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Foreword

This Circular marks the first appearance of what is expected to be final text for portions of the Third Edition of
the HIGHWAY CAPACITY MANUAL. 1t is appearing now in TRB Circular 281 for two reasons: To make new
procedures available to practitioners as early as possible; and to provide a final review opportunity so that problems
of clarity and the like will be minimized in the eventual complete Manual.

The Third Edition of the HIGHWAY CAPACITY MANUAL, expected in 1985, will be another milestone in a
long history. Its first edition appeared in 1950. Research leading to a second edition began a few years later. Under
the leadership of the Transportation Research Board (then Highway Research Board) Committee on Highway Capacity,
these efforts led to the publication of Special Report 87, Highway Capacity Manual—1965. More research followed,
and a formal project was initiated in 1977 under the National Cooperative Highway Research Program (NCHRP) to
produce the third edition. A resulting step along the way was the 1980 publication of TRB Circular 212, Interim
Materials on Highway Capacity.

This long publication history attests to the importance of the Highway Capacity Manual for highway engineering
practitioners. Now in its tenth printing, the 1965 Manual has been the Board’s most widely distributed publication
with more than 30,000 copies made available. It has been translated into several languages, and it frequently serves as
the primary reference for planning, design, and operational analyses of highway capacity all over the world—this despite
the fact that the data upon which it is based come from North American experience. TRB Circular 212 has itself been
through several printings, with more than 9,000 copies distributed in the past three years.

Yet, much has changed since the earlier editions of the manual, in the characteristics of travel and the information
needs influencing highway capacity analyses. Research by many individuals, by private organizations, and by public
agencies has led to new understandings and insights, and to procedural revisions and new techniques in capacity analysis.
Because some public concerns have faded and new issues have taken their place, current requirements reflect new
emphasis. All of these forces press for the new publication.

The chapters presented in this Circular are not necessarily interrelated, and they do not represent a complete
section in the Third Edition. They are simply those where the work is complete and, thus, may be regarded as final
and what will appear as chapters in the 1985 Manual. However, the conveyance to TRB of any discovery of errors or



recommendations for improved clarity is invited and will be received with gratitude. Although one or more Circulars
may follow this one before the entire Manual is assembled, it is anticipated that production of the complete manual
will begin no later than November 1984. Comments, suggestions, or criticisms should be sent before then.

Three of the chapters presented here represent revisions and updates of material contained in TRB Circular 212,
Interim Materials on Highway Capacity. Chapter 3, “Basic Freeway Segments,” replaces the section with the same title.
Chapter 5 replaces another section in the freeway capacity procedures entitled “Ramps and Ramp Junctions.” Chapter
10 replaces the procedures in “Unsignalized Interesections.” The fourth chapter, Chapter 7, represents new material
on the procedures for multilane highways given in the 7965 Highway Capacity Manual.

The fifteen chapters in the Third Edition come from several sources. In some cases they represent the results of
funded research specifically commissioned for the development of new Manual material. In other cases, and at the
other extreme, they represent the voluntary contributions of members of the TRB Committee on Highway Capacity
and Quality of Service. Still others represent mixed sources of inputs that become nearly impossible to accredit.
Nevertheless, all chapters have two features in common. Each has been prepared by the research team assembled under
Dr. Roger P. Roess of the Polytechnic Institute of New York and Dr. Carroll J. Messer of Texas Transportation
Institute. And each has been thoroughly reviewed by members of the NCHRP project panel monitoring the work, by
members of the TRB Committee on Highway Capacity and Quality of Service and its subcommittees, and by many
individuals not affiliated with either group who have volunteered their time and interest.

What follows is a listing of those groups and agencies whose contributions to the evolution of the new Manual
merit recognition. Despite attempts to be inclusive, there may be omissions; there are simply too many people, to
mention individually, who have supplied helpful comments without which the value of the new manual would be greatly
reduced.

® The National Cooperative Highway Research Program, under the management and guidance of the NCHRP
staff and project panel, has been responsible for much of the work leading to the development of these and the remaining
chapters. Other research has been funded by the Federal Highway Administration, under the Office of Research,
Development and Technology.

® The principal research agencies have been JHK & Associates, Texas A&M Research Foundation, Polytechnic
Institute of New York, PRC Voorhees, and Jack E. Leisch & Associates. Others include the Traffic Institute at
Northestern University, KLD Associates, Inc., and the Minnesota Department of Transportation.

® The final responsibility for what appears in this Circular belongs to the Transportation Research Board Committee
on Highway Capacity and Quality of Service and supporting staff including the Editorial and Production Offices.
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l. INTRODUCTION

A freeway may be defined as a divided highway facility having
two or more lanes for the exclusive use of traffic in each direction
and full control of access and egress.

The freeway is the only type of highway facility that provides
completely “uninterrupted” flow. There are no external inter-
ruptions to traffic flow, such as signalized or sTop-controlled
intersections. Access to and egress from the facility occur only
at ramps, which are generally designed to permit high-speed
merging and diverging maneuvers to take place, thus minimizing
disruptions to mainline traffic.

Because of these characteristics, operating conditions pri-
marily result from interactions among vehicles in the traffic
stream, and between vehicles and the geometric characteristics
of the freeway. Operations are also affected by environmental
conditions, such as weather, pavement conditions, and/or the
occurrence of traffic incidents.

The procedures contained in this chapter relate the probable
operating conditions of a freeway to the geometric and traffic
conditions which exist during a defined time interval on a spec-
ified segment of freeway. This chapter details procedures for
the operational analysis, design, and planning of basic freeway
segments. Weaving areas are treated in Chapter 4, and ramp
junctions are considered in Chapter 5. This chapter is based
primarily on material presented in Ref. 1.

COMPONENTS OF A FREEWAY

In general, a freeway is composed of three different types of
component subsections:

1. Basic freeway segments—Sections of the freeway that are
unaffected either by merging or diverging movements at nearby
ramps or by weaving movements.

2. Weaving areas—Sections of the freeway where two or
more vehicle flows must cross each other’s path along a length
of the freeway. Weaving areas are usually formed when merge
areas are closely followed by diverge areas. They are also formed
when a freeway on-ramp is followed by an off-ramp and the
two are connected by a continuous auxiliary lane.

3. Ramp junctions—Points at which on- and off-ramps join
the freeway. The junction formed at this point is an area of
turbulence due to concentrations of merging or diverging ve-
hicles.

Basic freeway segments are located outside of the influence
area of any ramp or weaving area. In general, the influence area
of ramp junctions or weaving areas may be taken to be:

1. On-ramps—>500 ft upstream and 2,500 ft downstream of
the ramp junction.

2. Off-ramps—2,500 ft upstream and 500 ft downstream of
the ramp junction.

3. Weaving areas— 500 ft upstream of the merge point mark-
ing the beginning of the weaving area, and 500 ft downstream
of the diverge point forming the end of the weaving area.

The foregoing guidelines refer to stable operations. During
congested or breakdown conditions, merge, diverge, or weaving
areas can produce queues of widely varying size, up to several
miles in length.

Figure 3-1 shows the various types of freeway components.
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Figure 3-1. Freeway components.



The influence areas of these components are illustrated in Figure
3-2.

OVERALL CONSIDERATIONS

The procedures set forth in Chapters 3, 4, and 5 treat only
the isolated characteristics of the segment under consideration.
The procedures assume:

1. Good pavement conditions.
2. No traffic incidents.
3. Good weather conditions.

Should any of these conditions not exist, the user must use
judgment to alter the results of the analysis, consider this when
interpreting results, or both.

In practice, it is essential to analyze sections of freeway in
an integrated manner to estimate overall capacity of the freeway
system and to identify points of minimum capacity, which could
become potential bottlenecks. The interactions between and
among adjacent freeway subsegments are of extreme importance,
particularly when a breakdown in one causes queues to extend
into upstream segments. Procedures for overall freeway systems
analysis are presented in Chapter 6.

Chapter 6 also treats a number of subjects which can impact
overall operations, but which are not explicitly considered in
the analysis of individual segments. These include:
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Lane balance and configuration.

Traffic incidents.

Impacts of high-occupancy vehicle lanes.

Impacts of work zones and maintenance operations.
Weather and other environmental factors.

Impacts of freeway surveillance and control systems.

O it & W Nl

The user should refer to Chapter 6 for detailed discussions
of these factors.

DEFINITIONS AND TERMINOLOGY

The following terms and definitions are of specific interest to
material in this chapter. The basic traffic flow parameters used
in this chapter are defined in Chapter 1. Other definitions are
introduced as used in subsequent discussion.

1. Freeway capacity is the maximum sustained (15-min) rate
of flow at which traffic can pass a point or uniform segment of
freeway under prevailing roadway and traffic conditions. Ca-
pacity is defined for a single direction of flow, and is expressed
in vehicles per hour (vph).

2. Roadway characteristics are the geometric characteristics
of the freeway segment under study; these include the number
and width of lanes, lateral clearances at the roadside and median,
design speeds, grades, and lane configurations.

3. Traffic conditions refer to any characteristic of the traffic
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stream that affects capacity or operations. These include the
percentage composition of the traffic stream by vehicle type,
lane distribution characteristics, and driver characteristics (such
as the differences between weekday commuters and recreational
drivers).

It should be noted that capacity analysis is based on point
locations or freeway segments of uniform roadway and traffic
conditions. If either of these prevailing conditions changes sig-
nificantly, the capacity of the segment and its likely operating
conditions change as well.

Such segments also should have reasonably uniform design
speeds. Accordingly, all straight and level segments of freeway
are considered to have a design speed of 70 mph. It may be
necessary to consider isolated elements with lower design speeds
separately, such as a curve with a design speed significantly
lower than 70 mph. On the other hand, a long segment of
freeway dominated by many geometric elements with reduced
design speed could be analyzed as a single unit, based on the
reduced design speed.

CHARACTERISTICS OF FREEWAY FLOW

Freeway Flow Under Ideal Conditions

Chapter 1 of this manual includes a discussion of the general
characteristics of uninterrupted traffic flow. The specific speed-
flow-density relationship depends on the prevailing roadway and
traffic conditions for the segment in question. The base char-
acteristics used in this chapter have been estimated for a set of
“ideal conditions,” as follows:
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1. Twelve-foot minimum lane widths.

2. Six-foot minimum lateral clearance between the edge of
the travel lanes and the nearest obstacle or object on the roadside
or in the median (note that certain types of median barriers do
not represent an ‘“‘obstacle,” even when closer than 6 ft to the
pavement edge, as is discussed later).

3. All passenger cars in the traffic stream.

4. Driver characteristics typical of weekday commuter traffic
streams in urban areas, or regular users in other areas.

It should be noted that these conditions are “ideal” only from
the point of view of capacity, and do not relate to safety or
other factors.

Typical flow characteristics for these conditions and various
design speeds are illustrated in Figures 3-3 and 3-4. Figure 3-
3 shows the typical relationship between density and rate of
flow, while Figure 3-4 depicts the relationship between average
travel speed and rate of flow. The relationships shown reflect
the influence of a 55-mph speed limit.

The curves show a capacity of 2,000 pcphpl for 70-mph and
60-mph design speeds, and 1,900 pcphpl for 50-mph design
speeds, all for ideal conditions. The speed-flow curves show
minor differences between four-, six-, and eight-lane freeways
for 70-mph design speed that are not shown on the density-flow
curves. When plotted on a density-flow plane, the differences
become so small as to be virtually impossible to depict.

The curves depict two important characteristics that greatly
influence the use and interpretation of the procedures contained
in this chapter.
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Figure 3-3. Density-flow relationships under ideal conditions.
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1. There is a substantial range of flow over which speed is
relatively insensitive to flow; this range extends to fairly high
flow rates.

2. As flow approaches capacity, speed drops off at an ex-
tremely sharp rate.

These characteristics are most pronounced for 70-mph design
speed freeway elements. As capacity is approached, small
changes in volume or rate of flow will produce extremely large
changes in operating conditions, i.e., speed and density. Level-
of-service criteria for freeways reflect this, with the poorer levels
defined for reasonably large ranges in speed and density, while
the corresponding range in flow rates is quite small.

Factors Affecting Flow Under Ideal Conditions

Any prevailing condition that differs from the ideal conditions
defined above will cause changes in the typical speed-flow-den-
sity relationship.

1. Lane width and lateral clearance— When lane widths are
less than 12 ft, drivers are forced to travel laterally closer to
one another than they would normally desire. Drivers tend to
compensate for this by observing longer spacings between ve-
hicles in the same lane.

The effect of restricted lateral clearance is similar. When
roadside or median objects are located too close to the pavement
edge, drivers tend to “shy” away from them, positioning them-
selves further from the pavement edge than under normal or
ideal conditions. This has the same effect as narrow lanes, usu-

ally forcing drivers closer together laterally. Again, drivers gen-
erally compensate by leaving more distance between vehicles in
the same lane.

When drivers allow longer spacing for a given speed, the
volume accommodated decreases. The same effect can be viewed
in reverse—for a given spacing, drivers will slow down when
lateral clearance and/or lane width restrictions exist—again
resulting in reduced flow.

Illustrations 3-1 and 3-2 depict the impacts of lane width and
lateral clearance on freeway flow.

2. Reduced design speed— As indicated in Figure 3-3, a re-
duction in the design speed of a freeway segment below 70 mph
will have a substantial impact on freeway operations. Because
restrictive geometrics require greater vigilance on the part of
the driver, observed speeds for any given volume will generally
be lower than on similar segments of 70-mph design.

3. Trucks, buses, and recreational vehicles—The presence of
vehicles other than passenger cars in the traffic stream affects
flow in two ways: (a) such vehicles are larger than passenger
cars, and therefore occupy more roadway space than passenger
cars, and (b) the operating capabilities of such vehicles (accel-
eration, deceleration, maintenance of speed, etc.) are generally
inferior to those of passenger cars; when introduced into a mixed
traffic stream, these different performance capabilities lead to
the formation of gaps in the traffic stream that cannot be readily
filled by passing maneuvers.

The second impact is particularly significant on long sustained
upgrades, on which trucks may be forced to slow considerably,
thereby creating extremely large gaps in the traffic stream.

_Illustrations 3-3 and 3-4 depict the impact of trucks and other
heavy vehicles on freeway traffic streams.
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4. Driver population—The ideal conditions defined for the
typical speed-flow-density relationships assume a driver popu-
lation consisting primarily of weekday commuters or other reg-
ular users. A variety of studies across the nation show that other
driver populations do not display the same characteristics.

Recreational traffic streams consisting primarily of weekend
or occasional drivers have been observed to operate with con-
siderably less efficiency than commuter traffic. Capacity reduc-
tions of as much as 20 to 25 percent have been observed for
such traffic streams.

L L

Tlustration 3-1. Vehicles shy away from both
roadside and median barriers, driving as close
to the lane marking as possible. The existence
of narrow lanes compounds the problem,
making it difficult for two vehicles to travel
alongside each other.

Hllustration 3-2. In this case, vehicles shy away
Jrom the roadside barrier. This causes a shift
towards the median in the placement of ve-
hicles in each lane. This is also an indication
that the median barrier illustrated here does
not present an obstruction to drivers.
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Hllustration 3-3. Note formation of large gaps
in front of slow-moving trucks climbing up-
grade. '

Illustration 3-4. Large gaps in front of trucks
or other heavy vehicles are often unavoidable
even on relatively level terrain.
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Il. METHODOLOGY

This section describes the general structure of the capacity
analysis procedures for basic freeway segments. Detailed in-
structions for the application of these procedures in operational
analysis, design, and planning are presented in a subsequent
section.

LEVELS OF SERVICE
Measures of Effectiveness

Freeway operating characteristics include a wide range of
rates of flow over which speed is relatively constant. This means
that speed alone is not adequate as a performance measure by
which to define levels of service.

Although speed is a primary concern of drivers with respect
to service quality, freedom to maneuver and proximity to other
vehicles are also important parameters. These other qualities
are directly related to the density of the freeway traffic stream.
Further, rate of flow increases with increasing density through-
out the full range of stable flows (see Figure 3-3).

For these reasons, density is the parameter used to define
levels of service for basic freeway segments. The densities used
to define the various levels of service (LOS) are as follows:

Level of Density
Service (pc/mi/In)
A 12
B 20
C 30
D 42
E 67

These values are boundary conditions representing the max-
imum allowable densities for the associated level of service. The
LOS-E boundary of 67 pc/mi/In has been generally found to
be the critical density at which capacity most often occurs. This
corresponds to an average travel speed of 30 mph and a capacity
of 2,000 pcphpl for 60-mph and 70-mph design speeds. The

exact speed and density, however, at which capacity occurs may
vary somewhat from location to location.

Level-of-Service Criteria

Level-of-service criteria for basic freeway segments are given
in Table 3-1 for 70-mph, 60-mph, and 50-mph design speed
elements. To be within a given level of service, the density
criterion must be met. The average travel speeds and maximum
service flow rates indicated in the table are expected to exist
under ideal conditions for the given densities. Actual average
travel speeds for traffic streams under nonideal conditions may
be somewhat lower than the values shown.

Design speed depends on the combination of horizontal and
vertical alignment. Other influences on driver behavior, such as
the development environment, local driving habits, and other
factors, may cause the relationship among density, speed, and
flow to differ from the typical values of Table 3-1. Where local
speed-flow-density data are available, they may be used as a
guide in determining which design speed best represents local
conditions.

DESCRIPTION OF LEVELS OF SERVICE

Operational characteristics for the six levels of service are
shown in Illustrations 3-5 to 3-10.

The levels of service have been defined to represent reasonable
ranges in the three critical variables: average travel speed, den-
sity, and flow rate. The basic shape of the typical speed-density-
flow curves requires that as level of service moves from A to
F, the range of densities and speeds covered by each level be-
comes larger, while the corresponding range of service flow rates
becomes smaller.

The values in Table 3-1 reflect the influence of the 55-mph
speed limit. Even with this speed limit clearly signed and rea-
sonably enforced, average travel speeds for the better levels of
service are still expected to be slightly higher than the 55-mph
limit. Where enforcement is particularly stringent, or where
lower speed limits are posted, speeds may be somewhat lower
than those given in Table 3-1.

TABLE 3-1. LEVELS OF SERVICE FOR BASIC FREEWAY SECTIONS

70 MPH 60 MPH 50 MPH
DESIGN SPEED DESIGN SPEED DESIGN SPEED

DENSITY SPEED" MSF* SPEED" MSF* SPEED" MSF*
LOS (pC/MI/LN) (MPH) vae (PCPHPL) (MPH) Ve (PCPHPL) (MPH) v (PCPHPL)
A < 12 > 60 0.35 700 — — — - — —
B < 20 > 57 0.54 1,100 > 50 0.49 1,000 — — —
C < 30 > 54 0.77 1,550 > 47 0.69 1,400 > 43 0.67 1,300
D < 42 > 46 0.93 1,850 > 42 0.84 1,700 > 40 0.83 1,600
E < 67 > 30 1.00 2,000 > 30 1.00 2,000 > 28 1.00 1,900
F > 67 < 30 % < < 30 ® * < 28 < <

* Maximum service flow rate per lane under ideal conditions.
" Average travel speed.

© Highly variable, unstable.

NOTE: All values of MSF Rounded to the nearest 50 vph.



Illustration 3-6. Level-of-service B.

Illustration 3-7. Level-of-service C.

Illustration 3-10. Level-of-service F.
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General descriptions of operating conditions for each of the
levels of service are as follows:

1. Level-of-service A—Level A describes primarily free flow
operations. Average travel speeds near 60 mph generally prevail
on 70-mph freeway elements. Vehicles are almost completely
unimpeded in their ability to maneuver within the traffic stream.
The average spacing between vehicles is about 440 ft, or 22 car-
lengths, with a maximum density of 12 pc/mi/In. This affords
the motorist a high level of physical and psychological comfort.
The effects of minor incidents or breakdowns are easily absorbed
at this level. Although they may cause a deterioration in LOS
in the vicinity of the incident, standing queues will not form,
and traffic quickly returns to LOS A on passing the disruption.

2. Level-of-servicc B—Level B also represents reasonably
free-flow conditions, and speeds of over 57 mph are maintained
on 70-mph freeway elements, The average spacing between ve-
hicles is about 260 ft, or 13 car-lengths, with a maximum density
of 20 pc/mi/In. The ability to maneuver within the traffic
stream is only slightly restricted, and the general level of physical
and psychological comfort provided to drivers is still high. The
effects of minor incidents and breakdowns are still easily ab-
sorbed, though local deterioration in service would be more
severe than for LOS A.

3. Level-of-service C— Level C provides for stable operations,
but flows approach the range in which small increases in flow
will cause substantial deterioration in service. Average travel
speeds are still over 54 mph. Freedom to maneuver within the
traffic stream is noticeably restricted at LOS C, and lane changes
require additional care and vigilance by the driver. Average
spacings are in the range of 175 ft, or 9 car-lengths, with a
maximum density of 30 pc/mi/In. Minor incidents may still
be absorbed, but the local deterioration in service will be sub-
stantial. Queues may be expected to form behind any significant
blockage. The driver now experiences a noticeable increase in
tension due to the additional vigilance required for safe oper-
ation.

4. Level-of-service D—Level D borders on unstable flow. In
this range, small increases in flow cause substantial deterioration
in service. Average travel speeds of 46 mph or more can still
be maintained on 70-mph freeway elements. Freedom to ma-
neuver within the traffic stream is severely limited, and the
driver experiences drastically reduced physical and psycholog-
ical comfort levels. Even minor incidents can be expected to
create substantial queuing, because the traffic stream has little
space to absorb disruptions. Average spacings are about 125 ft,
or 6 car-lengths, with a maximum density of 42 pc/mi/In.

5. Level-of-service E—The lower boundary of LOS E de-
scribes operation at capacity. Operations in this level are ex-
tremely unstable, because there are virtually no usable gaps in
the traffic stream. Vehicles are spaced at approximately 80 ft,
or 4 car-lengths, at relatively uniform headways. This, however,
represents .the minimum spacing at which stable flow can be
accommodated. Any disruption to the traffic stream, such as a
vehicle entering from a ramp, or a vehicle changing lanes, causes
following vehicles to give way to admit the vehicle. This con-
dition establishes a disruption wave which propagates through
the upstream traffic flow. At capacity, the traffic stream has no
ability to dissipate even the most minor disruptions. Any inci-
dent can be expected to produce a serious breakdown with
extensive queuing. The range of flows encompassed by LOS E

is relatively small compared to other levels, but reflects a sub-
stantial deterioration in service. Maneuverability within the
traffic stream is extremely limited, and the level of physical and
psychological comfort afforded to the driver is extremely poor.
Average travel speéds at capacity are approximately 30 mph.

6. Level-of-service F—Level F describes forced or breakdown
flow. Such conditions génerally exist within queues forming
behind breakdown points. Such breakdowns occur for a number
of reasons:

a. Traffic incidents cause a temporary reduction in the ca-
pacity of a short segment, such that the number of vehicles
arriving at the point is greater than the number of vehicles that
can traverse it.

b. Recurring points of congestion exist, such as merge or
weaving areas and lane drops, where the number of vehicles
arriving is greater than the number of vehicles traversing the
point.

c. In forecasting situations, any location presents a problem
when the projected peak hour (or other) flow rate exceeds the
estimated capacity of the location.

It is noted that in all cases, breakdown occurs when the ratio
of actual arrival flow rate to actual capacity or the forecasted
flow rate to estimated capacity exceeds 1.00. Operations at such
a point will generally be at or near capacity, and downstream
operations may be better as vehicles pass the bottleneck (as-
suming that there are no additional downstream problems). The
LOS F operations observed within a queue are the result of a
breakdown or bottleneck at a downstream point. The designa-
tion “LOS F” is used, therefore, to identify the point of the
breakdown or bottleneck, as well as the operations within the
queue which forms behind it.

The extent of queuing, and the delays caused by queuing, are
of great interest in the analysis of congested freeway segments.
Chapter 6 contains a methodology for estimating the queue
length and delays behind a bottleneck with known arrival and
discharge rates. The procedure allows a rough quantification of
the extent of congestion created by a LOS F situation.

BASIC RELATIONSHIPS

Table 3-1 presents criteria for maximum service flow rate,
MSF, under ideal conditions, for 70-mph, 60-mph, and 50-mph
design speed elements. These values are computed from the
volume-to-capacity ratios, v/c, as follows, then rounded to the
nearest 50 pcphpl.

MSF, = ¢, X (v/c), (3-1)

where:

MSF, = the maximum service flow rate per lane for LOS i
under ideal conditions, in pcph;

(v/c), = the maximum volume-to-capacity ratio associated
with LOS i;
¢; = capacity under ideal conditions for freeway element

of design speed j; 2,000 pcphpl for 60-mph and 70-
mph freeway elements, 1,900 pcphpl for 50-mph free-
way elements; the value of ¢, is synonymous with the
maximum service flow rate for LOS E in Table 3-1.

Note that all values of MSF given in Table 3-1 have been
rounded to the nearest 50 pcph.



These values represent ideal conditions of 12-ft lanes, adequate
lateral clearances, and all passenger cars in the traffic stream.
Therefore, the maximum service flow rates of Table 3-1 must
be adjusted to reflect any prevailing conditions that are other
than ideal, and to reflect the total number of lanes in one
direction on the freeway. This is accomplished by using several
correction factors, as follows:

SF, = MSF, X N X f., X fur X f, G-2)
where:

SF, = the service flow rate for LOS i under prevailing road-
way and traffic conditions for V lanes in one direction,
in vph;

N = the number of lanes in one direction of the freeway;
f,, = factor to adjust for the effects of restricted lane widths
and/or lateral clearances;

fuy = factor to adjust for the effect of heavy vehicles (trucks,
buses, and recreational vehicles) in the traffic stream;
and

f, = factor to adjust for the effect of driver population.

Even the adjusted service flow rate, however, assumes an
absence of traffic incidents and the existence of good weather
and pavement conditions. Any existing conditions differing from
these could cause further reductions in the flow rates which are
accommodated at any given level of service. A more detailed
discussion of these issues is contained in Chapter 6.

Equations 3-1 and 3-2 can be combined as follows. The com-
bined form is useful when a computation of SF is desired using
v/c values directly, rather than MSF values.

SF,=¢; X (v/c); X N X fo, X fuv X [, (3-3)

These three basic relationships form the basis of all capacity
analysis applications for basic freeway segments.

ADJUSTMENTS TO MAXIMUM SERVICE VOLUME

Adjustment for Restricted Lane Width and/or
Lateral Clearance

The MSF for any freeway segment with lane widths narrower
than 12 ft and/or objects closer to the edge of the travel lanes
than 6 ft (at the roadside or in the median) is adjusted to reflect
these prevailing conditions using the factor f,.

Considerable judgment must be used in determining whether
or not roadside and/or median objects and barriers present a
true “obstruction.” Such obstructions may be continuous, such
as a retaining wall, or may be periodic objects, such as light
supports or bridge abutments. In some cases, drivers may be-
come accustomed to certain types of obstructions, in which case,
their effect on traffic flow becomes negligible. Certain common
types of traffic barrier, for example, have no impact on traffic,
even when closer than 6 ft to the traveled way. These include
the reinforced-concrete traffic barriers and the W-beam barriers
often used on freeways.

Illustrations 3-1 and 3-2, shown earlier in this chapter, depict
these conditions. In Illustration 3-1, vehicles are affected by
both the roadside retaining wall and the low median barrier, as
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they “shy” away from both. This low median barrier type is
rarely used in modern design, and has a significant impact on
driver behavior. Illustration 3-2 shows the impact of the roadside
obstructions, but the median barrier has little effect, with drivers
actually driving closer to it than normal in response to the lateral
shifts caused by the roadside obstructions. Illustrations 3-11 and
3-12, in contrast, depict designs in which there are no lane width
or lateral clearance restrictions. Neither of the median treat-
ments illustrated represents an effective obstruction in most
cases. Some median barriers may restrict sight distance on hor-
izontal curves, and may therefore influence behavior due to this
factor.

The adjustment factor, f,, is given in Table 3-2. The factor
is based on the lane width, the distance to the nearest obstruc-
tion, the number of lanes on the freeway, and whether the
obstruction exists on one or both sides of the freeway. An
obstruction on both sides of the freeway means that obstructions
exist at the roadside and in the median. The left side of the
freeway travel lanes in any direction is the median. If the dis-
tances to obstructions at the roadside and in the median are
different, the average distance is used, and a factor for obstruc-
tions on both sides of the freeway is selected. Thus, if a freeway
had a lateral obstruction 3 ft from the travel lanes at the roadside,
and other obstructions 5 ft from the travel lanes in the median,
a factor would be selected for obstructions on both sides of the
freeway at 4 ft. The factor for 12-ft lanes and obstructions >
6 ft from travel lanes is 1.00, as this represents ideal conditions.

As an example, consider an older four-lane freeway which
has the following characteristics:

1. Frequent abutments and other obstructions located in the
shoulder area, 2 ft from the edge of the travel lanes.

2. A median barrier of the type shown in Illustration 3-1,
immediately at the edge of the pavement edge.

3. Eleven-foot lanes.

Table 3-2 is entered with 11-ft lanes, obstructions on both
sides of the roadway at an average of 1 ft from the pavement
edge, for a four-lane freeway. The factor found is 0.85, suggesting
that 15 percent of the freeway’s ideal capacity is lost due to the
lane width and lateral clearance restrictions present.

Adjustment for the Presence of Heavy Vehicles In
the Traffic Stream

Values of MSF must be adjusted to reflect the prevailing
conditions of taffic streams containing trucks, buses, and/or
recreational vehicles. This adjustment is made using the factor

Sur

The factor f, is found in a two-step process, as follows:

1. Determine the passenger-car equivalent (pce) for each
truck, bus, and/or recreational vehicle for the traffic and road-
way conditions under study. These values (E, E, and E, for
trucks, buses, and recreational vehicles respectively) represent
the number of passenger cars that would consume the same
percentage of the freeway’s capacity as one truck, bus, or rec-
reational vehicle under prevailing roadway and traffic condi-
tions.

2. Compute the heavy vehicle adjustment factor f},, using the
values of E;, E; E;, and the proportion of each type of vehicle
in the traffic stream (P, P, and Pg).
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The impact of heavy vehicles on traffic flow depends on the
grade conditions as well as the traffic composition. Passenger-
car equivalents can be selected for two conditions:

1. Extended general freeway segments—It is often possible
to consider an extended length of freeway containing a number
of upgrades, downgrades, and level segments, as a single uniform
segment. This is possible where no one grade is long enough or
steep enough to have a significant impact on the overall oper-
ation of the general segment. As a rule, extended general segment
analysis may be used where no one grade of 3 percent or greater
is longer than Y, mi, or longer than 1 mi for grades less than 3
percent.

Illustration 3-11. This cross section illustrates
ideal conditions of lane width and lateral
clearance. The concrete median barrier does
not cause vehicles to shift their lane position,
and therefore would not be considered an
“obstruction.”

Illustration 3-12. The freeway section shown
here is also ideal with respect to lane width
and lateral clearances. The W-beam median
barrier is another type of barrier which gen-
erally does not cause vehicles to shift their
lateral lane placement, and also would not be
considered an ‘‘obstruction” in most cases.

2. Specific grades— Any grade less than 3 percent and longer
than 1 mi, or any grade of 3 percent or more and longer than
7 mi, is usually analyzed as a separate segment. Such grades
may have a significant impact on traffic flow, and must therefore
be considered for this possibility.

The choice of which procedure to use is subject to some
judgment on the part of the user. Extended general segment
analysis is used where no one grade will cause operating con-
ditions to deteriorate significantly below those generally pre-
vailing in the section. Thus, individual steep grades within a
generally mountainous terrain might not require separate anal-
ysis, whereas one such grade within a generally level terrain
would.
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TABLE 3-2. ADJUSTMENT FACTOR FOR RESTRICTED LANE WIDTH AND LATERAL CLEARANCE

ADJUSTMENT FACTOR, f,,
OBSTRUCTIONS ON ONE OBSTRUCTIONS ON BOTH
DISTANCE FROM SIDE OF THE ROADWAY SIDES OF THE ROADWAY
TRAVELED =
PAVEMENT® LANE WIDTH (FT)
(F1) 2 | un | 10 I B | T 10 9
4-LANE FREEWAY
(2 LANEs EACH DIRECTION)

> 6 1.00 0.97 0.91 0.81 1.00 0.97 0.91 0.81
5 0.99 0.96 0.90 0.80 0.99 0.96 0.90 0.80
4 0.99 0.96 0.90 0.80 0.98 0.95 0.89 0.79
3 0.98 0.95 0.89 0.79 0.96 0.93 0.87 0.77
2 0.97 0.94 0.88 0.79 0.94 0.91 0.86 0.76
1 0.93 0.90 0.85 0.76 0.87 0.85 0.80 0.71
0 0.90 0.87 0.82 0.73 0.81 0.79 0.74 0.66

6- or 8- LANE FREEWAY
(3 or 4 LANES EACH DIRECTION)

> 6 1.00 0.96 0.89 0.78 1.00 0.96 0.89 0.78
5 0.99 0.95 0.88 0.77 0.99 0.95 0.88 0.77
4 0.99 0.95 0.88 0,77 0.98 0.94 0.87 0.77
3 0.98 0.94 0.87 0.76 0.97 0.93 0.86 0.76
2 0.97 0.93 0.87 0.76 0.96 0.92 0.85 0.75
1 0.95 0.92 0.86 0.75 0.93 0.89 0.83 0.72
0 0.94 0.91 0.85 0.74 0.91 0.87 0.81 0.70

* Certain types of obstructions, high-type median barriers in particular, do not cause any deleterious effect on traffic flow. Judgment should be exercised in applying these factors.

The methodology for finding the appropriate value of £, is
discussed in the following sections:

1. Passenger car equivalents for extended general freeway seg-
ments— Whenever extended general segment analysis is used,
the terrain of the freeway must be classified in one of three
categories:

a. Level terrain— Any combination of grades and horizontal
or vertical alignment permitting heavy vehicles to maintain ap-
proximately the same speed as passenger cars; this generally
includes short grades of no more than 1 to 2 percent.

b. Rolling terrain— Any combination of grades and horizon-
tal or vertical alignment causing heavy vehicles to reduce their
speeds substantially below those of passenger cars, but not caus-
ing heavy vehicles to operate at crawl speeds for any significant
length of time.

c. Mountainous terrain— Any combination of grades and
horizontal or vertical alignment causing heavy vehicles to op-
erate at crawl speeds for significant distances or at frequent
intervals.

“Crawl speed” is the maximum sustained speed which trucks
can maintain on an extended upgrade of a given percent. If any
grade is long enough, trucks will be forced to decelerate to the
crawl speed which they will then be able to maintain for extended
distances. Appendix I to this chapter contains truck performance
curves which illustrate crawl speed and the length of grade over
which trucks have usually decelerated to this speed.

The exact categorization of terrain depends on the terrain
itself and the prevailing mix of heavy vehicles present. Grades
causing large trucks to operate at crawl speed, for example, may
not have the same effect on recreational vehicles or buses, or
perhaps even smaller trucks.

Passenger-car equivalents for heavy vehicles on general free-
way segments are given in Table 3-3.

TaBLE 3-3. PASSENGER-CAR EQUIVALENTS ON EXTENDED
GENERAL FREEWAY SEGMENTS

TYPE OF TERRAIN

FACTOR LEVEL ROLLING MOUNTAINOUS
E, for Trucks 1.7 4.0 8.0
E, for Buses 1.5 3.0 5.0
Ey for RV’s 1.6 3.0 4.0

2. Passenger-car equivalents for specific grades— Any freeway
grade of more than 1 mi for grades less than 3 percent, or },
mi for grades of 3 percent or more is usually considered as a
separate segment. For such segments, analysis procedures must
consider the upgrade conditions and the downgrade conditions
separately, and whether or not the grade is a single, isolated
grade of constant percent, or part of a series of grades forming
a composite segment.

The performance of heavy vehicles on significant grades varies
considerably among the classes of vehicles and among the in-
dividual vehicles of a particular category. This is particularly
true of trucks and recreational vehicles, both of which cover a
wide cross section of vehicles. Intercity buses tend to be more
uniform in their characteristics, though there is some variability
in this class as well.

Several studies have indicated that freeway truck populations
have an average weight-to-horsepower ratio of between 125 and
150 Ib/hp. In capacity analysis, however, heavier trucks have
a greater impact on traffic flow than lighter trucks. Thus, for
capacity analysis purposes, the “typical” truck population is
assumed to have a characteristic ratio of 200 1b/hp. Procedures
provide options for use where the truck population is either
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more or less powerful than usual. Tabulations are provided for
a more powerful truck population with a ratio of 100 Ib/hp
and a less powerful population with a ratio of 300 Ib/hp.

Recreational vehicles (RV’s) vary considerably in both type
and characteristics. These vehicles range from cars with trailers
of various types to self-contained mobile campers. In addition,
drivers of recreational vehicles are not professionals, and their
degree of skill in handling such vehicles covers a broad range.
“Typical” weight-to-horsepower ratios of recreational vehicles
range from 30 to 60 1b/hp. Passenger-car equivalents for RV’s
vary from one-third to one-half of comparable values for a
typical truck.

There has been comparatively little research on the perform-
ance characteristics of buses over the past decade, and current
information on passenger-car equivalents is limited to that avail-
able in the early 1960’s.

a. Upgrades—Tables 3-4 through 3-8 give values of passen-
ger-car equivalents for use in capacity analysis. These represent
the upgrade condition only, and are as follows:

Table Value Tabulated Vehicle Type
34 E, Typical Trucks (200 Ib/hp)
3.5 E; Light Trucks (100 Ib/hp)
3.6 E; Heavy Trucks (300 Ib/hp)
3.7 E; Recreational Vehicles
3.8 E, Buses

Passenger-car equivalent values depend on number of varia-
bles, including the type of vehicle, the percentage and length of
grade, and the percentage of heavy vehicles in the traffic stream.

As heavy vehicles travel up a grade, their impact becomes pro-
gressively severe as their speeds decrease. Thus, for most anal-
yses, passenger-car equivalents are selected for a point at the
end of the grade. There are occasions, however, when an in-
termediate grade point will be of interest. If a ramp junction
occurred on an extended upgrade, for example, the length and
percent of grade to the junction would be of interest for analyzing
the merge or diverge movements. If a composite grade started
with a 5 percent upgrade followed by a 2 percent upgrade, heavy
vehicles would be traveling the slowest at the end of the 5 percent
portion of the grade. That point would then be of primary
interest.

The length of grade is generally taken from a profile of the
highway in question, and generally includes the straight portion
of the grade plus some portion of the vertical curves at the
beginning and end of this grade. It is suggested that one-quarter
of the length of the vertical curves at the beginning and end of
the grade be included in the total grade length. Where two
consecutive upgrades are joined by a vertical curve, one-half of
the length of curve is included with each portion of the grade.

b. Downgrades— Very little specific data exist on the impact
of heavy vehicles on traffic flow on downgrades. In general, if
a downgrade is not so severe as to cause heavy vehicles to shift
into a low gear, it may be treated as if it were a level terrain
segment, and passenger-car equivalents are selected accordingly
from Table 3-3. Grades less than 4 percent or shorter than 3,000
ft would generally fall into this category. Where more severe
downgrades occur, the passenger-car equivalent is best estimated
by taking field measurements of speed and using the equivalent
for a comparable upgrade condition. The “equivalent” upgrade
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NOTE: If a length of grade falls on a boundary condition, the equivalent for the longer grade category is used. For any grade steeper than the percentage shown, use the next higher

grade category.
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TABLE 3-5. PASSENGER-CAR EQUIVALENTS FOR LIGHT TRUckKs (100 LB/HP)

GRADE LENGTH PASSENGER-CAR EQUIVALENT, E,
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NOTE: If a length of grade falls on a boundary condition, the equivalent from the longer grade category is used. For any grade steeper than the percentage shown, use the next higher
grade category.

TABLE 3-6. PASSENGER-CAR EQUIVALENTS FOR HEAVY TRUCKS (300 LB/HP)

GRADE LENGTH PASSENGER-CAR EQUIVALENT, E,
(%) (M1) 4-LANE FREEWAYS 6—8 LANE FREEWAYS

PERCENT TRUCKS 2 4 5 6 8 10 15 20 2 4 5 6 8 10 15 20
<1 All 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
1 0-1/4 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
1/4-1/2 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3

1/2-3/4 4 4 4 4 3 3 3 3 4 4 4 3 3 3 3 3

3/4-1 5 & 4 & 3 3 3 3 5 4 4 4 3 3 3 3

1-14% 6 5 5 5 4 4 4 3 6 5 5 4 4 4 3 3

>1) 7 5 5 5 4 4 4 3 ¥ 5 5 5 4 4 3 3

2 0-1/4 4 4 4 3 3 3 3 3 4 4 4 3 3 3 3 3
1/4-1/2 i 6 6 5 4 4 4 4 7 5 5 5 4 4 4 4

1/2-3/4 8 6 6 5 5 4 4 4 8 6 6 6 5 5 4 4

3/4-1 8 6 6 6 5 5 5 5 8 6 6 6 5 5 5 5

1-1% 9 7 7 7 6 6 S 5 9 7 7 6 5 5 5 5

>1% 10 7 7 7 6 6 5 5 10 7 7 6 5 5 5 5

3 0-1/4 6 5 5 S 4 4 4 3 6 5 5 5 4 4 4 3
1/4-1/2 9 7 7 6 5 5 5 5 8 7 7 6 5 5 5 5

1/2-3/4 12 8 8 7 6 6 6 6 10 8 7 6 5 ) 5 5

3/4-1 13 9 9 8 7 7 7 {7 11 8 8 7 6 6 6 6

>1 14 10 10 9 8 8 7 7 12 9 9 8 7 7 7 7

4 0-1/4 7 5 5 5 4 4 4 4 7 5 5 5 4 4 3 3
1/4-1/2 12 8 8 7 6 6 6 6 10 8 7 6 5 5 5 5

1/2-3/4 13 9 9 8 7 7 7 7 11 9 9 8 7 6 6 6

3/4-1 15 10 10 9 8 8 8 8 12 10 10 9 8 Z 7 7

>1 17 12 12 10 9 9 9 9 13 10 10 9 8 8 8 8

5 0-1/4 8 6 6 6 5 5 5 5 8 6 6 6 5 5 5 5
1/4-1/2 13 9 9 8 7 7 7 7 11 8 8 7 6 6 6 6

1/2-3/4 20 15 15 14 11 11 11 11 14 11 11 10 9 9 9 9

>3/4 22 17 17 16 13 13 13 13 17 14 14 13 12 11 11 11

6 0-1/4 9 7 7 7 6 6 6 6 9 7 7 6 5 5 5 5
1/4-1/2 17 12 12 11 9 9 9 9 13 10 10 9 8 8 8 8

>1/2 28 22 22 21 18 18 18 18 20 17 17 16 15 14 14 14

NOTE: If a length of grade falls on a boundary condition, the equivalent from the longer grade category is used, For any grade steeper than the percent shown, use the next higher
grade category.
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TABLE 3-7. PASSENGER-CAR EQUIVALENTS FOR RECREATIONAL VEHICLES

VOIS R i PASSENGER-CAR EQUIVALENT, £y
(%) (m1) 4-LANE FREEWAYS 6-8 LANE FREEWAYS

PERCENT RV’s 2 4 5 6 8 10 13 20 2 4 3 6 8 10 15 20
<2 All 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
3 0-1/2 3 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
>1/2 4 3 3 3 3 3 3 3 4 3 3 3 3 3 3 3

4 0-1/4 3 2 2 2 2 2 2 2 3 2 2 2 2 2 2 2
1/4-3/4 4 3 3 3 3 3 3 3 4 3 3 3 3 3 3 3

>3/4 5 4 4 4 3 3 3 3 4 4 4 4 3 3 3 3

5 0-1/4 4 3 3 3 3 3 3 3 4 3 3 3 2 2 2 2
1/4-3/4 5 4 4 4 4 4 4 4 5 4 4 4 4 4 4 4

>3/4 6 5 4 4 4 4 4 4 5 5 4 4 4 4 4 4

6 0-1/4 5 4 4 4 3 3 3 3 S 4 4 3 3 3 3 3
1/4-3/4 6 5 5 4 4 4 4 4 6 4 4 4 4 4 4 4

>3/4 1 6 6 6 5 5 5 5 6 5 5 5 4 4 4 4

NOTE: If a length of grade falls on a boundary condition, the equivalent from the longer grade category is used. For any grade stecper than the percent shown, use the next higher

grade category.

TABLE 3-8. PASSENGER-CAR EQUIVALENTS FOR BUSES

GRADE PASSENGER-CAR EQUIVALENT,
(%) E,
0-3 1.6
4 1.6
52 3.0
6 5.5

® Use generally restricted to grades more than 1/4-mi long.

is a length of upgrade of percent equal to the existing downgrade
which results in the same final speed of trucks as measured on
the actual downgrade. The truck performance curves of Ap-
pendix I are used for this purpose. Where such field measure-
ments are not practical, the downgrade equivalent may be
estimated very roughly as one-half the corresponding upgrade
equivalent.

c. Composite grades—The vertical alignment of most free-
ways results in a continuous series of grades. It is often necessary
to find the impact of a series of significant grades in succession.
Consider the following example. A 3 percent grade of /4 mi is
followed immediately by a 4 percent grade of 1 mi. The analysis
problem of interest is the maximum impact of heavy vehicles,
which would occur at the end of the 4 percent segment. The
most straightforward technique is to compute the average grade
to the point in question. The average grade is defined as the
total rise (in feet) from the beginning of the composite grade
divided by the length of the grade (in feet). For the example
cited:

Total Rise = 2,640 X 0.03 + 5,280 X 0.04 = 290.4 ft
Average Grade = 290.4/7,920 = 0.037 or 3.7 percent
Note: 2,640 ft = % mi

Passenger-car equivalents for this composite grade would be
found for a 4 percent grade (values are usually rounded to the
nearest percent), 1) mi in length.

The average grade technique is an acceptable approach for
grades less than 4 percent or shorter than 3,000 ft in total length.
For more severe composite grades, a detailed technique is pre-
sented in Appendix I to this chapter. That more exact technique
uses vehicle performance curves and equivalent speeds to de-
termine the effective simple grade for analysis.

3. Computing the adjustment factor for heavy vehicles—Once
the values of E,, E; and E, are found, the determination of
the adjustment factor, f,,, is a straightforward algebraic exer-
cise:

Si=1/[1+Pr(Ex— 1)+ Pr(Ex—1)+Py(E;—1)] (3-4)

where:
S = the adjustment factor for the combined effect
, of trucks, recreational vehicles, and buses on
the traffic stream;
E,, E; E, = the passenger-car equivalents for trucks, rec-
reational vehicles, and buses respectively; and
P,, P;, P, = the proportion of trucks, recreational vehicles,

and buses, respectively, in the traffic stream.

In many cases, only one heavy vehicle type will be present
in the traffic stream to a significant degree. Where the percentage
of RV’s and buses is small in comparison to the percentage of
trucks, it is sometimes convenient to consider all vehicles io be
trucks. Thus, a traffic stream consisting of 15 percent trucks,
2 percent RV’s, and 1 percent buses might be analyzed as having
18 percent trucks. It is generally acceptable to do this where
the percentage of trucks in the traffic stream is at least 5 times
the total percentage of RV’s plus buses present. In such cases,
the adjustment factor, f,,, may be obtained from Table 3-9,
instead of computing it using Eq. 3-4. This table may also be
used if all heavy vehicles are RV’s or buses.

If the problem noted previously were for a freeway with
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TABLE 3-9. ADJUSTMENT FACTOR FOR THE EFFECT OF TRUCKS, BUSES, OR RECREATIONAL VEHICLES IN THE TRAFFIC STREAM

PCE* ADJUSTMENT FACTOR, fi
Er
Ey PROPORTION OF TRUCKS, P;; RV’s, Py; or BUSES, P,
or

0.01 0.02 0.03 0.04 0.05 0.06 0.07

0.08 0.09 0.10 0.12 0.14 0.16 0.18 0.20

Ey
2 0.99 0.98 0.97 0.96 0.95 0.94 0.93
3 0.98 0.96 0.94 0.93 0.91 0.89 0.88
4 0.97 0.94 0.92 0.89 0.87 0.85 0.83
5 0.96 0.93 0.89 0.86 0.83 0.81 0.78
6 0.95 0.91 0.87 0.83 0.80 0.77 0.74
7 0.94 0.89 0.85 0.81 0.77 0.74 0.70
8 0.93 0.88 0.83 0.78 0.74 0.70 0.67
9 0.93 0.86 0.81 0.76 0.71 0.68 0.64

10 0.92 0.85 0.79 0.74 0.69 0.65 0.61

11 0.91 0.83 0.77 0.71 0.67 0.63 0.59
12 0.90 0.82 0.75 0.69 0.65 0.60 0.57
13 0.89 0.81 0.74 0.68 0.63 0.58 0.54
14 0.88 0.79 0.72 0.66 0.61 0.56 0.52
15 0.88 0.78 0.70 0.64 0.59 0.54 0.51
16 0.87 0.77 0.69 0.63 0.57 0.53 0.49
17 0.86 0.76 0.68 0.61 0.56 0.51 0.47
18 0.85 0.75 0.66 0.60 0.54 0.49 0.46
19 0.85 0.74 0.65 0.58 0.53 0.48 0.44
20 0.84 0.72 0.64 0.57 0.51 0.47 0.42
21 0.83 0.71 0.63 0.56 0.50 0.45 0.41
22 0.83 0.70 0.61 0.54 0.49 0.44 0.40
23 0.82 0.69 0.60 0.53 0.48 0.43 0.39
24 0.81 0.68 0.59 0.52 0.47 0.42 0.38
25 0.80 0.67 0.58 0.51 0.46 0.41 0.37

0.93 0.92 0.91 0.89 0.88 0.86 0.85 0.83
0.86 0.85 0.83 0.81 0.78 0.76 0.74 0.71
0.81 0.79 0.77 0.74 0.70 0.68 0.65 0.63
0.76 0.74 0.71 0.68 0.64 0.61 0.58 0.56
0.71 0.69 0.67 0.63 0.59 0.56 0.53 0.50
0.68 0.65 0.63 0.58 0.54 0.51 0.48 0.45
0.64 0.61 0.59 0.54 0.51 0.47 0.44 0.42
0.61 0.58 0.56 0.51 0.47 0.44 0.41 0.38
0.58 0.55 0.53 0.48 0.44 0.41 0.38 0.36
0.56 0.53 0.50 0.45 0.42 0.38 0.36 0.33
0.53 0.50 0.48 0.43 0.39 0.36 0.34 0.31
0.51 0.48 0.45 0.41 0.37 0.34 0.32 0.29
0.49 0.46 0.43 0.39 0.35 0.32 0.30 0.28
0.47 0.44 0.42 0.37 0.34 0.31 0.28 0.26
0.45 0.43 0.40 0.36 0.32 0.29 0.27 0.25
0.44 0.41 0.38 0.34 0.31 0.28 0.26 0.24
0.42 0.40 0.37 0.33 0.30 0.27 0.25 0.23
0.41 0.38 0.36 0.32 0.28 0.26 0.24 0.22
0.40 0.37 0.34 0.30 0.27 0.25 0.23 0.21
0.38 0.36 0.33 0.29 0.26 0.24 0.22 0.20
0.37 0.35 0.32 0.28 0.25 0.23 0.21 0.19
0.36 0.34 0.31 0.27 0.25 0.22 0.20 0.19
0.35 0.33 0.30 0.27 0.24 0.21 0.19 0.18
0.34 0.32 0.29 0.26 0.23 0.20 0.18 0.17

* Passenger-car equivalent, obtained from Table 3-3, 3-4, 3-5, or 3-6.

NOTE: This table should not be used when the combined percentage of buses and RV's in the tralffic stream is more than one-fifth the percentage of trucks.

generally rolling terrain, Table 3-9 would be used as follows.
Enter the table with 18 percent trucks and a value of E, of 4
(from Table 3-3). The value of f;, is read directly as 0.65.

Adjustment for Driver Population

The traffic stream characteristics on which the criteria pre-
sented in this section are based are representative of regular
weekday drivers in a commuter traffic stream or other regular
users of a facility. It is generally accepted that traffic streams
with different characteristics (weekend, recreational, perhaps
even mid-day) use freeways less efficiently. Although data are
sparse, and reported results vary substantially, capacities in the
range of 1,500 to 1,600 pcphpl have been reported on weekends,
particularly in recreational areas. It may generally be assumed
that this reduction in capacity extends to service flow rates for
other levels of service as well.

The adjustment factor f, is used to reflect the influence of
driver population. Table 3-10 provides values that can be used
with caution. The use of this factor calls for judgment in de-
termining its exact value, and the analyst should apply general
knowledge of the subject facility and its environs in selecting a
value. Where great accuracy is needed, comparative field studies
of weekday and weekend traffic flows and speeds are recom-
mended.

In some cases, it may be useful to conduct sensitivity analyses
using a range of values for f,, including the minimum value of
0.75, to determine whether the selection of a precise value se-
riously affects the results of the analysis. Practical application
of this methodology in operational analysis, design, and planning
of freeways is detailed in the next section.

TABLE 3-10. ADJUSTMENT FACTOR FOR THE CHARACTER OF
THE TRAFFIC STREAM

TRAFFIC STREAM TYPE FACTORS, f,
Weekday or Commuter 1.0
Other 0.75-0.90*

* Engineering judgment must be exercised in selecting an exact value.
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lll. PROCEDURES FOR APPLICATION

The methodology presented in the previous section is most
often used in one of three applications:

1. Operational analysis—Operational analysis involves the
consideration of a known present or projected future freeway.
Given known or projected geometric roadway conditions and
known or projected traffic conditions, the analysis yields an
estimate of the level of service and of the speed and density of
the traffic stream. This is the most detailed of the three appli-
cations, and requires precise input information for roadway and
traffic conditions. Operational analysis also provides the most
versatile use of the methodology. It is extremely useful in eval-
uating the likely impacts of proposed spot or segment improve-
ments, and can be used to evaluate alternative design proposals.

2. Design—1In design, a forecast demand volume is used in
conjunction with known design standards for geometric features
and a desired level of service to compute the number of lanes
required for the freeway section in question. The design appli-
cation is straightforward for each usage, but trial-and-error op-
erational analyses may be required to evaluate alternative
designs. Design requires a detailed traffic forecast, including
volumes, peaking characteristics, traffic composition, and spe-
cifics of vertical and horizontal alignment for the sections under
study.

3. Planning—The objective of a planning application is the
same as for design: determination of the number of lanes re-
quired for a segment of freeway. The planning application, how-
ever, focuses on an early and approximate determination before
the details of a complete traffic forecast and the vertical and
horizontal alignment of the facility are known. Given a general
forecast average annual daily traffic, A4DT, the approximate
percentage of trucks, the general terrain classification (level,
rolling, mountainous), and the desired level of service, a prelim-
inary estimate of the number of lanes needed can be made.

The user is cautioned that these procedures are intended to
be used as a guide, and do not replace the responsibility for
decision-making or selection among viable alternatives. Proce-
dures outlined herein will give the analyst additional information
on either likely operating conditions and / or the number of lanes
needed to provide for specified desired operating conditions.
This information is an important input to decision-making on
freeway projects. There are other criteria, however, including
cost-effectiveness and environmental impacts. No result from
these procedures should be construed as mandating a particular
solution to a specific problem. The procedures do not make
decisions, rather, they provide meaningful information to the
engineers and planners who must.

OPERATIONAL ANALYSIS

Objectives of Operational Analysis

An operational analysis is an analytic evaluation of operations
on an existing freeway segment. The same type of analysis may

be applied to evaluate probable operating conditions on a future
facility. In either case, all traffic and roadway conditions must
be specified, as well as traffic volumes. The output of operational
analysis is an estimate of the level of service for the segment in
question and of the approximate speed and density at which the
traffic stream operates.

Data Requirements

Operational analysis requires detailed information concerning
the freeway segment(s) in question. These data must be available
from field studies of an existing site, or must be forecast for
future evaluations. The following information is required:

1. Traffic volumes for the peak hour (or any other hour of
interest).

2. Traffic characteristics, including composition (percentage
of trucks, RV’s, and buses), the peak hour factor (PHF), and
the driver population (weekday, commuter, recreational, etc.).

3. Roadway characteristics, including lane widths, lateral
clearances, design speeds, grades, etc.

Segmenting the Freeway for Analysis

An analysis must consider freeway segments with uniform
characteristics. Thus, in each segment analyzed, each of the data
elements noted previously, i.e., traffic volumes, traffic charac-
teristics, and roadway characteristics, must be constant. A
change in any of the data indicates the need to separate the
freeway into an additional segment for analysis.

In considering a long section of freeway, there are critical
locations which generally serve as boundaries for analysis seg-
ments. Ramp junctions are often boundary points because the
demand volume changes at these points. Weaving areas should
be isolated for separate analysis (see Chapter 4), and freeway
segments on either side of a weaving section are most often
considered separately. Isolated grades having a significant im-
pact on operations are also segmented for separate analysis. Any
other points bounding a marked change in terrain similarly
would be candidates for identifying separate freeway segments
for analysis.

The designation of uniform segments for analysis requires
some judgment, and the guidelines discussed herein should be
viewed as general suggestions, not absolute criteria.

Procedural Steps

The general procedure for performing an operational analysis
is to use the basic Eq. 3-2 or Eq. 3-3 to compute the effective
maximum service flow rate, MSF, or the effective v/c ratio, for
the segment in question. Either of these values can be used in
conjunction with Table 3-1 to determine the level of service,
and with Figures 3-3 and 3-4 to determine the approximate



density and speed conditions of the traffic stream. The following
step-by-step procedure can be used in performing these com-
putations:

1. Convert all volumes to peak 15-min flow rates. Note that
as a computational device, the service flow rate, SF, is set equal
to the actual peak flow rate, as follows:

SF = V/PHF
where:
SF = the service flow rate for the segment in question, in
vph;
V' = the actual hourly demand volume for the segment
in question, in vph; and
PHF = the peak hour factor for the segment in question.

2. Adjustment factors and passenger-car equivalents for pre-
vailing conditions are obtained from the appropriate tables:

£, (Table 3-2)

E, (Table 3-3, 3-4, 3-5, or 3-6)

E, (Table 3-3 or 3-7)

E, (Table 3-3 or 3-8)

Juv (Table 3-9, or compute from Eq. 3-4)
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3. Determine the effective MSF or v/c ratio using Eq. 3-2
or Eq. 3-3, as follows:

MSF = SF/[N X f, X fuv X f}]

or
v/e=SF/[¢c; X N X fi X fur X [5}

Either equation may be used, because both MSF and v/c ratio
are tabulated for the various levels of service, and the two values
are related on a one-to-one basis.

4. Compare the effective MSF or the effective v/c ratio to
the criteria of Table 3-1 to determine level of service. MSF or
v/c must be less than the tabulated criteria to fall within a given
level of service.

5. Using the effective MSF or v/c ratio, Figure 3-3 is used
to find the approximate density of the traffic stream, and Figure
3-4 is used to find the approximate average travel speed of the
traffic stream.

Figure 3-5 illustrates a worksheet that may be used to sum-
marize operational analysis computations.

For example, if a 70-mph freeway were found to have an
MSF of 1,685 pcphpl, Table 3-1 would be used to find the level

S, (Table 3-10) of service. Because 1,685 pcphpl is less than 1,850 pcphpl (the
OPERATIONAL ANALYSIS WORKSHEET
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Figure 3-5. Worksheet for operational analysis problems.
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maximum value for LOS D), but more than 1,550 pcphpl (the
maximum value for LOS C), the segment is operating at level-
of-service D.

Further, Figures 3-3 and 3-4 would be entered with 1,685
pephpl to find the approximate speed and density as shown in
Figure 3-6. The results are a speed of 53 mph and a density of
32 pc/mi/In, as illustrated in Figure 3-6.

Interpretation of Results

The results of an operational analysis yield a description of
the probable operating conditions for a given traffic stream on

a given segment of freeway. These estimates are based on the
typical speed-flow-density conditions illustrated herein. There
will, however, be some variation from these estimates because
of regional driver habits or other unique local characteristics.

Densities greater than 42 pc/mi/In are generally unstable,
and small increases in flow or minor incidents will cause rapid
breakdown of the traffic stream. This is the same flow range in
which speed deteriorates rapidly with small increases in flow.

Operational analysis of freeway segments can be used to eval-
uate current operations or likely future operations. It is also
used to find and evaluate ‘‘trouble spots” of congestion and
potential remedies to such situations.
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Figure 3-6. Example solutions for approximate density and speed of a freeway traffic stream.



DESIGN

Objectives of Design

A design analysis is made to determine the number of lanes
required on the freeway to provide the desired level of service
for the forecasted traffic volume and traffic characteristics.

Data Requirements

Design analysis requires information concerning the projected
directional design hour volume, DDHV, and the traffic char-
acteristics that describe it. Design standards, such as design
speed, lane widths, and lateral clearances, must also be specified.
The horizontal and vertical alignment of the facility would gen-
erally be established before the consideration of capacity, so that
details of grades and horizontal curvature would also be avail-
able.

The following information is required:

1. Geometric design standards must be selected for lane width,
lateral clearance, and design speed. The design speed will be
influenced by the horizontal and vertical alignments of the fa-
cility.

2. The directional design hour volume, DDHYV, must be fore-
cast for the design year.

3. Traffic characteristics must be specified: composition (per-
centage of trucks, RV’s, and buses), the peak hour factor, PHF,
and the driver population (weekday, commuter, recreational,
etc.).

Segmenting the Freeway for Design

The freeway must be divided into segments yielding uniform
characteristics. The horizontal and vertical alignments must be
examined to identify points at which the terrain changes, and
to isolate specific grades requiring separate analysis. It is often
necessary to segment the freeway at ramps and major junctions
because the volume generally will change at these points.

Design Criteria

Design analysis also requires the selection of a design level
of service, which determines the design value of v/c. The char-
acteristics of modern freeway flow make it difficult to use Table
3-1 directly for this purpose. At LOS C, D, and E, the range
of flows is quite small, while at LOS A and B it is quite large.
This is a result of speed and density characteristics, both of
which deteriorate rapidly with small changes in flow as capacity
is approached. This, however, gives the designer a rather small
range of practical options.

In design, Table 3-11 is used to select a design v/c ratio.
Values of v/¢, in increments of 0.10 from 0.30 to 0.80, are given,
as are the equivalent values of MSF, together with the LOS,
speed, and density which would occur at such values. Using
these design values, a design may be attempted at points
throughout the LOS range, not just at the boundaries between
levels.
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Relationship of Design Criteria to AASHTO
Standards

Current AASHTO design standards refer to level-of-service
criteria that are not the same as those in this and other chapters
of this manual.

AASHTO standards recommend that urban freeways should
not operate with volumes higher than 1,500 to 1,700 pcphpl,
and rural freeways no higher than 1,000 to 1,200 pcphpl. With
respect to design levels of service, current AASHTO recom-
mendations are approximately comparable to the following
v/c ratios:

0.60
0.80

Rural Freeways
Urban and Suburban Freeways

It is important to note, therefore, that AASHTO policies
based on previous documents may not be applied directly to
this procedure because LOS designations and criteria are not
the same.

Procedural Steps

The basic analytic procedure for design purposes is to solve
for the number of lanes needed (in each direction) on each
freeway segment by using Eq. 3-3 or Eq. 3-4. The following
steps are used:

1. Convert the directional design hour volume, DDHYV, to an
equivalent peak flow rate, which is set equal to the service flow
rate, SF:

SF = DDHV/PHF

All terms are as previously defined.

2. Find all adjustment factors and passenger-car equivalents,
based on forecast traffic characteristics and selected design
standards:

/., (Table 3-2)

E, (Table 3-3, 3-4, 3-5, or 3-6)

E, (Table 3-3 or 3-7)

E; (Table 3-3 or 3-8)

fuv (Table 3-9, or compute from Eq. 3-4)
S/, (Table 3-10)

3. Select a design v/c ratio, or corresponding MSF, from
Table 3-11.

4. Solve for N, the number of lanes needed in each direction
as follows:

N=SF/[¢,; X (v/¢&) X f,, X fur X f]

or
N = SF/[MSF X f,, X fuy X f.]

where ¢; = 2,000 pcphpl for 60- and 70-mph freeway elements,
and 1,900 pcphpl for 50-mph freeway elements.
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TABLE 3-11. VALUES OF VOLUME-TO-CAPACITY RATIO FOR USE IN DESIGN

. RESULTING PERFORMANCE CHARACTERISTICS
v/c RATIO MSF =
(PCPHPL) DENSITY SPEED
Los® (Pc/MI1/LN) (MPH)
70-MPH ELEMENTS
0.30 600 A 10.5 60
0.35¢ 700 A 12.0 60
0.40 800 B 14.0 59
0.50 1,000 B 17.5 58
0.54¢ 1,100 B 20.0 57
0.60 1,200 & 21.0 56
0.70 1,400 C 25.0 55
0.77¢ 1,550 C 30.0 54
- 0.80 | 1,600 D 30.5 52
60-MPH ELEMENTS
0.30 600 B 12.0 52
0.40 800 B 15.5 52
0.49°¢ 1,000 B 20.0 50
0.60 1,200 C 25.0 48
0.69¢ 1,400 ¢ 30.0 47
0.80 1,600 D 31.5 43
50-MPH ELEMENTS
0.30 550 c 13.0 47
0.40 750 C 17.0 47
0.50 950 C 22.0 45
0.60 1,150 (6 27.0 44
0.67¢ 1,300 C 30.0 43
0.70 1,350 D 34.0 41
0.80 1,500 D 42.0 40

* Values rounded to the nearest 50 pcphpl.
° Design may be within LOS bounds, not necessarily at maximum condition for LOS.
¢ Maximum permissible value for the LOS shown.

Interpretation of Results

The design procedure results in a direct computation of N
for a given freeway segment. Care should be exercised in such
design computations because N may be different for successive
segments (geometric and/or traffic conditions change) or even
for two directions of the same segment (particularly on signif-
icant grades).

A special procedure for the consideration of truck climbing
lanes is given later in this chapter, and should be consulted
wherever the initial analysis indicates an additional lane or lanes
are required on the upgrade.

Also note that the solution for N will most often yield a
fractional result. A decision must then be made to go either to
the next full integer, or to raise the design v/c value to allow
the next smaller integer value. This is often a complex decision
that may include economic and other considerations. The op-
erational result of either option should be investigated by sub-
jecting the alternative designs to operational analysis as
described in the previous section.

It should also be noted that a decision on the number of lanes
to be used on a specific segment of freeway cannot be made
without a review of the lane requirements throughout the free-
way system in question. Lane additions or subtractions for spe-
cific segments must consider the availability of appropriate
locations for such changes. Lane continuity related to major
traffic flows must also be considered. Consult Chapter 6 for a
more detailed discussion of freeway system requirements and
analysis.

Figure 3-7 presents a worksheet which may be used in con-
junction with design computations.

PLANNING

Objectives In Freeway Planning

The objectives of a freeway capacity analysis at the planning
level are principally the same as those of a design analysis:
determine the number of freeway lanes needed to achieve a
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Figure 3-7. Worksheet for design analysis problems.

desired level of service for the projected traffic flows and char-
acteristics. The primary difference between design and planning
analyses is the amount and detail of information available as
inputs into the analysis.

In the planning stage, details of specific grades and other
geometric features do not exist. Further, traffic forecasts are not
precise. Thus, at the planning level, capacity analysis is ap-
proximate, and serves to give a general idea of the freeway
geometrics required. This determination, however, must be sub-
jected to a full segment-by-segment design analysis when these
details become available.

Data Requirements for Planning

To conduct a planning analysis, only the following infor-
mation is needed:

1. A forecast of AADT in the anticipated design year.
2. A forecast of the likely truck percentage.
3. A general classification of terrain type.

The AADT is a necessary input for any highway planning,
and will generally be available for capacity analysis. Vertical

alignment and truck presence may be only estimates on the part
of the analyst, based on the general terrain conditions of the
area through which the freeway will pass and on the anticipated
character of traffic which is intended to be served.

Procedural Steps in Planning

The following steps are involved in conducting a planning
analysis:

1. Convert AADT to DDHV using Eq. 3-6:

DDHV = AADT X K X D (3-6)
where:
AADT = forecast average annual daily traffic, in vpd;
DDHV = directional design hour volume, in vph;
K = percent of AADT occurring in peak hour; and
D = percent of peak hour traffic in the heaviest

direction.

Values of K and D should be based on local or regional char-
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acteristics. If such information is unavailable, the following ap-
proximations may be used:

For K:  Urban Freeways 0.07 — 0.10
Suburban Freeways 0.10 — 0.15
Rural Freeways 0.15 — 0.20

In general, as the density of land use increases, the K-factor
decreases, because traffic demand is distributed more smoothly
throughout the day.

For D:  Urban Circumferential Freeways 0.50
Urban Radial Freeways 0.55
Rural Freeways 0.65

2. Select an appropriate value of SFL, the service flow rate
per lane, from Table 3-12 for the prevailing truck percentage
and terrain, and for the desired LOS. Table 3-12 values are
based on a number of assumptions concerning likely conditions.
These include an assumption that all heavy vehicles are 200-
Ib/hp trucks, that lane widths and lateral clearances are ideal,
and that the alignment has a 70-mph design speed.

3. Compute the number of lanes that would be required in

each direction of the freeway using Eq. 3-7:
N = DDHV/[SFL X PHF] 3-7

The inclusion of the PHF in the equation automatically con-
siders the peak 15-min flow rate in the determination of N.

Iinterpretation of Results

The results of a planning analysis are straightforward. It
should be remembered, however, that it is based on general
planning information which may change as the freeway project

moves from planning to design. The results of a planning analysis
should not be used directly for design purposes. Design analysis
on a segment-by-segment basis is always necessary in the design
stage, irrespective of the results of planning analysis.

SPECIAL APPLICATION—CLIMBING LANES,
DESIGN AND/OR OPERATIONAL ANALYSIS

On many long and/or steep upgrades, it is necessary to con-
sider adding a climbing lane for trucks and other heavy vehicles.
This is not the same as adding another general purpose lane to
the freeway, since it will normally contain 100 percent trucks
and/or other heavy vehicles. Although the climbing lane will
have a traffic composition of virtually 100 percent heavy ve-
hicles, not all heavy vehicles will use the lane and some will
remain in the other normal traffic lanes as part of a mixed traffic
stream.

There are no precise capacity analysis procedures for the
treatment of climbing lanes. The following approximate tech-
nique, however, can be used to obtain a general idea of how
such a lane would operate and what its impact on operations
in adjacent normal freeway lanes would be.

First, it is necessary to estimate the capacity of the climbing
lane and the number of heavy vehicles that are likely to use it.
Because this procedure is approximate, computations may be
simplified by assuming that all heavy vehicles are trucks. The
appropriate value of E, for the grade and length of grade in
question is selected from Table 3-4, 3-5, or 3-6. Because the
lane will contain 100 percent trucks, the value selected will be
the minimum value for the grade and length of grade shown in
the table. This is reasonable, because the value of E, decreases
as the percentage of trucks increases. The capacity of the climb-
ing lane may then be computed as:

TABLE 3-12. SERVICE FLOW RATES PER LANE (SFL) FOR USE IN PLANNING ANALYSIS

PERCENT TRUCKS
TYPE OF LEVEL OF
TERRAIN SERVICE 0 5 10 15 20
Level A 700 650 650 600 600
B 1,100 1,050 1,000 950 950
€ 1,550 1,500 1,450 1,350 1,300
D 1,850 1,800 1,700 1,600 1,550
E 2,000 1,900 1,850 1,750 1,700
Rolling A 700 600 550 500 450
B 1,100 950 850 750 700
C 1,550 1,350 1,200 1,050 1,000
D 1,850 1,600 1,400 1,300 1,150
E 2,000 1,750 1,550 1,400 1,250
Mountainous A 700 500 400 350 250
B 1,100 800 650 550 400
& 1,550 1,150 900 750 550
D 1,850 1,350 1,100 900 650
E 2,000 1,500 1,200 1,000 700

Base assumptions for Table 3-12:

70-mph design speed

All heavy vehicles are trucks
Lane widths are 12 ft
Lateral clearances > 6 ft

NOTE: All values rounded to the nearest 40 vphpl.



C; = 2,000/ E, for 60- and 70-mph design speeds) (3-8a)
C, = 1,900/ E, for 50-mph design speed) (3-8b)

If it is intended that the climbing lane will operate at ap-
proximately the same v/c ratio as the remaining normal freeway
lanes, the service flow rate using the climbing lane can be es-
timated as:

SF,.=c¢; X (v/c), (3-9)
where:
SF; = service flow rate in the climbing lane, in vph;
¢, = capacity of the climbing lane, in vph; and
(v/c¢); = v/cratiofor LOS j, from Table 3-1 for operational

analysis, or from Table 3-11 for design.

The assumption that the v/c¢ for the climbing lane will be
approximately the same as for mixed traffic lanes presumes that
vehicles will make use of the total available lanes in a manner
that achigves similar service for all vehicles. The analyst may

3-25

choose to make other assumptions on the occupancy of the
climbing lane if local data or judgment so indicates.

Remaining trucks and heavy vehicles are assumed to share
mixed traffic lanes with passenger cars. The mixed lanes are
evaluated using standard techniques for operational or design
analysis as described in previous sections.

In operational analysis, this will require a trial-and-error (it-
erative) procedure, because a LOS must be assumed for the
climbing lane, and then computed for the remaining lanes. Trials
are complete when both values are the same.

In design, the LOS is known and the solution is direct. It
should be noted that this procedure should be employed in any
situation where standard design analysis indicates the need for
more lanes in the upgrade direction than in the downgrade
direction.

Capacity is not the only criterion used in the consideration
of climbing lanes. Truck speed reductions, delay, and other
factors may also be considered in accordance with State and/
or local practice.

IV. SAMPLE CALCULATIONS

The following problems serve to illustrate the use of the
procedures and methodologies discussed in this chapter. Each
problem is presented in step-by-step detail, with full discussion
of results. In practice, the presentation of solutions would be
shorter and less detailed.

CALCULATION 1—OPERATIONAL ANALYSIS OF A
BASIC CASE

1. Description— An older four-lane urban freeway with a 60-
mph design speed serves a directional peak hour volume of 2,100
vph with 6 percent trucks and a PHF of 0.95. The freeway has
11-ft lanes, obstructions immediately at the pavement edge at
both the roadside and median, and generally rolling terrain.
Evaluate the level of service on the facility. Determine how
much additional traffic could be accommodated before reaching
capacity. Field studies of average travel speed indicate that
during the peak 15 min of flow, speed is 35 mph.

2. Solution—To find the level of service, the effective v/c
ratio for the facility described would be computed as:

v/C=SF/[Cj><NXfw X.fHVXf;J]

where:

¢; = 2,000 pcphpl (Table 3-1);
N = 2 (Given);
E, = 4 (Table 3-3, rolling terrain);
Suy = 0.85 (Table 3-9, 0.06 trucks, E, = 4);
f, = 0.79 (Table 3-2, 11-ft lanes, obs. both sides at O ft);
and
S, = 1.00 (Table 3-10, weekday).

The service flow rate is taken to be the existing volume, which
must be adjusted to reflect a peak flow rate:

SF = 2,100/0.95 = 2,211 vph
Then:
v/c = 2,211/[2,000 X 2 X 0.79 X 0.85 X 1.00] = 0.82

Comparing this result with the criteria of Table 3-1 indicates
that the resulting LOS is D, which is expected to occur for
v/c¢ values in the range of 0.69 to 0.84.

Figures 3-3 and 3-4 can be entered with the effective v/c
ratio of 0.82 to find the approximate speed and density of the
traffic stream. The speed would be 43.0 mph and the density
would be 40 pc/mi/In. Comparing the density of 40 pc/mi/
In with the LOS criteria or Table 3-1 shows that the result is
consistent with the earlier determination of LOS D. These so-
lutions and the worksheet for this problem are illustrated in
Figure 3-8.

Because actual field data on speed were collected in this
instance, the LOS could be found directly. During the peak 15
min of flow, the flow rate is 2,211 vph and the observed average
travel speed is given as 35 mph. Therefore, the density of the
traffic stream is:

2,211/35 = 63.2 vpm or 63.2/2 = 31.6 v/mi/In

The density criteria of Table 3-1, however, are expressed in
pc/mi/In. Thus, to determine the LOS from field values, the
above density must be converted to units of pc/mi/In. Note
that 6 percent of the traffic stream consists of trucks, with each
truck being the equivalent of 4 passenger cars. Thus:
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Density (pc/mi/lm)
= (31.6 X 0.06 X 4) + (31.6 X 0.94) = 37.3

When compared to the criteria of Table 3-1, this density also
yields a level-of-service of D. It should be noted that the field
value of density is very close to the value predicted by the
methodology (40 pc/mi/In). The measured speed of 35 mph,
however, is lower than the predicted value of 43 mph. This is
a reflection of the impact of nonideal conditions of speed. The
predicted values from Figure 3-4 assume ideal conditions. The
existing conditions in this situation include trucks, rolling ter-
rain, and severe lane width and lateral clearance restrictions,
all of which impact speed negatively.

The second part of the problem asks for an evaluation of the
maximum additional traffic demand which could be accom-
modated by the freeway. The v/c ratio during the peak 15 min
is 0.82, compared to capacity, at which v/c is 1.00. The capacity
of the facility is computed as:

c=8SFr=1¢; X NX (v/¢) X f\y X fur X [,
where v/c is equal to 1.00. Then:
= 2,000 X 2 X 1.00 x 0.79 X 0.85 X 1.00 = 2,686 vph
Thus:

Capacity = 2,686 vph
Actual flow rate = 2,211 vph
475 vph

An additional flow of 475 vph can be accommodated during
the peak 15 min. This can be converted to an equivalent full
peak hour value by multiplying by the PHF. Thus, an additional
475 X 0.95 or 451 vph can be accommodated in the peak hour
without exceeding the capacity of the section.

CALCULATION 2—OPERATIONAL ANALYSIS OF A
COMPOSITE GRADE

1. Description—A six-lane freeway with a 70-mph design
speed carries a peak hour volume of 3,500 vph, with 5 percent
trucks and a PHF of 0.85. The freeway has 12-ft lanes, a 20-ft
clear median, and rock cliffs 2 ft from the pavement edge.

The freeway segment in question is the composite grade il-
lustrated in Figure 3-9. Determine the level of service at which
the freeway operates during peak periods—upgrade and down-
grade.

2. Solution—The key to the upgrade solution is to find an
equivalent grade of 2 mi in length which results in the same
final speed of trucks as the sequence of grades illustrated in
Figure 3-9. This is done using the procedure of Appendix I with
the performance curves for a 200-Ib/hp standard truck. The
solution is shown in Figure 3-10.

The performance curves are entered by constructing vertical
line 1 at 2,640 ft, finding the intersection with the 2 percent
deceleration curve. A horizontal line drawn through this point
to the vertical axis indicates a speed of trucks of 49 mph.

Vertical line 2 is constructed from the intersection of the 49-
mph horizontal line and the 3 percent deceleration curve, in-
dicating that trucks enter the 3 percent grade as if they had
been on it for 1,000 ft. Vertical line 3 is drawn at the
1,000 + 2,640 or 3,640-ft mark, and carried to the intersection
with the 3 percent deceleration curve. A horizontal line through

172 mi 1mi
(264011) (528011

172 mi
(2640f1)

Figure 3-9. Composite grade for Calculation 2.

this point to the vertical axis indicates a speed of 40 mph at
the end of the 3 percent grade.

The 40-mph horizontal line, however, does not intersect with
the 1 percent deceleration curve. This is because trucks entering
a 1 percent curve from a 3 percent curve would be expected to
accelerate. Thus, vertical line 4 is drawn from the intersection
of the 40-mph horizontal line with the 1 percent acceleration
curve, indicating that trucks enter the grade as if they had
traveled on it for 2,100 ft.

Vertical line 5 is constructed from the 2,100 + 5,280 or the
7,380-ft mark. The intersection of this line with the 1 percent
acceleration curve yields the final speed of trucks of 50 mph.

The solution for an equivalent grade is now an unknown
percent grade of 2 mi that results in a final truck speed of 50
mph. This, however, would be misleading. The minimum truck
speed of 40 mph is reached at the end of the 3 percent grade
segment, and it is at this point that trucks would have the
maximum impact on operations. Therefore, the solution point
sought should be an unknown percent grade of 7 mi that results
in a final speed of trucks of 40 mph.

This is given by the intersection of vertical line 6 (constructed
at 5,280 ft) and the 40-mph horizontal, and yields an equivalent
grade of 2.8 percent, which will be taken as 3 percent, 1 mi
long, for the analysis. Then:

v/e =S8F/[c; X N X fo, X fur X £,]
where:

SF = 3,500/0.85 = 4,118 vph (Given);
¢, = 2,000 pcphpl (Table 3-1);
N = 3 (Given);
f, = 0.97 (Table 3-2, 12-ft lanes, obs. one
side at 2 ft);
f, = 1.00 (Table 3-10, weekday);
E; (Upgrade) = 7 (Table 3-4, 3 percent grade, 1 mi
length);
E, (Downgrade) = 1.7 (Table 3-3, level terrain);
Suv (Upgrade) = 0.77 (Table 3-9, E, =7, 0.05
trucks); and
Suy (Downgrade) = 1/[1 + 0.05(1.7 — 1)] = 0.97.

Then:

v/c (Upgrade) = 4,118/[2,000 X 3 X 0.97 X
0.77 X 1.00] = 0.92

v/c (Downgrade) = 4,118/[2,000 X 3 X 0.97 X
0.97 X 1.00] = 0.73



3-28

-5% -3%
55 - -4% 2% -1% 0%
____________ 1%
5409'2 504 — -
45 2%
40. 40 — _ZB'I.
. 3%
35 A G e ————— R k] e S o S O % 0
; 35 = Bb& 4%,
o i
= 5%
; 25 Gl
o 6%
a 20 Zo
[,
8%
15 4
0 - 1 | acceleration curve
deceleration curve
5
1 ]
1 T T T T ] L i T 1 1 L} 1 1] | ]
{ 2 3 4 4 6 7 8 9 O | 12 13 14 15 16
—26401t —»
THOUSANDS OF FEET OF GRADE
e—5280 ft———3

Figure 3-10. Solution of composite grade for Problem 2.

From Table 3-1, the respective levels of service are D for the
upgrade and C for the downgrade.

Figures 3-3 and 3-4 may be entered with the above v/c values
to obtain approximate speeds and densities for the upgrade and
downgrade conditions described. For the upgrade, speed is 46
mph and density is 40 pc/mi/In; for the downgrade, speed is
54 mph and density is 28 pc/mi/In. These solutions and the
worksheet for Calculation 2 are shown in Figure 3-11.

The relatively high value of v/c for the upgrade might suggest
consideration of a truck climbing lane for this location.

CALCULATION 3—DESIGN OF A BASIC CASE

1. Description— An extended section of freeway in level ter-
rain in an urban area is to be designed to operate at level-of-
service C. The section is expected to carry a directional design
hour volume of 4,500 vph, with 12 percent trucks, no buses or
RV’s, and a PHF of 0.90. The driver population consists pri-
marily of commuters. Determine the number of lanes which
must be provided through the section.

2. Solution—The solution involves the computation of the
minimum number of lanes required to provide an acceptable
LOS C design for a peak flow rate of 4,500/0.90 = 5,000 vph.

Table 3-11 shows the maximum v/c¢ for LOS C to be 0.77
for a 70-mph design. Table 3-11 also indicates several potential
design values of v/c less than 0.77 that are also within LOS C.
Because AASHTO policies suggest the use of 0.80 for urban
freeways, the 0.77 value seems reasonable, and will be used.

The following geometric parameters are assumed as design
standards: 70-mph design speed, 12-ft lanes, and no lateral ob-
structions. Then:

N =SF/[c; X (v/¢) X fo X fay X f)]

where:
SF = 5,000 vph (Given);
¢, = 2,000 (Table 3-1);
v/c = 0.77 (Table 3-11);
£, = 1.00 (Table 3-2);
J, = 1.00 (Table 3-10);
E; = 1.7 (Table 3-3, level terrain);
fuv = 1/[1 +0.12(1.7 — 1)] = 0.92; and
N = 5,000/[2,000 X 0.77 X 1.00 x 0.92 x 1.00] = 3.5

lanes.

Because a v/c of 0.77 is the maximum acceptable value for
LOS C, and since 0.5 lanes cannot be provided, the minimum
LOS C design would be four lanes in each direction, or an eight-
lane freeway. The worksheet for this problem is illustrated in
Figure 3-12.

The design problem itself ends here. Because the design pro-
vides for some excess lanes, the designer may wish to determine
the resulting level of service.

To analyze this situation, an operational analysis is performed,
setting the known demand equal to SF to compute the effective
v/c ratio:

v/c
v/c

SF/le; X N X f, X fav X [}
5,000/[2,000 X 4 X 1.00 X 0.92 X 1.00] = 0.68
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From Table 3-1 or 3-11, the LOS provided is still within LOS
C. The v/c ratio has, however, been improved. This improve-
ment can be quantified by entering Figures 3-3 and 3-4 with
v/c ratios of 0.77 and 0.68 respectively.

An operation at v/c = 0.77 would result in an approximate
density of 29 pc/mi/In and a speed of 54 mph. The actual
operation at a v/c ratio of 0.68 yields an expected density of
23 pc/mi/In and a speed of 56 mph. Thus, the additional 0.5
lanes added to the minimum design provides better service than
anticipated in the original solution. Figure 3-12 also illustrates
this part of the analysis.

CALCULATION 4—DESIGN OF A TRUCK
CLIMBING LANE

1. Description—A long segment of rural freeway is to be
designed for level-of-service B. The DDHV is 2,200 vph (week-
day), including 20 percent trucks and a PHF of 0.95. A 5-mi
segment of level terrain is followed by a 3 percent sustained
grade of 1 mi. How many lanes will be required on both the
level terrain and sustained grade segments?

2. Solution—The following design standards are assumed to
be adopted for this solution: 70-mph design speed, 12-ft lanes,
and no lateral obstructions.

From Table 3-11, a design value of 0.54 will be used for
v/c, the maximum permissible value for LOS B. The required
number of lanes is found as:

N=SF/[¢; X (v/¢) X f,, X fur X f;]

where:
SF = 2,200/0.95 = 2,316 vph (Given),
¢; = 2,000 pcphpl (Table 3-1);
v/c = 0.54 (Table 3-11);
f., = 1.00 (Table 3-2);
f, = 1.00 (Table 3-10, weekday);
E, (Downgrade) = 1.7 (Table 3-3, level terrain);
E; (Upgrade) = 5 (Table 3-4, 3 percent grade, 1 mi
long, 6-lanes assumed);
fuv (Downgrade) = 1/[1 + 020 (1.7 — 1)] = 0.88
(level terrain); and
fuv (Upgrade) = 0.56 (Table 3-9, E,. = 5, 20 percent
trucks).
Then:
N (Level Terrain and Downgrade) = 2,316/
[2,000 X 0.54 X
1.00 X 0.88 x 1.00]
= 2.4 lanes

N (Upgrade) = 2,316/
[2,000 X 0.54 X
1.00 X 0.56 X 1.00]
= 3.8 lanes

These results suggest that the design should consist of a six-
lane freeway, with a potential climbing lane on the upgrade.
This should be checked using the special procedure for climbing
lanes, as follows.

The capacity of the truck climbing lane may be estimated as:

¢, = 2,000/ E, = 2,000/5 = 400 trucks/hour
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Using the design v/c value, it would be expected that the fol-
lowing volume of trucks actually use the lane:

SFr=c¢; X (v/c) = 400 X 0.54 = 216 trucks/hour
Thus, the remaining freeway lanes would serve 2,200 — 216 =
1,984 vph, of which (2,200 X 0.20) — 216 = 224 vph are
trucks (11.3 percent). A design for the remaining freeway lanes

must therefore be conducted for a DDHV of 1,984 vph and 11
percent (rounded to the nearest percent) trucks.

N= SF/[C, X (v/c) X fi, X fur Xf;]
where:

SF = 1,984/0.95 = 2,088 vph;
E, = 5 (Table 3-4, 3 percent grade, 1 mi long); and
fuvy = 0.70 (Table 3-9, E,. = 5, 11 percent trucks).

Then:

N = 2,088/[2,000 X 0.54 X 1.00 X 0.70 x 1.00] = 2.8 lanes

As the requirement for remaining vehicles in mixed traffic lanes
is less than three lanes, the design of a six-lane freeway with a
truck climbing lane is appropriate.

CALCULATION 5—DESIGN OF A FREEWAY WITH
HEAVY RECREATIONAL TRAFFIC

1. Descirption—A sustained upgrade of 5 percent, 1), mi in
length, is to be redesigned on a freeway serving a national park.
The redesigned road is expected to carry a DDHV of 1,000 vph,
20 percent of which are recreational vehicles, and 5 percent of
which are buses. The PHF is 0.95. A design for a v/c ratio of
0.60 (an intermediate point within LOS C) is deisred. Determine
the number of lanes which will be required.

2. Solution—For the purposes of this solution, it will be
assumed that 12-ft lanes and adequate lateral clearances are to
be provided. The design speed will be 70 mph. Then:

N = SF/[CiX (v/c) X f., Xfuvxf;]
where:

1,000/0.95 = 1,053 (Given);
¢; = 2,000 pcphpl (Table 3-1);
v/c = 0.60 (Given);
= 1.00 (Table 3-2);
S, = 0.75-0.90—Select 0.85 (Table 3-10, recreational);
E, = 4 (Table 3-7, 5 percent, 1) mi long, 20 percent RV’s);

E, = 3 (Table 3-8, 5 percent buses);
fuv = 1/[1 + 0.20 (4 — 1) + 0.05(3 — 1)] = 0.59; and
N = 1,053/[2,000 X 0.60 X 1.00 x 0.59 x 0.85] = 1.7

lanes.

The selection of a value of f, would be based on knowledge of
local driving characteristics. For this solution, the value of 0.85
was arbitrarily selected as an illustration.

It is clear from the foregoing results that a two-lane upgrade
section is sufficient. No separate analysis of the downgrade
would be needed because two lanes is the minimum number of
lanes in each direction which may be constructed on a freeway.
Thus, a simple four-lane freeway, with no climbing lanes, would
be the recommended design. The worksheet for this problem is
shown in Figure 3-13.
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CALCULATION 6—DESIGN OF A RURAL
FREEWAY WITH FARM TRUCKS

1. Description—A rural freeway segment of 3/4 mi on a 3
percent grade is to be designed for a v/c ratio of 0.60, the value
recommended by AASHTO for rural {reeways. It will have a
DDHYV of 1,900 vph, with 15 percent trucks, and a PHF of
0.95. Trucks are expected to be primarily of the farm-to-market
variety, with high weight-to-horsepower ratios. Heavily loaded
farm trucks are traveling in the direction of the upgrade. De-
termine the number of lanes required on the grade.

2. Solution—1t will be assumed that 70-mph design speed,
12-ft lanes, and adequate lateral clearances are provided. For
these conditions, a v/c ratio of 0.60 provides for LOS C (Table
3-11).

As trucks are expected to be heavier than normal, Table
3-6 will be used to select E, values. Then:

P_'igure 3-13. Worksheet for Calculation 5.

N = SF/[e; X (v/¢) X f,, X fuv X f)

where:
SF = 1,900/0.95 = 2,000 vph (Given);
¢; = 2,000 (Table 3-1);
v/c¢ = 0.60 (Given);
f.. = 1.00 (Table 3-2);
£, = 1.00 (Table 3-10);
E, (Upgrade) = 7—This assumes a 4-lane freeway (Ta-

ble 3-6, 3 percent grade, 3/4 mi long,
15 percent trucks);
E, (Downgrade) = 1.7 (Table 3-3);
Suy (Upgrade) = 0.53 (Table 3-9, E, = 7, 15 percent
trucks);

S (Downgrade) = 1/[1 + 0.15(1.7 — 1)] = 0.90;
N (Upgrade) = 2,000/[2,000 X 0.60 X 1.00 X 0.53 X
1.00) = 3.1 lanes; and
N (Downgrade) = 2,000/[2,000 X 0.60 X 1.00 X 0.90 X

1.00) = 1.9 lanes.



From these results, it appears that a truck climbing lane should
be considered for the upgrade, added to a basic four-lane free-
way. Although the upgrade technically requires more than three
lanes, it is generally not practical to add two truck climbing
lanes to the upgrade, or to expand the entire freeway to six
lanes with an upgrade truck climbing lane for the sake of 0.1
lanes. The situation of a four-lane freeway with a single truck
climbing lane, however, should be carefully examined.
The capacity of the truck climbing lane would be:

¢, = 2,000/7 = 286 trucks/hour
and the expected service flow rate:
SF, = 286 X 0.60 = 172 trucks/hour

The remaining freeway lanes would then carry 1,900 — 172,
or 1,728 vph, of which 1,900 (0.15) — 172, or 113 are trucks
(7 percent). The required normal freeway lanes may then be
computed as:

N = SF/[e; X (v/¢) X fi, X fav X [}l

where

¢, v/¢ f.. f, =as before;

SF = 1,728/0.95 = 1,819 vph;
E, = 8 (Table 3-6, 3 percent grade, 3/4 mi long,
7 percent trucks);
Sy = 0.67 (Table 3-9, E, = 8, 7 percent trucks);
and
N = 1,819/[2,000 X 0.60 X 1.00 X 0.67 X 1.00]
= 2.3 lanes.

This result suggests that two normal freeway lanes plus a climb-
ing lane is not sufficient to provide for v/c¢ of 0.60. The actual
v/c¢ provided would be:

f

v/c
v/c

SF/[e; X N X fu X fay X f]]
1,819/[2,000 X 2 X 1.00 X 0.67 X 1.00] = 0.68

Although further trial-and-error solutions could be attempted,
it is obvious that traffic in the climbing lane and in mixed lanes
would balance out at a v/c ratio in the range of 0.60 to 0.68.
As this range is well within LOS C boundaries (Table 3-1), it
is most probable that the four-lane design with a single upgrade
climbing lane would be adopted.

CALCULATION 7—PLANNING

1. Description— A freeway is being planned to service a radial
route in an urban area. It is expected to have an 44 DT of 80,000
vpd, with approximately 10 percent trucks. A PHF of 0.90 is
anticipated. The region through which it will travel has generally
rolling terrain. Determine the number of freeway lanes that will
likely be required to provide for LOS C?

2. Solution—TIt is first necessary to convert the 4AADT to a
DDHYV, using the equation:
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DDHV = AADT X K X D

From the general recommendations given in this chapter, K will
be selected as 0.09 for urban areas, and D will assumed to be
0.55 for radial routes. Then:

DDHV = 80,000 X 0.09 x 0.55 = 3,960 vph

From Table 3-12, for rolling terrain and 10 percent trucks,
the per lane service volume for LOS C is 1,200 vphpl, and:

N = DDHV/[SFL X PHF]
N = 3,960/[1,200 X 0.90] = 3.7 or Say 4 lanes

It is clear that an eight-lane freeway should be anticipated,
subject to final design at a later date. Note that this determi-
nation assumes ideal geometrics for the design.

Note also that the planning solution is a very approximate
one, based on early data available in the planning process. It
gives a general idea as to the type and geometrics of the facility
being contemplated, but requires detailed design and operational
analysis to consider design details such as horizontal and vertical
alignments, ramp junctions and weaving areas, lane configu-
rations, and other factors.
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APPENDIX |

A PRECISE PROCEDURE FOR DETERMINING PASSENGER-CAR
EQUIVALENTS OF TRUCKS ON COMPOSITE UPGRADES

In capacity analysis, an overall average grade can be substi-
tuted for a series of grades if no single grade exceeds 4 percent
or 3,000 ft in length. For grades outside these limits, the fol-
lowing technique is recommended. It estimates the continuous
grade that would result in the same final speed of trucks as the
actual series of grades. The solution for this equivalent grade
uses performance curves for trucks on grades that are included
in this appendix.

The technique is best illustrated by example. Consider a com-
posite grade consisting of 5,000 ft of 2 percent grade followed
by 5,000 ft of 6 percent grade. If the average grade technique
were used:

Total Rise = 5,000 X 0.02 + 5,000 X 0.06 = 400 ft
Average Grade= 400/10,000 = 0.04 or 4 percent

The more precise technique would find a percent grade of
10,000 ft which would result in the same final speed of trucks
as 5,000 ft of 2 percent grade followed by 5,000 ft of 6 percent
grade. The solution for this point is illustrated in Figure 1.3-1,
which depicts the acceleration and deceleration performance
curves for a standard truck with weight-to-horsepower ratio of
200 Ib/hp.

The curve is entered on the horizontal axis at 5,000 ft to find
the speed of trucks at the end of the 2 percent grade. A vertical
line is drawn at 5,000 ft to the intersection with the 2 percent
grade deceleration line. This is indicated as point 1 on the figure.

The speed of trucks is found by drawing a horizontal line

from this point to the vertical axis, where the speed is read at
point 2 as 47 mph.

The speed of trucks at the end of the 2 percent grade is now
determined to be 47 mph. This is also the speed at which trucks
enter the 6 percent grade.

The intersection of the horizontal line between points 1 and
2 with the 6 percent deceleration curve is found (point 3). A
vertical line is constructed from this point to the horizontal axis
at point 4. This point indicates that at 47 mph, trucks enter the
6 percent grade as if they had already been on it for 750 ft,
starting from level terrain.

As trucks will now travel an additional 5,000 ft on the 6
percent grade, this is added to the 750 ft determined above to
find point 5, at 5,750 ft. A vertical is constructed at this point
to the intersection with the 6 percent deceleration curve to find
the final speed of trucks at the end of the 6 percent grade, at
point 6. A horizontal line from point 6 to point 7 on the vertical
axis determines this speed to be 23 mph.

It is now desired to find a percent of grade of 10,000-ft length
that would result in a final speed of trucks of 23 mph. This is
found by the intersection of the horizontal line at 23 mph and
a vertical line constructed at 10,000 ft (point 8). The equivalent
grade is found to be 6 percent, not 4 percent as indicated by
the average grade.

The value of E; would now be selected for a 6 percent grade,
10,000 ft long.

In general, the following steps describe the solution for equiv-
alent grade:



1. Enter the appropriate truck acceleration-deceleration per-
formance curves with the initial grade and length of grade. Find
the speed of trucks at the end of the first grade, which is the
speed at which they enter the second grade.

2. Find the length along the second grade which results in
the same speed as found in step 1. This is used as the starting
point along the second grade.

3. Starting with the length found in step 2, add the length
of the second grade, and find the speed at the end of the second
grade.

4. If there are additional grades, repeat steps 1 through 3 for
each subsequent grade until the final speed is found.

5. Enter the truck performance curves with the final speed
of trucks and the total length of composite grade to find the
equivalent uniform grade percent, which may be used in finding
En

Note that this analysis can be applied to any number of
successive grades. A given series of grades may even include
some downgrade portions, or segments of level terrain. Such
segments should not be used as points of demarkation between
analysis sections unless the speed of trucks can be shown to have
returned to 55 mph under free-flow conditions.
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Figures 1.3-2, 1.3-3, and 1.3-4 give performance curves for
standard, light, and heavy truck populations, respectively. This
precise analysis is generally not undertaken for RV’s or buses
due to the approximate nature of equivalents for these vehicle
types.

Note also that the procedure uses discrete grade segments,
and ignores the vertical curves that join them. This simplifies
computations, and results in sufficient accuracy for capacity
analysis purposes.
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Figure 1.3-1. Sample solution for equivalent grade using 200-1b/hp performance curves.



3-36

SPEED (MPH)

45

40 H

35

35 -

25

0 -

-5% -3%
-8% 2% -\%

1%

2%

3%

4%
5%

6%

7%

8%

acceleration curve
deceleration curve

2 3 4 5 & 7 8 9 10 0 12 I3
THOUSANDS OF FEET OF GRADE

Figure I1.3-2. Performance curves for a standard truck (200 Ib/hp).
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APPENDIX IlI

GLOSSARY AND SYMBOLS

GLOSSARY

adjustment factor—A multiplicative factor that adjusts a ca-
pacity or service volume from ideal or base conditions to pre-
vailing conditions, for a given characteristic.

average annual daily traffic— The total volume passing a point
or segment of a highway facility, in both directions, for one
year, divided by the number of days in the year.

basic freeway segment— A section of a freeway facility on which
operations are unaffected by weaving, diverging, or merging
maneuvers.

composite grade—A series of adjacent grades along a freeway
PR PR Atmarmats soen

having a comulative effect on operations, which is more severe
than if each grade were considered separately.

crawl speed— The maximum speed which trucks or other heavy
vehicles can maintain on a continuous sustained upgrade of a
given percent; value depends on the type of vehicle and the
percent of grade.

density—The number of vehicles occupying a given length of
highway or highway lane, averaged over time; usually expressed
as vehicles per mile, averaged over a one-hour or 15-min flow
period.

directional design hour volume—the traffic volume for the de-
sign hour in the peak direction of flow; usually a forecast of the
relevant peak hour volume.

freeway— A multilane divided highway facility that has a min-
imum of two lanes for the exclusive use of traffic in each di-
rection and full control of access and egress.

freeway capacity —The maximum rate of flow at which vehicles
can pass a point or segment of a freeway in one direction under
prevailing traffic and roadway conditions.

heavy vehicle—Any vehicle with more than two axles and/or
more than four tires touching the pavement, generally falling
into one of three categories: trucks, recreational vehicles, and
buses.

ideal conditions—A set of traffic and roadway conditions con-
sidered to be the best possible; includes uninterrupted flow, a
minimum of two lanes for the exclusive use of traffic in each
direction, 12-ft lanes, no lateral obstructions closer than 6 ft to
the traveled way, and 70-mph design speed; the exact specifi-
cation of ideal conditions varies with the type of facility.

level of service—A letter designation (from A to F) which
generally characterizes the quality of traffic service experienced
by motorists in any given situation; intended to reflect such
characteristics as travel time, freedom to maneuver, comfort
and convenience, safety, and others.

level terrain—Any combination of grades, length of grades,
horizontal or vertical alignment, which permits heavy vehicles
to maintain speeds that are approximately equal to the speeds
of passenger cars.

maximum service flow rate—The highest 15-min rate of flow
that can be accommodated on a highway facility under ideal
conditions, while maintaining operating characteristics for a
stated level of service; a value of maximum service flow rate is
specific to a given level of service.

mountainous terrain— Any combination of grades, length of
grades, horizontal or vertical alignment, which causes trucks
and/or other heavy vehicles to reduce their speed to crawl speed
for considerable distances or at frequent intervals.

passenger-car equivalent—The number of passenger cars that
are displaced by a single heavy vehicle of a particular type under
prevailing roadway and traffic conditions.

ramp junction—A short segment of highway along which ve-
hicles transfer from an on-ramp to the main roadway, or from
the main roadway to an off-ramp.

roadway conditions—A set of geometric characteristics which
define a particular roadway: number and width of lanes, shoul-
ders and lateral clearances, design speed, horizontal and vertical
alignment, etc.

rolling terrain—Any combination of grades, length of grades,
horizontal or vertical alignment, that causes trucks and/ or other
heavy vehicles to reduce their speed substantially below that of
passenger cars, but does not involve operation at crawl speeds
for substantial distances or at frequent intervals.

service flow rate—The maximum 15-min rate of flow that can
be accommodated past a point or short segment of highway in
one direction, under prevailing traffic and roadway conditions,
while maintaining operating characteristics for a stated level of
service; value is specific to a given level of service.

traffic conditions— A set of characteristics that describes the
traffic stream, including percent composition by vehicle type,
weekday vs. weekend and recreational traffic, lane distribution,
and other factors.

weaving area— A length of highway over which traffic streams
cross each other’s path without the aid of traffic signals over a
length of highway, doing so through the execution of lane-
changing maneuvers; formed between merge and diverge points,
as well as between on-ramps and off-ramps on limited access
facilities.

SYMBOLS

AADT  average annual daily traffic, in vehicles per day.
¢, capacity per lane for a freeway of design speed j
under ideal conditions, in passenger cars per hour
per lane.
¢y capacity of a climbing lane under prevailing con-
ditions, in vehicles per hour.
DDHV  directional design hour traffic, in vehicles per hour.
E, passenger-car equivalent for buses.
E, passenger-car equivalent for recreational vehicles.
E, passenger-car equivalent for trucks.
Suv  adjustment factor for the presence of heavy vehicles
in the traffic stream.



PHF
Py

Py

SFL
MSF

SF

adjustment factor for driver population type.
adjustment factor for restricted lane widths and/
or lateral clearances.

level of service.

peak hour factor.

proportion of buses in the traffic stream, expressed
as a decimal.

proportion of recreational vehicles in the traffic
stream, expressed as a decimal.

proportion of trucks in the traffic stream, expressed
as a decimal.

service flow rate per lane, in vehicles per hour per
lane.

maximum service flow rate per lane, in passenger
cars per hour per lane.

service flow rate, in vehicles per hour.
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CHAPTER 5

RAMPS AND RAMP JUNCTIONS
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I. INTRODUCTION

A ramp may be described as a length of roadway providing
an exclusive connection between two highway facilities. This
chapter contains procedures for the analysis of ramp roadways
and ramp-freeway junctions. The latter may be approximately
applied to analyze ramp junctions with facilities other than
freeways, such as expressways and multilane and two-lane high-
ways, provided that the junctions involve merge or diverge
movements that are not controlled by traffic signals, STOP signs,
or YIELD signs. For ramp-street junctions controlled by such
devices, the procedures of Chapter 9, “Signalized Intersections,”
and Chapter 10, ‘“Unsignalized Intersections,” should be ap-
plied.

RAMP COMPONENTS

A ramp may consist of up to three geometric elements of
interest:

1. The ramp-freeway junction.
2. The ramp roadway.
3. The ramp-street junction.

A ramp-freeway junction is generally designed to permit high-
speed merging or diverging movements to take place with a
minimum of disruption to the adjacent freeway traffic stream.
The geometric characteristics of ramp-freeway junctions vary.
Elements such as the provision and length of acceleration/
deceleration lanes, angle of convergence or divergence, relative
grades on the freeway and ramp, and other aspects may impact
ramp operations. Although the procedures of this chapter are
primarily applicable to high-type designs, many of the relation-
ships used were calibrated using data from a variety of geometric
cases, including some which could be termed ‘“‘substandard.”
Thus, these relationships can be applied to cases with less than
ideal geometrics, as noted in the procedures. Geometric design
standards for ramps and ramp junctions are given in the
AASHTO policies (1, 2).

The ramp roadway itself may also vary widely from location
to location. Ramps vary in the number of lanes (usually one or
two), length, design speed, grades, and horizontal curvature.
The ramp roadway itself is rarely a source of operational dif-
ficulties, unless a traffic incident causes a disruption along its
length.

The ramp-street junction can be of a type permitting uncon-
trolled merging of diverging movements to take place, or it can
take the form of an at-grade intersection.

This chapter provides procedures for the capacity analysis of
ramp-freeway junctions and ramp roadways. At-grade intersec-
tions may be analyzed using the procedures of Chapter 9, “Sig-
nalized Intersections,” or Chapter 10, “Unsignalized
Interscctions.” This chapter also contains a brief discussion of
ramp control and its potential impacts on traffic and operations.

The last subject is treated qualitatively, with general quan-
titative guidelines. It is a topic which will have increasing im-

portance in facility rehabilitation and management. However,
no work to date has shown that actual ramp capacity increases
due to ramp control. The enhancements fall into the categories
of operational safety improvements at certain sites, and of man-
agement of the facility’s overall capacity.

OPERATIONAL CHARACTERISTICS

A ramp-freeway junction is an area of competing traffic de-
mands for space. Upstream freeway demand competes with on-
ramp demand in merge areas. On-ramp demand is usually gen-
erated locally, although collector and arterial streets may bring
vehicles to the ramp from more distant origins. The freeway
flow upstream of an on-ramp is the composite of upstream
demands from a variety of sources.

In the merge area, on-ramp vehicles try to find openings, or
“gaps,” in the adjacent freeway lane traffic stream. As most
ramps are on the right side of the facility, the freeway lane most
directly impacted is the shoulder lane, designated lane 1 herein.
In this manual, lanes are numbered from 1 to N, from the
shoulder to the median.

As the on-ramp flow increases, the entering vehicles impact
the distribution of traffic among the freeway lanes as traffic
shifts to avoid the turbulence and conflicts in the merging area.
The situation is a dynamic one in which the flows interact, with
the on-ramp flow generally having a significant influence on
overall operations. In the relationships used in this chapter, the
on-ramp volume is specified independently, and the lane 1 vol-
ume is thought of as being dependent on it as well as on other
variables.

Under breakdown conditions, drivers often allow an “alter-
nate merge” between on-ramp and lane 1 traffic. The actual
merge pattern may vary, however, and it will have a significant
impact on the length of main-line and ramp queues.

At off-ramps, the basic maneuver is a diverge. Exiting vehicles
must occupy the lane adjacent to the ramp (or dedicated to the
ramp exit), so that there is a net effect of other drivers redis-
tributing themselves amongst the other lanes. Where two-lane
off-ramps are present, the influence of diverging movements
may spread over several lanes of the freeway.

Procedures in this chapter treat the freeway and ramp volumes
as inputs to a ramp capacity analysis, with the level of service
as the output or result of the analysis. Thus, the methodology
presented is applied in the “Operational Analysis” mode. This
is logical, because the ramp is a point location on an overall
facility for which the volumes are either known or specified.

A ramp will operate efficiently only if all of its elements, the
junctions with freeways and/or streets and the ramp roadway,
have been properly designed. It is critical to note that a break-
down on any one of these elements will adversely affect the
operation of the entire ramp. It should be further noted that a
breakdown on a ramp may also extend to the facilities it con-
nects.
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Il. METHODOLOGY

The focus of this chapter is the operation of ramp-freeway
terminals. This element is often the determinant of overall ramp
operation, and has a significant impact on the operation of the
freeway itself. Merging and diverging maneuvers which occur
at these junctions should take place at the speed of the freeway
traffic stream and without disruption to that stream.

Because merging and diverging maneuvers occur in the free-
way lane adjacent to the ramp, the amount and character of
traffic in this lane is a principal concern in analysis. For the
most common case of a right-hand ramp, lane 1, the shoulder
lane, is adjacent to the ramp. Most of the computational pro-
cedures presented in this chapter concentrate on estimating the
volume in lane 1 immediately upstream of an on- or off-ramp.
In general, lane 1 volume has been shown to be dependent on:

1. The ramp volume, V,.

2. The total freeway volume upstream of the ramp, V.

3. The distance to the adjacent upstream and / or downstream
ramps, D, D,

4. The volumes on the adjacent upstream and/or down-
stream ramps, V,, V,.

5. The type of ramp (on- or off-ramp, number of lanes at the
junction, etc.).

The location of, and volume on, adjacent ramps is a critical
factor in determining lane 1 volume, because these character-
istics greatly influence the lane distribution of freeway vehicles.
For example, a heavy volume entering a freeway 500 ft upstream
of a subject ramp would cause a large volume to remain in lane
1, because few of these vehicles would have had the opportunity
to leave lane 1 within 500 ft.

RAMP CONFIGURATIONS

As the characteristics of adjacent upstream and downstream
ramps influence the operations at any given location, ramp
analysis must consider ramp sequences rather than each ramp
in an isolated fashion. To avoid treating an unreasonable number
of different configurations, ramps are generally examined in
pairs. Thus, where a ramp has both adjacent upstream and
downstream ramps close enough to impact its operation, it will
generally be considered twice—one in conjunction with the up-
stream ramp, and then in conjunction with the downstream ramp.
This is discussed in the “Procedures for Application” section
and illustrated in the sample problems.

This chapter specifically addresses the following ramp con-
figurations:

1. Isolated on-ramp— An on-ramp with no adjacent ramps
close enough to influence its operations. The term, “close
enough,” varies, depending on volumes and other factors; how-
ever, ramp spacings greater than 6,000 ft are always considered
beyond the range of influence.

2. Isolated off-ramp— An off-ramp with no adjacent ramps
close enough to influence its operations.

3. Adjacent on-ramps—Two consecutive on-ramps close
enough to mutually influence their behavior.

4. Adjacent off-ramps—Two consecutive off-ramps close
enough to mutually influence their behavior.

5. On-ramp followed by off-ramp—An on-ramp, off-ramp
sequence spaced closely enough to mutually influence each oth-
er’s behavior. If the ramps are joined by a continuous auxiliary
lane, the section is treated as a ramp-weave area and analyzed
using the procedures of Chapter 4; if no auxiliary lane is present,
the procedures in this chapter are used.

6. Off-ramp followed by on-ramp—An off-ramp, on-ramp
sequence spaced closely enough to mutually influence each oth-
er’s behavior. Such a ramp sequence often operates as if the
ramps were isolated.

7. Lane additions—A one-lane on-ramp that results in the
addition of a continuous freeway lane at the ramp-freeway junc-
tion.

8. Lane drops— A one-lane off-ramp that results in the dele-
tion of one freeway lane at the ramp-freeway junction.

9. Major diverge point—The separation of a freeway segment
into two multilane freeway or collector /distributor roadways.
Refers only to those configurations for which the total number
of lanes departing the diverge point is equal to the number of
lanes approaching it plus one.

10. Major merge point—The joining of two multilane freeway
or collector / distributor roadways into a single freeway segment.
Refers only to configurations in which two approach lanes (one
from each approach) are merged into a single lane.

11. Two lane ramps—Two-lane on-ramps or off-ramps where
there are no lane additions or drops at the ramp-freeway junc-
tion.

These configurations are shown schematically in Figure 5-1.
Illustration 5-1 contains photographs of typical freeway ramp
configurations.

CRITICAL ELEMENTS FOR ANALYSIS

Once the lane 1 volume is known, it is possible to consider
critical components of the traffic stream. For ramp configura-
tions, these components are:

1. Merge volume, V,,—This term applies to on-ramps and is
the total volume in the traffic streams which will join. For the
case of a one-lane, right-side on-ramp, the merge volume is the
sum of the lane 1 volume plus the ramp volume.

2. Diverge volume, V,~—This term applies to off-ramps. It is
the total volume in the traffic stream which will separate. For
the case of a one-lane, right-side off-ramp, the diverge volume
is equal to the lane 1 volume immediately upstream of the subject
ramp.

3. Freeway volume, V,—At any merge or diverge location,
the total freeway volume must also be considered. The freeway
volume is generally considered at the point where it is at the
maximum level, i.e., upstream of an off-ramp and downstream
of an on-ramp.
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Figure 5-1. Ramp configurations covered by procedures.

Figure 5-2 shows the relationships among these critical vol-
umes and other volume elements. The merge, diverge, and free-
way volumes are often referred to as “‘checkpoint” volumes, as
it is these values to which level-of-service criteria are applied.

LEVEL-OF-SERVICE CRITERIA

Level-of-service criteria for merge, v,, diverge, v, and free-
way, v/, flow rate checkpoints are given in Table 5-1. The criteria
for freeway flow rates are the same as those given in Chapter
3, but are repeated here for the convenience of the user.

Note that criteria are stated in terms of flow rates. As in
Chapters 3 and 4, computational procedures include the con-
version of peak-hour volumes to equivalent hourly flow rates
representing flow during the peak 15-min interval.

The criteria of Table 5-1 are not specifically correlated to
measures of operational quality. They are intended, however,
to reflect flow rates which may be accommodated while per-
mitting the freeway as a whole to operate at the designated level
of service in the vicinity of the ramp. Thus, the quality of
operations is expected to be as described in Chapter 3, with
some local turbulence in lane 1.

Level-of-service A represents unrestricted operation. Merging
and diverging vehicles have little effect on other freeway flows.
Merging is smoothly accomplished with only minor speed ad-
justments required to fill gaps; diverge movements encounter
no significant turbulence.

At level-of-service B, merging vehicles have to adjust their
speed slighlty to fill lane 1 gaps; diverging vehicles still do not
experience any significant turbulence. Freeway vehicles not in-
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Figure 5-2. Checkpoint volumes for ramp-freeway terminals.

volved in merging or diverging movements are not seriously
affected, and flow may be described generally as smooth and
stable.

Level-of-service C, though still stable, approaches the range
in which small changes in flow result in large changes in op-
erating quality. Both lane 1 and on-ramp vehicles must adjust
their speed to accomplish smooth merging, and under heavy
on-ramp flows, minor ramp queuing may occur. Some slowing
may also occur in diverge areas. Turbulence from on- and off-
ramp maneuvers is more widespread, and the effects of this
turbulence may extend into freeway lanes adjacent to lane 1.
Overall speed and density of freeway vehicles are not expected
to be seriously deteriorated.

At level-of-service D, smooth merging becomes difficult to
achieve. Both entering and lane 1 vehicles must frequently adjust
their speed to avoid conflicts in the merge area. Slowing in the
vicinity of diverge areas is also significant. Turbulence from
merge and diverge movements will affect several freeway lanes.
At heavily used on-ramps, ramp queues may become a disruptive
factor.

Level-of-service E represents capacity operation. Merge move-
ments create significant turbulence, but continue without no-
ticeable freeway queuing. On-ramp queues, however, may be
significant. Diverge movements are significantly slowed, and
some queuing may occur in the diverge area. All vehicles are
affected by turbulence, and vehicles not involved in ramp move-
ments attempt to avoid this turbulence by moving towards the
median lanes.

At level-of-service F all merging is on a stop-and-go basis, and
ramp queues and lane 1 breakdowns are extensive. Much tur-
bulence is created as vehicles attempt to change lanes to avoid
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Illustration 5-1. Typical ramp configurations include (a) an isolated on-ramp, (b) an isolated off-ramp, (c) an on-ramp off-ramp sequence.
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< Tatal freeway flow rate in one direction upstream of off-ramp and/or downstream of on-ramp.

® Lzne-1 flow rate immediately upstream of off-ramp for one-lane, right-side ramps.
¢ Level of service not attainable due to design speed restrictions.

* Lane-1 flow rate plus ramp flow rate for one-lane, right-side on-ramps.

merge and diverge areas. Considerable delay is encountered in
the vicinity of the ramp terminal (and perhaps for some distance
upstream on the freeway), and conditions may vary widely, from
minute to minute, as unstable conditions create “waves” of
alternatively good and forced flow.

COMPUTING LANE 1 VOLUME

The computation of lane 1 volume, ¥V}, is the critical step in
any ramp analysis. As noted previously, the lane distribution
of freeway volume is affected by a number of variables including
freeway and ramp volumes, the type of ramp under consider-
ation, the location and characteristics of adjacent ramps, and
the volumes on adjacent ramps. Lane 1 volume is computed for
a point just upstream of the subject merge or diverge area.

Table 5-2 contains an index to various equations and asso-
ciated nomographs that are used in the computation of lane 1
volumes. Appendix I to this chapter contains these nomographs
(with equations), which cover the various ramp configurations
enumerated earlier. Because of the numerous ramp configura-
tions which can occur, the nomographs do not cover all possible
situations. For those cases in which none of the nomographs
apply, an approximation procedure is used.

Nomograph Procedure

Each of the nomographs included in Appendix I contains a
complete set of instructions for use, and details the conditions
under which its use is acceptable. These should be carefully
noted. Instructions are included for the use of default values
extending the use of the nomographs to configurations that
closely, but not exactly, resemble the same configurations as
those treated. The equation for each nomograph is also prom-
inently displayed. Where greater precision is desired, the direct
use of the equations is recommended, although in most cases,
the precision provided by the nomographs is adequate.

It should also be noted that all nomographs (and accompa-
nying equations) have been calibrated in terms of mixed vehicles
per hour (vph) for a full hour. Thus, the lane 1 volume com-
putation occurs before volumes are converted to equivalent flow
rates in passenger cars per hour (pcph).

The nomograph procedure for computation of lane 1 volume
is best illustrated by example. Consider the following two on-
ramps. Consideration of these ramps must begin by finding the
lane 1 volume immediately upstream of ramps A and B, as
shown.

pe———1000 ft—d

GAOO . e o i, B St
— i A it B S et e
veh  —— Vi Vig /___
00// 00/
b‘q?“ ‘{49‘\
A B

NOTE: no upstream or downstream ramps within in-
fluence area of Ramps A and B.



5.7

TABLE 5-2. INDEX TO THE USE OF NOMOGRAPHS AND APPROXIMATION PROCEDURE FOR THE COMPUTATION OF LANE 1 VOLUME

4-LANE FREEWAY 6-LANE FREEWAY 8-LANE FREEWAY
(2 LANES EACH DIRECTION) (3 LANES EACH DIRECTION) (4 LANES EACH DIRECTION)
CONFIGURATION Ist RAMP 2nd RAMP st RAMP 2nd RAMP 1st RAMP 2nd RAMP
Isolated, One Lane Fig. I.5-1 — Fig. 1.5-6 — Fig. 1.5-9 —
Isolated, One Lane Fig. 1.5-2 — Fig. 1.5-7 — Approximate —
> Using Table
\ 5-3 and Fig.
5-5
Adjacent One-Lane Fig. 1.5-1 Fig. 1.5-5 Fig. 1.5-6 Fig. 1.5-8 Approximate Approximate
On-Ramps Using Table Using Table
Camd 5-3 and Fig. 5-3 and Fig.
/ / 5-5 5.5
Adjacent One-Lane See Note 1 Fig. 1.5-2 See Note 2 Fig. 1.5-7 Approximate Approximate
Off-Ramps Using Table Using Table
— 5-3 and Fig. 5-3 and Fig.
\ \ 5-5 5.5
On-Ramp Followed Fig. 1.5-1 Fig. 1.5-3 Fig. 1.5-6 Fig. 1.5-7 Fig. I-5-10 Approximate
by Off-Ramp Using Table
= 5-3 and Fig.
/ \ 5.5
Off-Ramp Followed Treat as Isolated Ramps Fig. 1.5-6 Treat as Isolated Ramps
by On-Ramp
:'-_ -
< N /7
Loop Ramps Fig. 1.5-4 Fig. 1.5-3 Fig. 1.5-6 Fig. 1.5-7 Fig. 1.5-10 Approximate
- Using Table
TN 5.3 and Fig.
7 5.5
Two-Lane On-Ramps See Note 3 — Fig. 1.5-11 — See Note 3 —
T
-
Two-Lane Off-Ramps See Note 4 — Fig. 1.5-12 — See Note 4 —
—_——
\\\l

Addition of Lane at
On-Ramp

— — —

L

Merge criteria in Table 5-1 may be applied directly to the on-ramp flow rate as a checkpoint.

Dropping a Lane to
the Off- at Off-Ramp

____Q

Diverge criteria in Table 5-1 may be applied directly to the off-ramp flow rate as a checkpoint.



5-8

TABLE 5-2. INDEX TO THE USE OF NOMOGRAPHS AND APPROXIMATION PROCEDURE FOR THE COMPUTATION OF LANE 1 VOLUME
(CONTINUED)

4-LANE FREEWAY
(2 LANES EACH DIRECTION)

6-LANE FREEWAY
(3 LANES EACH DIRECTION)

8-LANE FREEWAY
(4 LANES EACH DIRECTION)

CONFIGURATION 1st RAMP 2nd RAMP

1st RAMP 2nd RAMP 1st RAMP 2nd RAMP

Major Junctions

—
1™ —— e — -

Assume that lane B carries an amount of traffic equal to the merge checkpoint volume in Table 5-1 for the assumed
level of service. Ramp lane A then carries the remaining ramp traffic. Compute lane 1 volume using Figure I1.5-1 (4-
lane freeway), Figure 1.5-5 (6-lane freeway), or Figure 1.5-9 (8-lane freeway), entering with ramp volume = lane A

e ———
/9/——-—-

volume. Find checkpoint levels of service. Continue computations until assumed LOS agrees with results.

Not
Available

Major Diverges

A
o]

_*\‘:\

— — ——

Fig. 1.5-13 Not

Available

NOTES:

1. Use Figure 1.5-2 to find ¥, in advance of the first ramp, but enter with a ¥, which is equal to the total volume on borh ramps. This technique is valid where the distance between ramps is less
than B0 [t. Where the distance betwen ramps is between 800 and 4,000 ft, use Table 5-3 and Figure 5-5 to approximate the situation. If the distance between ramps is greater than 4,000 ft, consider

ramps Lo be isolated and consider separately

2. Use Figute L.5-7 to find ¥, in advance of the firs: ramp, but enter with a ¥, which is equal to the total volume on both off-ramps. This technique is valid where the distance belween ramps

is less than 80 ft. For other distance, see note |,

3. Treat as two successive on-ramps separated by 400 ft; divide ramp volume equally between two ramp lanes.
4. Treat as two successive off-ramps separated by 400 [t; divide off-ramp volume equally between two ramp lanes,

Table 5-2 indicates that Figure 1.5-6 should be used to com-
pute the lane 1 volume immediately upstream of ramp A, V,,,
while Figure 1.5-8 should be used for ramp B, V.

Note that Figure 1.5-6 is for an on-ramp on a six-lane freeway
with both adjacent upstream and downstream off-ramps. Its use
in the subject problem is, therefore, an approximation, and
requires the use of default values as described under “Conditions
for Use” on the nomograph. Instruction 2 of these conditions
requires that the volume on the upstream adjacent off-ramp be
set at 50 vph, because no such ramp exists for the subject
problem. Instruction 3 indicates that the value of 640 (V,/D,)
be set at 5, because no downstream off-ramp exists (the down-
stream ramp is an on-ramp in this case). With these default
values, the equation or nomograph may be used:

V, = —121 + 0.244 ¥, — 0.085 ¥, + 640 (V,/D,)

where:
V, = 4,000 vph;
V., = 50 vph (default value);
640(V,/D,) = 5 (default value); and
Via = —121 + 0.244(4,000) — 0.085(50) + 5
V.. = 856 vph

Figure 5-3 illustrates the same solution using the nomograph,
and results in V,, = 860 vph.

Figure 1.5-8 may be applied directly for the determination of
V. Note that when ramp B is considered, the freeway volume,
V,, is equal to 4,000 vph plus the 400 vph entering at ramp A,
or 4,400 vph. Using the equation:

V, =574 + 0228 V,— 0.194 ¥, — 0.714 D, + 0.274 V,

where:
V, = 4,400 vph;
V., = 500 vph;

D, 1,000 ft;
v, 400 vph; and

Vie = 574 + 0.228(4,400) — 0.194(500) — 0.714(1,000)
+ 0.274(400)
Vis = 876 vph.

Figure 5-4 illustrates the same solution using the nomograph.
Vg is found to be 870 vph. The difference between nomograph
and equation solutions is due to the scale precision of the nom-
ographs.

Approximation Procedure

Those cases for which no nomograph applies are analyzed
using an approximate procedure. This most often occurs for
ramps on eight-lane freeways, and for specific geometries that
fall outside the range of variables for which a particular nom-
ograph applies. Table 5-3 and Figure 5-5 are used to develop
approximate estimates of lane 1 volume at ramps. It is empha-
sized that this procedure is used only where nomographs are
not applicable to the particular configuration being studied.

Table 5-3 gives the percentage of “through” vehicles remain-
ing in lane 1 in the vicinity of a subject ramp, where a through
vehicle is defined as one not involved in any ramp movement
within 4,000 ft of the subject ramp. Figure 5-5 shows the per-
centage of on- and off-ramp vehicles in lane 1 at various distances
from the ramps on which they enter or leave the freeway. To
find the total volume in lane 1, the through volume and each
ramp volume within 4,000 ft of the subject ramp must be con-
sidered separately. Consider the following example:

le—— 1000 ft__oe 1500 ft.—l

5000
vph — e S e e e e
— 72 e
v - P>
S AN
%
A B c
NOTE: there ate no other ramps within 4000 ft

of this segnent.
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SOLUTION v \V
v v u g
f 1 (See Note 2)  (See Note 3)
Freeway Volume Volume Volume of Volume of
Upstream of in Lane 1 Adjacent Adjacent
On-Ramp Upstream of Upstream Downstream
vph vph (640 Vd/Dd) Off-Ramp Off-Ramp
vph vph
6200
1 —~ 900 — 50 ~ 50
IR —~ 100 — 100
o "‘Z" 2100 800 — [~
N 3 I ~ 200 Al
5400 — 2 — -
— 300
R 2 - 700 o, © | 300 _
= 5 ~ o @ L - 400
g %%, %, |- 400 -
£ ) - 600 00,2,
@ 2 0_‘., -] [ — 500
4600 1500 = 2 “85,% [ £oo -
_ [ 500 ’ogoo Lol — 600
1 1300 N 600 — 700
% il -400 &, L -
3800 W 1100 - 2, - 700 e
4 3 L 300 - -
- (29 900 - —~ 800 =
1 2 L son - 1000
3000 — 5 700 R i L 1100
il - 100 L =
2600 500\_ o = 1000 1200
2400 - 377 400 L. 0 - 1100 — 1300

Equation: V, =-121 + 0.244V; - 0.085V, + 640 Vd/Dd

Diagram: Vf { V :
A\ \X
|<_u_ D, __JH— Dy —» d

Conditions for Use:
1. Single lane on-ramps on B6-lane freeways with or without upstream and/or downstream
off-ramps, with or without acceleration lane.
. If there is no upstream off-ramp within 2600 ft, use V, = 50.
3. If there is no downstream off-ramp within 5700 ft, and V¢ < 5000 vph, use
640 Vy4/Dy =5, and skip step 2 below.
4. Normal range of use: V¢ = 2400 to 6200 vph; V , = 50 to 1100 vph; V4 = 50-1300 vph
V=100 to 1700 vph; Dy = 900 to 5700 ft; D, = 900-2600 ft

N

Steps in Solution:

1. Draw a line from Vj value to V, value, intersecting turning line 1.

2. Draw a line from V4 value to Dy value, intersecting 640 V4/Dg line.

3. Draw a line from the step 1 intersection with turning line 1 to the 640 V4/Dy value of
step 2; read solution at intersection with V¢ line.

Figure 5-3. Nomograph solution for V., using Figure 1.5-6 in Appendix I.
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SOLUTION
Vf V1 Vr D
Freeway Volume Lane 1 Volume 2nd u
Upstream of Upstream of On-Ramp Distance to
2nd On-Ramp 2nd On-Ramp  Volume  Upstream
vph vph vph On-Ramp (ft)
5400 — 1800 r 100 — 500
* 1700 [ 569 i
5000 — -
-~ 300
~ 1500 | L 600
4600 - — 400
Line 1 = =
1300 500
4200 B — 700
_ 1100 [ 8%
3800 o =700 |7
. -
) z| V,p=870 800 L goo |- 800
3400 3 + I
Al z S+ 700
z
4
o
3000 | > g
O -t 500
= -
3
2600 — L,
300 1200
[ 1300 = 1000
2200 - =
- 00 | 1400
1800 ~ — 1500 — 1100

TURNING LINE 2

Vu

Volume Upstream

On-Ramp
vph

Line 2

Equation: Vj = 574 + 0.228V; - 0.194V, - 0.714D,, + 0.274V,,

~—- 0, —

Diagram:
Vi

D
Vi e=a
—

i

Conditions for Use:

7

1. Single lane on-ramps on 6-lane freeways with adjacent upstream on-ramps, with or

without acceleration lanes.

2. Normal range of use: V¢ = 1800 to 5400 vph; V= 100 to 1500 vph
V, = 100 to 1400 vph; D, = 500 to 1000 ft

Steps in Solution:

1. Draw a line from V; value to V, value, intersecting turning line 1.
2. Draw aline from V, value to D, value, intersecting turning line 2.
3. Draw a line from intersection of step 1 to that of step 2; read solution on V line.

Figure 5-4 Nomograph solution for Vg using Figure 1.5-8 in Appendix L

— 1400
— 1300
— 1200
— 1100
-~ 1000
— 900

— 800

— 300

£200

— 100




In this problem, the lane 1 volume immediately upstream of
ramp B is sought. Before the solution can proceed, it is necessary
to determine the “through” volume on the freeway. For such
determinations, it is assumed that no vehicles entering the free-
way in the subject segment also leave within it, unless planning
or field information indicates otherwise. Thus, in the above
illustration, the 750-vph exiting at ramp C are assumed to orig-
inate among the 5,000 vph on the freeway. The through volume
for this problem is, therefore, 5,000 — 750 = 4,250 vph.

From Table 5-3 for an eight-lane freeway with 4,250-vph
through volume, 8 percent of the through volume is expected
to be in lane 1, and

Vs (Through) = 0.08 X 4,250 = 340 vph

Ramp B is 1,000 ft downstream of ramp A, on which 600
vph enter the freeway. Figure 5-5(II) indicates that 60 percent
of on-ramp vehicles are expected to remain in lane 1, 1,000 ft
downstream of the merge point. Therefore:

Vs (Ramp A) = 0.60 X 600 = 360 vph

Ramp B is also 1,500 ft upstream of ramp C, on which 750
vph exit the freeway. Figure 5-5(I) indicates that 79 percent of
off-ramp vehicles are in lane 1 at a point 1,500 ft upstream of
the diverge point. Thus:

Vs (Ramp C) = 0.79 X 750 = 593 vph

The total lane 1 volume immediately upstream of ramp B is
the sum of these three components, or:

Vs = 340 + 360 + 593 = 1,293 vph

The approximation procedure traces the contribution of each
ramp movement and the through volume to the lane 1 volume
at any given point. When used, the procedure gives useful results,
although they are generally not as accurate as the results of
nomograph computations. This approximate procedure was de-
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veloped and calibrated in California in the early 1960’s, and is
most properly applicable to volumes in the vicinity of level-of-
service D, and is less accurate when applied at other levels.

TRUCK PRESENCE IN LANE 1

Once the volume in lane 1 of the freeway is established im-
mediately in advance of subject ramps, it is necessary to examine
the likely percentage of trucks in that volume. Just as total
volume does not distribute equally among all freeway lanes,
neither do trucks. Trucks and other heavy vehicles tend to
concentrate in the shoulder lane, with truck presence decreasing
in lanes closer to the median. In some areas, trucks and other
heavy vehicles are prohibited from using the median lane on
six, or more, lane freeways. Thus, the volume in lane 1 generally
has a disproportionately high percentage of trucks compared to
other lanes.

TABLE 5-3. APPROXIMATE PERCENTAGE OF THROUGH TRAF-
FIC® REMAINING IN LANE 1 IN THE VICINITY OF RAMP TER-
MINALS

THROUGH VOLUME REMAINING
IN LANE 1 (%)
TOTAL THROUGH
VOLUME, ONE 8-LANE 6-LANE 4-LANE
DIRECTION (VPH) FREEWAY FREEWAY FREEWAY
> 6500 10 — -
6000 — 6499 10 — -
5500 - 5999 10 — —
5000 — 5499 9 — —
4500 - 4999 9 18 —
4000 - 4499 8 14 e
3500 - 3999 8 10 —
3000 - 3499 8 6 40
2500 — 2999 8 6 35
2000 - 2499 8 6 30
1500 — 1999 8 6 25
< 1499 8 6 20

* Through traffic not involved in any ramp within 4,000 ft of the subject location.

, PR ——

4000' 3500' 3000' 2500’ 2000' 1300 100C 300" \@ F

Parcentage of Off-Ramp Tratfic Present in Lone 1 at
Various Distances from Ramp

Percantage of On-Ramp Traffic Present in Laone 1 at
Various Distances from Ramp

o]

NOTE: :

If the percentage found in this figure is less than the
percent of through volume in lane 1 from Table 5-3,

use

the percentage given for through volume in Table 5-3.

Figure 5-5. Percentage of ramp vehicles in lane 1.
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For the purposes of ramp analysis, in which performance
criteria for levels of service are only generally defined, all heavy
vehicles are considered as trucks to simplify computations.

Figure 5-6 describes the percentage of total trucks located in
lane 1. This is not the proportion of trucks in the lane 1 volume,
which must be computed from the results of Figure 5-6. Consider
the following problem concerning an isolated on-ramp on a six-
lane freeway:

Il

¥, = 4,000 vph (Before Merge), 8 percent Trucks
V. = 400 vph, 10 percent Trucks
J, = 856 vph (Found from Figure 1.5-6)

I

The problem is to determine the proportion of trucks in the
lane 1 volume, and the proportion of trucks in the total freeway
volume after the merge.

Figure 5-6 is entered on the horizontal axis with a freeway
volume of 4,000 vph (read on the scale as 40), rising vertically
to the “6-lane freeway” curve, and projecting horizontally to
the vertical axis. Here it is found that 52 percent of all trucks
on the freeway are expected to be in lane 1. Then:

1. Number of trucks on freeway = 4,000 X 0.08 = 320

Trucks.
2. Number of trucks in lane 1 = 320 X 0.52 = 166 Trucks.
3. Proportion of trucks in lane 1 volume = 166/
856 = 0.194 = 19.4 percent, say 19 Percent.

EeteRiics 0

4. Number of trucks on freeway after merge
= 320 -+ (0.10 X 400) = 360 Trucks.

5. Total freeway volume after merge = 4,000
-+ 400 = 4,400 vph.

6. Proportion of trucks in freeway volume after

merge = 360/4,400 = 0.082 = 8.2 percent, say 8 Per-
cent,

Note that, for computational purposes, truck presence is gen-
erally rounded to the nearest percent. This avoids the need to
interpolate in passenger-car equivalent tables (of Chapter 3),
and provides adequate precision.

Once the proportion of trucks in lane 1 and on the freeway
(after the merge) is computed, all volumes may be converted to
passenger cars per hour (pcph) by dividing by the heavy vehicle
adjustment factor, f;,, extracted from the appropriate tables of
Chapter 3. Assuming that both the ramp and freeway illustrated
here are in level terrain, volumes are converted. as follows:

Propor-
Volume tion of , Equivalent
Item (vph) Trucks E;* f,°  Volume (pcph)
V, (Before Merge) 4,000 0.08 1.7 095 4,000/0.95 = 4,211
V, (After Merge) 4,400 0.08 1.7 095 4,400/0.95 = 4,632
V. 400 0.10 1.7 0.93 400/0.93 = 430
vV, 856 0.19 1.7 0.88 856/0.88 = 973

* From Table 3-3
® Computed as 1/[1 + Pr(E; — 1)]

In problems where the ramp and freeway are on specific
grades, the passenger-car equivalent values would be selected
from Table 3-4. In these cases, the grade for the ramp and
freeway would generally be different, and equivalents would be
selected accordingly.
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Figure 5-6. Truck presence in lane 1.

Figure 5-6 is based on expected national norms for the lane
distribution of trucks. Local regulations restricting truck oc-
cupancy to certain lanes will affect this distribution, and local
data should be checked wherever possible.

CHECKPOINT VOLUMES AND LEVEL-OF-SERVICE
DETERMINATIONS

Once lane 1 volumes have been computed, and all volumes
have been converted to equivalent passenger cars per hour, the
remainder of the methodology is straightforward. Checkpoint
volumes, i.e., all relevant merge, diverge, and freeway volumes,
are computed and converted to peak flow rates by dividing by
the peak hour factor (PHF).

As noted previously, the nomographs for computation of lane
1 volume are calibrated in terms of mixed vehicles per hour and
full-hour volumes. Thus, the conversions to pcph and flow rates
must be done after lane 1 volume computations are complete.

Level-of-service determinations are made by comparing
checkpoint volumes to the criteria of Table 5-1.

Ill. PROCEDURES FOR APPLICATION

When the design of a ramp is being considered, the ramp
location and general freeway design are already established (at
least for a particular computational trial). Thus, ramp and free-
way demand volumes are also established either from existing
data or future forecasts, and are available as inputs to com-
putations. In analysis, cxisting geometrics and volumes are
known.

The computational procedures for ramp-freeway terminals are
intended to find the level of service for a known existing or
future forecast situation. Design is established by trial-and-error
analyses. This design approach is not difficult because the num-
ber of options in any given case is generally limited. As other
major elements of the freeway are most often already considered,
the location of ramps is constrained by the location of inter-
secting facilities, and the geometry is constrained by terrain and
fixed design features of the freeway itself.

A step-by-step computational procedure for the analysis of
ramp terminals is given as follows.



STEP 1—ESTABLISH RAMP GEOMETRY AND
VOLUMES

In analysis, these two factors are known. In design trials, a
geometric configuration is assumed, and forecast volumes are
assigned to the freeway and ramp(s).

The establishment of a configuration includes the type, lo-
cation of, and volumes on adjacent ramps. Configuration is also
the basis for selection of a nomograph (or equation) or approx-
imation procedure for computation of lane 1 volume. Because
nomographs deal primarily with ramp pairs, an individual ramp
with both upstream and downstream adjacent ramps will often
be considered twice, as part of a pair with each. For initial
consideration, any adjacent ramp within 6,000 ft of the subject
ramp should be treated as influencing ramp junction behavior.
Individual nomographs include more detailed criteria for when
an “adjacent” ramp may be considered to be isolated, and when
it must be considered as part of a combination with adjacent
ramps.

STEP 2—COMPUTE LANE 1 VOLUME

Lane 1 volume is computed using either one of 13 nomographs
included in Appendix I or the approximation procedure de-
scribed by Table 5-3 and Figure 5-5. Table 5-2 gives an index
to these procedures. The choice of a specific nomograph or
approximation procedure depends on (1) the ramp configuration
in conjunction with adjacent ramps, (2) the number of lanes on
the freeway, and (3) whether the ramp in question is the first
or second of a paired configuration.

Each of the nomographs (Figures 1.5-1 through 1.5-13) in
Appendix I contains a complete set of instructions for use, and
details the conditions under which use is acceptable. These
instructions and conditions should be carefully noted, particu-
larly where an approximation is involved. Special instructions
for such cases are provided. The equation for each nomograph
is also prominently displayed. Where greater precision is desired,
the direct use of the equation is recommended, although for
many cases the precision provided by nomographs is adequate.

Table 5-3 and Figure 5-5 are used only where nomographs
are not available for the particular configuration being consid-
ered. These exhibits were calibrated in California using data for
periods of heavy volume (LOS D) and, when used, yield ap-
proximate results.

STEP 3—CONVERT ALL VOLUMES TO
PASSENGER CARS PER HOUR

All lane 1 volumes, ramp volumes, and freeway volumes must
be converted to equivalent volumes in passenger cars per hour
(pcph). Volumes in mixed vehicles per hour may be converted
to pcph by dividing by the appropriate heavy vehicle factor,
Juv» selected from Table 3-9 or computed using procedures
described in Chapter 3.

Before converting lane 1 volume to pcph, it is necessary to
determine truck presence in this lane. Figure 5-6 or local data
are used to estimate the percentage of total freeway trucks in
lane 1, from which the proportion of trucks in the lane 1 volume
may be computed.
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STEP 4—COMPUTE CHECKPOINT VOLUMES

For each ramp analysis, there are up to three checkpoint
volumes for each ramp or pair of ramps:

1. Merge volume, V, — In any merge situation, two lanes
will join to form a single lane. The merge volume is the sum
of the volumes in the two lanes which join. In the most common
case of a one-lane, right-side on-ramp, the merge volume equals
the sum of the ramp volume plus the lane 1 volume immediately
in advance of the ramp: V,, =V, + V..

2. Diverge volume, V,— The diverge volume is the total vol-
ume in a freeway lane immediately upstream of a point where
the lane divides into two separate lanes. For the most common
case of a one-lane, right-side, off-ramp, the diverge volume
equals the lane 1 volume immediately in advance of the ramp:
V,=V.

3. Total freeway volume, V,— The total volume on the free-
way is checked at critical points. It is generally checked im-
mediately upstream of an off-ramp and/or immediately
downstream of an on-ramp.

Figure 5-7 illustrates the computation of checkpoint volumes
for the case of an on-ramp followed by an off-ramp. Note that
only one freeway volume checkpoint is needed, and that it is
taken at a point between the two ramps where the freeway
volume is at a maximum. This is consistent with the procedure
outlined above, because the point selected is both upstream of
the off-ramp and downstream of the on-ramp.

CHECKPOQINTS

(1) M (immediotely after on-ramp) at Point @
Ym® Yia* Vra

(2) Diverge (immediately befora oft-ramp) at Point @
Va* Vig

(3) Freeway Checkpoint Volume (upstream of off-ramp,
downstream of on-ramp, between theramps) at Point @

V2 Vet Vg

Figure 5-7. Computation of checkpoint volumes for an on-ramp
Sollowed by an off-ramp.
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STEP 5—CONVERT CHECKPOINT VOLUMES TO
PEAK FLOW RATES

Before comparing checkpoint volumes with the level-of-serv-
ice criteria of Table 5-1, they must be adjusted to reflect peak
flow rates rather than full-hour volumes. This is accomplished
by dividing each checkpoint volume by the peak hour factor
(PHF). Off-peak periods may be checked similarly.

STEP 6—FIND RELEVANT LEVELS OF SERVICE

The level of service for a given analysis is found by comparing
the checkpoint flow rates for merging, diverging, and total free-
way volume with the criteria given in Table 5-1.

In many cases, the various operational elements (merges, di-
verges, freeway flows) will not be in balance, i.e., have the same
level of service. In such cases, the worst resultant LOS is as-
sumed to govern the overall operation of the section in question.
The analysis, however, will clearly identify those operational
elements controlling the situation. These elements would then
be candidates for improvement if the resulting LOS is considered
unacceptable. Thus, if a merge is a congesting element in a
segment of freeway, efforts at improvement would be targeted
to the design and operation of the troublesome merge point.

It is desirable to have point locations such as ramp junctions
operating in balance with the freeway as a whole. The most
desirable operation would have the LOS of merge and diverge
points equal to or better than the LOS for total freeway volume.
Where merge and / or diverge points are the controlling element
on a freeway segment, point congestion disrupts overall oper-
ation and prohibits the freeway from achieving a better level of
service. Improvements at such locations should, therefore, be
directed at removing point impediments and allowing the total
freeway flow to determine operating conditions.

SPECIAL APPLICATIONS

The analysis steps outlined above apply to ramp-freeway junc-
tions under a broad range of commonly occurring situations.
There are, however, a number of less prevalent cases which also
arise, and which may be treated using the general methodology
with minor modifications. A number of these “special appli-
cations” are discussed in the following.

Ramp Junctions on Five-Lane Freeway Segments

Freeway segments with five lanes in a single direction are not
common, but do occur in some major urban areas. These seg-
ments involve ramp junctions that need to be designed or ana-
lyzed. While no specific relationships exist for computing lane
1 volumes on five-lane segments, Ref. 4 contains an approximate
procedure which can be applied.

Table 5-4 gives the approximate criteria for considering five-
lane segments as equivalent four-lane segments (eight-lane free-
way) by computing an equivalent freeway volume which can be
used in conjunction with procedures for eight-lane freeways to
determine lane 1 volume. The table in effect estimates the volume
in the 5th lane, and subtracts it from the total freeway volume,
allowing the remaining lanes to be treated as an eight-lane
freeway.

TABLE 5-4, CONVERSION FACTORS FOR CONSIDERATION OF
RAMPS ON FIVE-LANE SEGMENTS

RAMP TYPE | 5-LANE FREEWAY VOLUME (VPH) | CONVERSION FACTOR
On-Ramp All Volumes 0.78
Off-Ramp < 4,000 1.00
4,001 - 5,500 0.90
5,501 - 7,000 0.85
> 7,001 0.80

For example, if an off-ramp on a five-lane segment with a
total freeway volume of 6,400 vph were being considered, pro-
cedures for an eight-lane freeway would be used, but with a
freeway volume of 6,400 X 0.85 = 5,440 vph, where 0.85 is
the conversion factor drawn from Table 5-4.

The lane 1 volume computed in this way is an approximation
of the actual lane 1 volume for the five-lane segment.

When considering such cases, other special considerations
include the following:

1. Trucks in lane ] —Truck presence in lane 1 may be com-
puted using the eight-lane freeway curve of Figure 5-6. This is
a “‘worst case” assumption, as little field data exist on truck
distributions on five-lane segments.

2. Freeway checkpoint—The freeway flow rate checkpoint
cannot be made directly using Table 5-1. The per lane freeway
flow should be computed by dividing the total flow rate by 5,
and the per lane freeway flow rate may then be compared to
freeway LOS criteria in Table 3-1 of Chapter 3.

Left-Side Ramps

Although not normally recommended, left-side ramps do exist
on some freeways, and thus often occur on collector-distributor
roadways. Reference 4 again contains an approximate procedure
for treating such ramps, involving two modifications to normal
procedures:

1. Lane i volumes—The freeway lane of interest for a left-
side ramp is not lane 1, but the median, or left-most lane of the
freeway, designated herein as lane i. To compute lane i volumes,
which are higher than corresponding lane 1 volumes, the lane
1 volume is computed as if a right-side ramp existed. Then:

Lane i volume = 1.25 X Lane 1 volume (On-Ramps)
Lane i volume = 1.10 X Lane 1 volume (Off-Ramps)

Note that the computation of “lane 1 volume” presumes that
a right-hand ramp is present. The multipliers used here correct
the result to reflect (1) the presence of a left-side ramp, and (2)
a left-lane volume.

2. Truck presence in lane i—The proportion of trucks in lane
i is approximated as follows:

a. For four-lane freeways, the proportion of through trucks
in lane i is taken to be 25 percent of the total through
trucks on the freeway. In the case of on-ramps, no addi-
tional trucks would be in lane i (immediately in advance



of the merge point); in the case of off-ramps, all exiting
trucks would be in lane i (immediately in advance of the
diverge point).

b. For six- or more lane freeways, no through trucks are
assumed to be in lane i. No on-ramp trucks would be in
lane i, but all off-ramp trucks would be in lane i imme-
diately in advance of the ramp.

Effects of Ramp Geometry

The methodology presented herein is calibrated for a wide
variety of ramp configurations and geometries, not all of which
are ideal. While no specific data exist, such specific geometric
features as angle of approach or divergence, differential between
freeway and ramp grade, and the existence and length of ac-
celeration and deceleration lanes can have a dramatic impact
on the operation of merge and diverge areas.

Drew (7) demonstrated, using gap acceptance models, that
the gap acceptance capacity of an on-ramp would be reduced
by as much as 90 percent when a 2-deg angle of convergence
and a 1,200 ft acceleration lane were reduced to 10 deg and 400
ft respectively. The user is cautioned that “gap acceptance ca-
pacity” is not synonymous with “capacity” as defined in this
chapter, and that the procedures herein do not assume ideal
convergence angles or acceleration lanes, nor do they even define
such criteria.

The designer or analyst should be aware, however, that such
features do affect operations. Where extremely poor conditions
exist, it is recommended that field studies be made to compare
actual volumes with those predicted by the procedures herein.

Designers should be careful to provide for adequate ramp
geometry, as defined in AASHTO policies (/,2), and analysts
should be aware that poorly designed ramps may not operate
as well as predicted by these procedures. Some extremely high
merge volumes, however, have been observed at ramps with
poor geometrics, particularly where drivers are familiar with
the site. The effect of poor geometry may have a greater impact
on operating quality and service flow rates than on capacity.

Ramp Roadways

There is very little information concerning operational char-
acteristics on ramp roadways. Because most operational prob-
lems occur at ramp terminals, most quantitative studies have
been concerned with terminal operations, not the ramp roadway
itself.

Some basic design standards exist in AASHTO policies (7,2),
but these are not related to specific operational characteristics.
Leisch (4) has adapted this material to provide a broader set
of criteria, but again, they are not related to specific operational
characteristics.

Ramps differ considerably from the freeway mainline in that:

1. They are roadways of limited length and width (often one
lane).

2. The design speed of the ramp is frequently lower than that
of the roadways it connects.

3. On single-lane ramps, where passing is not possible, the
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adverse effect of trucks and other slow-moving vehicles is more
pronounced than on a multilane roadway.

4. Acceleration and deceleration often take place on the ramp
itself.

5. At ramp-street system interfaces, queuing may develop on
the ramp.

Because of these distinct characteristics, it is difficult to adjust
basic freeway criteria to approximate criteria for ramps. Ref-
erence 4 gives instructions for estimating the capacity of ramp
roadways. Service flow rates for other levels of service are not
as easily found, nor are there clear definitions of what type of
operation is associated with each level. Table 5-5 gives approx-
imate service flow rates for ramp roadways. Capacity estimates
were generated from Ref. 4, and other flow rates were approx-
imately taken at similar v/c ratios as for the various levels of
service on freeways. Extant data do not permit each level to be
precisely described in terms of operating characteristics.

These values may be adjusted for heavy vehicle presence and
lane width restrictions using the factors of Chapter 3. Their use
in this context is, however, approximate.

TABLE 5-5. APPROXIMATE SERVICE FLOW RATES FOR SINGLE-
LANE RAMPS® (pcph)

RAMP DESIGN SPEED (MPH)
LOS -
< 20 21-30 31-40 41-50 = 51
A b b b _T == = >6(X)
B 5 ° ° 900 900
C b . 1,100 1,250 1,300
D - 1,200 1,350 1,550 1,600
E 1,250 1,450 1,600 1,650 1,700
F WIDELY VARIABLE

* For two-lane ramps, multiply the values in the table by: 1.7 for < 20 mph
1.8 for 21-30 mph
1.9 for 31-40 mph
2,0 for > 4] mph
® Level of service not attainable due to restricted design speed.

It should be noted that Table 5-5 refers only to the ramp
roadway itself. Even though up to 1,700 pcph may be accom-
modated in a single-lane ramp, this does not guarantee that they
can be accommodated in a single-lane ramp terminal, or at the
ramp-street junction. As a general rule-of-thumb, where volumes
exceed 1,500 pcph, a two-lane ramp-freeway terminal will be
needed, and a two-lane ramp should be provided.

Further, even where a one-lane ramp and ramp terminal are
sufficient from the capacity point of view, a two-lane ramp is
generally provided if:

1. The ramp is longer than 1,000 ft, to provide opportunities
to pass stalled or slow-moving vehicles.

2. Queues are expected to form on the ramp from a controlled
ramp-street junction, to provide additional storage.

3. The ramp is located on a steep grade or has minimal
geometrics.

If a two-lane ramp is provided for any of the above reasons,
it is generally tapered to a single lane at the ramp-freeway
junction.
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It is difficult to maintain two-lane flow on loop ramps because
of their severe horizontal alignment. In cases where two-lane
loop ramps are deemed necessary, lane widths must be larger
than 12 ft. Many states require lane-widening on loop ramps
based on the off-tracking characteristics of trucks on such ramps.

The guidelines included herein are most useful in design where
alternative ramp configurations may be developed for detailed
analysis using ramp-freeway terminal procedures. In analysis,
the total ramp flow may be quickly checked to ensure that
adequate capacity is provided. Rarely, however, will the ramp
roadway itself be a controlling factor in either design or analysis.

Ramp-Street Interface

This chapter does not address the subject of ramp-street sys-
tem interfaces. Chapter 9 contains detailed procedures for the
analysis of signalized junctions. A procedure for the analysis of
unsignalized intersections is included in Chapter 10.

Where the ramp-street interface is itself a merge or diverge
ramp junction of high-type design, the procedures in this chapter
may be approximately applied.

Ramp Metering

Ramp metering has been used as an effective method of im-
proving freeway operations at a number of on-ramp locations,
and is now a generally accepted practice. Signals are placed on
the ramp, at a point in advance of the acceleration lane, to
control the entry of vehicles. One vehicle at a time is permitted
to enter the freeway with each “green” flash of the signal. Figure
5-8 shows a typical installation of ramp control.

Signals may be set to allow a single vehicle to enter at regular
intervals (typically 5 to 10 sec), or they may be operated by
freeway detectors which sense approaching flow or occupancy
in lane 1, allowing vehicles to enter when gaps are available.
Reference & is a comprehensive treatment of ramp metering and
system use of ramp controls. Chapter 6 contains a more complete
discussion of ramp control in conjunction with overall freeway
surveillance and control.

While the impact of ramp control on capacity is not thought
to be great, the impact of control on operations is beneficial in
two principal ways:

1. Ramp meters can be set to avoid breakdowns at ramp
junctions; this allows the full capacity of dowstream sections to
be effectively utilized by avoiding upstream bottlenecks which
would prevent demand from reaching capacity levels.

2. Ramp meters can be set to allow a desired level of service
to be attained and maintained on the facility.

Ramp control can also be used to ease operations at particular
problem sites. It has been used to enhance the safety charac-
teristics of ramps with poor sight distances or extremely short
lengths. It has also been used to disperse platooned freeway
entries from signalized street junctions.

The basic purpose of ramp metering is to assure that stable
flow is maintained in freeway lanes without breakdown into
congested flow with its attendant shock waves, stop-and-go op-
eration, and resultant loss in service flow rates. It should be

VOLUME DETECTOR °]
SET METERING
-ENTER ONE
RATE VEHICLE
ON GREEN

Figure 5-8. A typical ramp metering installation.

remembered, however, that vehicles diverted from ramps by the
use of controls will either queue or find alternative routes, per-
haps increasing congestion in nearby areas.

The procedures of this chapter are designed for uncontrolled
ramps. Computations assume that the ramp volume, V,, is a
given value. Where ramp control is being considered, it is most
useful to consider ¥, to be a dependent variable, solving for an
appropriate value to ensure that a given LOS is not violated at
the merge point or on the freeway. This is a trial-and-error
process, as computations for ¥, depend on a value of V,. To
compute the maximum value of ¥, allowable for a given LOS,
the following procedure may be followed:

1. Find the merge service flow rate, SF,,, from Table 5-1 for
the LOS of interest, and convert this to an equivalent merge
volume: V,, = SF,, X PHF.

2. Assume a value of V..

3. Compute ¥, using the procedures described in this chapter.

4, Compute V, =V, — V.

5. Continue computations until the ¥, assumed in (2) matches
the value computed in (4).

Of course, all values must be converted to passenger cars per
hour and peak flow rates, as described elsewhere in this chapter.
Sample Calculation 8 illustrates this process for determining an
appropriate ramp metering rate.

There are, of course, many other considerations which bear
on ramp-metering, including downstream freeway flows and
levels of service, availability of and impact on alternate routes,
and other factors.



IV. SAMPLE CALCULATIONS

CALCULATION 1—ISOLATED ON-RAMP

1. Problem Description—Consider the following on-ramp,
which has no adjacent ramps within 6,000 ft, and may be con-
sidered to operate in a isolated manner:

LEVEL TERRAIN

—— _ =
2500yph— — — — ———— PHF=0.3C
10% trucks 70 mph DESIGN SPEED

550 ‘{9“ /
5:/‘ !l“c“

What level of service would be expected to prevail?

2. Solution— Using the index provided in Table 5-2, it is seen
that Figure 1.5-1 of Appendix I is chosen as the appropriate
nomograph for this case. Thus, the lane 1 volume immediately
upstream of the on-ramp is computed as:

V, =136 + 0345V, — 0.115 7,
where:

V, = 2,500 vph;,
V.= 550 vph;
V, = 136 + 0.345(2,500) — 0.115(550) = 935 vph.

This value may be found from the nomograph as approxi-
mately 930 vph.

From Figure 5-6, about 67 percent of all trucks on the freeway
will be in lane 1 immediately upstream of the ramp. Therefore:

Total trucks on freeway = 2,500 X 0.10 = 250 Trucks
Trucks in lane 1 = 250 X 0.67 = 168 Trucks

Proportion of trucks in lane 1 volume = 168/935 = 0.18
or 18 percent

At this point, the lane 1 ramp and freeway volumes must be
converted to passenger cars per hour. Values of E;. are selected
from Table 3-3 and values of f,, are computed as 1/[14+P, (E,

= 1)

Volume Proportion Vol. (pcph) =

Item (vph) E, of Trucks S B Vol. (vph)/fuy
v, 935 1.7 0.18 0.89 1,051
V, 550 1.7 0.05 0.97 567
V; 2,500 L7 0.10 0.93 2,688

Checkpoint volumes may now be computed:

V, =V, + ¥, = 567 + 1,051 = 1,618 pcph
V, (After Merge) = ¥, (Before Merge) + V,

= 2,688 + 567 = 3,255 pcph

These values are now expanded to peak flow rates by dividing
by the peak hour factor. The level of service is then found by
comparing the merge and freeway checkpoint flow rates to the
criteria of Table 5-1:

1,618/0.90 = 1,798 pcph (LOS E, Table 5-1)
3,255/0.90 = 3,617 pcph (LOS D, Table 5-1)

Vm
Ve

In this case, the merge area is the controlling feature (an
undesirable condition), and the prevailing LOS is E.

CALCULATION 2—CONSECUTIVE OFF-RAMPS

1. Problem Description—Consider the following ramp con-
figuration. There are no other ramps within the influence area
of the ramps shown:

4500 h 750 1t
b = — ROLLING TERRAN
S et - PHF =0.95
?:}, . ~ DESIGN SPEED = 70mph
ue @3\‘-\\?’ ‘9:\\’*\6
419/ Op e S0,
3:" Vo é"c% 5
g, g

At what level of service would the two off-ramps be expected
to operate?

2. Solution— As indicated in Table 5-2, note 2 must be con-
sulted when analyzing the first ramp. Note 2 specifies the use
of Figure 1.5-7 for this ramp, but instructs that ¥, be taken as
equal to the rotal off-ramp volume on both ramps. Figure L.5-
7 is also used for the second ramp.

e Ramp 1. Because there is no upstream on-ramp involved,
the value “215 V,/D,” will be set at 2, as directed by item 2
under “Conditions for Use” on Figure 1.5-7. As noted above,
V. will be taken as 300 + 500 = 800 vph for consideration of
the first ramp. Then:

V=194 + 0231 V,+ 0473V, + 215 V,/D,

V, = 94 + 0.231(4,500) + 0.473(800) + 2
¥V, = 1,514 vph

e Ramp 2. For ramp 2, ¥, equals 4,500 — 300 or 4,200 vph.
Further, “215 V,/D,” will still be set equal to 2:

V., = 94 + 0.231(4,200) + 0.473(500) + 2

¥, = 1,303 vph

Figure 5-9 illustrates the nomograph solutions for both of
these values. ¥, = 1,500 vph for ramp 1 and 1,303 for ramp
2.

The proportion of trucks in the respective lane 1 volumes is
now computed:

e Ramp 1
Percent total trucks in lane 1 = 56 percent (Figure 5-6)
Total trucks on freeway = 4,500 X 0.05 = 225 Trucks
Trucks in lane 1 = 225 X 0.56 = 126 Trucks
Proportion of trucks in lane 1 volume = 126/1,514

= 0.083, say 8 Percent
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Equation:

Diagram:

Conditions for Use:

1.

2.

3.

Single-lane off-ramp on a 6-lane freeway with or without upstream on-ramp, with or
without deceleration lane.
If there is no upstream on-ramp within 5700 ft, skip step 2 below, and set 216 V,/D,
to 2.
Normal range of use: V¢ = 1100 to 6200 vph; V, = 20 to 1800 vph

V, = 50 to 1200 vph; D, = 900 to 5700 ft

Steps in Solution:

1.
2.
3.

Draw line from V; value to V| value, intersecting turning line.
Draw line from V, value to D, value, intersecting 215 V,/D, line.
Draw line from intersection point of step 1 to that of step 2; read solution on V1 line.

Figure 5-9. Nomograph solutions for Calculation 2 (Figure 1.5-7 in Appendix I is the base nomograph).



« Ramp 2
Percent trucks in lane 1 = 53 Percent (Figure 5-6)
Total trucks in lane 1 = 4,200 X 0.05 = 210 Trucks
Trucks in lane 1 = 210 X 0.53 = 111 Trucks
Proportion of trucks in lane 1 volume = 111/1,303
= 0.085, say 9 Percent

Then:

Volume Proportion Vol. (pcph) =
Item (vph)  E;*  of Trucks  fi° Vol. (vph)/fur
7 4,500 4 0.05 0.87 5,172
vV, (1) 300 4 0.05 0.87 345
V,(2) 500 4 0.05 0.87 575
V(1) 1,514 4 0.08 0.81 1,869
V. (2) 1,303 4 0.09 0.79 1,649
* Table 3-4
* Table 3-9

Three checkpoint volumes are of interest: (1) the freeway
volume at the maximum point, before the two off-ramps, and
(2) the diverge volumes before each of the off-ramps. Each
checkpoint volume must be converted to a peak flow rate and
compared with the criteria of Table 5-1.

¥, = 5172/0.95 = 5,444 pcph (LOS D, Table 5-1)

V,(1) = ¥, (1) = 1,869/0.95 = 1,967 pcph (LOS E, Table
5-1)

V,(2) = V, (2) = 1,649/0.95 = 1,736 pcph (LOS D, Table
5-1)

In this situation, the diverge at ramp 1 is clearly the critical
restrictive element on operations, and causes the overall LOS
to be E. The high lane 1 volume at this point, however, is greatly
influenced by the presence of a second, more heavily used, off-
ramp within 750 ft. The diverge volume at ramp 1 is not really
the problem per se, but the total lane 1 volume at that point
is. This would not be an easy situation to remedy, although
consideration to modifying the location of the ramps might be
given, particularly if greater separation could be provided. The
impacts of moving ramps on demand must be considered, how-
ever. The addition of a freeway lane in the vicinity of these
ramps might be considered to separate off-ramp vehicles from
the through volume in lane 1. This lane could be dropped at
the first or second off-ramp.

CALCULATION 3—ON-RAMP FOLLOWED BY AN
OFF-RAMP

1. Problem Description—Consider the following configura-
tion. No other ramps influence the behavior of those shown:

- 120014 ]
5500vph—m—m — — — — — — —_——— —
IO"/; o N o=
trucks
400 vph // LEVEL TERRAIN 55,500 veh
5% trucks 70 mph DESIGN SPEED 10%
PHF = 0.90 trucks

At what level of service would the section operate?

5-19

2. Solution—Table 5-2 indicates that the on-ramp be ana-
lyzed using Figure 1.5-10. The off-ramp situation must be ap-
proximated using Table 5-3 and Figure 5-5.

e On-Ramp. Note that the distance of 1,200 ft between ramps
falls outside of the calibrated range of 1,500 to 3,000 ft for
Figure 1.5-10. Thus, the analyst must choose between extending
this range and using the nomograph for stated case, or using
Table 5-3 and Figure 5-5 as an approximation. Both methods
are illustrated as follows.

Using Figure.1.5-10:

V, = —353 + 0199 V, — 0.057 V. + 0.486 V,
V, = —353 + 0.199(5,500) — 0.057(400) + 0.486(600)
V, = 1,010 vph

Using Table 5-3 and Figure 5-5:

Through volume = 5,500 — 600 = 4,900 vph

Percent through volume in lane 1 = 9 Percent (Table 5-3)

Percent off-ramp volume in lane 1, 1,200 ft upstream = 89
Percent (Figure 5-5)

¥, (Through) = 4,900 X 0.09 = 441 vph
v, (Off) = 600 X 0.89 = 534 vph
v, = 975 vph

Because the lane 1 volume is higher when the nomograph is
used, the value of 1,010 vph will be used as a worst case analysis.

From Figure 5-6, the percentage of total trucks in lane 1 is
49 percent. Therefore:

Total trucks on freeway = 5,500 X 0.10 = 550 Trucks

Trucks in lane 1 = 550 X 0.49 = 270 Trucks

Proportion of trucks in lane 1 volume = 270/1,010 = 0.267,
say 27 Percent

o Off-Ramp. The freeway volume in advance of the off-ramp
is 5,500 + 400 = 5,900 vph. The “through” volume is 5,900
— 600 — 400 = 4,900 vph. The lane 1 volume immediately
in advance of the off-ramp consists of:

9 Percent of the through volume (Table 5-3)

100 Percent of the off-ramp volume (Figure 5-5I)

48 Percent of the on-ramp volume (Figure 5-5I1, interpolate
between 1,000 ft and 1,500 ft)

Thus:

¥, = 0.09(4,900) + 1.00(600) + 0.48(400)

¥V, = 1,233 vph

From Figure 5-6, this lane 1 volume contains 54 percent of
the total trucks on the freeway:

Total trucks on freeway = (5,500 X 0.10) + (400 X 0.05)
= 570 Trucks

Trucks in lane 1 = 570 X 0.54 = 308 Trucks

Proportion of trucks in lane 1 volume = 308/1,233 = 0.249,
say 25 Percent

Now, each volume must be converted to passenger cars per
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hour and expanded to a peak flow rate by dividing by the PHF.
Both steps are done in the table which follows for convenience,
Note that the freeway volume is checked between the two ramps,
where it is at a maximum. The proportion of trucks in the
freeway volume at this point is 570/5,900 = 0.097, say 10
percent.

T

Volume Proportion Flow Rate (pcph) =

Item  (vph) of Trucks E;* fu,° Vol (vph)/fy X PHF
¥, On) 1,010 027 17 084 1,336
v, (Off) 1,233 025 17 085 1,612
v, 5,900 0.10 1.7 0.93 7,049
V. (On) 400 0.05 1.7 097 458
V, (Off) 600 0.10 1.7 0.93 717
* Table 3-3

® Computed as fy,y = 1/[1 + P, (Er— 1]

Critical checkpoint volumes may now be computed and com-
pared with the criteria in Table 5-1.

vV, = ¥, (On) + V,(On) = 1,336 + 458 = 1,794 pcph
(LOS D, Table 5-1)
V, = V, (Off) = 1,612 pcph (LOS D, Table 5-1)
¥, = 7,049 peph (LOS D, Table 5-1)

In this case, level-of-service D will prevail, and all operational
elements are in balance.

CALCULATION 4—TWO-LANE ON-RAMP

1. Problem Description—Consider the following two-lane on-
ramp. There are no other ramps within 6,000 ft of the ramp
shown:

3000voh LEVEL TERRAIN

Gﬂo““cw

What level of service would be expected at this location.

2. Solution—Table 5-2 indicates that Figure 1.5-11 should
be used for this problem. Note that the solution to this problem
involves two merges—the first when lane 1 merges with lane
A, and the second when lane B merges with the total volume
from the first merge. The second merge is the most critical for
the analysis. The nomograph is used to solve for ¥, and V| ,
in this problem, as shown in Figure 5-10.

From Figure 5-10: ¥;,, = 1,700 vph

V, = 352 vph
V. = 1,700 — 352 = 1,348 vph
Vo = 1,800 — 1,348 = 452 vph

V, (After Merge) = 4,800 vph

Each of these must be converted to passenger cars per hour
and peak flow rates. To accomplish this, it is necessary to assume
that there are 5 percent trucks in both ramp lanes A and B.
Procedures do not give specitic guidance on this point, and
lacking field data, a uniform distribution would be assumed.
From Figure 5-6, 49 percent of the total trucks on the freeway
are in lane 1 immediately in advance of the on-ramp.

Thus:

Total trucks on freeway = 3,000 X 0.05 = 150 Trucks

Trucks in lane 1 = 150 X 0.49 = 74 Trucks

Proportion of trucks in lane 1 volume = 74/352 = 0.21 or
21 Percent

Then:
Volume  Proportion Flow Rate (pcph) =

Item (vph) of Trucks E;* fi® Vol (vph)/fy, X PHF
4 352 0.21 1.7 0.87 426
V,.a 1,700 0.08 1.7 095 1,384
Va 1,348 0.05 1.7 097 1,463
Va 452 0.05 1.7 097 491
v, 4,800 0.05 1.7 097 5,209

* Table 3-3

® Computed as fi,, = 1/[1 + P, (E;— 1))

Checkpoint volumes may now be computed and compared
with the criteria of Table 5-1:

V.. = Vi + V, = 426 + 1,463 = 1,889 pcph (LOS E)
Ve = Viea + Vs = 1,884 + 491 = 2,375 vph (LOS F)
V, = 5,209 pcph (LOS E)

Obviously, the second merge volume of 2,375 peph would
noi actually occur. However, it is clear that during peak periods
of flow, great congestion will exist in the vicinity of this merge
area. Level-of-service F is highly likely.

The addition of a lane, at this point, which would be carried
for a significant distance might be considered. If this is not
possible, the deletion of a lane from the main freeway ap-
proaching the merge might be considered, creating a major
junction with the geometry shown below:

3CCOvph
L e LAN—E 1 —_—
5% trucks
S
QQO“ il g
Q

From Table 5-2, this alternative may be analyzed using a
multistep trial-and-error process.

If LOS D is assumed, the lane B flow rate is assumed to be
1,750 pcph or a volume of 1,750 X 0.95 = 1,662 vph. Thus,
lane A would carry only 1,800 — 1,662 = 138 vph. At LOS C,
lane B would carry a flow rate of 1,450 pcph or a volume
of 1,450 X 0.95 = 1,378 vph. Lane A would carry
1,800 — 1,378 = 422 vph. At LOS B, lane B carries a volume
of 1,000 % 0.95 =950 vph, and lane A would -carry
1,800 — 950 = 850 vph. These values are drawn from Table
5-1. The 0.95 value is the peak hour factor used to convert flow
rates to volumes. Because these values are selected for initial
trials, the details of trucks presence are ignored in these assumed
values, but will be included in subsequent computations.

Table 5-2 indicates the use of Figure 1.5-1 to compute V;,
but directs the use of only the lane A volume for V;:

Vi, =136 + 0345V, — 0.115 V,



SOLUTION (b)

SOLUTION (a)
v v Vi+a Ve
f 1
Merge Volume Total
Upstream 1 Upstream (Lane 1 + On-Ramp
Freeway Volume Lane 1 Volume Ramp Lane A) Volume
vph vph vph vph
3000 — T 410 - 2380 — 3000
-+ 400 1
2200 — 2800
2600 — -
| 352 350 -~ 2000 — 2600
2200 — -+ -+~ 1800 — 2400
q— 1700 —
_ -~ 300 L %600 — 2200
s ]
1800 —| o Wt —
z T — b —
S ;__ 1400 2000
- z
2 L.
220 T
5 5 — 1800
1400 — 1 21200
0 (] =
) —= (7] €L
= — 1600
-+~ 1000
1000 — e AL
— 1400
= s -~ 800 L.,
J N — 1200
600 =150 - 600 L 1100
Equation: (a) V¢ =54 +0.070V¢ +0.049V,
(b) V144 =-205+0.287V¢ + 0.575V,
Diagram:

Conditions for Use:

1. Two-lane on-ramps on 6-lane freeways with acceleration lane of at least 800 ft in

length.
2. Normal range of use: V¢= 600 to 3000 vph
¢ = 1100 to 3000 vph

Steps in Solution:

1. Draw line from Vj value to V| value. Read V{ on Vq line, V145 on Vq4p line.

2. Compute VA = V1+A—1:VB = Vr - VA.

3. Check L. of S. for two merge points: Vi1 = V1 + Va:; Vm2 =Viia + VB.

Figure 5-10. Solution for V,, , in Calculation 4 (Figure 1.5-11 in Appendix I is

the base nomograph).
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As the assumption of LOS B resulted in the most reasonable
distribution of ramp traffic (at first glance), this case will be
used to start computations. Thus:

¥, = 136 + 0.345(3,000) — 0.115(850) = 1,073 vph

From Figure 5-6, lane 1 will contain 80 percent of all trucks
on the freeway, or:
Trucks in lane 1 = (3,000)(0.05)(0.80) = 120 Trucks

Proportion of trucks in lane 1 volume
= 120/1,073 = 0.112, say 11 Percent

The checkpoint of interest here is the merge volume consisting
of the lane 1 volume plus the lane A volume. Converting these
to passenger cars per hour and dividing by the PHF:

Volume Propértion Flow Rate (pcph) =
Item (vph) of Trucks E;* fu" Vol (vph)/fy, X PHF
V, 1,073 0.11 1.7 093 1,214
Va 850 0.05 1.7 097 922
* Table 3-3

*fuv=1/[1 + Pr(E; — 1]

Then:

V,= 1214 + 922 = 2,136 vph (LOS F, Table 5-1)

As LOS B was assumed, and LOS F resulted from compu-
tations, a second trial assuming an intermediate LOS is reason-
able. Assuming LOS D, ¥V, would be taken as 138 vph, and:

V, = 136 + 0.345(3,000) — 0.115(138) = 1,155 vph
As previously, lane 1 will contain 120 trucks, or 120/

1,155 = 0.104, say 10 percent. Converting ¥, and ¥V, to pas-
senger cars per hour and dividing by PHF:

Proportion

Volume Flow Rate (pcph) =
Item (vph) of Trucks E;* fi® Vol (vph)/fm/ X PHF
v, 1,155 0.10 1.7 093 1,307
V, 138 0.05 1.7 0.97 150
" Table 3-3

"fuv= U/ + Pr(Er— 1))

Then:
vV, = 1,307 + 150 = 1,457 pcph (LOS D, Table 5-1)

As this agrees with the assumed LOS, the proposed config-
uration would operate at LOS D, and is an improvement over
the existing configuration which experienced LOS F.

The proposed geometry provides for a more orderly merge,
and improves the overall operation significantly. The initial
design forced vehicles into lane A, whereas the second makes
more use of lane B. Further, by “adding” a lane, lane B vehicles
do not merge. The removal of an upstream freeway lane is not
critical, because the initial LOS for the approach was out of
balance with the merge and downstream conditions. Two lanes
are sufficient for balanced operation. A lane drop would have

to be designed before approaching the vicinity of the merge in
question.

Another alternative would be to merge the two ramp lanes
into a single lane and, then, to add this single lane to the freeway.
This would not be appropriate here because 1,800 vph is beyond
the capacity of a single-lane ramp, as indicated in Table 5-5.

CALCULATION 5—RAMP ROADWAY

1. Problem Description—A loop ramp with a design speed
of 25 mph is expected to carry 800 vph, 10 percent of which
are trucks. If the PHF = 0.90 and the ramp is on a 1,400-ft, 4
percent upgrade, what design should be adopted, and what level
of service can be expected?

2. Solution—Before proceeding with analysis, the demand
volume is adjusted to reflect passenger cars per hour and a peak
flow rate. Note that from Table 3-4 (Chapter 3), Eris 5 for a
1,400-ft (7 mile), 4 percent grade with 10 percent trucks. From
Table 3-9, fy,, is 0.77. Thus, the adjusted demand flow rate is:

800/(0.71 x 0.90) = 1,252 pcph

From Table 5-5, a one-lane ramp would provide for level-of-
service E if the design speed is 25 mph. Since the ramp is longer
than 1,000 ft, paved shoulders wide enough to allow passing of
stalled or slow-moving vehicles should be provided.

Provision of a better level of service requires an improvement
in the design speed used. A 41- to 50-mph design speed ramp
would result in LOS C operations, a more acceptable result.

A 41- to 50-mph loop ramp, however, will create an extremely
long loop, consuming a great deal of land in its wake. The
designer is faced with several options:

1. Accept a lower LOS, using a loop ramp with design speed
25 mph.

2. Use a 41- to 50-mph loop ramp, and accept the inefficiency
of the design.

3. Design a direct interchange not involving a loop ramp—
an option involving costly structures.

A final decision would be based on extensive analysis of
economic, land use, and environmental factors, as well as on
capacity impacts.

CALCULATION 6—ISOLATED OFF-RAMP ON A
FIVE-LANE FREEWAY SEGMENT

1. Problem Description—The following oftf-ramp occurs on
a five-lane urban freeway segment. It is not within the opera-
tional influence of any adjacent ramps:

7200 vph — — — — — — — — — —— PHF =095
T T T/ T/ T T T T T DESIGN SPEED =70 mph
10% trucks — — — — — — — — — — ROLLING TERRAIN
\\\ 200k
10% trucks



What level of service would be expected to prevail?

2. Solution—From Table 5-4, the segment may treated as
though it were a four-lane segment (eight-lane freeway) with a
volume of:

V,= 7,200 X 0.80 = 5,760 vph

From Table 5-2, for an eight-lane freeway, the lane 1 volume
must be approximated using Table 5-3 and Figure 5-5 (with a
freeway volume of 5,760 vph). From Table 5-3, 10 percent of
the through volume will remain in lane 1 at the off-ramp. From
Figure 5-5, all off-ramp traffic must be in lane 1 immediately
before the diverge. The “through” volume is 5,760 — 400 =
5,360 vph. Thus:

V, = (5,360 X 0.10) + (1,00 X 400) = 936 vph
From Figure 5-6, for an eight-lane freeway with a volume of
5,760 vph, the percentage of total trucks in lane 1 is 52 percent.

Then:

Total trucks on freeway = 5,760 X 0.10 = 576 vph
Total trucks in lane 1 = 576 X 0.52 = 300 vph

Proportion of trucks in lane 1 volume = 300/936 = 0.32
or 32 Percent

Then:
Volume Proportion Flow Rate (pcph) =

Item (vph) of Trucks E,* f,,° Vol (vph)/fy X PHF
V, 936 0.32 4 051 1,932
V. 400 0.10 4 077 547
v, 7,200 0.10 4 077 9,842

* Table 3-3

" Table 3-9

Computing the checkpoint volumes:
V, = V¥, = 1,932 pcph (LOS E, Table 5-1)
V, = 9,842/5 = 1,968 pcphpl (LOS E, Table 3-1)

The segment operates at level-of-service E. All operational ele-
ments are in balance.

CALCULATION 7—LEFT-SIDE ON-RAMP

1. Problem Description—Consider the left-side on-ramp
shown below, which is far enough away from other ramps to
be considered as isolated:

250
PCpy \\

1200 PHF 2 0.90
e o EVELTERRAIN

PCPH DESIGN SPEED = 70 mph

At what level of service would the section be expected to
operate?
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2. Solution—In this problem, the volume in the left-most
lane must be computed immediately upstream of the on-ramp.
Special procedures indicate that this volume, ¥; can be ap-
proximated as 1.25 X V|, where V| is computed as if the ramp
were a right-side ramp.

From Table 5-2, V, is found using Figure 1.5-1. Use of the
nomograph results in:

¥V, = 520 vph
and:
V, = 520 X 1.25 = 650 vph

Note that this computation does not indicate that the lane 1
volume actually is 520 vph, in which case the left-lane volume
would be 1,200 — 520 = 680 vph. That result assumes that a
right-side ramp exists at this location. The method simply ad-
justs a right-side ramp computation to approximate V;.
Computing checkpoint volumes and dividing by the PHF:

V,.= (650) + 250)/0.90 = 1,000 pcph (LOS B, Table 5-1)
V,= (1,200 + 250)/0.90 = 1,611 pcph (LOS B, Table 5-1)

The facility will operate at level-of-service B, with all oper-
ational elements in balance.

CALCULATION 8—RAMP METERING

1. Problem Description—1It is desired to control the on-ramp
volume at an isolated ramp such that the prevailing level of
service does not become worse than C. If a fixed-time meter is
used, at what rate should ramp vehicles be permitted to enter
the traffic stream to accomplish this?

o PHF =0.90
m— —— —— —— e —— —— —__DESIGN SPEED = 70 mph
PCPH

LEVEL TERRAIN

=

Ve

2. Solution—The question asks for a solution of a maximum
value of ¥, such that the merge or freeway flow rates do not
become more than the service flow rates for LOS C. It will be
assumed that the merge checkpoint is the controlling factor to
begin. As the computation of ¥, depends upon V,, a trial-and-
error process will be used.

From Table 5-1, the service flow rate for merging at level-
of-service C is 1,450 pcph. For a peak hour factor of 0.90, this
is equivalent to a full-hour volume of 1,450 X 0.90 = 1,305
vph. Considering the situation described in the problem, a tab-
ular computation may be constructed as follows:

Assumed V, Computed
v, (Fig. 1.5-1) V. Comparison
200 810 495 NG
400 775 530 NG
500 770 535 NG
550 765 540 OK
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A metering rate of 550 pcph, or one vehicle every 3,600/
550 = 6.55 sec, would be set.

These computations are naturally more complex where vol-
umes contain mixed vehicles per hour, but the procedure and
basic approach are as illustrated herein.

A more precise solution may be found by using the equation
for Figure 1.5-1 directly:

V, =136+ 0345 V,— 0.115 V,
and considering that:
V.= 1305 — V,
Substituting for ¥:
V,= 1,305 — (136 + 0.345 V,— 0.115 V)

where V,= 2,000 vph.
Solving for V,:

V,= (1,169 — 0.345)(2,000) /0.885 = 541vph

The freeway checkpoint should now be checked to ensure
that it is not being violated. The total freeway volume after the
merge is 2,000 + 541 = 2,541 pcph, or a flow raie of 2,541/
0.90 = 2,823 pcph. Checking with Table 5-1, this is less than
the service flow rate for LOS D on a four-lane freeway.
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APPENDIX |
NOMOGRAPHS FOR THE SOLUTION OF

In using the nomographs of this appendix, note the following:

® CONDITIONS FOR USE specify the configurations for
which the nomograph and accompanying equation apply.
Where use is indicated for ramps both “with or without
acceleration / deceleration lanes,” the data base used in cal-
ibrating the relationship included both, and no sfatistically
significant differences were observed between the two con-
ditions. “Normal range of use” indicates the range of data
used to calibrate the nomograph. Use outside this range

LANE 1 VOLUMES

should be limited to cases close to the range, and should be
done with caution.

® CONDITIONS FOR USE also contain instructions for using
nomographs to approximate configurations not covered else-
where.

@ STEPS IN SOLUTION are a step-by-step set of instructions
for using each nomograph.

® FEQUATION shows the mathematical relationship expressed
by the nomograph, which may be used directly for greater
precision in computations.
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APPENDIX 1

TABLES AND FIGURES FOR USE IN THE ANALYSIS OF RAMPS AND RAMP
JUNCTIONS
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FIGURES
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TABLE 5-3. APPROXIMATE PERCENTAGE OF THROUGH TRAFFIC® RE-
MAINING IN LANE 1 IN THE VICINITY OF RAMP TERMINALS

THROUGH VOLUME REMAINING
IN LANE 1 (%)
TOTAL THROUGH
VOLUME, ONE 8-LANE 6-LANE 4-LANE
DIRECTION (VPH) FREEWAY FREEWAY FREEWAY
> 6500 10 - —_—
6000 — 6499 10 — —_
5500 - 5999 10 — —
5000 - 5499 9 —_ _—
4500 - 4999 9 18 —_
4000 - 4499 8 14 —
3500 - 3999 8 10 —
3000 - 3499 8 6 40
2500 - 2999 8 6 35
2000 - 2499 8 6 30
1500 — 1999 8 6 25
< 1499 8 6 20

* Through traffic not involved in any ramp within 4,000 ft of the subject location.

TABLE 5-4. CONVERSION FACTORS FOR CONSIDERATION OF RAMPS
ON FIVE-LANE SEGMENTS

RAMP TYPE | 5-LANE FREEWAY VOLUME (VPH) | CONVERSION FACTOR
On-Ramp All Volumes 0.78
Off-Ramp < 4,000 1.00
4,001 - 5,500 0.90
5,501 - 7,000 0.85
> 7,001 0.80

TABLE 5-5. APPROXIMATE SERVICE FLOW RATES FOR SINGLE-LANE
Ramps® (pcph)

RAMP DESIGN SPEED (MPH)
LOS

< 20 21-30 31-40 41-50 > 51
A b b b b 600
B ? » 2 900 900
C g 5 1,100 1,250 1,300
D & 1,200 1,350 1,550 1,600
E 1,250 1,450 1,600 1,650 1,700

F WIDELY VARIABLE

® For two-lane ramps, multiply the values in the table by: 1.7 for < 20 mph
1.8 for 21-30 mph
1.9 for 31-40 mph
2.0 for > 4! mph
® Leve! of service not attainable due to restricted design speed.
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(a) Isolated on-ramp
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(¢) Adjacent on-ramps

A

(e) On-ramp followed by
off-ramp

(no auxiliary lane)
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(9) Lane addition
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(i) Major diverge
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(b) Isolated of f -ramp
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(d) Adjacent off-ramps
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(h) Lane drop
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(j)Major merge

Figure 5-1. Ramp configurations covered by procedures.
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{(a) Checkpoint volumes at an on-ramp
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(b) Checkpoint volumes at an off-ramp
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Figure 5-2. Checkpoint volumes for ramp-freeway terminals.




Percentage of Off-Ramp Tratfic Present in Lane 1 at
Various Distances from Ramp

I _ ®® 000

500' 1000 1500 2000 2500 3000 3500 4000’

o'

Percentage of On-Ramp Traftic Present in Lane 1 at
Various Distances from Ramp

NOTE :

If the percentage found in this figure is less than the
percent of through volume in lane 1 from Table 5-3, use
the percentage given for through volume in Table 5-3.

Figure 5-5. Percentage of ramp vehicles in lane 1.
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Figure 5-6. Truck presence in lane 1.
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CHECKPOQINTS

(1) Merge (immediately after on-ramp) at Point OF

Vm' V|A+VrA
(2) Diverge (immediately before ott-ramp) at Point @

Va* Vip

(3) Freeway Checkpoint Volume (upstream of off-ramp,
downstream of on-ramp, between theramps) at Point ®.

Ve = Vg *+ Vea

Figure 5-7. Computation of checkpoint volumes for an on-ramp followed by an off-ramp.
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APPENDIX Il

GLOSSARY AND SYMBOLS

GLOSSARY

direct ramp— A ramp roadway on which vehicles turn only in
the direction of their intended directional change, i.e., a ramp
providing a left-turn connection would not require vehicles to
turn to the right, or vice-versa.

diverge— A movement in which a single lane of traffic separates
into two separate lanes without the aid of traffic signals.

downstream—The direction to which traffic is flowing.
lane 1—The freeway lane adjacent to the shoulder.

loop ramp—A ramp serving a left-turn movement which re-
quires vehicles to execute that movement by turning right; typ-
ically, a 90 deg left turn is made by turning 270 deg to the
right.

merge—A movement in which two separate lanes of traffic
combine to form a single lane without the aid of traffic signals
or other right-of-way controls.

ramp—A short segment of roadway serving as a connection
between two traffic facilities; usually services flow in one di-
rection only.

ramp control—A system in which the entry of vehicles onto a
freeway from a ramp is metered by a traffic signal; the signal

allows one vehicle to enter on each green indication, or ‘“green
flash”.

ramp-freeway junction—The roadway area over which an on-
or off-ramp joins with the main line of a freeway.

ramp-street junction—The roadway area over which an on- or
off-ramp joins with a surface street or arterial.

upstream —The direction from which traffic is flowing.

D,
D u
Va
V

Vm
Vr
Vu

SYMBOLS

distance to downstream adjacent ramp, in feet.
distance to upstream adjacent ramp, in feet.

diverge volume, in vehicles per hour.

total freeway volume in the vicinity of the ramp, in
vehicles per hour.

merge volume, in vehicles per hour.

ramp volume, in vehicles per hour.

volume at an adjacent ramp upstream of the ramp in
question, in vehicles per hour.
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MULTILANE HIGHWAYS
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. INTRODUCTION

This chapter treats the capacity analysis of multilane high-
ways that cannot be classified as freeways because they are
undivided, lack full control of access, or both. Such highways
exist in a variety of settings, from typical low-density rural
environments to suburban areas, where development density is
higher, and where traffic frictions due to turning vehicles and
other factors also increase.

Between points of fixed interruptions, multilane highways
operate under uninterrupted flow conditions. Such flow, how-
ever, is not as efficient as flow on freeways because of the various
sources of side- and medial-frictions which exist on multilane
highways, such as:

1. Vehicles enter and leave the roadside to access parking
lots, driveways, unsignalized intersections, and other points;
such movements may involve right or left turns, with left turns
having a much greater negative impact on flow.

2. The friction due to opposing vehicles on undivided mul-
tilane roadways also impacts negatively on flow; on divided
multilane highways, this impact is eliminated.

3. The visual impact of development fronting directly on the
highway influences driver behavior, and contributes to its being
less efficient than on comparable freeways.

The level of such interferences varies widely depending on
the development environment served by the multilane highway.
The principal determinants of the degree of such interferences
are the type and density of land use along the roadway.

This chapter presents procedures for both divided and un-
divided multilane highways, in environments ranging from low-
density rural areas to suburban areas of considerably higher
development density. The procedures are generally applicable
where the distance between signals on the multilane highway is
2 mi or greater. Where signal spacing is 1 mi or less, the pro-
cedures in Chapter 11, “Arterials,” should be used.

Where signal spacing is between 1 and 2 mi, the user may
wish to consider both the uninterrupted flow operations between
signals using the methodology of this chapter, and the operations
at each signalized intersection, using the procedures of Chapter
9. This will allow the consideration of speed and travel time
between intersections and delay at individual intersections. It

should be remembered, however, that flow on multilane high-
ways with signal spacings under 2 mi is likely to be in platoons.

The procedures of this chapter are structurally similar to those
for freeways, although specific values and flow characteristics
differ. They treat the uninterrupted flow characteristics of mul-
tilane highways between fixed interruptions, and do not specif-
ically account for conditions at signalized intersections.

MULTILANE HIGHWAY FEATURES REQUIRING
CONSIDERATION

A number of aspects require consideration in the analysi<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>