built in” for average
conditions assumed in the future. Adjustments for trucks
and grades apply as before. The chart in figure 4 may be
used, ignoring the PHF and the level of service bands.
Use the upper left ordinate scale on the chart directly as
the design capacity base or service volume per lane and
only the upper line (1.00) of the fan for PHF adjustment.
In this manner, figure 4 can be -adapted for all freeway
uninterrupted flow solutions by the AASHO procedure.
Enter the chart at bottom with DHV = ¥V, = 4,800 and in-
tersect radial Fr = 0.80 (previously determined using
T = 8 percent and E, = 4). From this point proceed to
left and turn on 1.00 line, projecting vertically to intersect a
horizontal value of 1,500 pcph per lane. Read 4.0 lanes. A
similar procedure for a DHV = 4,200 vph yields a required
number of lanes of 3.6. As before, a basic number, 4 lanes,
is established. Possible capacity likewise is controlled by
the critical grade, which was found to have E; = 7 and
F; = 0.68. Using a possible capacity base of 2,000 pcph,
the procedure through the chart is identical to that in solu-
tion a for capacity. Possible capacity = 5,400 vph.

Problem 4

A section of rural freeway under design has a profile
consisting of a combination of several grades as shown in
figure 7. Determine passenger-car equivalents and approxi-
mate speed of trucks at pertinent points of grade change.
Trucks constitute 5 percent of the one-way movement.

Solution Figure 2 shows the effect of length and
steepness of grade on speed of average trucks (weight-
power ratio of 200 Ib./hp) on modern multilane highways.
The chart permits a close approximation of speed of trucks
upon deceleration or acceleration on various grades. Speeds
of up to 50 mph are indicative of truck operations, when
not hindered by upgrades, during peak periods at inter-
mediate levels of service. The chart permits estimating
speed along a broken or compound grade, as described
below.

The effective beginning point of the 2 percent upgrade,
point A in figure 7, includes one-quarter of the preceding
vertical curve. (See figure 3 for basis of measurement.)
At this point (sta. 135), the approach speed is taken to be
50 mph. The equivalent length of 2 percent upgrade is
measured to the next vertical point of intersection (VPI)
at sta. 175, a distance from 4 to B of 4,000 feet. A hori-
zontal measurement of 4,000 feet along the 2 percent up-
grade in the chart of figure 2 indicates a speed reached of
40 mph. This is shown at point b in figure 8(1), a sche-
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Ficure 7.—Problems 4, 5, and 6 illustrated.

matic of figure 2 presented to illustrate the procedure in
the chart. From point b, project the 40-mph speed hori-
zontally on the chart to the intersection with the 3 percent
upgrade (deceleration) curve. This point, noted & in
figure 8(1), is spotted at 1,700 feet on the horizontal scale
of the chart.

The next strategic point on the profile (figure 7) occurs
at C, the end of equivalent length of 3 percent grade which
includes one-quarter of the following vertical curve. Thus,
the effective length of 3 percent upgrade B to C is 3,500
feet, or a measurement on the abscissa of figure 2 of
1,700 + 3,500 = 5,200 feet. The speed read at this dis-
tance on the 3 percent grade is 31 mph. The schematic in
figure 8(2) identifies this as point c.

The speed of trucks is next considered at the other
quarter point on the crest curve, point D). (See figure 7.)
A local tangent grade established at the middle of the
vertical curve indicates the average grade between the two
quarter points. Its horizontal length is equal to ¥C/2 and
its rate of slope is (3.0 — 2.0) + 2 = <+ 0.5 percent.
Returning to the chart of figure 2 (and the schematic in
figure 8), transfer the 31-mph speed last measured to the
left to an upgrade (acceleration) curve of +0.5 percent.
This position on figure 2 is represented by point ¢’ in figure
8(3), which is spotted at 850 feet on the horizontal scale
of the chart. The length along the vertical curve, C to D
(figure 7), is 1,000 feet or a measurement on the abscissa
of figure 2 of 850 + 1,000 = 1,850 feet. The speed read
at this distance on the +0.5 percent grade is 38.5 mph
(point d in figure 8(4)).

The 38.5-mph speed in figure 2 is transferred to the
left to intercept the —2.0 percent grade, the terminal grade
which includes the last quarter of the crest curve. This
position in figure 2 is represented by point d in figure 8(4),
which is spotted at 900 feet on the horizontal scale of the
chart. Proceeding along the —2.0 percent curve on the
chart to point e where a speed of 46 mph is reached (speed

at which the truck is assumed to have the same effect as on
0 to 1 percent grade, or a passenger-car equivalent of 2},
a distance of 1,500 feet is found on the horizontal scale.
A reading of 1,900 feet occurs at point f where the speed
reached is 50 mph (figure 8(4)).

Truck speeds determined at the various points along the
profile, decelerating from 50 mph to a minimum of 31 mph
and accelerating again to 50 mph, arc indicated in figure 10.
If desired, an approximate speed profile for trucks can be
plotted along the length of freeway being designed.

When truck speeds higher than 50 mph are to be eval-
uated (as during off-peak periods in conjunction with ex-
tensive flat or sustained downgrade approaches), use the
same procedure with figure 2 as described above, except
reduce the initial length of grade by the appropriate value
in table 5. For example, if in the above problem the ap-
proach speed were 60 mph, a truck would travel 1,800 feet
up a 2 percent grade before it would reduce speed to 50 mph.
Enter the chart of figure 2, then, with 4,000 — 1,800 =
2,200 feet, producing a speed at point B of 43 mph, rather
than 40 mph shown in figure 10; and at point C a speed
of 32 mph rather than 31 mph, etc.

After spotting speeds, approximate the passenger-car
equivalents at the various changes in grade using figure 2
and table 3. These are predicated on the 50 mph approach
speed as the starting point at the bottom of the grade. The
values of Er, also shown in figure 10, may be determined
as follows:

At A, trucks are unaffected by grade, so that £, = 2
(same as level condition).

At B, using 2 percent upgrade, length 4,000 feet
(sta. 135 to sta. 175) or 3/ mile, and 5 percent trucks,
Er = 5 in table 4.

At C, a composite grade must be used, a combination
of 2 percent and 3 percent over a total distance, 4 to C, of
7,500 feet (sta. 135 to sta. 210) or 1.4 miles. An equivalent
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Fircure 8.—Chart solutions for problem 4—truck speeds.

single grade over this distance may be estimated in figure 2.
This is done by spotting the truck speed of 31 mph (pre-
viously determined at profile point C} on the chart of figure
2 at a distance of 7,500 feet. As shown in schematic of
figure 9, the interpolated upgrade at this point is 2.9 per-
cent. By interpolation in table 4, for an upgrade of 2.9
percent, 1.4 miles long, and 5 percent trucks, Er = 8.

At D, the same procedure is followed by spotting the
truck speed of 38.5 mph (previously determined) on the
chart of figure 2 at a distance of 8,500 feet (sta. 135 to
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Ficure 9.—Chart solutions for problem 4—equivalent grade values.

sta. 220). The interpolated upgrade at this point is 1.9
percent, as shown in figure 9. In table 4, using G = +1.9
percent, L = 1.6 miles and T = 5 percent, E; = 6.

At points E and F, truck speeds of 46 and 50 mph
are indicative of E; = 2 (same as level condition).

A plot of Er values can produce a continuous curve (Er
profile) along the length of freeway to facilitate the deter-
mination of an average or representative Er value to estab-
lish the overall level of service or capacity for a selected
section of highway.

Problem 5

If the freeway in problem 4 is a 6-lane urban facility,
carries 3,800 vph in one direction, has an AHS of 70 mph
and a general PHF of 0.90, determine the range in the
levels of service at which the facility would operate over
the indicated length. (T = 5 percent, as previously stated.)

Solution The variations in levels of service would
be produced by the effect of trucks as reflected by the Er
factors. The highest level of service would occur where
Er = 2 (points 4 and F on the profile) and the lowest
where Er = 8 (point C on the profile). Progressing through
the nomograph of figure 4 in reverse order, using ¥V; =
3,800, T = 5 percent, Er = 8, and PHF = 0.90, project
the vertical line upward to intersect a width of 3 lanes in the
level of service zone E. Using the chart similarly but this
time with Er = 2, the intersection point in the upper left
portion of the nomograph falls in the level of service C zone.
Thus, the effect of grade in combination with trucks causes
the operating conditions to change from a satisfactory level
C to an unsatisfactory (near capacity) level E.

Problem 6

Using the AASHO procedure, determine the design
capacity of the freeway in problem 5. What would be the
design capacity of the facility if the 3 lanes in one direction
are supplemented by a fourth (auxiliary) lane between
points 4 and F to be used as a climbing lane for trucks?

Solution In table 3, the design capacity base is
1,500 pcph per lane in urban areas. (Remember: The
peak-hour factor is considered to be built-in by this proce-
dure, so that the value of PHF = .90 given previously is not
used in the solution.) Enter chart of figure 4 at upper left
with 1,500 pcph, proceed right to N = 3, down to turning
line designated 1.00, and right to intersect the fan of Fr
adjustment factors. Reenter chart at upper right with
T = 5 percent, using the critical E; value of 8 (previously
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Ficure 10.—Solution for problem 4 (also related to problems 5 and 6).

determined), proceed radially along F, (0.74), intersecting
the horizontal line (referred to above). From point of
intersection, project downward to read ¥, or design ca-
pacity = 3,350 vph. This is less than the DHV of 3,800
vph.

With an exclusive lane added for truck climbing, the
design capacity of the uphill section is predicated on 3 lanes
with T = 0 percent, plus the number of trucks in the fourth
lane (assuming that this lane can accommodate all the
trucks). Thus, the design capacity of the 3 basic lanes is
3 X 1,500 = 4,500 vph. The number of trucks using the
fourth lane would be ¥, + (4,500 + ¥,) = 5 percent +
100, or ¥V, = 237. The sum of the two volumes, or 4,737

vph, however, would not be the design capacity at the critical
point (C) on the profile, since the 237 trucks having E; =
8 would be equivalent to 237 X 8 = 1,900 pcph (approxi-
mately). The 1,500 vph design capacity base for urban
conditions indicates that, to maintain the design capacity
level of operation, trucks would use more than one lane
Therefore, the design capacity of the critical section in thi
case would be predicated on a 4-lane section with 5 percent
trucks, or, actually, 4 X 1,500 X 0.74 = 4,440 vph. The
design capacity of the 3.lane section in advance of and
beyond the grade, on which £; = 2 (F, = 095) is 3 X
1,500 X 095 = 4,275 vph. Thus, the auxiliary lane on
the grade provides a good balance, and the freeway readily
accommodates the DHV of 3,800 vph.






Chapter 111

C-D ROADS AND FREEWAY DISTRIBUTORS

Full freeways accommodate the main lines of traffic,
providing interchange at selected crossroad facilities. Where
ingress and egress of traffic cannot be handled properly by
an individual interchange or closely spaced ramps, the free-
way must be supplemented by an auxiliary facility which
can perform the function of collecting and distributing
traffic. Such adjuncts to the freeway may constitute parallel
one-way traveled ways, one on each side of the freeway,
referred to as C-D roads, or, an extension as an off-shoot
of the freeway on independent alinement, referred to as a
Jreeway distributor. Both varieties are illustrated in figure
1. Some C-D roads do not differ much from an extended
ramp. Other C-D roads and freeway distributors have
much the same qualities as a freeway. All have control of
access. Because such facilities serve as a link between the
freeway and arterial streets, the measure of their level of
service qualitatively would be intermediate between the two.

The Highway Capacity Manual does not include a proce-
dure for evaluating levels of service on freeway distributors
and C-D roads. The criterion used for full freeways ob-
viously cannot be applied to distributors. On freeways, for
example, the level C service volume recommended for urban
conditions is 1,200 to 1,500 pcph per lane for an AHS of
70 mph, about 700 pcph per lane for AHS of 60 mph, and
not attainable at AHS of 50 mph. Freeway distributors and
C-D roads are usually designed for 60 and 50 mph, some-
times for 40 mph. Such facilities would be considered
operating satisfactorily in urban areas if they accommodated
the same volumes as a full freeway—1,200 to 1,500 pcph
per lane—but understandably at lower operating speeds.

TABLE 6—Service volumes suggested for design of freeway
distributors and C-D roads under uninterrupted flow
conditions

Maximum Service Volume, v, in
peph per Lane, for Design Speed of:
Level of Service

60 mph 50 mph 40 mph

B 1,200 1,100 1,000

C 1,500 1,350 1,200

D 1,700 1,600 1, 500

E 2, 000 2,000 1, 800
(Capacity)

Note: Values in bold type are assumed for urban design condition.

Service volumes of this order also are indicative of AASHO
design considerations for expressways at grade and high-
type ramps. Recognizing further that these are connecting
facilities between freeways and major streets, and taking
into account the v/c ratios and operating speeds of each as
associated with levels of service in the Manual, the following
relations (table 6) fall into line and are suggested for de-
sign of freeway distributors and C-D roads.

Lane service volumes in table 6 are base values for design
purposes. Peak-hour factor is not a consideration with these
generalized values. The adverse effects of restricted aline-
ment and overall ability to maintain relatively high-speed
operation are reflected in the attainable or designated design
speed. The lower the design speed (quality of highway),
the lower the service volume which can be achieved for a
given level of service. Collector-distributor roads desirably
should maintain 12-foot lanes and adequate lateral clear-
ances, resembling full freeways. This, however, may not
be feasible and narrower cross-sectional dimensions have
to be considered in some cases. Adjustments for lateral
restrictions, Fy, are given in table 7. Restrictive elements
are lane widths less than 12 feet wide and objects along the
roadway less than 6 feet from outer edges of traveled way.
Lateral obstructions are such elements as formidable curbs,
bridge parapets or rails, guardrails, retaining walls, etc.

TaBLE 7.—Adjustment factors, Fy, for lane width and
lateral clearance on freeway distributors and C-D roads
(2., 3-, and 4-lane one-direction roadways)

Obstruction One Side | Obstruction Both Sides
of One-Direction of One-Direction
Distance Roadway Roadway
Lane Edge
to Obstruction,
ft. 12-ft. 11-ft. 12-ft. 11-ft.
lanes lanes lanes lanes
6 1. 00 0.97 1.00 0.97
4 0. 99 0.96 0.98 0.95
2 0. 97 0.94 0.94 0.91
0 0.90* 0.87% 0.82% 0.79*

Adapted from Highway Capacity Manual.

* For zero lateral clearance on 3- and 4-lane roadways, ADD to
tabular (asterisked) values 0.04 for obstruction one side and 0.08 for
obstruction both sides.

Note: For special case with 10-foot lanes, subtract 0.06 from
tabular values for 11-foot lanes.

21
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Ficure 11.—Nomograph for determination of service volumes and capacity on freeway distributors and C-D roads.
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Barrier-type curbs, higher than 6 inches with near vertical
face, normally are considered to be lateral obstructions.
For combinations of curb and parapet, curb and wall, etc.,
the higher element (providing the two are less than 3 feet
apart) constitutes the obstruction, unless the curb is 10
inches or higher (in which case the curb is the controlling
feature).

For a given design speed, the maximum lane service
volume, 5v at each level of service, is designated in table 6.
The total service volume, SV, in one direction of travel
may be calculated using the formula:

SV:S_f)’NFWpT

The same results may be achieved directly by the use of the
nomograph in figure 11.

Problem 7

A C-D road in an urban area, designed for 50 mph
to serve several interchanges, has 3 basic lanes in one direc-
tion—12-foot lanes, 8-foot clear shoulder on the right, and
2-foot offset to a barrier-type curb on the left. Trucks make
up 8 percent of the one-way flow during peak hours, con-
trolled by a 3 percent upgrade 14 mile long. Determine
the service volume this facility can accommodate (level of
service C or AASHO “design capacity”), using both the
longhand and the nomograph procedures.

Solution In using the longhand method, the service
volume is established by the formula, SV = 57 N Fy Fr.
In table 6, for level C and design speed of 50 mph, sv =
1,350. In table 7, Fyy = 0.97, using 12-foot lanes with 2-foot
obstruction on one side. In table 4, for 8 percent trucks
and 3 percent upgrade 1} mile long, Fr = 0.71. SV =
1,350 X 3 X 097 X 0.71 = 2,800 vph. The nomograph
solution is accomplished by the use of figure 11. The ex-
ample on the chart illustrates, by dotted lines and arrows,
the solution of the problem. Enter chart at upper left with
sv = 1,350 pcph (value from table 6 for urban condition
and design speed of 50 mph). Proceed right to N = 3
and turn downward to Fy = 0.97 (value obtained from
table at lower left for 12.foot lanes with 2-foot obstruction
on one side). Again proceed right, intersecting the truck

adjustment factors, Fr. Reenter chart at upper right with
T = 8 percent. Proceed left to Kz = 6 (value obtained
from table at upper left for 8 percent trucks and 14 mile
upgrade of 3 percent), then vertically down to Fr adjust-
ment (0.71). At turning line, project radially to intersect
the horizontal line previously drawn. From this point, pro-
ject down to read V; (or SV) = 2,800 vph.

Problem 8

An existing 6-lane viaduct in an urban area is being
adapted as a distributor in conjunction with a new freeway.
The structure has 11-foot lanes, no shoulders, and a narrow
median. The traveled way in each direction has a 10-inch
barrier curb on the right and an 8-inch barrier curb on the
left, each offset 1 foot from the edge of traveled way. From
the face of left curb to the face of median barrier (guard-
rail) is a further offset of 2 feet. The design speed of the
facility is considered to be 60 mph. Longitudinal gradient
is less than 1 percent and trucks comprise 7 percent of the
peak-hour one-directional volume. Using AASHO terminol-
ogy, determine the design and possible capacities of the
distributor.

Solution ~ Enter chart of figure 11 at upper left with
5% = 1,500 (value from table 6 for urban design condition
and design speed of 60 mph). Proceed right to N=3 and
turn downward to Fiy = 0.94. (The value for Fy is found
in the tabulation at lower left of figure 11, for a 1-foot ob-
struction on the right and a 3-foot obstruction on the left.
This is accomplished by averaging the adjustment factors
for an assumed obstruction of 1 foot on both sides and an
assumed obstruction of 3 feet on both sides; or Fyy = (0.89
+ 0.93) + 2 = 091. Turn right and proceed horizontally
to intersect truck adjustment factors, Fr. Reenter chart at
upper right with T = 7 percent. Proceed left to Er = 2
(value obtained from table at upper left for grades of less
than 1 percent), then vertically down to Fr adjustment
(0.93). At turning line, project radially to intersect he
horizontal line previously drawn. From this point project
downward to read V; (or design capacity) =3,800 vph in
one direction. Possible capacity = 3,800 X (2,000/1,500)
= 5,070 vph.






Chapter IV

RAMPS

The term ramp generally refers to an interconnecting
roadway of an interchange. The designation may also per-
tain to an individual connection or one of a pair or series
of connections, allowing for transfer of traffic between two
facilities. Normally a ramp constitutes a one.way roadway.
Varieties of situations involving ramps are indicated dia-
grammatically in figure 1. These include turning roadways
at freeway-to-freeway interchanges, turning roadways at
freeway-to-noncontrolled access highway or street inter-
changes, junctions between freeway and freeway distributors,
transfer roadways between freeway and C-D roads, and
connecting roadways between freeway distributor {or C-D
road) and surface streets.

RAMP ELEMENTS

There are three distinctive elements of a ramp which
affect the operating characteristics and capacity of the total
ramp facility. These are identified, in direction of travel,
as: (a) exit terminal, (b) ramp proper, and (c) entrance
terminal (see figure 12). For a given level of service, the

-
ENTRANCE
TERMINAL

EXIT
TERMINAL —
d
A= o’
[4
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) a
\

Ficure 12—Ramp elements.

smallest of the three service volumes achieved controls and
designates the level of service or the capacity of the ramp
as a whole. There are two varieties of ramp exit terminals,
as shown in figure 12: (a) diverging-flow terminals provid-
ing for gradual separation of traffic streams and (b) at-
grade terminals, accommodating traffic through some extent
of intersection control. Likewise there are two forms of
ramp entrance terminals: (c) merging flow terminals pro-
viding for gradual convergence of traffic streams, and (d)
at-grade terminals producing a degree of interrupted flow
on the ramp and (with signal control) on the crossroad.

The number and arrangement of lanes in the terminal
areas also influence operational characteristics and capacity.
The spacing and arrangement of entrances and exits where
they occur in succession along the freeway further affect
capacity. The breakdown and classification of various
ramp terminal forms and their combinations allow for
analysis procedures to be developed.

BASIC VALUES AND FACTORS

Peak period variations in traffic flow on ramps may sig-
nificantly affect operating conditions on the freeway. Peak-
ing characteristics within the hour could be critical, requiring
that geometrics be based on a rate of flow in a period of
time shorter than 1 hour. The application of the peak-hour
factor in such cases would tend to enlarge or improve the
facility to compensate for this characteristic. Such consid-
erations apply to existing operational problems. For design
applications, however, the estimated design hourly volumes
coupled with unknown peaking characteristics in localized
areas, do not justify analysis refinements in the use of peak-
hour factors. Even though a PHF may be estimated for a
section of freeway as a whole, it may vary considerably at
an interchange associated with various concentrations of
development and attendant traffic generation. Thus, for
design purposes, average preselected PHI’s are introduced
and are “built-in” to the maximum service volumes pre-
scribed for the various levels of service. Where it is antici-
pated, by the nature of the planned development, that certain
ramps will be required to accommodate high concentrations
of traffic for short periods within the peak hour, special
adjustments may be justified in the analysis as described
later on. :

The capacity of a ramp is generally controlled by one of
its terminals. Qccasionally the ramp proper determines the
capacity, particularly where speeds may be significantly
affected by curvature, grades, and truck operations. Of the
three ramp elements, the entrance terminal will more often

25
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TaBLE 8.—Service volumes (base values) suggested for design of ramps proper (single-lane operation)

Mazximum Service Volume in peph for Ramp Design Speed of:
Design Condition
<20 mph 25 mph 30-40 mph > 50 mph

Rural

Service Level B__________________ 800 1,000 1,100 1,200
Urban

Service Level C__ . _______________ 1,000 1,250 1,400 1, 500
Capacity

Service Level E_________________._ 1,250 1, 600 1,800 1,900

(approximately)

Adapted from AASHO Design Policy.

control the capacity. Deficiencies at either the entrance
terminal or the exit terminal can be overcome in design by
the introduction of an auxiliary lane beyond the entrance
or in advance of the exit. Deficiencies in the ramp proper
can be accounted for by extending the auxiliary lane onto
the ramp, as a second lane and carrying it throughout the
length of the ramp.

Although the need to check the capacity of the ramp
proper is recognized in the Manual, a specific procedure
for doing so is not included. It is suggested here that the
basic values presented in the AASHO Design Policy be
employed for this purpose. Table 8 shows the basic values
for single-lane ramps listed as service level C, the approxi-
mate operational level (design ecapacity) for which the
volumes were apparently intended in the Policy. These
service volumes are adapted to urban design conditions,
while a lower set of values is selected for rural conditions
indicative of service level B. The latter is more nearly in
line with lane service volumes in rural areas for uninter-
rupted flow on freeways to which the ramps connect. The
table includes a third group of values for level of service £
(capacity) based closely upon the “possible capacity” of
ramp proper in the AASHO Design Policy.

Properly designed ramps can accommodate two lines of
vehicles; however, full efficiency of the second lane cannot
be assured except at relatively high design speeds. Conse-
quently, service volumes and capacities of 2.ane ramps
approach, but usually are less than, twice the values of
single-lane ramps. For design purposes the multiplier to
convert the single-lane tabular values to properly designed
2-lane ramps is taken to be in the range of 1.7 to 2.0, for
low and high design speeds, respectively.

At entrance ramp terminals the critical feature in evalua-
tion of capacities is the availability of sufficient time-space
in lane 1 traffic stream (the outer right freeway lane ad-
joining the entrance ramp). Hence, the primary factor in
ramp service volume and capacity determination is the
prediction of lane 1 volume at the merging area. In the
case of exit ramp terminals, estimation of lane 1 volume
immediately upstream of the exit also is the essential factor
in the determination of service volumes and capacity. (See

figure 13 for identification of v, with respect to merging
and diverging.)

In both cases the accumulation of vehicles in lane 1 of the
freeway determines the degree of freedom or congestion
experienced by entering or exiting traffic, as well as its
influence on the flow of traffic on the freeway proper. Thus,
both aspects play a part in the degree of driver satisfaction
and, consequently, on the measure of the level of service at
ramp entrances and exits. Lane 1 service volumes for
various levels of service in the vicinity of ramp terminals
are presented in table 9.

Compared with lane service volumes on the freeway
proper, the values in table 9 are larger for the higher levels
of service, nearly the same for the intermediate levels of
service and slightly lower for capacity. The relatively
larger values at higher levels of service are indicative of
driver acceptance of somewhat greater densities in vicinity
of ramp terminals, providing this condition is short-lived
and the quality of operation resumes approximately to what
it was prior to the ramp junction. At levels of service 4
and B, and to a lesser degree at C, reasonable overloading
in lane 1 can be dissipated downstream from the ramp

TaBLE 9.—Service volumes for design of ramp terminals

Maximum Service Volume, Base vph,' Occupying
Lane 1 on Freeway after Merge (SVa) or
before Diverge (SV.)

Level Merge Diverge

of

Service SV SV,
A 1,000 1,100
B 1,200 1,300
C 1,400 1,500
D 1,600 1,700
E 1,800 1,900

Adapted from Highway Capacity Manual.

!Base value, in compliance with the Manual, for 5 percent trucks
and near level conditions. Values for levels C, D, and E are ad-
justed for representative PHF of 0.83, and 0.90 to 0.95, respectively.
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Both for exits and entrances, v. is a function of V4, Vg and N. Values of v,, based on
operational data, are given in the Highway Capacity Manual. Solutions of equations (1) and (2),
including bullt-in v, relations are presented In NOMOGRAPH form in figures 17 and I8.

DEFINITION OF TERMS

SVm = MAXIMUM SERVICE VOLUME AT RAMP ENTRANCE FOR A GIVEN LEVEL OF SERVICE IN LANE 1
OF FREEWAY AF TER MERGE, BASE VPH (5% TRUCKS, NEAR-LEVEL CONDITIONS).

SVg = MAXIMUM SERVICE VOLUME AT RAMP EXIT FOR A GIVEN LEVEL OF SERVICE IN LANE 1 OF
FREEWAY AT POINT OF DIVERGE, BASE VPH (5% TRUCKS, NEAR-LEVEL CONDITIONS).

V¢ s TOTAL FREEWAY VOLUME UPSTREAM OF RAMP ENTRANCE OR RAMP EXIT, VPH

’

V¢ = TOTAL FREEWAY VOLUME DOWNSTREAM FROM RAMP ENTRANCE OR RAMP EXIT, VPH.
vy = LANE 1 VOLUME (AS PART OF V¢) JUST UPSTREAM OF RAMP ENTRANCE OR RAMP EXIT, VPH.
sv = MAXIMUM SERVICE VOLUME FOR AGIVEN LEVEL OF SERVICE ON THE FREEWAY PROPER,

VPH PER LANE.

VR or SVR = RAMP VOLUME (DEMAND), OR RAMP SERVICE VOLUME FOR A GIVEN LEVEL OF SERVICE,
THE TWO ARE INTERCHANGEABLE IN ABOVE EQUATIONS AND NOMOGRAPHS.

N = NUMBER OF LANES ON THE FREEWAY, BEFORE AND AFTER RAMP JUNCTION.

Fror F1'— = TRUCK ADJUSTMENT FACTOR FOR PERCENTAGE OF TRUCKS IN FREEWAY VOLUME.
Frqy = TRUCK ADJUSTMENT FACTOR FOR PERCENTAGE OF TRUCKS IN LANE 1 VOLUME.

Frr = TRUCK ADJUSTMENT FACTOR FOR PERCENTAGE OF TRUCKS IN RAMP VOLUME.

Ficure 13.—Service volume relations at entrance and exit terminals.
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ENTRANCE RAMP CASE SERVICE VOLUME OR CAPACITY
eUse chart in fig. |7 directly for
N=2,N=3, or N= 4, utilizing
N N Ftqy from fig. 21 and table 4,
and Fyr from table II.
1
eFind ramp proper vaiue, table If.
Single-Lane Entrance —
Normal Design eSmaller of two results governs.
EN(1)
N D N+1 | eUse chart of fig. I9 utilizing Fyq
- from table Il.
1 eFind ramp proper value, table II.
Single -Lane Entrance — eSmaller of two results governs.
On Exclusive (Added) Lane
EN(1 + qux)
®l_ane A—use fig. 19 os for Case
- EN(I + aux).!
N i N+l
el_ane B- use fig. 17 as for Case
D ENQ).
2 .-.\-)“‘_ [
eAdd values for Lone A and Lane B,
2-Lane Entronce? *Find ramp proper value, table |l.
EN(2)
*Smaller of two results governs.

lpercent trucks in entering volume is assumed to apply equally to Lane A.and Lane B;
i.e., trucks distributed uniformly in proportion to Lane A and Lane B volumes.

2Note that the fane terminology is the reverse of the Monuai usage.

Ficure 14.—Procedure for determining service volumes and capacity of isolated entrance ramps.

junction. The relatively smaller values in table 9, with
respect to freeway proper service volumes at lower levels
of service, are designated in recognition of the complexity
and difficulty of operation at conditions approaching ca-
pacity. Thus, at the less stable flows, service levels D and
E, short-term fluctuations in ramp volume are subject to
“breakdown” of lane 1 and ramp terminal, with likely
serious operational consequences on the freeway. The
values selected are indicative of maximum volumes which

can reasonably be expected to merge and diverge on modern
freeways.

The return to the designated or desired level of service
downstream from the ramp junction is assured in design by
the “across-the-lanes” check on the freeway. At this point,
the freeway volume divided by the number of lanes on the
freeway should be equal to or less than the permissible
service volume per lane determined for the uninterrupted
flow condition (see figure 13). This type of check is
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essential in conjunction with ramp terminal design. Utiliz-
ing the SV,, and SV; values from table 9 in combination
with demand volumes on the freeway and ramp, service
volumes of isolated single-lane ramp exits and entrances
can be evaluated as detailed in figure 13. The v, values
required to complete the solution of the equations shown
can be obtained from relations developed in the Manual
based on operational research. These relations are incor-
porated in the design nomographs presented later on.

The Manual further includes data and procedures for
handling combinations of ramp exits and entrances in se-
quence, entailing additional variables such as distances be-
tween ramps and upstream or downstream ramp volumes.
Because these are not complete and generally entail cumber-
some calculations, the need for simplified procedures is
indicated. As covered under the next heading, this is ac-
complished largely through organization of specific cases
of isolated ramps and ramp sequences, particularly in com-
bination with auxiliary lanes. The additional width and
maneuvering space provided by auxiliary lanes is an essen-
tial feature in modern design, providing the key to main-
tenance of a balanced level of service along the freeway.

At-grade ramp terminals are treated as signalized inter-
sections. Appropriate design charts, developed in a previous
publication,? are presented here with minor modifications.
Truck adjustments as for other elements of the freeway
pertain to ramps and their terminals. The adjustment
factors in table 4 generally apply to evaluation of service
volumes and capacities on ramps. Special adaptations of
table 4 values, together with other relations from the Manual,
are incorporated in the design charts and tables which
follow.

ANALYSIS TECHNIQUES

Using the basic values and factors described, a complete
analysis procedure for design of ramp facilities is presented.
The procedure utilizes nomographs and tables especially
prepared for design purposes. The Manual data were
utilized for the most part, but a number of adjustments and
extension of methods in the Manual were required to pro-
duce a fully workable procedure for design. Complicated
and sometimes confusing analysis steps in the Manual were
replaced with more streamlined and simplified procedures,
once it was determined that essentially the same solution
results could be achieved. A number of gaps in data or in
essential procedures were filled by extending and further
detailing certain empirical methods in the Manual and
introducing others. Further use of material from the
AASHO Design Policy, coupled with some rationalization,
finally resulted in a composite procedure for design of
ramps and interchanges.

Classification and Procedural Steps for
Ramp Entrances and Exits
The key to the proposed analysis procedure is a basic
relationship worked out for an isolated single-lane entrance
ramp and an isolated single-lane exit ramp for 2-, 3-, and
4lane freeway traveled ways in one direction of travel.

*Jack E. Leisch, “Capacity Analysis Techniques for Design of
Signalized Intersections.” Public Roads, Vol. 34, Nos. 9 and 10,
August and October 1967. :

The rest of the procedure, for other or more complicated
and expanded situations, is built upon these basic relations.
Step-by-step procedures for analysis of isolated entrance
and exit ramps are outlined in figures 14 and 15. Three
basic cases are included for entrance ramps and three for
exit ramps: (a) single-lane ramps—mnormal design; (b)
single-lane ramps—on exclusive lane; and (c) 2-lane ramps.
These are identified for ready reference as EN(1),
EN(1 + aux), and EN(2) for ramp entrances, and as
EX(1), EX(1 + aux), and EX(2) for ramp exits, respec-
tively. Step-by-step procedures for analysis of successive
ramp arrangements are outlined in figure 16. Four basic
cases are included: (a) successive entrances, EN~EN; (b)
successive exits, EX-EX; (c) entrance followed by an exit,

EN-EX; and (d) exit followed by an entrance, EX-EN.

The total of six cases for isolated ramps and the four cases
for combinations of successive ramps allows for every pos-
sible arrangement to be analyzed. Combinations of more
than two successive ramps, within influence of each other,
can be handled by analysis of two ramps at a time, with
overlaps, along the freeway. The procedural steps in
figures 14 through 16 are keyed in to a series of nomographs
and tables which permit complete analyses to be carried
out as part of the design process.

Application of Nomographs and Design Tables

Analyses of ramp problems are accomplished by the use
of nomographs and procedures set out in figures 17 through
21 and 25 through 35, and the use of tables 10 through 12.
These are designed for rapid solution of problems associated
with interchanges without further reference to the Manual.
Having these relations in graphic form, the nomograph can
be used as a testing device to determine the effects of
changes in traffic and geometric features. For example:
changes in the level of service are immediately seen with
increases in either the freeway or ramp traffic; changes in
the amount of traffic that can be handled by a ramp are
made apparent directly by excluding truck traffic from the
ramp, or by directing all trucks from the freeway to the
ramp as may be required for stage construction; advantages
or disadvantages in changing freeway or ramp grades, as
in the case of deciding whether the freeway should be over
or under the crossroad, determined largely by the effects of
trucks on service volumes, is made obvious on the nomo-
graph; or, comparative operational features of ramp en-
trances and exits of alternative interchange forms being
considered at a given location can be quickly established
by inspection of the chart.

Entrance Terminals

The chart in figure 17 provides for the determination of
level of service, service volume, and capacity of a single-lane
entrance. The ramp is isolated and has a normal or stand-
ard terminal for acceleration and merging. The number
of lanes N on the freeway before and after the junction are
unchanged. This represents the basic condition, referred
to as EN(1) in figure 14.

The nomograph provides for a graphic solution of equa-
tion (1) in figure 13, coupled with equations or relations
in the Manual of v, in terms of ¥V, and V. The interrela-
tions cover the normal ramp entrance on 4-, 6-, and 8-lane
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EX!IT RAMP CASE SERVICE VOLUME OR CAPACITY
—_— e Use chart of fig. 18 directly for N=2,
N o RONReE N=3, or N=4, utilizing Fy adjust-
ment from fig. 21 and table 4.
1 oFind ramp proper value, table II,
Single -Lane Exit —
Normal Design eSmaller of two results governs.
EX()
eUse chart of fig. 20 utilizing Fyq
N nmnimminoiiiininnni i N-1 adjustment for exiting trucks from
SRR . table 4.
— . ":.:::::S:!;.
1 eFind ramp proper value, table |1,
Single-Lane Exit—
On Exclusive Lane *Smaller of two results governs,
EX(1+ aux)
eLane A—use fig. 20 as for Case
N EX(I + aux)!
elLane B-use fig. 18 as for Case
Ex(12
eAdd values for Lane A and Lane B.
2-Lane Exit3 *Find ramp proper value, table I,
EX(2)
*Smaller of two results governs.

lPercem of exiting trucks assumed to apply equally to Lane A and Lane B; i.e.
trucks distributed uniformly in proportion to Lane A and Lane B volumes.

2Utilize freeway qpprooch volume to total approach volume less traffic exiting
on exclusive Lane A, or Vf' = V§-Vq, also % trucks (Tf') in remaining freeway
volume (Vg) is:

. (Vg) (Tf) - (Va)(To) where T, and Tcl are percentages of
T v - Vy) trucks in Vg and V , respectively.

Note that lane terminology is the reverse of Manual usage.

F1cure 15.—Procedure for determining service volumes and capacity of isolated exit ramps.
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ENTRANCE/EXIT RAMP CASE

SERVICE VOLUME OR CAPACITY

e
P

2nd Ramp

1st Ramp

Successive Entrances
EN-EN

e 1st Ramp - Use appropriate procedure given
for isolated entrance ramp, fig. 14.

e 2nd Ramp - 1f D > 3000' use appropriate pro-
cedure given for isolated entrance ramp,
fig. 14. If D < 3000' use table 12 with
instructions for application; except for
single -lane entrance with ouxiliary lane at
2nd ramp, treat as isolated entrance - case
EN (1+0ux), fig. 14. »

— o
e =

1st Ramp 2nd Ramp

Successive Exits
EX-EX

elst Ramp

Case EX({1) -Use table I3 with instructions
for application. (If DX4000), treat as
isolated exit ramp, fig. 15,

Cose EX(1+aux)- Use procedure given for
Case EX{l+aux), fig. |5.

Case EX{2) - Use procedure given for Cose
EX(2), fig. IS except for Lane A apply table
I3 where D < 4000.

e2nd Ramp - Use appropriate procedure given
for isolated exit ramp, fig. I5.

/

1st Ramp

—

2nd Ramp

Entrance Followed by Exit
EN-EX

eApply WEAVING CHART (fig. 41 and table i5)
to find level of service or to determine
geometric design requirements.

eCheck Lst Ramp using appropriate procedure
given for isolated entrance ramp, fig. 14.
(General check for design purposes only).

eCheck 2nd Ramp using appropriate procedure
given for isolated exit ramp, fig. I5,
(General check for design purposes only.)

1st Ramp '\ 7 2nd Ramp

Exit Followed by Entrance
EX-EN

elst Ramp - Use appropriate procedure given
for isolated ramp, fig. I5.

*2nd Ramp - Use appropriate procedure given
for isolated entrance ramp, fig. 14.

% For the special case where an guxiliary lane is introduced on the freeway as a contin-
uation of the lst ramp entrance, and such lane continues through and beyond the 2nd ramp
entrance, data are not available for determining the volume remaining in the auxiliary lane.
The traffic occupying this lane apparently would be somewhere between the V, volume and

Ve volume in table I2. For design purposes (only!), v, at the 2nd romp is assumed to be

equal to Vg for Dy of 500 feet, and equal to 50 percent greater than the tabular value of

Ve for Dy of 1000 to 3000 feet; then use figure 17 and, if required, figure I19.

Froure 16.—Procedure for determining service volumes and capacity of successive entrance and exit ramps.

31
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freeways, that is, 2., 3-, and 4-lane traveled ways in one
direction; adaptation to solutions in conjunction with 5-lane
traveled ways is presented under a following heading. The
nomograph in figure 17 allows for rapid solutions for two
primary situations: given the freeway approach volume
V,; and the ramp entrance volume ¥y, to find the level of
service at the ramp entrance; and, given the freeway volume

and the desired level of service, to find the permissible
service volume SVg or ¥z on the ramp entrance. In the
first case, with ¥y and Vy given, the chart is entered simul-
taneously at upper left and upper right, and the level of
service (and with it, v,) is found by the intersection of the
projected lines in the lower right portion of the chart. In
the latter case, with ¥y and the level of service given, the
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NOTE:

FOR AASHO PROCEDURE ENTER CHART AT UPPER LEFT WITH Vy AND TURN AT LOWER RIGHT Vit = 1140 DR V;“= 1420 BASE VPH" FOR RURAL

OR URBAN CONDITIONS, RESPECTIVELY; FIND Vg,
VPH TO FIND POSSIBLE CAPACITY OF RAMP ENTRANCE

THE DESIGN CAPACITY OF RAMP ENTRANCE, AT UPPER RIGHT, TURN AT vp, =800 BASE

MAXIMUM SERVICE VOLUMES OF 1400, 1600 AND 1800 BASE VPH FOR LEVELS C, D AND E RESPECTIVELY, BASED ON A PHF OF 0.83 T0 0.9

ARE CONSIDERED TO 8E REPRESENTATIVE.

“BASED ON AASHO VALUES OF 1200 AND 1300 PCPH; CONVERTED TO BASE YPH (WHICH INCLUDES 3% TRUCKS) FOR CHART APPLICATION-

1200X0.95= 1140 AND 1500XC.95=1420.

Ficure 17.—Single-lane entrance ramps—nomograph for determination of levels of service, service volumes, and capacity.
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1300X0.95 = 1230 AND 1600X0.95+ 1520

Ficure 18.—Single-lane exit ramps—nomograph for determination of levels of service, service volumes, and capacity.

chart is entered at upper left and followed through con-
tinuously to find ¥ at upper right. In conjunction with
these solutions, appropriate truck adjustment factors are ob-
tained by reference to figure 21 and tables 4 and 10. Table
10 is a rational approach developed to provide adjustments
for effect of trucks for a representative ramp approach and
merging condition.

The following examples illustrate the various uses of
figures 17, 19, and 21, and table 10.

Problem 9

Determine the level of service at which an isolated
ramp entrance (normal design) will operate on a 4-lane
suburban freeway having a peak-hour factor of 0.85. The
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Case N -0 —— . e e —_———=— N
EN(1) Lanes TW Lanes
Vy
Case N — — — (— . L e L — — — ——— N#1
EN{1+aux) LanesW—_ —_— — _..__’__ Lanes
Va —2— Aux. Lane

Gp: Approach Grade on Ramp Proper Classified
as Down (-), Near Level (0), or Up (+). —

l«— G : Entrance Grade, Representative Value Over Length

of 1200-1500 ft. Beyond the Shoulder Merge Point.

TaBLE 10.—Adjustment factor (Frr or Fr,) for entering trucks
(To be Used in Conjunction with Figures 14 and 16)

Trucks as a Percentage of Entering Traffic
Gg Gr
1 2 3 4 5 6 8 10 12 14 16 18 20 25 30 40 50
{

Downgrade - .99 | ,98 | .97 | .96 | .95 | .94 | .93 | .91 | .89 | .88 | .8 | .85 | .83 | .80 | .77 | .72 | .67
or 0~-19, 0 .99 | .98 | .97 | .96 | .95 | .94 | .93 | .91 | .80 | .88 | .86 | .85 | .83 | .80 | .77 | .72 | .67
Upgrade + .97 | .94 | .92 .89 | .87 | .8 | .81 | .77 | .74 | .70 | 68 | .65 | .63 | .57 | .53 | .45 | .40

+29, - .99 | .98 | .97 | .96 | .95 | .94 | .93 | .91 | .89 | .88 .86 | .85 | .83 | .80 | .77 | .72 | .67
0 .98 | .96 | .94 .93 | .91 | .89 | .86 | .83 | .81 .78 ., .76 | .74 | .71 | .67 | .62 | .56 | .50
+ .97 .94 .92 | .89 | .87 | .85 | .81 | .77 | .74 .70} .68 | .65 | .63 | .57 | .53 | .45 | .40
+3% - 98 | .96 | .94 | .93 | .01 | .80 | .86 | .83 | .81 | .78 4‘ .76 | .74 | .71 | .67 | .62 ] .56 | .50
0 .97 1 .94 .92 | .89 | .87 | .8 | .81 | .77 | .74 | .70 ; .68 | .65 | .63 | .57 | .53 | .45 | .40
+ .95 .91 | .87 | .83 | .80 | .77 | .71 | .67 | .62 | .59 .56 | .53 | .50 | .44 | .40 | .33 | .29
+4% - .97 .94 .92 .8 | .87 | .8 | .81 .77 | .74 | .70 | .68 | .65 | .63 | .57 | .53 | .45 | .40
0 .96 .93 | .89 | .8 | .83 ; .81 | .76 | .71 | .68 | .64 | .61 | .58 | .56 | .50 | .45 | .38 | .33
+ .94 .89 | .85 | .81 .77 | .74 | .68 | .63 | .58 | .54 | .51 | .48 | .45 | .40 | .36 | .29 | .25
+59% - ,96 | .93 | .8 | .8 | .83 | .81 | .76 | .71 | .68 | .64 | .61 | .58 | .56 | .50 | .45 | .38 | .33
0 .95 .91 | .87 | .83 | .80 | .77 | .71 | .67 | .63 | .59 | .56 | .53 | .50 | .44 | .40 | .33 | .29
+ .93 | .88 | .83 .78 | .74 | .70 | .64 | .59 | .54 | .51 | .47 | .44 | .42 | .36 | .32 | .26 | .22
+6% - .95 | .91 | .87 | .8 | .8 | .77 | .71 | .67 | .63 | .59 | .56 | .53 | .50 | .44 | .40 | .33 | .29
0 .94 .89 | .85 | .81 | .77 | .74 | .68 | .63 | .58 | .54 | .51 | .48 | .45 .40 | .36 | .29 | .25
+ .93 .8 | .81 | .76 | .71 | .68 | .61 | .56 | .51 | .47 | .44 | .41 | .38 | .33 | .29 | .24 | .20

ramp junction is situated on a 3 percent upgrade which
extends back 2,100 feet (measured from the midpoint of
the merging maneuver length). where it joins a 1,200-foot
long type III sag vertical curve. Geometrics are com-
mensurate with a full freeway. Design speed is 70 mph
on the freeway and 35 mph on the ramp. Traffic volumes
and other features are as outlined in figure 22.

Solution Identify case EN(1) in figure 14 as that
fitting the conditions given. Following the procedure out-
lined, enter chart of figurc 17 at upper left with V', = 1,500
and proceed right to N = 2 curve for low volume ramp
group (ramp volume less than 500), then down to read
v; = 610. Calculate v,/V; = 610/1,500 = 0.40. In figure
21 using ¥, = 1,500, N = 2, T; = 10 percent and v,/V;
= 0.40, read T, = 17 percent. In table 4-A, using 3 per-

cent upgrade 14 mile long (2,100 + 14 of 1,200-ft vertical
curve, as per figure 3), and T = 17 percent, find £ = 4.
In table 4-C, for £y = 4 and T = 17 percent, truck factor
Fr, = 0.66. The adjustment for entering trucks on the
ramp is found to be Frg = 0.83 in table 10 for a merge on
a 3 percent upgrade coupled with a preceding upgrade on
the ramp accommodating 4 percent trucks.

Use figure 17 again, picking up at v, = 610 previously
established on the chart. From this point proceed vertically
down to Fy; = 0.66, then horizontally to intersect the levels
of service lines. Reenter chart at upper right with V; =
350. Proceed left to Frr = 0.83, then down to levels of
service bands to intersect the horizontal line previously
drawn; read (v; + ¥’;) = 1,280 base vph which falls
within level of service C.
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With every entrance there must be a downstream
across-the-lanes check (see figure 13). This may be ac-
complished one of two ways—by using table 2 or figure 4.
The volume on the freeway upon completion of the merge
is 1,500 + 350 = 1,850 vph; T, = (1,500 X 0.10 -+ 350

X 0.04) = 1,850 = 9 percent; for approximately 15 mile
of preceding 3 percent grade (which crests over near the
end of the merge), Er = 5 and Fy = 0.74 in table 4. The
resulting volume per lane on the freeway at the check point
is (1,850 + 0.74) + 2 = 1,250 peph; to check on whether

T T 4 V4
2000 ‘,‘;'.‘y‘,c";’, ! /‘f //'. // //‘ {/ ll
7 7
/ rC_‘P‘CIrY —/800

1500

LA % /600

4
{/—/400

/200

1000

SERVICE VOLUME ON
EXCLUSIVE LANE ENTRANCE - base vph
PREDICATED ON 5% TRUCKS AND NEAR LEVEL GRADE

soof [/

0 i .

] | ] | | ] |

e table 10 to
determine Fryq

1000 2000

Va—VOLUME OF SINGLE-LANE ENTRANCE ON
EXCLUSIVE (AUXILIARY) LANE-vph

NOTE:

FOR AASHO PROCEDURE ENTER AT LEFT WITH SERVICE VOLUME OF 1140 OR 1420 BASE
VPH* FOR RURAL OR URBAN CONDITIONS RESPECTIVELY. FIND Vg, THE DESIGN
CAPACITY OF THE EXCLUSIVE LANE, ON KORIZONTAL AXIS. ENTER WITH SERVICE
VOLUME OF 1800 BASE VPH TO FIND POSSIBLE CAPACITY OF EXCLUSIVE LANE.

MAXIMUM SERVICE VOLUMES OF 1400, 1600 AND 1800 BASE VPH FOR LEVELS C, 0
AND E RESPECTIVELY, BASED ON A PHF OF 0.83 TO 0.91 ARE CONSIDERED TO BE

REPRESENTATIVE,

“BASED ON AASHO VALUES OF 1200 AND 1500 PCPH; CONVERTED TO BASE VPH
(INCLUDING 5% TRUCKS) FOR CHART APPLICATION.

Ficure 19.—Singlelane entrance on exclusive (auxiliary) lane—nomograph for determination of levels of service,
service volumes, and capacity.
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the level of service C achieved by entering traffic is main- X 2,000 = 1,275 pcph. This is greater than the load per
tained on the freeway beyond the merge, is done so by  lane of 1,250 pcph, verifying level of service C operation.

reference to table 2. For level of service C on a 4-lane The alternative across-the-lanes check is made by enter-
freeway with 70-mph average highway speed, v/c = 0.75 ing the chart of figure 4 at bottom right with V; = 1,850;
X PHF or the maximum service volume 55 = 0.75 X 0.85 proceed in reverse order using Fr = 0.74, PHF = 0.85 and

—_—_—— e ——— e ——————— N Lanes

| Lane

zooo_u'vn.orll /I /'/1 // //,/ //

1500

1000

Wy

SERVICE VOLUME ON

EXCLUSIVE LANE EXIT - base vph
PREDICATED ON 5% TRUCKS AND NEAR LEVEL GRADE

7/// * Use table 4 to
determine Frq

500—///1
_/7///

<) T S T N O I A A I O

1000 2000

Vg— VOLUME OF SINGLE-LANE EXIT ON
EXCLUSIVE (AUXILIARY) LANE=vph

NOTE:

FOR ASSHO PROCEDURE ENTER AT LEFT WITH SERVICE VOLUME OF 1230 OR 1520
BASE VPH*FOR RURAL OR URBAN CONDITIONS RESPECTIVELY. FIND va, THE
DESIGN CAPACITY OF THE EXCLUSIVE LANE, ON HORIZONTAL AXIS. ENTER WIiTH
SERVICE VOLUME OF 1900 BASE VPH TO FIND POSSIBLE CAPACITY OF EXCLUSIVE
LANE.

MAXIMUM SERVICE VOLUMES OF 1500, ITOO AND 1900 BASE VPH FOR LEVELS C, D
AND E RESPECTIVELY, BASED ON A PHF OF 0.83 TO 095 ARE CONSIDERED TO BE
REPRESENTATIVE.

*BASED ON ASSHO VALUES OF 1300 AND 1600 PCPH, CONVERTED TO BASE VPH
(INCLUDING 5% TRUCKS) FOR CHART APPLICATION.

Froure 20.—Single-lane exit on exclusive (auxiliary) lane—nomograph for determination of levels of service, service velumes, and capacity.
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N = 2; the intersection with N = 2 line falls within level
of service C zone.

The procedure in figure 14 further indicates that the
merge may be controlled by the service volume attainable
on the ramp proper. This check is preserited later on in
problem 15(a).

Problem 10

37

If, in problem 9, an auxiliary lane is introduced on
the freeway beyond the entrance, what maximum service
volume could be handled by the ramp entrance at service

level C operation?

Solution In this case the entrance is not directly
affected by the traffic on the freeway. As before, the in-
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% FOR ENTERING TRAFFIC, FIND V, IN FIGURE I7
FOR EXITING TRAFFIC,FIND V| IN FIGURE |8

Ficure 21.—Relationship between overall percentage of trucks in freeway approach volume and percentage of trucks in Lane 1 volume.
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fluence of trucks on the ramp is represented by the adjust-
ment factor Fr, = 0.83 taken from table 10. Identify ramp
entrance case EN(1 -+ aux) and follow procedure therewith.
Using in figure 19 a maximum service volume of 1,400
base vph for service level C, and Fr, = 0.83, the volume of
traffic which can be handled by this design is found to be
V. = 1,220 vph. The across-the-lanes chcck downstream,
including the auxiliary lane, or 3 lanes in one direction,
shows in the chart of figure 4 that operation would be well
within level C operation for 1,500 + 1,220 = 2,720 vph at
this point. The ramp proper check, which also is necessary,
is presented later on in problem 15(¢).

Problem 11

Determine the design capacity (per AASHO) of an
isolated single-lane entrance (normal design) on an 8.lane
urban freeway. Other conditions are: design speed of
freeway, 60 mph; DHV on 4 lanes upstream of entrance
is 4,700; design speed of ramp is 25 mph; truck traffic
is nil.

Solution In figure 14 select case EN(1) and follow
instructions employing chart in figure 17. Enter chart with
V; = 4,700, using N = 4 (high-volume group ramp as-
sumed), Fr, = 1.00, v/; + ¥V’ = 1,420 base vph (see foot-
note in chart for urban condition, AASHO procedure), and
Frz = 1.00, find ¥ = 850 vph, the design capacity of
ramp entrance.

The downstream across-the-lanes check is accomplished
in figure 4, as follows: proceed through chart from upper
left to lower right, using service volume base (design ca-
pacity base, according to table 3) of 1,500 pcph per lane,
PHF turning line.of 1.00, and Fr = 1.00; find design ca-
pacity of freeway, ¥'; = 6,000 vph. The condition is satis-
fied since the freeway volume downstream, with the ramp
entrance operating at design capacity, would be 4,700 +
850 = 5,550 vph.

Problem 12

An existing 6-lane freeway is operating at extremely
congested conditions in the easterly direction at a ramp
entrance during the morning peak. To break the bottleneck
at this point and to the east, the ramp is to be widened to
2 lanes, and 1 lane from the ramp entrance is to be brought
on to the freeway as an extra continuous lane, providing
4 lanes away on the freeway. Based on traffic studies of
the facility and considering an improvement for a 10-year

:: =
—

T=10% G=+3%
N-2  V=-1500 —F Ne2
0 /e
VR'35 [ -+4'5/
T 4%

Ficure 22.—Problem 9 illustrated.

period, the design hourly volumes and other pertinent con-
ditions are indicated for the improvement in figure 23.

Determine whether the ramp volume shown can be
provided for on the improved 2-lane ramp entrance without
exceeding level of service D, or, if not, what is the maxi-
mum ramp volume which can be accommodated at this
level of service?

Solution ~ The level of service on the freeway ap-
proach is checked before analyzing the ramp entrance.
Proceeding through the chart of figure 4 (in reverse order)
with ¥; = 3,300 vph, T; = 225/3,300 = 7 percent, £, =
7 (per table 4 for T = 7 and G = 4 percent, 1- to L5-mile
long), PHF = 0.90, and N = 3, read level of service D.
Approach condition, therefore, is satisfactory for the desig-
nated service. Identify ramp entrance type as EN(2) in
figure 14 and use instructions given to find solution. For
lane 4 (outer lane) apply figure 19; using service volume
base = 1,600 for level D and F;, = 0.63 (per table 10 for
Gz = 4 percent, Gx = 5 percent (or + grade), and Tp=
10 percent), find ¥, = 1,070 vph.

For lane B (inner lane) apply figure 17. A prelimi-
nary run through the chart indicates ramp entrance in lane
B to be in “low volume group.” Using V; = 3,300, N = 3
and low volume ramp group, v, = 580 vph; then T, = 115/
580 = 20 percent. Er; = 5 (per table 4-A for G = 4, V-
mile long, and T; = 20 percent), and Fr, = 0.56 (per table
4-C). Frp = 0.63 (per table 10 for Gz = 4 percent, Gg
= 5 percent (or -+ grade), and T, = 10 percent), find
V, = 1,070 vph.

For lane B (inner lane) apply figure 17. A prelimi-
nary run through the chart indicates ramp entrance in
lane B to be in “low volume group.” Using V; = 3,300,
N = 3 and low volume ramp group, v, = 580 vph; then
T, = 115/580 = 20 percent. Er; = 5 (per table 4-A
for G = 4, 14 mile long, and T, = 20 percent), and Fr,
= 0.56 (per table 4-C}. Frz = 0.63 (per table 10 for
Gg = 4 percent, Gg = 5 percent {or + grade), and Tp
= 10 percent). Using in figure 17, ¥V, = 3,300, N = 3,
low volume ramp group, Fr, = 0.56, ¢/; + V' = 1,600
for level D, and Frp = 0.63, read ¥z = 400 vph.

Maximum service volume of 2-lane ramp entrance at
level D = 1,070 + 400 = 1,470 vph. Therefore, ramp
volume of 1,200 vph can be accommodated without exceed-

— e ——

PHF = 0,90
Vi «3300 vph

VR* 1200 vph
TR=10%

Trucks in Vg =225 of
which |5 are in lane I.

Grode — 5% up on ramp
proper.

Grade — 4% up on freeway for on effective length of 1/2 mile
in advonce of merge. Short distance beyond, the grode flottens
out, so that its maximum effect is a total of 374 mile in length
on the freeway section as o whole.

Design Speed — freeway 70 mph, romp 30 mph.

Ficure 23.—Problem 12 illustrated.
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ing level D, providing the ramp proper can handle 1,200 vph
and the freeway downstream can receive 1,200 vph without
exceeding level D. The ramp proper service volume check
is given in the solution of Problem 15(d), showing that
there is ample reserve for the demand volume.

The across-the-lanes, downstream check on the freeway
is accomplished in figure 4. Proceeding through the chart
of figure 4 in reverse order with ¥, = 3,300 + 1,200 =
4,500 vph, Ty = (225 + 1,200 X 0.10) =+ (3,300 +
1,200) = 8 percent, Er = 8 (based on G = +4 percent,
3/4-mile long), PHF = 0.90 and N = 4, find level of service
E. Or, entering chart with N = 4 and maximum for level
D, and proceeding forward through chart with PHF, T,
and Ey as before, find ¥; = 4,100 vph. Thus, not to exceed
level D, entering traffic on ramp would have to be limited
to a combined volume of 4,100 vph. Assuming that the
pattern of traffic (or the proportion of entering traffic to
freeway traffic) remains unaltered, the volumes which can
be accommodated at level of service D, therefore, are:

Freeway approach = 3,300 X 4,100/4,500 = 3,000
Ramp entrance = 1,200 X 4,100/4,500 = 1,100

= 4,100 vph

Total on freeway at level D downstream

Should this design be accepted, it means that probably
in 7 or 8 years, rather than in 10 years, the facility would
reach the limit of level of service D. In later years, level
of service £ would prevail. If the freeway past this critical
point is relatively flat or downgrade, operation on the free-
way would be restored to level D or better at a volume of
4,500 vph. Figure 4 indicates that with a near level grade
traffic would recover to level C. Beyond 8 years or so,
however, a bottleneck would again be created—this time
caused by the freeway upgradc rather than the ramp en-
trance. To avoid this, the design may be arranged to carry
a 5lane section after the merge for a distance of a half
mile or more until the effect of the grade is sufficiently
overcome; then the outer lane can be dropped, resulting in
a continuing 4-lane section.

Exit Terminals

The chart in figure 18 is designed to provide solutions
for level of service, service volume, and capacity of a single-
lane exit. The condition represented is for an isolated
ramp, having a normal or standard terminal for decelera-
tion and diverging with the number of lanes N on the free-
way remaining the same before and after the exit. This
represents the basic exit, referred to as EX(1) in figure 15.
The nomograph provides for a graphic solution of equation
(2) in figure 13, coupled with equations or relations in the
Manual of v, in terms of ¥; and Vj;. Solutions for 4-,
6-, and 8.lane freeways are included. Adaptation to solu-
tions in conjunction with 5-lane traveled ways in one direc-
tion is presented under a following heading.

The nomograph in figure 18 facilitates the solution for
two basic situations: (a) given the freeway approach
volume ¥, and the ramp exit volume Vg, to find the level
of service at the ramp exit; and (b) given the freeway
volume and the desired level of service, to find the maximum
service volume SVg or Vp on the ramp exit. In the first
case, the chart is entered at upper left and followed through

continuously to find level of service at lowei ..gnt. In the
second case, the chart is entered simultaneously at upper
left and lower right and 75 is found by the intersection of
projected lines in the upper portion of the graph. In the
use of figure 18, appropriate truck adjustment factors are
obtained by reference to figure 21 and table 4. In using
figure 21, which determines T, (percent of truck traffic in
freeway lane 1 just in advance of the ramp exit), the value
of v, is first obtained from figure 18. For the condition
where Vg is given and the solution calls for the determina-
tion of level of service on the ramp exit, figure 21 is em-
ployed to provide T, directly. In the case where the level
of service is given and the service volume or design capacity
of the ramp exit Vg is to be determined, T; must first be
approximated in order to find a tentative value of v,. This
is done arbitrarily by assuming the percent of trucks in
lane 1 volume is equal to one and one-half times the percent
of trucks in the total freeway volume, or T, = 1.5 Ty. Using
the truck adjustment factor Fr,, based on the approximate
T, in figure 18, produces a new v,; this, then, is used in
figure 21 to find a more accurate T,, which finally is ap-
plied in figure 18 to find V.

In addition to the standard, single-lane ramp exit, solu-
tions for single-lane exit on exclusive lane, case EX(1 +
aux) and for the 2-lane exit, case EX(2), are included in
the following example problems employing figures 18, 20,
and 21.

Problem 13

Determine the level of service at which an isolated
single-lane ramp exit of standard design would operate on
a 6-lane urban freeway in a large city, having the following
characteristics: DHV on freeway approach—4,100 vph in-
cluding 6 percent trucks; DHV on ramp—700 vph includ-
ing 11 percent trucks; approach grade on freeway—1.5
percent down, and predominant grade on ramp—3.0 per-
cent up; and design speed on freeway—70 mph, on ramp—
30 mph. Also, ind the maximum exit volume which the
ramp can accommodate at level C operation while ¥y of
4,100 vph is retained; and at level £ operation (capacity)
while ¥, of 4,100 vph is retained, and when ¥, approaches
capacity volume.

Solution Identify ramp exit case EX(1) and follow
instructions indicated in figure 15. Using in figure 18,
Vi = 4,100 vph, ¥ = 700 vph and N = 3, find v, =
1,350. Applying in figure 21, V; = 4,100 vph, N = 3, T}
= 6 percent and v,/V; = 1,350/4,100 = 0.33, find T, =
8 percent; and in table 4-C, for E; = 2, establish Fr, =
0.93. Proceeding forward through the chart of figure 18,
using V; = 4,100 vph, V=700 vph, N = 3 and Fp, =
0.93, locate at lower right level of service C (v, = 1,420,
whereas 1,500 is maximum permissible). The ramp exit
therefore would operate at service level C.

To find the meximum service volume on the ramp
exit for service level C operation, it is necessary to estimate
T, (since v; cannot be found directly). As previously
suggested, T, = 1.5 Ty = 1.5 X 6 = 9 percent; tentative
Fr, = 0.92 from table 4-C. Proceeding through the chart
in figure 18 in reverse order, with maximum service volume

= 1,500, Fr, = 0.92 and N = 3, find v, = 1,430. Using
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in figure 21, v, /V; = 1,430/4,100 = 0.35 along with ¥/, =
4,100, N = 3 and T; = 6 percent, find T, = 8 percent.
Corresponding Fy; = 0.93 from table 4-C. Enter again
the chart of figure 18 with a service volume base of 1,500
vph (maximum for level C) and, proceeding in reverse
order with Fr;, = 093 and N = 3, project vertically across
the Vg family of curves; reenter chart at left with V, =
4,100 vph intersect vertical line previously set, and read
Ve = 850 vph. This is the maximum ramp volume which
can be handled without exceeding level of service C opera-
tion. To find the capacity of the ramp exit with ¥, remain-
ing at 4,100 vph, a new value of T, must be obtained.
Using the procedure as before, T; again is 8 percent and
Fr, = 0.92. Utilizing in chart 18 a capacity service volume
of 1,900 base vph, Fy;, = 093, N = 3, and V; = 4,100,
ramp exit capacity ¥ is found to be upwards of 1,500 vph.
This is indicative of a situation where if the freeway down-
stream (beyond the ramp) were to become congested or
blocked, the ramp would serve to divert traffic.

Should the freeway itself become fully loaded, accord-
ing to figure 4, it would yield a capacity volume of 5,000
vph in one direction. In figure 21 and table 4, T, = 10
percent and Fr; = 091. Using these values in figure 18,
the capacity of the ramp exit is found to be P = 1,100
vph. It is interesting to note that less traffic can be dis-
charged by the ramp when the freeway upstream is operat-
ing at capacity than when it is operating at level of service

The check for maximum service volume at levels €
and E on the ramp proper is necessary to assure that the
above values can be achieved. This is done in problem
16(a).

Problem 14

A section of freeway including a 2lane exit in an
urban area is under design. The geometric features and
design hourly volumes are indicated in figure 24. Deter-
mine, on the basis of AASHO procedure, whether the 2-lane
exit can accommodate the DHV’s shown without exceeding
design capacity. Check the design capacity at the critical
points past the exit, at stations 325 and 366.

Solution To determine whether the volume of 1,500
vph can be accommodated, reference is made to the analysis
instructions in figure 15 for the ramp exit case EX(2).
Lane 4 and lane B are analyzed separately and the results
for each are added to find the total capacity for the ramp
exit as follows:

Lane A: In table 4, using length of 2 percent upgrade
of 5,300 feet (sta. 300-sta. 247) or 1 mile and trucks in
the exclusive lane of 14 percent, find Erz = 4 and F,z =
0.70. Using in chart of figure 20, service volume on exclu-
sive exit lane of 1,520 base vph (AASHO design capacity
base for urban conditions, per footnote on chart), and Frp
= 0.70, find ¥V, = 1,120 vph (design capacity of lane 4).

Lane B: In accordance with note 2 in figure 15, ad-
justed truck percentage T’/ on freeway approach (with lane
A traffic removed) is determined as {ollows:

=V, — V¥V, = 1,700 — 1,120 = 3,580 vph
T'y= (ViT; — V,T,) ~ Vs
= (4,700 X 0.08 — 1,120 X 0.14) + 3,580
= 6 percent.

The percentage of trucks in lane 1 volume is cstimated
by the expression T”; = 1.5 T”; (relationship previously set
up where the service volume for a given level of service or

%o ——m
| gp%?,/ Jj%ieoo' Ve
'|~0ﬁ>"’ |l
1000' V. C 2.0% ———=""{200'V.C
S
245 300 325 370
T = 8°/o
3200vph —»

4700 vph —9»

—_— — .—— — — —
— —— ——
——

DESIGN SPEED: Freeway— 70O mph; Ramp—40 mph.

Fi6uRe 24.—Problem 14 illustrated.



RAMPS 41

the design capacity of ramp exit is to be found); 77, = 1.5
X 6 = 9 percent; tentative £, = 5 and Fy;, = 0.74 (from
table 4 for T = 9 percent and 1-mile long 2 percent up-
grade). Proceeding through the chart of figure 18 in re-
verse order, with maximum service volume of 1,520
(AASHO base for urban conditions), F7y = 0.74 and N =
3, ind ¥, = 1,170. Using in figure 21, ¥, /V; = 1,170/
3,580 = 0.33 along with V; = 3580, N = 3and T, = 6
percent, ind T, = 8 percent. Corresponding Fr; = 0.76.
Enter again the chart of figure 18 with a service volume
base of 1,520 vph and, proceeding in reverse order with
Fry = 0.76 and N = 3, project vertically across the ¥
family of curves. Reenter chart at left with V', = 3,580
vph, intersect vertical line previously set, and read ¥ =
600 vph (design capacity of lane B).

Lane 4 + Lane B: Design capacity of ramp exit =
1,120 + 600 = 1,720 vph. This is morc than the demand
volume of 1,500 vph. Therefore, the design is adequate,
providing the ramp proper is capable of handling 1,500
vph. This is checked in problem 16(b), where it is indi-
cated that the ramp proper can handle 2,070 vph at design
capacity. The design capacity of the ramp exit, there-
fore = 1,720 vph.

Design capacity (unlike possible capacity) is not de-
termined by a situation at any one point but over an appro-
priate length of grade. However, across-the-lane checks at
what may be critical points are made to give some idea of
operational quality and to allow for judgment of overall
adequacy of the facility, as well as to assure that possible
capacity is not exceeded. Accordingly, design capacity
(service volume) is determined for this purpose as follows:

At sta. 325 (end of effective 2 percent upgrade)—
Er = 6 for 1.5 miles of 2 percent grade and T =
(4,700 X 0.08 — 1,500 X 0.14) = 3,200 = 5
percent; F, = 0.80.

At sta. 366 (approximate end of effective 3 percent
upgrade)—FE; = 9, based on T = 5 percent, and
an equivalent grade of 2.9 percent and 11,900
feet (2Y}, miles) long from figure 2 {per proce-
dure in problem 4); F; = 0.71.

Design capacity, check points using figure 4:

At sta. 325 is 3,600 vph
At sta. 366 is 3,200 vph

Sufficient design capacity is available at these control
points since the DHV is 3,200 vph.

Ramps Proper

The base service volumes suggested for design of ramps
proper in table 8 have been expanded to include various
percentages of trucks over a range of profile grades. The
expanded set of volumes is given in table 11, predicated on
passenger car equivalents per truck (E7) of 2, 3, and 4 for
upgrades (percent) of 0-2, 34, and 5 and over, respec-
tively. (The Er values are those used for ramps proper in
the AASHO Design Policy.)

The table is set up to give direct service volumes on
single-lane ramps for rural condition (service level B) and
for urban condition (service level €). Values for 2-lane

ramps and capacity operations are provided through the
use of conversion factors. Although service volumes and
capacities of ramps are generally governed by either the
exit or the entrance terminal, the ramp itself should be
checked just the same. Occasionally, a low design speed
or a high percentage of trucks on an upgrade may produce
a situation where the ramp proper centrols the capacity.

The following examples, relating to problems 9 through
14, illustrate the use of table 11.

Problem 15

Determine the maximum service volumc of the ramp
proper for the conditions noted.

a. Single-lane ramp associated with the entrance in
problem 9—design speed = 35 mph, G = 4.5
percent up, T, = 4 percent, and operation at
level of service C.

b. Single-lane ramp associated with the entrance
on exclusive lane in problem 10—other char-
acteristics as in (a).

c. Single-lane ramp associated with the entrance
in problem 1l1—design speed = 25 mph, truck
traffic nil, and operation at design capacity in
urban area.

d. Two-lane ramp associated with the entrance in
problem 12—design speed = 30 mph, Gz = 5
pecent up, T = 10 percent, and operation at
level of service D.

Solution Using the characteristics noted above in
table 11, the following volumes can be accommodated at
the indicated levels of service:

a. 1,275 vph at service level C;

b. 1,275 vph at service level C;

c. 1,250 vph at design capacity (urban) ;

d. 1,080 X 1.9 = 2,050 vph at service level C, and
2,060 X 1.25 = 2,560 vph at service level £
(capacity) ; level of service D is not detailed in
the table, but the service volume for it may be
considered between 2,050 and about 2,300 vph
(about halfway between C and E).

Problem 16

Determine the maximum service volume of the ramp
proper for the conditions noted.

a. Single-lane ramp associated with the exit in
problem 13—design speed = 30 mph, G = 3
percent up, Tr = 11 percent, and operation at
level of service C and at capacity.

b. Two-lane ramp associated with the exit in prob-
lem 14—design speed 40 mph, G = 4 percent
up, Tr = 14 percent, and operation at design
capacity (urban).

Solution Using the characteristics noted above in
table 11, the following volumes can be accommodated at
the indicated levels of service:

a. 1,150 vph at service level C; 1,150 X 1.25 =
1,440 vph at service level E (capacity).

b. 1,000 X 19 = 2070 vph at dcsign capacity
(urban).
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TaBLE 11.—Service volumes for design of ramps proper

RAMP SERVICE VOLUME (vph)
Single-Lane Operation
T |
DESIGN % Trucks Design Speed Design Speed Design Speed Design Speed
CONDITION During <20 mph 25 mph 30-40 mph > 50 mph
Peak Hour
Rate of Upgrade-9 | Rate of Upgrade-% | Rate of Upgrade-9% | Rate of Upgrade-%,
02| 34| >5| 02| 34| >5| 0-2| 34| >5| 02| 34| >5
0 800 | 800 | 800 | 1000 | 1000 | 1000 | 1100 | 1100 | 1100 | 1220 | 1200 | 1200
2 780 | 770 | 750 | 980 | 960 | 940 | 1080 | 1060 | 1040 | 1180 | 1150 | 1130
4 776 | 740 | 710 (| 960 | 920 | 890 | 1060 | 1020 | 980 | 1150 | 1110 | 1070
Rural 6 750 | 710 | 680 | 940 | 890 | 850 | 1040 | 980 | 930 | 1130 | 1070 ; 1020
8 740 | 690 | 650 | 920 | 860 | 810 | 1020 | 950 | 890 | 1110 | 1040 | 970
Service 10 720| 670 | 610 | 910 | 830 | 770 | 1000 | 920 | 850 | 1090 | 1000 | 920
Level 12 710 | 650 | 590 | 890 | 800 | 730 | 980 | 890 | 810 | 1070 | 970 | 880
B 14 700 | 630 | 560 | 880, 780 700 | 900 860 | 770 | 1050 | 940 | B840
16 690 610 540 860 760 670 960 840 740 | 1040 910 810
18 680 | 590 | 520 | 850 | 740 | 650 | 930 810 | 710 | 1020 | 880 | 780
20 670 | 570 | 500 830 720 | 620 920 | 780 | 690 | 1000 | 860 | 750
25 640 | 530 | 460 | 800 | 670 | 570 | 880 | 730 | 630 | 960 | 800 | 690
30 610 | 500 | 420 | 770 | 620 | 530 | 850 | 690 | 580 | 920 | 750 | 630
0 1000 | 1000 | 1000 | 1250 | 1250 | 1250 | 1400 | 1400 | 1400 | 1500 | 1500 { 1500
2 980 960 940 | 1220 | 1200 | 1180 | 1370 | 1340 | 1320 | 1470 | 1440 | 1410
4 960 | 920 | 890 | 1200 | 1160 | 1120 | 1340 | 1300 | 1250 | 1440 | 1390 | 1340
Urban 6 940 | 890 | 850 | 1180 | 1120 | 1060 | 1320 | 1250 | 1190 | 1410 | 1340 | 1270
8 920 860 810 | 1160 | 1080 | 1010 | 1300 | 1210 | 1130 | 1390 | 1290 | 1210
Service 10 910 830 770 | 1140 | 1040 960 | 1270 | 1170 | 1080 | 1360 | 1250 | 1150
Level 12 830 | 800 | 730 ( 1120 | 1010 | 920 | 1250 | 1130 | 1030 | 1340 | 1210 | 1100
C 14 880 | 780 700 | 1100 | 980 | 880 | 1230 | 1090 | 990 | 1310 | 1170 | 1050
16 80 | 760 670 | 1080 | 950 | 840 | 1210 | 1060 | 950 | 1290 | 1140 | 1010
18 850 | 740 | 650 | 1060 | 920 | 810 | 1190 | 1030 | 910 | 1270 ; 1100 | 970
|

20 830 720 620 | 1040 890 780 | 1170 . 1000 870 | 1250 | 1070 940
25 800 670 570 | 1000 830 720 | 1120 940 800 | 1200 | 1000 860
30 770 | 620 | 530 | 960 | 780 | 660 | 1080 | 880 | 740 | 1150 { 940 | 790

Adapted from A4 Policy on Geometric Design of Rural Highways, AASHO, 1965—table II-16.
Notes: 1. For 2-lane ramps multiply tabular values by the following factors: 1.7 for <20 mph; 1.8 for 25 mph; 1.9 for 30-40 mph; 2.0

for >50 mph.

2. To approximate capacity (service level E) multiply above values for urban conditions by 1.25.

At-grade Ramp Terminals

Ramp terminals on the crossroad in conjunction with
diamond and parclo type interchanges constitute level or
at-grade crossing situations for turning traffic. The design
and operation of such terminals follow the basic rules for
at-grade intersections. In most instances, particularly in
urban areas, these points of intersection require signaliza-
tion, to which the following nomographs and procedures
(based largely on the Manual data} apply directly. Where
the crossroad and ramp volumes are so light that apparently
no signalization is needed, the procedure is still the same;

that is, a signal is assumed as a device (only) for purposes
of analysis and design. This provides the means for deter-
mining the appropriate number and arrangement of lanes.
The intersection involving the ramp terminal constitutes
one- or two-way approaches on the crossroad and a T- or
Y-junction on the ramp. Nomographs for determination
of service volumes or number of lanes required to sustain
a given level of service on crossroads in urban and in rural
areas are presented in figures 25 through 27. In urban
areas, the service volumes are affected by the PHF, which
for intersection conditions is based on a 15-minute period



TABLE A — ADJUSTMENT FACTOR (f} FOR LEVEL OF SERVICE

LOAD W, ~ WIDTH OF APPROACH — feet
60 LEVEL OF SERVICE| /275
I VAVA 10 15 | 20 | 25 | 30 | 35 | 40 | 50 | 60
(V717 *NoTE: : :
/ / A No Backlog 0-°0 0+35|/0-86/0-87{0-88|0-83[0-900[0-89]0-87[0- 85
o Yavas / Condition where volume of left g 0-1 |o-90|0-91]|0-91]0-92/0-92]0-92|0-93]|0-92|0- 91
/ JAUVATS V4 turning vehicles can be handled - -
- 7 } : - C Design Capacity 0-3 1-00[1-00[1-001-00]1-00{1-00]l1-00[1-00]1-00
o without a separate signal indi-
® A cation: before using chart, the D 0-7 1+1511+15[1-14[1-14[1-15[1-16[{1+-17[1-18[1- 20
1 capacity of left-turn movement E Possible Capacity 0- 85 1°2011+-20|1+-20|1-20f1-21|1-23[1-25|1-27]1+ 30
I should be checked as indicated
E in Figures 29-A and 29-B.
= EXAMPLE
5 Given Solution
L= ¢ Wp = 25 CBD - area Design capacity
o T = 8% MP = 500,000 CD= 1040 vph
T R = 25% G = 36sec.,
a L =10% G/C = 0.60
-
L]
;1 3000 4000
/77 VAV V4 /ﬁ/ /;r 7.
T I 2 2 32322272
Z // G/C = RATIO. GREEN TIME TO CYCLE TIMV A
Y /v / VNS
o LA AN ,///,’ //‘ AL ///,(// A ]
T A A T e AT
0"’ 1 / P VI V9% /'///’ A -
¥e /,;/ f/ //// //Y///////‘;//A/ - L~
AWI VIR AMALI12,75% A7 GiAL
V2 ,// A A -
VAVINY L i1 930 Y2 P22 975907 S Wa
WiV 4% 2P %%
/ //////’//// 0'1 ////
TABLE B — ADJUSTMENT FOR VI 177477/, 74, g o2 L
METRO SIZE ANDPHF 7 // \700
/ r /7 1~
Metro Area | Peak Hour Factor / // < <
Pop. (1000’s) [0 - 70]0 - 75]0 - 80 'L ,//v -
Over 1000 | 1-04[1-07]1 11 A7 7oA A
1000 1-01/1- 05108 4 o g
750 0-98]1-02{1-05 // / Zi
500 0-96[0-99|1- 02 ///,//, .~
250 0+ 90/0-93]0- 97
175 0-87[(0-90[0- 94 % ‘%/%
100 0-84[0-87/0- 91 A |
75 0-81{0-85[0-88 Y& y '
Pop. {1000's) |0 - 85|10 - 90]0 - 95 CBO / " n 11 FE ! " " n n - n . " N - n
Over 1000 1141 - 18|71 - 21 o) 1000 2000 3000 4000
1000 1+11f1+15/1-18 . L | , | ) \ . | ) |
;gg ‘: gg :II 2)52) ‘: }g FR/NGE’ 050’ RESID.—~ [¢] 1000 2000 3000 4000 3000
250 1-00|1-03[1-07
175 0-97[1-01|%-04 Cp = APPROACH SERVICE VOLUME AT LEVEL OF SERVICE C (DESIGN CAPACITY) —yph
100 0+ 94{0- 981+ 01 0
75 0-92|0-95|0+ 98

**Use Table B if PHF is known to

find adjust. factor; otherwise use

Population directly.

F1cURE 25.—Service volumes for design of signalized intersections and ramp terminals—two-way facilities, urban area.
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TABLE A — ADJUSTMENT FACTOR (f) FOR LEVEL OF SERVICE

LOAD W, — WIDTH OF APPROACH — faet
LEVEL OF SERVICE
60 FACTOR| g is 20 | 25 | 30 | 35 40 | 50 60
- A No Bocklog 0-0 - - 0-99% 0795 095 0-94 0-94 0-94 0-93
: B Q-1 - - 097 0-97 097 096 0-96 096 0-951
- R 1 oer R
1 C Design Copacitly 03 - - 100 | 1-00 | 1-00 [ 1-00 | 1-00 1-00 | |-00
ISO o] o7 - - -2 109 | 10T | 1-07T ) 1-08 [N 113
- £ Possible Copacity 085 - - [N 113 -2 -2 113 1-19 -7
2 u
o= o EXAMPLE
I Given Wy = ar MP = 245000 Solution
Q T = 15% CBD Cp = 1680vph
g R = 12% G/C = 33/60=0°'55 Cp = 1680 x 1-13 = 1900 vph
@ " L = 20% B = NoO bus stops
o
L%
o 2000 3000 4000
. 7 7 } 7 T )}/[//j - -
v / 7/ v 4
i / sl ///( o i ////////
G/C = RATIO.GREEN T /E TO CYCLE TLME TR LT
Ve ’ y ’ Ve s s r - p
20 / /////////// y ///,////;/////
7 TH T P VP S
4 VS V% /////// Vet ane -
s .
o/ //é ) P /AY// / 1 l/:///y //J
) y/ ey, V" TS TAL Ak
o , / ; A7 o . /
AL A Araiis e 2%
> re
VA RSN A e s 4R
/ / # L /, r/ ; Vave 7k ol /// 2
// 4V 4 7ok e s -
/ //W N gt s L
VAWS. Ul VI VT SR 4o 27 Ao i a
/ /// A ///////;% X
L Y v v, ///7//// L
TABLE B — ADJUSTMENT FOR A / . l//,z 74/,1 VAT ,//
METRO SIZE AND PHF ,,\//// »;97 —_———7/5-4/;7 25 ré.// Y /// // A
L
Metro Area Peak Hour Factor Q_O 17 r.QO‘, f 777, /// ,'/// I/ZI //
Pop. (1000’s) | 0-70] 0-75]0-80 é\ 7/// Lo (/ /7l // 7 /f///,l/ // ,7
Over 1000 | 1-04] 1-04|1-11 K\ N A A o / 77y e
1000 1-01| 1-05] 1-08 s s 98 % 3 A
750 0-98 | 1:02]|1-05 W/ /P L ~ . /
| ex|ef|ig| YA sl L e
100 0-84 | 0-87 | 0-91 é'// //// ° s / /V 7/ "
75 0:81] 0°85| 0-88 // ) Iy / ,/// /;
7 7 ' 7 P
Pop (1000s) | 0-85] 0:900-05] 1/ /72 /3 7757725 |
ovmggee [ en| 2 Iy 2% '
750 1000 | 1112|1118 | 2 ///7//// /// ]
- “-09 .
ggg :-3(6) 1-03 :‘(1’3 (- /] { LA / T i n n s i " . ot " i L I o "
175 0-97| 1-01|1-04 ° 1000 2000 3000 4000
94| 098} 1-01 R/, L s { 1 I 4 i " P R T | 1 N " J
192 paed I B FRINGE & 050 — 0 1000 [ 2o 3000 [ 1 ]
- | Y 1 a " 1. i i i 1
**Use Table B. If PHF is known to RESIDENTIAL 0 1000 2000 3000 & 4000 5000

find adjust. factor; otherwise was

Population directly.

Cp=APPROACH SERVICE VOLUME AT LEVEL OF SERVICE C (DESIGN CAPACITY)—vph

Fieure 26.—Service volumes for design of signalized intersections and ramp terminals—one-way facilities, urban area.
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TABLE A — ADJUSTMENT FACTOR (f) FOR LEVEL OF SERVICE

LOAD Wa —WIDTH OF APPROACH — feet
LEVEL OF SERVICE FACTOR
10 15 - 20 25 30 35 40 50 60
A No Backiog 00 0°92)0*95]|0°96)0°*96]0"97|0*97|0-97]0+97(0"-96
B Design Capacity 01 1-00/0+-00{0-00{0°*00[0*00|0+*00/0°00(0°*00]0"° 00
[+ 03 111ttt 1111111 1111211
D 0-7 te2t|1e21)1+22|1-23}1-258}1-27|1-29]|1-31}1"-33
E Possible Capacity 0-85 1-28|1°-28)1°-28|1-30|1°-32{1-35[1-38[1-41|1-44
EXAMPLE
Given Solution

Wyp = 22 L = 7% Cp = 740vph

T = 15% G/C = 0-55 Cp = 740 x 1.29 = 950 vph

R = 12% PHF = Normal condition

RURAL AREA, NORMAL CONDITIONS

Cp = APPROACH SERVICE VOLUME AT LEVEL B (DESIGN CAPACITY}—vph

Frcure 27.—Service volumes for design of signalized intersections and ramp terminals—rural area.
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(rather than on a 5-minute period as for uninterrupted
flow conditions) ; or the analysis may be based directly on
the metropolitan area population, provided for in the nomo-
graphs. Analyses of turning lanes in conjunction with such
approaches, with and without separate signal indications,
including double turning lanes, are covered by nomographs
in figures 29 through 31. Supplementary information is
given in figures 32 and 33. Analyses pertaining to the
ramp junction itself are accomplished by the use of nomo-
graphs and tables outlined in figures 28 through 33. The
various types of at-grade entrance terminals are categorized
and indexed in figures 34 and 35. Four varieties of ter-
minals for single-lane ramps, 1-A through 1-D, and six
varieties for 2-lane ramps, 2-A through 2-F, are described
including steps for analysis.

At-grade exit terminals are not similarly categorized since
these facilities normally comprise a combination of a right
exit and a separate left exit from the crossroad. The
analysis of the two opposing approaches on the crossroad,
with the service volume or capacity of the right turn on one
approach plus that of the left turn on the other approach,
determines the service volume or capacity of the exit ter-
minal as a whole. The charts and procedures presented
here are adaptations from the previous work reported in
Public Roads.> Reference may be made to this publication
for the more fundamental aspects.

*Jack E. Leisch, “Capacity Analysis Techniques for Design of
Signalized Intersections.” Public Roads, Vol. 34, Nos. 9 and 10,
August and October 1967.

The following examples illustrate the analysis techniques
for at-grade ramp terminals. Of significance is the alloca-
tion of the signal time to the several approaches to the
intersection. Signal timing is generally expressed in terms
of G/C ratios, green time for any one signal phase in sec-
onds divided by the cycle time in seconds. At-grade ramp
terminals usually fit into 2- and 3-phase control. Occa-
sionally, an advance green indication may be utilized for a
left turn movement to avoid a full 3-phase control. For any
one cycle, the sum of the G/C values plus 4/C values
(amber periods divided by cycle time) equals 1.00. The
total of the two amber periods for a 2-phase signal for
design purposes usually is taken to be 0.10 (two 3-second
intervals within a cycle of about 60 seconds). For a 3-
phase signal, it may be in the range of 0.10 to 0.12 (9 to 11
seconds within 80- to 100-second cycle). Thus, the total
G/C available for moving traffic each cycle is assumed to
be 090 for 2-phase control and 0.88 to 0.90 for 3-phase

control.

Problem 17

A 2lane crossroad over a freeway accommodating a
diamond interchange is widened to a 4-lane facility with a
narrow median through the interchange. Peak-hour traffic
on the crossroad is of the order of 200 vph in each direction.
Traffic on the single-lane entrance ramp of the design shown
for case 1-A in figure 34 is 120 vph. Traffic movements
constitute about 15 percent trucks during peak hours. De-
termine whether the single-lane ramp terminal is adequate.
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Ficure 28.—Service volumes for design of signalized T or Y ramp junctions.
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Ficure 29.—Service volumes for design of signalized intersections and ramp terminals—SEPARATE RIGHT- AND LEFT-TURN LANES,
with no separate signal indication for turning movement.
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Ficure 30.—Service volumes for design of signalized intersections and ramp terminals—SEPARATE RIGHT- AND LEFT-TURN LANES,
with separate signal indication for turning movement. ’
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F1cure 31.—Service volumes for design of signalized intersections and ramp terminals—DOUBLE TURNING LANES.
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}3 LANES

PROCEDURE FOR ANALYSIS OF
SIMULTANEQUS DOUBLE LEFT- AND
OQUBLE RIGHT-TURNING MOVEMENTS
USING A COMMON OPTIONAL LANE
ON THE APPROACH:

I CALCULATE LANE VOLUME V'=
WHEN V3 > v,

V, = TOTAL RIGHT-TURN
MOVEMENT, vah

Hy!
o~
- Va+V3 V,!
181+ Vy/vg)
WHEN Vo > vy
Vo + V3
Bl+ V37 Vp)

V3 =TOTAL LEFT-TURN
MOVEMENT, vph

[
‘M

N

2.DETERMINE G/C REQUIRED 3-LANE APPROACH
IN FIGURE 30-8 USING V =,CD2 OR CD3' CENTER LANE OPTIONAL

2. FOR ANY OTHER, AVAILABLE G/C FIND
DESIGN CAPACITY OF COMBINED
MQVEMENT BY MULTIPLYING V3 +v3)
8Y RATIO OF AVAILABLE G/C TO
REQUIRED G/C.

V' = REPRESENTATIVE
SINGLE-LANE TURNING
VOLUME, vgh

.

v’z

Ficure 32—Procedure for analysis of combined double left-turning
and double right-turning movements with optional lane.

Solution For the situation indicated, signalization
normally would not be warranted but, as previously sug-
gested, signalization is assumed as an analysis device for
geometric design purposes. Under such relatively light
traffic conditions, a green time allocation for the entrance
ramp of about one-third of the cycle is considered normal
or G/C of 0.35; for the crossstreet movements, then,
G/C = 1.00 — 0.35 — 0.10 = 0.55, which is more than
adequate. According to figure 34, case 1-A, the service vol-
ume capability is determined in figure 30, chart B. Using
G/C =035, =12,and T = 15 percent, Cp, + Cp; =
300 vph (level C). For rural conditions (level B), the
entrance service volume = 0.90 X 300 = 270 vph (see
note lower right portion of figure 30), compared with the
estimated demand volume of 120 vph. Thus, the ramp
entrance design is adequate and has the potential to accom:-
modate larger volumes in the future.

49

Problem 18

A diamond interchange in a suburban area of a large
city accommodates at one of the ramp terminals on the
cross street an entering volume of 420 vph including 8
percent trucks. Of this volume, 260 vph turn left and 160
vph turn right. The single-lane ramp is on a 3.2 percent
maximum grade and is considered to have a representa-
tive design speed of 30 mph. Signalization requirements
leave a G/C of 0.28 available within 3-phase control of
80-second cycle for moving ramp entrance traffic. The
existing design, which operates under considerable conges-
tion, is of the 1-A variety in figure 34. Determine what
form of ramp terminal design (rcferenced to figure 34) is
required to allow for level of service C operation. Both
left- and right-turn movements must be stopped in the same
phase to allow for a pedestrian crossing.

Solution The next higher form of ramp terminal,
1-B in figure 34, is tested to determine its adequacy for the
conditions. In accordance with instructions in figure 34,
the service volume for both left- and right-turning move-
ments is determined in figure 30, chart B. Using G/C =
0.28, « = 12, and T = 8 percent, find Cp,; = 320 vph and
Cps = 320 vph, compared with approach volumes of 260
and 160 vph. The length of widened approach for 2 lanes
is governed by the (larger) left-turning movement. In chart
C of figure 30, Dy = 300 feet (desirable) using ¥y = 260,
C = 80 seconds and T, = 8 percent. Check for ramp
proper in table 11 shows a service volume of 1,210 vph.

Problem 19

A 2-lane (24-foot) ramp from a freeway in the central
business district (CBD) with a metropolitan population
(MP) of 500,000 enters a major street under signal control.
The G/C available for moving traffic on the ramp is 0.40.
The ramp terminal is of the 2-A variety in figure 35. Of
the approach volume, 70 percent of the traffic turns left.
Trucks and buses make up 25 percent of the entering
volume, The angle of turn for the predominant (left)
turning movement is 100 degrees and the width of cross
street in each direction of travel is 32 feet. Determine the

TAPER fo Dp - Da 4 TAPER
T - J “ ‘
—— e —— - - ——— —— —
_—— ——— —— — — —_———_—— = N= —_———— e ——— = -
] 7772 o e e ¥ e s s I
— e e e e N — — — —_— —— _—— ——— —— _—— _—————_—.—
_________________ - =

LENGTH OF WIDENING BEYOND
INTERSECTION

LENGTH REQUIRED FOR: # TAPER
ACCELERATION MERGING foot
DESIGN SPEED Dy — test
mph -
40 200 Dy ¢ 12 G 200
so 928 (G, Green interval in ds ) 250
60 900 300

# Use the lorger of two valves
but Aot ltess thon 300 feet.

LENGTH OF WIDENING IN ADVANCE OF
INTERSECTION

LENGTH REQUIRED FOR: ¥ TAPER
DECELERATION STORAGE teot
DESIGN SPEED Dg —tem «Divide approach volume by
}—— mph number of lones in W,
40 150 «Use volume per lone in 178
50 200 Flgure 30-Citind Dy » Dg on 228
desirable scale (mini
60 250 scole for restricted conditions) 218

¥ Use the lorger of two voluse
but not tess then 200 feet.

Ficure 33.—Procedure for analysis of widened intersection and ramp approaches—length requirements.
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w/,/' TOTAL APPROACH
MOVEMENT

use figure 30,
chart B, a =12.
14'-16"
(Combination of left
and right turncon -
sidered as single

LEFT
Use figure 30,
chart B, a=12.

RIGHT
Use figure 30,

chart B, a=12.
or
if YIELD control, use

figure 29, chart B, 0 = 12,

chart B,0 =12,

continuous movement

DISTANCE D3
Use (desirable length)
14'-16" in figure 30~C.

|(c)

movement.) plus 3 vehicles per cycle.
14'- 16" DISTANCE D2 OR D3
(a) Use whichever is greater (desiroble)
(b) length in figure 30-C.
‘ﬁ\\ - LEFT —
Use figure 30, >

03 on exclgsive lane. 1200
l service volume =I+_Tm)
(T =% trucks)

i

TOTAL APPROACH

MOVEMENT
use figure 28.
DISTANCE D

Use (desirable length) in figure 30-C
based on total approoach volume < 2.

14'-16'

(d)

Ficure 34.—At-grade ramp terminals, single-lane ramps—index to analysis procedures.

ramp volume which can be accommodated at level of
service C.

Solution In accordance with instructions in figure
35, the procedure in figure 28 must be followed. The chart
of figure 26 is first entered, using W, = 24 feet, T = 25
percent, R = 30 percent, L = 0 percent, MP = 500,000
population, and G/C = 040; read C, = 620 vph. The
chart of figure 28 is then entered with €, = 620 vph and,
using A = 100 degrees and Wy = 32 feet, the service
volume (design capacity) of the 2-lane ramp approach is
found to be C’; = 430 vph.

Problem 20

At a diamond interchange a ramp entrance to a major
street is similar to form 2-C in figure 35. The angle of
turn for the predominant (left-turning) movement from
the ramp is 75 degrees and the width of traveled way on
the street, in one direction, receiving the turn is 36 feet.
The approach volume is 680 vph, of which 180 vph turn
right. The signal is to be set for 3-phase 100-seconds cycle
operation. Truck traffic on the ramp is 22 percent. Deter-
mine the G/C required for the ramp entrance to maintain
level C operation, and the length of right-turn lane.

Solution Following the analysis steps in figure 35,
form 2-C and the chart of figure 31, in combination with
charts B and C of figure 30, are utilized. Since G/C is to be

determined, rather than service volume, the procedure in
figure 31 is followed in reverse order; that is, the chart in
figure 31 is used first to find a representative (single-lane)
service volume for the 2-abreast left-turning movement, and
then the G/C is determined in figure 30-B. Entering the
chart of figure 31 with approach volume C,, = 680 — 180
= 500 vph, and using Wz = 36 feet and A = 75 degrees,
find Cp, = 330 vph. Applying this volume in figure 30-B
along with T = 22 percent and a = 12, the required G/C
= 0.36. Since the left-turning volume is greater than the
right-turning volume, the latter can also be handled at the
same time on the exclusive lane within G/C of 0.36. To
accomplish this, the length of right-turn lane must be of
adequate length, and is determined by the larger of the two
storage lengths required, D; or D;. The left-turning move-
ment controls, so that the length of right-turn lane is pred-
icated, in figure 30-C, on V; = 500/2 = 250 vph, C =
100 seconds, and T = 22 percent; D, or D; is found to be
380 feet.

Problem 21

Determine the signal timing and the level of scrvice at
which traffic would be accommodated for the conditions
shown in figure 36.

Solution The G/C requirements for left-turning
movements are usually the first tested where 3-phase contrel
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= Use figure 28 for

Use figure 30-B.

DISTANCE D2 OR Ds
Use whichever is greater
(desirable length in figure
30-C), D, for 2 lanes and
D, for one lane.

= — FiT, width of 24' and
‘\ - 03 | || f right turn removed.
y{f‘ 1] 7% RIGHT
| —-y [ Use figure 30-A.
TOTAL APPROACH ]2
MOVEMENT | / TA R
Use figure 28. / Use whichever is greater
2q: / / (desirable length in figure
/ 2q" 0, 30-C), D, for 2 lanes and
(a) (b) / D, for one fane.
LEFT __ ___ LEFT
Use figure 3I.
RIGHT

/ 12 {T =% trucks)

DISTANCE Ds
/‘ Use (desirable length) in figure
30-C for 2 lanes.

—x L — Use figure 31
D3 l //
|,/ Continuous movement
l on exclusive lane
! rvice volume = 1200
»Ll service volume = ~ = o
4
/
/

LEFT AND RIGHT
Use figure 32.

L3

DISTANCE D
Use figure 30-C for V'
(representative single-lane
turning volume as per figure32)

(e)

Use figure 31 for
left turn volume.

RIGHT
Use figure 3| for
right turn volume.

DISTANCE D2 AND Ds
D, : Use {desirable length)
in figure 30-C for left
turn volume,
D,: Use (desirable length)
in figure 30-C for right
turn volume.

Ficure 35.—At.grade ramp terminals, 2-lane ramps—index to analysis procedures.

is involved, then the other movements are accounted for in
the analysis. Approach C, accommodating movements CA
and CB, is identified as form 2-E in figure 35. The proce-
dure for analysis is given in figure 32, in combination with
charts B and C in figure 30. The representative single-lane
volume for design purposes is ¥/ = (V, 1 V3) + 1.8
(1 + V,/Vs) = (240 + 380) =+ 1.8 (1 + 240/380) =
210 vph. In figure 30-B, using V’ = Cp; = 210 vph,

T = 15 percent and ¢ = 12 feet, the G/C requirement
(for phase 3) is found to be 0.22. The companion
right-turning movement CB can be accommodated within
this G/C since the volume is smaller than for movement
CA. For the left-turning movement 4D, figure 30-B is
also employed, using in the chart ¥; = Cp; = 300 vph,
T = 8 percent and a = 12 feet; G/C = 0.32 (phase 2).
Green time available for handling traffic on approach B4



52 CAPACITY ANALYSIS TECHNIQUES

D

METRO POPULATION

RAMP TERMINALS
DIAMOND INTERCHANGE

|-4 MILLION
RESIDENTIAL AREA f P <
150
\ -« [000
_— - - - . -— - - - - - - -
- — - - - -
J C
A e —7 — B
— == e
__> — _* ——

TRAFFIC:
PM PEAK — vph

TRUCKS:®
CROSSROCAD ___ 8%
RAMP APPR. . 15%

BASIC LANE WIDTH =2’

3 -PHASE SIGNAL CONTROL
C=90sec. A=4+3+4=||sec.

PHASE 1 PHASE -2 PHASE 3
- ~— ——
- [— —_—
- — A

1

Ficure 36.—Problem 21 illustrated.

is 90 — (0.22 + 0.32) 90 — 11 = 30 seconds or G/C =
30/90 = 0.33. The green time required for this movement
is determined in figure 25. Enter chart with W, = 36
and, using T = 8 percent, R = 150/1150 = 13 percent,
L = 0 percent, MP = population over 1 million, project
horizontally across G/C fan of values. Then, enter at
bottom on residential area scale with approach volume equal
to Cp of 1,150 vph, and extend vertically to intersect the
horizontal line previously projected; read G/C = 0.30
(phase 1).

A check on movement AB, which proceeds continuously
during phases 1 and 2, is necessary. Available G/C = 0.30
(phase 1) + 3/90 (amber) + 0.32 (phase 2) = 0.65. The
green time required is found in figure 25 using W, = 24,
T = 8 percent, R = 0 percent, L = 0 percent, MP = popu-
lation over 1 million and approach volume or €, (residential
area) = 1,250 vph; G/C = 0.46. If the available G/C of
0.65 were utilized, the chart shows that 1,760 vph could be
handled. The total G/C required for level of service C
(design capacity) operation is 0.30 + 0.32 + 0.22 = 0.84.
The total G/C available for level of service C operation is

1.00 — 11/90 (amber) = 0.88. The ratio of 0.84 to 0.88, or
0.95 is the same as the ratio of the total of approach volumes
to the total of service volumes (design capacities) ; that is,
V/C, = f = 0.95, where f is the adjustment factor for level
of service in table A of figure 25. Use of widest approach
(36 feet) as the entry into the table, shows a factor of 0.92
as the limit of service level B. Thercfore, the intersection
as a whole (when the G/C’s of the various movements are
readjusted and balanced) would still be within level of
service C (f = 0.95) but close to level B operation. Move-
ment AB, however, would operate at a higher level of service
because of the excess G/C provided. Factor f or V/Cp =
1,250/1,760 = 0.71 and, according to table A in figure 25,
values of 0.88 or less provide service level 4 operation.

Problem 22

At a parclo-A interchange shown in figure 37, the
2.]ane two-way crossroad is widened through the interchange
in compliance with good design practice. In this case, the
widening is also essential in order to satisfy design capacity
or service level requirements. Determine the form and
length of widening necessary for the traffic conditions given.
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Ficure 37.—Problem 22 illustrated.

Solution Figure 33 is used to establish minimum
dimensions required for widening the crossroad in advance
and beyond the two points of intersection, F and G. Figure
27 is used to check the design capacity (level of service B)
for rural conditions. For intersection F these are found to
be 870 vph for approach EF (the right-turn movement
taken to be non-deterring) and 820 vph for approach GF.
The service volumes are higher than needed to handle 630
vph and 580 vph, respectively; this, however, would be
expected due to adding a whole lane in each direction.
Actually, level of service A4 is achieved. The length of
widening (D,) in advance of intersection F is controlled
by storage requirements (figure 33). In figure 30-C, for
a lane volume of 630/2 = 315 vph, € = 60 sec. and T =
21 percent, and D, = 300 feet. The length of taper t is a
minimum of 275 feet predicated on a design speed of 60
mph. The length of widening (D3) beyond intersection F
is determined by acceleration requirements. According to
figure 33, D, = 900 feet and ¢ = 300 feet.

The actual length of widening and taper for the case
illustrated normally would be of more liberal dimensions,
as shown in figure 37, to achieve smooth geometrics in
consideration of safety and appropriate operational char-
acteristics.

Ramps in Sequence

Since ramps in close sequence may have operational
influence one upon another, it is necessary to check this
aspect by grouping consecutive ramps along a freeway into
pairs. As shown in figure 16, such groupings produce four
basic configurations: (a) successive entrances, EN-EN;

(b) successive exits, EX-EX; (c) entrance followed by an
exit, EN-EX; and (d) exit followed by an entrance,
EX-EN.

For the EN-EN case where the distance between en-
trances is 3,000 feet or more, ramps may be analyzed as
“isolated,” using the charts of figures 17 and 19; where the
distance between entrances is less than 3,000 feet, the pro-
cedure in table 12 should be applied to the second ramp
entrance. For the EX-EX case where the distance between
exits is 4,000 feet or more, ramps may be analyzed as
“isolated,” using the charts of figures 16 and 18; where
the distance between exits is less than 4,000 feet, the pro-
cedure in table 13 should be applied to the first ramp exit.

For the EN-EX case, the composite section should be
analyzed as a weaving section using figure 41 and table 15.
The entrance ramp and the exit ramp, however, should be
checked individually using the “isolated” ramp condition.
The isolated condition for design purposes (only) is con-
sidered appropriate as a check. The length/width relations
determined by the weaving chart, particularly where ramp
entrances and exits are developed with two lanes for ramp
volumes exceeding 1,000 vph, automatically provide a bal-
ance of elements within the weaving section. Ramp se-
quences producing weaving sections are analyzed in the
following chapter. For the EX-EN case, both terminals
may be analyzed as isolated ramps, utilizing the charts of

figures 17 through 20.

Problem 23

The sequence of ramps along eastbound roadway of a
freeway under design js shown in figure 38-A, together
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TaBLE 12.—Volume adjustment for second ramp of successive ramp entrances (single-lane entrance with number of [reeway

lanes maintained beyond entrance)

Dy !
Viy Ve
v b V b /
> 4 v
Vu VR
Ve V.—Portion of V, occupying lane 1 in addition to normal »; volume at second ramp entrance—vph
Entering Volume of
First Ramp (vph) D ,—Distance Between Ramps—Feet

500 1,000 1, 500 2,000 2, 500 3,000 3,500

200 200 120 60 40 30 20 20

400 400 240 120 80 60 40 40

600 600 360 180 110 80 70 60

800 800 480 240 150 110 90 80

1, 000 1,000 600 300 190 140 110 100

1,200 1,200 720 360 230 170 130 120

1,400 1,400 840 420 270 200 150 140

Compiled from Manual figure 8.24A.
INSTRUCTIONS FOR APPLICATION

1. Given level of service: to find service volume or capacity on second ramp entrance.

Enter figure 17 with V., the freeway volume up-

stream of the first entrance ramp, turn at appropriate curve (pertaining to volume V.) and find (w) on chart at first entrance;

add tabular value V. to find adjusted vy at second entrance.
volume curve pertaining to ¥z and find v..
turning at the appropriate level of service to find Vs.

2. Given ramp entrance volume: to find level of service at second ramp terminal.

The larger of the two values of v thus obtained governs.

As a check, reenter figure 17 with V;=V,tV,, turn on the ramp

Continue through the chart,

The procedure is identical to that followed above, ex-

cept that figure 17 is cntered with V& as well as ¥, and the level of service found by the intersection of construction lines.

3. For solution of first (upstream) ramp, use figure 17 in the conventional manner.

with distances between ramps, numbers of lanes, and perti-
nent traffic information. Determine the service volume at
each exit and entrance for level C opcration, and the level
of service achieved at each ramp junction with the demand
volumes indicated.

Solution The first step is to group the ramp junc-
tions into overlapping pairs, a through d, as indicated in
figure 38-B. The charts and tables used in the analysis
(excluding weaving at this time) are tables 12 and 13 and
figures 14-20. Ramp pair a (case EX-EX) is dealt with
initially in figure 16 and table 13. In determining the
service volume for the first ramp, instruction 1 in table 13
is followed. Enter figure 18 at bottom right with service
level C )v,” = 1,500) and, using £ = 1.00 and ¥ = 3,
read v; = 1,580 vph. In table 13, find ¥, = 380 vph for
V4 and Dg of 600 vph and 2,000 feet, respectively. Con-
tinuing through the chart with adjusted v, = 1,580 — 380
= 1,200 vph and V; = 4,000, determine J (service
volume) = 370 vph. Level of service C, therefore, can be
maintained since the demand volume on the ramp exit is

300 vph.

For ramp exit (2), figure 18 is used in the conven-
tional manner. Applying v,/ = 1,500, F,, = 1.00, N = 3
and V; = 3,700, find V' (service volume) = 1,300 vph.

Level of service C, therefore, can be maintained since the

demand volume on the ramp exit is 600 vph; in fact, level

of service B operation is indicated in the chart for Vy of
600 vph.

Ramp pair b (case EX-EN) is decalt with initially in
figure 16, where it is indicated that both junctions (2) and
(3) are considered as isolated ramps. Exit (2) has been
evaluated above as an isolated ramp and need not be con-
sidered further. Entrance (3), as part of pair b, functions
as an isolated ramp; also, as part of pair ¢ (case EX-EX)
it is treated as an isolated ramp according to instructions
in figure 16. Following the procedural steps for case
EN(2) in figure 14, the service volume of entrance (3) is
determined by referring to figures 17 and 19 in two steps
for lane 4 and lane B. In figure 19, the service volume
(level C) {for lane A4 is found to be 1,470 vph. In figure 17,
using Vs 3,100, ¥ =3 (high volume ramp lane en-
trance), Fr; = 1.00, v"; = 1,400 (maximum for level C)
and Frp = 1.00, find V' = 850 vph the service volume
in lane B. The total service volume (at level C) which can
be handled by ramp entrance (3), therefore, is 1,470 +
850 = 2,320 vph, which far exceeds the demand volume
of 1,100 vph. Entrance (3) as here analyzed satisfies the
requirements for both ramp pairs, b and c.

To determine the level of service for ramp entrance
(3), the approximate distribution of the demand volume
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TaBLE 13—V olume adjustment for first ramp of successive ramp exits (single-lane exit with number of freeway lanes
maintained beyond exit)

D4
- >
v, \
Vi N \Z
Va V.—Portion of V4 occupying lane 1 in addition to the normal v, volume at first ramp exit—vph
Exit Volume of Second Ramp
(vph) Ds—Distance Between Ramps—Feet
1,000 1, 500 2,000 2, 500 3,000 3,500 4,000
200 190 160 130 90 60 20 0
400 380 320 250 190 120 50 0
600 560 480 380 280 180 70 0
800 750 640 500 380 240 100 0
1,000 940 800 630 470 300 120 0
1,200 1,130 960 750 560 360 140 0
1,400 1,320 1,210 880 660 420 170 0

Compiled from Manual figure 8.24B.
INSTRUCTIONS FOR APPLICATION

1. Given level of service: 1o find service volume or capacity on first ramp exit.
level of service, and find » for the appropriate number of lanes.

find Vn‘

2. Given ramp exit volume: to find level of service at first ramp terminal.
Add tabular value (¥.) to v and continue through chart to find the level of service.

priate number of lanes.

Enter figure 18 with the service volume for the given
Subtract tabular value (V,) from 7 and continue through chart to

Enter figure 18 with the given ¥ and find v, for the appro-

3. For solution of second (downstream) ramp, use figure 18 in the conventional manner.

of 1,100 vph between the two lanes on the ramp is taken
to be proportional to the service volumes determined for level
C; or for lane 4 it is 1,100 X 1470/2,320 = 700 vph
and for lane B it is 1,100 X 850,/2,320 = 400 vph. Using
these as 7, and V' volumes in figures 19 and 17, an average
level of service 4 is indicated. Ramp pair ¢ (case EN-EN),
with respect to the second ramp entrance, is dealt with
initially in figure 16. Here it is designated that table 12
must be applied if the distance between the pair of ramps
is less than 3,000 feet. However, since at the second ramp
entrance (4) an auxiliary lane is added to the freeway
(increasing the number from 4 to 5), v, value is of no
concern and the ramp entrance case EN (1 + aux) is an-
alyzed in figure 19, yielding a service volume (at level C)
of 1,470 vph. The demand volume of 550 vph is much less,
indicating service level A at the point of entrance.

Ramp pair d (case EN-EX), according to figure 16,
is analyzed (for design purposcs) on the basis of isolated
ramps. (In complete analysis the EN-EX configuration is
also checked for the effects of weaving traffic between the
successive ramps; this aspect is accounted for in chapter V.)
For ramp entrance (4) the above result applies in this case.
For ramp exit (5) instructions in figure 15 are followed.
In figure 20 the service volume (level C) for lane A is
found to be 1,580 vph. In figure 18, using v,/ = 1,500,
N = 4, and ¥V; = 4,750 — 1,580 = 3,170 vph, the serv-

ice volume in lane B is found to be ¥ = 1,350 vph. The
total service volume which can be handled by ramp exit
(5), therefore, is 1,580 + 1,350 = 2,930 vph, which far
exceeds the demand volume of 1,600 vph. Assuming the
demand volumes to be proportional to the service volumes
for level C in each lane on the ramp, ¥, = 1,600 X 1,580/
2,930 = 900 vph in lane 4 and ¥, = 1,600 — 900 = 700
vph in lane B. Using these values in figures 20 and 18
respectively, level of service 4 is found for both lanes. In
summary figure 38~C, the analysis shows that the spacing
of ramps and the number and arrangement of lanes meet
the requirements for service level C operation, or better, at
all of the ramp junctions.

Problem 24

Parclo-A interchanges produce two entrances on the
freeway in close sequence. The distance between the suc-
cessive merging ends of the loop and outer ramp normally
should be not less than 1,000 feet on a high-speed freeway.
The preferable range is 1,000 to 1,500 feet. There are
several ways of arranging lanes through the parclo-A inter-
change along the freeway. The most adaptable arrangement
can be determined by a capacity analysis, as illustrated
below. In figure 39 three possible lane arrangements for a
parclo-A interchange are shown, with two sets of ramp
volumes. Using AASHO criteria, determine the design ca-
pacities of the two ramps for the six variations indicated.
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Ficure 38.—Problem 23 illustrated.

Establish the best lane arrangement for each volume situa-
tion; also for the condition where both sets of volumes occur
on the same facility, one during the a.m. and the other
during the p.m. peak.

Solution The ramp configuration produces case
EN-EN which is dealt with initially in figure 16 and table
12. For all conditions the loop ramp, being the first en-
trance, is treated as an isolated ramp, using figure 17 or 19.
The outer ramp, as the second entrance, must be analyzed
in accordance with the appropriate instruction in figure 16
for D < 3,000 feet.

Arrangement A(1) For the first cntrance, use
in figure 17, V; = 2,600, N = 3, high volume group curve,
Fr; = 1.00 (read v; = 500 vpli in the process), 1,420 serv-
ice level base, Frr = 1.00; find V (design capacity) =
1,000 vph. For the second entrance, instruction 1 is used
in table 12. For V, = 600 vph, D = 1,250 {feet, and
V. = 270 vph; (v;) = 500 vph as determined above for
the first ramp. Adjusted 2, at second ramp equals (v,) +
V., = 500 + 270 = 770 vph. Also v, is checked at the
second ramp using the full volume on the freeway of 3,200
vph in figure 17. This yields a volume of 650 vph. The
larger of the two (v; = 770 vph), therefore, is reapplied
in figure 17 yielding ¥y (design capacity) = 730 vph.

The result is that the first ramp has a good capacity re-
serve, while the second ramp volume exceeds design capacity.
Comparative values are shown in the figure.

Arrangement A(2) For the first ramp the
same variables as in the first arrangement apply in figure
17, producing the same design capacity of 1,000 vph. For
the second ramp, case EN (1 + aux) is utilized in the con-
ventional manner. Using in figure 19, a service volume
base of 1,420 (AASHO, urban condition), V¥, (design ca-
pacity) = 1,500 vph. In this case a good capacity reserve
is provided at each ramp.

Arrangement A(3) For the first ramp, which
joins the freeway with an added (auxiliary) lane, figure 19
applies directly, producing ¥V, (design capacity) = 1,500
vph. The second ramp, which joins the continuation of the
same auxiliary lane, requires the application of the aster-
isked note in figure 16. Accordingly, v, = 1.5 V. in table
12, or v, = 1.5 X 270 = 400 vph (approximately). Enter
figure 17 with v, = 400 and proceed through the chart as
before; find ¥V (design capacity) = 1,100 vph. In this
arrangement there is a sizable reserve for the first ramp,
while the volume on the second ramp is just within design
capacity. Examining the three alternatives in figure 39 for
the 600-1,000 ramp volume combination, arrangement A (2)
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Ficure 39.—Problem 24 illustrated.

obviously provides the best solution, indicating a good re-
serve and balance of design capacities with respect to de-
mand volumes.

Arrangements B(1), B(2), and B(3) This se-
ries differs from the first in that the two ramp volumes are
reversed, the first being 1,000 vph and the second 600 vph.
The analysis here is parallel to that above, utilizing the
same steps, charts, and table. The results for these arrange-
ments are summarized on the right in figure 39.

Summarizing For the 600-1,000 ramp volume
combination, arrangement A(2) obviously provides the best
solution, indicating a good reserve and balance of design
capacities and demand volumes. For the 1,000-600 ramp
volume combination, arrangement B(3) provides the best
result, also maintaining a reasonable balance between ca-
pacities and volumes. For the condition where the first
volume combination represents an a.m. peak and the second
a p.m. peak, the choice is more difficult. Everything being
equal, arrangement (3) appears to be the most favorable,
although arrangement (2) also may be used to advantage.
The situation downstream with respect to exiting and pos-
sible weaving’ maneuvers may affect the choice.

SPECIAL CONDITIONS

The material covered thus far is based largely on the
Manual data, with some rationalization and adjustment of
values to produce a readily workable procedure for analysis

in design. Several areas are practically untouched in the
Manual and are in need of determination in order to round
out the necessary capacity analysis techniques. Three criti-
cal areas are noted and developed here by piecing together
bits of data, operational experience and engineering judg-
ment. The following deal with (a) ramps having high-
peaking characteristics, (b) ramp junctions on 5-lane (one
direction) traveled ways, and (c) left-hand ramps. The
procedures set out are strictly for design purposes.

Ramps with High Peaking Characteristics

Some ramps serve localized traffic generators that produce
high peaks within 15- to 30-minute periods, while the other
freeway approaches at the same interchange may be operat-
ing under normal peaking conditions. For more or less
normal conditions, average or representative peak-hour fac-
tors have been built into the service volumes, as.presented
in previous chapters. Departure from the procedures out-
lined will rarely be required, but where it is anticipated
that unduly high peaking characteristics are apt to occur,
producing peak-hour factors well below normal, adjustments
should be applied in the analysis.

Merging and Diverging—Entrance and Exit Ramp Terminals

Divide the service volume or design capacity (AASHO),
determined under normal circumstances in figures 17-20,
by: 0.75 for operation at service levels 4 and B, or at rural
design capacity; 0.85 for operation at service levels C and
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D, or at urban design capacity. Then, multiply above by
specific PHF?, known or estimated to be applicable to the
ramp terminal condition, to establish the adjusted service
volume or design capacity.

At.grade Ramp Terminals

Divide the service volume or design capacity, determined
under normal circumstances in figures 25 and 26, by average
peak-hour factors of 0.80, 0.85 and 0.90 for metro popula-
tion areas of 50,000 or less, 100,000-750,000, and 1,000,000
or more, respectively; then, multiply above by specific PITF®
applicable to the intersection approach to establish the ad-
justed service volume or design capacity. In conjunction
with figure 27, rural conditions, find service volume or
design capacity using PHF=1.00; then, multiply result by
PHF relevant to the particular intersection approach. For
exclusive turning lanes (figures 29 and 30), divide chart
values of service volumes or design capacity by 0.85, then
multiply by specific PHF applicable to the turning lane
under consideration.

Weaving Sections

Produced by merging and diverging traffic to and from
ramp junctions, weaving sections may also require adjust-
ment in analysis as a result of high peaking characteristics
on one or more of the ramp movements. The procedure is
presented in the next chapter, along with other aspects of
weaving operations.

Problem 25

A single-lane ramp entrance, along a freeway slated
for widening, is operating under congestion during the p.m.
peak period. The ramp discharges traffic onto the freeway
under an intense peaking condition during one-half hour
from an industrial complex. Repeated field measurements
of traffic movement on the ramp entrance show a represen-
tative highest 5-minute flow equal to 130 vehicles within an
hourly volume of 1,060 vph. The resulting PHF of
1,060 =+ (130 X 12) = 0.68 is judged to be indicative of
future conditions when the demand volume is estimated to be
1,800 vph. If the analysis for the contemplated design of a
2-lane entrance shows a service volume for level C of 2,450
vph (under normal peaking conditions) in the charts of
figurcs 17 and 19, determine whether the demand volume
can be accommodated without exceeding level of service C
operation.

Solution Using the procedure outlined above, the
adjusted service volume reflecting the high peaking char-
acteristic of this movement is (2,450/0.85) X 0.68 = 1,960
vph. The new 2-lane ramp, therefore, will accommodate
the 1,800 vph entering the freeway at level of service C.

Ramp Junctions on 5-Lane Traveled Ways

Data are not available on 5-lane (one-direction) freeways
for evaluating operations at ramp entrances and exits.

*For merging and diverging manecuvers, the peak-hour factor is
predicated on a S5-minute rate of flow. For controlled movements
in conjunction with at-grade intersections, the peak-hour factor is
based on a 15-minute rate of flow. See pages 3 and 4.

Since 5-lane traveled ways are frequently encountered on
urban freeways, a procedure was developed and is presented
here to permit analysis of the wider freeway sections. The
approximate results thus obtained are predicated on extra-
polation of lane distribution data at ramp entrances and
ramp exits of narrower facilities. For convenience of ap-
plication, the procedure entails an equivalent 4-lane (one-
direction) freeway volume (just upstream of ramp terminal)
that would produce approximately the same lane 1 volume
as on the 5lane (one-direction) freeway. The method thus
converts the 5-lane freeway section to a 4-lane freeway
section and allows the available nomographs and tables to
be used directly. Table 14 provides for this conversion.

Problem 26

A 5-lane section of urban freeway is carrying 6,300
vph upstream of a ramp entggnce. The 70-mph design
conforms to appropriate standards. Truck traffic is nil.
Determine the maximum service volume that can be ac-
commodated on the entrance ramp without exceeding level
of service C operation.

Solution The 5-lane section of frecway with 6,300
vph, according to table 14, is equivalent for analysis pur-
poses to a 4-lane section carrying 6,300 X 0.78 = 4,900
vph. Using, in figure 17, ¥; = 4,900, N = 4 (high volume
group), Fr; = 1.00, level of service D (1,400 vph base),
and Frz = 1.00; find ¥, = 790 vph.

Problem 27

Using AASHO criteria, determine the design capacity
of a 2-lane ramp entrance joining a 5-lane section of free-
way in an urban area. Traffic upstream of the ramp junc-
tion is 6,050 vph including 8 percent trucks. The 70-mph
freeway is on a slight downgrade at this point, while the
joining ramp, carrying 14 percent trucks, is on a 2 percent
upgrade preceding the junction.

TaBLE 14.—Conversion factors for analysis of ramp en-
trances and exits on 5-lane (one-direction) freeways

Factor to convert
Ramp Freeway volume on volume on 5-lane
junction 5-lane section to equivalent volume
upstream of ramp on 4-lane section of
terminal (vph) freeway!
Entrance All volumes 0.78
Exit <4,000 1. 00
5, 000 0. 90
_ 6,000 0.85
> 17,000 0. 80

*The equivalent volume on 4-lane section of freeway is that which
produces approximately the same lane 1 volume for the indicated
volume on 5-lane section, allowing nomographs and tables for 4-lane
sections to be used directly in the analysis.
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Solution.  According to table 14, the 5-lane section
of freeway is equivalent to a 4-lane section carrying
6,050 X 0.78 = 4,700 vph. As outlined in figure 14, the
ramp capacity is evaluated using the charts of figures 19
and 17 for lanes 4 and B, respectively. In figure 19, using
design capacity base of 1,420 vph (see footnote on chart)
and Fr, = 0.70 (from table 10), design capacity of lane
A = 1,050. For lane B, using in figure 17, V; = 4,700
and N = 2 (low vol. group, determined by preliminary run
through chart); find v, = 730. At this point the per-
centage of trucks in lane 1 must be determined. Using in
figure 21, ¥y = 4,700 vph, N = 4, 7; = 8 percent and
v /V; = 730/4,700 = 0.15; find T, = 25 percent. For
near level conditions E;, = 2 (table 4) and Fp, = 1/
[1 +025(2 — 1)] = 0.80. Reentering figure 17 with
vy = 730 and proceeding through the chart using Fr, =
0.80, service volume base of 1,420 and Fy; = 0.70; find
Ve or design capacity of lane B = 400 vph. Design ca-
pacity of ramp entrance = 1,050 + 400 = 1,450 vph.

Problem 28

A 2lane ramp discharges traffic from a 6-lane freeway
section. The approach volume is 7,300 vph on which truck
traffic is considered to be nil. The freeway continues be-
yond the ramp as a 5-lane section. Determine the volume
which the ramp can discharge without exceeding level of
service C.

Solution According to figure 15, the charts of fig-
ures 20 and 18 are to be used in the analysis for lanes A4
and B, respectively. The service volume which can be
accommodated at level of service C in lane 4 = 1,580 vph
(figure 20). In conjunction with lane B, the discharge is
made from a 5-lane freeway section on which the adjusted
approach volume is ¥; = 7,300 — 1,580 = 5,720 vph. An
equivalent 4-lane section, for analysis purposes, would ac-
commodate 5,720 X 0.84 = 4,800 vph (see table 14).
Using this as ¥; and N = 4 in the chart of figure 18, find
Ve = 1,100 vph, or service volume accommodated by lane
B at level C. The 2lane ramp, therefore, can discharge
1,580 + 1,100 = 2,680 vph at level C operation.
Left-hand Ramps )

Left-hand ramps are not recommended and normally are
not used on modern freeways. They are employed, how-
ever, in conjunction with freeway distributors, including
freeway sections functioning as C-D roads. For these spe-
cial cases, the following rational procedure is offered as a
basis for design.

Limited studies show that the volume of traffic in the
freeway lane adjacent to the ramp in conjunction with left-
hand ramps is higher than that in conjunction with right-
hand ramps. For entrances there is approximately 25
percent more traffic volume in the freeway lane adjacent to
a left-hand entrance than in the freeway lane adjacent to a
right-hand entrance for similar conditions;* that is, v;/v, =
1.25, where v; is the volume in the extreme left lane of the

*From data (Northwestern University) of studies reported in
Highway Research Record 99.

freeway upstream of a left-hand ramp junction, and v, is
the volume in the extreme right lane (lane 1) of the freeway
upstream of a right-hand ramp junction. For exits there is
approximately 10 percent more traffic volume in the freeway
lane adjacent to a left-hand exit than in the freeway lane
adjacent to a right-hand exit for similar conditions;* that
is, v;/vy = 1.10. Utilizing these ratios, the procedure for
analysis of left-hand ramps is as follows:

Left-hand Entrances To find level of service on
ramp, or ramp service volume Vg, enter chart of figure 17
with ¥, using appropriate N and ramp volume group, and
read v,; multiply », by 1.25 to find new v, (or v;); shift
over on v, scale to new value and proceed through chart
in normal manner. In determination of F7, (or Fp,) as-
sume for N = 2 that 25 percent and for N = 3 or more that
0 percent of through trucks on the freeway are in the left
lane adjacent to the ramp entrance (do not use figure 21).
For left-hand entrances on exclusive (auxiliary) lane or
for lane A of 2-lane left-hand entrances, use chart of figure
19 directly.

Left-hand Exits To find level of service on ramp,
enter chart of figure 18 with V;, proceed to given Vg for
appropriate N, and read v,; multiply v, by 1.10 to find
new v; (or wv;); shift left on v, scale to new value and
proceed through chart in normal manner. In determination
of Fp: (or Fr;), in addition to exiting trucks, assume for
N = 2 that 25 percent and for N = 3 or more that O percent
of through trucks on the freeway are in the left lane adjacent
to the ramp exit (do not use figure 21). To find ramp
service volume (¥g) for a given level of service, enter chart
of figure 18 with desired level of service at lower right,
proceed in reverse order and read v, (or v;); shift right
on v, scale to new value and continue through chart to find
Ve. For left-hand exits on exclusive (auxiliary) lane or
for lane 4 of 2-lane left-hand exit, use chart of figure 20
directly.

Problem 29

A 2.ane transfer roadway from the freeway (inner
core) joins a C-D road (freeway distributor) as shown in
figure 40. Determine, for the traffic situation indicated,
whether level of service C operation can be maintained.
All grades are 1 percent or less.

Solution As a first step, an across-the-lanes check
on the C-D road is made downstream and upstream of the
entrance. Using in the chart of figure 11 a freeway volume
of 2,300 vph with 10 percent trucks on the 2-lane section,
and a volume of 4,000 vph with 12 percent trucks on the
3.lane section, lane service volumes of 1,200 pcph and 1,480
peph are found. In table 6, lane service volumes of 1,200
peph for level B and 1,500 peph for level C are indicated
for a 60-mph C-D road. Thus level B operation down-
stream and level C operation upstream can be maintained
on the C-D road.

The truck adjustment factor for each lane on the en-
trance is found in table 10 to be Frp, = 0.87. Figure 19
indicates that lane 4 can handle 1,270 vph at level C opera-
tion, Using, in figure 17, V; = 2,300 and N = 2 (low
volume group), v; is found to be 880. For the left-hand
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FREEWAY (INNER CORE)

12' LANES, FULL SHOULDERS
C-D ROAD DESIGN SPEED- 60 MPH

Ficure 40.—Problem 29 illustrated.

entrance, the adjusted v, (or v;) = 880 X 1.25 = 1,100.
Percentage of trucks in left lane of C-D road is (2,300 X
0.16 X 0.25) + 1,100 = 5 percent, and Fr, of 0.95 (table
4). Reentering figure 17 with v; = 1,100 and using
Fr, = 095, level of service C, and Frrz = 087, Vi is
found to be 280 vph. At level C the ramp can handle
1,270 + 280 = 1,550 vph, which is less than the demand
volume of 1,700 vph.

Using figures 19 and 17 again, service volumes for
level D operation are found to be 1,450 for lane A4 and 450
for lane B, or a total service volume of 1,900 vph. Thus
the operation of the ramp falls within level of service D.
As shown by the downstream check, level of service C op-
eration would be restored on the C-D road beyond the
merge. '



Chapter V

WEAVING SECTIONS

BASIC VALUES AND FACTORS

In the course of designing freeways and expressways,
interchanges are often spaced in such a manner that exiting
and entering patterns have an effect on freeway flow in
excess of that for normal ramp merging and diverging.
This effect is referred to as “weaving.” The Highway
Capacity Manual—1965 defines “weaving” as the crossing
of trafic streams moving in the same general direction
accomplished by successive merging and diverging.

Weaving can occur along freeways within an interchange
or between interchanges as shown in figure 1. The presence
of weaving on freeways thus requires a check for capacity
and level of service purposes beyond that conducted with
respect to v; at exits and entrances. Weaving sections are
classified as simple or multiple. A simple weaving section
is created by an entrance ramp followed by an exit ramp.
Multiple weaving is created by an entrance ramp followed
by two or three successive exit ramps (such as EN-2EX or
EN-3EX), or by two or three entrances followed by one or
two exits (such as 2EN-EX, 2EN-2EX, or 3EN-EX). The
ramp groupings along the freeway which create multiple
weaving sections are demonstrated in figures 1, 38, and 54B.
Simple weaving sections are of two types: (a) single pur-
pose, where all vehicles weave, and (b) dual purpose, where
both weaving and non-weaving traffic (outer flow) are
served.

Weaving sections can also be classified as one- and two-
sided. Two-sided weaving occurs when a weaving volume
must cross the through traffic flow, such as occurs along a
freeway with a right-hand entrance followed by a left-hand
exit. One-sided weaving avoids the direct efiect on main-
line through trafficc. Modern freeways avoid two-sided
weaving except as it may occur on C-D roads.

Weaving requires the crossing of vehicular paths. The
capacity of a basic simple weaving section (two lanes) is
thus limited to the number of vehicles that can use a single
lane. If the volume exceeds this value, additional lanes are
required thus creating a compound wcaving scction. But
as this occurs, longer distances are often required to com-
plete the weaving maneuver. It is noted in the Manual,
for instance, that a volume equal to double the capacity of
a traffic lane theoretically requires three times as much
length as for a weaving volume equivalent to a single-lane
capacity. At below-capacity sityations where desired oper-
ating speeds approach 60 to 70 mph, greater vehicular
headways are required for crossing vehicular paths than
for the slower speeds at capacity. In addition, the distance

used (during the time required to complete the maneuver)
is greatly increased as well.

The general approach to the EN-EX case (which creates
simple weaving) is demonstrated in figure 16. The analysis
of weaving is discussed in further detail below. Both length
and width requirements must be met in designing for a
weaving section. The two are interrelated. The interrela-
tionship is reflected in the design process through the use
of separate checks for length and width which are linked
by the definition of a weaving intensity factor k. For
simple weaving, the length required is based solely on the
weaving volumes and the desired level of service. Once a
length is established, it is used to define the weaving in-
tensity factor k. The presence of weaving intensity within
a given section of roadway is the reason that, for equivalent
volumes, more width is required than for uninterrupted
flow. As stated in the Manual, “The k-factor, in effect, is
an equivalency factor expanding the influence of the smaller
flow up to a maximum of three times its actual size in num-
ber of vehicles.”

The weaving intensity factor, determined for the length
chosen, is included in the formula for determining the
number of lanes in a weaving section, as follows:

WA kW +F+F

N= SV

The terms are described pictorially in the diagram on
figure 41. The term W’ refers to the smaller of the two
weaving volumes. The term SV refers to the service volume
or capacity per lane on approach and exit roadways. It is
predicated on the basic number of lanes approaching the
weaving section under study. N is the required number of
lanes and k is the weaving intensity factor.

The equation may be simplified to the form:

_ VA k=)W
SV

whereV =F+F + W + W.

The operating characteristics of weaving sections are
plotted in figure 41 in a format for use in design. The
relationship between length, weaving volume and width can
be more clearly seen with the use of this diagram. The
graph indicates the k value associated with a given length
of weaving section and weaving volume. The formulas
which use the k value to determine lane width requirements
are also shown. The set of curves defining the % values
range from the out of the realm of weaving (curve I) to

N
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Ficure 41.—Design chart for weaving sections.
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capacity (curve V). The operating speed associated with
curve V is about 20 to 30 mph, whereas that associated
with curve III is about 40 to 45 mph. Note that the weav-
ing volume (W -+ W’) is in terms of passenger cars per
hour (pcph). The table in the lower part of the figure
indicates the curves to be used in design for freeway facili-
ties to attain a desired level of service. Where two curves
are used to define a range, the lower roman numeral is the
desirable level and the higher one the minimum. In the
case of two-sided weaves, however, the lower roman numeral
should be used as a minimum to reflect the added disruption
to flow caused by the crossing of the mainline traffic.

TaBLE 15.—Per lane service volumes for weaving sections
on freeways

sv—Maximum service volume (ideal
conditions)—pcph per lane for
number of basic lanes (N3) on
major approach roadway

Level of service

N,=2 Ny=3 Ny=4
or more
A 700 800 850
B 1,000 1,150 1,250
Cc 1,250 1,350 1,400
D 1,600 1,600 1,600
E (Varies between 2,000 and 1, 600)!

*Lane capacities (level E)} vary with the intensity (frictional
effects) of weaving, as related to quality of flow curves I-V in figure

W-1. The following relationship (from Manual table 7.1) applies:
Weaving Intensity Capacity
k Fector Curve pcph
1.0 I 2,000
2.6 I 1,900
3.0 1 1,800
3.0 v 1,700
3.0 v 1,600

Notes: 1. Table compiled from Manual table 9.1.
2. 5v for level € predicated on PHF 0.83, for level D on
PHF between 0.83 and 091, and for level E on PHF
between 0.91 and 1.00.

Table 15 is a supplement to figure 41. It provides a
guide to the selection of the maximum service volume (57)
for each level of service to insert into the width determina-
tion formula. The values shown were derived by using
table 9.1 of the Manual and applying average peak-hour
factors as noted. This level of accuracy seemed compatible
with that of the weaving analysis methodology.

Multiple weaving analysis represents a more complex
operation. Two-segment multiple weaving sections are a
common occurrence in modern freeway design. Three-seg-
ment multiple weaving sections are not common and the
emphasis here is placed, therefore, on two-segment sections.

The major differences in the analysis of multiple weaving
sections, as compared to simple weaving sections, are (a)
the check to determine if multiple weaving is present, and
if it is, (b) the proportion of the weaving which takes place
over the whole section (long weave) which should be as-
signed to each segment for the purpose of analysis. This
is done by assuming that the portion occurring in each
segment is proportioned to the length of each segment com-
pared to the total length of the section. The check for
multiple weaving is made by determining if the “long-
weave,” taken over the entire length of the section, is within
the realm of weaving. If it is, then the procedure is to
analyze the section for multiple weaving. If it is not found
to be within the realm of weaving, then in the case of
2EN-EX the second segment is analyzed as a simple weave.
The upstream entrance volume which proceeds through on
the freeway becomes part of the outer flow and that portion
of the freeway volume departing at the downstream exit is
included as part of the weaving volumc in the second seg-
ment. In the case of EN-2EX the weaving in segment one
is analyzed as simple weaving in a similar manner.

As an aid in multiple weaving analysis computation, work
sheets have been prepared for the two cases which can occur
under two-segment multiple weaving. These are 2EN-EX
and EN-2EX as shown in figures 46 and 48, respectively.
The top of the worksheet provides room for project identifi-
cation, problem summary, derivation of truck adjustment
and k factors, and proportioning of the “long-weave.” The
two segments are separated and provided with segment
weaving diagrams so that each segment may be analyzed
separately. First, length requirements are determined by
selecting the appropriate curves from the tabulation on
figure 41 and entering the graphs in figure 41 with the
weaving volumes established [rom the segment weaving
diagram. Finally, width requirements are calculated using
the % value appropriate to the weave (that is, “k” for the
entire section for the “long weave” and “k” for the segment
in which the primary weave occurs). Service volumes to
be inserted are selected from table 15.

In either multiple-weaving case, the only significant dif-
ference from the simple weave concerns the handling of the
“long weave.” Where a segment is handling the portion of
the “long weave” along with the primary weave, they are
shown separately in the segment diagram. Since a portion
of one of the long weave volumes is presented in both types
of weaving volumes, it must be shown as a dashed arrow in
one case so as to remind the designer not to double count the
effect of that volume. Use of the charts and worksheets
for 2-segment weaving sections are demonstrated in the
following problems.

The rationale for a 3-segment wcaving section is the same
as for a 2-segment weaving section; that is, the weaving
movements are proportioned over three rather than two
segments, utilizing three % factors.

In the case of multiple weaving sections embodying 2-
sided weaves, as may be the situation on collector/distributor
roads (C-D roads), the included work forms, figures 46
and 48, may be adapted for such conditions by orienting
the weaving configuration to the diagram on the forms.
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ANALYSIS TECHNIQUES
Problem 30

An initial design layout of a section of modern freeway
with three basic lanes has resulted in a one-sided weaving
section 1,800 feet long. The design hourly volumes of the
various movements are F = 3,600, I = 1,050, 7’ = 950,
and F¥ = 100. Truck traffic is negligible. The number of
lanes required to achieve level of service C must be deter-
mined. In addition, an alternative design would shift the

-ramp 2,700 feet downstream (L = 4,500 feet) leaving all
other conditions the same. The designer must determine the
effect this shift would have on the lane requirements at
level of service C.

Solution For the first case L = 1,800 feet. No cor-
rection to pcph is necessary- because truck traffic is assumed
negligible. From table 15 read for N, = 3, level of service
C, and 57 = 1,350 pcph. Read £ = 3.0. Apply the simple
weaving formula for F = 3,600, W = 1,050, B’ = 950,
and F/ = 100. Thus ¥ = 5,700. The result is N = 5.6
lanes. Thus 6 lanes would be required. The shift of the
ramp downstream results in an increased weaving distance
of L = 4,500 feet. Enter figure 41 with L = 4,500 feet
and 7 + W’ = 2,000 peph; read £ = 1.7 (interpolating
between curves). Using the same formula, N is calculated
as 4.7 lanes. Thus, 5 lanes would be required. An increase
of 2,700 feet in the length of the weaving section has allowed

Solution From table 4 read F, = 0.93. For the
two-sided weaving section W + W’ = (850 + 200)/0.93
= 1,130 pcph. From figure 41 determine the appropriate
curves to use to achieve level of service 4. Although curve
IT is shown as a minimum and I as desirable, the higher
curve (curve I, in this case) should be used as the minimum
for a two-sided weaving section. Enter figure 41 with 1,130
peph, intersect curve I and read L = 2,800 feet. Apply the
simple weaving formula with & = 1.0. Determine sv =
700 peph from figure 15. Translating SV to vph yields 650
vph. 7 = 1,850 vph and ¥’ = 200 vph. N is calculated
as 2.8 lanes. Thus, 3 lanes are required.

For the alternative one-sided weaving case 7 + W’ =
(450 + 350)/0.93 = 860 pcph. Enter figure 41 with 860
peph and intersect curves I (desirable) and II (minimum),
reading Lminimum 1,200 feet and Lgesiramie = 2,100
feet. Although a length of 1,200 feet is indicated as suf-
ficient on the basis of these relationships to maintain level
A operation, a length approaching the desirable should

- L
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the reduction by one of the number of lanes required due hl
to weaving. @ 620
Problem 31
Alternative designs are being considered for a high- PR -
type freeway in a rural area on which it is intended to b
maintain a level of service 4. One design would result in 200
a one-sided weaving section while the other would create ' T 850 g
two-sided weaving. Grades are near level and trucks com- 2450 o
prise 8 percent of the traffic. The alternative arrangements 60
under study are shown in figure 42 along with the pertinent €00
data. The designer must determine the length and width ~ ®
required for each alternative. Ficure 42.—Problem 31 illustrated.
T
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P
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Ficure 43.—Problem 32 illustrated.
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be provided normally on a modern, high-speed and/or high-
volume freeway. This control is predicated on the principle
that merging and diverging maneuver areas on high-type
facilities desirably should not be overlapped. On such a
facility, a merging or diverging maneuver area is consid-
ered to be 900 or 1,000 feet long. Thus, two maneuver
lengths placed end-to-end produce a preferable minimum
length for the EN-EX ramp sequence of 1,800 to 2,000 feet.
Using 1,800 feet as the length, the k factor is read from
figure 41 as 1.3. The number of lanes is then calculated
as 3.0.

Problem 32

A one-sided weaving section is formed on a freeway by
an EN-EX ramp pattern. The section is preceded by ap-
proximately 114 miles of 3 percent upgrade. Trucks are
4 percent of the traffic throughout. The design uses 12-foot
trafic lanes and 10-foot shoulders. Traffic volumes are
indicated in figure 43. The minimum length and width
requirements must be determined for lcvel of service C.
As a further check the width required at capacity should
be determined for the calculated length.

Solution ~ The length of section used in determining
the truck factor includes the length of the weaving section.
Since the length of the weaving section has not been deter-
mined a preliminary calculation must be made. The
volumes involved are F = 1,050 vph, ¥ = 950 vph, W’ =
550 vph, and ¥ = 600 vph. W + W’ = 1,500 vph. Table
4 indicates that for a 11/ mile, 3 percent grade, F; = 0.76
and W -+ W’ becomes 1,975 pcph. Figure 41 indicates that
for level of service C a length of about between 1,500 and
3,000 feet is required. Thus assume the length of grade
affccting the weaving section is 134 miles. From table 4,
Er = 95 and Fr = 0.75. Thus, W 4+ B’ = 1,500/0.75
= 2,000 pcph. Entering figure 41 with ¥ + W’ = 2,000
peph and intersecting curves II and III, read Luinimum =
1,500 feet and Lgesiranie = 3,050 feet. Thus, in this case
(lengthy grade preceding the section) the addition of the

length of the weaving section had little offset in determin.
ing length requirements.

The width requirements are calculated using the simple
weaving formula and Aminimum = 3 or kaesiravie = 2.6.
SV = 1,350 X 0.75 = 1,015. Calculations are /N (minimum

3,150 + 2(550)

length) = 1015 = 4.2 lanes; and N (desirable
length) = 3,150 f0;56(550) = 4.0 lanes. At capacity, k

= 3.0 (curve II). The v is read from the footnote of
table 15 at 1,800 pcph; SV = 1,800 X 0.75 = 1,350 vph.
N is calculated as 3.2 lanes.

Problem 33

A section of modern freeway including two successive
entrances followed by an exit is under design as shown in
figure 44. The design hourly volumes shown in the figure
include 5 percent trucks. The first segment of the section
is level. The second segment has a 1 percent downgrade.
The basic number of lanes on the freeway has been desig-
nated as 3. Level of service C is to be provided. The
designer must determine:

a. Whether simple or multiple weaving is present;

b. Whether the length or lengths of weaving section
are adequate; and

c. The number of lanes required on the freeway
segments to provide level of service C.

Solution The potential multiple weaving section is
of the type 2EN-EX. To check for multiple weaving, de-
termine whether the “long weave” (that is, the volumes
which would weave over both segments of the section) is
so large as to actually be within the realm of weaving. The
total length (L, + L,) is 4,000 feet. Figure 44 indicates
the long weavc to be 150 + 450 vph = 600 vph. The truck
equivalent is 2 and Fr = 0.95 (determined from table 4 for
level roadway and T = 5 percent). Thus, W% + W’ =
600/0.95 = 635 pcph. Enter figure 41 with 7 + W’ =

BASIC LANES

2200 1800
'3

== =

2600 VPH

\

2150 VPH -

\ 150
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TRUCKS - 5%

\ \700’

\\\\

Ficure 44—Problem 33 illustrated.
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635 pcph and L = 4,000 feet. The intersection of the lines
falls outside the realm of weaving. Conclude that multiple
weaving would not be present and that the second segment
should be analyzed as a simple weaving problem. The weav-
ing diagram for the second segment then resolves to the
following:

F'= 2300

F=100

W + W = 1,200 vph and ¥ + W’ = 1,200/0.95 =
1,265 pcph. The table in figure 41 indicates that at level of
service C, a length corresponding to a value between curves
IT (desirable) and III (minimum), should be used. The
chart in figure 41 is entered with ¥ + W’ = 1,265 pcph
and curves I, IT and III are intersected to read:

Luinimum (III) = 800 feet;
Ldesirahle (II) = 1,800 feet; and
Luut of realm (I) = 3>300 feet.

The k value for L = 1,800 is read as 2.6. 57 is read
from table 15 for N3 = 3 and level of service C as 5v =
1,350 pcph. Converting to vph gives 5o = 1,350 X 0.95
= 1,285 vph. N is calculated for W’ = 500 vph, V =
3,600 vph, k£ = 2.6, and sv = 1,285 vph as 3.4 lanes. Thus

4 lanes would be required in this section.

Problem 34

A section of modern freeway including two successive
entrances followed by an exit is under design as shown in
figure 45. The design hourly volumes shown in the figure

include 5 percent trucks. The section is on a 2-percent
upgrade which is prcceded by a 2-percent downgrade. The
basic number of lanes on the freeway approach has been
designated as 3. Level of service C is to be provided. The
designer must determine:
(a) whether simple or multiple weaving is present;
(b) whether the length or lengths of weaving sec-
tion are adequate; and
(c) the number of lanes required on the freeway
segments to provide level of service C.

Solution As in problem 33 this is a potential mul-
tiple weaving section of the type 2EN-EX. The check for
multiple weaving is over a length of 4,000 feet. E; = 5 and
Fp = 0.83 for a +2.5-percent grade of 2,500 feet, as deter-
mined from table 4. The “long weave” is 1,600 vph/0.83
= 1,930 pcph. Enter figure 41 with W + W’ = 1,930
peph and L = 4,000 feet. The k value is read as 1.4. Thus
the section is to be analyzed for multiple weaving. Work-
sheet 2EN-EX is employed as shown in figure 46. Truck
equivalents and factors are determined for cach segment as
well as the overall section and entered in the appropriate
place. The k, value is determined to be 2.9 from figure 41
with W = 2,050 pcph and L = 2,500 feet. The “long
weave” is proportioned between each segment and then each
segment is analyzed separately as indicated on the work-
sheet:

AD, = 850%8—; = 320 vph; AD, = 850 — 320 = 530 vph.
(1,500)
(4,000)
Enter figure 41 with W, + W, = 586 pcph and intersect
curves I, IT and III to read:

Lminimum (III) = 300 feet
Lacsirabre (II) = 750 feet
Lout of realm (I) - 1,200 feet

Thus L = 1,500 is sufficient. 5v for level of service C
and Ny = 3 is read from the table in figure 41 as 1,350

BE, =500 = 190 vph; BE, = 500 -~ 190 = 310 vph.

P 1500° 2500°
+2% +2%
A B — ¢ D — E
3000 VPH 2150 VPH
. 500
‘y \ \ 750 -
9
BASIC LANES ON
APPROACH A=3 TRUCKS - 5%

Ficure 45.—Problem 34 illustrated.



67

LENGTH REQUIREMENTS (MANUAL FIG. 74)
E(w+w) = wg* Wy= 586 pcph

Ly minimum = 300 ft (curve Im)
desirable = 750 ft (curvem
out-of-realm= 1200 ft (curve 1)

WIDTH REQUIREMENTS
SV = 1350 pcph SVi= SVixFy = 1175 vph
. Vys(kg—1)Wg _

z 3.1 lanes
SV,

WEAVING SECTIONS
PROJECT _BELTWAY PROBLEM 34 BY VFS pate 143/74
LOocATION _FREMONT AVENUE INTERCHANGE CHECKED _CLK
AE + AD s 3000 AEs 2180
Np= 3 A BE ¢ BD * 600 N BE: 500
LofS=C / CE+GD: 900 N\ cE: 750
B / %o, o, o,
o]
D
Vv, = 3600 vph Vo = 4500 vph
=5 % G =+2 %. T225 % Gz=+2°/o
L,=1500f1. Lg= 2500ft.
ETI = 4 FTI= 0.87 En= 5 FT2= 0.83 ET|2= 5 FT|z= 0.83
Wy = 1350 vph W, = 1700Vph
2w oY Lesopoph 2. , W, - ' .2050pcph
et " S0 2%y " pcp s S50 2°F; " 050pcp
kig= 1.4 kp, = 2.9
L
AD, = AD = 320 AD2= AD-AD,= 530
! tn_itz 2 Or
Ly BE,: BE-BE, =310
BE, =BE = 190 '
AE s 2150 ! LitLe AE +BE, s 2340 W+ Wy = iToovph
— 80 W, + W, -wb*wb-zoso h
2. 90 Wq+ Wy = 510 vph M b” b Frz pep
Bt Wk We <40. w0 We: BE2:310 vph
_BEp <310 Wa+ Wy = —2—:586 pcph M .
BD = 100 g~ "a pep Cos 150 We

w T 375pcph
LENGTH REQUIREMENTS (manFic.7.4)
I(WeW') = Wyr Wi+ W, = 2425 pcph

Lo minimum s 2050 ft (curveIn)

desirable = 4000 ft (curven)
out-of-realm= 8000 ft (curve 1)

WIDTH REQUIREMENTS
SVo = 1350pcph  SVo: SVox Fro= 120 vph

N = Va+ (ka- 1) Wh+(ki2=1) Wg
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= 5.4 lanes

NOTES: (1) Wq,Wp W. = LARGER OF TWO WEAVING MOVEMENTS IN EAGH WEAVING PAIR
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(4) GENERAL FORMULA FOR N= SV

Ficure 46.—Analysis worksheet for problem 34.
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peph.  This becomes 1,350 X 0.83 = 1,175 vph. Solving
for N with 7, = 3,600 vph, k,, = 1.4, #,’ = 190 vph and
SV = 1,175 vph gives 3.1 lanes Thus a 3-lane section
should be sufficient.

The second segment is handled in a similar manner.
The additional item worthy of note is that two weaving
flows are shown in the segment weaving diagram. The
first represents that resulting from ramp C volumes. The
second is that portion of the “long weave” remaining to be
completed in the second segment. The movement AD, is
‘shown dashed so that it is not double counted (it is already
included in AD) during the calculations. The length re-
quirements are determined in the same manner as described
for the first segment. The total weaving volume is the sum
of AD, BD, and BE,;. The resulting minimum, desirable,
and “out-of-realm” lengths are 2,050 feet, 4,000 feet, and
8,000 feet, respectively.

The width requirements are determined using V, =
4,500 vph, &, = 2.9, k;, = 14, Wy = 750 vph, W/ = 310
and SV = 1,285 vph. The calculation shows N = 5.4 lanes.
Thus 6 lanes would be required. Further analysis of the
total freeway involved, as well as the merging and diverging
ramp analysis, would result in guidelines to follow in the
apparent lack of lane balance in proceeding from the first
segment with 3 lanes to the second segment with 6 lanes
required.

Problem 35

A section of modern freeway including an entrance
followed by two successive exits is under design as shown in
figure 47. The design hourly volumes shown in the figure
include 5-percent trucks. The first segment of the section
is level. The second segment is along a 2.5-percent up-
grade. The basic number of lanes on the freeway approach
has been designated as 4. Level of service C is to be pro-
vided. The designer must determine:

a. Whether simple or multiple weaving is present;

b. Whether the length or lengths of weaving section
are adequate; and

| 2000°

c. The number of lanes required on the freeway
segments to provide level of service C.

Solution ~ This section has a potential multiple weav-
ing situation of the type EN-2EX. The check is again
made for multiple weaving by testing to determine if the
long weave is “out-of-realm.” In this case the volumes
(400 + 1,300 = 1,700 vph) are just sufficient to be within
the realm of weaving, thus the section is to be analyzed as
for multiple weaving. The completed work sheet is shown
as figure 48.

The “long weave” is shown distributed between the
two segments in proportion to their lengths. In this case
the first segment is shown handling two types of weaving
maneuvers. The first is that which enters at the first ramp
and continues through, crossing that approaching the sec-
tion on the freeway and exiting at the first exit. The second
weaving maneuver is that portion of the “long weave” from
the freeway to the second exit which is assumed to occur in
the first segment. The volume BE, is shown as a dashed
line to avoid double counting during calculations (it is
included in BE). The length requirements determined
from figure 41 with values of ¥ -+ W’ = 2,165 pcph for the
first segment are:

Ll, minimum (III) - 1,700 feet
Ll, desirable (II) = 3,4‘00 feet
Ll, out of realm (I) = 6,700 feet

Since this section of the freeway has been designated
as 4 basic lanes the service volume (5v) is read from
table 15 as 1,400 pcph. The lanes required are calculated
as 4.3. Thus 4 lanes would be required. The weaving in
segment two consists of the remaining portion of the long

weave. The resulting length requirements determined from
figure 41 with W + W’ = 970 pcph are:

L:, minimum (III) = 500 feet

LZ, desirable (II) = 1,150 feet

L2, out of realm (I) = 2,100 feet

The corresponding width requirement was calculated
as 3.9 lanes. Thus 4 lanes would be required.

2500 |

LEVEL

—_— C

G= +2.5%

D — E

A

3400 VPH

N

2200 VPH

600

APPROACH A-4

TRUCKS -

Ficure 47.—Problem 35 illustrated.
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Chapter VI

DETERMINATION OF NUMBER AND ARRANGEMENT
OF LANES ON FREEWAYS

The preceding chapters deal with the techniques of ca-
pacity analyses. Given the design hourly volumes and the
number of traffic lanes together with related geometrics, the
levels of service can be established; or, given the design
hourly volumes and the levels of service desired, the number
of lanes can be determined. The procedures presented
provide the mechanics for performing capacity analyses on
any component of a freeway facility. The determination
of the number and arrangement of lancs along a freeway
route is a most significant aspect of design. The available
“tools” are fully applied here, but in consideration of the
total facility, which functions as a system in itself, capacity
analyses provide only a partial answer in the overall de-
termination of the number and arrangement of lanes.

PEAK-HOUR TRAFFIC CONSIDERATIONS
IN DESIGN

Although significant advances are continuing to be made
in the methods of forecasting and assigning traffic volumes,
the fact remains that such traffic volumes are predicated on
developments assumed to take place some 20 or 30 years
in the future. Accordingly, the estimation of future traffic
volumes involves the human element and considers certain
events over which the planner and designer have no control.
The number of lanes on a freeway, therefore, cannot be
properly determined by relating highway capacity to esti-
mated traffic volume alone. It entails much more than that.

Design hourly volumes normally represent the repeated
morning and evening peaks—peaks resulting largely from
home-to-work and work-to-home movements. Thesc are
considered of primary importance in design. But there are
several other situations which, on urban freeways, may cause
different and sometimes unduly high traffic peaks:

a. unforeseen concentration of development

b. holiday or weekend travel
c. special events
d

. stage construction or partial development of freeway
networks

e. accidents
f. extensive maintenance operations.

Unforeseen Concentration of Development
Although, on an area-wide basis, travel may be forecast
with some degree of accuracy, there is no assurance that in
any one locale, the city traffic would materialize as pre-

dicted 20 to 30 years in the future. Unforeseen concentra-
tion of development, such as a large industrial plant, a
commercial center, or a shift in residential development,
could produce volumes or patterns of traffic on some sections
of freeway or interchanges in considerable variance with
the over-all forecast.

Holiday or Weekend Travel

In many instances holiday or weekend travel (particu-
larly in the summer season) produces traffic volumes on
some facilities substantially different from those accommo-
dated during normal weekday periods. For example, at a
given interchange during the evening or morning peak
there may be a heavy turning movement in one quadrant,
whereas on a holiday or a weekend the predominant flow
may be in another quadrant or it may be a through move-
ment. Thus, in such cases, the number or the arrangement
of lanes may not be fully adequate. Furthermore, shopping
trips in conjunction with some holidays and other special
shopping periods may produce significant variations in
traffic patterns.

Special Events

Unusual traffic peaks occasionally develop in cities due to
special events. Some of these can be predicted, others
cannot. Some are repetitive from time to time. Some en-
tail 1 day, others may last for a week or more. The occa-
sions may be sports events, political or religious gatherings,
visits of dignitaries, special ceremonies, etc. Peaks caused
by special events generally produce patterns and volumes
of traffic quite different from those generated during normal
weekdays or on weekends or holidays. Thus the number
and arrangement of lanes normally provided may not be
capable of hardling special events traffic.

Stage Construction—Partial
Development of Freeway Networks

Generally, it is not possible to provide, through one con-
struction effort, a complete system of freeways in a city.
Construction of the whole system must take time. Urban
freeway developments frequently are programmed over a
period of 20 years or more, and the traffic estimated and
assigned to any one facility is that normally based on a full
system of freeways. However, when one freeway or section
of freeway is constructed at a time, different traffic patterns
and loadings occur from those contemplated on the basis
of the completcd network. Although attempts are often
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made to account for this, the multitude of variables involved
and the likely adjustments in construction schedules make
prediction of interim traffic difficult, with the result that the
number and arrangement of lanes may be inadequate for
some period of time until the remainder of the system is

built.
Accidents

Traffic congestion is sometimes the result of accidents.
Some accidents occur directly on the freeway during which
time it is expected that traffic would slow down and at times
stop temporarily. Occupancy of a shoulder by a disabled
vehicle, or the use of a shoulder by a stream of vehicles to
bypass a disabled vehicle in a traffic lane, may allow for
traffic to keep moving at reduced speed. (Provision of
fully usable shoulders both on the right and left of each
traveled way is a significant feature in this regard.) Con-
gestion also can develop because of accidents which may
occur on a parallel street or on some other part of the
system. These aecidents can reflect on a freeway in a
significant manner by traffic altering its course in an at-
tempt to avoid the direct effect of the accident. Such
change in volume or pattern of traffic on a freeway may
cause its number or arrangement of lanes to be ineffective
at such times.

Extensive Maintenance Operations

As in the case of accidents, extensive maintenance oper-
ations can change the pattern and volume of traffic on a
freeway. Such maintenance operations need not be directly
on the freeway but may be on a parallel street or on some
other part of the system which can cause traffic to be di-
verted to or extended over some portions of the freeway.
Unless the freeway is capable of handling the adjusted
traffic, congestion may have serious effects. Obviously, the
problem of determining the proper number of lanes on a
freeway is quite complex. Satisfying the requirements for
the number of lanes on the basis of the regular morning
and evening traffic peaks is only part of the answer. This
has become evident through operational experience of free-
ways. Any one of the variables described above, which
may cause traffic occasionally to deviate from the regular
peak-hour norm, may produce a congested facility.

In a fairly large city the situations described are constant
occurrrences. Frequently two or more combine to produce
cven more serious effect. At the design stage, it is impos-
sible to predict the place and magnitude of resulting traffic
peaks. It is not intended here that this problem be ac-
counted for directly in design or by otherwise modifying
the normal design-hour volumes. At this point it is sug-
gested that these situations—which can cause significant
changes in volume and pattern of traffic on certain sections
of the freeway——be recognized in design when determining
the number of lanes.

ANALYSIS STEPS IN
LANE DETERMINATION

Basically, the design of a freeway should be predicated
on the normal peak hours which are repeated daily during
the morning (home-to-work) and the evening (work-to-

home) periods. Secondly, the design should be checked
and adjusted to accommodate any other known peak period,
such as holiday or weekend concentrations, or peaks arising
from existing or fully planned traffic generators such as
shopping centers, sports stadia, etc. And thirdly, the design
should be further adjusted in accordance with other events
which may cause unduly high traffic loads but which cannot
be quantitatively determined in advance. It is in conjunc-
tion with this latter step that a technique is developed to
largely account for the various situations described—a
technique which automatically provides a degree of capacity
reserve and operational flexibility.

In the design of freeways the number of lanes is deter-
mined primarily through capacity analysis. This is a
fundamental control and would be sufficient if the design
hourly volume were more or less a fixed value and could be
relied upon at all times. Since this is not the case, and
various situations are apt to produce unforeseen traffic
peaks which differ from the regular peaks, additional design
controls in the analysis must be applied in determining
width requirements on freeways. The following are the
controlling features which, in combination, provide the
necessary analysis steps for determining lane requirements
on freeways:

a. Volume-capacity relations
b. Basic number of lanes
c. Lane balance

d. Special auxiliary lanes

Volume-Capacity Relations

The ratio of the design hourly volume to the design ca-
pacity generally indicates the number of lanes required on
a freeway. Weekday morning and evening peaks, as well
as holiday or weekend peaks, should be accounted for in the
analysis. Other concentrations of traffic which may involve
unusual shopping peaks or heavy truck operations also
should be examined. The procedures for carrying out level
of service or capacity analyses were presented in the pre-
vious chapters. These are fully utilized in the procedure
outlined but within the context of the analysis steps a

through d.

Basic Number of Lanes

Fundamental to establishing the number and arrangement
of lanes on a freeway is the designation of the basic number
of lanes. Any route of arterial character should maintain
a certain consistency in the number of lanes provided along
it. Thus, the basic number of lanes is defined as: a mini-
mum number of lanes designated and maintained over a
significant length of it, irrespective of changes in traffic
volume and requirements for lane balance. Stating it an-
other way, it is a constant number of lanes assigned to a
route, exclusive of auxiliary lanes.

As illustrated in figure 49, the basic number of lanes on
freeways is maintained over significant lengths of the routes,
as A to B or C to D. The number of lanes is predicated
on the general volume level of traffic over a substantial
length of the facility. The volume considered here is the
design hourly volume (normally representative of the a.m.
or p.m. weekday peak). Localized variations are ignored,
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Ficure 49.—Basic number of lanes—schematic.

so that volumes on short sections below the general level
would theoretically have reserve capacity, while volumes on
short sections somewhat above the general level would be
compensated for by the addition of auxiliary lanes intro-
duced within these sections.

Changes in the basic number of lanes, if required, nor-
mally should be effected as follows:

a. Increase in the basic number of lanes—where
traffic builds up sufficiently to justify an extra lane
and where such build-up raises the volume level
over a substantial length of the following facility.
The increase in width would take place at an
interchange by adding a lane to the freeway as a
continuation from an entrance ramp.

b. Decrease in the basic number of lanes—where
traffic reduces sufficiently to drop a basic lane, by
continuing the outer lane of the freeway onto the
ramp, but only if the exit volume is large enough
to cause a general lowering of the volume level on
the freeway route as a whole.

Required changes in the number of basic lanes are gen-
erally accomplished at major junctions, as at freeway-to-
freeway interchanges. In the case of an increase in basic
lanes, the added lane is introduced via a 2-lane entering
ramp at the freeway-to-freeway interchange. In the case
of a decrease in basic lanes, the lane is not dropped at the
ramp of the freeway-to-freeway interchange, discharging
the heavy volume, but via an exit at the following inter-
change. Another case where the Basic number of lanes may
be reduced occurs when a series of exits, as in an outlying
area of a city, causes the traffic load on the freeway to drop
sufficiently to justify the smaller basic number of lanes, as
demonstrated at point F in figure 49. The selection of the
basic number of lanes should be a matter of planning and
design policy consistent with the overall system of freeways
in the urban area.

Lane Balance

The number of lanes as determined by the volume-
capacity relations sometimes changes abruptly at points of
entrance or exit. Whereas such changes may be logical in
terms of capacity requirements, they are not always appro-
priate in achieving smooth operating characteristics. To
ensure efficient operation and to realize the indicated ca-
pacity potential where merging, diverging, and weaving
take place, a certain balance of lanes must be maintained.
Lane balance should comply with the following relations:

a. At entrances: N, = N; + N, — Lor N, = N; + N,
(see explanation of terms under point 2).
b. Atexits: N, = Ny + N, — 1, where:
N; = number of lanes for the combined flow beyond
an entrance or in advance of an exit
N; = number of lanes on the freeway upstream of an
entrance or downstream from an exit
number of lanes on the entrance or on the exit.
At exits this relation provides an “extra lane
going away,” that is, an optional lane on which
the driver has a choice of cither procceding on
the freeway or on the ramp.,

N,

c. At exits the freeway traveled way should not be
reduced by more than 1 traffic lane at a time.

The principle of having an extra lane at the point of di-
vergence is a form of “escape hatch,” or a device which
would tend to “flush” traffic away from the point of di-
vergence because of greater exit capacity than approach
capacity. ‘This principle is part of the overall concept dis-
cussed (below) in the use of special auxiliary lanes which,
when coupled with the other factors for determining the
number of lanes, produces significant operational flexibility
on freeways in handling traffic loads beyond design hourly
volumes.

Lane balance and capacity obviously should be coordi-
nated in determining lane requirements. The two often are

4 - 3 — 4
oy 2

(a) LANE BALANCE BUT NO COMPLIANCE WITH
BASIC NUMBER OF LANES

4 ~— G —— 4
2\ /2
(b) NO LANE BALANCE BUT COMPLIANCE WITH
BASIC NUMBER OF LANES
—_3 5 4 5 4 —
2 2
(c) COMPLIANCE WITH BOTH LANE BALANCE AND

BASIC NUMBER OF LANES

Ficure 50.—Coordination of lane balance and basic number of lanes.
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in harmony or can be brought into harmony by adjusting
lane arrangements to satisfy both controls. T.ikewise, lane
balance and basic number of lanes must be coordinated.
The fact that at 2.lane exits a traffic lane must be removed
from the freeway to achieve lane balance, although to com-
ply with basic number of lanes it is neeessary that the
number of freeway lanes be maintained beyond 2-lane exits,
seems to indicate that the two concepts are in conflict.
Actually, this need not be so. The necessary requircments
for maintaining both lane balance and basic number of lanes
can be met by holding the basic number of lanes and then
achieving lane balance by means of “building upon™ the
basic number of lanes; that is, by adding auxiliary lanes or
removing auxiliary lanes from the basic width of the trav-
eled way. Thus, in no case would there be less than the
basic number of lanes on the freeway. To further illustrate
the two situations discussed and how they can be coordinated
to produce a third (desired) arrangement, reference is
made to figure 50 where it is assumed that a 4-lane freeway
in one direction of travel has a 2-lane exit followed by a
2-lane entrance. In figure 50-A, lane balance is provided
but there is no compliance with the basic number of lanes.
In figure 50-B, the basic number of lanes is maintained
but there is no compliance with lane balance. In figure
50-C, however, there is compliance with both lane balance

and basic number of lanes. In this example, the two con-
cepts are combined by merely adding and removing aux-
iliary lanes to and from the basic number of lanes on the
freeway. Here there are 4 lanes on the approach, 4 lanes
between the exiting ramp and the entering ramp, and 4
lanes on the leaving end, thus maintaining the basic number
of lanes. Lanc balancc, however, is introduced by adding a
fifth (auxiliary) lane for some distance in advance of the
exit. Likewise, lane balance is achieved in conjunction
with the 2 lanes of merging traffic by the addition of a
fifth (auxiliary) lane for some distance beyond the merging
end.

Any application of auxiliary lanes, for the purpose dc-
scribed above, must take into consideration an effective
distance in advance of thc cxit or beyond the entrance.
Where interchanges are closely spaced and there is need
for an auxiliary lane to be introduced at an entrance, the
added lane should be carried to the exit of the following
interchange. Or, an added lane required for an exit should
be extended back to the entrance of the previous inter-
change. Such treatment is demonstrated in figure 51.
Frequently an entrance followed by an exit forms a weaving
section which requires the use of added width and certain
minimum length (entrance to exit) in order to comply
with capacity requirements for a weaving section. How-

e - am e o e v e e . e o = - — - — -

— e e o e e o e e e - = = - - —

AUXILIARY LANE INTRODUCED FOR AN EFFECTIVE DISTANCE IN ADVANCE OF EXIT

(c)

*USUALLY 1500° OR MORE ON FULL FREEWAYS;
MAY BE AS LOW AS 1000° ON FREEWAY
DISTRIBUTORS AND C-D ROADS.

Ficure 51.—Coordination of lane balance and basic number of lanes through application of auxiliary lanes.
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ever, an effective length of auxiliary lane on a full freeway
in conjunction with a 2-lane entrance or a 2-lane exit, for
purposes of lane balance, preferably should be of the order
of 2,000 feet or more and in no case less than 1,200 feet
(600-foot maneuver areas back to back), as shown in figure
51-A. These controls govern where weaving capacity re-
quirements alone may show lesser acceptable distances. On
a facility serving as an adjunct to a freeway such as a C-D
road or a freeway distributor, a normal minimum length of
auxiliary lane between an entrance and an exit is taken
to be 1,000 feet.

Where interchanges are widely spaced, it might not be
feasible or necessary to extend the auxiliary lane from one
interchange to the next. In such cases, the auxiliary lane
picked up at a 2-lane entrance should be carried along the
freeway for an eflective distance beyond the merging point,
as shown in figure 51-B, or an auxiliary lane introduced
for a 2-lane exit should be carried along the freeway for
an effective distance in advance of the exit and extended
onto the ramp, as shown in figure 51-C. -The effective
length of the introduced auxiliary lane required under these
circumstances is not known precisely, but expericnce indi-
cates that minimum distances of about 2,500 feet, and de-
sirably 3,500 feet, are needed to produce the necessary
operational effect and to develop the full capacity of 2-lane
entrances and exits on high-type facilities.

Auxiliary lanes are essential to provide balanced and
efficient operation. The objective is to add and remove
auxiliary lanes on the freeway as required to account for
localized increases and decreases in traffic volumes and for
frictional effects therewith, and thereby achieve more uni-
form level of service. With the basic number of lanes
established and -maintained, there will be need to add 1
auxiliary lane frequently, and 2 auxiliary lanes occasionally.
Thus, considering 4 basic lanes in one direction as normal
maximum on a single roadway, characteristic of a large
urban area, a total of 5 lanes would occur frequently and a
total of 6 lanes occasionally.

Special Auxiliary Lanes

The manner in which the lanes are arranged and finally
adjusted on a freeway and on interchanges therewith, may
make a vast differencc in operational flexibility afforded.
Maintaining the basic number of lanes, coupled with proper
lane balance through the use of auxiliary lanes, as described
above, is one of the primary features in lane arrangement
which automatically provides a measure of flexibility to the
operation of a freeway. Further ability of a facility to
accommodate variations in pattern and volume of traffic
can be achieved by more generous lane balance; that is, a
final adjustment in the number and arrangement of lanes
to furnish an occasional additional lane at strategic loca-
tions. This is accomplished as a final step in the analysis
of lane determination, following capacity calculations, pro-
vision of the basic number of lanes, and establishment of
the over-all lane balance. It is a step which independently,
and from a broader view, places the facility into balance
providing for a more uniform capacity reserve throughout
the system, and avoids “weak links” or potential bottlenecks.

In the past, there has been a tendency to underestimate
lane requirements, particularly in the use of auxiliary lanes.

Too much reliance was placed on a more or less fixed peak-
hour condition. This conservative approach sometimes
proved to be a false economy approach which from time to
time produced an imbalance in the operational character-
istics of a freeway. Thus the flexibility and the useful life
of a freeway facility can be significantly enhanced, at nomi-
nal cost, by an occasional strategically added lane as dem-
onstrated in figure 52.

In figure 52-A (1), the single-lane exit on a 4-lane free-
way section has been designed on the basis of capacity-
volume relations, with adherence to the basic number of
lanes and lane balance at the exit. In this typical case the
design-hour volume approaches, but does not exceed, the
design capacity of a single-lane exit and, for this reason,
the layout in figure 52-A(I) was chosen. Any increase in
turning volume during the peak hour beyond that predicted,
or even a high rate of flow (surge of traffic) for short
periods of time within the hour, particularly in combination
with a high incidence of trucks at the same time, could
produce a slow-down and serious loss of efficiency in oper-
ation. A much “safer” design is shown in figure 52-A(II),
using a 2-lane exit and an added (fifth) lane for a distance
in advance of the exit. The section of auxiliary lane on
the freeway, plus the extra lane on the ramp, can absorb
all kinds of variations in the turning traffic pattern. More-
over, the extra width allows traffic to shift lanes and sort
itself for the diverging maneuver. It tends to compensate
for frictional effects of internal weaving, and what other-
wise could be a reduction in speed and an increase in
density.

Figure 52-B may be assumed to be an extension of figure
52—-A where the exiting traffic further divided into left-turn
and right-turn movements through an interchange. The
configuration in figure 52-B(I) would match the arrange-
ment in figure 52-A(l), further illustrating the lack of
operational flexibility. Figures 52-B(II) and 52-B(III)
are alternative extensions of figure 52-A (II). The plan in
figure 52-B(II), despite the 2-lane exit from the freeway,
may also have its limitation. Should traffc approach ca-
pacity, even for short periods, on the 2-lane ramp leaving
the freeway, congestion would occur unless there was nearly
equal division of traffic at the second fork. Furthermore,
should a lane on either of the single-lane ramps become
blocked, the effect on operation of the freeway proper could
be serious. The arrangement in figure 52-B(IIT), where
an extra lane is provided on one of the diverging roadways,
is much more flexible. The added lane can preclude the
operational problems described above. The extra lane need
not be installed initially in all cases as long as proper pro-
vision is made for adding it later.

Another example of increased operational flexibility by
the use of an added lane over and above that called for by
the fundamental design controls of volume-capacity rela-
tions, lane balance and basic number of lanes, is illustrated
in figure 52-C. The arrangement in figure 52-C(I) is an
example of the situation where the weaving action produced
by the design hourly volumes on the successive ramps is
just under the capacity requirement for an auxiliary lane.
A “safer” design is shown in figure 52-C(Il), where an
extra (fourth) lane is used between the ramp terminals.
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(a)

(b)

—3/f 4

(d)

— (4 +1)

(e)

Ficure 52.—Special use of auxiliary lanes.

The widening significantly raises the potential level of
service along this section of the facility by increasing the
capacity of the freeway and of the ramp entrance and exit.
However, this does not comply with lane balance at the exit
as set out previously.

This can be corrected and operational flexibility and ca-
pacity further enhanced by continuing the auxiliary lane
onto the exit ramp, making it a 2-lane roadway, as shown

in figure 52-C(III). A significant feature here, brought
about by the full application of lane balance, is the arrange-
ment of having the number of lanes “going-away” equal to
1 more than the number of lanes “approaching.” As in the
previous example, the extra lane (on the freeway and on
the ramp) need not be installed initially as long as adequate
provision is made for adding it in the future. Figure
52-D(I) also illustrates a ramp entrance followed by a
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ramp exit. In this case, an auxiliary (fourth) lane is pro-
vided on the freeway to achieve lane balance for the 2-lane
entrance and exit. Capacity analysis may show that this
is a workable arrangement on the basis of the design hourly
volumes, but any changes in traffic pattern or volume
through this section could cause the facility to break down.
Obviously, making the weaving section 5 lanes wide (adding
2 auxiliary lanes), as shown in figure 52-D(II), provides
for higher capacity and increased flexibility to handle pos-
sible trafic fluctuations. However, to fully realize these
operational characteristics, 1 of the auxiliary lanes is carried
on the freeway beyond the first exit so that the number of
lanes going-away is 1 more than the number approaching
(6 compared with 5). The fourth lane is then eliminated
at the next exit, with 3 basic lanes retained beyond this
point on the freeway.

Where the basic number of lanes changes, it is often good
insurance to allow for the provision of extra lanes in the
future, as shown in figure 52-E. The more flexible layout
shown in figure 52-E(II) makes provision for an extra
lane beyond the exit and for a length of auxiliary lane in
advance of the exit. Thus, it may be possible to extend
the basic number of lanes to the next interchange, as may
be ultimately required by the outward extension of urban
development.

Illustrative Example

The application of the analysis steps devcloped above is
presented in the following example. The problem is typical

|l 4000

of the situation encountered on most urban freeways. The
solution clearly indicates the flexibility and capacity reserve
provided, in the application of the techniques outlined,
which permit the various traffic situations (producing un-
predictable peaks) to be accounted for in design. The
procedure emphasizes the system aspect of the freeway
which, as a linear system, is brought into an operationally
coordinated and balanced facility.

Problem 36

A 7-mile section of urban freeway is in design process,
for which the arrangement of ramps and general gradients
is indicated in figure 53. Also shown are design hourly
volumes including wearing patterns. Truck trafic during
peak hours is generally taken to be 5 percent throughout
the system. Peaking conditions are assumed to be normal,
for which an unrestrained overall PHF of 0.85 may be
considered representative. As a full freeway, modern de-
sign standards are stipulated, including a design speed of
70 mph. Determine the number and arrangement of lanes
for the ultimate and interim designs considering operational
flexibility, compatability with stage construction, and con-
sideration of an extended life of the facility.

Solution The overall approach to- the solution, as
covered above, is applied here utilizing the four analysis
steps: volume-capacity relations; basic number of lanes;
lane balance; and special auxiliary lanes. In the applica-
tion of this technique, the detailed analysis normally takes
the form of an 8-step procedure, as follows:

- -l 2000 I o 2200 4 . 1800 o 4600 e300 | o 2500 |
LEVEL +28% LEVEL -1.0% | -20% T r20% | +20%
__A 3300 VPH B8 2600 C 2800 D__ 3600 ‘€ 3000 VPH F__3600 G. 4500 H
/S 7
A o S) & \o
e S & > & o °
2600 2150 3000 2150
Niso N 500
N N\700 NON750

QO
7

N

H__3400VPH | 3400 J 4800 K ____ 4300 L 2800 " 3350 vPH N
® @ \
Q, O, (o) O,
Q)
3 R 2 «/
NOTE:
3400
< \2200 —- TRAFFIC VOLUMES SHOWN
600 . ARE DHV'S (20-YEAR)
O O\ A\G o
ho @] Oo OO INCLUDING 5% TRUCKS
N

Ficure 53.—Problem 36 illustrated.
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a. Capacity analysis—general, each freeway segment

b. Determination of the basic number of lanes

c. Identification of ramp groupings

d. Capacity analysis—weaving sections

e. Initial lane balance

f. Capacity analysis—ramp exits and entrances

g. Provision of special auxiliary lanes and final lane
balance

h. Determination of interim and ultimate lane ar-

rangements of stage construction

a. Capacity Analysis—General, Freeway Segments

As a preliminary step to the determination of basic
number of lanes, the procedure is to establish the number
of lanes individually on each freeway segment, predicated
purely on volume, regardless of weaving and ramp exits
and entrances. The chart in figure 4 is used for this pur-

pose. The same procedure as indicated in problem 2 is
employed here with the following results:
Truck-passenger Number of
Freeway Profile Car Traffic Laneson
Segment Condition Equivalent,Er  Volume,V Segment, N
A-B level 2 3,300 2.6
BC 28%, 04mile 7 2,600 2.8
C-D level 2 2,800 2.3
D-E downgrade 2 3,600 2.9
E-F downgrade 2 3,000 2.5
F-G 20%, 03 mile 4 3,600 3.1
G-H 2.0%, 05mile 4 4,500 3.9
H-I 30%, 0.7Tmile 8 3,400 33
I1-J downgrade 2 3,400 2.7
J-K level 2 4,800 3.7
K-L 25%, 05mile 6 4,300 39
L-M level 2 2,800 2.3
M-N downgrade 2 3,350 2.7

The E; values are found in table 4. Segment G-H
includes the effect of preceding length of grade, as does
segment H-I, the E; values for which are determined in
problem 4 and figure 10.

b. Basic Number of Lanes

The numbers of fractional lanes found above serve as a
direct guide in establishing the basic number of lanes on
the freeway. Accordingly, the initial designation is as
follows:

Freeway segments Basic lanes

In advance of G 3 lanes
Between G and L 4 lanes
Beyond L 3 lanes

This is diagrammed in figure 54-A, recognizing that
the basic number of lanes may be adjusted slightly in fur-
ther consideration of lane balance and the relationship of
the freeway to the overall arterial network.

c. Identification of Ramp Groupings

In order to give direction to capacity analyses of ramp
junctions and determination of the effects of successive
entrances and exits, the grouping of overlapping pairs of
ramp junctions is essential, as indicated in figure 54-B.

d. Capacity Analysis—Weaving Sections

Weaving sections are analyzed prior to ramp entrances
and exits which, together with basic number of lanes, estab-
lish lane requirements for a given level of service or ca-
pacity. This is a necessary step preceding the application
of lane balance and analysis of ramp junctions. The ramp
groupings, as shown in figure 54-B, identify three multiple
weaving configurations. These are then tested for the realm
of weaving, to determine whether they are multiple, simple
or non-weaving sections.

Applying the test, as covered in chapter V with the use
of figure 14 and table 15, the following forms of weaving
sections are indicated:

V+w,
Segment Length, ft.  pcph k Weaving Section
CiwoF 4,000 640 1.0 out-of-realm
D-E 1,800 1,260 2.5 simple
FtoH 4,000 1,930 1.9 multiple (2EN-EX)
JtoH 4,500 1,750 13 multiple (EN-2EX)

The numbers of lanes required to satisfy weaving in
segments D-E, F-G, G-H, J-K, and K-L were previously
determined in chapter V, problems 33, 34, and 35. These
are shown in figure 54-C, supplanting the previously cal-
culated values. Also indicated are rounded numbers of
lanes for each segment along the freeway.

e. Initial Lane Balance

Applying lane balance at this point in the analysis may
seem out of place, since ramp capacities have not yet been
determined and specific lane requirements on ramps are
not available. However, the number and arrangement of
lanes at points of entrance and exit along with lane balance
are necessary to identify the “ramp case” applicable to the
particular condition, in accordance with figures 14 and 15.

The procedure, therefore, requires assuming the number
of lanes on the ramps in accordance with volumes carried
as a preliminary step in order to achieve initial lane balance.
Then, the principles of lane balance are applied as pre-
viously outlined. Following this, capacity analyses of ramps
can be carried out and the design adjusted further as re-
quired. As a matter of policy, some of the highway agencies
call for design of 2-lane ramps for volumes of the order of
800 to 1,000 vph. Such practice allows for considerable
flexibility in operation and a capacity reserve, which can
accommodate more effectively unusual peaks and future
traffic growth. The policy recommended here and applied
to this problem is: ramp volumes of approximately 800 vph
or more are to be used to designate 2-lane ramps. Thus,
the following numbers of lanes are applied to the ramps:

1-lane—Ramps B, C, E, F, K, and M
2-lane—Ramps D, G, H, ], and L

The numbers of lanes, based on the previous analyses
of basic number of lanes, weaving, and initial assignment
of ramp lanes, are indicated in figure 54-D. Applying lane
balance principles a, b, and ¢ presented earlier in this
chapter, the arrangement shown in figure 54-E is achieved.

f. Capacity Analysis—Ramp Entrances and Exits

The ramp cases as shown in figure 54-E can now be
identified in figures 14 and 15, and the effects of preceding
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FiGURE 54.—Analysis steps, problem 36.
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Ficure 54.—Continued.
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or succeeding ramps can be determined in accordance with
the grouping in figure 54-B and figure 16. The procedures
for determining service volumes and capacities of ramp
exits and entrances are demonstrated in chapter IV. The
results of the analysis are summarized in the following
tabulation:

Ramp Ramp Form N Volume Demand Remarks
Service  Volume
B Iso* EX(1) 3 1,200 700 OK
C Iso. EN(1) 3 1,000 200 OK
D EN-EN EN(2)* 3 2,300 800 OK
E Iso. EX(1) 4 1,100 600 OK
F Iso. EN(1) 4 1,000 600 OK
G Iso. EN(2 + a)° 4 2,700 900 OK
H Iso. EX(2) 6 2,200 1,200 OK
J Iso. EX(2) 4 2,200 1,400 OK
K EX-EX EX(1)¢ 5 550 500 OK, close
L Iso. EX(2) 5 1,900 1,500 OK
M TIso. EN(1) 4 950 550 OK

® Iso. indicates isolated ramp effect.

*Second ramp of EN-EN grouping.

°The EN-EN grouping has no effect because of fully free 2-lane
entrance.

“First ramp of EX-EX grouping: affected by SV of 1,100 in
Lane A of Ramp L.

According to the above, the numbers of lanes assigned
to the ramps meet the demand volumes indicated for the
design hour. However, Ramp K shows a very close “fit,”
particularly in the light of the probable variation in volume
and pattern of traffic and, therefore, does not provide the
necessary capacity reserve as is evident in the other ramp
entrances and exits. This aspect is accounted for in the
next step.

g. Provision of Special Auxiliary Lanes and Final
Lane Balance

At this point of analysis the arrangement is examined
for weak links or possibilities where the system could break
down should unusual traffic patterns develop due to such
incidents as unforeseen development, delays or changes in
stage construction of the overall freeway system, special
events, maintenance, operations, accidents, etc. The appli-
cation of special auxiliary lanes to place the facility into
better balance becomes immediately evident in conjunction
with Ramps F and K. The problem is overcome by making
the entrance at F case (1 + a) and extending the introduced
auxiliary lane forward to point G; and increasing the width
of Ramp K to two lanes and extending the newly added
lane therewith back to point I. As shown in figure 54-F,
the additional length of 1,500 and 4.300 feet of extra lane
along the freeway provides additional capacity reserve (a
capability of handling 1,500 vph by the EN(1 + a) ramp
at F and 2,100 vph by the EX(2) ramp at K) and improves
other aspects of operation.

For example, the special auxiliary lane between F and
G obviates two auxiliary lanes from joining the freeway
simultaneously and provides traffic with improved and more
efficient lane distribution. The special auxiliary lane be-
tween I and K establishes safer, morc uniform operation

by eliminating a lane drop (from 5 lanes to 4) at I; pro-
vides a greater capacity reserve in weaving section J-K
and better balance with other elements of the freeway; and
by continuing the auxiliary lane onto Ramp K, the 2.lane
exit furnishes greater flexibility and is better adapted to
operation of the primary weave within multiple weaving
section J-L.

It may be noted in figure 54-F that the 4 basic lanes
have been automatically extended from D to H. The latter
point appropriately occurs at a minor interchange beyond
the major exit. Another aspect in achieving a balanced
facility is that whenever the initial weaving calculation
shows a need for a total of 6 lanes in any one section, the
freeway, as indicatcd in segment G-H, figure 54—C, plans
should be tested for alternative arrangements to improve
operations. In this particular case the consideration of
C-D roads or the transposition of Ramps G and H with a
grade separation (criss-cross) are variations which should
be investigated. This aspect is emphasized although not
included in this illustrative example.

h. Lane Arrangements as Part of Stage Develop-
ment

The number of lanes finally determined in the scheme
of figure 54-F is a complete solution, indicative of an ulti-
mate or long-range plan. The arrangement is repeated in
figure 55-A. In actual practice, it is frequently necessary
to “trim down” the size of the facility in its initial stages
either for budgetary purposes or for psychological reasons
in facilitating decision making and approval of projects.
The procedure of evolving the initial stage of development
from the complete or ultimate development is illustrated in
the three parts of figure 55. The simplest and most appro-
priate means of reducing the size of the facility is by de-
ferring the construction of a traffic lane in each direction
adjoining the median. This is shown in figure 55-B by
the dotted line, together with the diminished number of
lanes. A further reduction sometimes can be effected by
removing certain auxiliary lanes from the complete design.
Such an arrangement is indicated in figure 55-C where
auxiliary lanes between J and K and between G and H
are excluded including one lane on each of the joining
ramps.

Either the plan in figure 55-B or in figure 55-C could
represent the first construction stage. Preferably it would
be the former, but if it should require the use of the latter,
a full balance of lanes is maintained even though ingress
and egress capacity is lowered. The arrangement in figure
55~C may be particularly advantageous as the initial
planned staged to help “sell” the project because it is less
formidable.

The important feature in this procedure is that the full
plan can be realized because provision has been made for
it in design. The build-up of stages in the reverse order—
from the initial plan to the ultimate plan—now can take
place in an orderly and logical fashion. The plausibility
of achieving a design which provides operational flexibility
and a degree of capacity reserve to accommodate unfore-
seen traffic peaks, is illustrated by this example. This is
apparent by comparing the fractional lane requirements of
figure 55-C and the final numbers of lanes shown for the
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Ficure 55.—Solution for problem 36—stage development.

auxiliary lanes, provides a sound basis for design of balanced

full design in figure 55-A; and by comparing in the above
tabulation the service volurmhes with the demand volumes  freeway facilities to handle significant variations in pattern

on the ramps (including the adjusted service volumes de-  and volume of traffic, and at the same time extending the
termined for Ramps F and K). Thus, the technique pre-  life .of the facilities. This applies both to design of new
sented, by the procedural application of volume-capacity freeways and to rehabilitation of existing (overloaded)

relations, basic number of lanes, lane balance, and special freeways.
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