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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. It 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 
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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 1965 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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I. INTRODUCTION 

Afreeway 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. ]. 

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-Poin'ts 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: 

I. 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. 

BASIC FREEWAY SEGMENT 

7 
(A) OUTSIDE THE INFLUENCE OF RAMP OR WEAVING ~ANEUVERS 

WEAVING AREAS 

(B) MERGE AREA FOLLOWE~ BY 
DIVERGE 

(cl ON-RAMP FOLLOWED av OFF-RAMP 
WITH AUXILIARY LANE 

RAMP JUNCTIONS 

7 "? (o) ISOLATED ON-RAMP (e) ISOLATED OFF-RAMP 

7 7 
(Fl CONSECUTIVE ON-RAMPS (G) CONSECUTIVE OFF-RAMPS 

7 
(H) ON-RAMP FOLLOWED BY oF;-RAMP 

WITH NO AUXILIARY LANE 

Figure 3-1. Freeway components. 
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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: 

diver9e 

~mo•~oo'-oj 
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1. Lane balance and configuration. 
2. Traffic incidents. 
3. Impacts of high-occupancy vehicle lanes. 
4. Impacts of work zones and maintenance operations. 
5. Weather and other environmental factors. 
6. Impacts of freeway surveillance and control systems. 

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 I. 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 oflanes, lateral clearances at the roadside and median, 
design speeds, grades, and lane configurations. 

3. Traffic conditions refer to any characteristic of the traffic 

mer9e 

......,~.....___._..._ Basic Freeway S.c1ion 

~a,oo' soolit 

Basic 
Freeway+-­
Sectlon 

J~ff---t:18aslc Freeway Stc1ion 

..:!'--Basic Freeway Section• 

weave 

* upstream effects of 0ff-ramps may e,ceed 2500' 

Figure 3-2. Influence areas of freeway components. 
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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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2 
(0.1 ) 

4 
(02) 

6 
(03) 

8 
(04) 

10 
(05) 

I. 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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Figure 3-4. Speed-flow relationships under ideal conditions. 

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 speep, 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. 

Illustration 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. 

Illustration 3-2. In this case, vehicles shy away 
from 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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Illustration 3-3. Note formation of large gaps 
in front of slow-moving trucks climbing up­
grade. 

3-7 

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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II.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 
Service 

A 
B 
C 
D 
E 

Density 
(pc/mi / In) 

12 
20 
30 
42 
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 SO-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 a'mong 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 

DESIGN SPEED 

DENSITY SPEEDb 

I 
vie 

LOS (PC/MI/LN) (MPH) 

A ~ 12 :?: 60 0.35 
B ~ 20 :?: 57 0.54 
C ~ 30 :?: 54 0.77 
D ~ 42 :?: 46 0.93 
E ~ 67 :?: 30 1.00 
F > 67 < 30 < 

• Maximum service flow rate per lane under ideal conditions, 
~ Average travel speed. 
c Highly variable, unstable~ 
NOTE: All values or MSF Rounded to the nearest SO vph. 

I 
MSF" SPEEDb 

(PCPHPL) (MPH) 

700 -
1,100 :?: so 
1,550 :?: 47 
1,850 :?: 42 
2,000 :?: 30 

' < 30 

60 MPH 50 MPH 

DESIGN SPEED DESIGN SPEED 

I vie 
I 

MSF" SPEEDb l vie I 
MSF" 

(PCPHPL) (MPH) (PCPHPL) 

- - - - -
0.49 1,000 - - -
0.69 1,400 :?: 43 0,67 1,300 
0.84 1,700 :?: 40 0.83 1,600 
1.00 2,000 :?: 28 1.00 1,900 

' < < 28 < ' 
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Illustration 3-5. Level-of-service A. Illustration 3-8. Level-of-service D. 

Illustration 3-6. Level-of-service B. Illustration 3-9. Level-of-service E. 

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-service 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 speeds at capacity are approximately 30 mph. 

6. Level-of-service F-Level F describes forced or breakdown 
flow. Such conditions generally 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 I c, as follows, then rounded to the 
nearest 50 pcphpl. 

MSF, = c1 X (vie), (3-1) 

where: 

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

(vie), = the maximum volume-to-capacity ratio associated 
with LOS i; 

c1 = 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 c1 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 lw X Inv X J;, (3-2) 

where: 

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

N = the number of lanes in one direction of the freeway; 
lw = factor to adjust for the effects of restricted lane widths 

and/ or lateral clearances; 
Inv = factor to adjust for the effect of heavy vehicles (trucks, 

buses, and recreational vehicles) in the traffic stream; 
and 

J;, = 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 I c values directly, rather than MSF values. 

SF, = Ci X (vie); X N X lw X Inv X J;, (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 fw. 

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, I.,, 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 

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

1. Determine the passenger-car equivalent (pee) for each 
truck, bus, and/ or recreational vehicle for the traffic and road­
way conditions under study. These values (Er, EB, and ER. 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 Inv using the 
values of Er, EB, ER.• and the proportion of each type of vehicle 
in the traffic stream (Pr, PB, and PR). 
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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 ½ 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 
½ 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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T ABLE 3-2. ADJ USTM ENT FACT OR FOR R ESTRICTED LANE WIDTH AND LATERAL CLEARANCE 

ADJUSTMENT FACTOR, /., 

OBSTRUCTIONS ON ONE OBSTRUCTIONS ON BOTH 
DISTANCE FROM SIDE OF THE ROADWAY SIDES OF THE ROADWAY 

TRAVELED 
LAN E WIDTH (FT) PAVEMENT' 

(FT) 12 11 10 9 12 11 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- LA NE 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 obstruc lions, high-type median barriers in particula r, do not cause ,my deleterious crTcc t on traffic now J udgment should be exercised in applying the,;e factors . 

The methodology for finding the appropriate value of I,,. , 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. 

T ABLE 3-3 . P ASSENGER-CAR E QUIVALENTS ON EXTE N D ED 

GENERAL FREEWAY S EGMENTS 

TYPE OF TERRA IN 

FACTOR LEVEL ROLLING MOUNTAINOUS 

E ,. for Trucks 1.7 4.0 8.0 

E8 for Buses 1.5 3.0 5.0 

E , 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 ½ 
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 lb/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 lb / 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 lb/hp 
and a less powerful population with a ratio of 300 lb/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 lb/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 

3.4 Er Typical Trucks (200 lb / hp) 
3.5 Er Light Trucks (100 lb / hp) 
3.6 E, Heavy Trucks (300 lb/hp) 
3.7 ER Recreational Vehicles 
3.8 Ea 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 

TABLE 3-4. PASSENGER-CAR EQUIVALENTS FOR TYPICAL TRUCKS (200 LB/HP) 

GRADE LENGTH PASSENGER-CAR EQUIVALENT, Er 
(%) (Ml) 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 

< I All 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 

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

z l 4 3 3 3 3 3 3 3 4 3 3 3 3 3 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 5 4 4 3 3 3 3 3 5 4 4 3 3 3 3 3 
1/2-3/4 6 5 5 4 4 4 4 4 6 5 5 4 4 4 4 4 
3/4-1½ 7 6 6 5 4 4 4 4 7 5 5 5 4 4 4 4 
z l ½ 8 6 6 6 5 5 4 4 8 6 6 5 4 4 4 4 

3 0--1/4 6 5 5 5 4 4 4 3 6 5 5 5 4 4 4 3 
1/4-1/2 8 6 6 6 5 5 5 4 7 6 6 6 5 5 5 4 
1/2-1 9 7 7 6 5 5 5 5 9 7 7 6 5 5 5 5 
1- 1½ 9 7 7 7 6 6 5 5 9 7 7 6 5 5 5 5 
z l ½ 10 7 7 7 6 6 5 5 10 7 7 6 5 5 5 5 

4 0--1 / 4 7 6 6 5 4 4 4 4 7 6 6 5 4 4 4 4 
1/4-1/2 10 7 7 6 5 5 5 5 9 7 7 6 5 5 5 5 
1/2-1 12 8 8 7 6 6 6 6 10 8 7 6 5 5 5 5 
~ 1 13 9 9 9 8 8 7 7 II 9 9 8 7 6 6 6 

5 0-1/4 8 6 6 6 5 5 5 5 8 6 6 6 5 5 5 5 
1/4-1/2 10 8 8 7 6 6 6 6 8 7 7 6 5 5 5 5 
1/2-1 12 11 11 10 8 8 8 8 12 10 9 8 7 7 7 7 
z I 14 11 11 10 8 8 8 8 12 10 9 8 7 7 7 7 

6 0-1/4 9 7 7 7 6 6 6 6 9 7 7 6 5 5 5 5 
1/4-1/2 13 9 9 8 7 7 7 7 II 8 8 7 6 6 6 6 
1/2-3/ 4 13 9 9 8 7 7 7 7 II 9 9 8 7 6 6 6 

> 3/ 4 17 12 12 11 9 9 9 9 13 10 10 9 8 8 8 8 

NOTE: If a lenglh of grade fall s on a boundary condition, the equivalent for the longer grade category is used For any grade steeper lhan the percentage shown, use the next higher 
grade category, 
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TABLE 3-5. PASSENGER-CAR EQUIVALENTS FOR LIGHT TRUCKS (100 LB/HP) 

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

PERCENT TRUCKS 2 4 5 6 8 JO 15 20 2 4 5 6 8 10 15 20 

~ 2 All 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 

3 0-1/4 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 
1/4-1/ 2 4 4 4 3 3 3 3 3 4 4 4 3 3 3 3 3 
1/2-3/4 4 4 ' 4 4 3 3 3 3 4 4 4 3 3 3 3 3 
3/4-1 5 4 4 4 3 3 3 3 5 4 4 4 3 3 3 3 
> 1 6 5 5 5 4 4 4 3 6 5 5 4 4 4 3 3 

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

5 0-1/4 6 5 5 5 4 4 4 3 6 5 5 5 4 4 4 3 
1/4-1 8 7 7 6 5 5 5 5 8 7 7 6 5 5 5 5 
>I 9 7 7 6 5 5 5 5 8 7 7 6 5 5 5 5 

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

>I 9 7 7 7 6 6 5 5 9 7 7 6 5 5 5 5 
NOTE: If a length of grade falls on a bo undary 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 r 
(%) (Ml) 4-LANE FREEWAYS 6-8 LANE FREEWAYS 

PERCENT TRUCKS 2 4 5 6 8 JO 15 20 2 4 5 6 8 10 15 20 

<I All 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 

I 0-1 / 4 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 
1/4-1/2 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 
1/2-3/4 4 4 4 4 3 3 3 3 4 4 4 3 3 3 3 3 
3/ 4-1 5 4 4 4 3 3 3 3 5 4 4 4 3 3 3 3 
1-1½ 6 5 5 5 4 4 4 3 6 5 5 4 4 4 3 3 
>I½ 7 5 5 5 4 4 4 3 7 5 5 5 4 4 3 3 

2 0-1/4 4 4 4 3 3 3 3 3 4 4 4 3 3 3 3 3 
1/4-1/2 7 6 6 5 4 4 4 4 7 5 5 5 4 4 4 4 
1/2-3/ 4 8 6 6 s 5 4 4 4 8 6 6 6 s 5 4 4 
3/4-1 8 6 6 6 5 5 5 5 8 6 6 6 5 5 5 5 
1-1½ 9 7 7 7 6 6 5 5 9 7 7 6 5 5 5 5 
>I½ 10 7 7 7 6 6 5 5 10 7 7 6 5 5 5 5 

3 0-1/4 6 5 5 5 4 4 4 3 6 5 5 5 4 4 4 3 
1/4-1/2 9 7 7 6 5 5 5 5 8 7 7 6 5 5 5 5 
1/2-3/4 12 8 8 7 6 6 6 6 10 8 7 6 5 5 5 5 
3/4-1 13 9 9 8 7 7 7 7 11 8 8 7 6 6 6 6 
>I 14 10 JO 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 7 7 7 
>I 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 II II 11 11 14 II II 10 9 9 9 9 
> 3/ 4 22 17 17 16 13 13 13 13 17 14 14 13 12 11 II II 

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 II 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 fans. on a boundary condition, the equivalent from lhe longer grade category is used , For any grade steeper than lhe percent shown. use the next higher 
grade category. 
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TABLE 3-7. PASSENGER-CAR EQUIVALENTS FOR RECREATIONAL VEHICLES 

GRADE LENGTH PASSENGER-CAR EQUIVALENT, ER 

(%) (MI) 4-LANE FREEWAYS 6--8 LANE FREEWAYS 

PERCENT RV's 2 4 5 6 8 10 15 20 2 4 5 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 
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 5 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 
2: 3/4 7 6 6 6 5 5 5 5 6 5 5 5 4 4 4 4 

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

TABLE 3-8. PASSENGER-CAR EQUIVALENTS FOR BUSES 

GRADE 
(%) 

0-3 

4" 

s· 
6' 

PASSENGER-CAR EQUIVALENT, 
Ea 

1.6 

1.6 

3.0 

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 uch 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 i often necessary 
to find the impact of a series of ignificant grades in succession. 
Consider the following example. A 3 percent grade of½ mi i, 
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 i to compute the average grade 
to the point in question. The average grade is defined as the 
total ri e (in feet) from the beginning of the compo ite grade 
divided by the length of the grade (in feel). 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 = ½ mi 

Passenger-car equivalents for this composite grade would be 
found for a 4 percent grade (values are usually rounded to the 
nearest percent), 1½ mi in length. 

The average grade technique is an acceptable approach for 
grades less than 4 percent or horter than 3,000 ft in total length. 
For more severe composite grades, a detail«) 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 Er, Ea, and ER are found, the determination of 
the adjustment factor, /,w, is a straightforward algebraic exer­
cise: 

where: 

!Hv the adjustment factor for the combined effect 
of trucks, recreational vehicles, and buses on 
the traffic stream; 
the passenger-car equivalents for trucks, rec­
reational vehicles, and buses respectively; and 
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 R V's and buses is small in comparison to the percentage of 
trucks, it is sometimes convenient to consider all vehicles to be 
trucks. Thus, a traffic stream consisting of 15 percent trucks, 
2 percent RV's, and I 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, fHv, 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, / 11 v 
Er 
ER PROPORTION OF TRUCKS, P,; RV's, PR; or BUSES, P» 
or 
Ea 0.01 0.02 0.03 0.04 0.05 0.06 O.Q7 0.08 0.09 0.10 0.12 0.14 0.16 0.18 0.20 

2 0,99 0.98 0.97 0.96 0.95 0.94 0.93 0.93 0.92 0.91 0.89 0.88 0.86 0.85 0.83 
3 0.98 0.96 0.94 0.93 0.91 0.89 0.88 0.86 0.85 0.83 0.81 0.78 0.76 0.74 0.71 
4 0.97 0.94 0.92 0.89 0.87 0.85 0.83 0.81 0.79 0.77 0.74 0.70 0.68 0.65 0.63 
5 0.96 0.93 0.89 0.86 0.83 0.81 0.78 0.76 0.74 0.71 0.68 0.64 0.61 0.58 0.56 
6 0.95 0.91 0.87 0.83 . 0.80 0.77 0.74 0.71 0.69 0.67 0.63 0.59 0.56 0.53 0.50 
7 0.94 0.89 0.85 0.81 0.77 0.74 0.70 0.68 0.65 0.63 0.58 0.54 0.51 0.48 0.45 
8 0.93 0.88 0.83 0.78 0.74 0.70 0.67 0 .64 0.61 0.59 0.54 0.51 0.47 0.44 0.42 
9 0.93 0.86 0.81 0.76 0.71 0.68 0.64 0.61 0,58 0.56 0.51 0.47 0.44 0.41 0.38 

10 0.92 0.85 0.79 0.74 0.69 0.65 0.61 0.58 0.55 0.53 0.48 0.44 0.41 0.38 0.36 
11 0.91 0.83 0.77 0.71 0.67 0.63 0.59 0.56 0,53 0.50 0.45 0.42 0.38 0.36 0.33 
12 0.90 0.82 0.75 0.69 0.65 0.60 0.57 0.53 0.50 0.48 0.43 0.39 0.36 0.34 0.31 
13 0.89 0.81 0.74 0.68 0.63 0.58 0.54 0.51 0.48 0.45 0.41 0.37 0.34 0.32 0.29 
14 0.88 0.79 0.72 0.66 0.61 0.56 0.52 0.49 0.46 0.43 0.39 0.35 0.32 0.30 0.28 
15 0.88 0.78 0.70 0.64 0.59 0.54 0.51 0.47 0.44 0.42 0.37 0.34 0.31 0.28 0.26 
16 0.87 0.77 0.69 0.63 0.57 0.53 0.49 0.45 0.43 0.40 0.36 0.32 0.29 0.27 0.25 
17 0.86 0.76 0.68 0.61 0.56 0.51 0.47 0.44 0.41 0.38 0.34 0.31 0.28 0,26 0.24 
18 0,85 0.75 0.66 0.60 0.54 0.49 0.46 0.42 0.40 0.37 0.33 0.30 0.27 0.25 0.23 
19 0.85 0.74 0.65 0.58 0.53 0.48 0.44 0.41 0.38 0.36 0.32 0.28 0.26 0.24 0.22 
20 0.84 0.72 0.64 0.57 0.51 0.47 0.42 0.40 0.37 0.34 0.30 0.27 0.25 0.23 0.21 
21 0.83 0.71 0.63 0.56 0.50 0.45 0.41 0.38 0.36 0.33 0.29 0.26 0.24 0.22 0.20 
22 0.83 0.70 0.61 0.54 0.49 0.44 0.40 0.37 0.35 0.32 0.28 0.25 0.23 0.21 0.19 
23 0,82 0.69 0.60 0.53 0.48 0.43 0.39 0.36 0.34 0.31 0.27 0.25 0.22 0.20 0.19 
24 0.81 0.68 0,59 0.52 0.47 0.42 0.38 0.35 0.33 0.30 0.27 0,24 0.21 0.19 0.18 
25 0.80 0.67 0.58 0.51 0.46 0.41 0.37 0.34 0.32 0.29 0.26 0.23 0.20 0.18 0.17 
"Passenger-car equivalent, obtained rrom 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 traffic 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 Er of 4 
(from Table 3-3). The value of f,,v 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 /4 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 /4. including the minimum value of 
0.75, to determine whether the selection of a precise value se­
riously affects the results of the analys.is. 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 

Weekday or Commuter 

Other 

FACTORS,/,, 

1.0 

0.75--0.90 ' 

~ Engineering judgment must be exercised in selecting an exact value. 
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Ill. 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-In 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, AADT, 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: 

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

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

3. Determine the effective MSF or vie ratio using Eq. 3-2 
or Eq. 3-3, as follows: 

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: 

or 

MSF = SFl[N X J.., X fHv X /,,] 

vi e= SF/[e1 X N X /.., X fH v X /,,] 

where: 
SF 

V 

PHF 

SF= V/PHF 

the service flow rate for the segment in question, in 
vph; 
the actual hourly demand volume for the segment 
in question, in vph; and 
the peak hour factor for the segment in question. 

Either equation may be used, because both MSF and v I e 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 I e ratio to 
the criteria of Table 3-1 to determine level of service. MSF or 
v I e must be less than the tabulated criteria to fall within a given 
level of service. 

2. Adjustment factors and passenger-car equivalents for pre- 5. Using the effective MSF or v I e 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. 

vailing conditions are obtained from the appropriate tables: 

/ .., (Table 3-2) 

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

ER (Table 3-3 or 3-7) 
Figure 3-5 illustrates a worksheet that may be used to sum­

marize operational analysis computations. 
E8 (Table 3-3 or 3-8) 

fH v (Table 3-9, or compute from Eq. 3-4) 

f,, (Table 3-10) 

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 
of service. Because 1,685 pcphpl is less than 1,850 pcphpl (the 
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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 
pcphpl 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 

60 

50 · 

e- Lo~u OfSIGN Sl'f:E:Q 
_ ____ 70 1,fpH 

4-Lan,s ----
- - "4P1f 

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: 

I. 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, DDHV. 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 I 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 I c ratio. 
Values ofv/c, in increments of0.10 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. 

Relatlonshlp of Design Criteria to AASHTO 
Standards 
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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 
vie ratios: 

Rural Freeways 
Urban and Suburban Freeways 

0.60 
0.80 

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, DDHV. 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: 

fw (Table 3-2) 
Er (Table 3-3, 3-4, 3-5, or 3-6) 
ER (Table 3-3 or 3-7) 
E 8 (Table 3-3 or 3-8) 
fHv (Table 3-9, or compute from Eq. 3-4) 
f,, (Table 3-10) 

3. Select a design v I 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/[c1 X (vie) X fw X /Hv X /,,] 

or 

N = SFl[MSF X fw X !Hv XI,,] 

where c1 = 2,000 pcphpl for 60- and 70-mph freeway elements, 
and 1,900 pcphpl for SO-mph freeway elements. 
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TABLE 3-11. VALUES OF VOLUME-TO-CAPACITY RATIO FOR USE IN DESIGN 

RESULTING PERFORMANCE CHARACTERISTICS 

vie RATIO 
MSF' 

(PCPHPL) 
Los" I 

DENSITY 
(PC/MI/LN) I 

SPEED 
(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 51 

0.60 1,200 C 21.0 56 
0.10 1,400 C 25.0 55 
0.11' 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 C 30.0 47 

0.80 1,600 D 37.5 43 

50-MPH ELEMENTS 

0.30 550 
0.40 750 
0.50 950 
0.60 1,150 
0.67' 1,300 

0.70 1,350 
0.80 1,500 

Values rounded to the nearest 50 pcphpL 
b Design may be within LOS bounds, not necessarily at maximum condition for LOS. 
c 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 I 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. 

C 
C 
C 
C 
C 

D 
D 

13.0 47 
17.0 47 
22.0 45 
27.0 44 
30.0 43 

34.0 41 
42.0 40 

It should also be noted that a decision on the number oflanes 
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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DESIGN WORKSHEET 

Facility Sectlon --·-------------------·------------··--
Dat t ________________ • _ Time -• •••••• ____ _ (of 2ni1lysi~ dal~) 

I. DESIGN S1AJDARDS 

LOS v/c Dc~.Speed Lane wi~tli Late ral cleare11!ce Tetra1n or Craoe length 
TAB. (mpt-.J (ft.) (ft,) (L,P,or M) (\) (mil 
3ali roadsile n~<li~~ 

f)TJ>.l 

f\11<.2 

II. TRAFFIC FORECASTS 

DDHV(vph) PHF SF•(DDHV/PHF) %trucks %bu•~· IRV's driver population 

DIF:.2 _COr:lllllll:f!.t:_otlier 

III. DESIG!i At,M,YSIS 
.----------------. I N "SF/[c j X v/c X rw X rli'i X rl'q 

SF / [cj x (v/cl x fw x rp x [~") ! 1/!l+PT(£.,-u+!~YE:-l),pll(ER-l)J 

l,;'AB •', , TAB") ( TM"\ , TAB~: ET ED Ef' 
3. l / 3 . 2 '3 .10/ \ 3. 9 ii ' 

l·i • 

DIR.I 

D11<. 2 

IV. SJ(CTCI< DSSIGN 

Nanie ---·-··-·-----•······· · · ··- -------- Dale _ ________ _ 

Checked by 

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. 

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. 

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 

Procedural Steps in Planning 

The following steps are involved in conducting a planning 
analysis: 

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

DDHV= AADT X K X D 

where: 

(3-6) 

AADT 
DDHV 

K 
D 

= 
= 
= 
= 

forecast average annual daily traffic, in vpd; 
directional design hour volume, in vph; 
percent of AADT occurring in peak hour; and 
percent of peak hour traffic in the heaviest 
direction. 

Values of Kand 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 
Suburban Freeways 
Rural Freeways 

0.07 - 0.10 
0.10 - 0.15 
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 
Urban Radial. Freeways 
Rural Freeways 

0.50 
0.55 
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-
lb/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 IS-min flow rate in the determination of N. 

Interpretation 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, comp~tations may be 
simplified by assuming that all heavy vehicles are trucks. The 
appropriate value of Er 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 Er 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 

TYPE OF 

TERRAIN 

Level 

Rolling 

Mountainous 

Base assumptions for Table 3-12: 

70-mph design speed 
AIJ heavy vehicles are trucks 
Lane widths are 12 ft 
Lateral clearances > 6 ft 

LEVEL OF 

SERVICE 

A 
B 
C 
D 
E 

A 
D 
C 
D 
E 

A 
B 
C 
D 
E 

NOTE: All values rounded to the nearest 40 vphp1. 

0 

700 
1,100 
1,550 
1,850 
2,000 

700 
1,100 
1,550 
1,850 
2,000 

700 
1,100 
1,550 
1,850 
2,000 

PERCENT TRUCKS 

5 10 15 20 

650 650 600 600 
1,050 1,000 950 950 
1,500 1,450 1,350 1,300 
1,800 1,700 1,600 1,550 
1,900 1,850 1,750 1,700 

600 550 500 450 
950 850 750 700 

1,350 1,200 1,050 1,000 
1,600 1,400 1,300 1,150 
1,750 1,550 1,400 1,250 

500 400 350 250 
800 650 550 400 

1,150 900 750 550 
1,350 1,100 900 650 
1,500 1,200 1,000 700 



( 

Cr = 2,000/ Er for 60- and 70-mph design speeds) (3-8a) 

Cr = 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 I c ratio as the remaining normal freeway 
lanes, the service flow rate using the climbing lane can be es­
timated as: 

where: 

(v I c); 

SFr = Cr X (vie); (3-9) 

service flow rate in the climbing lane, in vph; 
capacity of the climbing lane, in vph; and 
v I c ratio for LOS i, from Table 3-1 for operational 
analysis, or from Table 3-11 for design . 

The assumption that the v I 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 achi&ves similar service for all vehicles. The analyst may 
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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 
I I-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 I c 
ratio for the facility described would be computed as: 

where: 

CJ 

N 
Er 

f11v 
J.., 

I,, = 

vie= SF/[c1 X N X f w X / 11v X /,,] 

2,000 pcphpl (Table 3-1); 
2 (Given); 
4 (Table 3-3, rolling terrain); 
0.85 (Table 3-9, 0.06 trucks, Er= 4); 
0.79 (Table 3-2, 11-ft lanes, obs. both sides at O ft); 
and 
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: 

vie= 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 
)! I c values in the range of 0.69 to 0.84. 

Figures 3-3 and 3-4 can be entered with the effective v I 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 arid 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/ln 

The density criteria of Table 3-1, however, are expressed in 
pc/mi/ln. 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/Im) 
= (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 vie ratio during the peak 15 min 
is 0.82, compared to capacity, at which v I c is 1.00. The capacity 
of the facility is computed as: 

C = SFE = cj X N X (vie) Xfw X/Hv XJ;, 

where v I c is equal to 1.00. Then: 

c = 2,000 X 2 X 1.00 X 0.79 X 0.85 X 1.00 = 2,686 vph 

Thus: 
Capacity 

Actual flow rate 
2,686 vph 
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 2-0PERATIONAL 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-lb/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 

l/2mi 
(2640ft) 

l/2mi 
(2640ft) 

1 ml 
(5280ft) 

3-27 

Pt. 3 

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 J 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: 

vie= SF/[cj X N X fw X fnv X J;,] 

where: 

SF 

J;, 
ET (Upgrade) 

ET (Downgrade) 
fHv (Upgrade) 

fHv (Downgrade) 

Then: 

vie (Upgrade) 

v I c (Downgrade) 

3,500/0.85 = 4,118 vph (Given); 
2,000 pcphpl (Table 3-1); 
3 (Given); 
0.97 (Table 3-2, 12-ft lanes, obs. one 
side at 2 ft); 

= 1.00 (Table 3-10, weekday); 
= 7 (Table 3-4, 3 percent grade, 1 mi 

length); 
1.7 (Table 3-3, level terrain); 
0.77 (Table 3-9, ET= 7, 0.05 
trucks); and 

= 1/(1 + 0.05 (1. 7 - 1)] = 0.97. 

4,118/(2,000 X 3 X 0.97 X 
0.77 X 1.00] = 0.92 
4, 118/(2,000 X 3 X 0.97 X 
0.97 X 1.00] = 0.73 
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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 I 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 I mi I In; for the downgrade, speed is 
54 mph and density is 28 pc I mi I In. These solutions and the 
worksheet for Calculation 2 are shown in Figure 3-11. 

The relatively high value of v I 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 dir~ctional 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 4,50010.90 = 5,000 vph. 

Table 3-11 shows the maximum v I c for LOS C to be 0. 77 
for a 70-mph design. Table 3-11 also indicates several potential 
design values of v I 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: 

where: 
SF 

N = SF/[cj X (vie) X /., X fu v X /,,] 

5,000 vph (Given); 
2,000 (Table 3-1); 
0. 77 (Table 3-11 ); 
1.00 (Table 3-2); 
1.00 (Table 3-10); 
1. 7 (Table 3-3, level terrain); 
11[1 + 0.12(1.7 - 1)) = 0.92; and 
5,0001[2,000 X 0.77 X 1.00 X 0.92 X 1.00) = 3.5 
lanes. 

Because a v I 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 
vie ratio: 

vie SF/[cj X N X fw X fuv X /,,] 

vie 5,0001[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 I c ratio has, however, been improved. This improve­
ment can be quantified by entering Figures 3-3 and 3-4 with 
vie ratios of 0.77 and 0.68 respectively. 

An operation at v I c = 0. 77 would result in an approximate 
density of 29 pc/mi/ln and a speed of 54 mph. The actual 
operation at a v I 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 

l. 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 I 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 I c, the maximum permissible value for LOS B. The required 
number of lanes is found as: 

N = SF/[cj X (v i e) X fw X fHv XI,.] 

where: 

SF = 2,200/0.95 = 2,316 vph (Given); 
cj = 2,000 pcphpl (Table 3-1); 

vi e = 0.54 (Table 3-11); 
fw = 1.00 (Table 3-2); 

I,. = 1.00 (Table 3-10, weekday); 
Er (Downgrade) = 1. 7 (Table 3-3, level terrain); 

Er (Upgrade) S (Table 3-4, 3 percent grade, 1 mi 
long, 6-lanes assumed); 

Inv (Downgrade) = 1 /[l + 0.20 (1.7 - 1)] =-0 0.88 
(level terrain); and 

fHv (Upgrade) = 0.56 (Table 3-9, Er= 5, 20 percent 
trucks). 

Then: 

N (Level Terrain and Downgrade) 2,316/ 

N (Upgrade) 

[2,000 X 0.54 X 
1.00 X 0.88 X 1.00] 
= 2.4 lanes 
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: 

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

SFr = Cr X (v i e)= 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 DDHVof 1,984 vph and 11 
percent (rounded to the nearest percent) trucks. 

N = SF I [ cj X (v I c) X fw X /Hv XI,.] 

where: 

Then: 

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

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 

l. Descirption-A sustained upgrade of 5 percent, l½ mi in 
length, is to be redesigned on a freeway serving a national park. 
The redesigned road is expected to carry a DDHVof 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 vie 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/[cj X (vie) X fw X fuv XI,.] 

where: 

SF l,000/0.95 = 1,053 (Given); 
cj 2,000 pcphpl (Table 3-1); 

v I c 0.60 (Given); 
f w 1.00 (Table 3-2); 
I,. 0.75-0.90-Select 0.85 (Table 3-10, recreational); 

ER 4 (Table 3-7, 5 percent, I½ mi long, 20 percent RV's); 
E 0 3 (Table 3-8, 5 percent buses); 

fuv 1/[l + 0.20 (4 - 1) + 0.05(3 - !)] = 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 I,. 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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DESIGN WORKSHEET 

Facility Section P,,:,LJ Jt&l'J-""" Ffl?.e~ ---
Date 11/11La3 Time __ / :oo _70'"'7 __ (of analysis data) --

I• DESIGN STANDARDS 

LOS vie Des.Speed Lane width Lateral clearance Terrain or Grade length 
TAB. (mph) (ft.) (ft.) (L,R,or Ml (%) (mi) 
3.1 roadside median 

DIR.l C "·(,~ 70 IZ. ~, ~G, +S ,~ 
DIR.2 

II. TRAFFIC FOREC/ISTS 

DDHV(vph) PHF SF= (DDHV/PHF) %trucks %buses %RV's driver population 
!Jll<.l l,t>OO (!).'/S /,05",Z 5 ,Z.O 

_commuter_ou~ner -
DIR.2 _commuter _ott,er 

III. DESIGN ANALYSIS 

I N = SF/[cj X v/c X fW X [HV X f pl I 
I f = 

I [c . (v/cl fHV) I HY N " SF X X f X [ X 11/[l+PT(ET-l)+PB E8-l) • PR(ER-l)J 
J w p 

i'rAB ") TAB) ( TAB 6.) 
I 

ET En E ( TAB ') I R 
3 .1 3.2 3. 1 3. 9 ' 1 

DIR.l /,7 1/XJ I.OH c.110 /,0() II.I~ c.5'1' 3 J/ -
DIR.2 ' ! 

SKETCH 
owe, n.-+.I IV. 

.Z.'I-R. - - - - - -- - - --
NO ossrl('cu:: r/cNS 

~~~1 - -- - -- - - -- - -
'J'tf'I. 

Name - -~ -"(!:'~ /?'1-c_ Cc~o:!i'lCK ___ __ - - oa ~ -- ---------·-----~ ---- -
Checked by --------------------------·-··------·- --··-----····- -- ··· --

Figure 3-13. Worksheet for Calculation 5. 

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 I c ratio of 0.60, the value 
recommended by AASHTO for rural freeways. It will have a 
DDHV 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-It will be assumed that 70-mph design speed, 
12-ft lanes, and adequate lateral clearances are provided. For 
these conditions, a v I 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 Er values. Then: 

N = SFl[c1 X (vie) X fw X /,w X /,] 
where: 

SF = 1,900/0.95 = 2,000 vph (Given); 
c1 = 2,000 (Table 3-1); 

v I c = 0.60 (Given); 
fw = 1.00 (Table 3-2); 
J;, = 1.00 (Table 3-10); 

Er (Upgrade) = 7-This assumes a 4-lane freeway (Ta­
ble 3-6, 3 percent grade, 3/4 mi long, 
15 percent trucks); 

Er (Downgrade) = 1.7 (Table 3-3); 
fHv (Upgrade) = 0.53 (Table 3-9, Er = 7, 15 percent 

trucks); 
fHv (Downgrade) = 1/(1 + 0.15(1.7 - l)] = 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. 
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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: 

cT = 2,000/7 = 286 trucks/hour 

and the expected service flow rate: 

SFT = 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/[cj X (vie) X fw X fm, X /,,] 

where 

cj, VI c, fw, I,, = as before; 

SF = 1,728/0.95 = 1,819 vph; 
ET = 8 (Table 3-6, 3 percent grade, 3/4 mi long, 

7 percent trucks); 
fHv = 0.67 (Table 3-9, ET = 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 I c of 0.60. The actual 
v I c provided would be: 

v/c = SF/[cj X N X fw X fHv X /,,] 
vie = 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 I c ratio in the range of 0.60 to 0.68. 
As this range is well within LOS C boundaries (Table 3-l), 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 AADT 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-It is first necessary to convert the AADT to a 
DDHV, 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. 

' V.REFERENCES 

This chapter is based primarily on research reported in Ref. 
1. Passenger-car equivalents were based on a variety of sources 
reported in Refs. 2 through 11. The level-of-service concept for 
freeways is discussed in Ref. 12. The composite grade analysis 
technique was adapted from Ref. 13. For design standards, users 
should consult the current AASHTO policies. 

1. RoESS, R., MCSHANE, w., LINZER, E., and PIGNATARO, 
L., Freeway Capacity Analysis Procedures. Final Report, 
Project No. DOT-FH-11-9336, Polytechnic Institute of 
New York, Brooklyn N.Y. (May 1978). 

2. CUNAGIN, W., and MESSER, C., Passenger Car Equivalents 
for Rural Highways. Final-Report, Project No. DTFH61-
80-C-00128, Herbert G. Whyte Associates and the Texas 
Transportation Institute, College Station, Texas (May 
1982). 

3. SEGUIN, E., CROWLEY, K., and ZWEIG, W., Passenger Car 
Equivalents on Urban Freeways. Interim Report, Project No. 
DTFH61-80-C-00106, Institute for Research, State College, 
Penn. (Aug. 1982). 

4. CRAUS, J., "A Revised Method for the Determination of 
Passenger Car Equivalents." Transportation Research, Vol. 
14a, Pergamon Press, London, England (1980). 

5. ST. JOHN, A., Freeway Design and Control Strategies as 
Affected by Trucks and Traffic Regulations. Report No. 



3-34 

FHWA-RD-74-42, Midwest Research Institute, Kansas 
City, Mo. (1975). 

6. LINZER, E., McSHANE, W., and RoEss, R., "Effects of 
Trucks, Buses, and Recreational Vehicles on Freeway Ca­
pacity and Service Volume." Transportation Research Re­
cord 699, Transportation Research Board, Washington, 
D.C. (1979). 

7. MESSER, C., "Two-Lane Two-Way Rural Highway Capac­
ity." Final Report, NCHRP Project 3-28A, Texas Trans­
portation Institute, College Station, Texas (Feb. 1983). 

8. "Review of Truck Weight/Horsepower Ratios as Related 
to Passing Lane Design." NCHRP Project 20-7, Penn State 
University, College Station, Penn. (1978). 

9. ST. JOHN, A., and KOPPETT, J., "Grade Effects on Traffic 
Flow, Stability, and Capacity." NCHRP Report 185, Trans­
portation Research Board, Washington, D.C. (1978). 

APPENDIX I 

10. CHING, P., and ROONEY, F., Truck Speeds on Grades in 
California. California Department of Transportation, Sac­
ramento, Calif. (June 1979). 

11. ST. JoHN, A.,' "Truck Population on High-Type Rural 
Highways." 59th Annual Meeting of the Transportation 
Research Board, Washington D.C. (Jan. 1980). 

12. ROESS, R., MCSHANE, w., and PIGNATARO, L. "Freeway 
Level of Service: A Revised Approach." Transportation Re­
search Record 699, Transportation Research Board, Wash­
ington D.C. (1980). 

13. LEISCH, J., Capacity Analysis Techniques for Design and 
Operation of Freeway Facilities. Federal Highway Admin­
istration, Washington D.C. (1974). 

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 lb/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 Er 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: 
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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 
ET" 

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. 

•5¾ -3"/o 
-4¾ -2"1. - 1 •1. ,, / 

O¾ ,,.. 

----
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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 R V'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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OPERP.TIOI\IAL ANALYSIS WORF:SHEET 

Facility Section 

Date ____ __ ______________ Time _______ _______ (of analysis da.ta) 

I. GEOMETRY 

ft. distance to roadsice obstructions 

ft. DIR,l 
, 

ft. ~--- - - ----- BARRIER ------- ---
I~ 

1 -ft. - DIP- .2 r~ = --
I .!, 

ft. distance to rociclsice obstructions - --

DIF,l 

DIF: . 2 

DeEign Speed 
(mph) 

I I . VOLut1ES 

Lane Width 
(ft.) 

Te r rair. ':'vpe I Grade 
(L, - R, or .... M)or (%) 

--

Length 
( rn i) 

0 
indjcate 

rJc,r th 

Ba rri er 
T} pe 

VOL(vpb) PHF SF==VOL/FHF %trucks %buses %RV's driver population 
DIR .-1 _comrnuter_otber 

DIR,2 _cornnuter_other 

III, ANALYSIS \'/C 

C - C , X N X [ X [ v, .. X f 
J "fl ,, J ~ f f. , . -· 

• I 
I 

\-/c = SF / [c . 
] 

X n X f w X [ 
p X fHV] l/[l+PT(ET-l)+P8 (E8 -l)+PR(ER-l)] I 

I 
J!'AB J r,• R TAB·) - J'\_ • ) I F r: i:--'I' ~B - · i;_ 
~:;\ . 1 3.2 3. 1 0 I 

DIR,l I 
I 

DIR,2 I 
I 

C v/c LOS ('I'AB. 3, l) SPEED (FIG,3,4) :CENSITY (FIG.3.3) 
DIR.l 

DIP.,2 

Narne _ __ ________ __ ___ __________________ ______ Date _ ______ _________ _ 

Checked by ______ _ _______ _______ __ _ 
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( DESICN WORKSHEET 

Facility Sec ti on --------·- -------- -·- --- ------
Date -- - -- Time --- ----- -- - ---- -- (of 2nalysis c1alc.1.) 

I. DESIGN S'IANDARDS 

LOS v/c Des.Speed Lane wiclth Lateral clearance Terrain or Grade length 
( TAB jJ (mph) (ft • ) (ft • ) (L,P,or M) ( % ) (mi) 

3.1 roadside mec.1it!n. 
nm .1 

DH.2 

II. TRAFFIC FORECASTS 

DDHV(vph) PHF SF= (DDHV/PHF) %trucks %buses %RV's c:Jr i ver population 
DIR,.l _comwuter_otner 

DIR.2 _cornnuter - otber 

III. DESIG:t! Ah!ILYSIS 

( I N ·- SF/(c j X vie X [ X f f-IV X fr]l w 

I f = 
u = SF /[c. X (v/c) X f X [ X f fiV] : 1/ [l+PT (ET-1 )+P~YEB-1 HPR (ER-1) J 

J w p 
I 

-TAB") TAB") (TAB~ ( TAB ")I ET EB ER 
3.1 3.2 3.1 3. 9 I 

DIR.l I 
I 

DIR .2 I 

! 
IV. SKETCH DESIGN 

Name --- -- - --------~------- - Date -----------·-·------
Checked by ------- ------- ----------------------·-----
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APPENDIX Ill 

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 
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 ralt: 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. 

rollinR 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. 
c1 capacity per lane for a freeway of design speed j 

under ideal conditions, in passenger cars per hour 
per lane. 

Cr capacity of a climbing lane under prevailing con­
ditions, in vehicles per hour. 

DDHV directional design hour traffic, in vehicles per hour. 
E8 passenger-car equivalent for buses. 
ER passenger-car equivalent for recreational vehicles. 
Er passenger-car equivalent for trucks. 

fH v adjustment factor for the presence of heavy vehicles 
in the traffic stream. 



fp adjustment factor for driver population type. 
/., adjustment factor for restricted lane widths and/ 

or lateral clearances. 
LOS level of service. 
PHF peak hour factor. 

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

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

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

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

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

SF service flow rate, in vehicles per hour. 

3-55 



r 

5-1 

CHAPTER 5 

RAMPS AND RAMP JUNCTIONS 

I. 

II. 

Ill. 

IV. 

V. 

CONTENTS 

INTRODUCTION ••...• , . , , • •.. • .. ..•. ...... • .• .. .............. . ... . •. .• . . , . • . .... , •...••..•. .. . •. • . ... . . .. •. ... • 

Ramp Components ....... ....... . ... ... . ..... . .. . .. .. ......... . ... ... .. . ..... .. ... .. .. . .... ... ... . ..... .... . 
Operational Characteristics ...... .. ..... . .... . .. .. ......... ............ ... .. . ..... ... ....... .... ............ . 

METHODOLOGY . . ... •...... . . .. . ...... • . . ... .. . .•. . .. . .....•• ..• ..•..•••..•. . ... . ••...•••.••.....••••... . ••.... 

Ramp Configurations .... ................... .. . ...... . ... . . ..... . .... . ........ . . . . .. .......... ... .. .. .. . ... . . 
Critical Elements for Analysis .......... ... .... .......... . .. .. . .. . ...... ... .. ... . . ... . ... . . ..... .. .... . ... .. . 
Level-of-Service Criteria ............. .. .. .... . ............ . .. .. . .. ... . ...... .. . ........... .. . ... .. ... . .. . ... . 
Computing Lane 1 Volume . . .. ..... . ... .... .............. .. .... ......... ... . .. . .. .. . ...... .... ....... . .... . . 

Nomograph Procedure . . ......... .. ...... . .... . .......... . .. . ........ ..... ..... . .. ..... . . . ... ... .... . .... . 
Approximation Procedure ............................ ................... . .. . .. . . . ... . ...... .. ........ .... . 

Truck Presence in Lane 1 ..................... ..... .. . . .. . .... ... .. ...... . ......... .. ...... . . .. .. .. ..•.... . . 
Checkpoint Volumes and Level-of-Service Determinations . . .............. . .. .. .. . ....... . ...... . .. . ....... .. . . 

PROCEDURES FOR APPLICATION ............. ............. .. , .• .. , • •..•.••••.•. , .• • . .. ,,, •••..... . . . . . • ... •• . ••. . 

Step I -Establish Ramp Geometry and Volumes .. ....... . .. ... . . . ... . ........ . .. .... .... ..... .. ... .. .. . .... . 
Step 2-Compute Lane 1 Volume ........ ............ ... ... . .... ... ... .. .... ....... . ... ...... ... ... ... . . ... . 
Step 3-Convert All Volumes to Passenger Cars Per Hour ........... . .. ... . , . .. . . . . .. . .. .. .... ............. . 
Step 4-Compute Checkpoint Volumes .... . .. ... .. ....... ........ ....... ..... . . . .. . . .. ......... . .. .. ..... .. . 
Step 5-Convert Checkpoint Volumes to Peak Flow Rates ...... . . . ......... . .. . ...... . .. . ........ .... . . . ... . 
Step 6-Find Relevant Levels of Service .............. . .. .. .......... ....... ..... . ............ . .... . ........ . 
Special Applications ....... ... . ................... .. .... ..... . . . .. . .. . .......... ... ..... ... . .. ...... ... .. ... . 

Ramp Junctions on Five-Lane Freeway Segments ....... ... ... .. ... ... . ... .. ................... . .......... . 
Left-Side Ramps .. .. .... . .......... ............ ..... . . .. . ........ . ...... ...... .... .. . ..... . . ... ...... .•... 
Effects of Ramp Geometry ........... . ... .. .. ...... .... .. . ...... .. . ........... ... . . . . ...... .. ..... . ...... . . 
Ramp Roadways . ..... ................. .. ... ........ .. ................... . .................... . .. ..... .. . . 
Ramp-Street Interface ....................... .. ......... .. .. ..... . .... .. .. ... ....... . ................. .. .. . 
Ramp Metering ........................................... . ... . . . .... . ............ . . . ... . ... .. .. . . . .... , .. 

SAMPLE CALCULATIONS ••• •. . . . . , ... , ...... • . • ...... .. ............ , .. .. ........ , . . ........... •• .••. • .•••.. • • •• , 

Calculation I-Isolated On-Ramp .................................... . ...... , .... ........ . . .. .. .. ... . ..... , , 
Calculation 2--Consecutive Off-Ramps . .... . . ......... .. . ......... ............... , . ................ .. ... ... . 
Calculation 3-0n-Ramp Followed by an Off-Ramp .............. . . ... .. ........ , , ... .... ....... ....... .. , , . 
Calculation 4-Two-Lane On-Ramp .. ... .. ........ . ...... . . ..... . ... .. ... .. ... .. . . ........................ . . 
Calculation 5-Ramp Roadway .. , .. ... ..... . .......... , ........ . .. . ............ .. ... .. . . . .. .... .. . .. . ..... . 
Calculation 6-Isolated Off-Ramp on a Five-Lane Freeway Segment .... .. ...... .... . ... . ... .... .... . .. .. ... . . 
Calculation 7-Left-Side On-Ramp ....... . .... , ... . ................ ... .... .. . .. ... . .. , ... .... . ........ . .... . 
Calculation 8-Ramp Metering ........... .... . .. ................. . . . . .... . . ... . ...... . ... . . ................ . 

REFERENCES 

5-2 
5-2 
5-2 

5-3 
5-3 
5-3 
5-4 
5-6 
5-6 
5-8 

5-11 
5-12 

5-12 
5-13 
5-13 
5-13 
5-13 
5-14 
5-14 
5-14 
5-14 
5-14 
5-15 
5-15 
5-16 
5-16 

5-17 
5-17 
5-17 
5-19 
5-20 
5-22 
5-22 
5-23 
5-23 

5-24 

APPENDIX I. Nomographs for the Solution of Lane 1 Volumes ........................ , . . . . . . . . . . . . . . . . . . . . . . . . . 5-24 

APPENDIX 11. Tables and Figures for Use in the Analysis of Ramps and Ramp Junctions . . . . . . . . . . . . . . . . . . . . . . . . . 5-38 

APPENDIX m. Glossary and Symbols . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5-48 



5-2 

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: 

I. 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 incit..lent 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 
Intersections." 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 I 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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II. 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, Vr-
3. The distance to the adjacent upstream and/ or downstream 

ramps, D., Dd. 
4. The volumes on the adjacent upstream and/ or down­

stream ramps, V., Vd. 
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 l 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 la~e 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, Vm-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, Vd- 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, Vr-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, vm, diverge, vd, and free­
way, vi' 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-

== t v, v, - - Vr,r' v, ... Vr I ~---
(a) Checkpoint volumes at an on - romp 

I -
Vf •, V •Vd-

[ I ----V - 1/ 

~ 
(b) Checkpoint volumes ot an off-romp 

- v, 
v,,. - v;;;- v,a• Vd 

~ 7 ,,_~_ ......... _ _ ~------- - ,,-~-V-ra 

Romp A Ramp B 

(cl Checkpo,n t volumes ol an on· romp lo I lowed by an o If -
ramp (no aux i i iary lone) 

Figure 5-2. Checkpoint volumes for ramp-freeway termin,als. 

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 l . 
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 l 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 Fall 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 



5-5 

(r-,... 

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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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 tlow. 

COMPUTING LANE 1 VOLUME 

The computation of lane 1 volume, Vi, 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 Jane 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. 

r----lOOOft---

4000_ 

vph _v,,_ V1e-

~oO~ ~ ~ 
,i Q A ~Q 8 

NOTE: no upstream or downstream ramps within in­
fluence area of Ramps A and B. 
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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 1st 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. l.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 

77 ~ 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. l.5-3 Fig. l.5-6 Fig. 1.5-7 Fig. 1-5-10 Approximate 
by Off-Ramp Using Table 

/ ~ 
5-3 and Fig. 
5-5 

Off-Ramp Followed Treat as Isolated Ramps Fig. I.5-6 Treat as Isolated Ramps 
by On-Ramp 

~~7 
Loop Ramps Fig. 1.5-4 Fig. 1.5-3 Fig. 1.5-6 Fig. 1.5-7 Fig. I.5-10 Approximate 

;o ~ 
Using Table 

{ f 
5-3 and Fig. 
5-5 

Two-Lane On-Ramps See Note 3 - Fig. 1.5-11 - See Note 3 -- -- -- -

~ 
Two-Lane OIT-Rnmps See Note 4 - Fig. 1.5-12 - See Note 4 --------

~ 
Addition of Lane at Merge criteria in Table 5-1 may be applied directly to the on-ramp flow rate as a checkpoint. 
On-Ramp 
-- -- - --,...; - - -
~ 
Dropping a Lane to Diverge criteria in Table 5-1 may be applied directly to the off-ramp flow rate as a checkpoint. 
the Off- at Off-Ramp - -- -- --
-- :...... 
~ 
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TABLE 5-2. INDEX TO THE USE OF NOMOGRAPHS AND APPROXIMATION PROCEDURE FOR THE COMPUTATION OF LANE 1 VOLUME 

(CONTINUED) 

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

CONFIGURATION 1st RAMP 2nd RAMP Isl RAMP 2nd RAMP Isl RAMP 2nd RAMP 

Major Junctions ---- Assume that lane B carries an amount of traffic equal to the. merge checkpoint volume in Table 5-1 for the assumed 

jl- - - -- level of service. Ramp lane A then carries the remaining ramp traffic. Compute lane I volume using Figure 1.5-1 (4-
lane freeway), Figure 1.5-5 (6-lane freeway), or Figure I.5-9 (8-lane freeway), entering with ramp volume = lane A ----- volume. Find checkpoint levels of service. Continue computations until assumed LOS agrees with results. -~ 

~ Not - Fig. I.5-13 - Not --- Available Available 
- - - .... - -- -- -----NOTES: 

l. Use Figure J.5-2 to find V1 in advance or the fir5t ramp. but ontcr with a V, which is equal to the total volume on both'ranir,s. This technique is v1o11id whcra rhc l.lbtancc be1wccn ramps is less 
than ·~()() ft. \ here the distance bet wen ramps is belW('tn 800 and 4,000 ft, use Table 5-3 and Figure 5-5 to ap1>roximate lht shundon. If the distance btLWC'cn n1rnp1 l grtotar than 4.0CXJ ft, consider 
ramps to be isolated nnd consider separately. 

2 Use Figu,e L5-7 to find V1 in advance of the firs! ramp, but enter with a V, which is equal to the total volume on both off-ramp~ This technique is valid where the distance belwcen ramps 
is les,i thnn &OO fi . For other di.seance. S,tt: note J, 

J. TrcAI a.\ t\'ir9 ~Yccessive 011-mmps .sc1mr.11cd by 400 ft; dlv,dc ramp volume equally between two mmp lanes. 
4. 1 'rci\l M two ;mccessive c11T-ram(b :tiCJ>arn.1cd by 400 ft; dlvld~ off-n1mp volume equally between twu rnmp lanes. 

Table 5-2 indicates that Figure I.5-6 should be used to com­
pute the lane 1 volume immediately upstream of ramp A, v;A> 
while Figure 1.5-8 should be used for ramp B, V18• 

Note that Figure l.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 defa ult 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. In truction 3 indicate that the value of 640 ( VJ/ Dd) 
be et 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 VJ - 0.085 v. + 640(Vd/D d) 

where: 

VJ = 4,000 vph; 

V,, = 50 vph (default value); 

640(Val Da) = 5 (default value); and 

VIA = -121 + 0.244(4,000) - 0.085(50) + 5 

V1A = 856 vph 

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

Figure 1.5-8 may be applied directly for the determination of 
V18 . Note that when ramp B is considered, the freeway volume, 
VI' is equal to 4,000 vph plus the 400 vph entering at ramp A, 
or 4,400 vph. Using the equation: 

V, = 574 + 0.228 VJ - 0.194 V, - 0.714 D. + 0.274 V. 

where: 

4,400 vph; 
500 vph; 

D. 1,000 ft; 
V,, 400 vph; and 

VIB = 574 + 0.228(4,400) - 0.194(500) - 0.714(1,000) 
+ 0.274(400) 

Vrn = 876 vph. 

Figure 5-4 illustra tes the same solution using the nomograph. 
V18 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 F igure 5-5 are used to develop 
approximate e timates of lane I volume at ramps. It is empha­
sized that thi 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: 

5000---!:=.~IO~O~O:....:...:ft~.=====-!.1~5~0~0;!__!..;ft~.__.1=!! ___ _ 
vph --
--t~ -------- -- -- ---- -- -

~~~~ 
A B C ~ 

NOTE: there a1e no other 1am~s ~ithin 4000 ft 
of this segnent. 



SOLUTION 
vu Vd 

vf V1 (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 V d/Dd) Off-Ramp Off-Ramp 
6200 

vph vph 

900 50 50 
100 100 

800 200 200 

5400 
300 

700 () . () 300 
r0 '"'t.,, O' 400 

600 07()0 ""e 400 
'1'_,, '1,'>.r 0 R 500 

4600 "% t'f, 6>9 

500 
0. "''>) l 500 600 ?a Vo Vo 

600 700 
400 

3800 700 800 

300 
800 

900 

.,;i .?soo 1000 

3000 700 -si: "oo 900 
Oa 1100 

100 Soa v 1000 1200 2600 500 V 

2400 377 400 0 1100 1300 

Equation: V 1 = -121 + 0.244 V f - 0.085V u + 640 V d/D d 

Diagram: -----
.,.,,. ___ Du 

Conditions for Use: 

1. Single lane on-ramps on 6-lane freeways with or without upstream and/or downstream 
off-ramps, with or without acceleration lane. 

2. If there is no upstream off-ramp within 2600 ft, use Vu = 50. 
3. If there is no downstream off-ramp within 5.700 ft, and Vf < 5000 vph, use 

640 V d/Dd = 5, and skip step 2 below. 
4. Normal range of use: V f = 2400 to 6200 vph; Vu= 50 to 1100 vph; V d = 50-1300 vph 

V r = 100 to 1700 vph; Dd = 900 to 5700 ft; Du = 900-2600 ft 

Steps in Solution: 

1. Draw a line from Vt value to Vu value, intersecting turning line 1. 
2. Draw a line from Vd value to Dd value, intersecting 640 Vd/Dd line. 
3. Draw a line from the step 1 intersection with turning line 1 to the 640 Vd/Dd value of 

step 2; read solution at intersection with V 1 line. 

Figure 5-3. Nomograph solution for ViA using Figure 15-6 in Appendix L 
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SOLUTION 

vt v, vr 
Du vu Freeway Volume Lane 1 Volume 2nd 

Upstream of Upstream of On-Ramp Distance to Volume Upstream 
2nd On-Ramp 2nd On-Ramp Volume Upstream On-Ramp 
vph vph vph On-Ramp (ft) vph 

5400 100 500 

200 
5000 

300 
600 

4600 400 

Line 1 
500 

4200 700 
600 

3800 700 
N 

w w 
z v 18 ==s7o 800 800 z 
:::i :::i 

3400 Cl Cl 
z z 
z z 
[[ [[ 

3000 :::> :::> 
f- f-

• 
2600 1200 

1300 
2200 

1400 

1800 1500 1100 

Equation: V1 == 574 + 0.228Vt -0.194Vr -0.714Du + 0.274Vu 

1-- Du ------~I 
Diagram: 

Conditions for Use: 

1. Single lane on-ramps on 6-lane freeways with adjacent upstream on-ramps, with or 
without acceleration lanes. 

2. Normal range of use: Vt == 1800 to 5400 vph; V r == 100 to 1500 vph 
Vu= 100 to 1400 vph; Du= 500 to 1000 ft 

Steps in Solution: 

1. Draw a line from Vt value to Yr value, intersecting turning line 1. 
2. Draw a line from Vu value to Du value, intersecting turning line 2. 
3. Draw a I ine from intersection of step 1 to that of step 2; read solution on V 1 line. 

Figure 5-4 Nomograph solution for Vie using Figure 15-8 in Appendix 1 
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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 Care 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 

V19 (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(11) indicates that 60 percent 
of on-ramp vehicles are expected to remain in lane 1, 1,000 ft 
downstream of the merge point. Therefore: 

Vrn (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(1) indicates that 79 percent of 
off-ramp vehicles are in lane 1 at a point 1,500 ft upstream of 
the diverge point. Thus: 

Via (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: 

Vrn = 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-

I . 
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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 

2! 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 

s 1499 8 6 20 

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

Percentage of Off-Romp Traffic Present in Lone 1 at 
Various Distances from Romp 

IL 

Percentage of On-Romp Traffic Present in Lone I at 
Various Distances from Romp 

NOT8: If the percentage found in this figure is less than the 
percent of through volume in lane l from Table s-3, use 
the percentage given f o r through volu~e in Table s~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 
lan e I. This is not the proportion of trucks in the lane I 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: 

V1 = 4,000 vph (Before Merge), 8 percent Trucks 

V, = 400 vph, 10 percent Trucks 

V, = 856 vph (Found from Figure 1.5-6) 

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 arc 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. 
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 m 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, fHv• 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/ J,,v" Volume (pcph) 

V1 (Before Merge) 4,000 0.08 I. 7 0.95 4,000/0.95 = 4,211 
V1 (After Merge) 4,400 0.08 1.7 0.95 4,400/0.95 = 4,632 
V, 400 0.10 1.7 0.93 400/0.93 = 430 
vi 856 0.19 I. 7 0.88 856/ 0.88 = 973 

• From Table 3-3 
'Computed as 1/[I + Pr (E, - I)] 

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 I. 

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 I 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 I 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, existing 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. 
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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 I 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 I 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(!) 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 J.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 i desired, 
the direct use of the equation is recommended, although for 
many cases the precision provided by nomograpb 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 I 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, 
Inv, selected from Table 3-9 or computed using procedures 
described in Chapter 3. 

Before converting lane I 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 I, 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: 

I. 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, Vd - 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: 
Vd = V,. 

3. Total freeway volume, V1 - 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. 

CHECKPOINTS 

( 1) Mtr9t (immediotelyofter on-romp) ot Point CD : 

(2) Diver9e I immediately before all-ramp) at Paint@ 

(3) Freeway Checkpoint Volume lupstreom or off-ramp, 

downstream of on-romp, beh1Hn the romps) 01 Point 

Figure 5-7. Computatio11 of checkpoint volumes for an on-ramp 
followed by an off-ramp. 



5-14 

STEP 5-CONVERT CHECKPOINT VOLUMES TO 
PEAK FLOW RATES 

Before comparing checkpoint volumes with the level-of-serv­
it:e 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-FINO 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 mo t 
desirable operation would have the LOS of merge and diverge 
point 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 FlVE-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: 

I. Trucks in lane I - 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 
ex.ist, 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 polic.ies (1,2), 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 (1,2), 
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: 

l. 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 I 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 

A b b b b 

B b b b 900 
C b b 1,100 1,250 
D b 1,200 1,350 1,550 
E 1,250 1,450 1,600 1,650 

F WIDELY VARIABLE 
a 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 ;, 41 mph 

b Level of service not attainable due to restricted design speed. 

~ 51 

600 
900 

1,300 
1,600 
1,700 

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 control.ling 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 8 is a comprehensive treatment of ramp metering and 
system use of ramp controls. Chapter 6 contains a more c0mplete 
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: 

l. 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 ch11rac­
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 lo s in service flow rates. It should be 

VOLUME DETECTOR~~ 
MAY BE USED TO 1J 
SET METERING 
RATE 

- ENTER ONE 
VEHICLE 
ON GREEN 

Figure 5-8. A typical ramp metering installatiun. 

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 V, 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 c-0mputations for V, depend on a value of V,.. To 
compute the maximum value of V, allowable for a given LOS, 
the following procedure may be followed: 

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

2. Assume a value of V,. 
3. Compute V1 using the procedures described in this chapter. 
4. Compute V, = Vm - V1• 

5. Continue computations until the V,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 Calculatiou 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. 
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IV. SAMPLE CALCULATIONS 

CALCULATION 1-ISOLATED ON-RAMP 

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

--.-
2500vph- -----------
IO¾trucks ~--------550~1>" ~ 

5.,. 1111c"-

LEVEL TERRAIN 
PHF=09C 

70 mph DESIGN SPEED 

What level of service would be expected to prevail? 
2. So111tio11- Usi11g 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 rhi case. Thus the lane I volume immediately 
up tream of the on-ramp is computed as: 

where : 

V, = 136 + 0.345 Vr - 0.115 V, 

Vr = 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
mateJy 930 vph. 

From Figure 5-6, about 67 percent of all trucks on the freeway 
will be in lane 1 immediately up tream 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 ET are selected 
from Table 3-3 and values of /Hv are computed as 1/[1 +PT (E7 

- l)]. 

Volume Proportion Vol. (pcph) = 
Item (vph) ET of Trucks f11v Vol. (vph)//11v 

v, 935 1.7 0.18 0.89 1,051 
V, 550 1.7 0.05 0.97 567 
v, 2,500 1.7 0.10 0.93 2,688 

Checkpoint volumes may now be computed: 

V'" = V, + V, = 567 + 1,051 = 1,618 pcph 
Vr (After Merge) = Vr (J3efore Merge) + V, 

= 2,688 + 567 = 3,255 pcph 

These values arc now expa11ded to peak flow rates by dividing 
by the peak bour factor. The level of service is then found by 
comparing Che merge and freeway checkpoint flow rates to the 
criteria of Table 5-1: 

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

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: 

:g~o ___ __ 7_:_· ______ RCLLINGTERR,liN 
~ PHF=095 

~% - - -~-- ---==------=--=-~ DESIGN SPEED• 70mph 
trucks~'-.,<..;.. 19.,'-..~ 

"'<lf.o Joo -i,i,,., sOo 
I ,S% "Dt, ~ S% ._D_, 

1
'"c~ 

1'"c+; 

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-
ulted when analyzing the fir t ramp. Note 2 !ipecifies the use 

of Figure 1.5-7 for this ramp, but instTucts that V, be taken as 
equal to the total off-ramp volume on both ramps. Figure I.5-
7 is also used for the second ramp. 

• Ramp 1. Because there is no upstream on-ramp involved, 
the value "215 Vj 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, = 94 + 0.231 V1 + 0.473 V, + 215 Vj D. 

V, = 94 + 0.231 (4,500) + 0.473 (800) + 2 

V, = 1,514 vph 

• Ramp 2. For ramp 2, Vrequals 4,500 - 300 or 4,200 vph. 
Further, "215 VJ .D,,'' will still be set equal to 2: 

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

V, = 1,303 vph 

Figure 5-9 illustrates the nomograph solutions for both of 
these values. V, = 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: 

• 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 



5-18 

vt 
Freeway 
Volume 
vph 

6200 
6000 

5400 

4800 

4200 

3600 

3000 

2400 

1800 

1200 
1100 

V1 
Lane 1 
Volume 
vph 

400 
360 

vr 
Off-Ramp 
Volume 
vph 

Equation: V 1 = 94 + 0.231 V f + 0.473V r + 215 V iDu 

I~--------Du -----~-~1 
Diagram: 

Conditions for Use: 
1. Single-lane off-ramp on a 6-lane freeway with or without upstream on-ramp, with or 

without deceleration lane. 
2. If there is no upstream on-ramp within 5700 ft, skip step 2 below, and set 215 Vu/Du 

to 2. 
3. Normal range of use: V f = 1100 to 6200 vph; V r = 20 to 1800 vph 

Vu= 50 to 1200 vph; Du= 900 to 5700 ft 

Steps in Solution: 
1. Draw line from Vt value to Vr value, intersecting turning line. 
2. Draw line from Vu value to Du value, intersecting 215 VulDu line. 
3. Draw line from intersection point of step 1 to that of step 2; read solution on V 1 line. 

Volume of 
Upstream 
On-Ramp 
vph 

50 

200 

400 

600 

800 

1000 

1200 

Figure 5-9. Nomograph solutions for Calculation 2 (Figure L5-7 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 / l,303 

= 0.085, say 9 Percent 
Then: 

Volume Proportion Vol. (pcph) = 
Item (vph) £ / of Trucks !Hv b Vol. (vph)//Hv 

Vr 4,500 4 0.05 0.87 5,172 
V, (1) 300 4 0.05 0.87 345 
V, (2) 500 4 0.05 0.87 575 
V1 (I) 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: (I) the freeway 
volume at the maximum point, before the two off-ramp , 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. 

V1 = 5,172/0.95 = 5,444 pcph (LOS D, Table 5-1) 
V" (1) = V, (1) = 1,869/0.95 = 1,967 pcph (LOSE, 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 t.he overall LOS 
to be E. The high lane I volume at thi point, however, is greatly 
innuenced by the presence of a second, more heavily used, off­
ramp within 750 ft. The diverge volume at ramp I is not really 
the problem per e, but the total lane I volume at that point 
i . Thi would not be an easy ituation to remedy, although 
consideration to modifying the location of the ramps might be 
given, particularly if greater eparation 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 I. 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: 

1200!!. 

5500vph-- - - - -- - - - -­

~ ·====== = =-=-= == 10¼ 
trucks ~ 

'I00vph~ 
5% trucks 

LEVEL TERRAIN 

70 mph DESIGN SPEED 

PHF = 0.90 

At what level of service would the section operate? 

10% 
trucks 
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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. 

• 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.I.5-10: 

v, -353 + 0.199 v, - 0.057 v, + 0.486 vd 
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 I = 9 Percent (Table 5-3) 
Percent off-ramp volume in lane 1, 1,200 ft upstream = 89 

Percent (Figure 5-5) 
V, (Through) = 4,900 X 0.09 = 441 vph 

V, (Oft) = 600 X 0.89 = 534 vph 

V, = 975 vph 

Becau e the lane l volume is higher when the nomograph is 
used the value of 1,010 vph will be u ed a a worst case analysis. 

From Figure 5-6, the percentage of rota! trucks in lane 1 is 
4,9 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 I volume= 270/ 1,010 = 0.267, 

say 27 Percent 

• Off-Ramp. The freeway volume in advance of the off-ramp 
is 5,500 + 400 = 5,900 vpb. The "through ' volume is 5,900 
- 600 - 400 = 4,900 vph . The Jane l volume immediately 
in advance of the off-ramp con ists of: 

9 Percent of the through volume (Table 5-3) 
100 Percent of the off-ramp volume (Figure 5-51) 
48 Percent of the on-ramp volume (Figure 5-5TI, interpolate 

between l,000 ft and 1,500 ft) 

Thus: 

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

V, = 1,233 vph 

From Figure 5-6, this lane I 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 I 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 follow$ lor convenience. 
Note that the freeway vol um is cl1ecked between the two ramps, 
where it is at a maximum. The proportion of trucks in the 
freeway volume al lhis poinL is 570 /5,900 = 0.097, say 10 
percent. 

Volume 'Proportion Flow Rate (pcph) = 
Item (vph) of Trucks E,' !Hv" Vol. (vph) / /Hv X PHF 

V, (On) 1,010 0.27 1.7 0.84 1,336 
V, (Off) 1,233 0.25 1.7 0.85 1,612 

Vi 5,900 0.10 1.7 0.93 7,049 
V, (On) 400 0.05 I. 7 0.97 458 
V, (Off) 600 0.10 1.7 0.93 717 

• Table 3-3 
'Computed asf", = 1/ (1 + P, (£, - I)] 

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

V," = V, (On) + V, (On) = 1,336 + 458 = 1,794 pcph 
(LOS D, Table 5-1) 

vd = v, (Off) = 1,612 pcph (LOS D, Table 5-1) 
V1 = 7,049 pcph (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: 

3000 voh L~VEL -:"0:RRt.lN ----• ------;;:v----50rnph DESIGN SPEED 
5% trucks~ vb - -:::!'-'-I • A-;;,----P!-!F • 0 .95 

00.9't'-~ ~ 1000 ft_--,-,/ 
\S~ 

~/•lf'l",:, 

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 l merg · with 'lane 
A, and the second when lane B merge· 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 v; and V, +A 
in this problem, as shown in Figure 5-10. 

From Figure 5-10: V, +A 1,700 vph 

V, 352 vph 

VA 1,700 - 352 = 1,348 vph 

V0 1,800 - 1,348 = 452 vph 

Vf (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 !o nssume 
that there are 5 percent trucks in both ramp lanes A and 
Procedures do not give specific guid1rnce on 1his point, aud 
lacking field data, a uniform distribution would b • assumed_ 
From Fig11re 5-6, 49 percent of the total trucks on the freeway 
are in lane l 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/ fHv b Vol. (vph)//Hv X PHF 

v, 352 0.21 1.7 0.87 426 
V, + A 1,700 0.08 1.7 0.95 1,884 
VA 1,348 0.05 1.7 0.97 1,463 
Ve 452 0.05 1.7 0.97 491 
v, 4,800 0.05 1.7 0.97 5,209 

• Table 3-3 
'Computed as/"'= I /[l + Pr (E, - l)J 

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

V,,., = V1 + VA = 426 + 1,463 = 1,889 pcph (LOS E) 
V. .. 2 = vl + A + Ve = 1,884 + 491 = 2,375 vph (LOS F) 
V1 = 5,209 pcph (LOS E) 

Obviously, the second merge volume of 2,375 pcph would 
nui 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 n ignilicant cli tance might be considered. If this is not 
possible, tl1e deletion of a lane from the main freeway ap­
proaching the merge might be considered, creating a major 
junctio11 wi th the geometry shown below: 

3COO voh 

-- ~"--r-1-- -----===:_-_-_-_-_-5 % t,ucks~ -- -- --

p.i;,. 

~
on ___...... 

\SQ c¥-S 
~o/o \fU 

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 D would curry 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 X 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,.: 

V, = 136 + 0.345 V1 - 0.115 V, 



( 
SOLUTION (b) 

SOLUTION (a) 
Vl+A vr 

vt v, 
Merge Volume Total 

Upstream 1 Upstream ( Lane 1 + On-Ramp 
Freeway Volume Lane 1 Volume Ramp Lane A) Volume 
vph vph vph vph 

3000 410 2380 3000 
400 

2200 2800 

2600 

352 
2000 2600 

2200 2400 

1700 
300 1600 2200 

~ ~ 
1800 w w 

z ~ 2000 :::i .J 

z z 
0 250 

0 
;::: j:: 

1400 :::, :::, 1800 
.J .J 1200 
0 0 
U) U) 

1600 
1000 

1000 200 
1400 

800 

1200 
600 150 600 1100 

Equation: (a) V1 = 54 + 0.070Vt + 0.049Vr 
(b) V1+A = -205 + 0 .. 287Vt + 0.575Vr 

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: Vt= 600 to 3000 vph 

V r = 11 00 to 3000 vph 

Steps in Solution: 
1. Draw line from Vt value to Vr value. Read V1 on V1 line, V1+A on Vl+A line. 

2. Compute VA= Vl+A-1 ; Vs= Vr-V A· 
3. Check L. of S. for two merge points: Vm1 = V1 +VA; Vm2 = Vl+A + Vs, 

Figure 5-10. Solution for V, + A 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: 

V, = 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 Proportion Flow Rate (pcph) = 
Item (vph) of Trucks Er" Ii b HV Vol. (vph)//Hv X PHF 

v, 1,073 0.11 1.7 0.93 1,214 
VA 850 0.05 1.7 0.97 922 

"Table 3-3 
'f,,.= 1/[1 + PT(E, - I)] 

Then: 

Vm = 1,214 + 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, VA 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 V, and VA to pas­
senger cars per hour and dividing by PHF: 

Volume Proportion Flow Rate (pcph) = 
Item (vph) of Trucks Er• !Hv b Vol. (vph)//Hv X PHF 

v, 1,155 0.10 I. 7 0.93 1,307 
VA 138 0.05 1.7 0.97 150 

• Table 3-3 
'JH, = 1/[1 + PT (ET - I)] 

Then: 

V,,, = 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. T~o 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 

L 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), Er is 5 for a 
1,400-ft (¼ mile), 4 percent grade with 10 percent trucks. From 
Table 3-9, fuv 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 SO-mph design speed ramp 
would result in LOS C operations, a more acceptable result. 

A 41- to SO-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 SO-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 off-ramp occurs on 
a five-lane urban freeway segment. It is not within the opera­
tional influence of any adjacent ramps: 

7200vph ___ ------- PHF•095 
_..,---------- DESIGN SPEED •70mph 

IOo/o lrudcs - - - - - - - - - - ROLLING TERRAIN 

~400vph 
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: 

V1 = 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, ' fHv b Vol. (vph)/1,,v X PHF 

v, 936 0.32 4 0.51 1,932 
V, 400 0.10 4 0.77 547 
Vr 7,200 0.10 4 0.77 9,842 

'Tobie 3-3 
,. Table 3-9 

Computing the checkpoint volumes: 

Vd V, = 1,932 pcph (LOS E, Table 5-1) 
V1 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: 

230 
PCpH~ 

1200 ~-----PHF•0.90 
-..- - - - - - ------ LEVEL TERRAIN 
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, V; 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 
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: 

Vm = (650) + 250)/0.90 = 1,000 pcph (LOS B, Table 5-1) 
V1 = (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-It 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? 

2000 PHF•Q90 
~-- - - - - -- - DESIGN SPEED• 70mph 
PCPH 

~----LEVEL TERRAIN 

VR 

2. Solution - The question asks for a solution of a maximum 
value of V, 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 V. 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 + 0.345 VJ- 0.115 V, 

and considering that: 

V, = 1,305 - V, 

Substituting for V,: 

V, = 1,305 - (136 + 0.345 Vi-- 0.115 V,) 

where VJ= 1,000 vph. 
Solving for V,: 

V, = (1,169 - 0.345)(2,000)/0.885 = 54lvph 

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 + 54i = 2,541 pcph, or a flow rate 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. 

V. REFERENCES 

This chapter is based on the results of a study conducted by 
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tistical results of that study were verified and its application 
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1. A Policy on Geometric Design of Rural Highways. American 
Association of State Highway and Transportation Otlicials, 
Washington, D.C. (1965). 

1. A Policy on Design of Urban Highways and Arterial Streets. 
American Association of State Highway and Transportation 
Otlicials, Washington, D.C. (1965). 

3. PIGNATARO, L. J., MCSHANE, W. R., RoESS, R. P., LEE, 
B., and CROWLEY, K. W., "Weaving Areas-Design and 
Analysis." 1 CHRP Report 159 (1975) 119 pp. 

4. LEISCH, J., Capacity Analysis Techniques for Design and Op­
eration of Freeway Facilities. Report No. FHW A-RD-74-24. 
Federal Highway Administration, Washington, D.C. (1974). 

5. PIGNATARO, L. J., Traffic Engineering: Theory and Practice. 
Prentice-Hall Inc., Englewood Cliffs, N.J. (1974). 

6. WATTLEWORTH, J., ET AL., "Operational Effects of Some 
Entrance Ramp Geometrics on Freeway Merging." Texas 
Transpol'tation Institute Report 430-4. Texas A & M Uni­
versity, College Station, Texas (1967). 
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NOMOGRAPHS FOR THE SOLUTION OF LANE 1 VOLUMES 

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 statistically 
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 

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 SOL UT/ON are a step-by-step set of instructions 
for using each nomograph. 

• EQUATION shows the mathematical relationship expressed 
by the nomograph, which may be used directly for greater 
precision in computations. 
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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 

s 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 

Off-Ramp 
4,001 
5,501 

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

RAMP DESIGN SPEED (MPH) 
LOS 

s 20 21-30 31-40 41-50 

A b b b b 

B b b b 900 
C b b 1,100 1,250 
D b 1,200 1,350 1,550 

. E 1,250 1,450 1,600 1,650 

F WIDELY VARIABLE 

• For two-lane ramps, multiply the values in the table by: I. 7 for :o; 20 mph 
1.8 for 21-30 mph 
1.9 for 31-40 mph 
2.0 for ~ 41 mph 

b Level of service not attainable due to restricted design speed. 

~ 51 

600 
900 

1,300 
1,600 
1,700 

s 4,000 
- 5,500 
- 7,000 
~ 7,001 

0.78 

1.00 
0.90 
0.85 
0.80 
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7 
(a) Isolated on-ramp (bl Isolated off-ramp 

77 
(cl Adjacent on-romps (d) Adjacent off-romps 

( 7 "-= -~·7 
( e) On- ramp fol lowed by (f) Off-ramp followed by 

off :- ramp on•romp 
(no auxiliary lane) 

~ " ( CJ) lane addition (h) lane drop 

----<:::: ~ 
Ci> Major diverge (j)Major merge 

Figure 5-1. Ramp configurations covered by procedures. 
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(a) Checkpoint volumes at an on-ramp 

( b) Checkpoint volumes at on off-ramp 

- -, v,. - -~ 
/ ----"--------"-~ ;,:!;' '~ 

Ramp A Ramp 8 

(c) Ch_eckpoint volumes at an on-romp followed by an off-
ramp (no auxiliary lane) 

Figure 5-2. Checkpoint volumes for ramp-freeway terminals. 
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II . 

Percentage of Off-Ramp Traffic Present in Lone 1 at 
Various Distances from Ramp 

Percentage of On-Ramp Traffic Present in Lone 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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CHECK POINTS 

l 1) Merge ( immediately after on-ramp) at Point (D : 
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(3) FrHway Checkpoint Volume (upstream of off-ramp, 

downstream of on-ramp, betwean theramp1) at Point ~ '. 

Figure 5-7. Computation of checkpoint volumes for an on-ramp followed by an off-ramp. 
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APPENDIX Ill 

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 i 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 signa~ 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. 

SYMBOLS 

Dd distance to downstream adjacent ramp, in feet. 
Du distance to upstream adjacent ramp, in feet. 
Vd diverge volume, in vehicles per hour. 
V1 total freeway volume in the vicinity of the ramp, in 

vehicles per hour. 
V,,, merge volume, in vehicles per hour. 
V, ramp volume, in vehicles per hour. 
Vu volume at an adjacent ramp upstream of the ramp in 

question, in vehicles per hour. 
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I. 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: 

I. 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 fr iction 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 detenninants 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 cl)aracteristics 
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 analysis of 
multilane highways: 

1. Facility classif,cation-Multilane highways exist in a wide 
variety of environments that cause substantial variations in the 
magnitude of frictions to uninterrupted flow. For the purposes 
of capacity analysis, multilane highways are classified into one 
of four basic types: 

a. All multilane highways are classified as either divided or 
undivided; divided highways reduce the incidence of medial 
friction substantially by controlling and limiting points at which 
median crossings are permitted. 

b. All multilane highways are classified as either rural or 
suburban, based on the density of land-use development; sub­
urban highways are usually subject to substantially higher levels 
of side- and medial-friction than are rural highways. 

c. The four basic classifications for multilane highways are, 
therefore: (1) rural, divided; (2) rural, undivided; (3) suburban, 
divided; and (4) suburban, undivided. 

Illustrations 7-1 through 7-4 depict typical multilane highways 
in each of these four basic categories. 

Multilane highway designs, however, cover a broad range of 
conditions, and not all facilities are simply categorized. Median 
treatments cover a substantial range of alternatives. A wide 
median providing left-turn lanes for all left-tum locations will 
produce less medial friction than a similar divided highway not 
having left-tum la.nes, assuming similar flow levels. The number 



Illustration 7-1. A divided multilane highway in a rural envi­
ronment. 

Illustration 7-3. An undivided multilane highway in a rural en­
vironment. 

of median openings allowing crossings, and the number of such 
crossings, will also be a factor influencing the degree of friction 
present. 

At the other extreme are undivided multilane highways that 
have only a centerline dividing opposing flow. In such cases, 
left turns a re uncontrolled, and the presence of an opposing 
flow in adjacent l.anes presents substantial friction as well. 

T here are also a variety of intermediate treatments including 
painted medians with or without left-lurn lanes, and continuous 
left-r11rn lanes for both directions. This lat.ter case is interesting 
in that it separates opposing flows by one full lane, but does 
not control or limit the number of left turns. Such cases generally 
provide for friction levels approximately midway between the 
levels provided by divided and undivided highways, for similar 
development environments. 

The classification of highways as rural or suburban is also 
not a simple matter. The range of development environments 
is continuous, and reflects such variables as: 

7-3 

Illustration 7-2. A divided multilane highway in a suburban 
environment. 

Illustration 7-4. An undivided multilane highway in a suburban 
environment. 

a. The frequency of unsignalized intersections. 
b. The frequency of driveways and other uncontrolled access 

points. 
c. The number of left turns into and out of these intersections, 

driveways, etc. 
d. The number of right turns into and out of these intersec­

tions, driveways, etc. 

Because data quantifying these variables, and relating them 
to specific aspects of multilane flow, are sparse, the chapter 
classifies multilane highways into one of the four categories 
previously noted. Judgment is required in making this classifi­
cation. In very approximate terms, highways with more than 
10 uncontrolled access points per mile (on one side) would be 
considered to be "suburban." Also, any highway on which left 
or right turns cause appreciable delay to through vehicles would 
also be classified as "suburban." The latter is somewhat de­
pendent on how turns are handled in the facility design. High-
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ways with turn lanes can accommodate more turns without 
influencing through movements than similar highways without 
such lanes. 

2. Uninterrupted flow segments-Those multilane highway 
segments between fixed interruptions, such as signalized inter­
sections, are analyzed as uninterrupted flow segments, using 
procedures specified in this chapter. 

3. Weaving areas-Although quite rare, weaving sections may 
occur occasionally on multilane highways. While there are no 
special procedures for the analysis of weaving areas on multilane 
highways, the procedures of Chapter 4 may be applied to such 
sections as an approximation. 

4. Ramp junctions-Multilane highways often have high­
speed on- and off-ramp junctions at interchanges with freeways, 
other multilane highways, or other roadway types. The proce­
dures of Chapter 5 may be used to analyze such junctions. 

5. Signalized intersections-Signalized intersections do exist 
at widespread intervals along most multilane highways. This 
chapter contains a short approximation technique for the ca­
pacity analysis of such intersections that may be used as a rough 
estimate of conditions. Procedures detailed in Chapter 9 should 
be applied for a precise analysis. 

UNINTERRUPTED FLOW CHARACTERISTICS FOR 
MULTILANE HIGHWAYS 

Figures 7-1 and 7-2 describe the speed-density and speed-flow 
relationships for a typical uninterrupted flow segment on a 
multilane highway under ideal conditions. Ideal conditions for 
multilane highways include: 

I. Level terrain. 
2. Twelve-ft lane widths. 
3. A minimum of 6-ft lateral clearance between the edge of 

travel lanes and obstructions at the roadside or in the median. 
4. Passenger cars only in the traffic stream. 
5. A divided highway cross section in a rural environment. 

Note that Figure 7-2 indicates that average travel speed is 
sensitive to flow levels throughout the full range of flow rates, 
although the degree of sensitivity increases as capacity is ap­
proached. This contrasts with speed-flow curves for freeway 
uninterrupted flow, which are virtually flat for flows up to 1,600 
pcphpl, and is a reflection of the impact of side- and medial­
frictions on normal multilane flow. As shown in Figure 7-1, 
density also varies with flow throughout the full range, a sen­
sitivity which also increases as capacity is approached. 

Figures 7-1 and 7-2 are indicative of average operating char­
acteristics under the ideal conditions stated. Local driver habits 
vary somewhat from location to location, and the operating 
characteristics at any given location may vary somewhat from 
these averages. 

FACTORS AFFECTING MULTILANE HIGHWAY 
FLOW UNDER IDEAL CONDITIONS 

The characteristics depicted in Figures 7-1 and 7-2 are affected 
by prevailing conditions that are not "ideal." These effects are 
discussed in the following sections. 

Lane Width and/ or Lateral Clearance Restrictions 

Ideal conditions call for 12-ft lanes and 6-ft lateral clearance 
at the roadside of multilane highways. Failure to provide either 
of these adversely affects operating conditions. 

Narrow lanes force drivers to operate their vehicles closer to 
each other laterally than they would normally desire. They 
compensate for this by observing longer longitudinal headways 
than under ideal conditions at any given speed. Thus, for a given 
speed, narrow lanes cause a reduction in the flow rate that can 
be sustained. For a given flow rate, the speed of the traffic 
stream will be slower than if 12-ft lanes existed. 

Roadside and median obstructions closer than 6 ft to the 
pavement edge have the same impact. Obstructions cause drivers 
to shift their position laterally in the traffic lane. They, in effect, 
"shy away" from the obstruction(s). This also results in placing 
vehicles laterally closer to one another than under ideal con­
ditions, and drivers compensate as previously described. 

Heavy Vehicles 

"Heavy vehicles" are generally defined as any vehicle having 
more than two axles or four tires touching the pavement. They 
are divided into three broad categories: (1) trucks, (2) recrea­
tional vehicles, and (3) buses. 

As in Chapter 3, "Basic Freeway Segments," typical truck 
streams are represented by a truck with an average weight-to­
horsepower ratio 200 lb/hp. Options are provided for analysis 
of cases where trucks are either more or less powerful than the 
typical value. 

Heavy vehicles have a detrimental effect on traffic flow for 
two reasons: (1) they are larger than passenger cars, and there­
fore occupy more roadway space; and (2) their performance 
characteristics are generally inferior to passenger cars, leading 
to the formation of gaps in the traffic stream which cannot 
always be effectively filled by normal passing maneuvers. The 
latter effect is particularly marked on grades. Heavy vehicles 
are often incapable of maintaining speed on upgrades of signif­
icant length. Thus, long gaps may form between passenger cars 
and heavy vehicles in the traffic stream. Because such gaps are 
continually lengthening and new gaps are forming, it generally 
is not possible for passenger cars to fill all of them using passing 
maneuvers. Because of this, roadway space is used far less ef­
ficiently than by a uniform traffic stream composed only of 
passenger cars. 

Type of Multllane Highway 

Ideal conditions for multilane highways refer to a divided 
highway in a rural environment. Additional side- and/or me­
dial-frictions that occur on other categories of multilane high­
ways have a further adverse effect on traffic flow characteristics. 

Driver Population 

Not all driver populations use multilane highways with the 
same efficiency. In general, commuters or other frequent users 
of a facility will use highways more efficiently than recreational 
or other occasional drivers. Capacity losses as high as 10 to 25 
percent have been observed for recreational traffic streams as 
compared to commuters using the same facility. 
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Figure 7-1. Density flow characteristics for 
uninterrupted flow segments of multilane 
highways. 
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II.METHODOLOGY 

LEVEL-OF-SERVICE CRITERIA 

Level-of-service (LOS) criteria for multilane highways are 
defined in terms of density. Density is a measure which quan­
tifies the proximity to other vehicles in the traffic stream. It 
expresses the degree of maneuverability within the traffic stream. 

Boundary values of density are given, as follows, for the 
various levels of service. They are the same as the values used 
in Chapter 3 for freeways. 

L evel of Service 

A 
B 
C 
D 
E 

Maximum Density 
(pc / mi/In) 

12 
20 
30 
42 
67 

Complete LOS criteria are given in Table 7-1. For 70-mph, 
60-mph, and 50-mph design speed elements, the table gives the 
average travel speed, the maximum value of v I c, and the cor­
responding maximum service flow rate, MSF, for each level of 
service. The speeds, v I c ratios, and maximum service flow rates 
tabulated are expected to exist in traffic streams operating at 
the densities defined for each level of service under ideal con­
ditions. 

Level-of-service criteria depend on the design speed of the 
highway element being studied. A "highway element" can be 
an isolated geometric element, such as a curve or grade having 
a reduced design speed, or a series of such geometric elements 
that dominate the operation of a longer segment of highway. 
Straight and level highway segments are assumed to have a 
design speed of 70 mph. 

Level-of-service A describes completely free-flow conditions. 
The operation of vehicles is virtually unaffected by the presence 
of other vehicles, and operations are constrained only by the 
geometric features of the highway and driver preferences. Ve­
hicles are spaced at an average of 440 ft, or 22 car-lengths, at 
a maximum density of 12 pc/mi/In. The ability to maneuver 
within the traffic stream is high. Minor disruptions to flow are 
easily absorbed at this level without causing significant delays 
or queuing. 

Level-of-service B is also indicative of free flow, although the 
presence of other vehicles begins to be noticeable. Average travel 
speeds are somewhat diminished from LOS A, but are still 
generally over 53 mph on sections with 70-mph design speed. 
Vehicles are spaced at an average of approximately 264 ft, or 
13 car-lengths, at a maximum density of 20 pc/mi/In. Minor 
disruptions are still easily absorbed at this level, although local 
deterioration in LOS will be more obvious. 

Level-of-service C represents a range in which the influence 
of traffic density on operations becomes marked. The ability to 
maneuver within the traffic stream, and to select an operating 
speed, is now clearly affected by the presence of other vehicles. 
Average travel speeds are reduced to about 50 mph on 70-mph 

design speed sections, and the average spacing of vehicles is 
reduced to approximately 175 ft, or 9 car-lengths, at a maximum 
density of 30 pc/mi/In. Minor disruptions may be expected to 
cause serious local deterioration in service, and queues may form 
behind any significant traffic disruption. Severe or long-term 
disruptions may cause the facility to operate at LOS F. 

Level-of-service D borders on unstable flow. Speeds and ability 
to maneuver are severely restricted because of traffic congestion. 
Average travel speeds are approximately 40 mph on 70-mph 
design speed sections, while the average spacing of vehicles is 
125 ft, or 6 car-lengths, at a maximum density of 42 pc/mi/ 
ln. Only the most minor of disruptions can be absorbed without 
the formation of extensive queues and the deterioration of service 
to LOS F. 

Level-of-service E represents operations at or near capacity, 
and is quite unstable. At capacity, vehicles are spaced at only 
80 ft , or 4 car-lengths, at a maximum density of 67 pc/mi/In. 
This is the minimum spacing at which uniform flow can be 
maintained, and effectively defines a traffic stream with no us­
able gaps. Thus, disruptions cannot be damped or dissipated, 
and any disruption, no matter how minor, will cause queues to 
form and service to deteriorate to LOS F. Average travel speeds 
at capacity are approximately 30 mph. 

Level-of-service F represents forced or breakdown flow. It 
occurs at a point where vehicles arrive either at a rate greater 
than that at which they are discharged or at a point on a planned 
facility where forecasted demand exceeds the computed capac­
ity. While operations at such points (and on immediately down­
stream sections) will appear to be at capacity or better, queues 
will form behind these breakdowns. Operations within queues 
are highly unstable, with vehicles experiencing short spurts of 
movement followed by stoppages. Average travel speeds within 
queues are generally under 30 mph, with densities higher than 
67 pc/mi/In. Note that the term "LOS F" may be used to 
characterize both the point of the breakdown and the operating 
conditions within the queue. It must be remembered, however, 
that it is the point of breakdown that causes the queue to form, 
and that operations within the queue are generally not related 
to defects along the highway segment over which the queue 
extends. Chapters 3 and 6 contain more detailed discussions of 
the use and application of LOS F, and of the analysis of break­
down conditions. 

The user should note that the level-of-service criteria of Table 
7-1 are based on the typical speed-flow-density relationships 
depicted in Figures 7-1 and 7-2. The criteria reflect the shape 
of those curves-particularly the fact that both speed and den­
sity deteriorate rapidly as capacity is immediately approached. 
Thus, as LOS goes from A to E, the range of densities and 
speeds in each level becomes larger, while the corresponding 
range of maximum service flow rates is more stable. 

As with other LOS criteria, the maximum service flow rates 
of Table 7-1 are stated in terms of rates of flow for the peak 
15 min. Demand or forecasted volumes are generally divided 
by the peak hour factor (PHF) to reflect a maximum flow rate 
within the hour before comparing with the criteria of Table 
7-1. 
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TABLE 7-1. LEVEL-OF-SERVICE CRITERIA FOR MULTILANE HIGHWAYS 

70 MPH 

LEVEL 
DESIGN SPEED 

OF DENSITY SPEED' MSF" 
SERVICE (PC/MI/LN) (MPH) 

vie 
(PCPHPL) 

A :=; 12 ~ 57 0.36 700 
B :=; 20 ;,: 53 0.54 1,100 
C :=; 30 ;,: 50 0.71 1,400 
D :=; 42 ~ 40 0.87 1,750 
E :=; 67 ~ 30 1.00 2,000 
F > 67 < 30 < ' 

• Average travel speed. 
b Maximum rate of now per lane under ideal conditions, rounded to the nearest 50 pcphpl, 
' High.ly variable. 

BASIC RELATIONSHIPS 

Table 7-1 gives the values of maximum service flow rate and 
v I c ratio for multi lane highways. These values represent max­
imum flow rates that can be accommodated under ideal con­
ditions. Equations 7-1 through 7-3 are used to compute service 
flow rate under prevailing roadway and traffic conditions. 

SF; = MSF; X N X lw X I HV X IE X J,, 
MSF; = cj X (v i e); 

SF; = cj X (v i e); X N X lw X Inv X IE X f,, 

where: 

(7-1) 
(7-2) 

(7-3) 

SF, = service flow rate; the maximum flow rate that can be 
accommodated by the multilane highway segment un­
der study, in one direction, under prevailing roadway 
and traffic conditions, while meeting the performance 
criteria of LOS i, in vph; 

MSF; = maximum service flow rate; the maximum rate of flow 
which can be accommodated by the multilane highway 
segment under study, per lane, under ideal conditions, 
while meeting the performance criteria of LOS ,: in 
pcphpl; 

c1 = capacity per lane for a multilane highway with design 
speedj; 2,000 pcphpl for j = 70 mph or 60 mph, 1,900 
pcphpl for j = 50 mph; c1 may be obtained from Table 
7-1 as the maximum service flow rate for LOSE; 

N = number of lanes in one direction; 
(vie),= maximum volume-to-capacity ratio allowable while 

maintaining the performance characteristics of LOS i; 
I .. = adjustment factor for lane width and/ or lateral clear­

ance restrictions; 
fuv = adjustment factor for the presence of heavy vehicles 

in the traffic stream; 
IE = adjustment factor for the development environment 

and type of multilane highway; and 
f,, = adjustment factor for driver population. 

Equation 7-1 takes a value of MSFfrom Table 7-1 and adjusts 
it to reflect prevailing roadway and traffic conditions. 

Equation 7-2 computes the MSF from the limiting value of 
vie ratio for the specified LOS. Values of MSF in Table 7-1 

60 MPH 50 MPH 

DESIGN SPEED DESIGN SPEED 

SPEED" vie MSF" SPEED' Yle MSF" 
(MPH) (PCPHPL) (MPH) (PCPHPL) 

;,: 50 0.33 650 - - -
~ 48 0.50 1,000 ~ 42 0.45 850 
;,: 44 0.65 1,300 ;,: 39 0.60 1,150 
~ 40 0.80 1,600 ~ 35 0.76 1,450 
;,: 28 1.00 2,000 ;,: 30 1.00 1,900 
< 28 < ' < 30 ' ' 

are computed in this manner, and have been rounded to the 
nearest 50 pcphpl. 

Equation 7-3 is a combination of Eqs. 7-1 and 7-2, and is 
useful when solving for v I c or N. It is the most frequently used 
form of these relationships. 

ADJUSTMENTS TO MAXIMUM SERVICE FLOW 
RATE 

Adjustment for Lane Width and Lateral Clearance 
Restrictions 

Ideal conditions for multilane highways include the provision 
of 12-ft lanes and 6-ft lateral cleimmce, i.e., roadside obstructions 
must be located at least 6 ft from the edge of the travel lanes. 

Designs that fail to meet either or both of these criteria will 
have an adverse impact on traffic flow. This effect is accounted 
for by the adjustment factor,/..., given in Table 7-2. 

"Lateral obstructions" may be objects periodically located at 
the roadside, such as light standards, signs, trees, abutments, 
bridge rails, or other objects. They may also be continuous 
fixtures, such as traffic barriers or retaining walls. In Table 
7-2, "obstruction on both sides of roadway" refers to one road­
side and the median of the roadway. This condition applies 
primarily to divided multilane highways which may have ob­
structions or barriers in the median. It may also apply to an 
undivided highway which periodically divides to pass around 
bridge abutments or other center objects. 

As with other types of facilities, some judgment should be 
exercised in determining whether or not a "lateral obstruction" 
exists. In general, if the existence of roadside or median objects 
does not cause drivers to either "shy" away from them or slow 
down because of them, there will be no measurable impact on 
traffic flow. 

Illustrations 7-5 through 7-8 depict various types of roadside 
and median treatments that can affect multilane highway flow. 

Adjustment for the Presence of Heavy Vehicles 

A second "ideal" condition incorporated into the basic LOS 
criteria for multilane highways is a traffic stream composed of 
only passenger cars. Rarely will such a traffic stream exist on 
multilane highways. Service flow rates must therefore be ad­
justed to reflect the actual traffic composition. 
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TABLE 7-2. ADJUSTMENT FACTOR FOR RESTRICTED LANE WIDTH AND LATERAL CLEARANCE 

OBSTRUCTION ON ONE 

SIDE OF ROADWAY• 

ADJUSTMENT FACTOR, f w 

SIDES OF ROADWAY' 

DISTANCE FROM 

EDGE OF TRAVELED 

WAY TO 

OBSTRUCTION' 
I 

OBSTRUCTION ON BOTH 

1---------- --------- ------'----------- ---- ---
LANE WIDTH (FT) 

(FT) 12 I 11 I 10 I 9 I 12 I 11 

4-LANE DIVIDED MULTILANE HIGHWAYS (2 LANES EACH DIRECTION) 

;:, 6 1.00 0.97 0.91 0.81 1.00 0.97 
4 0.99 0.96 0.90 0.80 0.98 0.95 
2 0.97 0.94 0.88 0.79 0.94 0.91 
0 0.90 0.87 0.82 0.73 0.81 0.79 

6-LANE DIVIDED MULTILANE HIGHWAYS (3 LANES EACH DIRECTION) 

;:, 6 1.00 0.96 0.89 0.78 1.00 0.96 
4 0.99 0.95 0.88 0.77 0.98 0.94 
2 0.97 0.93 0.87 0.76 0.96 0.92 
0 0.94 0.91 0.85 0.74 0.91 0.87 

4-LANE UNDIVIDED MULTILANE HIGHWAYS (2 LANES EACH DIRECTION) 

;:, 6 1.00 0.95 0.89 0.77 NA NA 
4 0.98 0.94 0.88 0.76 NA NA 
2 0.95 0.92 0.86 0.75 0.94 0.91 
0 0.88 0.85 0.80 0.70 0.81 0.79 

6-LANE UNDIVIDED MULTILANE HIGHWAYS (3 LANES EACH DIRECTION) 

;:, 6 1.00 0.95 0.89 0.77 NA NA 
4 0.99 0.94 0.88 0.76 NA NA 
2 0.97 0.93 0.86 0.75 0.96 0.92 
0 0.94 0.90 0.83 0.72 0.91 0.87 

• Use the average distance to obstruction on "both sides" where the distance to obstructions on the lefl and right differs. 
b Factors for one-sided obstructions allow for the effect or opposing flow~ 

I 10 I 9 

0.91 0.81 
0.89 0.79 
0.86 0.76 
0.74 0.66 

0.89 0.78 
0.87 0.77 
0.85 0.75 
0.81 0.70 

NA NA 
NA NA 
0.86 NA 
0.74 0.66 

NA NA 
NA NA 
0.85 NA 
0.81 0.70 

~ Two-sided obstructions include one roadside and one median obstruction. Median obstruction may exist in the median of a divided multilane highway or in the center of an undivided 
highway which periotlJcDilly divides to go a.round bridge abutments or other center objects~ 

NA = N ot app1irablc; use factor for onc-s idNI obstruction. 

Illustration 7-5. Note the bridge pier located in the center of a 
normally undivided suburban multilane highway. Vehicles will 
tend to adjust their position in adjacent travel lanes to avoid 
traveling too closely to the abutment. 

Illustration 7-6. The absence of a usable shoulder and the close 
proximity of obstructions to the edge of the traveled way on this 
highway will also influence driver behavior. 



Illustration 7-7. This divided multilane highway displays "ideal" 
geometric conditions, with no median or roadside obstructions to 
influence flow. 

The procedures and factors used to accomplish this are the 
same as those used in Chapter 3, "Basic Freeway Segments." 
For convenience, the procedure is briefly described herein, and 
the factors are repeated. For a more detailed discussion, refer 
to Chapter 3. 

Adjustments for the presence of heavy vehicles in the traffic 
stream consider three types of vehicles: trucks, recreational ve­
hicles (RV's), and buses. Finding the adjustment factor requires 
two steps, as follows: 

1. Find the passenger-car equivalent (pee) for trucks, recre­
ational vehicles (RV's), and buses, respectively, for the prevailing 
operating conditions. 

2. Using the values found in step 1, compute an adjustment 
factor that corrects for all heavy vehicles in the traffic stream. 

Each of these steps is briefly discussed in the following sub­
sections. 

1. Finding passenger-car equivalents-Values of passenger­
car equivalents are selected from Tables 7-3 through 7-8 for a 
variety of basic conditions. 

For long segments of highway over which no single grade 
has a significant impact on operations, Table 7-3 is used to select 
passenger-car equivalent values for trucks, Er, recreational ve­
hicles, ER, and buses, EB. A long multilane highway segment 
may be classified as a "general segment" if no one grade of 3 
percent or less is more than l mi long and no one grade of more 
than 3 percent is more than ½ mi long. Such segments should 
be categorized as follows: 

a. Level terrain-any combination of horizontal and vertical 
alignment permitting heavy vehicles to maintain approximately 
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 horizontal and ver­
tical alignment causing heavy vehicles to reduce their speeds 
substantially below those of passenger cars, but NOT causing 
heavy vehicles to operate at crawl speeds for any significant 
length of time or at frequent intervals. 
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Illustration 7-8. This undivided multilane highway has no ob­
structions at the roadside closer than 6ft to the travel lanes. The 
impact of opposing flow on median lanes is not a "lateral ob­
struction," and is accounted for elsewhere in the procedure. 

TABLE 7-3. PASSENGER-CAR EQUIVALENTS ON EXTENDED 

GENERAL MULTILANE HIGHWAY SEGMENTS 

FACTOR 

Er for Trucks 
E8 for Buses 
ER for RV's 

LEVEL 

1.7 
1.5 
1.6 

TYPE OF TERRAIN 

ROLLING 

4.0 
3.0 
3.0 

MOUNTAINOUS 

8.0 
5.0 
4.0 

c. Mountainous terrain-any combination of horizontal and 
vertical alignment causing heavy vehicles to operate at crawl 
speeds for significant distances or at frequent intervals. 

For all such general highway segments, values of Er, E R, and 
EB are selected from Table 7-3. 

Any grade of 3 percent or less that is longer than 1 mi or 
any grade greater than 3 percent that is longer than ½ mi should 
be treated as an isolated significant grade. The upgrade and 
downgrade must be treated separately because the impact of 
heavy vehicles varies substantially for these two conditions. 

Tables 7-4 through 7-8 give passenger-car equivalents for 
upgrades. Tables 7-4, 7-5, and 7-6 give values of Er for various 
truck populations: 

a. Table 7-4-"typical" truck populations (wt/hp ratio 
200 lb/hp). 

b. Table 7-5-"light" truck populations (wt/hp ratio = 100 
lb/hp). 

c. Table 7-6-"heavy" truck populations (wt/hp ratio= 300 
lb / hp). 

These tables can be used to adjust an analysis to reflect the 
character of trucks at a given location. Note, however, that only 
one value is selected for E,.. The truck population should not 
be segmented into three parts. The value used should be selected 
from the table best representing the approximate average weight­
to-horsepower ratio for prevailing conditions. The equivalents 
shown are designed to represent traffic streams with a broad 
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TABLE 7-4. PASSENGER-CAR EQUIVALENTS FOR TYPICAL TRUCKS (200 LB/HP) 

GRADE LENGTH PASSENGER-CAR EQUIVALENT, Er 

(%) (Ml) 4-LANE HIGHWAYS 6-LANE HIGHWAYS 

PERCENT TRUt:KS 2 4 s 6 8 IO IS 20 2 4 s 6 8 IO 15 20 

<I All 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 

I 0-1/2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 
1/2-1 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 
~ 1 4 3 3 3 3 3 3 3 4 3 3 3 3 3 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 5 4 4 3 3 3 3 3 5 4 4 3 3 3 3 3 
1/2- 3/4 6 5 5 4 4 4 4 4 6 5 5 4 4 4 4 4 
3/4-1½ 7 6 6 5 4 4 4 4 7 5 5 5 4 4 4 4 
~1 ½ 8 6 6 6 5 s 4 4 8 6 6 s 4 4 4 4 

3 0-1/4 6 s s s 4 4 4 3 6 s s s 4 4 4 3 
1/4-1/2 8 6 6 6 s 5 5 4 7 6 6 6 5 5 s 4 
1/2-1 9 7 7 6 s s s s 9 7 7 6 s s s s 
1-1½ 9 7 7 7 6 6 5 s 9 7 7 6 s s s 5 
~I½ 10 7 7 7 6 6 s s 10 7 7 6 s s s s 

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

5 0-1/4 8 6 6 6 s s s 5 8 6 6 6 5 5 5 5 
1/4-1/2 10 8 8 7 6 6 6 6 8 7 7 6 5 5 5 5 
1/2-1 12 II 11 10 8 8 8 8 12 10 9 8 7 7 7 7 
~ 1 14 11 11 10 8 8 8 8 12 10 9 8 7 7 7 7 

6 0-1/4 9 7 7 7 6 6 6 6 9 7 7 6 5 5 5 5 
1/4-1/2 13 9 9 8 7 7 7 7 11 8 8 7 6 6 6 6 
1/2-3/4 13 9 9 8 7 7 7 7 11 9 9 8 7 6 6 6 
>3/ 4 17 12 12 11 9 9 9 9 13 IO IO 9 8 8 8 8 

NOTE: If the length or grade falls on a boundary value, use the equivalent for the longer grade class. Any grade steeper than the percent stated must use the next higher grade category. 

TABLE 7-S. PASSENGER-CAR EQUIVALENTS FOR LIGHT TRUCKS (100 LB/HP) 

GRADE LENGTH PASSENGER-CAR EQUIVALENT, Er 

(%) (Ml) 4-LANE HIGHWAYS 6-LANE HIGHWAYS 

PERCENT TRUCKS 2 4 s 6 8 10 IS 20 2 4 5 6 8 IO 15 20 

::;2 All 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 

3 0-1/4 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 
l/4-1/2 4 4 4 3 3 3 3 3 4 4 4 3 3 3 3 3 
1/2-3/4 4 4 4 4 3 3 3 3 4 4 4 3 3 3 3 3 
3/4-1 5 4 4 4 4 3 3 3 s 4 4 4 3 3 3 3 
> 1 6 5 s 5 4 4 4 3 6 5 5 4 4 4 3 3 

4 0-1/4 4 4 4 3 3 3- 3 3 5 4 4 4 3 3 3 3 
1/4-1/2 s 5 5 4 4 4 4 4 5 4 4 4 4 4 4 4 
1/2-1 6 5 5 5 4 4 4 4 6 5 5 4 4 4 4 4 
> 1 7 6 6 5 4 4 4 4 7 5 5 s 4 4 4 4 

5 0-1/4 6 5 5 5 4 4 4 3 6 5 5 s 4 4 4 3 
1/4-1 8 7 7 6 s s s 5 8 7 7 6 s s 5 s 
> I 9 7 7 6 5 5 s 5 8 7 7 6 5 5 5 5 

6 0-1/4 7 5 5 5 4 4 4 4 7 s s s 4 4 3 3 
1/4-1 9 7 7 6 s s 5 s 8 7 7 6 5 5 5 5 
> 1 9 7 7 7 6 6 s s 9 7 7 6 s s 5 s 

NOTE: If a 1ength of grade falls on a boundary value, use the equivalent for the longer grade category. Any grade steeper than the percent shown must use the next higher grade calegory. 
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TABLE 7-6. PASSENGER-CAR EQUIVALENTS FOR HEAVY TRUCKS (300 LB/HP) 

GRADE LENGTH PASSENGER-CAR EQUIVALENT, Er 

(%) (MI) 4-LANE HIGHWAYS 6-LANE HIGHWAYS 

PERCENT TRUCKS 2 4 5 6 8 10 15 20 2 4 5 6 8 10 15 20 

<l All 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 

I 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--l 5 4 4 4 3 3 3 3 5 4 4 4 3 3 3 3 
1-1½ 6 s s s 4 4 4 3 6 5 5 4 4 4 3 3 
>I½ 7 5 5 5 4 4 4 3 7 s s s 4 4 3 3 

2 0-1/4 4 4 4 3 3 3 3 3 4 4 4 3 3 3 3 3 
1/4--1/2 7 6 6 s 4 4 4 4 7 s s s 4 4 4 4 
1/2-3/4 8 6 6 s s 4 4 4 8 6 6 6 5 s 4 4 
3/4--l 8 6 6 6 s s s 5 8 6 6 6 s s s 5 
l-1½ 9 7 7 7 6 6 5 5 9 7 7 6 s 5 5 5 
>l½ 10 7 7 7 6 6 s s IO 7 7 6 5 5 5 5 

3 0-1/4 6 s s s 4 4 4 3 6 5 5 s 4 4 4 3 
1/4--1/2 9 7 7 6 s 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 s 5 5 5 
3/4--l 13 9 9 8 7 7 7 7 11 8 8 7 6 6 6 6 
>l 14 10 IO 9 8 8 7 7 12 9 9 8 7 7 7 7 

4 0-1/4 7 5 s s 4 4 4 4 7 5 s s 4 4 3 3 
1/4--1/2 12 8 8 7 6 6 6 6 IO 8 7 6 5 5 5 5 
1/2-3/4 13 9 9 8 7 7 7 7 ll 9 9 8 7 6 6 6 
3/4--l IS IO IO 9 8 8 8 8 12 10 IO 9 8 7 7 7 
>I 17 12 12 10 9 9 9 9 13 IO IO 9 8 8 8 8 

5 0-1/4 8 6 6 6 5 5 s 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 II II l l ll 14 II II IO 9 9 9 9 
>3/4 22 17 17 16 l3 13 l3 13 17 14 14 l3 12 II ll II 

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 II 9 9 9 9 13 IO IO 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 the length or grade falls on a boundary value, the equivalent corresponding to the Jonger grade category is used . Any grade steeper than the percent shown must use the next 
higher grade category. 

mix of trucks having the average weight-to-horsepower ratios 
indicated. 

Table 7-7 is used to find ER, and Table 7-8 is used to find 
Es, 

Tables 7-4 through 7-8 give values of passenger-car equiva­
lents for uniform upgrades. When several consecutive grades 
form a composite grade, an equivalent uniform grade is computed 
and used to enter the tables. The most common technique for 
making this determination is the Average Grade Technique. 
The average grade is computed as the total rise from the be­
ginning of the grade divided by the total horizontal distance 
over which the rise was accomplished. 

Consider the following example. Three consecutive upgrades, 
as follows are to be analyzed: 

a. 3 percent grade-1,000 ft Jong 
b. 4 percent grade-2,000 ft long 
c. 2 percent grade-1,000 ft Jong 

The total rise of the 4,000-ft grade may be computed as: 

1,000 X 0.03 = 30 ft 
2,000 X 0.04 = 80 ft 
1,000 X 0.02 = 20 ft 

130 ft 

The "average grade" may now be expressed as follows: 

Ave. Grade= (130/4,000) X 100 = 3.25 Percent 

Passenger-car equivalents would then be selected for a 6,000-
ft grade of 3.25 percent. 

The average grade approach is reasonably accurate for grades 
of 4,000 ft or less, or no greater than 4 percent. For steeper 
and longer grades, a more exact technique is described in Ap~ 
pendix I of Chapter 3. 

Downgrade conditions are handled in a more approximate 
fashion. For grades of less than 4,000 ft and/or 4 percent, 
downgrade segments may be considered operationally simjlar 
to level terrain segments and are analyzed accordingly. 

For longer or steeper downgrades, it is recommended that 
field measurements of downgrade heavy vehicle speeds be made 
and that an equivalent upgrade value be used. Where such field 
measurements are not practical, the downgrade passenger-car 
equivalent may be roughly approximated as one-half the cor­
responding upgrade value. 

2. Computing the heavy vehicle adjustment/actor-Once val­
ues for E,., and ER, and E8 are determined, the adjustment 
factor for heavy vehicles may be computed as follows: 
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TABLE 7-7. PASSENGER-CAR EQUIVALENTS FOR RECREATIONAL VEHICLES 

GRADE LENGTH ER 
(%) (MI) 4-LANE HIGHWAYS 6-LANE HIGHWAYS 

PERCENT RY'S 2 4 5 6 8 10 15 20 2 4 5 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 s 4 4 4 3 3 3 3 5 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 7 6 6 6 5 5 5 5 6 5 5 5 4 4 4 4 

NOTE: If a length of grade (ells on a boundary condition, the equivalent from the longer grade class is used. Any grade steeper than the percent shown must use the next higher grade 
category, 

TABLE 7-8. PASSENGER-CAR EQUIVALENTS FOR BUSES 

GRADE 

0-3 

4' 

s· 
6' 

1.6 

1.6 

3.0 

5.5 

•use generally restricted to grades more than 1/4 mi long. 

Inv= 1/[l + Pr(Er - 1) + PR (ER - 1) + P» (Es - 1)] 
(7-4) 

where: 

Inv = adjustment factor for the presence of heavy 
vehicles in the traffic stream; 

En ER, E» = passenger-car equivalents for trucks, RV's, 
and buses, respectively; and 

Pr, PR, P» = proportion of trucks, RV's, and buses, re­
spectively, in the traffic stream (expressed as 
a decimal). 

Where only one type of heavy vehicle is present in the traffic 
stream, Table 7-9 may be used to convert a passenger-car equiv­
alent directly to the adjustment factor. Where tb.e ratio of trucks 
in the traffic stream to the total number of buses and R V's is 
more than 5: 1, all heavy vehicles may be treated as if they were 
trucks. Thus, a traffic stream consisting of 15 percent trucks, 
2 percent RV's, and 1 percent buses may be analyzed as if it 
contained 18 percent trucks. This will allow the use of Table 
7-9 to find Inv· 

Adjustment for Development Environment and 
Type of Multilane Highway 

The base criteria for maximum service flow rate under ideal 
conditions apply to a divided multilane highway in a rural 
development environment. For undivided and/or suburban de­
velopment environments, tbe adjustment factor / 6 is selected 
from Table 7-10, and applied. 

Undivided highways are those on which opposing flows are 
separated only by a centerline marking. Divided highways are 
those on which opposing flow are separated by a physical 
barrier. Multilane highways with painted median may be cla -
sifted as "divided" if the median is at least 10 ft in width, and 
if crossing prohibitions are well enforced. Where the painted 
median is narrower, or where crossings occur in significant 
numbers, the average of divided and undivided factors would 
be appropriate for use. The same average factor would be used 
for multilane highways with a continuous left-tum lane sepa­
rating opposing flows. 

The suburban/rural categorization is less precise, and de­
pends on several factors including roadside development density, 
the frequency of unsignalized intersections and driveway en­
trances to tl1e facility, and the number of vehicles turning into 
and out of such unsignalized locations. In general, any highway 
with more than IO driveways and/ or unsignalized intersections 
per mile on any one side of the highway would be classified as 
"suburban," as would any highway on which turning move­
ments onto and/ or off of the facility represented a cause of 
noticeable delay to through vehicles. Judgment is used in this 
classification because precise quantification of these factors is 
not yet available. 

Any mullilane facility with signalized intersections occurring 
at interval of less than 1 mi should be classified as an "arterial" 
and analyzed using the procedures of Chapter 11. 

Adjustment for Driver Population 

The adjustment factor for driver population is given in Table 
7-11. The selection of a value for traffic streams consisting 



( 

7-13 

TABLE 7-9. ADJUSTMENT FACTOR FOR THE EFFECT OF TRUCKS, BUSES, OR RECREATIONAL VEHICLES IN THE TRAFFIC STREAM 

PCE' ADJUSTMENT FACTOR, f nv 

Er PERCENTAGE OF TRUCKS, Pr; RV's, PR ; or BUSES, P. 
E. 
E. I 2 3 4 5 6 7 

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 
•Passenger-car equivalent, obtained From Table 7-3, 7-41 7-5, or 7-6. 

TABLE 7-10. ADJUSTMENT FACTOR FOR TYPE OF MULTILANE 

HIGHWA y AND DEVELOPMENT ENVIRONMENT, h 

TYPE 

Rural 

Suburban 

DIVIDED 

1.00 

0.90 

UNDIVIDED 

0.95 

0.80 

TABLE 7-1 J. ADJUSTMENT FACTOR FOR DRIVER POPULATION 

DRIVER POPULATION 

Commuter, or Other 
Regular Users 

Recreational, or Other 
Nonregular Users 

FACTOR,/,, 

1.00 

0.75--0.90 

8 9 10 12 14 16 18 20 

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 

primarily of occasional users requires some judgment. The range 
of values given in Table 7-11 reflects varied observations 
throughout the United States. Local data should be consulted 
in selecting an exact value. Where such data are not available, 
general knowledge of local conditions should be applied. 

Summary 

The preceding discussion has presented the basic structure of 
capacity analysis procedures for multilane highways. Detailed 
applications of these in operational analysis, design, and plan­
ning, follow. 
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Ill. PROCEDURES FOR APPLICATION 

The methodology described in the previous section may be 
applied in three ways: 

1. Operational analysis-In operational analysis applications, 
known traffic and geometric conditions for an existing highway, 
or projections of these for a future highway, are analyzed to 
determine the existing or projected level of service, and the 
approximate speed and density of the traffic stream. 

Operational analysis is the most detailed application of pro­
cedures, and requires detailed input information concerning both 
roadway and traffic conditions. It is also the most flexible use 
of procedures, and is useful in the evaluation of alternative 
improvements to· existing highways. In such comparisons, the 
approximate operating conditions of the traffic stream resulting 
from several alternative improvements may be estimated and 
compared. 

2. Design-In design applications, a forecast of traffic con­
ditions is used with detailed information on geometric design 
standards and horizontal and vertical alignment to determine 
the number of lanes required to provide for a specified level of 
service. Where such determinations result in fractional lanes, 
alternative operational analyses may be carried out to compare 
the impacts of selecting either of the two integer values sur­
rounding the fractional computation. 

3. Planning-A planning analysis gives the same basic result 
as a design analysis: the determination of the number of lanes 
needed to provide for a specified level of service. At the planning 
stage of a project, however, this determination is a rough ap­
proximation based on the very general traffic forecasts and 
geometric information available at the time. A planning analysis 
yields a general guide to the size of facility to be anticipated, 
an estimate which must be checked on a segment-by-segment 
basis during the design process. 

OPERATIONAL ANALYSIS 

Objectives of Operational Analysis 

Operational analysis is intended to predict the operating char­
acteristics of an existing or planned roadway when subjected to 
a present or future demand. This is the most detailed type of 
analysis, and requires the most detailed input information. It 
results in an estimate of the prevailing or expected level of 
service, and of the approximate speed and density of the traffic 
stream. 

Data Requirements 

The following information must be available as inputs to the 
operational analysis procedure: 

1. Geometrics-The geometrics of the facility should be spec­
ified in detail, including: (a) design speed, (b) lane widths, (c) 
shoulder and median clearances, (d) grades, (e) length of grades, 
(f) horizontal curvature, and (g) type of terrain (if applicable). 

2. Volumes-The existing traffic volume, or the projected 
future volume, must be known, in vehicles per hour (vph) for 
the hour of interest (usually the peak hour). 

3. Traffic characteristics-Detailed traffic characteristics are 
needed in operational analysis, including: (a) the PHF, (b) per­
cent trucks, (c) percent RV's, and (d) percent buses. 

4. Facility environment-The multilane highway must be 
classified as either divided or undivided, and as rural or sub­
urban. 

Segmenting the Faclllty 

Analysis procedures are intended for use on multilane high­
way segments of more-or-less uniform characteristics. Thus, 
changes in the characteristics noted will require a new segment 
for analysis. 

Significant changes in grade or terrain, in traffic demand, in 
development environment, and so forth, require establishing new 
analysis segments. Signalized intersections also serve as bound­
aries where new segments are often defined, because demand is 
subject to change at these locations. Careful dividing of the 
facility into uniform analysis segments will avoid the difficulty 
involved in classifying a long segment as level-of-service i, when 
various subsegments are experiencing different levels of service 
and different operating conditions. 

Computational Steps 

The general approach taken in operational analysis is to use 
Eq. 7-1 or Eg. 7-3 to solve for the effective value of MSF or 
v I c ratio. This is then used to find the level of service in Table 
7-1, and to enter Figures 7-1 and 7-2 to find the likely density 
and speed of the traffic stream. 

The following computational steps may be followed: 

1. The volume for the hour of interest is converted to the 
peak flow rate within the hour, and for computational purposes, 
is set equal to the service flow rate, SF: 

where: 

SF= V/PHF 

SF = service flow rate, in vph; 

V = full hour volume, in vph; and 

PHF = peak hour factor. 

(7-5) 

2. Adjustment factors fw (lane width and lateral clearance), 
fHv (heavy vehicles), le (development environment and type of 
highway), and.I,, (driver population) are found from the appro­
priate tables: 

fw (Table 7-2) 
ET (Table 7-3, 7-4, 7-5, or 7-6) 



ER (Table 7-3 or 7-7) 
Eb (Table 7-3 or 7-8) 
Im, (Table 7-9) or compute as: 

1 /[1 + Pr(ET - 1) + PR(ER - 1) - Pn(E8 - 1)] 
IE (Table 7-10 
f,, (Table 7-11) 

3. Equation 7-3 is used with these factors to compute the 
effective v I c ratio: 

vie= SF/[c1 X N X fw X /Hv XIE X /,,] (7-6) 

Alternatively, Eq. 7-1 may be used to compute the effective 
maximum service flow rate, MSF: 

MSF = SF/[N X fw X /Hv XIE X /,,] (7-7) 

where all symbols are as previously defined. 
4. Using either result from step 3, Table 7-1 is entered to 

determine the existing or anticipated level of service. Note that 
the values given in Table 7-1 are the maximum allowable values 
for the indicated levels of service. 
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5. Where a more detailed evaluation of operating conditions 
is desired, the v I c ratio or maximum service flow rate, MSF. 
determined in step 3 may be used to enter Figure 7-2 to deter­
mine the approximate average travel speed of the traffic stream, 
and Figure 7-1 to determine the approximate density of the 
traffic stream. 

A worksheet for use in operational analysis is shown on Figure 
7-3. It is similar to the worksheet for operational analysis of 
basic freeway segments, and is a useful format for the organi­
zation and display of computations. 

Interpretation of Results 

Operational analysis results in an approximate determination 
of the operating characteristics of the traffic stream for the 
segment under study. The densities and speeds estimated on the 
basis of Figures 7-1 and 7-2 represent average U.S. conditions, 
and local characteristics may vary somewhat from these values. 

The densities drawn from Figure 7-1 are expressed as pas­
senger cars per mile per lane. When field measurements of 
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Figure 7-3. Worksheet for operational analysis. 
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density are used to determine level of service, data values in 
vehicles per mile per lane must be converted to passengers cars 
per mile per lane before comparing to the density criteria of 
Table 7-1. The average travel speeds drawn from Figure 7-2 are 
also based on all passenger cars in the traffic stream. Actual 
values for mixed traffic streams will be somewhat lower than 
Figure 7-2 values. 

Where the analysis of a segment suggests that LOS F exists, 
it will often be useful to estimate the propagation of queues 
upstream of the breakdown. A detailed technique for such anal­
yses is included in Chapter 6, "Freeway Systems." 

DESIGN 

Objectives of Design 

The objective of a design analysis is straightforward: the de­
termination of the number of lanes needed in each direction on 
a multilane highway. 

"Design" applications suggest that related aspects of a high­
way are also in the design process and that details of the hor­
izontal and vertical alignment are known, as well as details 
concerning the expected traffic demand. 

Data Requirements 

The design process requires less detailed data than operational 
analysis. Data are required on future traffic demand volumes, 
details of horizontal and vertical alignment, and general geo­
metric standards. 

I. Geometric design standards-(a) design speeds, (b) lane 
widths, (c) lateral clearances, and (d) median type. 

2. Details of horizontal and vertical alignment-(a) type of 
terrain, (b) grades, (c) grade lengths, and (d) horizontal align­
ment elements requiring reduced design speed. 

3. Demand volumes-(a) directional design hour volume, 
DDHV. (b) traffic composition, and (c) peak hour factor, PHF, 
for the design year. 

4. Environmental conditions-(a) development environment, 
(b) type of multilane highway, and (c) driver population. 

Many of these factors can be controlled in the design process, 
and the impacts of some design decisions on geometrics, and 
horizontal and vertical alignment may affect the number of lanes 
which must be provided. 

Selecting a Design Value of vie Ratio 

Boundary values of v I c for use in design may be selected 
directly from Table 7-1. Design, however, need not be limited 
to boundaries between levels of service. Table 7-12 has been 
provided to assist designers in selecting appropriate values of 
v I c. It shows v I c ratios in increments of 0.10 for the range of 
0.30 through 0.80, and gives the average travel speed, density, 
and level of service that result from their use. For convenience, 
boundary values of v I c are also shown in this table, so that 
Table 7-1 need not be consulted in addition to Table 7-12. 

Relationship to AASHTO Design Criteria 

It should be noted that the levels of service referred to in the 
current AASHTO policies are based on previous documents. 
The levels of service herein are not analogous, and should not 
be directly applied using AASHTO-recommended LOS values. 
AASHTO design criteria for multilane highways call for the 
following v I c values: 

I. Rural design-0.50 (i.e., 1,000 pcphpl, max.). 
2. Suburban design-0.75 (i.e., 1,500 pcphpl, max.). 

Separating the Facility Into Uniform Design 
Segments 

The facility undergoing design must be separated into uniform 
segments for design . Changes in terrain, significant grades, major 
junctions at which demand volume changes significantly, 
changes in the development environment, and similar factors 
would indicate the need to begin a new segment for design 
analysis. 

Computational Steps 

The general approach to design uses Eq. 7-2 or Eq. 7-3 to 
solve for N. the number of required lanes. It should be noted 
that for significant grades, the upgrade and downgrade must be 
considered separately. The following computational steps are 
used: 

1. The directional design hour volume must be converted to 
a peak flow rate, which is set equal to the service flow rate: 

SF = DDHV I PHF (7-8) 

where all values are as previously defined. 
2. All adjustment factors for expected prevailing conditions 

are found from the appropriate tables, as follows: 

fw (Table 7-2) 
Er (Table 7-3, 7-4, 7-5, or 7-6) 
ER (Table 7-3 or 7-7) 
En (Table 7-3 or 7-8) 
IHv (Table 7-9) or compute from: 

1/ [1 + Pr(Er - 1) + PR(ER - 1) + PiEn - l)] 
IE (Table 7-10) 
/,, (Table7-11) 

3. Using Eq. 7-3, the required number of lanes is computed: 

or alternatively, using Eq. 7-2: 

N = SF/[MSF XI .. X IH v XIE X /,,] (7-10) 

where all terms are as previously defined. 
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TABLE 7-12. VOLUME-TO-CAPACITY VALUES FOR USE IN DESIGN OF MULTILANE HIGHWAYS 

vie RATIO MSF' 
LOS' 

RESULTING PERFORMANCE PARAMETERS 

I 
DENSITY 

(PC/MI/LN) I 
SPEED 

(MPH) 

70-MPH ELEMENTS 

0.30 600 A 10.5 57 
0.36b 700 A 12.0 57 

0.40 800 B 14.0 56 
0.50 1,000 B 18.0 54 
0.54° 1,100 B 20.0 53 

0.60 1,200 C 22.0 52 
0.70 1,400 C 28.0 50 
0 ,71 b 1,400 C 30.0 50 

0.80 1,600 D 34.0 47 

60-MPH ELEMENTS 

0.30 600 A 11.5 51 
Q,33b 650 A 12.0 50 

0.40 800 D 15.5 49 
a.sob 1,000 B 20.0 48 

0.60 1,200 C 25.0 45 
0.65b 1,300 C 30.0 44 

0.70 1,400 D 32.0 42 
0.80b 1,600 D 40.0 40 

50-MPH ELEMENTS 

0.30 
0.40 
0.45b 

0.50 
0.60b 

0.70 
Q.76b 

0.80 

a Design may be within a LOS, 
b Maximum threshold v/ c for LOS shown. 
" Rounded to the nearest 50 pcphpl. 

Interpretation of Results 

550 
750 
850 

950 
1,150 

1,350 
1,450 

1,500 

Design computations for N will generally result in fractional 
results. Because the .number of lanes must be an integer value, 
the designer is faced with the decision of whether to reduce or 
increase the computed value to the nearest integer, a decision 
with large economic consequences. While there are no set "rule­
of-thumb" guidelines for such decisions, analysts should perform 
an operational analysis on the possible choices to determine the 
LOS and approximate speed and density that would result. This 
allows such decisions to be made with some knowledge of the 
operational impacts-knowledge that must be weighted against 
the relative costs involved. 

The decision on number of lanes in a specific segment of a 
multilane highway also depends on the continuity of lanes in 
adjacent segments and the rest of the highway system. Frequent 
addition and dropping oflanes along a highway are not practical, 
although either may be considered at critical locations. 

B 
B 
B 

C 
C 

D 
D 

E 

13 .0 43 
17.5 42 
20.0 42 

24.0 41 
30.0 39 

38.0 37 
42.0 35 

46.5 34 

On specific grades, the number of lanes required on the up­
grade may be larger than the number required on the downgrade. 
This is a clear indication that a climbing lane is required. Chapter 
3 contains a detailed procedure for the design and evaluation 
of climbing lanes that may be used for a more precise treatment 
of such cases. 

Figure 7-4 illustrates a worksheet that may be used in con­
junction with design analyses. It is a useful form for performing 
and summarizing the results of design computations. 

PLANNING 

Objectives of Planning 

The objectives of a planning analysis are similar to those in 
design: determination of the likely number of lanes required for 
the multilane highway segment under consideration. The pri-
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Figure 7-4. Worksheet for design analysis. 

Computational Steps 

mary difference between design and planning is the detail of 
available information. In the planning stage, details of horizontal 
and vertical alignment, and even of final location, are not yet 
known. Thus, volume projections are less accurate, and general 
geometric parameters are a matter of assumption. Nevertheless, 
planning computations can assess the probable number of lanes 
that would be required, and more importantly, whether or not 
a multilane highway is appropriate for the expected conditions. 

The general computational approach in planning analysis is 
to convert the design year AADT to a DDHV. and apply a 
general estimate of service flow rate per lane to find N. 

Data Requirements 

The planning methodology assumes that ideal geometrics exist 
and that traffic streams consist only of passenger cars and trucks. 
The required input data are reasonably straightforward: (1) gen­
eral terrain through which the highway will pass, (2) the AADT 
for the design year, (3) the PHF for the design year, (4) the 
percent trucks in the traffic stream, and (5) the type ofmultilane 
highway and anticipated development environment. 

1. The AADT is converted to a DDHV using the following 
equation: 

where: 

K 
D 

DDHV= AADTX K X D (7-11) 

the percent of AADT occurring in the peak hour; and 
the percent of traffic in the peak direction of flow. 



( 

The K-factor is dependent on the type and density of the de­
velopment environment. If local data are unavailable, the fol­
lowing general average values may be used: 

Type of Environment 

Urban 
Suburban 
Rural 

K-Factor 

0.07 to 0.10 
0.10 to 0.15 
0.15 to 0.20 

The D-factor is dependent on the type of route served by the 
highway in question. Where local data are not available, the 
following general average values may be used: 

Type of Route 

Rural 
Suburban 
Urban Radial 
Urban Circumferential 

D-Factor 

0.65 
0.60 
0.55 
0.50 

These default values should be used with great caution. Small 
errors in these values can result in large errors in the estimated 
directional design hour volume. It is always preferable to base 
these values on local data concerning these characteristics. 

2. Table 7-13 is used to find a value of SFL ,. the per lane 
service flow rate for LOS i, for prevailing conditions of terrain 
and percent trucks in the traffic stream. 

3. The value of N is estimated as: 

N = DDHV l(SFL, XIE X PHF) (7-12) 

where all values are as previously defined, and the value of IE 
is found in Table 7-10. 

Interpretation of Results 

Planning analysis results in a rough estimation of N, the 
number of lanes required in each direction, for the multilane 
highway in question. This estimate is based on very general 
input information, and planning computations must be refined 
during the design phase of a project. 

Multilane highways of more than three lanes in each direction 
are rare, and more than four lanes, virtually nonexistent. Com­
putations resulting in more than four lanes in each direction 
offer a good indication that a multilane highway may be in­
appropriate for the anticipated conditions and that a limited 
access facility should be considered. 

INTERSECTIONS ON MULTILANE HIGHWAYS 

Multilane highways will generally have signalized intersec­
tions at periodic intervals, occurring at major junction points 
that are not grade separated. These intersections may be sub­
jected to a detailed analysis using the methodology of Chapter 
9, "Signalized Intersections." 

As a rough estimate, the capacity of a multilane highway 
intersection approach can be taken to be the capacity of the 
uninterrupted flow segment approaching the intersection (the 
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service flow rate for LOS E) multiplied by the GI C ratio, i.e., 
the ratio of green time (in seconds) to the cycle length (in 
seconds). 

When the ratio of the approach volume to the estimated 
approach capacity exceeds 0.50, a detailed analysis of conditions 
using the procedures of Chapter 9 should be conducted. This 
will allow a detailed evaluation of intersection delay. 

It should be noted that this procedure provides only a rough 
estimate, and does not take into account special features, such 
as turn conflicts, turning lanes, multiple phasing, added through 
lanes approaching the intersection, and so on, all of which can 
have a drastic impact on intersection operations. For detailed 
analysis of such features, the procedure of Chapter 9 should be 
used. 

THREE-LANE HIGHWAYS WITH PERMANENTLY 
ASSIGNED THIRD LANES 

The use of three-lane highways, which declined in the late 
1960's, has once again begun to be more common. Three-lane 
highways may be operated in a number of ways, the most 
common of which include: 

1. Use of the center lane as a continuous left-turn lane (more 
common in suburban settings). 

2. Alternate assignment of the center lane to one direction, 
then the other, ,providing exclusive passing lanes for each di­
rection of flow at periodic intervals. 

3. A long segment of three-lane highway, permanently op­
erated with two lanes in one direction, and one in tlie other. 

Although there are no specially designed methodologies for 
the capacity analysis of three-lane highways, techniques in this 
chapter and in Chapter 8, "Two-lane Highways," can be used 
to obtain approximate insight into their operation. Multilane 
highway techniques, for example, may be used to approximate 
operating conditions on segments of three-lane highway where 
two lanes are assigned for the exclusive use of one direction for 
a significant length (note that this is not the same as alternating 
assignment of the third lane for passing purposes). Criteria and 
factors for four-lane undivided highways would be used for this 
purpose. 

The second lane in the preferred direction on a three-lane 
highway is generally used less efficiently than the second lane 
on a full four-lane facility, where it exists for only a short 
distance of less than 1 to 2 mi. The added lane is often used 
primarily to pass slower moving vehicles (particularly on long 
upgrades) and to execute left turns. The second lane adds to 
the capacity of the two-lane highway by providing more efficient 
passing and reducing left-turn conflicts, but would not approach 
that of a four-lane highway, even in the preferred direction. 

Where the third lane of a three-lane highway is permanently 
assigned to one direction for a significant distance of several 
miles, the operation of the preferred direction can approach that 
of a four-lane highway. Procedures in this chapter can be used 
to analyze the two-lane direction in such cases. It is recom­
mended, however, that the maximum service flow rates of Table 
7-1 be reduced by 10 to 15 percent to reflect somewhat reduced 
efficiency compared to the full four-lane case. 

Chapter 8 contains other suggestions for adapting two-lane 
highway analysis procedures to some other three-lane cases. 
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TABLE 7-13. SERVICE FLOW RATE PER LANE FOR PLANNING AP~LICATIONS (DESIGN SPEED= 70 MPH ONLY) 

PERCENT TRUCKS 

LOS 0 2 4 5 6 8 10 12 15 20 

LEVEL TERRAIN' 

A 700 700 700 700 650 650 650 650 650 600 
B 1,100 1,100 1,050 1,050 1,050 1,050 1,000 1,000 1,000 1,000 
C 1,400 1,400 1,350 1,350 1,350 1,350 1,300 1,300 1,250 1,250 
D 1,750 1,750 1,700 1,700 1,650 1,650 1,650 1,600 1,600 1,550 
E 2,000 2,000 1,950 1,950 1,900 1,900 1,850 1,850 1,800 1,750 

ROLLING TERRAIN" 

A 700 650 600 600 600 550 550 500 500 500 
B 1,100 1,050 1,000 950 950 900 850 800 800 700 
C 1,400 1,300 1,250 1,200 1,200 1,150 1,100 1,050 1,000 900 
D 1,750 1,650 1,550 1,500 1,500 1,400 1,350 1,300 1,250 1,100 
E 2,000 1,900 1,800 1,750 1,700 1,600 1,550 1,500 1,450 1,250 

MOUNTAINOUS TERRAIN' 

A 700 600 550 500 500 450 400 400 350 300 
B 1,100 950 850 800 700 700 650 600 550 450 
C 1,400 1,250 1,100 1,050 1,000 900 850 750 700 600 
D 1,750 1,550 1,350 1,300 1,250 1,100 1,050 950 850 750 
E 2,000 1,750 1,550 1,500 1,400 1,250 1,200 1,100 1,000 850 

• All va1ues rounded to the nearest 50 vphpl. 

IV. SAMPLE CALCULATIONS 

CALCULATION 1-OPERATIONAL ANALYSIS OF A 
SUBURBAN UNDIVIDED HIGHWAY 

I. Description-Consider the multilane highway segment il­
lustrated in Figure 7-5, which shows an undivided, suburban 
multilane highway with light standards located 2 ft from the 
traveled way at both roadsides, and bridge abutments located 
in the center of the roadway at frequent intervals. The facility 
has 11-ft lanes which narrow to 10 ft at bridge abutments. The 
design speed of the segment is 60 mph, and the driver population 
consists primarily of commuters. 

If the segment carries a peak hour demand of 2,000 vph, with 
15 percent trucks and a PHF of0.91, what LOS can be expected 
in this segment? 

2. Solution-The primary judgment in this problem is the 
selection ofthe/..,-factor. The major constriction occurs at bridge 
abutments, where lane width is 10 ft, with a roadside obstruction 
at 2 ft and a center obstruction at O ft. Other sections of the 
roadway, however, have 11-ft lanes, with a roadside obstruction 
at 2 ft, and no center obstruction. Because the most conservative 
analysis would consider the abutments, and because these abut­
ments are "frequent," the minimum condition will be used. Note 
also that /..,-factors for center obstructions are specifically in­
tended for periodic isolated obstructions, which condition ap­
plies to the highway segment described. 

Then: 

where: 
SF 

CJ = 

vie= SF/[c1 X N X /.., X Inv XIE X f,,] 

2,000/0.91 = 2,198 vph (Given); 
2,000 pcphpl (Table 7-1); 

441t 

0 

_12ft. 
().._light slandords 0 

abutment 0 

Level Terrain 0 
Suburban Environment 
Design Speed• 60 mph 

Figure 7-5. Multilane highway segment for Calculation 1. 

N 1 (Given); 
/.., 0.80 (Table 7-2, undivided highway, 10-ft lane, ob­

structions both sides at an average of 1 ft); 
Er 1.7 (Table 7-3, level terrain); 

fnv 1/[1 + 0.15(1.7 - 1)] = 0.90; 
IE 0.80 (Table 7-10, suburban undivided highway); 
J,, 1.00 (Table 7-11, commuters); and 

vie 2,198/[2,000 X 2 X 0.80 X 0.90 X 0.80 X 1.00] 
vie = 0.95. 

Entering Table 7-1 with a v I c of 0.95 for a highway with a 
60-mph design speed, the LOS is found to be E. 

Entering Figure 7-2 with a v I c = 0.95, the expected speed 
of the traffic stream is 33 mph. Entering Figure 7-1 with this 
value, the expected density is 59 pc/mi/In. 

Figure 7-6 illustrates these solutions, and shows the calcu­
lation as worked on the operational analysis worksheet. 
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CALCULATION 2-OPERATIONAL ANALYSIS OF A 
RURAL DIVIDED HIGHWAY ON A SPECIFIC 
GRADE 

1. Description-Consider the multilane highway segment il­
lustrated in Figure 7-7. It depicts a rural, divided, multilane 
highway with an ideal cross section. An analysys of the existing 
level of service and· operations is desired for a segment of this 
highway on a significant grade of 3 percent, 5,000 ft long. 

The directional demand on this segment is 2,200 vph in peak 
periods, with 10 percent trucks, 5 percent RV's, and a PHF of 
0.85. The segment serves primarily recreational traffic. 

2. Solution-Because this segment is a significant grade, the 
upgrade and downgrade conditions must be considered sepa­
rately. Lacking local data on downgrade speeds, downgrade 
values of Er and ER will be taken to be one-half the correspond­
ing upgrade values, as recommended in the methodology. 

Then: 

vie= SF/[cj X N X fw X fHv X fE X /,,] 

where: 

SF 2,200/0.85 = 2,588 vph (Given); 
cj = 2,000 pcphpl; 
N ± 3 (Given); 
fw = 1.00 (Table 7-2, ideal conditions); 

Er (Upgrade) 5 (Table 7-4, 10 percent trucks, 3 per-
cent grade, ½ to 1 mi, 6-lane highway); 

Er (Downgrade) 2.5; 
ER (Upgrade) 3 (Table 7-7, 5 percent RV's, 3 percent 

grade, ~ ½ mi, 6-lane highway); 
ER (Downgrade) 1.5; 

fHv (Upgrade) 1/[1 + 0.10 (5 - 1) + 0.05 (3 - 1)] 
= 0.67; 

l,,v (Downgrade) 1/[1 + 0.10 (2.5 - 1) + 0.05 (1.5 -
1) = 0.85; 

IE = 1.0 (Table 7-10, divided rural highway); 
and 

I,, 0.82 (Table 7-11, select value in middle 
of range given). 

Then: 

vie (Upgrade) = 2,588/[2,000 X 3 X 1.0 X 0.67 X 1.0 
X 0.82] = 0.79 

vie (Downgrade) = . 2,588/[2,000 X 3 X 1.0 X 0.85 X 1.0 
X 0.82] = 0.62 

Checking Table 7-1, it is found that the downgrade segment 
operates at LOS C. The upgrade operates at LOS D. 

The computed v I c ratios may be used to enter Figures 7-1 
and 7-2 to determine the approximate operating conditions in 
the traffic.stream. If this is done, the upgrade segment is expected 
to operate at 46 mph with a density of 33 pc/mi/In, and the 
downgrade at 50 mph and 23 pc/mi/ln. These solutions, in 
addition to the analysis worksheet for this calculation, are shown 
in Figure 7-8. 

The downgrade will operate better than the upgrade. Should 
additional demand cause further deterioration in upgrade op-

stabilized shoulder 1011 

36ft 

gross median t 20 ft 

=--=-·+·"---_-_-_-.::.. = =~ _- --
. stobillzed shoulder t 10ft 

Rural En·,ironment 
70 mph design :peed 

Figure 7-7. Multilane highway for Calculation 2. 

erations, a truck climbing lane would be considered. Present 
operations, however, are stable, because density is still well below 
the 42-pc/mi/ln boundary for LOS E. 

CALCULATION 3-DESIGN OF A SUBURBAN 
MULTILANE HIGHWAY 

1. Description-A suburban multilane highway is to be de­
signed to carry an expected DDHV of 1,800 vph, with 5 percent 
trucks, and a PHF of 0.90. The driver population will consist 
primarily of commuters. 

The highway is located in an area with generally rolling 
terrain. The objective is to design for a v I c of 0. 75. This cor­
responds to the AASHTO design recommendation for suburban 
multilane highways, and is within LOS D (as described herein), 
but close to the LOS C boundary. 

2. Solution-The following design standards are assumed for 
this solution: (a) 12-ft lanes, (b) adequate shoulder clearances, 
(c) divided highway, and (d) 70-mph design speed. 

Then: 

where: 

SF 1,800/0.90 = 2,000 vph (Given); 
v I c 0. 75 (Given); 

c1 2,000 pcphpl; 
fw 1.00 (Table 7-2, ideal conditions); 
Er 4 (Table 7-3, rolling terrain); 

fHv 0.87 (Table 7-9, Er= 4, 5 percent trucks); 
IE 0.90 (Table 7-10, suburban divided highway); and 
f,, 1.00 (Table 7-11, commuters). 

Then: 

N = 2,000/[2,000 X 0.75 X 1.0 X 0.87 
X 0.90 X 1.00] = 1.7 lanes 
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Two lanes would be provided in each direction, and a four­
lane multilane highway would be built. 

Because two lanes in each direction are more than required 
to meet a v I c objective of 0. 75, it would be useful to determine 
what v I c will actually result. This is done using the operational 
analysis procedure, and: · 

vi e= SFl[c1 X N X l w X IH v X IE X f,,] 
vl c=2,000l[2,000 X 2 X 1.0 X 0.87 X 0.90 X 1.00] = 0.64 

This yields an operation well within LOS C boundaries, which 
is considerably better than the minimum originally anticipated. 

The same computation could be repeated for an undivided 
cross section. The only value which changes is ID which becomes 
0.80. Then : 

N = 2,0001 [2,000 X 0.75 X 1.0 X 0.87 
X 0.80 X 1.00] = 1.9 lanes 

Thus, a four-lane highway would still be acceptable. It would 
not, however, operate as well as the divided cross section: 

vie = 2,000/[2,000 X 2 X 1.0 X 0.87 X 0.80 X 1.00] = 0.72 

This is barely outside the LOS C boundary of 0.71, and is 
technically LOS D. Figures 7-1 and 7-2 can be entered to de­
termine the difference in operating conditions expected for the 
divided and undivided alternatives: (a) The divided design would 
operate at an approximate speed of 51 mph and a density of 23 
pc / mi/In . (b) The undivided design would operate at an ap­
proximate speed of 49 mph and a density of 28 pc/ mi/In. 

The estimated operating conditions taken from Figures 7-1 
and 7-2 are based on passenger-car streams and on actual values 
that may vary somewhat because of the presence of trucks in 
the traffic stream. The comparisons, however, give the designer 
a good idea of how operations might be affected by the choice 
of a divided or an undivided cross section. The final decision 
on this point, of course, depends on many factors. An analysis 
such as the one illustrated here merely provides some additional 
information as an input to the decision. 

Figure 7-9 illustrates these results, and shows the design work­
sheet for the problem. 

CALCULATION 4-DESIGN OF A RURAL 
MULTILANE HIGHWAY 

I. Description-A rural multilane highway segment on a 
long, steep grade must be designed to accommodate a DDHV 
of 1,000 vph, with 20 percent trucks, and a PHF of 0.85. The 
driver population is composed of regular users. 

The grade in question is 6 percent, and is I mi long. Because 
of the terrain, the design speed on the segment is limited to 60 
mph. 

2. Solution-The grade will require separate analyses of up­
grade and downgrade conditions. Lacking local data on down­
grade truck speeds, values of Er will be taken to be one-half 
the corresponding upgrade values. 

The following design criteria are assumed for this problem: 
(a) 60-mph design speed (given), (b) 12-ft lanes, (c) adequate 
shoulder clearances, and (d) undivided cross section. 

A design vi e should be selected from Table 7-12, with ref­
erence to AASHTO recommendations. AASHTO recommends 
a value of 0.50 for rural multilane highways. From Table 7-12, 
this is the maximum value for LOS B. This value will, therefore, 
be used in this design. 

Then: 

N = SF/ [c1 X (v i e) X /., X l11v XIE X f,, ] 

where: 

SF= 1,000 / 0.85 = 1,176 vph (Given); 
c1 = 2,000 pcphpl; 

v I c = 0.50 (From above discussion); 
lw = 1.00 (Table 7-2, ideal conditions); 

Er (Upgrade) = 9 (4-lane highways); 8 (6-lane highways); 
E r (Downgrade) = 4.5 (4-lane highways); 4 (6-lane high­

ways) 
(Table 7.4, 6 percent grade, I mi long, 
20 percent trucks); 

Inv (Upgrade) = 0.38 (4-Iane) or 0.42 (6-lane); 
Inv (Downgrade) = 0.59 (4-Iane) or 0.63 (6-lane) 

(Table 7-9); 
I,·= 0.95 (Table 7-10, rural undivided high­

way); and 
f,, = 1.00 (Table 7-11, regular users). 

The values of Er are dependent on the number of lanes on 
the multilane highway. Because that is the factor to be deter­
mined, a trial-and-error solution is required. The first trial will 
use the values for a four-lane highway, which produces the most 
conservative values of Inv· 

Then: 

N (Upgrade)= 1,176/ [2,000 X 0.50 X 1.0 X 0.38 X 
0.95 X 1.00] = 3.3 lanes 

N (Downgrade)= 1,1761[2,000 X 0.50 X 1.0 X 0.59 X 
0.95 X 1.00] = 2.1 lanes 

As both these values are higher than the assumed four-lane 
highway (two in each direction), a second trial will use values 
for a six-lane highway (three in each direction). 

Then: 

N (Upgrade)= 1,176/ [2,000 X 0.50 X 1.0 X 0.42 X 
0.95 X 1.00] = 2.9 lanes 

N (Downgrade)= 1,176/[2,000 X 0.50 X 1.0 X 0.63 X 
0.95 X 1.00] = 2.0 lanes 
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The upgrade, therefore, clearly requires three lanes. The 
downgrade computations are interesting: when two lanes were, 
in effect, assumed, the computation indicated a need for more 
than two lanes; when three lanes were assumed, the computation 
indicated that two lanes were adequate. Because in both cases · 
the exact computation was close to two lanes, that result will 
be adopted. 

Thus, the final design would have three lanes on the upgrade 
and two lanes on the downgrade, an indication that a truck­
climbing lane should be used. If desired, a more precise analysis 
of the specifics of climbing lane operation may be performed 
using procedures detailed in Chapter 3. 

Figure 7-10 illustrates , the design worksheet for this calcu­
lation. 

CALCULATION 5-A MULTILANE HIGHWAY 
INTERSECTION, APPROXIMATE ANALYSIS 

1. Description-The multilane highway described in Calcu­
lation 1 and illustrated in Figure 7-5 has a major signalized 
intersection with a 60-sec cycle length, of which the multilane 
highway has 40 sec of "green time." Does this intersection 
appear to be a problem, given the demand described in Cal­
culation 1? 

2. Solution-This solution will utilize the approximate anal­
ysis method described in this chapter: 

The capacity of the uninterrupted flow segment approaching 
the intersection is computed as: 

C =SFE =:' CJ X N X (vie) Xlw XIHvXIE XI,, 
c = SFE = 2,000 X 2 X 1.00 X 0.80 X 0.90 X 0.80 

X 1.00 
c = 2,304 vph (All values as specified in Calculation 1) 

This assumes that there are no turning interferences beyond 
those normally present on multilane highways, and there are 
no special geometric features present at the intersection, such 
as additional through and/ or turning lanes. 

With these assumptions, the capacity of the intersection ap­
proach may be roughly estimated as the capacity of the unin­
terrupted flow segment times the GI C ratio: 

c, = 2,304 X (40/60) = 1,536 vph 

The demand flow rate for the intersection approach is 2,198 
vph, which greatly exceeds the approximated capacity of the 
approach. 

This indicates that the intersection will present a problem. It 
also indicates the need for detailed analysis of the intersection, 
using the techniques presented in Chapter 9. With the more 
detailed techniques of Chapter 9, the addition of turning lanes, 
signal phasing, and other design specifics can be evaluated to 
improve the intersection capacity to required levels. 

CALCULATION 6-THREE-LANE RURAL HIGHWAY 

I. Description-A segment of three-lane highway on an ex­
tended grade of 4 percent, 2 mi long, is striped to permit vehicles 
to exclusively use two lanes in the upgrade direction. The un-

balanced striping is continued for several miles beyond the grade. 
The upgrade carries 800 vph, with 20 percent trucks, and a 
PHF of 0.80. The segment has 12-ft lanes and adequate lateral 
clearances, but poor alignment reduces the design speed to 50 
mph. The driver population is composed primarily of regular 
users. How well may the upgrade be expected to operate? 

2. Solution-The upgrade segment will be approximated as 
a four-lane multilane highway, with' the value of cJ reduced by 
15 percent to reflect the reduced efficiency compared to a full 
four-lane case. The second lane for the upgrade is available for 
more than 2 mi, which may be considered to be a "significant" 
distance. 

vie= SF/[cJ X N X lw X IHv XIE X /,,] 

where: 

SF= 800/0.80 = 1,000 vph (Given); 
cJ = 1,900 pcphpl (For SO-mph design speed) X 0.85 (The 

procedure recommends a 10-15 percent reduction in 
service volumes for three-lane computations); 

cJ = 1,615 pcphpl (Assuming a 15 percent reduction); 
N= 2; 
lw = 1.0 (Table 7-2, ideal conditions); 
ET= 7 (Table 7-4); 

luv = 0.45 (Table 7-9); 
IE= 0.95 (Table 7-10); and 
f,, = 1.00 (Table 7-1 I). 

Then: 

vie= 1,000/[1,615 X 2 X 1.0 X 0.45 X 0.95 X 1.00] 
0.72 

From Table 7-1, this will provide for LOS C operation. It 
should be noted that this is an approximate analysis when ap­
plied to a three-lane highway cross section. 

CALCULATION 7-PLANNING APPLICATION 

1. Description-A planner must determine the most probable 
size of a multilane highway to be built through a rural area of 
rolling terrain. The AADT is expected to be 15,000 vpd, with 
8 percent trucks. The PHF in the region is generally 0.92, and 
the desired LOS is B. It will be assumed that the highway will 
be divided. 

2. Solution-The AADT is first converted to an expected 
DDHV. This is computed as: 

DDHV= AADT X K X D 

where K varies from 0.15 to 0.20 for rural areas (use 0.175), 
and Dis approximately 0.65 for most rural roads. 

DDHV = 15,000 X 0.175 X 0.65 = 1,706 vph 

From Table 7-13, the per lane service volume for multilane 
highways in rolling terrain, with 8 percent trucks, at LOS B is: 

' 
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DESIGN WORXSHEET 

Fae 111 ty Section __ --L-M-'--A~->'_;W!'-"-=o-=-o=o'--_--=-rc.1:o_,9--=--=r;> ___ , _________ --

Date _ _ 9&.-'l ..... 9 ..... /_1..~'S~ ------ Time r- 9 AA? (o f analys is da ta ) 

I• DESIGN CRITERIA 

LOS vie Highway Design Lane Lateral clear. Terrain !Grade Length 
'1'ABi) ClaBBification Speed Width (ft) Type or 
1.1 D or U S or R oadside median L, R,or M (%) (mi) 

OIR.l 1J ()_'51) ~R 6,0 /2. /'OeAL 4- I 
OIR,2 1J b.50 v.R 6,0 /2. ,oeAL {p I 

II, TRAFFIC FORECASTS 

ODHV(vphl PHF SF•CODHV/PHF) \trucks \buses IR"v''s driver population 
DIR,l /, 000 ~commucer_ocner 

OIR,2 1,000 ().fS '1171- L[_commuter_other 

III, DESIGN ANALYSIS 

N. SF/ [cj X v/c X fw X fH V X fE X f p] 

I I I I I I I* 
N• SF/ cjx(v/clx fw X fE X fp X fHV 

!TAB •I TAB •) TAB ., !TAB •) 
>7 t I ,7 '2 ,7 1n,l7 lt, 

DIR,l f_!.1 /n(, zooo o.~ f.O tJ.f/$ /.0 ::~-- 9orY 

IV. SKETCH DESIGN 
>(,ft. 

ZI/ ff. 

--- - - - - - ---------' ~, ''· 
* Table 7-9 or compute as shown. 

Name --.:::C.~~:...:./__.,fc..:~~'8e..,eT."'-L,..<..'H<--_~..:...._'(.l=--'-~"""~..__A,/,.__ ______ Date --------; 

Checked by - - - --------------------------- -1 

Figure 7-10. Worksheet for Calculation 4. 

SFL 8 = 900 vphpl Therefore, to maintain a minimum of LOS B, three lanes 
would be needed in each direction. Since the requirement is 
only 0.1 lanes over 2, however, a four-lane highway would be 
seriously considered in the design process. At that point, specific 
operational analyses could be performed to evaluate the use of 
two vs. three lanes on a segment-by-segment basis. 

and: 

N = DDHV/[SFL X JEX PHF] 
N = 1,706/(900 X 1.00 X 0.92) = 2.1 lanes 
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APPENDIX II 

GLOSSARY AND SYMBOLS 

GLOSSARY 

cycle length-The total time it takes a traffic signal to time 
through all of its phases and indications once; the time between 
the initiation of any given phase, and the initiation of that phase 
for a second time. 

green time-The portion of a signal cycle which provides for 
movement of vehicles on a given approach or portion of an 
approach. 

multilane highway-A highway with at least two lanes for the 
exclusive use of traffic in each direction, with no or partial 
control of access, that may have periodic interruptions to now 
at signalized intersections. 

SYMBOLS 

c, the approximate capacity of a multilane intersection ap­
proach, in vehicles per hour . 

IE the multiplicative adjustment factor for type of multilane 
highway and development environment. 

GI C the ratio of green time to cycle length for a given inter­
section approach. 
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I. INTRODUCTION 

This chapter contains procedures for the capacity analysis of 
unsignalized intersections. It presents a specific methodology 
for two-way STOP- and YIELD-controlled intersections. These 
procedures are not intended for use in the analysis of four-way 
STOP-controlled intersections or totally uncontrolled intersec­
tions. Because the procedure is based on the use of gaps in a 
major traffic stream by vehicles crossing or turning through that 
stream, it requires that the right-of-way be clearly assigned and 
that the movements seeking gaps remain unchanged. In uncon­
trolled or four-way STOP-controlled cases, each movement seeks 
gaps in other conflicting streams, creating a selection process 
quite different from that at two-way STOP- or YIELD-controlled 
intersections. Consequently, the methodology of this chapter is 
inappropriate for use in these cases. Capacity data and infor­
mation concerning four-way STOP-controlled intersections are 
presented in a separate section of this chapter. 

Procedures for the capacity analysis of two-way STOP- and 
YIELD-controlled intersections are based on a German method 
originally published in 1972 (]) and translated in a 1974 pub­
lication of the Organization for Economic Cooperation and De­
velopment (OECD) (2). The method has been modified based 
on a limited number of validation studies, in the United States, 
conducted by the Unsignalized Intersection Subcommittee of 
the Highway Capacity and Quality of Service Committee of the 
Transportation Research Board. 

Unsignalized intersections make up the vast majority of at­
grade junctions in any street system. STOP and YIELD signs are 
used to assign the right-of-way to one street at such intersections. 
This designation forces drivers on the controlled street to judg­
mentally select gaps in the major street flow through which to 
execute crossing or turning maneuvers. Thus, the capacity of 
the controlled legs is based on two factors: 

1. The distribution of gaps in the major street traffic stream. 
2. Driver judgment in selecting gaps through which to exe­

cute their desired maneuvers. 

Computational procedures depend on both factors: gap dis­
tributions in conflicting traffic streams and the gap acceptance 
behavior of drivers at such intersections. 

It is assumed that gaps in conflicting streams are randomly 
distributed. For this reason, the procedure will be less reliable 
in situations in which conflicting flows are strongly platooned, 
as would be the case at many urban intersections where the 
major street is part of a signalized network. 

The impact of progression on the gap distribution in a major 
traffic stream can vary substantially. On one-way arterials, there 
will be periodic large gaps between platoons through which 
minor street traffic may easily execute crossing and/ or turning 
movements. Such a condition is likely to permit higher side­
street capacities and better operations than the random arrivals 
assumed by the methodology of this chapter. 

On two-way arterials, side street traffic may face a wide range 
of conditions. Platoons arrive in two directions on the major 
street. They may arrive such that considerable gaps exist between 
platoons, or they may arrive in a staggered fashion (first from 

one direction, then the other). In the former case, side street 
crossings will be easier to make than in the latter case, where 
the crossing vehicle is faced with a virtually endless platoon. 

Consider the case shown on Figure 10-1. Presented in the 
form of a time-space diagram, the figure depicts two opposing 
platoons moving through a segment of an arterial. Depending 
on the position of the cross street with respect to these flows, 
the gap distribution differs substantially. Vehicle 1, on Figure 
10-1, attempts to cross at a location where there is virtually no 
gap in arriving platoons. Just as the NB platoon ends, the 
beginning of the SB platoon arrives, and vice-versa. Vehicle 2 
has a more favorable condition. At that location, NB and SB 
platoons arrive at the same time, and there are substantial gaps 
between platoon arrivals that crossing vehicles may use. The 
impacts of platoons can be quite complex, and they depend on 
the percentage of major street traffic arriving in platoons, the 
major street flow rates within and between platoons, and other 
factors. 

The effects of platoon flow on the major street may be qual­
itatively considered when reviewing the results of analyses using 
the methodology presented in this chapter. Where greater pre­
cision is desired, Appendix I presents a rational procedure for 
extending this methodology to platoon flow that makes use of 
time-space diagrams and platoon flow rates. 

Illustrations 10-1 through 10-3 depict typical intersections 
controlled by STOP and YIELD signs. The choice between STOP 
and YIELD control is generally specified by state and/or local 
standards, and is generally based on approach speed, sight dis­
tance considerations, and other factors. 

This chapter introduces a variety of new terminology applying 
to the unique characteristics of unsignalized intersection capac­
ity. For clarity, these terms are introduced and defined when 
used in the following sections. 

~ Platoon 

CJ Gap 

... 
(J YEH. I z 
< 
I-

"' Q 
YEH. 2 

Figure 10-1. Impacts of platoon flow on gap distribution. 



Illustration 10-1. STOP signs control this intersection of two low­
volume streets in a residential area. 

Illustration 10-3. YIELD signs are used at this right-turn roadway 
where approach speeds and sight distance are such that vehicles 
need not come to a full stop to safely select a gap in the major 
street flow. 

10-3 

Illustration 10-2. STOP signs control the intersection between a 
low-volume local street and a major arterial. 

II. METHODOLOGY 

CONCEPTUAL APPROACH 

The method generally assumes that major street traffic is not 
affected by minor street flows. This assumption is generally good 
for periods when the operation is smooth and uncongested. 
When congestion occurs, it is likely that major flows will ex­
perience some impedance due to minor street traffic. Left turns 
from the major street are assumed to be affected by the opposing 
major street flow, and minor street traffic is affected by all 
conflicting movements. 

The methodology also adjusts for the additional impedance 
of minor street flows on each other, and accounts for the shared 
use of lanes by two or three minor street movements, for ex­
ample, right-turn, through, and left-turn movements sharing a 
single minor street lane. 

To properly account for mutual impedances, the method is 
based on a prioritized regime of gap utilization. Gaps in the 
major street traffic flow are used by a number of competing 
flows. A gap used by a vehicle from one of these flows is no 
longer available for use by another vehicle. Gaps are utilized 
by vehicles in the following priority order: 

1. Right turns from the minor street. 
2. Left turns from the major street. 
3. Through movements from the minor street. 
,4. Left turns from the minor street. 

For example, if a left-turning vehicle on the major street and 
a through vehicle from the minor street are waiting to cross the 
major traffic stream, the first available gap (of acceptable size) 
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would be taken by the left-turning vehicle. The minor street 
through vehicle must wait for the second available gap. In 
aggregate terms, a large number of such left-turning vehicles 
could use up so many of the available gaps that minor street 
through vehicles are severely impeded or unable to make safe 
crossing movements. 

Right-turning vehicles from the minor street are not assumed 
to "use up" available gaps. Because such vehicles merely merge 
into gaps in the right-hand lane of the stream into which they 
turn, they require only a gap in that lane, not in the entire 
major street traffic flow. Further, a gap in the overall major 
street traffic could be simultaneously used by another vehicle. 
For this reason, the method does not assume that right turns 
from the minor street impede any of the other flows using major 
street gaps. 

The basic structure of the procedure is as follows: 

l. Define existing geometric and volume conditions for the 
intersection under study. 

2. Determine the "conflicting traffic" through which each 
minor street movement, and the major street left turn, must 
cross. 

3. Determine the size of the gap in the conflicting traffic 
stream needed by vehicles in each movement crossing a con­
flicting traffic stream. 

4. Determine the capacity of the gaps in the major traffic 
stream to accommodate each of the subject movements that will 
utilize these gaps. 

5. Adjust the capacities so found to account for impedance 
and the use of shared lanes. 

Each of these basic analysis steps is discussed in detail in the 
sections that follow. 

INPUT DATA REQUIREMENTS 

Basic data requirements for the unsignalized intersection 
methodology are similar to those for other capacity analysis 
techniques. Detailed descriptions of the geometrics, control, and 
volumes at the intersection are needed. 

Key geometric factors include: 

l. Number and use of lanes. 
2. Channelization. 
3. Percent grade. 
4. Curb radii and approach angle. 
5. Sight distances. 

Each of these factors has a substantial impact on how gaps 
are utilized, and on the size of the gap that is required by the 
various movements. Sight distances, curb radii, and approach 
angles may be approximately evaluated. 

The number and use of lanes is a critical factor. Vehicles in 
adjacent lanes can use the same gap in the traffic stream si­
multaneously (unless impeded by a conflicting user of the gap). 
When movements share lanes, only one vehicle from those move­
ments may use each gap. Channelization is also important 
because it can be used to reduce impedance by separating con­
flicting flows from each other. 

Volumes must be specified by movement. In general, full hour 
volumes are used in the analysis of unsignalized intersections 
because short-term fluctuations will generally not present major 
difficulties at such locations. The analyst may, however, choose 
to consider flow rates for the peak 15-min interval by dividing 
all volumes by the peak hour factor (PHF) before beginning 
computations. The volume for movement i is designated as V; 
in this chapter. In cases where flow rates are used, the notation 
remains, but refers to the flow rate instead of volume. 

By convention, subscripts 1 to 6 are used to define movements 
on the major street, and subscripts 7 to 12 to define movements 
on the minor street. Conversion of vehicles per hour to passenger 
cars per hour is accomplished using the passenger-car equivalent 
values given in 'fable 10-1. Note that the table accounts for both 
grade and vehicle type, and that even passenger cars must be 
adjusted if the intersection approach is on a grade. 

In addition to the geometric and volume data noted above, 
it is necessary to record the average running speed of vehicles 
on the major roadway. 

TABLE 10-1. PASSENGER-CAR EQUIVALENTS FOR UNSIGNAL­

IZED INTERSECTIONS 

TYPE OF VEHICLE GRADE(%) 

-4% -2% 0% +2% +4% 

Motorcycles 0.3 0.4 0.5 0.6 0.7 
Passenger Cars 0.8 0.9 1.0 1.2 1.4 
SU/RV's' 1.0 1.2 1.5 2.0 3.0 
Combination Veh. 1.2 1.5 2.0 3.0 6.0 

All Vehicles• 0.9 1.0 1.1 1.4 I. 7 

• Single•unit trucks and recreational vehicles. 
b If vehicle composit ion is unknown, these values may be used as an approximation. 

CONFLICTING TRAFFIC 

The nature of conflicting movements at an unsignalized in­
tersection is relatively complex. Each subject movement faces 
a different set of conflicts that are directly related to the nature 
of the movement. These conflicts are depicted in Figure 10-2, 
which illustrates the computation of the parameter: 

Ve; = the "conflicting volume" for movement i, that is, the total 
volume which conflicts with movement i, expressed in 
vehicles per hour. 

The right-tum movement from the minor street, for example, 
is in conflict with only the major street through movement in 
the right-hand lane into which right-turners will merge. Figure 
10-2 includes one-half of the right-tum movement from the 
major street, because this flow has been found to have a some­
what inhibiting effect on the subject movement. This may be 
caused by such vehicles approaching without using their turn 
indicator, causing the driver of a waiting vehicle to believe it 
will travel straight through the intersection and/ or side frictions 
created as they turn into a lane adjacent to waiting vehicles. 

Left turns from the major street are in absolute conflict with 
the total opposing through and right-turn flows, because they 
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Subject Movement Conflicting Traffic, Vci Illustration 
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Vt includes only the volume in the right hand lane . 

Where a right-turn lane is provided on maJor street , eliminate Vr or Vra · 

••"Where the right-turn radius into m inor street is large and/or where these movements are STOP / YI E LO-controlled, 

eliminate Vr (Case 21, and Vra and/or Vrb (Case 41. Vrb may also be eliminated on multilane major streets. 

Figure 10-2. Definition and computation of conflicting traffic volumes. 

must cross the through flow and merge with the right-turn flow. 
The method does not differentiate between crossing and merging 
conflicts. Left turns from the major street and the opposing 
right turns from the major street are considered to merge, re­
gardless of the number of lanes provided in the exit roadway. 

Minor street through movements have a direct crossing or 
merging conflict with all movements on the major street, as 
indicated in Figure 10-2, except the right turn into the subject 
approach. Only one-half of this movement is included in the 
computation, for the same reasons as discussed above. 

The left turn from the minor street is the most difficult ma­
neuver to execute from an unsignalized intersection, and it faces 
the most complex set of conflicting flows. Conflicting volumes 
include all major street flows, in addition to the opposing right 
turn and through movement on the minor roadway. 

When using Figure 10-2 to compute conflicting volumes, the 
analyst should carefully consult the footnotes, which allow mod­
ifications to the equations shown in special cases. 

Note that in the equations of Figure 10-2, the conflicting 
traffic volume for movement i, which is denoted as V,;, is com­
puted in terms of an hourly volume in mixed vph. Subscripts r 
denote right turns, 1 left turns, t through movements, and o 
opposing minor street flows. 

CRITICAL GAP SIZE 

The "critical gap" is defined as the median time headway 
between two successive vehicles in the major street traffic stream 
that is accepted by drivers in a subject movement that must 
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cross and/ or merge with the major street flow. It is denoted 
as T,, and is expressed in seconds. 

The critical gap depends on a number of factors, including: 

1. The type of maneuver being executed. 
2. The type of minor street control (STOP or YlELo). 

3. The prevailing approach speed (average running speed) on 
the major street. 

4. The number of lanes on the major street. 
5. The geometrics and environmental conditions at the in­

tersection. 

The type of movement is a most significant factor. As the 
movement being executed becomes more complex, drivers will 
require longer gaps through which to make their maneuver. 
Thus, the required gap for a right turn from the minor street, 
which involves only a single merging conflict, is shorter than 
the gap required to execute a left turn from the minor street, 
which involves a variety of complex conflicts. The latter move­
ment is facing a more complex conflict, and the driver's decision 
process in selecting the gap is more complex as a result. 

The type of control is important as well. At STOP-controlled 
locations, drivers usually start from a stopped condition, while 
at a YIELD-controlled location, some proportion of vehicles 
starts from a low, but moving speed. It will obviously take longer 
to cross an intersection, on the average, when starting from a 
stopped condition than it will take from a slow-speed condition, 
and a longer critical gap is therefore required at STOP-controlled 
locations. 

The speed of major street traffic has a major impact on re­
quired gap. When a driver selects a gap through which to execute 
a maneuver, judgment is based on the size of the gap available 
and the driver's confidence that the gap will remain stable as 
he or she crosses through it. As the speed of major street traffic 
increases, drivers tend to require longer gaps. In effect, as speeds 
increase, drivers become more conservative in their gap selection 
in reaction to the increased hazard of crossing a higher speed 
traffic stream. 

As the number of lanes on the major street increases, the 
critical gap size also increases. Selecting and negotiating a gap 
in a multilane traffic stream is a more complex maneuver than 
the same process for a single lane, and drivers will require longer 
gaps. 

Geometric conditions can also play a major role in deter­
mining the size of the critical gap. Such features as channelized 
turning lanes, large corner radii, and similar measures, make 
certain movements easier to execute, and thereby can reduce 
the critical gap size needed for those movements. For example, 
a channelized right-turn lane may effectively reduce the angle 
of the turn at the merge point from 90 deg to some shallower 
angle. Features such as acceleration and deceleration lanes will 
also have the same effect. On the other hand, geometric con­
ditions that restrict sight distances will have an opposite impact, 
increasing critical gap size by making it more difficult for drivers 
to observe and select gaps. 

Environmental conditions always affect traffic flow, and un­
signalized intersections are no exception. Similarly to all capacity 
analysis procedures, the methods of this chapter assume good 
weather conditions, daylight, no traffic incidents, and good pave­
ment conditions. Inclement weather, darkness, traffic incidents, 
and poor pavement conditions will all serve to decrease capacity 
and reduce level of service. In general, any of these conditions 

will cause drivers to require larger gaps to execute desired ma­
neuv.:rs, and while no quantitative criteria are provided, the user 
should be aware of these likely impacts of poor environmental 
conditions. 

VALUES OF CRITICAL GAP 

Values of critical gap are selected from Table 10-2 in a two­
part process: 

1. The basic critical gap size is selected from the first half of 
the table for the type of movement, type of control, and major 
street speed at the subject location. 

2. Adjustments and modifications to the basic critical gap 
size are selected from the second half of the table for a variety 
of conditions, subject to the limitations given in the footnotes. 

The population factor has been incorporated because field 
experience indicates that drivers familiar with more congested 
traffic environments tend to select smaller gaps. Analysts may 
wish to use some judgment in applying this adjustment, and 
should have knowledge of local driving habits. 

The restrictive impact of poor sight distance is also a complex 
factor requiring some judgment. The user may wish to conduct 
a site examination before deciding either on a value for this 
adjustment, or on whether or not it should be utilized at all. 
Such factors as accident experience, driver response and gap 
acceptance, traffic volumes, and measured sight distances should 
~e considered. Where such field examinations are not possible, 
computations should be done using a range of values to examine 
the sensitivity to this factor. 

POTENTIAL CAPACITY FOR A MOVEMENT 

The potential capacity of a movement is denoted as cp; (for 
movement i), and is defined as the "ideal" capacity for a specific 
subject movement, assuming the following conditions: 

1. Traffic on the major roadway does not block the minor 
road. 

2. Traffic from nearby intersections does not back up into 
the intersection under consideration. · 

3. A separate lane is provided for the exclusive use of each 
minor street movement under consideration. 

4. No other movements impede the subject movement. 

The potential capacity is selected from Figure 10-3, and is 
based on the conflicting traffic volume, V,. in vehicles per hour, 
and the critical gap, T,, in seconds. The figure is entered on 
the horizontal axis with the value of V,. A vertical line is drawn 
to the appropriate "critical gap" curve. A horizontal line is 
drawn from the intersection with the "critical gap" curve to the 
vertical axis, where the result is read, in passenger cars per hour. 

IMPEDANCE EFFECTS 

It has been noted that vehicles utilize gaps at an unsignalized 
intersection in a prioritized manner. When traffic becomes con­
gested in a high-priority movement, it can impede lower priority 



TABLE 10-2. CRITICAL GAP CRITERIA FOR UNSIGNALIZED INTERSECTIONS 

• 

BASIC CRITICAL OAP FOR PASSENGER CARS, SEC 

VEHICLE MANEUVER AVERAGE RUNNING SPEED, MAJOR ROAD 

AND 30 MPH 55 MPH 

TYPE OF CONTROL 
NUMBER OF LANES ON MAJOR ROAD 

2 4 2 

RT from Minor Road 
STOP 5.5 5.5 6.5 

YIELD 5.0 5.0 5.5 

LT from Major Road 5.0 5.5 5.S 

Cross Major 
Road 

STOP 6.0 6.5 7.5 
YIELD 5.S 6.0 6.5 

LT from Minor Road 
STOP 6.5 7.0 8.0 

YIELD 6.0 6.5 7.0 

ADJUSTMENTS AND MODIFICATIONS TO CRITICAL OAP, SEC 

CONDITION 

RT from Minor Street: Curb radius > 50 ft 
or turn angle < 60' 

RT from Minor Street: Acceleration lane 
provided 

All movements: Population ~ 250,000 

Restricted sight distance.• 

NOTES: Maximum total decrease in critical gap = 1.0 sec. 
Maximum Critical gap = 8.5 sec. 
For values of average running speed between JO and 55 mph, interpolate. 

• This adjustment is made (or the specific movement impacted by restricted sight distance. 
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movements from utilizing gaps in the traffic stream, and reduce 
the potential capacity of the movement. It should be noted that 
major street traffic is not assumed to be impeded at any time 
by minor street flows, and that "impedance" affects only minor 
street vehicles. 

Right turns from the minor street do not generally impede 
other traffic elements, except for opposing left turns from the 
minor street where both movements are merging into the same 
traffic stream. Given the priority of gap usage: 

1. Left turns from the major street impede both through 
movements and left turns from the minor street. 

2. Through movements from the minor street impede left 
turns from the minor str:eet. 

In general, the impact of impedance is addressed by multi­
plying the potential capacity of a movement, cp;• by a series of 
impedance factors, ~. for each impeding movement j. These 
computations are illustrated in Figure 10-4, and result in the 
finding of the movement capacity, c,.;, which is the adjusted 
capacity of the movement. The "movement capacity" still as­
sumes that the movement has exclusive use of a separate lane. 

Impedance factors,~. are found from Figure 10-5. They are 
based solely on the percent of potential capacity of the impeding 
movement used by existing demand. Consider the following 
example. A left-tum movement from a minor street at a T­
intersection is impeded by the left turn from the major street. 
The latter movement has a potential capacity of 500 pcph and 

1. Left t!lCDS from minor 3~reet at 3 T-intersection. 

2. T.b.L..Q.u..gh traffic from minor street at a 4-leg intersection. _, _, _ .. 
- _/ Pll 

pl2 __..,,, ~ 

I Ji 
cmi cpi x Pll x Pl2 

3. Left turns from minor street at a 4-leg intersection. 

Figure 10-4. Illustration of impedance computations. 
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Figure 10-5. Impedance factors as a result ~f 
congested movements. 
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a demand of 200 pcph. Thus, the major street left turn uses 
200/500 = 0.40, or 40 percent, of its available capacity, Figure 
10-5 is entered with this value, and an irnpedance factor of 0.68 
is read. The potential capacity for the minor street left turn 
must then be multiplied by 0.68 to account for the impedance 
of the major street left turn. 

Essentially, the computation of potential capacity assumes 
that all movements have exclusive access to available gaps. The 
availability of these gaps to lower priority movements is reduced 
as they are utilized by higher priority movements. This reduction 
is computationally represented in the impedance factors. 

SHARED-LANE CAPACITY 

Up to this point, the methodology has assumed that each 
minor street movement has the exclusive use of a lane. This is 
often not the case, and frequently two or three movements share 
a single lane on the minor approach. When this occurs, vehicles 
from different movements do not have simultaneous access to 
gaps, nor can more than one vehicle from the sharing movements 
utilize the same gap. 

Occasionally, an intersection with wide comer radii will allow 
vehicles approaching in the same lane to stop side-by-side. This 
will act to reduce or eliminate the adverse impact of the shared 
lane. Where several mov~ments share the same lane, and cannot 
stop side-by-side at the stop line of the intersection, the following 
equation is used to compute the capacity of the shared lane: 

where: 

Csn 
v, 
v, 
V, = 

cm, 

cm, = 

Cm, 

v, + v, + v, 
Cm= ] [ ] · [v,/c,..,] + [v,/c.,,, + v,/ c,,,,. 

capacity of the shared lane, in pcph; 
volume of left-tum movement in shared lane, in pcph; 
volume of through movement in shared lane, in pcph; 
volume of right-turn movement in shared lane, in 
pcph; 
movement capacity of the left-tum movement in 
shared lane, in pcph; 
movement capacity of the through movement in 
shared Jane, in pcph; and 
movement capacity of the right-tum movement in 
shared lane, in pcph. 

Only those movements included in the shared lane are in­
cluded in the equation. If the shared lane includes only right­
turn and through movements, both numerator and denominator 
terms for left-turners are deleted in the equation. 
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LEVEL-OF-SERVICE CRll'l!l'flA 

The computations desctibed libtive result in a solution for the 
capacity of e1tclt lane on th.I! frlifior approaches to a STOP- or 
YIELD-controlled intersection, Level-of-service criteria for this 
methodology are stated in vl!i:'Y general terms, and are related 
to general delay ranges. fh~ tlriteria are given in Table 10-3, 
and are based \'In the resetv~, or unused, capacity of the lane 
in question, 'this value is tltiffil)uted as: 

where: 

reserve or unused ear,at:ity of the lane, in pcph; 
shared•lane capatiity of the lane, in pcph; and 
total volume usittg the lane, in pcph. 

TABLE 10-3. lEVEL-OF•Sl!.itVleE CRITERIA FOR UNSIGNAL­

IZED INTERSECTIONS 

RESERVE CAPACITY 

(PCPfl:) 

~ 400 
300-399 
200-299 
100-199 

(}.- 99 

uystof' 
!ilillVltE 

A 
9 
e 
t> 
E 
F' 

EXPECTED DELAY TO 

MINOR STREET TRAFFIC 

Little or no delay 
Short traffic delays 
Average traffic delays 
Long traffic delays 
Very long traffic delays . 

• When demand volume exceeds the capat:ll-Y of the 1ane, extreme deJays will be encountered 
with queuing which may cause scvffe C0i"i8~tion affecting other traffic movements in the 
intersection. This condition usua1ly W:d.itilflt§ Jinprovement to the intersection. 

Caution should be used in the interpretation of these cnteria. 
They are stated in general terms, without specific numeric val­
ues. It is, therefore, not possible to directly compare aft unsig­
nalized LOS with a signalized intersection analysis LOS 
(Chapter 9) in terms of specific delay values witMilt collecting 
delay data directly at the subject site. The levels of service in 
this chapter are not associated with the delay values cited for 
signalized intersections in Chapter 9. 

Because the basic criteria for LOS are given in terms of a 
general delay description, an unusual result sometimes occurs. 
A movement, most often a left-tum movement, can have a 
poorer LOS if it is given a separate lane than if it shares a lane 
with another movement (usually a through movement). This is 
not inconsistent in terms of the stated cyiteria. Left-tum move­
ments will generally experience longer delays than other move­
ments because of the nature and priority of the movement. If 
left turns are placed in a shared Jane, the average delay to vehicles 
in that lane may indeed be Jess than the average delay to left 
turns in a separate Jane. However, all vehicles in the shared 
lane experience increased delay over the condition in which left 
turns have a separate lane. Consider the following: 

l. Ten left-turners will experience an average delay of 10 sec 
if they have an exclusive lane, and 15 sec if they share a lane 
with a through movement. 
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2. Fifty through-vehicles will experience an average delay of 
5 sec if they have an exclusive lane, and 6 sec if they share a 
lane with the above left-turners. 

If the vehicles are forced to share a lane, the average delay 
to a vehicle in the shared lane will be: 

[(10 X 15) + (50 X 6)]/[10 + 50] = 450/60 = 7.5 sec/ veh 

Table 10-4 illustrates this comparison. While each vehicle 
experiences increased delay when placed in a shared lane, the 
average delay in the shared lane is less than the average delay 
to left-turners in an exclusive lane and more than the average 
delay to through vehicles in an exclusive lane. Thus, the LOS 
in the exclusive LT lane may be poorer than :hat for the mixed 
lane. The analyst, however, may wish to care' J!v consider the 
aggregate impact on delay which takes place. In general, ex­
panding a one-lane STOP· or YIELD-controlled approach to in­
clude an exclusive LT or RT lane will decrease the aggregate 
delay, regardless of level-of-service designations. 

Level-of-service F exists when there are insufficient gaps of 
suitable size to allow a side street demand to safely cross through 
a major street traffic stream. This is generally evident from 
extremely long delays experienced by side street traffic, and by 
queuing on the minor approaches. The method, however, is 

based 011 ll. constant Ctitical gap size; that is, the critical gap 
remains Mnstant, no matter how long the side street rnotori&t 
waits. Levd-of-servi~e F may also appear in the form of side 
street vehicles selecting smaller than usual gaps. 111 such case!!, 
safety mny be a problem, and some disruption to the major 
traffic strell.tn may result. 1t is important to I\Ote that LOS F 
may not always re~ult in long queues, but may te$Ult in ad• 
justments to a normal gap acceptance behavior. The latter i8 
more difficult to observe in the field than queuini1 Which is 
more obvious. 

POTENTIAL IMPROVEMENTS 

lt should be noted that this methodology i~ 11ot 11. formal 
warn.mt for eortsiderati11g signalization. Where unacceptable lev• 
els of service are present at an unsignalized location, a range of 
improvements tnay be considered, including such measures u 
channelization, lane use controls, sight distance improvements, 
multiway STOI' control, and so on. Within this context, the 
possibiiity of signalization should also be co11sldered, and the 
standard data generally collected for such consideration should 
be obtained and examined. This methodology should not be 
used as a de facto signal warrant without futther study of the 
locatiott in question. 

TABLE 10-4. ILLUSTRATION OF DELAY EXAMPLE 

MOVEMENT VOLUME (YEH) SEPARATE LANE CASE SHARED LANE CASE 

DELAY / YEH TOTAL DELAY DELAY / YEH TOTAL DELAY 
(SEC/ YEH) (SEC} (SEC/YEH) (SEC) 

LT IO 10 100 
151 

150 

TH 50 5 250 6 
7.5 

300 
350 · 450 

111. PROCEDURES FOR APPLICATION 

The analysis of unsignalized intersections is generally applied 
to existing locations either to evaluate existing operational con­
ditions under present demands, or to estimate the impacts of 
anticipated new demands. The methodology is specifically struc­
tured to yield a level of service and an estimate of reserve 
capacity for an existing case. Thus, operational analysis is the 
mode in which it is u~ed. Design applications are treated as 
trial-and-error computations based on anticipated improvements 
to an existing intersection or on the projected design of a new 
intersection. The procedure, however, is easily manipulated to 
investigate the impact of key design features on probable op­
eration. 

FIELD DATA REQUIREMENTS 

As noted previously, computations require several types of 
data as inputs to the methodology. These include: 

1. Volumes by movement for the hour of interest. 
2. Vehicle classification for the hour of interest. 
3. Peak hour factor (if peak flow rates are being used as the 

basis for analysis). 
4. Prevailing (average running) speed of traffic on the major 

street. 



5. Number of lanes on the major street. 
6. Number and use of lanes on the minor street approaches. 
7. Grade of all approaches. 
8. Other geometric features of interest: channelization, angle 

of intersection, sight distance, etc. 
9. Type of control on the minor approaches. 

Because the methodology herein results in a qualitative eval­
uation of delay, it is also recommended, if possible, that some 
delay data be collected with the above information. This will 
allow for a better quantification and description of existing 
operating conditions at the location under study. It would also 
allow for a more precise comparison with a signalized intersec­
tion analysis (Chapter 9), for which precise delay estimates are 
generated. 

SEQUENCE OF COMPUTATIONS 

As the methodology is based on a prioritized use of gaps by 
vehicles at an unsignalized intersection, it is important that 
computations be made in a precise order. The computational 
sequence is the same as the priority of gap use, and movements 
are considered in the following order: 

I. Right turns from the minor street. 
2. Left turns from the major street. 
3. Through movements from the minor street. 
4. •e/t turns from the minor street. 

To assist in maintaining the proper order of computations, 
worksheets are provided for the two principal types of inter­
sections which are generally the subject of such analyses: four­
leg intersections and T-intersections. The use of each of these 
in computational analysis is described in the sections below. 

ANAL VSIS Oft FOUR-LEG INTERSECTIONS 

Figure 10-6 illustrates the worksheet for four-leg intersections, 
and is a 3-page form. The following steps describe how com­
putations are made and summarized using this form. 

Volume Summary and Adjustment 

The first page of the worksheet consists of the summarization 
and adjustment of demand volumes. Basic geometric data are 
also summarized on this page. 

1. Hourly 'Volumes are summarized on the top portion of the 
form on the diagram provided. A "north" indication should be 
inserted to ensure proper orientation of the intersection and of 
the demand volumes. 

Note the notation convention which utilizes V, to V6 to denote 
major street flows, and V, to Vi 2 to denote minor street flows. 
The flows should be carefully entered, because the worksheet 
refers to these flows by their worksheet designation to ease 
computations. 

In addition to volume summaries, the number of lanes on 
each approach should be indicated (notations on their use may 
be added, as well). The type of control is indicated by checking 

10-1 I 

the appropriate box, and the prevailing (average running) speed 
on the major street and the PHF are listed as indicated. 

In some cases, au intersection will have special geometric 
and/ or other features that cannot be adequately illustrated on 
the worksheet. In these cases, · it is recommended that a sche­
matic drawing be made and attached to the worksheet for clarity. 

2. Volume adjustments are made to convert vph to pcph. In 
general, analysis will be on the basis of full hour volumes. Should 
the analyst wish to examine flow during the peak 15-min period, 
all volumes should be divided by the PHF before entering them 
on the "vph" diagram of the worksheet. 

The conversion from vph to pcph is made using the passenger­
car equivalent values given in Table 10-1. Recall that the table 
assesses the impact of both vehicle type and grade, and that 
even passenger cars are subject to adjustment if a grade of more 
then +2 percent or -2 percent is present. Volume in pcph is 
computed by multiplying the number of vehicles in each cate­
gory by the appropriate equivalent from Table 10-1 and adding 
to find the total volume for all categories. 

For example, if an approach on a level grade had a volume 
of 150 passenger cars, 30 single-unit trucks, and 5 combination 
vehicles, the total equivalent volume in pcph would be: 

150 X 1.0 = 150 pcph 
30 X 1.5 = 45 pcph 

5 X 2.0 = 10 pcph 
205 pcph 

where 1.0, 1.5, and 2.0 are the passenger-car equivalents for 
cars, single-unit trucks, and combination vehicles found in Table 
10-1. 

= NAHi:.,_ 

!1 0UBLX yOt UIUlS Grodo _ \ 0 
~ N• D I 

~~.Jin " l [ \__v6 -
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=-=:~ 11 r 
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L - J 1 l 
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V5~- -

= -~i 
V4~ -

l"l 17 

vr l ----1 
Figure 10-6. Worksheet for four-leg intersections (page 1). 
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STEP 1 ' RT Prom Minor Street f v, j llu 

conflic·ting Flow•, Ve 1/2 VJ'tV 2•Vcg 11i2 v6+v5-v611 
_+_• __ vpH ~•-•...a.==........l.ff:ih 

Cr lticU Gap, Tc {Tab.IO ,2) __ (eece,) i.:;..__(BeCS .,f 

Potential Capacity,cp (Pig ,10 ,3) cpg•___pcph •p, .--·t,1, 
I of cp utilized (v

9
/cp

9
)Jt:100• __ 1 lll12lcp12l•ifJ&•~1 

Impedance Factor ,P (Pig ,10 .5) ,,--- pi,"--

Actual Ca1>4city, cm clD9•cp9•__pcph Cli112• 0p12•~P6Ph 

STEP 2 ' LT From Jllajor Street .-- V 4 ___J lli 

Conflicting Flowe, Ve V3+V2•Vcf ,~vs•Vcl 
_+_• __ vph ~•-• ·- ¥ph 

Critical Gap, T0 
(Tab .10,2) __ (• ece,J _ .. __ (aeca.·1 

Potential Capacity,cp (Pig ,1D .3) cp4•___pcph ~p,·--•clffi . 
I of cp utilized (v 

4
Jcp

4 
):11100• __ 1 fv 1 /cpl )1:166"=• 

Impedance Factor, P (Fig ,10 .5) •··-- ~1--~ 

Actual Capacity, cm cm 4•cp'4•___pcph EMI "Cpl -~~I; 

STEP 3 1 TH Froffl Minor Street 1 v, ! llH 

Conflicting Flowe, V0 1/'JV,,+,V 2.vl •Y ,,v~+-Y ~•ve, 112v6+vs+v, ... vjfl"fn1• ell 

- •-•- •_+_t_•--=.'lpb i-=+_+_+_.-!=4=--=IJph 

Cdt1C4l Gap, Tc (Tab,10.2) __ (HO• ,I ~Caeca •. j 

Potential Capacity,cp {Fig ,10 ,3) .::ps•~pt, ~~n•--P•~ 
I of cp utilized (\1

1
/ e pflhfftO• __ , f'lll/cpll )a16&•~ 1 

Impedance Factor, P (Plg ,10 . 5) ···-- Pu·--
Actual Capacity, cm c:-a8 ~ plldl:.PC le fflh"'Cpll•P'1"'' 

- - •.........J_..__.x_ ! pc pit I ,=--•_J~•~(PBphl 

5'T',:P 4 ' LT From fllinoc Street ; ., L "•~ 
Conflicting Plo1i1a, Ve v 8 fatepll+Vu+V 12•vc7 "~h ··••Pll ··-r•,"'c:10 

_+___::,:-f_ .. __ vph ---•-+ -~--=---=IJph 

Critical Gap, Tc !Tab,10 ,2) __ ,a·ecs.1 =--<•ecs.t 
Potential Capacity ,cp (Pig .10 ,3} cp

7 
.. __ pbph 1<:~10•- _pct>ft 

Actual Capacity, C 
m c 111 , • cp7aP1 xP .a•Pll 1:Pl2 t-iilto•.cp10•• ,,tri,,8.-, § 

_._;_ a~~-ct,cph µ._•~---' - tpcphl 

Figure 10-6. Worksheet for four-leg inter9ectlons (page 2). 

Where no specific vehicle classification ls given, volumes are 
generally multiplied by 1.1 (for no grade) to reflect "normal" 
traffic composition, which consists of 5 percent combination 
vehicles and nominal numbers of other vehicle types (other than 
passenger cars). 

Conversion compuftttlons are summarized in the "Volume 
Adjustments" section of the worksheet in the middle of the first 
page. 

Through and right-turnirtg volumes on the major street are 
not converted to pcph. This is because they are only utilized in 
the computation of "conflicting traffic volume," which is done 
in terms of vph. 

The diagram on the lower half of the first worksheet page 
cart be used to summarize the converted voiumes for ease of 
reference. 

Computation of Movement Capacities 

The second page of the worksheet is for the computation of 
movement capacities for each subject movement. All equations 
are shown on the worksheet, so that the user need not refer 
back to other sections of this chapter, and . volumes are keyed 
to the diagrams on page 1 of the'worksheet. Note that volumes 
denoted with a capital V refer to volumes in vph, while those 
denoted with a small v refer to converted volumes in pcph. 

SHAll~O LANE CAPACITY 

vi + vj 
where 2 ~u ah.ire a lar'e 

CSH • 
( v i /cmi I • '"1 /cmj I 

+ 
cSH "' 

"i vj • V1t 
where '! ODVenents ~hara ii li!he 

(vi /cmi I • (vj /cmj I • I vk /cmkl 

AP~ftoACH MOVEMENTS 1, B; ~ 

Movement V(poph) c;,(poph) CsH ( pcph) ',," cSll • " LOS 

7 

8 

9 

APPROACH MOVEME~'t'f; 10 1 
,,, 12 

Movement v (po ph I c~(pophi cSII ( pcph I 0,,•CSH•V LOS 

10 

,, 
12 

MAJOR S'l'RtET LEFT TURNS ,, 4 

1-ibvement V (pOph) cm (pcph) "Ia • cm - V LOS 

1 

4 

COMMENTS: 

Figure 10-6. Worksheet for four-leg intersections (page 3). 

Computations proceed in the prescribed order, considering 
first the right turns from the minor street, followed by left turns 
from the major street, through movements from the minor street, 
and left turns from the minor street. The user should solve pairs 
of movements before proceeding to the next step, i.e., both right 
turns in Step 1 should be computed before proceeding to 
Step 2. 

For each movement, the following sequence of computations 
is followed: 

1. Compute conflicting flows, V,;, in vph. Figure 10-1 may 
be consulted if a further explanation of this computation is 
desired. 

2. Find the critical gap, T,, in sec, from Table 10-2. 
3. Find the potential capacity, c.,. in pcph, from Figure 

10-3. 
4. Compute the percent of potential capacity used by the 

movement. 
5. Find the impedance factor, P1, from Figure 10-5. NOTE: 

This factor will be used in later steps to adjust the capacity of 
lower priority movements for impedance. 

6. Compute the movement capacity, cm,• 

At a four-leg intersection, with all movements permitted, there 
are 8 separate computations of this type to be made and sum­
marized on page 2 of the worksheet. 



Computation of Shared-Lane Capacity and Level 
of Service 

The third page of the worksheet is used to compute shared­
lane capacities, reserve capacities, and level of service. The user 
will have to determine from field data or available design plans 
the movements that share a lane. The appropriate computations 
for shared-lane capacity are made (equations are shown on the 
worksheet). Reserve capacity is then computed for each lane, 
and the level of service is determined from Table 10-3. 

It is often useful to also compute the reserve capacity and 
level of service for each movement as if it had a separate lane. 
This will provide useful information in the consideration of 
providing such lanes as a potential improvement to the location 
under study. 

ANALYSIS OF T-INTERSECTIONS 

The analysis of T-intersections follows the same general steps 
as those described above for four-leg intersections. They are, 
however, very much simplified, because many of the movements 
and the majority of the conflicts present in a four-leg intersection 
are removed. Because of this, a simplified worksheet is provided 
for T-intersection computations, and is shown on Figure 10-7. 

The upper portion of the sheet provides for the summarizing 
of volume and geometric data, and for the adjustment of vol­
umes, as described for four-leg intersections. Note that there 
are only six volumes to be considered, and only three of these 
need be converted to pcph. Again, if the intersection contains 
unusual geometric elements that are difficult to show on the 
worksheet, a schematic sketch should be developed and attached 
for clarity. 

The middle portion of the form is for the computation of 
movement capacities. Again, note that there are only three 
movements to be considered, as opposed to eight for a four-leg 
intersection. Further, there is only one impedance element to 
consider: the left turn from the major street (V4) impedes the 
left turn from the minor street (V7). 

The lower portion of the form provides for the computation 
of shared-lane capacities, which is also simplified. Because there 
are only two minor street flows, they either do or do not share 
a lane. 

As was the case for four-leg intersections, it is often useful 
to compute the reserve capacity of each movement as if each 
had a separate lane, even where a lane is shared. This will assist 
in the assessment of possible lane additions as a solution to a 
substandard operation. 

The sample problems illustrated later in the chapter detail 
the use of these procedures and worksheets as described. 

MULTIWAY STOP CONTROL 

Multiway STOP control is a useful and appropriate type of 
intersection control for certain unsignalized intersections. Under 
multiway STOP control, all vehicles are stopped, with vehicles 
intended to depart in a counter-clockwise rotation regime under 
the basic rules of the road, wherein the "vehicle on the right" 
has the right-of-way. Multiway STOP control can be a low-cost 
solution at uncontrolled or two-way STOP or YIELD intersections 
where poor level of service is experienced. 

JIQlfB t.Y YOl,11N'9 VOLUMS9 IN PCPH 

Major atrHt 1 

N,. D ..__1,,,.._- -
Gr,. da - ~,- rl'4- D - · _.: = ,,r ..:::.. 
D':'te of Counts: _ _ I' I' I • 3T'OP 
Time Period: ___ - - QYTllt.n 
Approach 1i p•• d1 .N • 
PHF: - - minor II U)Ot.t ~ --- -- -- . 

- _ ,,,. _, -~- - --~ r- •-- -
--'.'l "1 ( 

l l!I 
)l('JLVNl! APJUSTHrimli 

Movement no. l l , l , I 1 I 
Volume (vph) I 
Vol. (pcphl, see Table 10 ,l ~~ = 
STEP 1 : RT From Minor Street 

Conflicting Flow, Ve 

I I I 
~ 

I 
I 
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Critical Gap,Tc and Potential Capacity, cp Tc .. _aecs (Tab .10 ,2) cp
9
,,,_pcph (Fig ,10 ,3) 

Actual Capacity, cm 

STEP 2 : LT From Major Street 

Confllcting Flow, Ve 

Cdtlcal Gap,Tc and Potential Capacity, cp Tc=_eecs (Tab .10 .2)cp
4 
~_pcph (F'ig .10 .3 1 

i of ~ utillzed and Impeda7~~/~~~~} 

Actual Capacity, Cr!l 

STEP 3 : LT From Minor Street 

(V 
4 
/cp4 ) X 100 .. __ p, •--­

'in4 "'C~4 • -_pcph 

C.- itical Gap,Tc and Potential Capacity, cp T e•- ••c• (Tab .10 .2) cp1.,_pcph (F'ig .IO .3 ) 

Mt:~•1 Capacity, c;. c.,7•c,..~P
41
1:_x_., __ pcph 

SBAHJl:LANt; CAPA_tar 

Movement no. v(pcph) 

Figure 10-7. Worksheet for analysis of T-intersections. 

Because vehicles at multiway STOP-controlled intersections 
are intended to depart in a strict rotational order as long as one 
vehicle is waiting on an approach, this type of control is most 
effective where demand on the several approaches is approxi­
mately equal. 

It should be noted, however, that failure of drivers to observe 
the intended right-of-way discharge regime will result in poor 
levels of operation. 

The capacity of multiway STOP-controlled intersections is a 
function of the number of approach lanes, and of the departure 
headways of vehicles crossing from a stopped position. At ca­
pacity, operations are relatively predictable, with queues devel­
oping along each approach, and vehicles discharging in a regular 
manner as described above. 

Table 10-5 gives typical capacity values for a two-lane by 
two-lane four-way STOP-controlled intersection. As the table 
indicates, capacity is greatest when demand volume is evenly 
split between the crossing facilities. Capacities as high as 1,900 
vph can be achieved at such intersections. A characteristic of 
intersections with a 50 / 50 demand is that vehicle delay tends 
to be uniform, and, because of the regular discharge pattern, is 
tolerated by most drivers. Lesser capacities and more variable 
distribution of delay occurs where demand is not as evenly split 
among the approaches. 

The number of approach lanes also affects the capacity of 
multiway STOP-controlled intersections. Simultaneous move­
ments from a two-lane approach can occur, increasing the over­
all capacity. Table 10-6 shows the capacity of four-way STOP­
controlled intersections with a 50/50 demand split for a range 
of approach lane configurations. 
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Table 10-7 gives volume levels which can be accommodated 
at four-way STOP-controlled intersections under reasonable op­
erating conditions. Although levels of service for such intersec­
tions are not specifically defined, Table 10-7 volumes are 
approximately indicative of LOS C. 

TABLE 10-5. CAPACITY OF A Two-BY-Two LANE FOUR-WAY 
STOP-CONTROLLED INTERSECTION FOR VARIOUS DEMAND 
SPLITS 

DEMAND SPLIT 

50/50 
55/45 
60/40 
65/35 
70/30 

n Tota] capacity, all legs. 
SOURCE: Ref. 9 

CAPACITY" 

(VPH) 

1,900 
1,800 
1.,700 
1,600 
1,500 

TABLE 10-6. CAPACITY OF FOUR-WAY STOP-CONTROLLED 
INTERSECTIONS WITH 50 / 50 DEMAND SPLIT FOR VARIOUS 
APPROACH WIDTHS 

INTERSECTION TYPE 

2-lane by 2-lane 
2-lane by 4-lane 
4-lane by 4-lane 

• Total capacity, all legs. 
SOURCE: Ref. 9 

CAPACITY' 

(VPH) 

1,900 
2,800 
3,600 

TABLE 10-7. APPROXIMATE LEVEL-OF-SERVICE C SERVICE 
VOLUMES FOR FOUR-WAY STOP-CONTROLLED INTERSEC­
TIONS 

LOS C SERVICE VOLUME, VPH 

DEMAND 
NUMBER OF LANES 

SPLIT 2 BY 2 2 BY 4 4 BY 4 

50/50 1,200 1,800 2,200 
55/45 1,140 1,720 2,070 
60/40 1,080 1,660 1,970 
65/35 1,010 1,630 1,880 
70/30 960 1,610 1,820 

SOURCE: Rer. 10 

IV. SAMPLE CALCULATIONS 

CALCULATION 1-A T-INTERSECTION 

1. Description - This example concerns the intersection of 
Market Street with Jones Street, which is located in an urban 
area with a population of 100,000. Market Street is a two-lane 
collector, and Jones Street is a two-lane local street serving a 
residential development. It is controlled with a STOP sign. There 
is no widening in the vicinity of the intersection, and comer 
radii are 20 ft. The intersection is depicted in Figure 10-8. 

Residents of the area have complained that there is substantial 
delay experienced in the late afternoon turning right into Market 
Street. They claim that this is due to the need for right and left 
turners to share a lane, and have requested that a right-tum­
only lane be provided. 

2. Solution-The T-intersection worksheet will be used for 
summarizing and organizing computations concerning this 
problem. The problem is to evaluate whether or not the re­
quested improvement will achieve any reasonable reduction in 
the delay experienced by local residents traversing this location. 

The computations on the worksheet (Figure 10-8) are de­
scribed and discussed below: 

1. Existing peak hour volumes for the afternoon period were 
collected, and are summarized as indicated on the upper-left 
diagram. The approach speed of major street traffic was also 
observed, and found to be 30 mph. 

2. Since no classification of vehicles is given, nor is any grade 
present, volumes 4, 7, and 9 (which must be adjusted) are 
multiplied by 1.1 to reflect normal traffic composition. The 
adjusted volumes are entered on the upper-right diagram for 
easy reference in later computational steps. 

3. The RT from the minor street is the first movement con­
sidered. The conflicting volume is computed as one-half the 
major street right-tum volume, plus the through volume with 
which the minor street RT will merge. The_ conflicting traffic 
is thus found to be 270 vph. 

The critical gap is selected from Table 10-2 for an RT from 
minor street, two-lanes on the major street, and prevailing speed 
of 30 mph. The critical gap is found to be 5,5 sec. There are 
no conditions which would allow adjusting this critical gap. 
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~~, ' ft:,f . 10() 000 -
3a:2LCM~ AD~USI~~HIS 
Movernen t no • 2 3 I 4 5 7 9 

Volume (vphl t50 4o I 150 300 40 120 

Vol. (pcph), 1ee Table 10.1 IE,S 4+ 11>2 

STEP l : RT From Minor Street ~ Vg 

Conflicting Flow, Ve 1/2 V3+V2•~+~.l:!2v-ph(Vc9) 

Critical Gap,Tc and Potential Capacity,cp Tc•5.Ssecs(Tab.10.2)cp9.1%Spcph(F1g.10.3) 

Actual Capacity, cm c1119 .c09 • 8ZS pcph 

STEP 2 : LT From Major Street I rv, 
Conflicting Flow, Ve V3+V2•..fQ..+m-z~Ov-ph(Vc41 

Critical Gap,Tc and Potential Capacity,cp Tc•S.Osecs(Tab.10.2)c04 •~00pcph(Fig.10.3\ 

, of ~ utilized and Im0edance Factor (v4/cp4)d00 • 1e.:n. p,. o. ee 
(Fig.10 .5) 

Actual Capacity, Cm <,:i4•c04• ,oo pcph 

STEP 3 : LT From Minor Street 
~ v, 

ContllCtlng Flow, Ve 1/2 V3+V2+V5+v,-~•..§Q+~+.ffia.•~ (Vc71 

Critical Gap,Tc and Potential Capacity, cp T •ilsecs(Tab.10.2lc 7• 350pcph(Fig.10.3) 
C p - . 

Actual Capacity, c:.n cm7•c07xP4• 3;0x~li8. 308 pc0h 

S86B~D-L6H& Ca2ACIIX SR• v2 + v7 if lane is shared !v77cm7 l + (v9-cm91 

Movement no. v(pcph) cm (pcph) CSR(pcoh) CR I LOS 

7 44 308 ~- 308 26'4 I C ~-- ---40'9-- - --+--A - - - -
9 132. 825 szs '7'i3 I A 

1~5 'loo 
I 

735 I 4 - I A 

Figure 10-8. Worksheet for Calculation I. 
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The potential capacity of the movement is found by entering 
Figure 10-3 with conflicting traffic of 270 vph and a critical 
gap of 5.5 sec. The potential capacity is found to be 825 pcph. 

Because there are no movements which impede the minor 
street right turn, the movement capacity is the same as the 
potential capacity for this movement, or 825 pcph. 

BASIC CRITICAL GAP FOR PASSENGER CARS, SEC 

VEHICLE MANEUVER A VERA GE RUNNING SPEED, MAJOR ROAD 

AND 30 MPH 55 MPH 

TYPE OF CONTROL 
NUMBER OF LANES ON MAJOR ROAD 

2 4 2 4 

RT from Minor Road 
STOP ® 5.5 6.5 6.5 

YIELD 5.0 5.0 5.5 5.5 

LT from Major Road 5.0 5.5 5.5 6.0 

Cross Major 
Road 

STOP 6.0 6.5 7.5 8.0 
YIELD 5.5 6.0 6.5 7.0 

LT from Minor Road 
STOP 6.5 7.0 8.0 8.5 

YIELD 6.0 6.5 7.0 7.5 
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4. The second movement considered is the LT from the major 
street. The conflicting flow is computed as indicated on the 
sheet, and is found to be 290 vph. The critical gap is 5.0 sec 
(from Table 10-2, for major street LT, two lanes on the major 
street and 30-mph prevailing speed), and potential capacity is 
found to be 900 from Figure 10-3. 
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BASIC CRITICAL GAP FOR PASSENGER CARS, SEC 

VEHICLE MANEUVER AVERAGE RUNNING SPEED, MAJOR ROAD 

AND 30 MPH 55 MPH 

TYPE OF CONTROL 
NUMBER OF LANES ON MAJOR ROAD 

2 

RT from Minor Road 
STOP 5.5 

YIELD 1-:I§) 
LT from Major Road 

Cross Major 
Road 

STOP 

YIELD 

LT from Minor Road 

1000 

800 

11. 
II. 

STOP 

YIELD 

\ \ I\ \ \ 
,_\ ' I \ ' ' 

\ \ \ \ \ I\ \ \I\ 
I\ 'J\' . \I \ , I \ 

5.0 
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6.5 
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4 

5.5 
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7.0 
6.5 

.. 
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2 4 

6.5 6.5 
5.5 5.5 

5.5 6.0 

7.5 8.0 
6.5 7.0 

8.0 8.5 
7.0 7.5 

Again, there are no movements which impede the major street 
LT, and the movement capacity is the same as the potential 
capacity, 900 pcph. 

An impedance factor, however, must be computed for this 
movement, because it, in turn, impedes the left turn from the 
minor street. The adjusted volume for movement 4 (the major 
street LT) is 165 pcph. Thus, the percent of potential capacity 
utilized is 165/900 = 0.183 (18.3 percent). This value is used 
to enter Figure 10-5 to obtain an impedance factor of 0.88. 
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5. The LT from the minor street is the last movement con­
sidered. The conflicting volume is computed to be 720 vph, as 
shown in Figure 10-8. The critical gap is found as illustrated 
from Table 10-2; and the potential capacity from Figure 10-3, 
as 350 pcph. 

BASIC CRITICAL GAP FOR PASSENGER CARS, SEC 

VEHICLE MANEUVER AVERAGE RUNNING SPEED, MAJOR ROAD 

AND 30 MPH 55 MPH 

TYPE OF CONTROL 
NUMBER OF LANES ON MAJOR ROAD 

2 4 

RT from Minor Road 
STOP 5.5 5.5 

YIELD 5.0 5.0 

LT from Major Road 5.0 5.5 
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Road 
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The minor street LT is impeded by the major street LT (see 
Figure 10-4). The movement capacity is therefore found by 
multiplying the potential capacity by the impedance factor for 
the major street LT, which was found in the previous step to 
be 0.88. The movement capacity is therefore 350 X 0.88, or 308 
pcph. 

6. The final step is to determine the shared-lane capacity, 
reserve capacity, and LOS for the intersection. Since the problem 
is to examine the impact of a proposed exclusive right-tum lane, 

2 4 

6.5 6.5 
5.5 5.5 

5.5 6.0 

7.5 8.0 
6.5 7.0 

8.0 8.5 
7.0 7.5 

reserve capacities are computed and noted for both the existing 
shared-lane case and the proposed case in which each of the 
movements has a separate lane. 

For the shared-lane case: 

CsH = [44 + 132]/[(44/308) + (132/825)] = 581 pcph 
cR = 581 - (44 + 132) = 405 pcph 

LOS= A 

For the separate lane case: 

cR (Right Turn) 
cR (Left Turn) 

825 - 132 = 693 pcph; LOS = A 
308 - 44 = 264 pcph; LOS = C 

The solution indicates that right-tum vehicles will not be 
si8nificantly better served by an exclusive lane. The fact that 
left-turners seem to experience a decrease in LOS if given an 
exclusive lane must be considered in light of the discussion in 
the "Methodology" section of this chapter and the illustration 
of Table 10-4. While each left-turner will actually experience 
reduced delay due to the exclusive Jane, their delay will be larger 
than the average delay for vehicles in the shared lane, which is 
dominated by right-tum movements. 

All vehicles will experience some decrease in delay if a sep­
arate lane is provided for left and right turners. What this 
analysis suggests is that the decrease in delay will not be sig­
nificant, and would not be expected to provide substantial relief 
to resident's complaints. 

CALCULATION 2-A FOUR-LEG INTERSECTION 

1. Description - This example concerns the intersection of 
Walnut Street, a four-lane arterial, and Elm Street, a two-lane 
collector street, in an area of population 150,000. Elm Street is 
STOP-controlled, and the northbound approach has recently been 
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widened to add an LT turn lane. Local residents still complain 
that delays are excessive at this location. The intersection is 
shown on the worksheet for the problem, Figure 10-9. 

2. Solution-This problem calls for a thorough evaluation of 
current operations and consideration of any possible improve­
ments that might alleviate existing difficulties. All computations 
are performed on the four-leg intersections worksheet, and are 
illustrated in Figure 10-9. These computations are discussed in 
the items below. 

LOCATION; 
Grade I 
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1. Existing traffic volumes are shown on the diagram on page 
1 of the worksheet. The critical period was determined to be 
the AM peak, and the volumes were obtained by taking a count 
during the 7 AM to 10 AM period, and identifying the peak 
hour, which occurred between 8 AM and 9 AM. Critical geo­
metric features are also noted on the diagram. It should be noted 
that "critical period" may be the period of maximum demand 
on the minor legs, of maximum demand on the major street, 
or some other period when the combination of side street and 

HOURLY VOLUMES 
li.a. ~ ..JJ. N• DJ 

I 0. I I I 

---------~''I''t' 
N•t1J 

t.___ ___ v- .l.22 

---V~- ~ N:a W 
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____ v,._ .k2. 
.t • 

-- n -v----J 
~-vl---• 
so _ v2 ___ __ 

major road Grade __ , 

llr- -

VOLUME ADJUSTMENTS 
Movement no. 

Volume (vph) 

3 \, · 

0] 
__ STOP Dz:! 

N• I v7 v8 v9 YIELD • 
~ut~ 

minor road 
Et.M 

Grade __ , 

1 2 3 

l50 50 

4 5 6 

Date of counts· I0/17 
Time Period 8-Cf t!tL 
Prevailing Speed ?Jo Hrtt 
PRF 
ror. 1so,oao 

7 8 9 10 11 12 

Vol.(pc~h), see Table 10.l 3h 
'" 300 100 •4 132 55 

73 48 / 145 '<> 

II 110 28 

It 1121 31 
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L 
't._ __ _ 

v6 V5 __ _ 

V4r-

Figure 10-9. Worksheet for Calculation 2. 
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STEP l I It'! Prom Minor Street r v, I j V12 

Conflicting Plov,, Ve 1/2 v 3+v 2•vc9 1/2 V41+V5•Vcl2 

25 +~•..J.22.._vph _&..+~•~vph 

Critical Gap, Te (Tab .10 ,:;!) ~(HCI ,) ~(uca.) 

Potential Capaeity,cp (Fig.1O.3) Cp9• '140 pcph lcp12•~ph 

I of cp utilized (v9/cpglll100•~11 Cv12/cp12Jzl00•~1 

Impedance ractor,P (Pi9,1O,5) P,•~ •12·~ 
Actual Capacity, cm cm9-cpg•~ph ca12• ep12• ~~Q pcph 

ST!P 2 1 LT Prom Major Street .-- v, __, Vl 

Conflicting P'lov,, Ve V3+V2•Vc4 v 1+v5-v01 
5o + Z~ •JQ!Lvph J.QQ_+~•..£n_vph 

Critical Gap, T0 (Tab.1O.2) ~Caeca,) ~(HCII.) 

Potential Capaeity,cp (P'ig.1O.l) cP4• 1.:io ocph cpl -~pcph 

I of cp utilized rv 4lcp4lzlOO•~I lv 1/cpl )x100•_2..LI 

Impedance ractor,P (P'ig.1O,5) P4•~ P1•.Jlli 

Actual capacity, cm Cm4•Cp4•~ph ,c:1111-cpl • ,~~ pcph 

STEP 3 : TR rro111 Minor Street i VB 1 Vll 

Conflicting Flov,, Ve l/2V3+V2+V1+v,+V5+v,-vcB l/2V5+V5+V4+V3+V2+V1•Vcll 

25~0!- 33+- Mct.~ ~• .llivph ~~ji+~+~ ~]ftvph 

Critical Gap, Tc (Tab.1O.2) ~ ( le C8 , ) ...il._cucs.) 

Potential Capacity,cp (Fig.1O.ll cps• ~?9 pcph cpll •~ph 

I of cp utilized (v8/cpB)lllOO•~I (v11/cplllzl00•~1 

Impedance ractor,P (P'ig.1O.5) Pa•~ •11·~ 
Actual Capacity, c• cmB-cp11•P1••, c111l-cpll•P1•P4 

~-~~~(pcph) ...22l_•ld2x@ll~(pcph) 

STEP' J LT From Minor Street i v 7 l v10 

Conflicting Plova, Ve VaC•tep3)+V11•V12 •V c7 lvcll latep3)+v7+v8•vclD 

174+.JJ..Q..+~•-911:_vph r;'l. . ..ti.. ill. • ..ill. ... 
Critical Cap, Tc (Tab.10.21 ..J.,L1aecs.) Caeca.) 

Potential Capacity,cp (Pig .10 .3) cp7-~cph ..l2§._pcph 

Actual Capacity, cm c .. ,•Cp7l1P1 llP 4l1P11 llP12 r1111o•cp10llP 4l1P1 l1P9l1Pg I 
.li2_~:1}z.1Zxjj(pcph j.la•l.o!a -'l3ir.'1Tic.~:!!,{peph)I 

Figure 10-9. Worksheet for Calculation 2 (Continued). 

major street flows is critical. If the analysis is unclear as to the 
"critical period," several appropriate periods should be subjected 
to analysis. 

pairs. The first movements to be analyzed are the right turns 
from the minor street, noted as movements 9 and 12 on the 
worksheet. 

As no specifics of vehicle classification are given, and no grade 
is present, all subject volumes are multiplied by I. 1 to reflect 
normal traffic composition. 

Adjusted volumes are shown on the lower diagram of page 
1 for convenience in their use later in the problem. 

2. Movements are now considered in priority sequence, in 

In computing conflicting volumes, note that only one-half of 
the major street through volumes are included. This is because 
the major street has two lanes in each direction, and right­
turning vehicles merge with a traffic stream consisting of only 
approximately half these movements. See Figure 10-2 and dis­
cussion for a fuller explanation of this effect. 
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( SHARED LANE CAPACITY 

vi + vj 
where 2 rrovemencs ~ a lane CSH • 

(vi /cmi 1 + (vj /cmj) 

CSH • 
vi + vj + vk 

where 3 movements share a lane 
(vi /cmi) + (vj /cmj) + (vk /cmk) 

APPROACH MOVEMENTS 7, 8, 9 

Movement v(pcph) Crri(pcph) CsH(pcph) ~ • CSH - V LOS 

7 48 14b 14'1 '18 e ----'----------
8 145 zqs 153 t) 

372- ;~1--- - ~--
9 60 '140 880 ,. 

APPROACH MOVEMENTS 10, 11 , 1 2 

Movement v(pcph) cm(pcph) cSH(pcph) ~•CSH - V LOS 

10 12. IIS ' 115 103 'P 
,----- ---------,., 12.I 3o1 306 :,07 144 I~ t' T> --- I ----f----

12 31 880 ) eeo , 84'1 A 

MAJOR STREET LEFT TURNS 1 , 4 

Movement v (pcph) cm ( pcph) ~ a C 
m - V LOS 

1 ~'15 3b 65'1 A 

4 7'to 73 717 A 
COMMENTS: 

ltT L~Ne wou\..'t> ~\Gr.ll fl~ ~-n..y IMP~'1E. ~, 
ofEt-=-/\11 c,-J I euT ""QIJ\..t:' ,-JOT t,\'~\IE. 6F-e-~ 1Mr~ 

Or-l 111E:.. ft.c.t:,T OF ntE:. INiE:1<!:~E'--T\~ . 

Figure 10-9. Worksheet for Calculation 2 (Continued). 
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The determination of critical gaps for the right-tum move­
ments from Table 10-2 and the solution of potential capacity 
for these movements are illustrated below. There are no con­
ditions warranting an adjustment in the basic critical gap de­
termination. 

BASIC CRITICAL GAP FOR PASSENGER CARS, SEC 

VEHICLE MANEUVER 

AND 

TYPE OF CONTROL 

RT from Minor Road 
STOP 

YIELD 

LT from Major Road 

Cross Major 
Road 

STOP 

YIELD 

LT from Minor Road 
STOP 

YIELD 
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AVERAGE RUNNING SPEED, MAJOR ROAD 

30 MPH 

~ IT 'OD 

N) 
"-~, 

' f"-1, 

~ ,, 
I"-' 

55 MPH 

NUMBER OF LANES ON MAJOR ROAD 

4 

@ 
5.0 

5.5 

6.5 
6.0 

7.0 
6.5 

T_ ---

-- I--

" ~ 
" :.::::. 

2 4 

6.5 6.5 
5.5 5.5 

5.5 6.0 

7.5 8.0 
6.5 7.0 

8.0 8.5 
7.0 7.5 

Impedance factors are also computed, as these right turns 
will impede opposing left turns from the minor street. Movement 
9 utilizes 60/940, or 0.064 (6.4 percent), of its potential capacity. 
Movement 12 utilizes 31/880, or 0.035 (3.5 percent), of its 
capacity. These values are used to enter Figure 10.5 to determine 
the respective impedance factors that are listed on the worksheet, 
0.96 for movement 9 and 0.98 for movement 12. 
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CAPACITY USED BY EXISTING DEMAND, Ptrctnta9t 

Because the right turns from the minor street are not impeded 
by other movements, the movement capacities are the same as 
the potential capacities. 

3. Left turns from the major street are the next movements 
to be considered. These conflict with the total opposing through 
and right-tum movements, as indicated by the conflicting vol­
ume computations on the worksheet. 

The solution of critical gaps and potential capacity for these 
movements is illustrated below. 



BASIC CRITICAL GAP FOR PASSENGER CARS, SEC 

VEHICLE MANEUVER AVERAGE RUNNING SPEED, MAJOR ROAD 

AND 30 MPH 55 MPH 

TYPE OF CONTROL 
NUMBER OF LANES ON MAJOR ROAD 

2 4 2 

RT from Minor Road 
STOP 5.5 5.5 6.5 

YIELD 5.0 5.0 5.5 

LT from Major Road 5.0 ® 5.5 

Cross Major 
Road 

STOP 6.0 6.5 7.5 
YIELD 5.5 6.0 6.5 

LT from Minor Road 
STOP 6.5 7.0 8.0 

YIELD 6.0 6.5 7.0 

800 

t. 
II. 

:-
600 

~ 
j .. u 

I .., .. 
;:: 400 
z .., 
Ii? 

200 

too 400 600 800 1000 1200 1400 1100 

CONFLICT! NG TRAFFIC STREAMS , V, I VPH) 

Again, impedance factors will be computed, because the LT 
from the major street will impede all lower priority movements. 
Movement 4 utilizes 73/790, or 0.092 (9.2 percent), of its po­
tential capacity, and movement 1 utilizes 36/695, or 0.052 (5.2 
percent), of its capacity. These values are used to enter Figure 
10-5 to find the impedance factors listed in the worksheet, 0.93 
for movement 4 and 0.97 for movement 1. 

• 

o.e 

0.6 
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60 

4. The minor street through movements (Nos. 8 and 11) are 
the next to be considered in the computational process. Again, 
conflicting traffic volumes are computed as shown, in accord­
ance with the specifications of Figure 10-2. The critical gap for CAPACITY USED BY EXISTING DEMAND , 

10-23 

80 100 

Perctnta11 



t 
II. 

10-24 

these through movements is found to be 6.5 sec from Table 10-
2, and the unadjusted capacities to be 330 pcph and 340 pcph, 
respectively. These findings are illustrated below. 

BASIC CRITICAL GAP FOR PASSENGER CARS, SEC 

VEHICLE MANEUVER AVERAGE RUNNING SPEED, MAJOR ROAD 

AND 30 MPH 55 MPH 

TYPE OF CONTROL 
NUMBER OF LANES ON MAJOR ROAD 

2 4 2 

RT from Minor Road 
STOP 5.5 5.5 6.5 

YIELD 5.0 5.0 5.5 

LT from Major Road 5.0 5.5 5.5 

Cross Major 
Road 

STOP 6.0 ® 7.5 
YIELD 5.5 6.0 6.5 

LT from Minor Road 
STOP 6.5 7.0 8.0 

YIELD 6.0 6.5 7.0 

1000 

\ \ 

I\ ' \ \ ' ' ' I\ 

800 
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Impedance factors are also computed for these movements, 
as they will impede left turns from the minor street, a lower 
priority movement. Movement 8 uses 145/330, or 0.439 (43.9 
percent), of its potential capacity, and movement 11 uses 121/ 
340, or 0.356 (35.6 percent), of its potential capacity. Entering 
Figure 10-5 with these values, the impedance factors shown on 
the worksheet are found, 0.65 and 0.72 respectively. 
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CAPACITY USED BY EXISTING DEMAND , Porctnta,, 

From Figure 10-4, it is apparent that the through movements 
from the minor street are impeded by left turns from the major 
street. Thus, movement capacities are computed as shown by 
multiplying by the appropriate impedance factors. 

5. The final movements to be considered are the lowest prior­
ity movements: left turns from the minor street. Computations 
for conflicting volumes are as shown, in accordance with Figure 
10-2. The critical gap for these movements is 7.0 sec, and the 
potential capacities are as shown below. 
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BASIC CRITICAL GAP FOR PASSENGER CARS, SEC 

VEHICLE MANEUVER AVERAGE RUNNING SPEED, MAJOR ROAD 

AND 30 MPH 55 MPH 

TYPE OF CONTROL 
NUMBER OF LANES ON MAJOR ROAD 

2 4 2 4 

RT from Minor Road 
STOP 5.5 5.5 6.5 6,5 

YIELD 5.0 5.0 5.5 5.5 

LT from Major Road 5.0 5.5 5.5 6.0 

Cross Major 
Road 

STOP 6.0 6.5 7.5 8.0 
YIELD 5.5 6.0 6.5 7.0 

LT from Minor Road 
STOP 6.5 @ 8.0 8.5 

YIELD 6.0 6.5 7.0 7.5 
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CONFLICT! NG TRAFFIC STREAMS , V, ( VPH) 

Left turns from the minor street are impeded by left turns 
from the major street and the opposing through and right-turn 
movements from the minor street. Thus, movement capacities 
must be reduced by four different impedance factors as shown 
on the worksheet. 

computations are carried out for the shared-lane condition, and 
for each movement as if it had its own separate lane. 

6. The third page of the worksheet shown in Figure 10-9 
illustrates the shared-lane computations for this intersection. 
Movements 8 and 9 currently share a northbound lane, while 
movement 7 has an exclusive lane. Southbound movements 10, 
11, and 12 all share a single lane. Note that reserve capacity 

Shared-lane capacities were computed as follows: 

Cs,, (8, 9) 

CsH (10, 11, 12) 

[145 + 60]/[(145/298) + (60/ 
940)] = 372 pcph 
[12 + 121 + 31]/[(12/ 
115) + (121/307) + (31/ 
880)] = 308 pcph 

The results shown on the worksheet tend to justify the resi­
dents complaints. Levels-of-service D and E prevail, indicating 
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long or very long delays. Some interesting points are seen, how­
ever. Provision of exclusive right-tum lanes on each approach 
would significantly improve the operation of those movements, 
but would not have a great impact on the majority of vehicles. 
Provision of a left-tum lane for the southbound approach would 
not yield significant improvements. 

It would therefore be advisable for a more exhaustive field 
study to be made in conjunction with serious consideration of 
signalization and/ or other measures for this location. As part 
of the consideration of signalization, it would be important to 
collect field data on existing delays. These could be compared 
to predicted values if signals were installed (Chapter 9), so that 
the values could be compared. Signalization could either increase 
or decrease delays, depending on timing, geometrics, volumes, 
and other local conditions. 

CALCULATION 3-A SUBURBAN INTERSECTION 
WITH HIGH APPROACH SPEEDS 

1. Description-This intersection is an intersection of two­
lane Benton Highway and a local street, Mill Road. Mill Road 
is on a 2 percent grade, and has a traffic composition of 85 

Volume (vph) PC 

percent passenger cars, 12 percent single-unit trucks, and 3 
percent combination vehicles. Each approach has two lanes, an 
LT lane and an RT-TH lane. The intersection is an area of 
population 300,000, the PHF is 0.88, and approach speeds on 
Benton Highway are 55 mph. The problem is to evaluate current 
operations at the intersection. The intersection is YIELD-con­
trolled. 

2. So/ution-
a. Volumes in vph are given as shown on Figure 10-10 (page 

l). These must be adjusted to reflect the grade and vehicle mix 
stated in the problem. From Table 10-1, the following pee values 
are found: 

Single 
Unit Combination Passenger 

Grade(%) Trucks Vehicles Cars 

-2 1.2 l.S 0.9 
+2 2.0 3.0 1.2 

0 1.5 2.0 1.0 

Passenger-car equivalent computations are illustrated in the 
following table: 

SUT CV Volume (pcph) 

V, 60 X 0.85 X 1.0 + 60X0.12 X l.S+ 60 X 0.03 X 2.0 = 65 
v. 
v, 
Vs 
V9 
V,o 

V" 
V12 

40 X 0.85 X 1.0 + 40 X 0.12 X 1.5 + 40 X 0.03 X 2.0 = 44 

20 X 0.85 X 1.2 + 20 X 0.12 X 2.0 + 20 X 0.03 X 3.0 = 27 
40 X 0.85 X 1.2 + 40 X 0.12 X 2.0+ 40 X 0.03 X 3.0 = 54 
10 X 0.85 X 1.2 + 10 X 0.12 X 2.0 + 10 X 0.03 X 3.0 = 14 
10 X 0.85 X 0.9 + 10 X 0.12 X 1.2 + 10 X 0.03 X 1.5 = 10 
20 X 0.85 X 0.9 + 2oxo.12x 1.2+ 20 X 0.03 X 1.5 = 19 

120 X 0.85 X 0.9 + 120 X 0.12 X 1.2 + 120 X 0.03 X 1.5 = ll5 

These volumes are illustrated on the lower portion of Figure 
10-10 (page 1 ). 

b. The first movements to be considered are the right turns 
from the minor street. (It is helpful to refer to figures and tables 
in the text when reviewing this problem because they are not 
repeated here.) Conflicting volumes, potential capacities, and 
impedance factors are all selected according to normal proce­
dures. Note, however, that the critical gap of 5. 5 sec selected from 
Table 10-2 may be reduced by 0.5 sec due to the population of 
the area, which exceeds 250,000 persons. All critical gaps selected 
in this problem are subject to the same reduction. 

ADJUSTMENTS AND MODIFICATIONS TO CRITICAL GAP, SEC 

CONDITION ADJUSTMENT 

RT from Minor Street: Curb radius > 50 ft 
or turn angle < 60' 

-0.5 

RT from Minor Street: Acceleration lane 
provided 

All movements: Population > 250,000 

Restricted sight distance.• 
NOTES: Ma~imum lotal decrca~e in critical gap = 1 0 sec, 

Maximum Critical gap = 8,5 sec 
For values or average running speed between 30 and 55 mph, interpolate. 

" Thi!ii adjustment is made for the specific movement impacled by restricted sight distance. 

- 1.0 

(:-0.~ 

up to +I.0 



( LOCATION; 

Grade _IL,. 
ml.. -v ~-vl. __ _ 

~-v~ ~ 71 r--
r,:,i _ STOP 0 

l.:f uaJE. i ~T·ilT UcNE.--)' N•~ V 7 VS V g YIELD ·22f 
~~.m!. 

ss•" re. 
12°/. ~T 
'!•;. C. -.J 

Grade _I 

minor road Date of counts _!LL!_ 
HILL go,w Time Period 4-S lt'\ 

Prevailing Speed 55 Mrtt 

Grade +2. I 
PHF ________ _ 

VOLUME 1\DJUSIMEt!IS 

Movement no. 1 2 3 4 5 6 17 8 9 10 1 12 

4o l :20 
l 

Volume (vph) 60 120 2.0 40 loo 4o IO 10 zo 120 

Vol. (pc~h), see Table 10.l bS 44 27 54 14 10 l't 115 

VOLUMES IN 

L 
f&._ _ ___,t 

- --• vl - V 
- --- 2 7fl11I1 

Figure 10-10. Worksheet for Calculation JO. 
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STEP 1 1 H Pro• Ninor Street 'v, I .J V12 

Conflicting Plowa, Ve 1/2 v3+v2•vc, 172 v1+v 5•vc12 
-1.Q...+Jk2.•~vph 20 + JQ.Q..•~vph 

(!!I ,~-().~) $ .<;-O.S) 
Critical cap, Tc (Tab.10,2) ~(• -Cl,) _s,,.Q_(• eca.) 

Pote.ntlal Capacity,cp (Pig ,10 .31 cp,• 1000 pcph cpu • ..IJlal..pcph 

I of cp utili1ed (v1/cp9)1lOO•~I (v12/cpl2 )sl00•..11..LI 

tapedanca Pactor,P (Pig,10,51 ., • ...Q,jg_ • 12•..0.i!lL. 
Actual Capacity, c• c•9•c,9• 1000 pcph 1c• .l2•Cs,l2• l~Cl pcph 

l'l'IP 2 1 LT Prom Rajor Street .-- V4 __, "1 

Conflictin9 Plov1, Ve V3+V2•Vc4 IV ,+Vs.Vcl 

20 + IUl -~vph r-:r- t • 5) ,1£ .•o.ff--•~vph 

Critical Gap, Tc (Tab,10.2) ..ll.,_(HCI,) ...5&...(1ac1.) 

Potential Capacity,cp (Pig,10.3) Cp4• lQPQ pcph lcpl•~cph 

I of cp utilized (Y 4/cp4):1100•_il_l Iv 1/cpl) d00•_6..:i_l 

impedance Pactor,P (Piq,10.5) ... ~ •1-~ 

Actual Capacity, c• C114•Cp4• IQQQ pcph lc1111-Cp1· IOOQ pcph 

ST!P 3 1 TR Prom Minor Street t Va 1 Vll 

Conflicting Flows, Ve l/2V3+v 2+v1+v6+v 5+V4•Vcl l/2V,+V5+v,+v3+V2+V1•Vcll 

lit +!!.,ot- '°+ ~ +!.!!:2+ ~ • 11,_0vph ~•~f +Z.O+~~•~h c,.s-o.~ (6-5 -o.s 
Critical Gap, Tc (Tab.10.2) -'.JL (HCI.) --'.Q_c1ec1 .) 

Potential Capacity,cp (Fig.10.3) c pa• .JctQ.._pcph lcpll .. ,10 pcph 

I of cp utilized (v8/cpl)1100•~1 !v11/cpullll00•~' 

Impedance Factor,P (Fig.10.5) •a·~ •u-~ 
Actual Capacity, c• ca8 • cpll11:Pl 1P 4 c.11--=p11••1•P4 

~•i:!21jbM_ (pcph l ~-.iIQa.ll.1-~ (pcphl 

STEP' l LT From Minor Street iv, L v10 

Conflicting Plov1, Ve V9(1t1p])+Vll+V12•Vc7 Vc11<•tep]) • V,+Va•VclO 

.E2_+ 2.0 +~•__SLQ_vph 
C7o-o~ 

..liQt-.20+~•~vph 
(7.o -o.s'> 

Critical Gap, Tc (Tab.10.2) -6...2,.._ (HCI, I ~ (HCI •) 

Potential Capacity,cp !Fig .10 .JI cp7• 475 pc:ph lcplo•~ph 

Actual Capacity, c
11 c.,•cp71P1•• •••11••12 lcmlD•cp1011 P 41'11'a1•, 

~-1I5s~:!_1.'l'l1.jl(pcphl~~"'-!'IT· . .,S1~(pcph) 

Figure 10-10. Worksheet for Calculation JO (Continued). 
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SHARED LANF. CAPACITY ·-

Vi + vj 
where 2 ncvernents share a lane CSH • 

/cmi) + ( vj / cmj) (Vi 

vi + vj + vk 
where 3 movements share a lane CSH • 

(vi /emi) + (vj /cmj) + (vk /cmk> 

APPROACH MOVEMENTS 7, 8, 9 

Movement V(pc:ph) 0in(pc:ph) CsH(pcph) ,_ • cSH • V LOS 

7 27 4c7 407 3~0 8 ------ -- - ---1, 

8 54 608 LLt 
l,o8 > ss+ }r 

-- --- I-~~---A--
9 14 1000 1000 I ciie, 

"" 
APPROACH MOVEMENTS 10, 1 1 , 12 

Movement v(pcph) cm ( pcph) c58 (pcph) ~•CSH - v LOS 

10 10 483 4e3 461 "' --- -- --1, 
1 .1 I~ ""!>1 ~&-~~7 j 

-, 618 "' .'I+-- l n--
12 115 1000 

' 
1000 I ) 8B5 >c 

MAJOR STREET LEFT TURNS 1 , 4 

Movement V (pcph) cm ( pcph) . ,. • C m - V LOS 

1 1000 ,s 't35 ,. 
4 looo 44 qs, A 

COMMENTS: 

tttE:. l~~'?EC.,.,"t'\ON Ol'~~? A~ '&I., 'f 

Figure 10-10. Worksheet for Calculation JO (Continued). 
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c. Left turns from the major street, through movements from 
the minor street, and left turns from the minor street, are all 
considered in sequence on page 2 of Figure 10-10. Values are 
found from the tables and figures listed on the worksheet. 

d. Movements 8 and 9 share a lane, and movements 11 and 
12 share a lane. Movements 7 and 10 have exclusive use of a 
left-tum lane. Shared-lane capacity computations are as follows: 

CsH(8,9) = [54 + 14]/[(54/608) + (14/ 
1,000)] = 661 pcph 

CsH(l_l,12) = [19 + 115]/[(19/637) + (115/ 
1,000)] = 925 pcph 

As is seen from the results shown on Figure 10-10, this in­
tersection operates at acceptable levels of service (A and B) 
during the period of interest. It is also seen that giving through 
and right-turning vehicles exclusive lanes would not meaning­
fully improve operations. 

CALCULATION 4-AN OBTUSE-ANGLE 
CHANNELIZED INTERSECTION 

1. Description-Calculation 4 concerns the intersection of 
Jerico Drive and Main Street, a suburban intersection in an area 
of population 150,000. As the T-intersection contains several 
important geometric features, a schematic sketch of the inter­
section is shown in Figure 10-11. Note that the intersection is 
channelized and that right turns from Jerico Drive are made at 
a shallow angle. The right turn from Jerico Drive is YIELD­
controlled, while the left-turn is STOP-controlled. The problem 
is to evaluate the operation of the intersection. 

2. Solution-The solution to this problem is done on the T­
intersection worksheet, and is shown in Figure 10-12. As in­
dividual steps have been discussed in detail in previous problems, 
only the unique analysis points of this problem are highlighted 
below: 

a. Demand volumes are shown on the worksheet. No grades 
are present, and no traffic composition is given. An adjustment 
factor of 1.1 is taken from Table 10-1 to reflect normal traffic 
distribution. 

Main Street 

Figure 10-11. Intersection diagram for Problem 4. 

b. In the selection of critical gaps, note that the right turn 
from the minor street is YIELD-controlled, and that the basic 
critical gap from Table 10-2 may be reduced by 0.5 sec due to 
the shallow angle of the turn. The left turn from the minor 
street is STOP-controlled. 

c. In the computation of conflicting volume for the right turn 
from the minor stree,t (Step 1), the right turn from the major 
street is not included, as the intersection channelization separates 
these two movements by a considerable distance. 

d. There are no shared-lane computations to be made because 
each subject movement has its own lane. 

The results indicate that the right-turn movement operates 
at LOS A and the left-tum movement at LOS E, even though 
the right-turn movement is the far heavier of the two. There is 
little that can be done to alleviate conflicts for the left turns, so 
that consideration might be given to signalizing this movement, 
perhaps with an actuated signal, despite its low volume. A 
thorough study on this point, however, should be made, in­
cluding consideration of accidents, a traffic conflict study and 
analysis, and observation of delays and gap acceptance behavior. 
The right-turn movement should remain as at present. 

V. REFERENCES 

As noted earlier, the methodology presented in this chapter 
is based on a publication of the OECD (2), which is a translation 
of an earlier methodology developed in Germany (]). The Swed­
ish Capacity Manual also contains a methodology for unsig­
nalized intersections (3). A number of interesting studies have 
also treated various aspects of unsignalized intersections, and 
may be of interest to the user (4-8). Material on multiway STOP­
controlled intersections is taken from Refs. 9 and 10. 
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Vol. (pcph), see Table 10,l q4 fl 232 
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APPENDIX I 

APPLICATION OF PROCEDURES TO PLATOON FLOW ON THE 
MAJOR STREET 

The procedures of this chapter assume that arrivals within 
the major street traffic stream are random. While this is a 
reasonable assumption for rural intersections, arrivals along ma­
jor urban streets are rarely random. The existence of signal 
systems in urban street networks creates traffic streams which 
are organized into platoons of vehicles. Platoon flow is sub­
stantially different from a random pattern, because intermittent 
groups of vehicles arrive, followed by substantial gaps between 
groups (or platoons) in which flow is light. 

The procedures of this chapter can be applied to the analysis 
of platoon flow along the major street by examining the time­
space diagram for the street, and considering the location of the 
STOP- or YIELD-controlled intersection within the platoon flow 
pattern created by signalization. 

In general, the following information is needed for this ap­
plication: 

1. The location of signalized intersections adjacent to the 
STOP- or YIELD-controlled intersection under study. 

2. The timing of adjacent signals and the offset between them. 
3. The average running speed of vehicles in platoons on the 

major street. 
4. The percentage of major street flow which takes place in 

platoons. 
5. All other information normally required for an unsignal­

ized intersection analysis. 

The application uses a traditional time-space diagram to iden­
tify the relative arrival pattern for platoons in both directions 
on the major street. Time is subdivided into discrete intervals 
during which the side-street vehicle is faced with orossing uni­
form conflicting flows. Separate analyses are done for each dis­
crete interval, using the procedures of this chapter. After all 
intervals have been analyzed, the results are combined to de­
termine the capacity of the minor street approaches. This ap­
plication assumes that flow within platoons is random. 

The application is best illustrated by example. Consider the 
intersection shown in Figure 1.10-1. It shows a two-lane minor 
street with an NB volume of 200 vph and an SB volume of 100 

SIGNAL 

I 
® 

YIELD IT 
_ _ _ 500 ___ _ 

--- 500 -----

t I YIELD 
200 

SIGNAL 

l 
® 

Figure 110-1. Problem for illustration of platoon flow applica­
tion. 

vph. It intersects a two-lane major street with volumes of 500 
vph in each direction. The intersection is located between two 
signalized intersections on the major street. For the sake of 
simplicity, all volumes include only passenger cars, there are no 
grades, and all minor street traffic is crossing straight through 
the intersection. 

Figure 1.10-2 shows the time-space diagram for the major 
street. The two signalized intersections are spaced 1,320 ft apart. 
A 60-sec cycle is used, and each intersection has a 50-50 split 
of green time. An alternating progression is used, i.e., when one 
intersection is RED, the other is GREEN, arid vice-versa. This 
progression provides for perfect progression in both directions 
at a speed of 44 fps, or 30 mph. 

Depending on the location of the side street between the two 
signalized intersections, a crossing vehicle is faced with varied 
flow situations. For example, if the intersection were located at 
990 ft, a crossing vehicle (Vehicle 1 on Figure 1.10-2) would be 
faced with alternating platoons. Platoons from the left and from 
the right arrive in a perfectly alternating pattern. Thus, the 
crossing vehicle must always cross through one of these platoons. 
There are no gaps between the arrival of platoons, when both 
directions are considered. On the other hand, a vehicle at this 
location will not be faced with crossing simultaneous platoons 
in both directions. 

If the intersection were located at 660 ft, the crossing vehicle 
(Vehicle 2 on Figure 1.10-2) faces a different situation. At this 
location, platoons from the left and from the right arrive si­
multaneously. Thus, in every 60-sec cycle, the side-street vehicle 
faces 30 sec in which both platoons would have to be crossed, 
and 30 sec comprising a gap between platoon arrivals. 

A vehicle (Vehicle 3 on Figure 1.10-2) at an intersection 
located at 210 ft faces yet another flow situation. As shown in 
Figure 1.10-2, a crossing vehicle here faces 10 sec during which 
neither platoon is present, 19 sec during which one platoon is 
present, 19 sec during which the other platoon is present, and 
12 sec during which both platoons are present. 

No matter what the location of the side street in the signalized 
platoon pattern, the time-space diagram can be used to identify 
discrete periods of flow, each of which can be analyzed sepa­
rately. 
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Figure l 10-2. Time-space diagram for illustrative problem. 

In analyzing each discrete interval, the flow rates within pla­
toons and between platoons must be identified. Even on arterials 
with strongly platooned flow, not all flow occurs within pla­
toons. As vehicles enter and/or leave the major street from a 
variety of sources, such as unsignalized intersections, driveways, 
parking lanes, right-turn-on-red, etc., some volume between pla­
toons occurs. Field studies should be conducted to identify the 
approximate percentage of total major street volume which oc­
curs within platoons. For the iJlustrative problem, it is assumed 
that 80 percent of total volume occurs within platoons. Thus, 
in each direction of the major street, 400 vph occurs within 
platoons, and 100 vph between platoons. As the platoon flow 
occurs within 30 sec of each 60-sec cycle, and flow between 
platoons likewise, the effective flow rate within these periods is: 

Within Platoons = 400 X (60/30) = 800 vph 
Between Platoons = 100 X (60/ 30) = 200 vph 

These flow rates will be used in subsequent computations. 
For the three vehicles shown in Figure 1.10-2, capacity com­

putations are illustrated in Figure 1.10-3. 
Vehicle 1 faces alternating platoons from each direction. Thus, 

for 30 sec, side-street vehicles must cross a flow of 800 vph in 
one direction and 200 vph in the other. For the other 30 sec of 
the cycle, the flows are the same, but the directions are reversed. 
Figure 1.10-3 shows the computation for each direction, which 

results in a capacity of 330 vph for each of the two 30-sec 
intervals. The total capacity is found by taking the capacity of 
each interval, and multiplying it by the proportion of total time 
that each interval exists. In this case, each interval exists for 
30/60 ths of total time, and the total capacity is 330 vph. This 
results in LOS D and C for the NB and SB minor street flows 
respectively. 

Vehicle 2 faces 30 sec during which flow is 200 vph in each 
direction, and 30 sec during which flow is 800 vph in each 
direction. The capacities for each interval are found to be 700 
vph and 140 vph, respectively. The combined capacity is 420 
vph, 90 vph more than the same intersection used by Vehicle 
1, 330 ft away. The resulting NB and SB levels of service are 
improved by one level compared to the first computation, and 
are C and B, respectively. 

For Vehicle 3, there are four discrete flow intervals to be 
considered: (1) the flow rate in each direction is 200 vph, (2) 
the flow rate is 200 vph in one direction and 800 vph in the 
other one, (3) the flow rates are as in 2, but. the directions are 
reversed, and ( 4) the flow rate is 800 vph in each direction. The 
total capacity for this case is computed as 354 vph, and the NB 
and SB levels of service are D and C, respectively. 

Finally, Figure 1.10-3 also shows the results of a simple com­
putation assuming random arrivals. This solution shows a ca­
pacity of 330 vph and a LOS D and C for NB and SB minor 
street flows respectively. 
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---
VEHICLE 1 

1 +l,Q..L.. 1 200 
200 800 - ' - ' I JO or 60 5CCS , I I JO oC 60 secs , ! 

Ve = 1000 vph Ve = 1000 vph 

Tc • 5. 5 secs Tc • 5.5 secs 

'l, - 'in . 330 vph 'l, - 'in = JJO vph 

C/\P = 330 (30/60) + 330 (30/60) = 330 vph 

'R (NB) = 330 - 200 = 130 vph (LOS D) 

'R (SB) • 330 - 100 = 230 vph (LOS C) 

VEHICLE 2 

1 ~ l 800 
200 800 - ' - l' 
I 30 of 60 secs. I I 30 o f 60 secs., 

Ve = 400 vph Ve = 1600 vph 

Tc • 5, 5 secs. Tc . 5.5 secs. ,, = 'in = 700 vph 't, = 'in = 140 vph 

C/\P = 700 (30/60) + 140 (30/60) = 420 vph 

'R (NB) = 420 - 200 = 220 vph (LOS C) 

'il (SB) • 420 - 100 = 320 vph (LOS B) 

Figure LJ0-3. Capacity computations for sample problem. 

VEHICLE 3 

1 20 0 1 " 80 0 
200 200 - T - T 
I 10 of 60 secs.] I 19 of 60 secs . I 

Ve = 400 vph Ve = 1000 vph 

Tc = 5.5 secs Tc = 5. 5 s ecs 

cp = cm = 700 vph cp = cm = 330 vph 

.l " 
800 .l 200 

800 800 - T - T 
I 12 of 60 secs· I I 19 of 60 secs · I 

Ve = 1600 vph V = 
C 

1000 vph 

Tc = 5. 5 sec:s 1' C = 5. 5 secs 

cp = cm ' 1 40 vph cp = cm = 330 vph 

CAP = 700 l 1 0/60 I + 330 l 19/60 I + 1 40 l 1 2 /60 I ' 330 

CR (NB) = 354 - 200 = 154 vp,, (LOS DI 

CR (SB) = 3 54 • 1 00 = 25 4 vph (LOS Cl 

-

RANDOM ARRIVALS 

Ve = 1000 vph CR (NB) = 330 - 200 = 130 

T C = 5. 5 secs CR (SB) = 330 - 100 = 230 

cp = cm . 330 secs 

Note that the assumption of random arrivals would not have 
altered the result substantially for two of the three test cases, 
but would have underestimated the capacity of the intersection 
located at 660 ft by 25 percent. Note also that the impact of 
platoon flow is positive in this case and that the magnitude of 
the positive impact is large for Vehicle 2. 

In general, negative impacts of platoon flow on unsignalized 
intersection capacity will not occur. While the intensity of flow 
within platoons is far greater than that for random arrivals, 
platooning either separates platoons in the two major street 
directions and/or provides periodic gaps between platoons dur­
ing which the intensity of flow is far less than that for random 
arrivals. Where the gaps between platoons are substantial, the 
existence of platoon flow on the major street can provide more 
side-street capacity than would exist for random major street 
flow. 

Computations can become more complex where multiple side­
street movements are considered, and where the progression 
plan is more complex. The application, however, does not 
change. A complete analysis of each discrete interval is com­
pleted, with the results being combined as illustrated herein . 
Although this application still involves some assumptions re­
garding flow within and between platoons, it does allow for the 
approximate investigation of the impacts of platoon flow on 
unsignalized intersection capacity. 

(; 9 / 60) a 354 

vph (!..OS D) 

vph (LOS Cl 

Figure LJ0-3. Capacity computations for sample problem (Continued). 
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TABLE 10-1. PASSENGER-CAR EQUIVALENTS FOR UNSIGNAL-

IZED INTERSECTIONS 

TYPE OF VEHICLE GRADE(%) 

-4% -2% 0% +2% +4% 

Motorcycles 0.3 0.4 0.5 0.6 0.7 

Passenger Cars 0.8 0.9 1.0 1.2 1.4 

SU/RV's" 1.0 1.2 1.5 2.0 3.0 

Combination Yeh. 1.2 1.5 2.0 3.0 6.0 
All 'vehicles~ 0.9 1.0 1.1 1.4 1.7 

" Single-unit trucks and recreational vehicles, 
' If vehicle composition is unknown, these values mu.y be used us an approximation. 

TABLE 10-2. CRITICAL GAP CRITERIA FOR UNSIGNALIZED INTERSECTIONS 

BASIC CRITICAL GAP FOR PASSENGER CARS, SEC 

VEHICLE MANEUVER AVERAGE RUNNING SPEED, MAJOR ROAD 

AND 30 MPH 55 MPH 

TYPE OF CONTROL 
NUMBER OF LANES ON MAJOR ROAD 

2 4 2 

RT from Minor Road 
STOP 5 .5 5 .5 6.5 

YIELD 5.0 5.0 5.5 

LT from Major Road 5.0 5.5 5.5 

Cross Major 
Road 

STOP 6 .0 6.5 7 .5 

YIELD 5.5 6.0 6.5 

LT from Minor Road 
STOP 6 .5 7.0 8 .0 

YIELD 6.0 6.5 7.0 

ADJUSTMENTS AND MODIFICATIONS TO CRITICAL GAP. SEC 

CONDITION 

RT from Minor Street: Curb radius > 50 ft 
or turn angle < 60° 

RT from Minor Street: Acceleration lane 
provided 

All movements: Population ~ 250,000 

Restricted igh t distance." 

NOTES: Maximum total decrease in critical gap = 1.0 set·. 
Maximum Critical gap = 8.5 sec. 
For values of average running speed between JO and 55 mph. interpolate. 

'This adjustment is made for the specific movement impacted by restricted sight distance. 

ADJUSTMENT 

-0.5 

-1.0 

-0.5 

up to + l.0 

4 

6.5 

5.5 

6 .0 

8 .0 

7.0 

8.5 

7.5 



TABLE 10-3. LEVEL-OF-SERVICE CRITERIA FOR UNSIGNAL­

IZED INTERSECTIONS 

RESERVE CAPACITY 

(PCPH) 

;,,: 400 
300-399 
200--299 
100-199 

0-- 99 

LEVEL OF 

SERVICE 

A 
B 
C 
D 
E 
F 

EXPECTED DELAY TO 

MINOR STREET TRAFFIC 

Little or no delay 
Short traffic delays 
Average traffic delays 
Long traffic delays 
Very long traffic delays 

·• When demand volume exceeds the capacity of the lan.e, extreme delays will be encountered 
with queuing which may cause severe congestion affecting other traffic movements in the 
intersection. This condition usually warrants improvement to the intersection. 

TABLE 10-5. CAPACITY OF A Two-BY-Two LANE FOUR-WAY 

STOP-CONTROLLED INTERSECTION FOR VARIOUS DEMAND 

SPLITS 

DEMAND SPLIT 

50/50 
55/45 
60/40 
65/35 
70/30 

'Total capacity, all legs. 
SOURCE: Ref. 9 

CAPACITY" 

(VPH) 

1,900 
1,800 
1,700 
1,600 
1,500 

10-37 
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TABLE 10-6. CAPACITY OF FOUR-WAY STOP-CONTROLLED 

INTERSECTIONS WITH 50/50 DEMAND SPLIT FOR VARIOUS 

APPROACH WIDTHS 

INTERSECTION TYPE 

2-lane by 2-lane 
2-lane by 4-lane 
4-lane by 4-lane 

'Total capacity. all legs. 
SOURCE: Ref. 9 

CAPACITY" 

(VPH) 

1,900 
2,800 
3,600 

TABLE 10-7. APPROXIMATE LEVEL-OF-SERVICE C SERVICE 

VOLUMES FOR FouR-W A y STOP-CONTROLLED INTERSEC­

TIONS 

LOS C SERVICE VOLUME. VPH 

DEMAND 
NUMBER OF LANES 

SPLIT 2 BY 2 2 BY 4 4 BY 4 

50/50 1,200 1,800 2,200 
55/45 1,140 1,720 2,070 
60/40 1,080 1,660 1,970 
65/35 1,010 1,630 1,880 
70/30 960 1,610 1,820 

SOURCE: Ref. JO 
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( LQ~ATION; NAME; 

HQURLY VoLUM~ Grade N•D 
I ON 1-1-1 

rrt ~ 
v- -

N=• V:- - N=• 
V4- -t 

Grade % maior road Grade % - - --
- -v 
- -vl -------
- -v2 

l I I 3 

-- STOP D 
N=• ~7 ~B Yg YIELD D 

-- -
minor road Date of counts - -- -- -
- --- - - - - Time Period - ---- - - -

Prevailing Speed --- - --
PHF - -----Grade % -

~QLUM~ ADJQSTMENTS 

Movement no. 1 2 3 4 5 6 7 8 9 10 Jl J ?. 

' Volume lvph) 

Vol. (pcph l , see Table 10 .1 =- - - I-- ·"='-= 

VOLUMES IN PCPH-==1J TL L 
vl2vllvl() 't -

v6 
V5 - -

t V4.r--- -- Vl - V2 -

7 
~3 l'vlTI 

Figure 10-6. Worksheet for four-leg intersections (page 1). 
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STEP 1 : RT From Minor Street i V9 j Vl2 

Conflicting Flows, Ve 1/ 2 v 3+v 2=vc 9 1/2 v6+V5=Vc12 

__ + __ = ___ vph __ + __ = ___ vph 

Critical Gap, Tc (Tab .10 .2) ___ (secs.) ___ (secs.) 

Potential Capacity, cp (Fig.10.3) cp
9

= ___ pcph cp12=___pcph 

' of cp utilized (v
9

/ cp
9

Jxl00= ___ % (v12/ c p12 Jxl00= ___ % 

Impedance Factor,P (Fig .10 .5) P9=--- P12=---

Actual Capacity, C m 
cm9=c p 9= ___ pcph cm12= cpl2= ___ pcph 

-

STEP 2 : LT From Major Street .- V4 ~ Vl 

Conflicting Flows, Ve V3+V2=Vc4 V6+V5=Vcl 

__ + __ = ___ vph __ + __ = ___ vph 

Critical Gap, T 
C 

(Tab.10.2) ___ (secs.) ___ (secs.) 

Potential Capacity,cp (Fig .10 .3) c p
4 

= ___ pcph "' pl= __ pcph 

' of cp utilized (v 4/cp4 )xlOO= ___ I (v 1/ c pl) xl00= ___ % 

Impedance Factor,P (Fig.10.5) P4=--- p = 1---

Actual Capacity, cm cm4r c p 4= ___ pcph "'ml =cpl = ___ pcph 

STEP 3 : TH From Minor Street i V9 1 Vll 

Conflicting Flows, Ve l/2v3+v 2+v1+v 6+v 5+v4=VcB l / 2V6+V5+V4+V3+V2+V1=Vcll 

_+_+_+_+_+_=_vph _+_+_+_+_+_=_vph 

Critical Gap, T (Tab .10 .2) ___ (secs.) ___ (secs.) 
C 

Potential Capacity,cp (Fig.10.3) c p
8

= ___ pcph 1c, pll = __ pcph 

% of cp utilized ( v 8/c pB) xl00= ___ % (v11/c pll )xlOO= ___ I 

Impedance Factor,P (Fig .10 .5) Pe=--- P
11

s ___ 

Actual Capacity, C cm8=cp8xP1 xP 4 - mll =c pll xPl xP 4 m 
___ =_x_x_ (pcph) ___ =_x_x_(pcph l 

STEP 4 : LT From Minor Street i V7 l VlO 

Conflicting Flows, Ve v 8 (step3)+v11 +v12=Vc 7 vcll (step3)+V7+V9=VclO 

__ + __ t __ = __ vph __ + __ + __ = __ vph 

Critical Gap, Tc (Tab .10 .2) ___ (secs.) ___ (secs,) 

Potential Capacity,c p (Fig .10 .3) c p7= ___ pcph c p10 = __ pcph 

Actual Capacity, C cm7=cp7xP1XP4XP11xP12 cmlO=cplOXP4XPlxP9XP9 m 
__ =_x_x_x_x_(pcph) __ =_x_x_x_x_(pcph) 

Figure 10-6. Worksheet for four-leg intersections (page 2). 
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SHARED LANF. CAPACITY 

vi + vj 
cSH = where 2 movements share a lane 

(v . /cmi) + (vj /cmj) l 

vi + vj + vk 
cSH = where 3 movements share a lane 

(vi /cmi) + ( vj /cmj) + (vk /cmk) 

APPROACH MOVEMENTS 7, 8, 9 

Movement v(pcph) cm(pcph) CsH(pcph) ~ = CSH - V LOS 

7 

8 

9 

APPROACH MOVEMENTS 1 0, 1 1 , 1 2 

Movement v (pcph) cm(pcph) cSH(pcph) ~=CSH - V LOS 

1 0 

11 

1 2 

MAJOR STREET LEFT TURNS 1 , 4 

Movement V (pcph) cm ( pcph) ~ = C - V LOS m 

1 

4 

COMMEN TS : 

-

Figure 10-6. Worksheet for four-leg intersections (page 3). 
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I,OCATIQN; 

HOURLY VOLUMES 

Major street: _ _____ _ 

., '--::s-- --
.. ,, + "4-- --

N= D 
Grade 

% = \· ;----->- "!= D 
--------, ~\ 1----

,, t1 

' 7 ' 9 
Date of Counts: _ I j _ 0 STOP 
Time Period: - - - - - QYIP,LD 
Approach Speed: N = D 
PHF: ----minor street: Grade 

% 

VOLUME ADJUSTMENTS 

Movement no. 2 3 

Volume (vph) 

Vol. (pcph), see Table 10 .1 ~ -_:-:_--.== 
STEP 1 : RT From Minor·Street 

VOLUMES IN PC:P1i 

4 5 7 9 

~ \J9 1----------------------+-- --------"'----------- --
Conflicting Flow, Ve 1/2 v 3+v 2=_+ __ =_vph(Vc

9
) 

Critical Gap,Tc and Potential Capacity,cp Tc= __ secs(Tab,10.2)Cp
9

= __ pcph(Fig.10.3) 

Actual Capacity, cm 

STEP 2 : LT From Major Street 

Conflicting Flow, Ve 

Critical Gap,Tc and Potential Capacity,cp 

% of ~ utilized and Impedance Factor 
(Fig ,10 ,5) 

Actual Capacity, Cm 

STEP 3 : LT From Minor Street 

Con[l1cting Flow, Ve 

v
3

+v
2

= __ + __ = __ vph(Vc
4

) 

Tc= __ secs(Tab.10.2)cp4 = __ pcph(Fig.10.3l 

(v
4

/cp
4

)xl00= ___ P
4

= ___ _ 

~ 4=cp4 = ___ pcph 

Critical Gap,Tc and Potential Capacity,cp Tc= __ secs(Tab.10.2)cp
7

= __ pcph(Fig.10.3) 

Actual Capacity, cm 

SHARED-LANE <;APACITY 

Movement no. v(pcph) cm (pcph) c SIi (pcph l c R LOS 

7 

9 

4 

Figure 10-7. Worksheet for analysis of T-intersections. 
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GLOSSARY AND SYMBOLS 

GLOSSARY 

basic critical gap-The median time headway between vehicles 
in a major traffic stream which will permit side-street vehicles 
at a STOP-or YIELD-controlled intersection to cross through or 
merge with the major traffic stream, unadjusted for geometric 
and other site-specific characteristics, in seconds. 

conflicting traffic volume-The volume of traffic, in vehicles 
per hour, which conflicts with a specific movement at an un-
signalized intersection. · 

critical gap-The median time headway between vehicles in a 
major traffic stream which will permit side-street vehicles at 'a 
STOP- or YIELD-controlled intersection to cross through or merge 
with the major traffic stream, in seconds. 

impedance-The effect of congestion in higher priority move­
ments at an unsignalized intersection on lower priority move­
ments, which reduces the capacity of the lower priority 
movements. 

movement capacity-The capacity of a specific movement at an 
unsignalized intersection, assuming thlrt the movement has ex­
clusive use of a separate lane, in passenger cars per hour. 

potential capacity-The capacity of a specific movement at an 
unsignalized intersection, assuming that the movement is un­
impeded by other movements and has exclusive use of a separate 
lane, in passenger cars per hour. 

reserve capacity-The capacity of a lane at an unsignalized 
intersection minus the demand volume for that lane, where all 
terms are stated in passenger cars per hour. 

shared-lane capacity-The capacity of a lane at an unsignalized 
intersection which is shared by two or three movements, in 
passenger cars per hour. 

unsignalized intersection-An intersection controlled by two­
way STOP signs or YIELD signs. 
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SYMBOLS 

cm, movement capacity for movement i, in passenger cars per 
hour. 

c", potential capacity for movement i, in passenger cars per 
hour. 

cR reserve capacity, in passenger cars per hour. 
Csn shared-lane capacity, in passenger cars per hour. 
pee passenger car equivalent. 

v total volume or flow rate in a shared lane, in passenger 
cars per hour. 

v, full-hour volume or peak 15-min flow rate for movement 
i, in equivalent passenger cars per hour. 

Vc1 conflicting volume for movement i, in vehicles per hour. 
V, volume for movement i, in vehicles per hour for full hour. 
Tc critical gap at an unsignalized intersection, in seconds. 




