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1. INTRODUCTION

OVERVIEW VOLUME 2: UNINTERRUPTED FLOW
1 . 10. Freeway Facilities Core
This chapter provides the core methodology for analyzing extended lengths Methodology
of freeway composed of continuously connected basic freeway, weaving, merge, 11. Freeway Reliability Analysis

12. Basic Freeway and Multilane Highway

and diverge segments. Such extended lengths are referred to as a frecway facility. Segments
i : i : i 13. Freeway Weaving Segments
In this terminology, facility does not refer to an entire freeway from beginning to 14, Fraaway Merge and Divesde

end; instead, it refers to a specific set of connected segments that have been Segments
identified for analysis. In addition, the term does not refer to a freeway system i
consisting of several interconnected freeways.

This chapter’s methodology relies on the freeway segment methodologies in
Chapters 12, 13, and 14. These methods focus on a single time period of interest,
generally the peak 15 min within a peak hour. The methodology allows for the
analysis of multiple and contiguous 15-min time periods and is capable of
identifying breakdowns and the impact of such breakdowns over space and
time. In essence, the methodology amalgamates hundreds or thousands of
individual segment-time period analyses into a single facility analysis. It also
allows for managed lanes and work zone analysis.

The methodology also is the basis of both freeway reliability analysis and the
assessment of active traffic and demand management (ATDM) strategies. Both of
these applications are described in Chapter 11, Freeway Reliability Analysis.
Conceptually, Chapter 10 is a prerequisite for any reliability or ATDM analysis.

This chapter discusses the basic principles of the methodology and their
application. Chapter 25, Freeway Facilities: Supplemental, provides a detailed
description of all the algorithms that define the methodology. The methodology
is integrated with the FREEVAL computational engine, which implements the
complex computations involved. Volume 4 contains a user’s guide to FREEVAL
and an executable, research-grade software engine that implements the
methodology.

CHAPTER ORGANIZATION

Section 2 presents the basic concepts of freeway facility operations, including
definitions of analysis segments, capacity and free-flow speed concepts, and the
level of service (LOS) framework for freeway facilities.

Section 3 presents the base methodology for evaluating freeway facilities,
including details on all computational steps in the evaluation of a freeway
facility.

Section 4 extends the core method presented in Section 3 to applications for
managed lanes, including high-occupancy vehicle (HOV) and high-occupancy
toll (HOT) lanes under various types of separation from the general purpose
lanes. This method is based on the findings from National Cooperative Highway
Research Program (NCHRT) Project 03-96 (1-3). Additional extensions include
adaptations of the method for the evaluation of short-term and long-term work
zones based on the findings from NCHRP Project 03-107 (4, 5).

Chapter 10/Freeway Facilities Core Methodology Introduction
Viersion 6.0 Page 10-1
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Section 5 presents application guidance on using the results of a freeway
facility analysis, including example results from the methods, information on the
sensitivity of results to various inputs, and service volume tables.

RELATED HCM CONTENT

Other Highway Capacity Manual (HCM) content related to this chapter
includes the following:

¢ Chapter 3, Modal Characteristics, where the Variations in Demand
subsection for the automabile mode describes typical travel demand
patterns for freeway and multilane highway segments;

» Chapter 4, Traffic Operations and Capacity Concepts, which provides
background for the capacity and breakdown definitions specific to
freeway and multilane highway segments that are presented in this
chapter’s Section 2;

o Chapter 11, Freeway Reliability Analysis, which provides extensions of
the core freeway facility methodology for performing a whole-year
reliability analysis and for assessing the whole-year impacts of ATDM
strategies;

» Chapters 12, 13, and 14, which present the segment methodologies for
basic freeway and multilane highway segments, freeway weaving
segments, and freeway merge and diverge segments, respectively;

» Chapter 25, Freeway Facilities: Supplemental, which provides additional
details for this methodology, including a detailed description of the
oversaturated procedure, and a summary of the computational engine for
freeway facility analysis;

¢ Chapter 26, Freeway and Highway Segments: Supplemental, which
provides additional details for basic freeway segment capacity
measurement and driver population factors;

o Case Study 4, New York State Route 7, in the HCM Applications Guide in
Volume 4, which demonstrates how this chapter’s methods can be
applied to the evaluation of an actual freeway facility; and

¢ Section H, Freeway Analyses, in the Planning and Preliminary Engineering
Applications Guide to the HCM, found in Volume 4, which describes how to
incorporate this chapter's methods and performance measures into a
planning effort.

Introduction Chapter 10/Freeway Facilities Core Methodology
Page 10-2 Version 6.0
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2. CONCEPTS

OVERVIEW

A freeway is a separated highway with full control of access having two or
more lanes in each direction dedicated to the exclusive use of motorized traffic.
Freeway facilities are composed of various uniform segments that may be
analyzed to determine capacity and LOS. Three types of segments are found on
freeways:

s Basic frecway segments are all segments that are not merge, diverge, or

weaving segments—whether general purpose or managed lanes. They are
described in more detail in Chapter 12.

s Freeway weaving segments are segments in which two or more traffic
streams traveling in the same general direction cross paths along a
significant length of freeway without the aid of traffic control devices
(except for guide signs). Weaving segments are formed when a diverge
segment closely follows a merge segment or when a one-lane off-ramp
closely follows a one-lane on-ramp and the two are connected by a
continuous auxiliary lane. These segment types occur on both general
purpose and managed lane facilities. In the latter case, and depending on
the geometry, that segment could be labeled as a managed lane (ML)
weaving or an ML access segment. Details for those designations are
provided in Chapter 13.

s Freeway merge and diverge segments are segments in which two or more
traffic streams combine to form a single traffic stream (merge) or a single
traffic stream divides to form two or more separate traffic streams
(diverge). These segment types occur on both general purpose and
managed lane facilities. Details for those segments are provided in
Chapter 14.

This chapter covers the core freeway facilities methodology, which may
include managed lanes as part of the facility. The analysis is limited to a single
study period not to exceed 24 h. Extensions of the core method to longer study
periods are covered in Chapter 11, Freeway Reliability Analysis. Those
extensions are intended to account for (a) the longer-term effects of both
recurring (i.e., bottlenecks) and nonrecurring (e.g., due to weather, incidents, or
work zones) congestion on freeway facility operations and (b) the effects of
ATDM strategies in mitigating some of those negative impacts.

SECTIONS, SEGMENTS, AND INFLUENCE AREAS
Facilities Without Managed Lanes

The definitions of freeway sections and freeway segments and their
respective influence areas should be clearly understood.

Sections are defined as extending from ramp gore point to gore point and are
most directly compatible with the freeway performance databases used by many

agencies. Some of these databases further distinguish between internal sections
(e.g.. between an off-ramp and an on-ramp at a diamond interchange) and

Chapter 10/Freeway Facilities Core Methodology Concepts
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Faints where the "edges of
fravel lanes” meet are most
often defined by pavemeant
markings.

Exhibit 10-1

Influence Areas of Merge,
Diverge, and Weaving
Segments Without Managed
Lanes

external sections (between the final on-ramp at one interchange and the first off-
ramp at the next downstream interchange). For the purpose of the HCM
methodology, the distinction between internal and external sections is of no
consequence. Sections are used in the planning-level application of this method
detailed in Section 4 as well as for calibrating and validating freeway facilities,
since sections are more directly compatible with field data than are HCM
segments.

Segments are the portions of freeway sections corresponding to the
definitions in the analysis methodologies presented in Chapters 12, 13, and 14.
Segments can be identified by considering the area where a merge, diverge, or
weave influences facility operations.

The influence areas of merge, diverge, and weaving segments are as follows:

» For weaving segments, the base length of the weaving segment plus 500 ft
upstream of the entry point to the weaving segment and 500 ft
downstream of the exit point from the weaving segment; entry and exit
points are defined as the points where the appropriate edges of the
merging and diverging lanes meet;

» For merge segments, from the point where the edges of the travel lanes of
the merging roadways meet to a point 1,500 ft downstream of that point;
and

e For diverge segments, from the point where the edges of the travel lanes of
the diverging roadways meet to a point 1,500 ft upstream of that point.

The influence areas of merge, diverge, and weaving segments are illustrated
in Exhibit 10-1. A weaving segment is usually defined as the distance between
the on-ramp and off-ramp gore points. However, its influence area extends 500 ft
upstream and downstream of the gore-to-gore length as defined above.

; 1,500 ft 1,500 ft

(b) Diverge Influence Area

- Base Lo, £, -

(€) Weaving Influence Area

Basic freeway segments are any other segments along the freeway that are
not within these defined influence areas. This does not imply that basic freeway
segments are unaffected by the presence of nearby merge, diverge, and weaving
segments. For example, the effects of a breakdown in a merge segment will
propagate to both upstream and downstream segments, regardless of type. The
impact of the frequency of merge, diverge, and weaving segments on the general

Concepts
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operation of all segments is taken into account by the free-flow speed of the
facility.

Basic freeway segments, therefore, exist even on urban freeways where
merge and diverge points (most often ramps) are closely spaced. Exhibit 10-2

demonstrates this point by illustrating the definition of sections and segments. It

shows a 9,100-ft (1.7-mi) length of freeway with four ramp terminals, two of
which form a weaving segment. Overall, five sections are divided into six
segments for consistency with the definition of HCM segments and their
influence areas above.

Section1 Section2  Section 3 Secion4  Section 5 Exhibit 10-2

Sections and Segments on an
1,500ft 1,600t 2,000 ft 2,500 ft 1,500 ft . Urban Freeway

. T

sEEEsEssEEsssRERRRnE

Segl Seg2 Seq3 Seg4  Segs Seqb
1,000 ft 2,600 ft 1,500ft 1,500ft 1,000ft 1,500ft
Basic Weaving Basic Merge  Basic ~ Merge

Even with an average ramp spacing of less than 0.5 mi, this length of freeway
contains three basic freeway segments. The lengths of these segments are
relatively short, but in terms of analysis methodologies they must be treated as
basic freeway segments. Thus, while many urban freeways will be dominated by
frequent merge, diverge, and weaving segments, there will still be segments
classified and analyzed as basic freeway segments.

In applying the freeway facility methodology, the practice of beginning and
ending the facility with a basic freeway segment is highly recommended. This
segment may contain a partial section, since it does not both begin and end at a
gore point. Sections 1 and 5 in Exhibit 10-2 are examples of partial sections. In
comparing HCM results with field data, the analyst should consider that the
length of the partial section will likely be less than the length of the section used
in the database the field data came from.

The core methodology requires that all queues be contained within the
facility. Thus, the first (basic) segment on the facility should be an upstream
location that queues do not reach. Similarly, the last downstream (basic) segment
should not be affected by queues spilling back from locations downstream of the
defined facility.

Second, segment boundaries do not necessarily coincide with section
boundaries. For example, the first weaving segment (Segment 2) in Exhibit 10-2
extends upstream and downstream of Section 2. The segment extends beyond
the gore points, consistent with the definition of the weaving influence area in

Chapter 10/Freeway Facilities Core Methodology Concepts
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Chapter 13. Because field data are likely reported to cover the extent of Section 2
(but not beyond), this difference represents a potential source of error in the
calibration and validation effort.

In addition, HCM sections are homogeneous, but actual freeway sections are
not necessarily homogeneous. For example, detectors are not necessarily
matched with section definitions, resulting in either missing data points or
locations with multiple sensors in one section. Guidance for field measurement
and detector location is given in Chapter 26.

Facility Segmentation Guidance

Facility segmentation is only a small part of the overall freeway facility
methodology, but it is highly important in ensuring the proper application of the
methodology. Segmentation usually requires significant analyst time to ensure
that the segment types and the computational procedures for those segments
have been correctly entered. The segmentation step must be carried out by the
analyst before any computations are performed.

This section provides guidance on segmenting facilities. However, the wide
variety of configurations and conditions found on freeway facilities means that
engineering judgment, beyond the guidelines specified here, may need to be
applied in certain cases.

There are two basic steps in defining a freeway facility:
# Deciding appropriate facility termini and overall length, and
» Dividing the facility into HCM segments for analysis purposes.

For the first step, facility termini should be based on the following locations,
which are provided in rank order (6):

1. Major freeway-to-freeway system interchanges;
2. Nonadjacent urbanized area boundaries;

3. Major intersecting (nonfreeway) routes;
4

. Other special considerations such as major traffic generators (e.g., central
city downtowns, airports) or state boundaries; and

5. Length, with consideration given to the type of area where the freeway is
located, as well as the maximum facility length discussed in Section 3.

The rules above represent general guidance, but facilities may need to be
extended or shortened to serve the purpose of the analysis. For example, as noted
above, it is recommended that queues be contained within the defined facility if
at all possible. When multiple consecutive facilities are analyzed, they should not
overlap. A total facility length that is less than or equal to the distance that can be
traversed within a 15-min analysis period at the free-flow speed is also
recommended. If necessary, a longer study section can be subdivided into
multiple smaller facilities for analysis.

The following general segmentation rules apply for the second step, dividing
a facility into HCM segments:

Concepts
Page 10-6
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The first and last segments of the defined facility are recommended to be
basic freeway segments.

A new segment should be started whenever demand volume changes
(i.e, at on- and off-ramps and at at-grade access points to managed lanes).

A new segment should be started whenever capacity changes (i.e, whena
full or auxiliary lane is added, when one or more lanes are added or
dropped, when the terrain changes significantly, or where lane widths or
lateral clearances change in a way that affects capacity).

The influence area of a ramp is considered to be 1,500 ft, measured
downstream from the gore point for on-ramps and upstream of the gore
point for off-ramps. The end of a merge segment’s ramp influence area
often represents a transition to a basic freeway segment. Similarly, a basic
segment transitions to a diverge segment at the beginning of the ramp
influence area.

Ramp segments, including the ramp influence area, are classified either as
merge (on-ramp) or as diverge (off-ramp) segments, unless two adjacent
merge and diverge segments are connected by an auxiliary lane, in which
case the entire segment is coded as a weaving segment. In the latter case,
the weave influence area extends 500 ft upstream and 500 ft downstream
of the two respective gore areas (see Exhibit 10-2).

When the gore-to-gore length between two adjacent merge and diverge
segments exceeds 3,000 ft and no auxiliary lane exists, the section should
be coded as a series of three segments (merge, basic, diverge). The basic
segment length is the difference between the gore-to-gore spacing and
3,000 ft.

When the gore-to-gore length of two adjacent merge and diverge
segments is less than 3,000 ft but longer than 1,500 ft and no auxiliary lane
exists, the section should be coded as a series of three segments, with the
middle segment being defined as an overlap segment (merge, overlap,
diverge). In this case, the overlap segment length is the difference
between 3,000 ft and the gore-to-gore spacing, and the merge and diverge
segment lengths are equal to the gore-to-gore spacing minus 1,500 ft.

It is highly unusual to have ramp spacing (combinations of merge and
diverge) less than 1,500 ft without the addition of an auxiliary lane to
connect the two gore areas. However, when this occurs, the 1,500-ft merge
or diverge segment length is truncated at the adjacent ramp gore point.

Any remaining unassigned segments after all merge, diverge, weave, and
overlap segments have been defined are labeled as basic segments.

Facilities with Managed Lanes

When managed lanes are present, additional managed lane segment types
are defined, as explained in Chapters 12-14. Extensions to the methodology to
address managed lanes are presented in Section 4 of this chapter.
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Two important concepts related to managed lane segmentation are of interest:

The lane group concept, where each managed lane segment must be paired
with an adjacent general purpose segment having the same length. This
concept is explained in more detail in Section 4.

The friction and cross-weave concepts, which describe how the general
purpose and managed lane segments affect each other’s performance.
Friction in the managed lanes occurs at higher general purpose lane
densities, when no physical separation is provided between the general
purpose and managed lanes. Cross weave occurs when traffic from a
general purpose on-ramp segment must cross multiple general purpose
lanes to access the managed lane at a nearby ramp or access segment,
thereby affecting general purpose segment capacity.

Access to and from a managed lane can occur in one of three ways, depicted
in Exhibit 10-3 and described below:

At-grade lane-change access occurs when managed lane traffic enters the
general purpose lanes through a conventional on-ramp roadway (from
the right), cross-weaves across multiple general purpose lanes, and enters
the managed lane facility. Managed lane traffic exits in the same segment,
so this configuration also results in a form of weaving movement. This
access strategy is common for concurrent managed lane facilities. Access
between managed and general purpose lanes is sometimes constrained to
specific locations or openings, which affects the weaving intensity at these
access points. This access configuration requires a cross-weaving
movement across general purpose lanes for drivers to position themselves
in advance of the access point and a lane-change or weaving movement to get
from the general purpose lanes into the managed lanes.

At-grade ramp access occurs where managed lane traffic enters the general
purpose lanes through a conventional on-ramp roadway (from the right).
Entering and exiting traffic may cross-weave across multiple general
purpose lanes, similar to the first case, but the entrance to (or exit from)
the managed lane facility is confined to an af-grade on-ramp or off-ramp.
Operationally, the general purpose lanes may be affected by the cross-
weaving flow. The managed lane operations, in turn, are only affected by
merging and diverging maneuvers at the access points at the ramps. This
access configuration requires a cross-weaving movement across the general
purpose lanes for drivers to position themselves in advance of the access
point and a ramp merge movement to get from the general purpose lanes
into the managed lanes.

Grade-separated ramp access occurs where the managed lanes are accessed
on a grade-separated structure (i.e., bridge or underpass). The operational
impact on the general purpose lanes is minimal in this case, because the
cross-weaving movement is eliminated. The managed lanes are affected
by friction from the entering or exiting ramp flows in the same fashion as
the general purpose lanes. This access configuration does not require any
cross-weaving across the general purpose lanes because of the grade-
separated ramp, and the access to the managed lanes is handled by a

Chapter 10/Freeway Facilities Core Methodology
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ramp merge movenment. If all managed lane access is grade-separated, the
result effectively is an entirely separate facility. However, a mix of grade-
separated and at-grade access points is common.

A
= e = Exhibit 10-3

R f-:? i s _,_‘:? = L"'""_l Typology of Managed Lane

,;;.. - 1/ \_"_'_3-“

(a) At-Grade Lane-Change Access

(c) Grade-Separated Ramp Access
Notes:  GP = general purpose, ML = managed lane.

The spatial extent of the access point influence area (APIA) for grade-separated
ramp access is defined in the HCM's ramp merge and diverge methodology. The
ramp influence area for general purpose facilities is defined to be 1,500 ft from
the ramp gore for both on-ramps (measured downstream) and off-ramps
(measured upstream). The APIA for grade-separated managed lane access points
follows the same convention.

The intensity and impact of the cross-weaving flows between a general
purpose ramp and the access region between the general purpose and managed
lanes need to be analyzed for both at-grade access types. The minimum cross-
weave length is defined as the distance between the closest upstream general
purpose on-ramp gore and the start of the managed lane ramp or access opening
[see for example, Exhibit 10-3(b)]. The maximum cross-weave length is defined
as the distance from the ramp gore to the end of the access opening; this
maximum does not apply to at-grade on-ramp access.

Chapter 10/Freeway Facilities Core Methodology Concepts
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FREE-FLOW SPEED

Free-flow speed (FFS) is the average speed of vehicles on a given segment or
facility, measured under low-volume conditions, when drivers are free to drive
at their desired speed and are not constrained by the presence of other vehicles.
FFS is considered the theoretical speed when both density and flow rate are zero.
FFS is an important characteristic, since the capacity ¢, service flow rates 5F,
service volumes SV, and daily service volumes DSV depend on it.

Chapter 12, Basic Freeway Segments, presents speed—flow curves that
indicate that, under base conditions, the FFS on freeways is expected to prevail at
flow rates below 1,000 passenger cars per hour per lane (pc/h/In). In this range,
speed is insensitive to flow rate. This characteristic simplifies and allows
measurement of free-flow speeds directly in the field and from sensor data.

However, there are exceptions where speeds are affected even at low flow
rates. For example, speeds may be reduced if there is significant truck presence
or if truck speeds are posted lower than passenger car speeds. Similarly, speeds
on single-lane managed lane facilities have been shown to decline immediately
even at low flow rates, rather than being stable until a breakpoint is reached.
Under these conditions, the FFS becomes more of a theoretical concept that can
be difficult to measure directly in the field.

Chapter 12 presents a methodology for estimating the FFS of a basic freeway
segment if it cannot be measured directly. The FF5 of a basic freeway segment is
sensitive to three variables:

» Lane widths,
+ Lateral clearances, and
¢ Total ramp density.

The most critical of these variables is total ramp density. Total ramp density is
defined as the average number of on-ramp, off-ramp, major merge, and major
diverge junctions per mile in the analysis direction (one side of the freeway
only). Freeway interchanges can have two (standard diamond), three (partial
cloverleaf), or four (full cloverleaf) ramps in the analysis direction. For segment
analyses, ramp density is computed for a 6-mi section centered on the segment’s
midpoint; however, for facility analyses, ramp density is calculated across the
entire facility (i.e., total number of ramps divided by total facility length).

While the methodology for determining FFS is provided in Chapter 12, Basic
Freeway and Multilane Highway Segments, it is also applied in Chapter 13,
Freeway Weaving Segments, and Chapter 14, Freeway Merge and Diverge
Segments. Thus, FFS affects the operation of all basic, weaving, merge, and
diverge segments on a freeway facility.

Exhibit 10-4 illustrates the determination of total ramp density on a 9-mi
length of a directional freeway facility. As shown, four ramp terminals are
located along the 9-mi facility; therefore, the total ramp density is 4/9 = 0.44
ramps/mi.

Concepts
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FREEWAY FACILITY CAPACITY

Capacity traditionally has been defined for uniform segments of roadway,
traffic, and control conditions. When facilities consisting of a series of connected
segments are considered, the concept of capacity is more nuanced.

The methodologies of Chapters 12, 13, and 14 allow the capacity of each
basic, weaving, merge, and diverge segment to be estimated. Since all segments
of a facility are highly unlikely to have the same roadway, traffic, and control
conditions and even less likely to have the same capacity, the freeway facility
capacity hinges on the identification of the critical segment(s) where the
breakdown starts. A definition based on this concept is provided below.

Conceptual Approach to Understanding Capacity and Flow Regimes on
a Freeway Facility

Consider the sample facility shown in Exhibit 10-4 and the associated data in
Exhibit 10-5 below. This example illustrates five consecutive sections that are to
be analyzed as one “freeway facility.” Note that while this conceptual example is
illustrated by using sections, the methodology in fact performs computations at
the segment level.

Performance Freeway Section

Scenario Measures 1 2 3 4 5
Demand vy (veh/h) | 3,400 3,500 3,400 4,200 4,400
B Capacity ¢ (veh/h) | 4,000 4,000 4,500 4,500 4,500
(stable flow) Volume v, (veh/h) 3,400 3,500 3,400 4,200 4,400
v/C ratio 0.850 0.875 0.756 0.933 0.978
v, /c ratio 0850 0875 0756  0.933  0.978
Demand v, (veh/h) | 3,600 3,700 3,600 4,400 | 4,600
Scenario 2 Capacity ¢ (vehfh) 4,000 4,000 4,500 4,500 4,500
(add 200 veh/h Volume v, (veh/h) | 3,600 3,700 3,600 4,400 4,500
to each section) ve/'Cratio 0.800 0.925 0.800 0.978 1.022
V,/C ratio 0.200 0.925 0.800 0.978 1,000
Scenario 3 Demand vy (veh/h) | 3,740 3,850 3,740 | 4,620 4,840

(increase Capacity ¢{vehfh) | 4,000 4,000 4,500 4,500 4,5(
Scenario 1 demand | Volume w, (veh/h) | 3,740 3,850 3,740 = 4,500 4,500
by 10% in all v/ ratio 0935 0963 0831  1.027 1076
sections) v,/c ratio 0.935 0.963 0.831 1.000 1.000

Note:  Shaded cells indicate segments where demand exceeds capacity.

Demand flow rates v, capacities ¢, and actual served (or observed) flow rates
v, are given, as are the resulting v,/c and v,/c ratios. An increase in capacity is
observed in Sections 3 to 5. The example covers three conceptual scenarios that
illustrate the difference between demand flow rate and actual served flow rate, as a
result of section capacity constraints that meter the full demand.

Exhibit 10-4
Sample Facility with Five
Sections

Exhibit 10-5

Example of the Effect of
Capacity on Demand and
Actual Flow Rates on a
Freeway Facility

Chapter 10/Freeway Facilities Core Methodology
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In Scenario 1, none of the demand flow rates exceeds the section capacities
on the facility. Thus, no breakdowns occur, and the actual volume served is the
same as the demand flow rates (i.e., v, = v, for this scenario). None of the v,/¢
ratios exceeds 1.00, although relatively high ratios (0.978) occur in Section 5.
Operating conditions in scenarios such as Scenario 1 imply a stable flow regime.

Scenario 2 adds 200 veh/h of through demand to each section. In this case,
Section 5 experiences a breakdown since its demand flow rate exceeds its
capacity. In this section, the actual flow rate v, differs from the demand flow rate
v, since the actual flow rate can never exceed the section capacity c.

In Scenario 3, all demand flow rates in Scenario 1 are increased by 10%. In
this case, the demand flow rate exceeds capacity in both Sections 4 and 5. Again,
the demand and actual flow rates will differ in these sections. Operating
conditions under Scenario 2 or 3 are considered to be unstable, with breakdown
and propagation of queuing conditions upstream likely to occur.

This example highlights a number of important points concerning the

analysis of freeway facilities:

1. In applications of the methodology, it is critical that the difference
between demand flow rate v, and actual flow rate v, be highlighted and
that both values be clearly and appropriately labeled. The actual flow rate
can never exceed the section or segment capacity.

2. It might be argued that the analysis of Scenario 1 above is sufficient to
understand the facility’s operation as long as all its segments are
undersaturated (i.e., all sections’ v,/c ratios are less than or equal to 1.00).
However, when any section’s v,/c ratio exceeds 1.00, such a simple analysis
ignores the propagation of queues in space and time.

3. The analysis shown in Exhibit 10-5 for Scenarios 2 and 3 is incomplete. In
Scenario 2, when Section 5 breaks down, queues will begin to form and
propagate upstream. Thus, even though the demands in Sections 1
through 4 are less than those segments’ capacities, the queues generated
by Section 5 will propagate over time, possibly all the way to Segment 1,
and thus could significantly affect upstream operations. In Scenario 3,
Sections 4 and 5 fail. Their queues will also propagate upstream over time
and alter the actual flow rates o, on the affected segments.

4. In Scenarios 2 and 3, sections downstream of Section 5 are also affected,
since the demand flow rate is prevented from reaching those sections by
the capacity constraint on Section 5 (and Section 4 in Scenario 3).

5. In this example, the sections that break down first do not necessarily have
the lowest capacities. Breakdown occurs first in Section 5, which has one
of the higher capacities on the facility but also the highest flow rate and,
therefore, the highest demand-to-capacity ratio.

Concepts Chapter 10/Freeway Facilities Core Methodology
Page 10-12 Version 6.0



Highway Capacity Manual: A Guide for Multimodal Mobility Analysis

Capacity in the Context of Freeway Facilities

In view of all these issues, the notion of capacity on a freeway facility can be
described as follows:

Freeway facility capacity is governed by the position and severity of active
bottlenecks (i.e., segments with v,/c > 1.0) along its length, Both
characteristics vary over time and space, depending on the time-varying
demand flow rates on each facility segment. A bottleneck that is active at
one time may hide another (less severe) bottleneck further downstream by
suppressing demand flows to that downstremn bottleneck. In short, there is
no simple definition for freeway facility capacity, other than it is variable
over Hime and influenced by the timing and location of active bottlenecks.

The critical segment is generally defined as the bottleneck segment that will
break down the earliest, given that all traffic, roadway, and control conditions do
not change, including the spatial distribution of demands on each component
segment. This definition is not a simple one. It depends on the relative demand
characteristics and, as stated earlier, can change over time as the demand pattern
changes. Facility capacity may be different from the capacity of the component
segment with the lowest capacity. Therefore, the evaluation of individual
segment demands and capacities is important. In fact, the methodology
explained later in this chapter specifies that the facility be assigned LO5 F in any
time interval in which any segment demand-to-capacity ratio exceeds 1.00.

Active and Hidden Bottlenecks

The freeway facilities methodology is able to identity both active and hidden
bottlenecks. An active bottleneck is defined as a segment with a demand-to-
capacity ratio (v,/c) greater than 1.0, an actual flow-to-capacity ratio (v,/c) equal
to 1.0, and queuing upstream of the bottleneck segment. Active bottlenecks are
the congestion points best known to operating agencies and are of critical
importance in validating the procedure to match field-observed conditions. The
actual flow at an active bottleneck is metered by its capacity, resulting in
downstream segments likely having v, /c ratios that are less than their v,/c ratios.

A hidden boitleneck is defined as a segment with a demand-to-capacity ratio
(v4/c) greater than 1.0 but an actual flow-to-capacity ratio (v,/c) typically less than

1.0 {or equal to 1.0 in some cases), with no queues forming upstream of the
segment. In other words, hidden bottlenecks are segments with v,/c greater than

1.0 where the demand is metered by a more severe active bottleneck upstream.
Since a portion of the true segment demand is stored in the upstream queue, the
actual flow arrivals at the hidden bottleneck may be less than 1.0 and no queues
are formed.

Knowledge of hidden bottlenecks is of primary importance when
improvement strategies for a congested facility are evaluated. For example, if an
analysis points to an active bottleneck, the operating agency may decide to
improve operations by widening the bottleneck segment. However, if one or more
hidden bottlenecks are located downstream of that segment, the improvements
may simply result in congestion migrating downstream. For true removal of the
congestion, an agency may need to improve all active and hidden bottlenecks.

Chapter 10/Freeway Facilities Core Methodology Concepts
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Prebreakdown and Queue Discharge Capacity

The term capacity, as used thus far, refers to the critical segment capacity —
the flow rate that immediately precedes the onset of the breakdown. Chapter 12
defines breakdown as a sudden drop in speed of at least 25% below the free-flow
speed for a sustained period of at least 15 min that results in queuing upstream
of the bottleneck. Thus, the segment capacities shown in Exhibit 10-5 are also
called prebreakdown capacities or flow rates, defined as the 15-min average flow
rate immediately preceding the breakdown event.

Once the breakdown takes place and queues begin to form, the flow rates
discharging from the queue at the bottleneck are generally lower than the
prebreakdown capacity. This postbreakdown flow rate or quewe discharge flow rate
is defined as the 15-min flow rate during oversaturated conditions (i.e., during
the time interval after breakdown and before recovery). The difference in flow
rate varies considerably in the research literature, from a value of zero (and
sometimes negative values) up to 15% to 20% (7). The amount of the drop was
also found to depend on the magnitude of the prebreakdown flow rate.

A synthesis of the literature indicates that an average value for the capacity
drop is about 7% (7). This reduced capacity is used in the oversaturated analysis
procedure to estimate the rate at which queues will form and dissipate once
demand exceeds capacity. When the queue is cleared, the segment’s original
(prebreakdown) capacity is restored. Details of the two-capacity phenomenon,
and its application in the core computational methodology, are explained in the
next section. A formal definition of freeway segment capacity is provided in
Chapters 12, and a measurement method is provided in Chapter 26.

LOS: COMPONENT SEGMENTS AND THE FREEWAY FACILITY

LOS of Component Segments

Chapters 12, 13, and 14 provide methodologies for determining the LOS in
basic, weaving, merge, and diverge segments on the basis of the segment’s
average density. In all cases, LOS F is also defined when v,/c is greater than 1.00.

This chapter's methodology provides an analysis of breakdown conditions,
including the spatial and time impacts of a breakdown. Thus, in the performance
of a facility-level analysis, LOS F in a component segment can be identified (a)
when the segment v,/c is greater than 1.00 and (b) when a queue resulting from a
downstream breakdown extends into an upstream segment. The latter cannot be
estimated by using the individual segment analysis procedures of Chapters 12-14.

Thus, when a facility-level analysis is performed, LOS F for a component
segment will be identified in two EOII'IP]E'I.TIET‘I:tE]'}-" ways:

* When v,/c is greater than 1.00 for one or more critical segments, or

¢ When the segment density is greater than 45 pc/mi/ln for basic freeway
segments or 43 pc/mi/ln for weaving segments.

The latter condition identifies segments in which queues have formed as a
result of downstream breakdowns.

Concepts
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LOS for a Freeway Facility

Because LOS for basic, weaving, merge, and diverge segments on a freeway
is defined in terms of density, LOS for a freeway facility is also defined on the
basis of density. The method distinguishes between density thresholds used to
designate LOS on urban and rural freeway facilities on the basis of research (§).
Such a distinction in LOS is not made at the segment level.

The classification of a facility as urban or rural is made on the basis of the
Federal Highway Administration’s smoothed or adjusted urbanized boundary
definition (9), which in turn is derived from Census data. Facilities that fall fully
within an urban area or fully outside of it are classified as urban or rural,
respectively. If a freeway facility crosses an urbanized area boundary, analyst
judgment is needed in classifying it as urban or rural. Generally, the entire length
of the facility needs to be assigned the same area type.

A facility analysis will result in a density determination and LOS for each
component segment. The facility LOS will be based on the weighted average
density for all segments within the defined facility. Weighting is done on the
basis of segment length and number of lanes in each segment, in accordance with
Equation 10-1:

?=.1 D‘;' x LIE X Nl'

D, =
4 1 Li X Ny

D; = average density for the facility in a given 15-min analysis period
(pc/mi/ln),

D, = density for segment i (pc/mi/ln),

= length of segment i (mi),

N; = number of lanes in segment i, and

n = number of segments in the defined facility.

LOS criteria for urban and rural freeway facilities are shown in Exhibit 10-6,
Urban LOS thresholds are the same density-based criteria used for basic freeway
segments. Studies on LOS perception by rural travelers indicate the presence of
lower-density thresholds in comparison with their urban freeway counterparts.
The average LOS applies to a specific time period, usually 15 min.

E Facil i

LOS Urban Rural

A =11 =6

B >11-18 >6-14

c >18-26 >14-22

D >26-35 >22-29

E >35-45 >29-39

F =45 or =39 or

any component segment w/cratio > 1.00  any component segment /¢ ratio >1.00

A LOS descriptor for the overall freeway facility must be used with care. The
LOS for individual segments composing the facility should also be reported. The

Equation 10-1

Exhibit 10-6
LOS Criteria for Urban and
Rural Freeway Facilities
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overall LOS, being an average, may mask serious problems in individual
segments of the facility.

This is particularly important if one or more of the component segments are
operating at LOS F. As described in this chapter’s methodology section, the
freeway facility methodology applies models to estimate the propagation of the
effects of a breakdown in time and space. Where breakdowns occur in one or
more segments of a facility, the average LOS is of limited use.

For urban freeway facilities, LOS A through E are defined on the basis of the
same densities that apply to basic freeway segments. Rural freeway facilities
have lower density thresholds, as indicated in Exhibit 10-6. This difference is a
result of rural motorists” higher LOS expectations. The analyst is cautioned that a
rural facility analysis may produce LOS F without any of its segments
experiencing breakdown (v,/c > 1). As a result, LOS F for a facility represents a
case in which any component segment of the freeway has a v,/c ratio that exceeds
1.00 or in which the average density of the study facility exceeds 45 pc/mi/In (for
urban freeways) or 39 pc/mi/ln (for rural freeways). This chapter’s methodology
allows the analyst to map the impacts of breakdowns in time and space, and
close attention to the LOS of component segments is necessary.

Concepts
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3. METHODOLOGY

This chapter’s methodology provides for the integrated analysis of a freeway
facility composed of connected segments. The methodology builds on the models
and procedures for individual segments described in Chapter 12, Basic Freeway
and Multilane Highway Segments; Chapter 13, Freeway Weaving Segments; and
Chapter 14, Freeway Merge and Diverge Segments.

SCOPE OF THE METHODOLOGY

Because the freeway facility methodology builds on the segment
methodologies of Chapters 12, 13, and 14, it incorporates all aspects of those
chapters’ methodologies. This chapter’s method adds the ability to analyze
operations when LOS F exists on one or more segments of the study facility. It
draws from research sponsored by the Federal Highway Administration (10).

In Chapters 12-14, the existence of a breakdown (LOS F) is identified for a
given segment, as appropriate. However, the segment methodologies do not
provide tools for analyzing the impacts of such breakdowns over time and space.

The methodology analyzes a set of connected segments over a set of
sequential 15-min periods. In deciding which segments and time periods to
analyze, two principles should be observed:

1. The first and last segments of the defined facility should not operate at
LOSF.

2. The first and last time periods of the analysis should nof include any
segments that operate at LOS F.

When the first segment operates at LOS F, a queue extends upstream that is
not included in the facility definition and that therefore cannot be analyzed. The
first segment should thus be long enough to contain the queue, although this
may not always be practical or possible. When a queue does extend beyond the
first segment, the methodology reports the number of unserved vehicles that
should be considered by the analyst.

When the last segment operates at LOS F, there may be a downstream
bottleneck outside the facility definition. Again, the impact of this congestion
cannot be evaluated because it is not contained within the defined facility. LO5S F
during either the first or the last time period creates similar problems with
regard to time. If the first time period operates at LOS F, LOS F may exist in
previous time periods as well. If the last time period is at LOS F, subsequent
periods may also operate at LOS F. The impact of a breakdown cannot be fully
analyzed unless the queuing is contained within the defined facility and defined
analysis period. The same problems would exist if the analysis were performed
by using simulation.

Spatial and Temporal Limits

There is no limit to the number of time periods that can be analyzed. The
temporal extent should be sufficiently long to contain the formation and
dissipation of all queues as discussed above. Ideally, 30 min of analysis time

Chapter 10/Freeway Facilities Core Methodology Methodology
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should be added before and after the known peak period for a clear picture of the
onset and dissipation of congestion.

The length of the freeway should be less than the distance a vehicle traveling
at the average speed can achieve in 15 min. This specification generally results in
a maximum facility length between 9 and 12 mi. Facilities longer than these
limits should be divided into subfacilities at appropriate breakpoints. Each
subfacility can then be analyzed separately with this chapter’s procedure.

Performance Measures

The core freeway facility methodology generates the following performance
measures for each segment and time period being evaluated:

Capacity,

FFS,

Demand-to-capacity and volume-to-capacity ratios,

Space mean speed,

Average density,

Travel time (min/veh),

Vehicle miles traveled (VMT, demand and volume served),
Vehicle hours of travel (VHT),

Vehicle hours of delay (VHD), and

Motorized vehicle LOS for each component segment and for the facility.

In addition, space mean speed, average density, travel time, VMT, VHT,
VHD, and LOS are aggregated in each time interval across all segments in the
facility. Performance measures are not aggregated across time periods. Details on
how this aggregation is performed are given in Chapter 25.

Strengths of the Methodology
The following are strengths of the freeway facilities methodology:
1.

The methodology captures oversaturated and undersaturated conditions
in an extended time-space domain.

The methodology accounts for all active and hidden mainline bottlenecks
and can be used to evaluate the operational effects of control strategies
and capacity improvements along the facility.

The methodology explicitly tracks queues as they form and dissipate
across segments and time intervals.

The methodology allows for time-varying demands and capacities,
thereby permitting the evaluation of control strategies that affect demand
(e.g., traffic diversion or peak spreading) or capacity (e.g., hard running
shoulders, lane additions, ramp metering).

The methodology can account for the effects of short-term incidents,
weather events, and work zones.

Methodology
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6. The methodology is consistent with the segment methodologies in

Chapters 12, 13, and 14 if all v,/c ratios are less than or equal to 1.0, and it
properly accounts for the interaction of segments when any ,/c ratio is
greater than 1.0.

Given enough time, a completely undersaturated time-space domain can be
analyzed manually, although the process can be difficult and time-consuming. [t
is not expected that manual analysis of a time-space domain that includes
oversaturation will ever be carried out. A computational engine is needed to
implement the methodology, regardless of whether the time-space domain
contains oversaturated segments and time periods. The engine is available in the
online HCM Volume 4 for research purposes but should not be used for
commercial applications,

Limitations of the Methodology
The methodology has the following limitations:

1;

wn

6.

The methodology does not account for delays caused by vehicles using
alternative routes or vehicles leaving before or after the analysis period.

Multiple overlapping breakdowns or bottlenecks are difficult to analyze
and cannot be fully evaluated by this methodology. Other tools may be

more appropriate for specific applications beyond the capabilities of the
methodology. Consult Chapter 6, HCM and Alternative Analysis Tools,
for a discussion of simulation and other models.

Spatial, temporal, modal, and total demand responses to traffic
management strategies are not automatically incorporated into the
methodology. On viewing the facility traffic performance results, the
analyst can modify the demand input manually to analyze the effect of
user-demand responses and traffic growth. The accuracy of the results
depends on the accuracy of the estimation of user-demand responses.

The completeness of the analysis will be limited if any freeway segment
in the first or last time interval, or the first or last freeway segment in any
time period, has a demand-to-capacity ratio greater than 1.00.

The method does not address conditions in which off-ramp capacity
limitations result in queues that extend onto the freeway or affect the
behavior of off-ramp vehicles.

Because this chapter’s methodology incorporates the methodologies for
basic, weaving, merging, and diverging freeway segments, the limitations
of those procedures also apply here.

The method does not include analysis of the streetside terminals of
freeway on- and off-ramps. The methodologies of Chapters 19, 20, 21,
and 22 should be used for intersections that are signalized, two-way
stoP-controlled, all-way STOP-controlled, and roundabouts, respectively.
Chapter 23, Ramp Terminals and Alternative Intersections, provides a
more comprehensive analysis of freeway interchanges where the
streetside ramp terminals are signalized intersections or roundabouts.
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REQUIRED DATA AND SOURCES

The analysis of a freeway facility requires details concerning each segment’s
geometric characteristics, as well as each segment’s demand characteristics
during each analysis time period. Exhibit 10-7 shows the data inputs that are
required for an operational analysis of a freeway facility, potential sources of
these data, and suggested default values.

Required Data and Units Potential Data Source(s) Suggested Default Value
Geometric Data
Direct speed measurements, Base free-flow speed: speed

Free-flow speed (mi/h) estimate from FFS prediction limit + 5 mi/h
N algorithm (range 55-75 mi/h)
Segment and section length ()  Road inventory, aerial photo Must be provided
Number of mainline freeway

lanes (one direction) Road inventory, aerial photo AL least 2

Lane width (ft) Road inventory, aerial photo 12 ft (range 10-12 ft)
Right-side lateral clearance (ft) Road inventory, aerial photo 6 ft (range 0-6 ft)
Total ramp density in analysis = . Must be provided
direction Road inventory, aerial photo (range 0-6 ramps/mi)
Area type (urban, rural) Road inventory, aerial photo Must be provided
Terrain type .

(level, rolling, specific grade) Design plans, analyst judgment Must be provided S
_Ramp number of lanes Road inventory, aerial photo 1 lane

Ramp acceleration or i .

deceleration tane lengtih (ft) Road inventory, aerial photo 500 ft

Ramp free-flow speed (mi/h) Road inventory, aerial photo 3545 mifh
Geometry of managed lanes  Road inventory, aerial photo Must be provided

Demand Data

Mainline entry demand

volume by time interval Field data, modeling Must be provided
{veh/h) i

On-ramp and off-ramp

demands by time interval Field data, modeling Must be provided
{veh/h) SRPEURE e W e

Weaving demands on

weaving segments by time Field data, modeling Must be provided
interval (veh/h) St
Heavy vehicle percentage (%) Field data 5% (urban), 12% (rural)”
Driver population speed and Field data

capacity adjustment factors ;ﬁgﬁ Chapter 26 for
(decimal)

Jam density (pc/mi/in) Field data 190 (range 150-270)
Quewe discharge capacity Field data

drop (%) 7% (range 0%—20%)
Managed lane demand

volume (veh/h) Field data, modeling Must be provided

Notes:  Bold ftaffc indicates high sensitivity (>20% change) of service measure to the choice of default value.
Bold indicates moderate sensitivity (10%—20% change) of service measure to the choice of default value.
# See Chapter 26 in Volume 4 for state-specific default heavy vehicle percentages.

Where any data itemn is not readily available or collectible, the analysis may
be supplemented by using consistent default values for each segment. Lists and
discussions of default values are found in Chapters 12, 13, and 14 for basic

freeway, weaving, and merge and diverge segments, respectively.
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OVERVIEW

The freeway facility methodology represents one of three parts in an
evaluation sequence that can also include a freeway reliability analysis and an
evaluation of ATDM strategies. Part A: Core Freeway Facility Analysis (single
study period) is presented in this chapter, while Parts B and C are presented in
Chapter 11, Freeway Reliability Analysis. Part A constitutes the core
methodology; Parts B and C represent adaptations and extensions of the
methodology for reliability and ATDM assessment, respectively. On completion
of the 17 computational steps in the core methodology, the analyst may decide to
continue to perform reliability and ATDM analyses by using the procedures
described in Chapter 11.

Exhibit 10-8 summarizes the process of implementing the core methodology
for analyzing freeway facilities. The methodology adjusts vehicle speeds
appropriately to account for the impacts of adjacent upstream or downstream
segments. The methodology can analyze freeway traffic management strategies
only in cases where 15-min intervals (or their multiples) are appropriate and
when reliable data for estimated capacity and demand exist.

COMPUTATIONAL STEPS

This section describes the methodology’s computational modules. To
simplify the presentation, the focus is on the function of and rationale for each
module. Chapter 25 presents an expanded version of this section, including all
the supporting analytical models and equations.

Step A-1: Define Study Scope

In this initial step, the analyst defines the spatial extent of the facility (start
and end points, total length) and the temporal extent of the analysis (number of
15-min analysis periods). The analyst should further decide which study
extensions (if any) apply to the analysis (i.e., managed lanes, reliability, ATDM).

A time-space domain for the analysis must be established. The domain
consists of a specification of the freeway sections and segments included in the
defined facility and an identification of the time intervals for which the analysis
is to be conducted. For the freeway facility shown in Exhibit 10-9, a typical time-
space domain is shown in Exhibit 10-10.
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Exhibit 10-8
Freeway Facility Methodology
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[
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Lane Facility
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Section 1 Soction 2 Section 3 Section 4 Sectlon 5 Secthon 6 Section 7
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Note:  Seg = segment.

The horizontal scale indicates the distance along the freeway facility. A
freeway section boundary occurs where there is a change in demand —that is, at
each on-ramp or off-ramp. These areas are referred to as sections because
adjustments will be made within the procedure to determine where segment
boundaries should be for analysis. This process relies on the influence areas of
merge, diverge, and weaving segments, discussed earlier in this chapter, and on
variable length limitations specified in Chapter 13 for weaving segments and in
Chapter 14 for merge and diverge segments. The facility in Exhibit 10-9
corresponds to seven sections that are then divided into 12 segments. The time-
space domain is illustrated at the segment level, which is the basis of the HCM
methodology. However, aggregation to the section level is possible and may be
needed to compare the results with field data available only at the section level.

The longer the facility length without congestion on the horizontal scale, the
more the congested travel times are diluted (see Equation 10-1). The analyst
should avoid overly long segments at the edges of the space domain when
possible, to avoid diluting the overall results. However, the first segment should
be long enough to contain all queues, if practical.

The vertical scale indicates the study duration. Time extends down the time-
space domain, and the scale is divided into 15-min intervals. In the example
shown, there are 12 segments and 8 analysis periods, yielding 12 x 8 = 96 time-
space cells, each of which will be analyzed within the methodology. The analysis
could be extended to up to a 24-h analysis, corresponding to ninety-six 15-min
analysis periods.

The boundary conditions of the time-space domain are extremely important.
The time-space domain will be analyzed as an independent freeway facility
having no interactions with upstream or downstream portions of the freeway or
with any connecting facilities, including other freeways and surface facilities.
Therefore, no congestion should occur along the four boundaries of the time-
space domain. The cells located along the four boundaries should all have
demands less than capacity and should contain undersaturated flow conditions.

Exhibit 10-9

Example Freeway Facility for
Time-Space Domain
Tllustration

Exhibit 10-10
Example Time—Space Domain
for Freeway Facility Analysis
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A proper analysis of congestion within the time-space domain can occur only if
the congestion is limited to internal cells not along the time-space boundaries. If
necessary, the analysis domain should be extended in time, space, or both to
contain all congestion effects.

Step A-2: Divide Facility into Sections and Segments

In this step, the analyst first defines the number of sections from gore point
to gore point along the selected facility. These gore-to-gore sections are more
consistent with modern freeway performance databases than are HCM segments,
and this consistency is critical for calibrating and validating the freeway facility.

The analyst later divides sections into HCM segments (basic, merge, diverge,
weave, overlapping ramp, or managed lane segment) as described below.
Judgment may be needed for segments that do not cleanly fit the HCM
definitions. The first and last segment must always be a basic segment, and these
may be considered as “half sections,” since only one gore point is included in
each. This point was illustrated previously in Exhibit 10-2 and Exhibit 10-9.

When a facility includes managed lanes, this step also includes defining
parallel lane groups for managed lanes and general purpose lanes, as will be
described in Section 4.

The sections of the defined freeway facility are bounded by points where
demand changes. However, this approach does not fully describe individual
segments for analysis within the methodology. The conversion from sections to
analysis segments can be performed manually by applying the principles
discussed here, along with those given previously in the Facility Segmentation
Guidance subsection of Section 2.

Chapter 14, Freeway Merge and Diverge Segments, indicates that each
merge segment extends from the merge point to a point 1,500 ft downstream of
it. Each diverge segment extends from the diverge point to a point 1,500 ft
upstream of it. This allows for a number of scenarios affecting the definition of
analysis segments within the defined freeway.

Consider the illustration of Exhibit 10-11. It shows a one-lane on-ramp
followed by a one-lane off-ramp with no auxiliary lane between them. The
illustration assumes that there are no upstream or downstream ramps or
weaving segments that impinge on this section.

In Exhibit 10-11(a), the two ramps are 4,000 ft apart. The merge segment
extends 1,500 ft downstream from the on-ramp while the diverge segment
extends 1,500 ft upstream from the off-ramp, which leaves a 1,000-ft basic
freeway segment between them.

In Exhibit 10-11(b), the two ramps are 3,000 ft apart. The two 1,500-ft ramp
influence areas define the entire length. Therefore, there is no basic freeway
segment between the merge and diverge segments.

In Exhibit 10-11(c), the situation is more complicated. With only 2,000 ft
between the ramps, the merge and diverge influence areas overlap for a distance
of 1,000 ft.
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Length, L = 4,000 ft

1,500 ft 1,000 ft ' 1,500 ft
Basic Mearge Baskc Diverge Hasic

(&) Section Length Between Ramps = 4,000 ft

Length, £ = 3,000 ft

.
i

1,500 ft 1,500 ft .
Basic Marge Diverge Hasic

(b) Section Length Between Ramps = 3,000 ft

" Length, L= 2,000/

Sﬂﬂl‘t. 1,000 f =5I:||3FtE
Baae Merge  MergaDhverge  Diverge  Basic
Overlap

(c) Section Length Between Ramps = 2,000 ft

Chapter 14 covers this situation. Where ramp influence areas overlap, the
analysis is conducted for each ramp separately. The analysis producing the
worse LOS (or service measure value if the LOS is equivalent) is used to define
operations in the overlap area.

The facility methodology goes through the logic of distances and segment
definitions to convert section boundaries to segment boundaries for analysis. If
the distance between an on-ramp and an off-ramp is less than the full influence
area of 1,500 ft, the worst case is applied to the distance between the ramps,
while basic segment criteria are applied to segments upstream of the on-ramp
and downstream of the off-ramp.

A similar situation can arise where weaving configurations exist. Exhibit 10-
12 illustrates a weaving configuration within a defined freeway facility. In this
case, the distance between the merge and diverge ends of the configuration must
be compared with the maximum length of a weaving segment L, . If the
distance between the merge and diverge points is less than or equal to L.y, the

entire segment is analyzed as a weaving segment, as shown in Exhibit 10-12(a).

Exhibit 10-11
Defining Analysis Segments
for a Ramp Configuration
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Exhibit 10-12
Defining Analysis Segments
for a Weaving Configuration

| ' L. = Short Length, ft

L, = Base Length, ft

Ly = Weaving Influence Area, ft

(a) Case It Lg 2 Lumar (weaving segment exists)

e

(b) Case I1: Lg > Lisar(@nalyze as basic segment)

Three lengths are involved in analyzing a weaving segment:

o The short length of the segment, defined as the distance over which lane
changing is not prohibited or dissuaded by markings (Lg);

o The base length of the segment, measured from the points where the edges
of the travel lanes of the merging and diverging roadways converge (Lg);
and

s The influence area of the weaving segment (L), which includes 500 ft
upstream and downstream of L.

The influence area is the length that is used in all the predictive models for
weaving segment analysis. However, the results of these models apply to a
distance of Ly + 500 ft upstream to L + 500 ft downstream. For further discussion
of the various lengths applied to weaving segments, consult Chapter 13.

If L. is greater than Ly, the merge and diverge segments are too far apart
to form a weaving segment. As shown in Exhibit 10-12(b), the segment is treated
as a basic freeway segment.

In the Chapter 13 weaving methodology, the value of L,y depends on a
number of considerations, including the split of component flows, demand
flows, and other traffic factors. A weaving configuration could therefore qualify
as a weaving segment in some analysis periods and as a separate merge, diverge,
or basic segment in others.

In segmenting the freeway facility for analysis, merge, diverge, and weaving
segments are identified as illustrated in Exhibit 10-11 and Exhibit 10-12. All
segments not qualifying as merge, diverge, or weaving segments are basic
freeway segments.

However, a long basic freeway section may have to be divided into multiple
segments. This situation occurs when there is a sharp break in terrain within the
section. For example, a 5-mi section may have a constant demand and a constant
number of lanes. If there is a 2-mi level terrain portion followed by a 4% grade
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that is 3 mi long, the level terrain portion and the specific grade portion would be
established as two separate consecutive basic freeway segments.

Step A-3: Input Data
Demand, geometry, and other data must be specified. Since the methodology

builds on segment analysis, all data for each segment and each time period must
be provided, as indicated in Chapters 12-14.

Demand

Demand flow rates must be specified for each segment and time period.
Because analysis of multiple time periods is based on consecutive 15-min
periods, the demand flow rates for each period must be provided. This condition
is in addition to the requirements for isolated segment analyses.

Demand flow rates must be specified for the entering freeway mainline flow
and for each on-ramp and off-ramp within the defined facility. The following
information is needed for each time period to determine the demand flow rate:

* Demand flow rate (veh/h),
* Percent single-unit trucks and buses, and
s [Percent tractor-trailer trucks,

For weaving segments, demand flow rates must be identified by component
movement: freeway to freeway, ramp to freeway, freeway to ramp, and ramp to
ramp. Where this level of detail is not available, the following procedure may be
used to estimate the component flows. It is less desirable, however, since
weaving segment performance is sensitive to the split of demand flows.

* Ramp-weave segments: Assume that the ramp-to-ramp flow is 0. The ramp-
to-freeway flow is then equal to the on-ramp flow; the freeway-to-ramp
flow is then equal to the off-ramp flow.

*  Major weave segments: On-ramp flow is apportioned to the two exit legs
(freeway and ramp) in the same proportion as the total flow on the exit
legs (freeway and ramp).

Geometry
All geometric features for each segment of the facility must be specified,
including the following:

» Number of lanes;

s Average lane width;

* Right-side lateral clearance;
o Terrain;

» Free-flow speed; and

* Location of merge, diverge, and weaving segments, with all internal
geometry specified, including the number of lanes on ramps and at ramp-
freeway junctions or within weaving segments, lane widths, existence and
length of acceleration or deceleration lanes, distances between merge and
diverge points, and the details of lane configuration where relevant.
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Geometry does not change by time period, so this information is given only
once, regardless of the number of time periods under study:.

Effects of work zones, weather, and incidents can also be included in the
analysis. Section 4 provides an extension of the method for work zone analysis.
Chapter 11 provides default adjustment factors for weather and incident effects
that can be used to calibrate the procedure in Step A-8.

Step A-4: Balance Demands

Traffic counts taken at each entrance to and exit from the defined freeway
facility (including the mainline entrance and mainline exit) for each time interval
serve as inputs to the methodology. While entrance counts are considered to
represent the current entrance demands for the freeway facility (provided there
is no queue on the freeway entrance), the exit counts may not represent the
current exit demands for the freeway facility because of congestion within the
defined facility.

For planning applications, estimated traffic demands at each entrance to and
exit from the freeway facility for each time interval serve as inputs to the
methodology. The sum of the input demands must equal the sum of the output
demands in every time interval.

Once the entrance and exit demands are calculated, the demands for each
cell in the time-space domain can be estimated for every time period. The
segment demands can be thought of as filtering across the time-space domain
and filling each cell of the time-space matrix.

Estimates of demand are needed when the methodology is applied by using
actual freeway counts. If demand flows are known or can be projected, they are
used directly without modification.

The methodology includes a demand estimation model that converts the
input set of freeway exit 15-min counts to a set of vehicle flows that desire to exit
the freeway in a given 15-min period. This demand may not be the same as the
15-min exit count because of upstream congestion within the defined freeway
facility.

The procedure sums the freeway entrance demands along the entire
directional freeway facility, including the entering mainline segment, and
compares this sum with the sum of freeway exit counts along the directional
freeway facility, including the departing mainline segment. This procedure is
repeated for each time interval. When sensor data are used to populate the
inputs for this procedure, the total entering and exiting demands in a time period
may not be the same if there is congestion internal to the facility. The ratio of the
total facility entrance counts to total facility exit counts is called the time interval
scale factor and should approach 1.00 when the freeway exit counts are, in fact,
freeway exit demands.

Scale factors greater than 1.00 indicate increasing levels of congestion within
the freeway facility, with exit counts underestimating the actual freeway exit
demands. To provide an estimate of freeway exit demand, each freeway exit
count is multiplied by the time interval scale factor.
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Equation 10-2 and Equation 10-3 summarize this process:
fors = i Vonsij

TISi —
Y X Vormsi

Vaorrisij = Vorrisij X frisi
where

f'."l'ﬁ,'

Vowiss = 15-min entering count for time period i and entering location j (veh),

]

time interval scale factor for time period |,

Vorrisy = 15-min exit count for time period i and exiting location j (veh), and

Viarps; = adjusted 15-min exit demand for time period i and exiting location |
{veh).

Once the entrance and exit demands are determined, the traffic demands for
each section and each time period can be calculated. On the time-space domain,
section demands can be viewed as projecting horizontally across Exhibit 10-10,
with each cell containing an estimate of its 15-min demand.

Step A-5: Code Base Facility

This is the first step requiring the use of a computational engine or software.
While individual time periods with undersaturated operations can be evaluated
manually with this chapter’'s procedure, computations over multiple analysis
periods and computations involving oversaturated segments and time periods
require the use of a computational engine. A computational engine is available as
part of Volume 4 of the HCM for research purposes. Commercial software
packages that implement the method are also available.

Data input needs for the engine or other tools include all items collected or
estimated in the previous steps. Data generally need to be entered for each
segment and each time period, which makes this one of the most time-
consuming steps in the analysis.

Step A-6: Identify Global Parameters

This step defines global (facilitywide) parameters that are needed for
computation and calibration. While most inputs to the methodology can change
at the segment and time period level, two global parameters are used across the
entire spatial and temporal domains:

s Jam density, which is defined as the maximum achievable density in a
segment under congested flow conditions, equivalent to a theoretical flow
rate and segment speed of zero. The jam density affects the oversaturated
speed-flow—density relationship used for calculations. The default value
for jam density is 190 pc/mi/In.

o Quee discharge capacity drop, which is defined as a percent reduction in
the prebreakdown capacity following breakdown at an active bottleneck.
The postbreakdown flow rate or queue discharge rate is defined as the
average flow rate during oversaturated conditions (i.e., during the time
interval after breakdown and before recovery). This factor directly affects

Equation 10-2

Equation 10-3
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the throughput at a bottleneck and therefore the overall facility
performance. The default value for the queue discharge capacity drop is
7%, on the basis of research (7).

Use of these parameters in the oversaturated flow portion of the
methodology and their expected effects on calibration and validation are
described in Chapter 25, Freeway Facilities: Supplemental.

Step A-7: Compute Segment Capacities

Segment capacity estimates are determined by the methodologies of Chapter
12 for basic freeway segments, Chapter 13 for weaving segments, and Chapter 14
for merge and diverge segments. All estimates of segment capacity should be
carefully reviewed and compared with local knowledge and available traffic
information for the study site, particularly where there are known bottlenecks.

On-ramp and off-ramp roadway capacities are also determined in this step
with the Chapter 14 methodology. On-ramp demands may exceed on-ramp
capacities, which would limit the traffic demand entering the facility. Off-ramp
demands may exceed off-ramp capacities, which would cause congestion on the
freeway, although that impact is not accounted for in this methodology.

All capacity results are stated in vehicles per hour under prevailing roadway
and traffic conditions.

The effect of a predetermined ramp-metering plan can be evaluated in this
methodology by overriding the computed ramp roadway capacities. The capacity
of each entrance ramp in each time interval is changed to reflect the specified
ramp-metering rate. This approach not only allows for evaluating a prescribed
ramp-metering plan but also permits the user to improve the ramp-metering
plan through experimentation. The analysis can further estimate the extent of on-
ramp queuing, but the same queue density as the mainline queue is assumed.

Freeway design improvements can be evaluated with this methodology by
modifying the design features of any portion of the freeway facility. For example,
the effects of adding auxiliary lanes at critical locations and full lanes over
multiple segments can be assessed.

Step A-8: Calibrate with Adjustment Factors

Segment capacities can be affected by a number of conditions, some of which
may not normally be accounted for in the segment methodologies of Chapters
12-14. These reductions include the effects of adverse weather conditions, other
environmental factors, driver population, and incidents. Adjustments for work
zones and lane closures for construction or major maintenance operations are
discussed in Section 4.

This step allows the user to adjust demands, capacities, and free-flow speeds
for the purpose of calibration or to reflect the impacts of weather, incidents, and
work zones. The demand adjustment factor DAF,,,, capacity adjustment factor
CAF_, and speed adjustment factor SAF_, can be modified for each segment and
each time period. The adjustment factors are used as multipliers for the base
demand, capacity, and free-flow speeds input into the methodology.
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It is strongly recommended that the base run not include any adjustments, with
the three adjustment factors above being used as calibration tools in one or more
subsequent iterations with the intent of matching field data. CAF and SAF values
should always be equal to or less than 1.0, since they are intended to adjust the
base values downwards. If needed, a higher base value can be used and then
calibrated downward with the CAF and SAF factors. DAFs are primarily used in
the context of a freeway reliability analysis, as discussed in Chapter 11.

An adjusted free-flow speed FFS,, is calculated by multiplying the FFS by a
SAF,,; as shown in Equation 10-4:

FFSaa; = FFS X SAFoq

An adjusted capacity c,, is calculated by multiplying the base capacity ¢ by a
CAF_; as shown in Equation 10-5:

Cadj = € X CAF

An adjusted demand input volume v is calculated by multiplying the base
demand volume v by a DAF, as shown in Equation 10-6:

Vagj =V % DAFeq

At lane drops, permanent reductions in capacity occur. These effects are
included in the core methodology, which determines segment capacity on the
basis of the number of lanes in the segment and other prevailing conditions.
However, the method does not account for frictional effects at lane drops, which
may be needed to calibrate the facility operation properly.

Speed and capacity adjustment factors for weather, other environmental
conditions, and incidents are found in Chapter 12, Basic Freeway and Multilane
Highway Segments. Adjustments for driver population characteristics are
discussed in Chapter 26; since no default values for driver population
adjustments are presently available, these adjustments need to be estimated
locally. The application of these adjustment factors to different segment types is
described in Chapters 12, 13, and 14 as applicable.

Step A-9: Managed Lane Cross-Weave Adjustment

This step is only required for facilities with managed lanes. It implements a
friction factor for traffic from a general purpose on-ramp that weaves across the
general purpose lanes to get to a managed lane access point (or vice versa). The
cross-weave adjustment factor is conceptually similar to the CAF used in Step
A-8 and is discussed in detail in Section 4.

Step A-10: Compute Demand-to-Capacity Ratios

Each cell of the time-space domain now contains an estimate of demand and
capacity. A demand-to-capacity ratio can be calculated for each cell. The cell
values must be carefully reviewed to determine whether all boundary cells have
v,/c ratios of 1.00 or less and to determine whether any cells in the interior of the
time-space domain have v,/c values greater than 1.00.

If any boundary cells have a v /c ratio greater than 1.00, further analysis may
be significantly flawed:

Equation 10-4

Equation 10-5

Equation 10-6
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1. If any cell in the first time interval has a v,/c ratio greater than 1.00, there
may have been oversaturated conditions in earlier time intervals without
transfer of unsatisfied demand into the time-space domain of the
analysis.

2. Ifany cell in the last time interval has a v,/c ratio greater than 1.00, the

analysis will be incomplete because the unsatisfied demand in the last
time interval cannot be transferred to later time intervals.

3. [Ifany cell in the last downstream segment has a v,/c ratio greater than
1.00, there may be downstream bottlenecks that should be checked
before proceeding with the analysis. If any cell in the first segment has a
v,/c ratio greater than 1.00, oversaturation will extend upstream of the
defined freeway facility, but its effects will not be analyzed within the
time-space domain.

These checks do not guarantee that the boundary cells will not show v,/c
ratios greater than 1.00 later in the analysis. If these initial checks reveal
boundary cells with v,/c ratios greater than 1.00, the time-space domain of the
analysis should be adjusted to eliminate the problem.

As the analysis of the time-space domain proceeds, subsequent demand
shifts may cause some boundary cell v,/c ratios to exceed 1.00. In these cases, the
problem should be reformulated or alternative tools applied. Most alternative
tools will have the same problem if the boundary conditions experience
congestion.

Another important check is to observe whether any cell in the interior of the
time-space domain has a v,/c ratio greater than 1.00. There are two possible
outcomes:

1. If all cells have v,/c ratios of 1.00 or less, the entire time-space domain
contains undersaturated flow, and the analysis is greatly simplified.

2. If any cell in the time-space domain has a v,/c ratio greater than 1.00, the
time—space domain will contain both undersaturated and oversaturated
cells. Analysis of oversaturated conditions is much more complex because
of the interactions between freeway segments and the shifting of demand
in both time and space.

If Case 1 exists, the analysis moves to Step A-11. If Case 2 exists, the analysis
moves to Step A-12.

The v,/c ratio for all on-ramps and off-ramps should also be examined. If an
on-ramp demand exceeds the on-ramp capacity, the ramp demand flow rates
should be adjusted to reflect capacity. Off-ramps generally fail because of
deficiencies at the ramp-street junction. They may be analyzed by procedures in
Chapters 19-22, depending on the type of traffic control used at the ramp-street
junction. These checks are done manually, and inputs to this methodology must
be revised accordingly.
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Steps A-11 and A-12: Compute Undersaturated and Oversaturated
Performance Measures

The analysis begins in the first cell in the upper-left corner of the time-space
domain (the first segment in the first time interval) and continues downstream
along the freeway facility for each segment in the first time interval. The analysis
then returns to the first upstream segment in the second time interval and
continues downstream along the freeway for each segment in the second time
interval. This process continues until all cells in the time-space domain have
been analyzed (refer back to Exhibit 10-10 for an illustrative example).

As each cell is analyzed in turn, its v,/c ratio is checked. If the v,/c ratio is 1.00
or less, the cell is not a bottleneck and is able to handle all traffic demand that
wishes to enter. The process is continued in the order noted in the previous
paragraph until a cell with a v,/ ratio greater than 1.00 is encountered. Such a
cell is labeled as a bottleneck. Because the bottleneck cannot handle a flow
greater than its capacity, the following impacts will occur:

1. The v,/c ratio of the bottleneck cell will be exactly 1.00, since the cell
processes a flow rate equal to its capacity.

2. Flow rates for all cells downstream of the bottleneck must be adjusted
downward to reflect the fact that not all the demand flow at the
bottleneck is released. Downstream cells are subject to demand starvation
due to the bottleneck metering effect.

3. The unsatisfied demand at the bottleneck cell must be stored in the
upstream segments. Flow conditions and performance measures in these
upstream cells are affected. Shock wave analysis is applied to estimate
these impacts.

4. The unsatisfied demand stored upstream of the bottleneck cell must be
transferred to the next time interval. The transfer is accomplished by
adding the unsatisfied demand by desired destination to the origin-
destination table of the next time interval.

This four-step process is implemented for each bottleneck encountered,
following the specified sequence of cell analysis. If no bottlenecks are identified,
the entire domain is undersaturated, and the sequence of steps for oversaturated
conditions is not applied.

If a bottleneck is severe, the storage of unsatisfied demand may extend
beyond the upstream boundary of the freeway facility or beyond the last time
interval of the time-space domain. In such cases, the analysis will be flawed, and
the time-space domain should be reconstituted.

After all demand shifts (in the case of one or more oversaturated cells) are
estimated, each cell is analyzed by the methodologies of Chapters 11, 12, and 13.
Facility service and performance measures may then be estimated.

Step A-11: Undersaturated Conditions

For undersaturated conditions, the process is straightforward. Because there
are no cells with v,/c ratios greater than 1.00, the flow rate in each cell v, is equal
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to the demand flow rate v,. Each segment analysis using the methodologies of
Chapters 12-14 will result in estimating a density D and a space mean speed 5.

When the analysis moves from isolated segments to a facility, additional
constraints may be necessary. A maximum-achievable-speed constraint is
imposed to limit the prediction of speeds in segments downstream of a segment
experiencing low speeds. This constraint prevents large speed fluctuations from
segment to segment when the segment methodologies are directly applied. This
process results in some changes in the speeds and densities predicted by the
segment methodologies.

For each time interval, Equation 10-1 is used to estimate the average density
for the defined freeway facility. This result is compared with the criteria of
Exhibit 10-6 to determine the facility LOS for the time period. Each time period
will have a separate LOS. Although LOS is not averaged over time intervals, if
desired, density can be averaged over time intervals.

Step A-12: Oversaturated Condiitions

Once oversaturation is encountered, the methodology changes its temporal
and spatial units of analysis. The spatial units become nodes and segments, and
the temporal unit moves from a time interval of 15 min to smaller time periods,
as recommended in Chapter 25, Freeway Facilities: Supplemental.

Exhibit 10-13 illustrates the node-segment concept. A node is defined as the
junction of two segments. Since there is a node at the beginning and end of the
freeway facility, there will always be one more node than the number of
segments on the facility.

Seg. 2 5eg. 6

Seg.3 _ Seg.4 __5eq.5

Seg. 1

Ramp 1 Ramp 2

The numbering of nodes and segments begins at the upstream end of the
defined freeway facility and moves to the downstream end. The segment
upstream of node i is numbered i - 1, and the downstream segment is numbered
1, as shown in Exhibit 10-14.

MF(N + OFRF(

Mote:  SF = segment flow, MF = mainline flow, OVRF = on-ramp flow, and OFRF = off-ramp flow.

The oversaturated analysis moves from the first node to each downstream
node for a time step. After the analysis for the first time step is complete, the
same nodal analysis is performed for each subsequent time step.
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When oversaturated conditions exist, many flow variables must be adjusted
to reflect the upstream and downstream effects of bottlenecks. These adjustments
are explained in general terms in the sections that follow and are fully detailed in
Chapter 25.

Flow Fundamentals

As noted previously, segment flow rates must be calculated for each time
step. They are used to estimate the number of vehicles on each segment at the
end of every time step. The number of vehicles on each segment is used to track
queue accumulation and discharge and to estimate the average segment density.

The conversion from standard 15-min time intervals to time steps (of lesser
duration) occurs during the first oversaturated interval. Time steps are then used
until the analysis is complete. This transition to time steps is critical because, at
certain points in the methodology, future performance is estimated from the past
performance of an individual variable. The use of time steps also allows for a
more accurate estimation of queues.

Service and other performance measures for oversaturated conditions use a
simplified, linear flow-density relationship, as detailed in Chapter 25.

Segment Initialization

To estimate the number of vehicles on each segment for each time step under
oversaturated conditions, the process must begin with the appropriate number of
vehicles in each segment. Determining this number is referred to as segment
initialization.

A simplified queuing analysis is initially performed to account for the effects
of upstream bottlenecks. The bottlenecks limit the number of vehicles that can
proceed downstream.

To obtain the proper number of vehicles on a given segment, an expected
demand is calculated that includes the effects of all upstream segments. The
expected demand represents the flow that would arrive at each segment if all
queues were stacked vertically (i.e., as if the queues had no upstream impacts).
For all segments upstream of a bottleneck, the expected demand will equal the
actual demand.

For the bottleneck segment and all further downstream segments, a capacity
restraint is applied at the bottleneck when expected demand is computed. From
the expected segment demand, the background density can be obtained for each
segment by using the appropriate estimation algorithms from Chapters 12-14.

Mainfine Flow Calculation

Flows analyzed in oversaturated conditions are calculated for every time
step and are expressed in vehicles per time step. They are analyzed separately on
the basis of the origin and destination of the flow across the node. The following
flows are defined:

1. The flow from the mainline upstream segment i — 1 to the mainline
downstream segment i is the mainline flow MF.

Chapter 10/Freeway Facilities Core Methodalogy
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2. The flow from the mainline to an off-ramp is the off-ramp flow OFRF.
3. The flow from an on-ramp to the mainline is the on-ramp flow ONRF.
Each of these flows was illustrated in Exhibit 10-14.

Mainline Input

The mainline input is the number of vehicles that wish to travel through a
node during the time step. The calculation includes the effects of bottlenecks
upstream of the subject node. These effects include the metering of traffic during
queue accurmulation and the presence of additional vehicles during queue
discharge.

The mainline input is calculated by taking the number of vehicles entering
the node upstream of the analysis node, adding on-ramp flows or subtracting
off-ramp flows, and adding the number of unserved vehicles on the upstream
segment. The result is the maximum number of vehicles that desire to enter a
node during a time step.

Mainfine Cutput
The mainline output is the maximum number of vehicles that can exit a
node, constrained by downstream bottlenecks or by merging traffic. Different

constraints on the output of a node result in three different types of mainline -
outputs (MO1, MO2, and MO3).

s  Mainline output from ramps (MO1): MO1 is the constraint caused by the
flow of vehicles from an on-ramp. The capacity of an on-ramp flow is
shared by two competing flows: flow from the on-ramp and flow from the
mainline. The total flow that can pass the node is estimated as the
minimum of the segment i capacity and the mainline outputs (MO2 and
MQO3) calculated in the preceding time step.

*  Mainline output from segment storage (MO2): The output of mainline flow
through a node is also constrained by the growth of queues on the
downstream segment. The presence of a queue limits the flow into the
segment once the queue reaches its upstream end. The queue position is
calculated by shock wave analysis. The MO2 limitation is determined first
by calculating the maximum number of vehicles allowed on a segment at
a given queue density. The maximum flow that can enter a queued
segment is the number of vehicles leaving the segment plus the difference
between the maximum number of vehicles allowed on a segment and the
number of vehicles already on the segment. The queue density is
determined from the linear congested portion of the density=flow
relationship shown in Chapter 25,

o  Mainline output from front-clearing queue (MO3): The final limitation on
exiting mainline flows at a node is caused by front-clearing downstream
queues. These queues typically occur when temporary incidents clear.
Two conditions must be satisfied: (a) the segment capacity (minus the on-
ramp demand if present) for the current time interval must be greater
than the segment capacity (minus on-ramp demand) in the preceding
time interval, and (b) the segment capacity minus the ramp demand for
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the current time interval must be greater than the segment demand in the
same time interval. Front-clearing queues do not affect the segment
throughput (which is limited by queue throughput) until the recovery
wave has reached the upstream end of the segment. The shock wave
speed is estimated from the slope of the line connecting the bottleneck
throughput and the segment capacity points.

Mainline Flow
The mainline flow across node i is the minimum of the following variables:

* Node i mainline input,

» Node i MO2,

* Node i MO3,

= Segment -1 capacity, and

= Segment i capacity.

Determining On-Ramp Flow

The on-ramp flow is the minimum of the on-ramp input and output. Ramp
input in a time step is the ramp demand plus any unserved ramp vehicles from a
previous time step.

On-ramp output is limited by the ramp roadway capacity and the ramp-
metering rate. It is also affected by the volumes on the mainline segments. The
latter is a complex process that depends on the various flow combinations on the
segment, the segment capacity, and the ramp roadway volumes. Details of the
calculations are presented in Chapter 25.

Determining Off-Ramp Flow

The off-ramp flow is determined by calculating a diverge percentage on the
basis of the segment and off-ramp demands. The diverge percentage varies only
by time interval and remains constant for vehicles that are associated with a
particular time interval. If there is an upstream queue, traffic to this off-ramp
may be metered. This will cause a decrease in the off-ramp flow. When vehicles
that were metered arrive in the next time interval, they use the diverge
percentage associated with the preceding time interval. This methodology
ensures that all off-ramp vehicles prevented from exiting during the presence of
a bottleneck are appropriately discharged in later time intervals.

Determining Segment Flow

Segment flow is the number of vehicles that flow out of a segment during the
current time step. These vehicles enter the current segment either to the mainline
or to an off-ramp at the current node, as shown in Exhibit 10-13. The number of
vehicles on each segment in the current time step is calculated on the basis of

e The number of vehicles that were in the segment in the previous time step,

¢ The number of vehicles that entered the segment in the current time step,
and

* The number of vehicles that can leave the segment in the current time step.

Chapter 10/Freeway Facilities Core Methodology
Version 6.0




Highway Capacity Manual: A Guide for Multimodal Mobility Analysis ‘

Because the number of vehicles that leave a segment must be known, the
number of vehicles on the current segment cannot be determined until the ‘
upstream segment is analyzed.

The number of unserved vehicles stored on a segment is calculated as the
difference between the number of vehicles on the segment and the number of
vehicles that would be on the segment at the background density.

Determining Segment Service Measures

In the last time step of a time interval, the segment flows in each time step
are averaged over the time interval, and the service measures for each segment
are calculated. If there were no queues on a particular segment during the entire
time interval, the performance measures are calculated from Chapters 12, 13, and
14 as appropriate.

If there was a queue on the current segment during the time interval, the
performance measures are calculated in four steps:

1. The average number of vehicles over a time interval is calculated for each
segment.

2. The average segment density is calculated by taking the average number
of vehicles in all time steps (in the time interval) and dividing it by the
segment length.

3. The average speed on the current segment during the current time
interval is calculated as the ratio of segment flow to density.

4. The final segment performance measure is the length of the queue at the
end of the time interval (if one exists), which is calculated by using shock
wave theory.

On-ramp queue lengths can also be calculated. A queue will form on the on-
ramp roadway only if the flow is limited by a meter or by freeway traffic in the
gore area. If the flow is limited by the ramp roadway capacity, unserved vehicles
will be stored on a facility upstream of the ramp roadway, most likely a surface
street. The methodology does not account for this delay. If the queueisona
ramp roadway, its length is calculated by using the difference in background and
queue densities.

Step A-13: Apply Managed Lane Adjacent Friction Factor

This step adjusts the performance of (undersaturated) managed lanes when
the adjacent general purpose lanes operate with a density greater than
35 pc/mifln, depending on the separation type between the two lane groups (i.e,
paint, buffer, barrier). This step only applies to facilities with managed lanes and
is discussed in more detail in Section 4.

Step A-14: Compute Lane Group Performance

This step computes the performance measure for the length of the facility for
each lane group separately. This step only applies to facilities with managed
lanes and is discussed in more detail in Section 4.

M
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Step A-15: Compute Freeway Facility Performance Measures by Time
Interval

The previously discussed traffic performance measures can be aggregated
over the length of the defined freeway facility for each analysis period.
Aggregations over the entire time-space domain of the analysis are also
mathematically possible, although LOS is defined only for each 15-min analysis
period.

The performance measures include the computation of queue spillback
under oversaturated conditions. All congestion should be fully contained within
the specified time-space domain. If congestion remains at the end of the last time
interval or if queues spill back beyond the first segment at any time in the
analysis, the analysis returns to Step A-5 and the time-space domain is expanded
accordingly.

Step A-16: Aggregate to Section Level and Validate Against Field Data

In this step, the aggregated methodology results at the section level are
compared with field data or results from another model. Additional details on
criteria for calibration and validation of the facility are provided in Chapter 25,
Freeway Facilities: Supplemental. If an acceptable match is not obtained, the
analysis returns to Step A-6 and follows the steps for calibration adjustments.

Step A-17: Estimate LOS and Report Performance Measures for Lane
Groups and Facility

This final step of the core methodology estimates the LOS for each segment,
lane group, and the overall facility for each time period. Freeway facility LOS is
defined for each time interval included in the analysis. An average density for
each time interval, weighted by length of segments and numbers of lanes in
segments, is calculated by using Equation 10-1 and is compared against the
criteria of Exhibit 10-6.

Step A-17 concludes the core freeway facility methodology for the analysis of
a single study period analysis. However, the analyst may choose to continue to
perform a reliability analysis or evaluation of ATDM strategies as described in
Chapter 11, Freeway Reliability Analysis.
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Equation 10-7

Exhibit 10-15

Lane Closure Severity Index
Values for Different Lane
Closure Configurations

capacities over time, but no conclusive evidence in this regard was found in the
research.

The lane closure configuration in a work zone is expressed as the ratio of the
number of original lanes to the number of lanes present in the work zone. For instance, a
3-to-1 lane closure configuration means that three lanes are normally available,
but that two lanes were closed during construction and only one lane was open.
Research indicates that this ratio is effective in showing the influences of
different lane configurations on speed or capacity.

This ratio cannot distinguish a 4-to-2 lane closure configuration from a 2-to-1
configuration, since both yield a ratio of 0.5. Field observations (5) and citations
in the literature (4) both suggest that the per lane capacity of a 2-to-1 lane closure
is significantly less than that of a 4-to-2 closure, due to fewer open lanes being
available. The lane closure severity index (LC5I) distinguishes such lane closure
configurations. Equation 10-7 shows how the LCSI is calculated:

LCSI = m
where
LCSI = lane closure severity index (decimal);
OR = open ratio, the ratio of the number of open lanes during road work to
the total (or normal) number of lanes (decimal); and
N, = number of open lanes in the work zone (In).

The LCSI clearly gives a unique value for different lane closure
configurations, where higher values generally correspond to a more severe lane
closure scenario. This is illustrated in Exhibit 10-15.

Number of Number of Open
Total Lane(s) Open Lane(s) Ratio LCSI
3 3 1.00 0.33
2 2 1.00 0.50
4 3 0.75 0,44
3 2 0.67 0.75
4 2 0.50 1.00
2 1 0.50 2.00
3 1 0.33 3.00
4 1 0.25 4.00

MNote:  LCSI = lane closure severity index.

In interpreting Exhibit 10-15, it is noted that not all work zones are associated
with lane closure effects. For example, work zones may be limited to shoulder
work only or may feature a lane shift or crossover. This chapter's methodology
also applies to work zones without lane closures. In the exhibit, a “2-to-2 work
zone” can refer to shoulder closures or crossovers that do not affect the overall
number of travel lanes.

Extensions to the Methodology
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Adjustments to the Core Methodology

Work Zone Capacity and Queue Discharge Rate Model

Freeway work zone capacity corresponds to the maximum sustainable flow
rate immediately preceding a breakdown. However, measuring the
prebreakdown value in work zones is often not feasible. On the other hand,
queue discharge flow rates can easily be measured by using video cameras or
other data collection tools. Therefore, to arrive at an estimate of prebreakdown
work zone capacity, models to predict queue discharge rate as a function of work
zone configurations and other prevailing conditions are presented. The queue
discharge rate is then converted back to the corresponding prebreakdown flow
rate by using a conversion ratio.

The work zone queue discharge rate is defined as follows:

The average flow rate immediately downstream of an active bottleneck
(following breakdown) measured over a 15-min sampling interval while there is
active queuing upstream of the bottleneck.

Equation 10-8 gives a predictive model for freeway work zone queue
discharge rate as a function of the work zone configuration and other prevailing
conditions:

QDRy, = 2,093 — 154 X LCSI — 194 X fg, — 179 X far + 9 X foar — 59 X fou
where QDR is the average 15-min queue discharge rate (pc/h/In) at the work
zone bottleneck.

As expected, the work zone queue discharge rate is lower at higher LCSI

values, when soft barriers are present, in rural areas, with smaller lateral
clearances, and at night.

The prebreakdown capacity for work zones can be estimated from the queue
discharge flow rate, which is expected to be lower than the prebreakdown flow
rate. Equation 10-9 is used to determine the prebreakdown capacity:

QDR,,;

Gy =S————
Wz lnn e awz

where ¢,. is the work zone capacity (prebreakdown flow rate) (pe/h/ln), a,. is the

* 100

percentage drop in prebreakdown capacity at the work zone due to queuing
conditions (%), and QDR is as defined above,

Research shows an average queue discharge drop of 7% in non-work zone
conditions (7) and an average value of 13.4% in freeway work zones (4). The
underlying research measured prebreakdown capacities as well as queue
discharge rates to estimate the magnitude of a,... When there is little local

information available on a,,., these values can be used as defaults.

The calculated work zone capacity should not be greater than the non-work
zone capacity, and the result of Equation 10-9 should be capped as necessary.

Equation 10-8

Equation 10-9
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Work Zone Free-Flow Speed Model
A model for work zone free-flow speed has been developed through work

zone observations during low-flow conditions. The model should only be used if
no local estimates of FFS are available.

Equation 10-10 predicts FFS in freeway work zones on the basis of work zone
configurations and other prevailing conditions:

Equation 10-10 FFS,; =9.95+ 3349 X fo. + 0.53 x SL,,;, — 5.60 x LCSI — 3.84 X f5, — 1.71
X foy — 8.7 X TRD

where FFS_, is the work zone free-flow speed (mi/h) and all other variables are as
defined previously.
The work zone FFS decreases as the LCSI increases, when soft barriers are

used, at night, and as the ramp density increases. Higher work zone speed limits
and higher speed ratios result in higher work zone FFS.

The calculated work zone FFS should not be greater than the non-work zone
FFS, and the result of Equation 10-10 should be capped as needed.

Work Zone Speed-Flow Modef

Changes in work zone prebreakdown capacity and work zone FFS influence
the overall shape of the speed—flow model in the freeway segments affected by
the work zone. Work zone FFS is determined with Equation 10-10, while work
zone capacity is determined with Equation 10-8 and Equation 10-9.

Adjustment factors for capacity and FFS are used to reflect the effect of the
work zone on speeds and flows. Equation 10-11 is used to determine the work
zone capacity adjustment factor.

= C,
Equation 10-11 CAF,, = _E_z_

CAF,. = capacity adjustment factor for a work zone (decimal),

¢ = basic freeway segment capacity in non-work zone conditions (pc/h/In),
and

.. = work zone capacity (prebreakdown flow rate) (pc/h/In).

Similarly, Equation 10-12 is used to determine the speed adjustment factor
for work zone conditions:

FFS,
Equation 10-12 SAE,, = FF;Z
where
SAF,. = free-flow speed adjustment factor for work zone (decimal),
FF5 = freeway free-flow speed in non-work zone conditions (mi/h), and

FFS,. = work zone free-flow speed (mifh).

The calculated capacity and speed adjustment factors are inputs to the
generic basic segment speed-flow relationship described in Chapter 12, Basic
Freeway and Multilane Highway Segments (see Exhibit 12-6).
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CAFs and SAFs for work zones should never be greater than 1.0, and the
results of Equation 10-11 and Equation 10-12 should be capped at 1.0 accordingly.

Adjustments for Other Segment Types

The queue discharge rate model described above applies to basic freeway
segments. Its estimates should be adjusted further for special freeway work zone
configurations, such as merge segments, diverge segments, weaving segments,
and work zones with directional crossovers. The relationships presented in this
section were derived from field-calibrated microsimulation models for the
special work zone configurations.

Mo data were available for the impacts of these configurations on FFS, so
these estimates should be used only when local data are not available. One
exception is the FF5 for a directional crossover, which should be estimated on the
basis of the crossover’s geometric design and is subsequently used as an input to
the queue discharge rate estimation.

Details on the adjustments for special work zone configurations are provided
in Chapter 25, Freeway Facilities: Supplemental.

Special Work Zone Considerations

Other special considerations apply to work zones with small lateral
clearances, significant heavy vehicle presence, or steep grades. These impacts are
discussed below.

Minimum Lateral Distance

Observations have shown that work zones with minimum lateral clearances
can have capacity and free-flow speeds well below the estimates given by the
above models. One such example is shown in Exhibit 10-16. As seen in the
exhibit, lateral clearances on both sides of the road are minimal and are

constrained by concrete barriers. As a result, vehicles have limited ability to
maneuver, which reduces capacity and FFS.

Mote: I-5, Los Angeles, California.

Exhibit 10-16
Example of Minimum Lateral
Clearance in Work Zone
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Exhibit 10-17

Freeway Work Zone with One
Open Lane, Trucks, and a
Long Upgrade

Consequently, work zones with minimum lateral clearance on both sides are
expected to have greatly reduced prebreakdown capacities, queue discharge
flows, and free-flow speeds. Analysts should use caution in applying the average
QDR and FFS models under these conditions.

Significant Heavy Vehicle Presence on Steep Grades

The model given previously for work zone queue discharge rate is in units
of passenger cars and therefore incorporates the effects of terrain and heavy
vehicle presence. Headways of heavy vehicles in freeway work zones are
consistent with those on freeway segments without work zones; therefore, no
additional work zone-specific heavy vehicle adjustment factors are provided.

However, special considerations apply when work zones provide only one
open lane, since vehicles have no ability to pass slower heavy vehicles. On steep
upgrades, heavy vehicles may slow to crawl speeds, as discussed in Chapter 12.
In this case, the traffic following these heavy vehicles will also travel at crawl
speed and the work zone capacity will be lower. An example of a freeway work
zone with only one open lane, a high percentage of heavy vehicles, and a
relatively long upgrade is shown in Exhibit 10-17.

Source: Mevada DOT.
Note: 1-80, near Elko, Nevada.

MANAGED LANES ANALYSIS

This section provides a method for analyzing the operational performance of
facilities with one or more managed lanes, as well as their interaction with the
adjacent general purpose lanes. It does not evaluate the capacity of a dynamic
managed lane, which is determined from the pricing algorithms. Similarly, it
does not provide demand predictions or estimate changes in demand as a
function of different pricing strategies. The methodology is largely based on the
results from NCHRT Froject 03-96 (1). Managed lanes may include HOV lanes,
HOT lanes, or express toll lanes.

Extensions to the Methodology
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Four types of managed lane (ML) freeway segments are defined in Chapters
12 through 14: ML nierge and diverge segments, ML weaving segments, ML access
segments, and basic freeway segments.

The analysis procedures for general purpose lanes with adjacent managed
lanes build on the core methodology’s segment classification. In addition, the
lane group concept is introduced to allow analysts to assign separate attributes to
managed and general purpose lanes, while retaining a degree of interaction
between the two facilities. The adjacent lane groups (one general purpose and
one managed) are required to have the same segment length.

The research supporting this chapter found that the composition, FFS,
capacity, and behavior characteristics of managed lane traffic streams are
different from those of general purpose lanes. In addition, interaction effects
between the two lane groups were observed, especially in cases where no
physical barrier separated the managed and general purpose lanes.

Spatial and Temporal Limits

Similar to the freeway facility core methodology analysis, the managed lane
methodology is limited to 15-min analysis periods as the smallest time unit. The
spatial and temporal limits are consistent with the core methodology.

Limitations of the Methodology
The managed lane analysis methodology has the following limitations:

1. The methodology cannot address the interaction of merge and diverge
maneuvers occurring at the start and end of the managed lane facility
within the spatial limits of the analysis.

2. The impact of variations in the design of the start and end access points of
the managed lane facilities and the operational impacts from variations in
the design of the termini are not considered.

3. The methodology does not involve demand estimation, especially
demand dynamics due to a pricing component that may be in effect on
the managed lane facility. Demand is considered to be a time-dependent
input to the method.

4. Managed and general purpose lanes must be jointly assigned in a feasible
lane group. Adjacent managed lane and general purpose segments are
required to have identical lengths and separation type. When a managed
lane is added to an analysis, the general purpose lane segmentation may
change.

o

. Queue interactions between general purpose and managed lanes on the
access segments are not explicitly considered in this methodology.
However, the methodology will account for the delay caused by the
presence of queues on access segments.

6. Multiple overlapping breakdowns or bottlenecks on either the general
purpose or the managed lanes are not analyzed and cannot be fully
evaluated by the managed lane methodology. Alternative tools may be
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more appropriate for specific applications beyond the capabilities of the
methodology.

7. Spatial, temporal, modal, and total demand responses to traffic
management strategies are not automatically incorporated into the
managed lane methodology. On viewing the facility traffic performance
results, the analyst can modify the input demand manually to analyze the
effect of user-demand responses and traffic growth. The accuracy of the
results depends on the accuracy of the estimated user-demand responses.

8. The results should be viewed cautiously if the d/c ratio is greater than 1.00
for one or more freeway segments during the first or last analysis period
or for the first freeway segment in any analysis period.

9. The method does not address conditions in which managed lane off-ramp
capacity limitations result in queues that extend onto the managed lanes
or affect the behavior of managed lane off-ramp vehicles.

In addition, all limitations of the core methodology apply equally to the
managed lane extensions. Because this chapter’s methodology incorporates the
methodologies for basic, weaving, merging, and diverging freeway segments for
both managed and general purpose lanes, the limitations of those procedures
apply here.

Required Data and Sources

For a typical operational analysis, the analyst must specify demand volumes,
roadway geometric information (including number of lanes, lane width, right-
side lateral clearance, and total ramp density), percent heavy vehicles, peak hour
factors, terrain, and capacity and speed calibration factors, similar to what is
required for a general purpose freeway facility analysis. The only difference is
that this information must be specified separately for the managed and general
purpose lane groups. In addition, the type of separation provided between the
managed and general purpose lanes must be specified.

Adjustments to the Base Methodology

Lane Group Concept

To capture the interaction effects between the managed and general purpose
lanes while allowing for varying demand, capacity, and speed inputs, the
concept of lane groups is introduced for freeway facilities with managed lanes. By
adopting the lane group concept, an analyst can define separate attributes for
parallel managed lane and general purpose facilities while retaining the ability to
model the interaction between the two facilities.

Each segment of a freeway facility is represented as having either one or two
lane groups, depending on whether a concurrent managed lane segment is
present. Input variables such as geometric characteristics (e.g., number of lanes),
traffic performance attributes (e.g., FFS, capacity), and traffic demands must be
entered separately for each lane group. The methodology is then applied to
assess the operational performance of each lane group, with consideration given
to the empirically derived interaction effects between the two lane groups.
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The following principles apply:

* A freeway general purpose segment with a parallel managed lane
segment is considered as two adjacent lane groups.

¢ Adjacent lane groups (one general purpose and one managed lane
segment) must have identical segment lengths.

¢ Adjacent lane groups can be of different segment types. For example, a
basic managed lane segment may be concurrent with a general purpose
diverge segment (see Exhibit 10-18 illustrating this case).

e Adjacent lane groups may have different geometric characteristics,
including number of lanes, lane widths, and shoulder clearance.

¢ Adjacent lane groups may have unique operational attributes, including
FFS, segment capacity, or various capacity- or speed-reducing factors.

* Adjacent lane groups may have unique traffic demand parameters, which
are entered by the user and obtained through an external process. This
chapter’s operational methodology does not predict the split in demand
between the managed and general purpose lanes.

* The operational performance of adjacent managed and general purpose
lane groups is interdependent, in that congestion in one lane group may
have a frictional effect on operations in the adjacent lane group. This
frictional effect was empirically derived, can be user-calibrated, and is
sensitive to the type of physical separation between lane groups (i.e.,
striping, buffer, barrier).

Owersaturated managed lane facilities are relatively rare in practice, since
one of the underlying principles for managed lane operations (especially for
tolled facilities) is to ensure that managed lane traffic density is below the critical
density even in peak periods, which in turn guarantees satisfactory service to
managed lane customers. However, congestion on managed and general
purpose lanes can and should be considered by the method, because many
facilities operate during peak periods, and especially in view of nonrecurring
congestion effects (e.g., weather, incidents). Chapter 25 provides details on
evaluating oversaturated managed and general purpose lanes.

Segmentation Considerations

To preserve the lane group concept, the segmentation is performed slightly
differently from that for a freeway facility consisting onlv of general purpose
lanes. An example is illustrated in Exhibit 10-18. In the absence of a parallel
managed lane facility, the general purpose segment in the exhibit would be
treated as one four-lane weaving segment with adjacent basic segments.
However, because segmentation also needs to consider the managed lane
segment types, and because adjacent lane groups need to be of equal length, the
segmentation of the general purpose lane group is as follows: merge (Segment 1),
basic (Segment 2), and diverge (Segment 3). The corresponding managed lane
segments are categorized as ML diverge, ML basic, and ML basic, respectively.
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Exhibit 10-18

Graphical Illustration of the
Managed Lane Segmentation
Method

Exhibit 10-19
Cross-Weave Movement
Associated with Managed
Lane Access and Egress
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This example illustrates that the analyst may need to make compromises in
the segmentation process when a general purpose lane with an adjacent managed
lane is analyzed. In this case, evaluation of the general purpose lanes in isolation
is also recommended to explore whether their performance changes significantly
in moving from one (long) weaving segment to three separate segments. If
substantial differences exist, the analyst should use capacity and speed
adjustment factors (CAFs and SAFs) to calibrate the performance of these three
segments and match the results to those of a general purpose-only analysis.

Cross-Weave Friction Effect

Where managed lanes have intermittent at-grade access from the general
purpose lanes, a cross-weave movement may be created as vehicles entering the
general purpose facility have to cross multiple lanes to reach the ML access
segment. The ML access segment, in turn, is analyzed as a weaving segment to
capture its friction. However, the cross-weave friction factor is applied to the
general purpose segment(s) upstream of the actual access point. Exhibit 10-19
illustrates this cross-weave situation.

&

"!-C'H""ﬂ’lix

Mote: ML = managed lane, GP = general purpase.

Exhibit 10-19 illustrates a freeway facility consisting of a managed lane and
three general purpose lanes. Where a general purpose merge is near an ML
access segment, on-ramp vehicles destined for the managed lane must cross all of
the general purpose freeway lanes in the distance L. ;.. The cross-weave
demand can cause a reduction in the capacity of the general purpose lanes,
which must be considered. While not shown, the same effect exists when an off-
ramp is near the ML access segment, with the distance L, measured from the

end of the access segment to the off-ramp junction point.
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This effect is different from the weaving turbulence that occurs within the
ML access segment, as vehicles entering and exiting from the managed lane cross
paths within the distance L. ... — L pis-

In estimating general purpose segment capacity, the cross-weave adjustment
should be taken into account to quantify the reduction in general purpose
segment capacity as a result of significant managed lane cross-weave flows. The
adjustment should be applied where there is intermittent access to the managed
lane over an access segment. A comprehensive methodology is provided in
Chapter 13, Freeway Weaving Segments, to account for cross-weave capacity
reduction on the general purpose lanes.

Adjacent Friction Effect

The adjacent friction effect applies when the general purpose lane group
operates at densities above a specified threshold. Research has shown that
managed lane operations are affected by these high general purpose lane
densities in cases where no physical separation exists between the two facilities.
For physically separated managed lanes, no adjacent friction effect applies.

For managed lanes without physical separation, a friction-constrained speed
prediction model is used to estimate managed lane speeds. When the general
purpose lanes operate below the specified density threshold, the non-friction-
based speed prediction model is used. This factor is applied to both Continuous
Access and Buffer 1 basic managed lane segments. Additional discussion of this
effect is provided in Chapter 12.

Computational Steps

The computational steps for a managed lane analysis are largely consistent
with the analysis of general purpose lanes. Several additional steps apply, which
were highlighted in Exhibit 10-8 and described in Section 3. Specifically, the four
unique computational steps for the managed lane extension are as follows:

¢ Step A-9: Managed Lane Cross-Weave Adjustment,

e Step A-13: Apply Managed Lane Adjacent Friction Factor,

¢ Step A-14: Compute Lane Group Performance, and

e Step A-17: Estimate LOS and Report Performance Measures for Lane
Groups and Facility.

Of these four steps, only the first has to be applied manually by the analyst.
The other three are performed automatically by a computational engine.

ACTIVE TRAFFIC AND DEMAND MANAGEMENT

The evaluation of ATDM strategies is described in detail in Chapter 11,
Freeway Reliability Analysis. In that chapter, the effects of ATDM strategies such
as ramp metering and hard-shoulder running are described in the context of a
whole-year reliability analysis that covers a range of conditions. Chapter 11s
methodology is the recommended way for evaluating ATDM strategies as part of
a whole-year analysis.
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However, an analyst may also be interested in evaluating the effects of a
specific ATDM strategy on a single “representative” day (study period). Similar
to the 1-day work zone analysis extension discussed above, a single study period
ATDM analysis may provide insights into the relative effects of various
strategies, such as when ATDM investments are compared with geometric
improvements on the facility.

Chapter 37, ATDM: Supplemental, provides an overview of different ATDM
strategies and guidance on their expected effects on facility performance. The
analyst may use the available calibration metrics for freeway facilities, including
capacity, speed, and demand adjustment factors (CAFs, SAFs, and DAFs) to
estimate the effects of those strategies on the facility. The following list provides
examples of other types of strategy assessments that can be performed by using
this chapter’s methodology:

1. A growth factor effect can be added to evaluate traffic performance
when traffic demands are higher or lower than the demand calculated
from the traffic counts. This parameter would be used to undertake a
sensitivity analysis of the effect of demand on freeway performance and
to evaluate future scenarios. In these cases, all cell demand estimates are
multiplied by the growth factor parameter.

2. The effect of a predetermined ramp-metering plan can be evaluated by
modifying the ramp roadway capacities. The capacity of each entrance
ramp in each time interval is changed to the desired metering rate. This
feature permits evaluation of a predetermined ramp-metering plan and
experimentation to obtain an improved ramp-metering plan.

3. Freeway design improvements can be evaluated with this methodology
by modifying the design features of any portion of the freeway facility.
For example, the effect of adding an auxiliary lane at a critical location or
of adding merging or diverging lanes can be assessed.

4. Reduced-capacity situations can be investigated. The capacity in any cell
or cells of the time-space domain can be reduced to represent situations
such as construction and maintenance activities, adverse weather, and
traffic accidents and vehicle breakdowns.

5. User-demand responses, such as spatial, temporal, modal, and total
demand responses caused by a traffic management strategy, are not
automatically incorporated into the methodology. On viewing the new
freeway traffic performance results, the user can modify the demand
input manually to evaluate the effect of anticipated demand responses.
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5. APPLICATIONS

Specific computational steps for the freeway facility methodology were
conceptually discussed and presented in this chapter's methodology section.
Computational details are provided in Chapter 25, Freeway Facilities:
Supplemental.

This chapter’s methodology is sufficiently complex to require the use of
software for its application. Even for fully undersaturated analyses, the number
and complexity of computations make manual analysis of a case difficult and
extremely time-consuming. Oversaturated analyses are considerably more
complex, and manual solutions are impractical. A computational engine and
accompanying user’s guide are available in Volume 4 for research purposes but
should not be used for commercial applications.

EXAMPLE PROBLEMS

Chapter 25, Freeway Facilities: Supplemental, provides six example
problems that illustrate the steps in applying the core methodology to a freeway
facility under a variety of conditions. Other examples illustrate the work zone
and managed lane extensions, as well as the freeway facility planning
methodology. Exhibit 10-20 shows the list of example problems.

| Example Exhibit 10-20

Problem Description Application List of Example Problems
1 Evaluation of an undersaturated facility Operational analysis
2 Evaluation of an oversaturated facility Operational analysis
3 Capacity improvements to an oversaturated facility Operational analysis
4 Evaluation of an undersaturated facility with work zone Operational analysis
5 Evaluation of an oversaturated facility with managed lanes Operational analysis
& Planning-level evaluation of a freeway facility Planning analysis

RELATED CONTENT IN THE HCMAG

The Highway Capacity Manual Applications Guide (HCMAG), accessible
through the online HCM Volume 4, provides guidance on applying the HCM for
freeway facility analyses. Case Study 4 goes through the process of identifying
the goals, objectives, and analysis tools for investigating LOS on New York State
Route 7, a 3-mi route north of Albany. The case study applies the analysis tools to
assess the performance of the route, to identify areas that are deficient, and to
investigate alternatives for correcting the deficiencies.

This case study includes the following problems related to basic freeway
ﬁegments:

1. Problem 4: Analysis of a freeway facility
Subproblem 4a: Separation of Alternate Route 7 for HCM analysis
b. Subproblem 4b: Study of off-peak periods

¢. Subproblem 4c: What is the operational performance of Alternate
Route 7 during the peak period?
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Exhibit 10-21
Facility Travel Time Sensitivity
to Free-Flow Speed

Although the HCMAG was based on the HCM2000's procedures and
chapter organization, the general thought process described in its case studies
continues to be applicable to current HCM methods.

EXAMPLE RESULTS

This section presents the results of applying this chapter’s methodology in
typical situations. Analysts can use the illustrative results presented in this
section to observe the sensitivity of output performance measures to various
inputs, as well as to help evaluate whether their results are reasonable. The
exhibits in this section are not intended to substitute for an actual analysis and
are deliberately provided in a format large enough to depict general trends in the
results but not large enough to pull out specific results.

Total travel time on a freeway facility is sensitive to a number of input
variables, including the prevailing FF5, demand levels, segment capacity,
percentage drop in queue discharge rate, and demand-to-capacity ratio. Exhibit
10-21 illustrates the resulting facility-level travel time for values of FFS ranging
from 55 to 75 mi/h for an example 6-mi-long facility (Example Problem 1 in
Chapter 25). As apparent from the exhibit, an increase in the freeway facility FFS
yields a reduction in the travel time. This result is due to the close association
between capacity and FFS, with higher FFS values generating higher capacities
and consequently lower travel times.
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Demand levels and the capacities of different segments along a freeway
facility also influence total travel time. An overall increase in the demand level is
expected to increase facility travel time, while an overall increase in segment
capacity is expected to reduce travel time. Furthermore, an overall increase in the
demand-to-capacity ratio is expected to increase travel time.

Exhibit 10-22 illustrates facility travel time sensitivity to changes in the
demand-to-capacity ratio of the critical segment of a freeway facility. Specifically,
the demand-to-capacity ratio is increased from 0.65 to as high as 1.4 on the last
segment of Example Problem 1 in Chapter 25.
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Exhibit 10-22

Facility Travel Time Sensitivity
to dyc Ratio on Critical
Segment
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As apparent from the exhibit, increasing the demand-to-capacity ratio results
in a gradual increase in facility travel time in undersaturated conditions;
however, when demand exceeds the capacity (dfc > 1.0), travel time increases at a
higher rate with an increase in the demand-to-capacity ratio.

A change in the percentage drop in capacity, modeling the effect of
postbreakdown queue discharge rate, is also expected to influence travel time on
a freeway facility. A larger drop in the queue discharge rate yields a longer travel
time across the facility, as shown in Exhibit 10-23. Example Problem 2 in Chapter
25 was used to generate this exhibit. This result occurs because higher capacity
drops mean that when oversaturation occurs, queues will build up faster and
recover more slowly as the queue discharge rate is lowered.

Exhibit 10-23
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PLANNING, PRELIMINARY ENGINEERING, AND DESIGN ANALYSIS

The operational methodology for freeway facilities cannot be readily adapted
to planning, preliminary engineering, and design applications because of the
amount of data required and the method’s computational complexity. However,
a separate planning methodology is available for evaluating a freeway facility in
a planning context. The methodology is based on national research (11) and is
calibrated to approximate the results of an operational analysis, but with reduced
input needs and computational burden. The method is introduced below and
described in more detail in Chapter 25: Freeway Facilities: Supplemental.

Service Volume Tables

The service volume tables provided in Chapter 12 for basic freeway
segments can be used to obtain a quick planning-level estimate of the service
volumes that can be supported on a freeway. These tables may be applied for
general evaluations of a number of freeway facilities in a specified region. They
should not be used for directly evaluating a specific freeway facility or for
developing detailed facility improvement plans. A full operational analysis
would normally be applied to any freeway facility identified as potentially
needing improvement, with the planning methodology providing an alternative
with reduced data input needs and computational time.

Segment-Based Planning Applications

The segment procedures described in Chapters 12, 13, and 14 can also be
used in preliminary engineering and design applications of the methodology.
Various geometric scenarios can be evaluated and compared by using a travel
demand matrix and applying the facility methodology to each scenario’s
segment results.

Freeway Facility Planning Method

For planning applications, a simplified planning-level methodology may be
desirable (11). The approach is based on and compatible with this chapter’s
operational methodology, but the planning method is specifically constructed to
minimize input data requirements. The planning method covers both
undersaturated and oversaturated flow conditions and produces estimates of
travel time, speed, density, and level of service. The method is based on the use
of sections rather than segments, with a section being defined as the distance
between two ramp gore points. Section breaks also occur when lanes are added
or dropped. The underlying methodology relies on developing a relationship
between the delay rate per unit distance on a basic freeway segment and the
segment’s demand-to-capacity ratio.

For weaving sections, the method applies capacity adjustment factors on the
basis of the volume ratio and segment length. With these factors, a weaving
section’s demand-to-capacity ratio is adjusted and the segment is then treated
similarly to a basic freeway segment.

For ramp sections with merge or diverge segments, or both, the methodology
estimates the segment capacity on the basis of the demand level, free-flow speed,
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and space mean speed. Capacity adjustment factors are then calculated for these
sections, and their demand-to-capacity ratios are adjusted accordingly.

The methodology first estimates demand-to-capacity ratios for each section.
In oversaturated conditions, the number of vehicles queued on a section in one
analysis period is added to its demand in the next analysis period, and demand-
to-capacity ratios are adjusted accordingly.

The freeway facility planning method is discussed in detail in Chapter 25,
Freeway Facilities: Supplemental.

USE OF ALTERNATIVE TOOLS

General guidance for the use of alternative traffic analysis tools for capacity

and LOS analysis is provided in Chapter 6, HCM and Alternative Analysis Tools.

This section contains specific guidance for applying alternative tools to the
analysis of freeway facilities. Additional information on this topic may be found
in Chapter 25, Freeway Facilities: Supplemental.

Strengths of the HCM Procedure Compared with Alternative Tools

This chapter’s procedures were based on extensive research supported by a
significant quantity of field data. They have evolved over a number of years and
represent a consensus of experts, Specific strengths of the HCM freeway facilities
procedures include the following;

* They provide more detailed algorithms for considering geometric
elements of the facility (such as lane and shoulder width).

» They provide capacity estimates for each segment of the facility, which
simulation tools do not provide directly (and in some cases may require
as an input).

» The capacity can be explicitly adjusted to account for weather conditions,
lighting conditions, work zone setup and activity, and incidents.

» The calculation of key performance measures, such as speed and density,
is transparent. Simulation tools often use statistics accumulated over the
simulation period to derive various link- or time-period-specific results,
and the derivation of these results may not be obvious. Thus, the user of a
simulation tool must know exactly which measure is being reported (e.g.,
space mean speed versus time mean speed). Furthermore, simulation
tools may apply these measures in ways different from the HCM to arrive
at other measures.

Limitations of the HCM Procedures That Might Be Addressed with
Alternative Tools

Freeway facilities can be analyzed with a variety of stochastic and
deterministic simulation tools. These tools can be useful in analyzing the extent
of congestion when there are failures within the simulated facility range and
when interaction with other freeway segments and other facilities is present.

Exhibit 10-24 provides a list of the limitations stated earlier in this chapter,
along with their potential for improved treatment by alternative tools.
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Exhibit 10-24
Limitations of the HCM
Freeway Facilities Analysis
Procedure

Limitation

Potential for Improved Treatment
with Alternative Tools

Changes in travel time caused by
vehicles using alternate routes

Modeled explicitly by dynamic traffic assignment tools

Multiple overlapping bottlenecks

Modeled explicitly by simulation tools

User-demand responses (spatial,

Modeled explicitly by dynamic traffic assignment tools

temporal, modal)
Systemwide oversaturated flow
conditions

First/last time interval or first/last
segment demand-to-capacity
ratio > 1.0

Interaction between managed
lanes and mixed-flow lanes

Modeled explicitly by simulation tools

Modeled explicitly by simulation tools, except that a
simulation analysis may also be inaccurate if it does not fully
account for a downstream bottleneck that causes
congestion in the last segment during the last time period

Modeled explicitly by some simulation tools

Additional Features and Performance Measures Available from
Alternative Tools

This chapter provides a methodology for estimating the following
performance measures for individual segments along a freeway facility and for
the entire facility, given each segment’s traffic demand and characteristics:

* Travel time,

o Free-flow travel time,

e Traffic delay,

» Vehicle miles of travel,
» Person miles of travel,
s Speed, and

» Density (segment only).

Alternative tools can offer additional performance measures, such as queue
lengths, fuel consumption, vehicle emissions, operating costs, and vehicle
acceleration and deceleration rates. As with other procedural chapters in the
HCM, simulation outputs—especially graphics-based outputs—may provide
details on point problems that might go unnoticed with a macroscopic analysis.

Development of HCM-Compatible Performance Measures Using
Alternative Tools

LOS for all types of freeway segments is estimated by the density of traffic
(pc/mi/ln) on each segment. The guidance provided in Chapter 11, Basic Freeway
Segments, for developing compatible density estimates applies to freeway
facilities as well.

With the exception of free-flow travel time, the additional performance
measures listed above that are produced by the procedures in this chapter are
also produced by typical simulation tools. For the most part, the definitions are
compatible, and, subject to the precautions and calibration requirements that
follow, the performance measures from alternative tools may be considered
equivalent to those produced by the procedures in this chapter.
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Conceptual Differences Between the HCM and Simulation Modeling
That Preclude Direct Comparison of Results

To determine when simulation of a freeway facility may be more appropriate
than an HCM analysis, the fundamental differences between the two approaches
must be understood. The HCM and simulation analysis approaches are reviewed
in the following subsections.

HCM Approach

The HCM analysis procedure uses one of two approaches—one for
undersaturated conditions and one for oversaturated conditions. For the
former—that is, v,/c is less than 1.0 for all segments and analysis time periods—
the approach is generally disaggregate. In other words, the facility is subdivided
into segments corresponding to basic freeway, weaving, and merge or diverge
segments, and the LOS results are reported for individual segments on the basis
of the analysis procedures of Chapters 12-14. LOS results are aggregated for the
facility as a whole in each analysis period.

For oversaturated conditions, the facility is analyzed in a different manner.
First, the facility is considered in its entirety rather than at the individual
segment level. Second, the analysis time interval, typically 15 min, is subdivided
into time steps of 15 s. This approach is necessary so that flows can be reduced to
capacity levels at bottleneck locations and queues can be tracked in space and
time. The average density of an oversaturated segment is calculated by dividing
the average number of vehicles in the segment across these time steps by the
segment length. The average segment speed is calculated by dividing the average
segment flow rate by the average segment density. Facilitywide performance
measures are calculated by aggregating segment performance measures across
space and time, as outlined in Chapter 25. A LOS for the facility is assigned on
the basis of density for each time interval.

When the oversaturation analysis procedure is applied, if any segment is
undersaturated for an entire time interval, its performance measures are
calculated according to the appropriate procedure in Chapters 12-14.

Simulation Approach

Simulation tools model the facility in its entirety and from that perspective
have some similarity to the oversaturated analysis approach of the HCM.
Microscopic simulation tools operate similarly under saturated and
undersaturated conditions. They track each vehicle through time and space and
generally handle the accumulation and queuing of vehicles in saturated
conditions in a realistic manner. Macroscopic simulation tools vary in their
treatment of saturated conditions. Some tools do not handle oversaturated
conditions at all; others may queue vehicles in the vertical rather than the
horizontal dimension. These tools may still provide reasonably accurate results
under slightly oversaturated conditions, but the results will clearly be invalid for
heavily congested conditions.

The treatment of oversaturated conditions is a fundamental issue that must
be understood in considering whether to apply simulation in lieu of the HCM for
analysis of congested conditions. A review of simulation modeling approaches is
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beyond the scope of this document. More detailed information on the topic may
be found in the Technical Reference Library in Volume 4.

Adjustment of Simulation Parameters to the HCM Results

Some calibration is generally required before an alternative tool can be used
effectively to supplement or replace the HCM procedure. The following
subsections discuss key variables that should be checked for consistency with the
HCM procedure values.

Capacity

In the HCM, prebreakdown capacity is a function of the specified or
computed free-flow speed (which can be adjusted by lane width, shoulder width,
and ramp density) and of capacity adjustment factors that account for local
conditions, driver population effects, weather, incidents, and work zones. In a
simulation tool, capacity is typically a function of the specified minimum vehicle
entry headway (into the facility) and car-following parameters (if the discussion
pertains to microscopic simulation).

In macroscopic simulation tools, capacity is generally an input. For this
situation, matching the simulation capacity to the HCM capacity is
straightforward. However, microscopic simulation tools do not have an explicit
capacity input. Most microscopic tools provide an inpuf that affects the minimum
separation for the generation of vehicles into the system. Specifying a value of
1.5 s for this input will result in a maximum vehicle entry rate of 2,400 (3,600/1.5)
veh/h/In. Once vehicles enter the system, vehicle headways are governed by the
car-following and gap acceptance models. In view of other factors and model
constraints, the maximum throughput on any one segment may not reach this
value. Consequently, some experimenting is usually necessary to find the right
minimum entry separation value to achieve a capacity value comparable with
that in the HCM. Again, the analyst needs to be mindful of the units being used
for capacity in making comparisons.

The other issue to be aware of is that, while geometric factors such as lane
and shoulder width affect the free-flow speed (which in turn affects capacity) in
the HCM procedure, some simulation tools do not account for these effects, or
they may account for other factors, such as horizontal curvature, that the HCM
procedure does not consider.

Lane Distribution

In the HCM procedure, there is an implicit assumption that, for any given
vehicle demand, the vehicles are evenly distributed across all lanes of a basic
freeway segment. For merge and diverge segments, the HCM procedure includes
calculations to determine how vehicles are distributed across lanes as a result of
merging or diverging movements. For weaving segments, there is not an explicit
determination of flow rates in particular lanes, but consideration of weaving and
nonweaving flows and the number of lanes available for each is an essential
element of the analysis procedure.

In simulation tools, the distribution of vehicles across lanes is typically
specified only for the entry point of the network. Once vehicles have entered the
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network, they are distributed across lanes according to car-following and lane-
changing logic. This input value should reflect field data if they are available. If
field data indicate an imbalance of flows across lanes, a difference between the
HCM and simulation results may ensue. If field data are not available, specifying
an even distribution of traffic across all lanes is probably reasonable for networks
that begin with a long basic segment. If there is a ramp junction within a short
distance downstream of the entry point of the network, setting the lane
distribution values to be consistent with those from Chapter 14 of the HCM will
likely yield more consistent results.

Traffic Stream Composition

The HCM deals with the presence of non—passenger car vehicles in the traffic
stream by applying passenger car equivalent values. These values are based on
the percentage of single-unit trucks, buses, and tractor-trailers in the traffic
stream, as well as the type of terrain (grade profile and its length). The values
also depend on the relative heavy vehicle fleet mix between single-unit trucks
(including buses and recreational vehicles) and tractor-trailer trucks. Thus, the
traffic stream is converted into some equivalent number of passenger cars only,
and the analysis results are based on flow rates in these units.

Simulation tools deal with the traffic stream composition just as it is
specified; that is, the specific percentages of each vehicle type are generated and
moved through the system according to their specific vehicle attributes (e.g.,
acceleration and deceleration capabilities). Thus, simulation, particularly
microscopic simulation, results likely better reflect the effects of non-passenger
car vehicles on the traffic stream. Although in some instances the HCM's
passenger car equivalent values were developed from simulation data,
simplifying assumptions made to implement them in an analytical procedure
result in some loss of fidelity in the treatment of different vehicle types.

In addition, HCM procedures do not explicitly account for differences in
driver types. Microscopic simulation tools explicitly provide for a range of driver
types and allow a number of factors related to driver type to be modified (e.g.,
FFS, gap acceptance threshold). However, the empirical data supporting some
HCM procedures include the effects of the various driver types present in traffic
streams.

Free-Flow Speed

In the HCM, FF5 is either measured in the field or estimated with calibrated
predictive algorithms. In simulation, FFS is almost always an input value. Where
field measurements are not available, simulation users may wish to use the HCM
predictive algorithms to estimate FF5.

Step-by-Step Recommendations for Applying Alternative Tools

General guidance for applying alternative tools is provided in Chapter 6,
HCM and Alternative Analysis Tools. The chapters that cover specific types of
freeway segments offer more detailed step-by-step guidance specific to those
segments. All the segment-specific guidance applies to freeway facilities, which
are configured as combinations of different segments.

In the case of stochastic-based
simulators, the generated
vehicle type percentages may
only approximate the specified
percentages.
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The first step is to determine whether the facility can be analyzed
satisfactorily by the procedures described in this chapter. If the facility contains
geometric or operational elements beyond the scope of these procedures, an
alternative tool should be selected. The steps involved in the application will
depend on the reason(s) for choosing an alternative tool. In some cases, the step-
by-step segment guidance will cover the situation adequately. In more complex
cases (e.g., those involving integrated analysis of a freeway corridor), more
comprehensive guidance from one or more documents in the Technical
Reference Library in Volume 4 may be needed.

Sample Calculations Illustrating Alternative Tool Applications

The limitations of this chapter’s procedures are mainly related to the lack of a
comprehensive treatment of the interaction between segments and facilities and
between facilities, for example a freeway and parallel surface street arterial
forming a corridor. Many of these limitations can be addressed by simulation
tools, which generally take a more integrated approach to the analysis of
complex networks of freeways, ramps, and surface street facilities. Supplemental
examples illustrating interactions between segments are presented in Chapter 26,
Freeway and Highway Segments: Supplemental, and Chapter 34, Interchange
Ramp Terminals: Supplemental. A comprehensive example of the application of
simulation tools to a major freeway reconstruction project is presented as Case
Study 6 in the HCM Applications Guide located in Volume 4,
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1. INTRODUCTION

OVERVIEW

This chapter provides a methodology for evaluating a freeway’s travel time
reliability over a multiday or multimonth reliability reporting period (RRP). The
methodology estimates the impacts of recurring and nonrecurring congestion
(i.e., demand variations and fluctuations, incidents, weather, work zones, and
special events) on the travel time distribution over the course of the RRP. The
methodology can be extended to estimate the impacts of active traffic and
demand management (ATDM) strategies on the travel time distribution.

The methodology relies on the freeway facilities core methodology presented
in Chapter 10, which in turn applies the freeway segment methodologies in
Chapters 12, 13, and 14. The freeway facilities core methodology focuses the
analysis on a single day or less, while the segment methodologies are limited to
the analysis of one 15-min period. In contrast, this chapter’s methodology is
capable of applying the core method repeatedly across multiple days, weeks, and
months, up to a 1-year RRP. A 1-year RRP is the most common application,
although shorter periods are possible for specific applications (e.g., reliability of
summer tourist traffic, a focus on the construction season). RRPs longer than 1
year are uncommon, since most typical variations in travel time (day of week,
month of year, weather, and incidents) are encapsulated in a single year.

The methodology is integrated with the FREEVAL-2015E computational
engine, which implements the complex computations involved. This engine was
developed to test the methodology; other software implementations are
available. This chapter discusses the basic principles of the methodology and its
application. Chapter 25, Freeway Facilities: Supplemental, provides a detailed
description of all the algorithms that define the methodology.

CHAPTER ORGANIZATION

Section 2 of this chapter presents the basic concepts of freeway reliability
analysis, including performance measures derived from the travel time
distribution. The section also provides an introduction to scenario generation
concepts and evaluation of ATDM strategies in the context of this chapter.

Section 3 presents the base methodology for evaluating freeway reliability.
The method generates a series of performance measures that can be derived from
the travel time distribution, including various percentile travel time indices and
on-time performance ratings.

Section 4 extends the core method presented in Section 3 to the evaluation of
ATDM strategies in a travel time reliability context.

Section 5 presents guidance on using the results of a freeway facility analysis,
provides example results from the methods, discusses planning-level reliability
analysis, and provides guidance on the use of alternative tools.

VOLUME 2: UNINTERRUPTED FLOW

10. Freeway Facilities Core Methodology

11. Freeway Reliability Analysis

12. Basic Freeway and Multilane Highway
Segments

13. Freeway Weaving Segments

14, Freeway Merge and Diverge
Segments

15. Two-Lane Highways
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RELATED HCM CONTENT

Other Highway Capacity Manual (HCM) content related to this chapter
includes the following:

Chapter 3, Modal Characteristics, where the motorized vehicle
methodology’s Variations in Demand subsection describes typical travel
demand patterns for freeway and multilane highway segments;

Chapter 4, Traffic Operations and Capacity Concepts, which provides
background for the refinements specific to freeway and multilane
highway segments that are presented in this chapter’s Section 2;

Chapter 10, Freeway Facilities Core Methodology, which forms the basis
for this chapter’s computations in a single-day application;

Chapters 12, 13, and 14, which present the segment methodologies for
basic freeway segments, freeway weaving segments, and freeway merge
and diverge segments, respectively;

Chapter 25, Freeway Facilities: Supplemental, which provides the
computational details of this chapter’s methodology, including a
detailed description of the scenario generation procedure;

Chapter 37, ATDM: Supplemental, which provides additional details
and concepts related to ATDM strategy types and their expected
operational impacts; and

Section H, Freeway Analyses, in the Planning and Preliminary Engineering
Applications Guide to the HCM, found in Volume 4, which describes how
to incorporate this chapter’s methods and performance measures into a
planning effort.
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2. CONCEPTS

OVERVIEW

Freeway travel time reliability reflects the distribution of the travel times for
trips traversing an entire freeway facility over an extended period of time,
typically 1 year, during any portion of the day. A 1-year RRP is typical, since it
covers most variation in travel times arising from the factors below. Shorter RRPs
are possible for special circumstances, such as a focus on summer tourist travel
or the work zone construction season.

The travel time distribution is created by the interaction of several factors
that influence facility travel times:

s Recurring variations in demand by hour of day, day of week, and month of
year; within certain limits, these variations are more or less predictable;

e Severe weather (e.g., heavy rain, snow, poor visibility) that reduces
speeds and capacity and may influence demand; this is a nonrecurring
event;

s [ncidents (e.g., crashes, disabled vehicles, debris) that reduce capacity;
these are nonrecurring events;

»  Work zones that reduce capacity and — for longer-duration work
activities —may influence demand; these are nonrecurring events; and

»  Special events that produce temporary intense traffic demands, which
may be managed in part by changes in the facility’s geometry or traffic
control; special events can be scheduled or recurring (e.g., a state fair) or
nonrecurring (e.g., concerts).

As explained in the Travel Time Reliability section of Chapter 4, Traffic
Operations and Capacity Concepts, the underlying distribution of travel times
expresses the variability in travel times that occur on a facility or a trip over the
course of time, as expressed by 50th, 80th, and 95th percentile travel times and
other distribution metrics. The travel time observations in the distribution are the
average facilitywide travel times over a 15-min period, not individual vehicle
travel times.

ATDM for freeways consists of the dynamic and continuous monitoring and
control of traffic operations to improve facility performance. Examples of
freeway ATDM measures are managed lanes, dynamic ramp metering, incident
management, changeable message signs, hard shoulder running, and speed
harmonization (variable speed limits). ATDM strategies are discussed in detail in
Chapter 37, ATDM: Supplemental.

ATDM measures can influence both the nature of demand on the freeway
facility and the ability of the facility to deliver the capacity and quality of service
tailored to serve the demand. Combining reliability and ATDM in this chapter is
natural, since the ATDM toolbox serves to mitigate nonrecurring congestion in a
near-real-time, dynamic response mode.

In a highway capacity analysis context, the effects of both (a) factors affecting
travel time reliability (e.g., weather, incidents) and (b) ATDM strategies are

Travel time reliabilify s
influenced by dermand
variations, wegther, incidents,
work zones, and special
events.

ATDM consists of the dynamic
and conlinuous momitoring and
control of traffic operations.
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modeled as variations in (or adjustments to) one or more parameters used in a
freeway facilities analysis. These parameters are adjusted during specific time
periods on specific affected freeway segments. These parameters include

¢ Number of mainline lanes open to traffic;

¢ Available capacity per freeway lane that is open to traffic;

e Facility free-flow speed;

¢ On-ramp capacity or throughput;

e Demand flow rates at origin points, destination points, or both;
» Incident frequencies; and

* Incident clearance times.

FREEWAY TRAVEL TIME AND RELIABILITY

Objectives for Reliability Analysis

An important step in any analysis is defining why the analysis is being
performed. Key questions or issues should be defined, performance measures
that help answer those questions identified, and a basis of comparison for
interpreting the analysis results established. Reliability analysis is no different.
The following are examples of potential objectives of a reliability analysis:

¢ Tracking the reliability of a set of freeway facilities in a jurisdiction or
region over an extended period to prioritize operational or physical
strategies intended to improve reliability;

s Diagnosing the primary causes of the reliability problems on a given
facility so that an improvement program can be developed and specific
strategies applied to enhance reliability; and

* Predicting the effects of a particular treatment or improvement strategy on
a facility, including testing the effectiveness and benefit-cost of ATDM
strategies.

fom .-:;m can be used More broadly, travel time reliability analysis can be used to improve the
planning, prioritization, and operation, planning, prioritization, and programming of transportation
programming of transportation improvement projects in the following applications: long-range transportation
plans, transportation improvement programs, corridor plans, major investment

studies, congestion management, operations planning, and demand forecasting.

Reliability analyses can often also be performed by using field data gathered
through the use of sensors and stored in long-term speed and travel time
archives increasingly available to many transportation agencies. The HCM
reliability method can be used to supplement these field sources and is
particularly valuable in evaluating and testing strategies intended to improve
reliability, as discussed in the bullets above. Field data can also be used to
validate the HCM method, but the method described in this chapter is uniquely
suited for evaluating trade-offs and the benefit-cost relationship of different
strategies intended to make a facility more reliable.

Concepts Chapter 11/Freeway Reliability Analysis
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Reliability Methodology Definitions

Conceptually, travel time reliability can be viewed as an extension of the
freeway facilities core methodology presented in Chapter 10. The extension
occurs in the time dimension, by transitioning from a “typical day” or “single
study period” analysis to a reliability dimension, which is an extended-period
analysis covering several days, weeks, months, or a full year. This new
dimension gives rise to the following set of definitions, many of which are
illustrated in Exhibit 11-1:

e Travel time. The time required for a vehicle to travel the full length of the

freeway facility from mainline entry point to mainline exit point without
leaving the facility or stopping for reasons unrelated to traffic conditions.

e Free-flow fravel time. The facility’s length divided by its free-flow speed.

s Travel time index (TTI). The ratio of the actual travel time to the free-flow
travel time. By definition, TTI is always greater than or equal to 1.0. The
TTI's distribution is identical to that of travel time, except that its values
are indexed to the free-flow travel time.

e Percentile travel time index (TTI_). Represents the pp percentile TTI in the
travel time distribution. For example, TTIy; means that this observation
is exceeded only 15% of the time in the travel time distribution.
Common TTI percentiles are TTl, (the median TTI) and TTl; (the 95th
percentile TTT). When pp is omitted, the value often represents the mean
TTI for the distribution, which in this chapter is referred to as TTI,,,..

s Analysis segment. An HCM freeway segment (e.g., basic, merge, diverge,
weaving) as described in Chapters 12 through 14. Each column in
Exhibit 11-1 represents an analysis segment.

-{d Exhibit 11-1
Schematic Representation of
Each cell is one .\.ﬁ" o™ Freeway Reliability Analysis
analysis period of 'Q-?} d&f.\g\ Time—Space Domain
Temporal an analysis segment. oV
Dimension
—19:00 &
- . Reliability
Study | : .
Period Reporting Period
 _15:00 Spatial
; Dimension
S VT
Facility
Source: Zegeer et al. (1.
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A scenario s a8 unigue
combination of traffic demand,
capacity, geometry, and free-
flow speed conditions for 3
given study period,

Analysis period. The time interval evaluated by a single application of an
HCM methodology (15 min for the freeway facilities core methodology).
In Exhibit 11-1, there are 12 such analysis periods for the facility,
represented by the rows in the rectangles. Each cell in a rectangle
represents a single analysis period for a single analysis segment.

Study period. The time interval within a day for which facility
performance is evaluated. It consists of one or more consecutive analysis
periods, represented by the rows in the rectangles in Exhibit 11-1. In this
example, the study period is 3 h long, from 4 to 7 p.m. (i.e., 16:00 to 19:00
hours).

Scenario. A single instance of a study period for the facility, with a
unique combination of traffic demands, capacities, geometries, and free-
flow speeds represented in its analysis periods. Each rectangle in Exhibit
11-1 represents a unique scenario, or in other words 1 day of the year.

Base scenario (seed file). A set of parameters representing the facility’s
calibrated operating conditions during one study period. All other
scenarios are developed by adjusting the base scenario’s inputs to reflect
the effects of varying demand, weather, incidents, work zones, or a
combination occurring in other study periods. When the methodology is
executed by using a computational engine, the base scenario’s
parameters become inputs to the seed file used by the engine.

Reliability reporting period. The specific set of days over which travel time
reliability is computed; for example, all nonholiday weekdays in a year.
The RRP represents the third dimension that extends the freeway
facilities core methodology and is illustrated in Exhibit 11-1 by the series
of rectangles (scenarios).

Travel time distribution. The distribution of average facility travel times

by analysis period across the RRP. Each 15-min analysis period within

each scenario contributes one data point to the travel time distribution.
It is nof the distribution of individual vehicle travel times (or TTIs).

Probability density function (PDF) and cumulative distribution function
(CDF). The PDF gives the number or percent of all observations within a
specified travel time (or TTI) bin. The CDF gives the number or percent
of all observations at or below a specified travel time bin. Exhibit 11-2
illustrates the two types of distributions, with the PDF shown by the
solid line and the CDF by the dashed line. The facility travel times
shown on the x-axis are the midpoints of the various travel bins.
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Travel Time Distribution and Reliability Performance Measures

Exhibit 4-5 in Chapter 4, Traffic Operations and Capacity Concepts, illustrates
how various reliability performance measures can be derived from the CDF of a
travel time distribution. When travel times are measured or predicted over a
long period (e.g., a year), a distribution of travel time emerges. The following are
useful measures for describing (a) travel time or TTI variability or (b) the success
or failure of individual trips in meeting a target travel time or speed:

® TTly (unitless). The 95th percentile TTI is also referred to as the planning
time index (PTI) and is a useful measure for estimating the added time
travelers must budget to ensure an on-time arrival with “failure” limited
to one trip per month. In Exhibit 11-2, the 95th percentile travel time is 45
min, compared with a free-flow travel time of 15 min; thus, TTl:= 3.0
The planning time is the difference between the 95th percentile and free-
flow travel times, or 30 min.

*  TTl, (unitless). Research indicates that this measure is more sensitive to
operational changes than the TTI, (2), which makes it useful for strategy
comparison and prioritization purposes. In Exhibit 11-2, the 80th
percentile travel time is approximately 36 min; thus the 80th percentile
TTlis 36/15=24.

e TTl,and TTI,,,, (unitless). These measures describe the median and
mean of the TTI distribution, respectively. Both can be useful measures,
with the median being less influenced by outliers than the mean.

» Failure or on-time measures (percentage). The percentage of analysis time
periods with space mean speeds above (on time) or below (failure) one or
more target values (e.g., 35, 45, and 50 mi/h). These measures address
how often trips succeed or fail in achieving a desired travel time or speed.

s Reliability rating (percentage). The percentage of vehicle miles traveled
(VMT) on the freeway facility that experiences a TTI less than 1.33. This

Chapter 11/Freeway Reliability Analysis Concepts
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Exhibit 11-3

Derivation of Time-Based
Reliability Performance
Measures from the Travel
Time Distribution

threshold approximates the points beyond which travel times become
much more variable (unreliable).

o Semi-standard deviation (unitless). A one-sided standard deviation, with
the reference point being free-flow travel time (or TTI = 1) instead of the
mean. It reflects the mean variability from free-flow conditions.

e Standard deviation (unitless). The standard statistical measure.

e Misery index (unitless). A measure comparing the average of the worst 5%
of travel times with the free-flow travel time.

The travel time distribution and some of its key performance measures are
illustrated in Exhibit 11-3.
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SCENARIO GENERATION

As the freeway facilities core methodology is expanded from a single study
period (or representative condition) to capture variations in performance across
the RRP, generation of scenarios describing how operations are affected by
combinations of changes in demand, weather, incidents, and scheduled work
zones becomes necessary. These factors are facility-specific. Weather depends on
geographic location, incidents on congestion and incident management levels,
work zone on infrastructure quality, facility demand on characteristics of the
facility’s travel patterns, and so on.

The process of enumerating the various combinations of these factors and
calculating their probability of occurrence is termed freeway scenario generation.
The scenario generation process is described conceptually in this section, and the
step-by-step procedures for implementing freeway scenario generation are
described in Chapter 25, Freeway Facilities: Supplemental.

Concepts
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The calendar creates an important connection between all the factors The efoay Heie i
influencing travel time reliability. Weather is intuitively calendar-based (e.g., all the reliability-affecting

more snow falls in the winter than in the summer), as are traffic demand patterns | factors, such as weather,

to a great extent. Work zones, at least in areas with inclement winter weather, are zOnes,

typically scheduled to avoid extreme weather events. Furthermore, the number
of incidents is likely to be directly correlated with traffic demand and thus

indirectly tied to the calendar.

The mechanism of implementing freeway scenario generation is actually
simple. On the basis of the analyst's input of influential factors (e.g., how facility
demand varies over time, how weather events vary on a monthly basis), the
scenario generation process takes the input events and generates a combination
of scenarios matching those inputs. All scenarios originate with the base scenario
(seed file), whose inputs are manipulated via changes in free-flow speed,
individual segment capacity, lane losses, and (possibly) demand changes to
create a new unique combination of events, or scenario. A high-level schematic of
the freeway scenario generation process is depicted in Exhibit 11-4.

Exhibit 11-4

Schematic of the Freeway
Scenario Generation Process
and Influential Factors

The defanlt number of scenarios generated in this procedure, without
considering weekends, is 240 (the parameter N in Exhibit 11-4). This value was
obtained by creating four replications of each weekday-month demand
combination (5 weekdays * 12 months = 4 replications). Having multiple
replications of the weekday and month combination ensures inclusion of a
sufficiently large sample of weather and incident events in the reliability
analysis. Any stochastic scenario effects (e.g., weather or incidents) will vary
across these four replications. Specific guidance for the number of replications as
a function of the length of the RRP is given in Section 3, but the choice of four
replications roughly corresponds to having each day of the week appear four
times per month (e.g., approximately four Mondays in January). This process
allows the procedure to produce a number of representative scenarios sufficient
to accommodate the variability in all four factors affecting reliability. The analyst

Chapter 11/Freeway Reliability Analysis Concepts
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The scenario generation
process treats some factors
affecting reliability
detemministically

The hybrd freeway scenario
generation approach optimizes
the match between the
generated everls and the user
inputs for demand, incidents,
weather, and work zones.

may increase the number of replications, since that parameter value in the
procedure can be controlled by the user. This approach would be advisable if the
RRP is short (e.g., a few weeks).

Scenario Generation Approach

The scenario generation procedure presented in this chapter is a hybrid
approach, with some inputs being treated in a deterministic fashion and others
being stochastic in nature, Traffic demand and scheduled work zones are treated
in a deterministic manner. Direct calendar data are used to characterize demand
variability (i.e., day of week, month of year), and user-defined work zone
schedules are applied. On the other hand, weather and incidents are modeled in
a stochastic fashion and are assigned randomly to scenarios. The assignment is
based on predefined distributions of weather and incidents that the analyst
specifies to describe the facility. When such data are not available or are
incomplete, the method provides national default distributions to assist with the
scenario generation process.

The objective of the scenario generation process is to maximize the match (or
minimize the difference) between the generated scenarios and the input
distributions of the factors affecting reliability, as entered by the user. This is
accomplished by assigning the correct traffic demand levels, weather events, and
incidents within the different scenarios. Eight distributions are entered into the
freeway scenario generation procedure (1):

1. Temporal distribution of traffic demand levels,

2. Temporal distribution of weather event frequency,

3. Distribution of average weather event duration by weather event type,
4. Temporal distribution of incident event frequency,
5

. Distribution of incident severity (i.e., shoulder, single, or multilane
closures),

6. Distribution of incident duration by incident severity,
7. Distribution of incident event start time in a scenario, and
8. Spatial distribution of incident events across segments of the facility.

Only the first six distributions represent manual inputs by the user, and all
have default values available. Items 7 and 8 in the list are estimated by the
computational engine and do not require user input. Details on all distributions
are provided in Chapter 25.

Thus, the hybrid approach generates scenarios such that all eight specified
distributions match actual conditions, with consideration for the need to round
the number of events (incidents, weather, etc.) to integer values and to round
their durations to the nearest 15-min analysis period.

Concepts
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Treatment of Factors Affecting Travel Time Reliability

This section provides a high-level description of how each of the four factors
involved in the reliability analysis—demand, weather, incidents, and work
zones—is treated in the scenario generation process.

Traffic Demand

The methodology accounts for demand variability by adjusting the traffic
demands for the analysis periods included in the various scenarios. This is done
through the use of a demand multiplier, which is the ratio of the daily (weekday-
month combination) facility demand to the average daily traffic (or to any
combination of day of week and month of year). A second adjustment is needed
to factor the demand measured on the specific day-month combination in the
base scenario to any other day—-month combination in the year. Traffic demand
variation for different hours of the day is already accounted for in the base
scenario obtained from the Chapter 10 core facility analysis.

For example, if the base scenario demand data were gathered on a Monday in
January that has a demand multiplier of 0.85 and a demand scenario is being
tested on a Friday in June that has a demand multiplier of 1.10, the base scenario
demands should be factored by a ratio of 1.10/0.85 = 1.29 to create the demand
profile for that Friday-in-June scenario. If all days of the week are considered,
there could be up to 84 demand combinations; for weekday-only analyses, there
could be up to 60 demand combinations.

Weather Events

Weather events are generated on the basis of their probability of occurrence
during a given month. The scenario generation process accounts for 10 categories
of severe weather events that have been shown to reduce capacity by at least 4%,
along with a non—severe weather category that encompasses all other weather
conditions and that generates no capacity, demand, or speed adjustments.
Default capacity and speed adjustment factors for weather events are provided
in Section 5 of this chapter.

To capture the actual occurrences of various weather events, the analyst may
use default weather data from any of 101 U.5, metropolitan areas, based on 2001-
2010 weather records. These values are documented in the Volume 4 Technical
Reference Library,

Alternatively, the analyst may supply a 12-month by 11-weather-event
matrix (132 total values) of local probabilities of each weather event, along with
the average duration for each event (10 values). As mentioned earlier, different
weather events are assigned stochastically to the various scenarios in a manner
that will match their monthly occurrence based on the site’s meteorological data.

Traffic Incidents

Incidents are generated on the basis of their expected frequency of
occurrence per study period (analysis hours in a day) in a given month on the
facility. The analyst may opt to use default expected incident frequencies, may
supply a facility-specific incident or crash rate, or may supply a 12-month table
of facility-specific expected frequencies of any incident type. The incident

Chapter 11/Freeway Reliability Analysis Concepts
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frequency represents the average number of all incidents experienced on the
facility during the study period and is allowed to vary in each month.

The method makes the following assumptions about a given incident:

* The incident start time is assigned stochastically to any analysis period,
which is done automatically by the computational engine;

* The incident duration is assigned stochastically on the basis of the
severity-defined incident duration distribution;

+ The incident location is assigned stochastically, weighted by the
individual segment VMT; and

¢ The incident severity is assigned stochastically on the basis of the
distribution of incident severity.

Default adjustment factors for incidents are provided in Section 5.

Work Zones

This portion of the analysis pertains exclusively to scheduled, significant work
zone events. Minor patching and repair activities are not treated as work zones,
but these important activities can be treated as incident events in the procedure
and may be added to the incident tally. Thus, a work zone constitutes any activity
that results in scheduled closures of the shoulder or one or more travel lanes.
Typically, a work zone lasts multiple days or weeks. In some cases, it involves
multiple stages, each with different shoulder- and lane-closure parameters.

The details of scheduled work zone activities must be entered by the analyst
and cannot be defaulted. A work zone log should be entered in which the
following information is input for each work zone activity that is planned during
the RRP:

* Calendar days of the start and end dates of the work zone activity,
e Facility segment(s) and time periods affected by the work zone activity,

» Portions of the facility cross section affected by closures (i.e., shoulder,
one-lane, or multiple-lane closures),

¢ Type of barrier used to separate traffic from the work activity (i.e.,
concrete or other hard barrier; cones, drums, or other soft barrier),

# Regulatory speed limit in effect during the work activity, and
# Lateral separation between traffic and the work zone.

The methodology can accommodate multiple work zone activities, each with
its own sets of inputs. Capacity adjustment factors (CAFs) and speed adjustment
factors (SAFs) for work zones have been developed by national research (3, 4) and
are described in Section 4 of Chapter 10, Freeway Facilities Core Methodology.

A schematic illustration of the time-space domain for a scenario containing
weather and incident events is shown in Exhibit 11-5. The freeway facility in
question consists of 10 analysis segments and is analyzed over a 3-h study period
(12 analysis periods). This scenario contains a rain event (R) that starts 45 min
into the study period and lasts for 45 min. Weather is assumed to affect the entire
facility equally.

Concepts Chapter 11/Freeway Reliability Analysis
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Analysis Segment Number

Period 1 2 3 4 5 6 7 8 £l 10
1
2
3 R R R R R R R R R R
4 R R R R R R R R R R
5 R R R R R R R R R
&
7
8
9
10
i1

12 |

Exhibit 11-5 also shows an incident blocking two lanes of Segment 8 (1-2)
starting 75 min into the study period. This incident is concurrent with the rain
event in Analysis Period 5, and the incident duration is 1 h. Another minor
incident (I-5) closes the shoulder of Segment 3 in Analysis Period 11. All shaded
cells in Exhibit 11-5 (i.e., combinations of analysis segment and analysis period)
will experience some reduction in capacity and possible changes in free-flow
speed and traffic demand.

When two independent events affect capacity at the same time, their
combined effect is the multiplication of the two CAFs. This would be the case for
Segment 8 in Analysis Period 5, where the product of the rain event CAF and the
incident event CAF would be applied. This is also true if the example had
included a work zone event, which would have likely affected the CAFs and
SAFs for all analysis periods on any segments having work activity.

ACTIVE TRAFFIC AND DEMAND MANAGEMENT

ATDM concepts for freeway facilities are presented in Chapter 37, ATDM:
Supplemental. The concepts presented below pertain to how ATDM is integrated
into the freeway facilities core and reliability methodologies. The ATDM
methodology was initially developed by Federal Highway Administration
(FHWA) research (5) and has been adapted to fit within the HCM's scenario
generation and reliability evaluation methodology.

The ATDM methodology requires the analyst to carry out the freeway
facilities core and reliability analyses before testing any ATDM strategies, as
illustrated in Exhibit 11-6. This sequence is required because many ATDM
strategies are targeted to mitigate the impacts of specific types of recurring or
nonrecurring events. For example, if incident-induced delays are significant, a
strategy could be to deploy or increase the frequency of freeway service patrols
to reduce the capacity impacts of those incidents. Obviously, this strategy will
apply only to scenarios where incidents occur. On the other hand, a recurring
bottleneck at a freeway on-ramp could be mitigated by implementing a ramp-
metering strategy across the whole year. In summary, any subset of the reliability
scenarios can be viewed as the "before” case for ATDM analysis, while the
scenarios selected for mitigation via ATDM can be viewed as the "after” case.

Exhibit 11-5
Scenario Lllustrating Weather
and Incident Events

Chapter 11/Freeway Reliability Analysis
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Exhibit 11-6

Process Flow for ATDM Chapter 10: Chapter 11: \I Chapter 11:
Implementation for Freeway Core Freeway Comprehensive ! . Reliability
Facilities Facility Analysis “'| Reliability Analysis [ “'| Strategy Assessment
(Single Study Period) (Whole-Year Analysis) J (ATDM Effect Analysis)

Three types of comparisons are provided in the procedure to quantify the
effects of ATDM strategies on freeway facility operations.

»  The first comparison is done at the individual scenario level. It allows the
effects of specific events and strategies to be evaluated and can be used
as the basis for large-scale ATDM analyses later. This type of
comparison can be used to judge the relative effects of different ATDM
strategies on @ common scenario to aid the decision-making process.

s The second comparison makes use of all scenarios selected by the analyst in
the “after” ATDM subset and evaluates performance changes between
the collection of multiple “before” and “atter” sets. This comparison
considers only the scenarios that are included in the ATDM “after” set
and does not consider any other scenarios. For example, if an “after”
ATDM set is applied to 25 scenarios, the second-level comparison will
consider the “before” and “after” ATDM outputs only for those 25
scenarios. This comparison does not provide any insights into ATDM
impacts on reliability.

* The final comparison extrapolates the effects of the ATDM analysis to
the entire set of all reliability scenarios and seeks to answer the following
question: How do ATDM strategies applied to a selected number of
scenarios affect reliability performance measures over the full RRF?
Here, the distribution of performance measures for the entire reliability
analysis can be compared with that of the ATDM “after” set, which
effectively treats the reliability scenarios as the “before” case. For the
“after” case, which contains some scenarios that include ATDM
strategies, adjustments to the scenario probabilities are made to match
the original TTI distribution of the set of reliability scenarios, a process
described in detail in Chapter 25. Once this adjustment has been
completed, the distributions of performance parameters and other
outputs can be compared and conclusions formed about the
effectiveness of the ATDM strategies.

Concepts Chapter 11/Freeway Reliability Analysis
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3. METHODOLOGY

This section describes the methodology for evaluating the travel time
reliability of a freeway facility. It also describes extensions to the freeway
facilities core methodology (Chapter 10) that are required for computing
reliability performance measures.

The freeway reliability methodology is computationally intense and requires
software to implement. The intensity stems from the need to create and process
the input and output data associated with the hundreds of scenarios considered
for a typical RRP. The objective of this section is to introduce the analyst to the
calculation process and to discuss the key analytic procedures. Important
equations, concepts, and interpretations are highlighted. The computational
details of the methodology are provided in Chapter 25, Freeway Facilities:
Supplemental.

SCOPE OF THE METHODOLOGY

Framework

The freeway reliability methodology includes a base dataset, the scenario
generator, and the core computational procedure from Chapter 10. The
computational procedure predicts travel times for each analysis period in each
scenario. They are subsequently assembled into a travel time distribution that is
used to determine performance measures of interest. These components are
illustrated in Exhibit 11-7.

/ Base Dataset 1\ Exhibit 11'.7 -
Freeway Reliability
Segment geometry Methodology Framework
Managed lane data
Segment type
Base demands
Demand patterns
Weather and incident history
Reilability reporting period
Work zones _/‘
Scenario Generator Base Dataset Adjustments Core HCM Facility Method
Demand Demand adjustment factors Chapter 10
Weather Capacity adjustment factors [Freeway Facilities
Incidents Speed adjustment factors Core Methodology)
Number of lane adjustments
’/’Tl'all'el Time Distrlhu‘tian\
Performance Measures
Planning time index ﬁ
80th percentile travel time index gm' JP\"-..
Reliability rating ;; f
On-time performance T J]
Semi-standard deviation E: I\'l.-
etc. ° - "
\ Trawed Tieme [min] _/
Chapter 11/Freeway Reliability Analysis Methodology
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Exhibit 11-8 provides an overview of the reliability parameters for geometry,
demand, weather, work zones, and incident events. It describes how these
parameters are treated in the three parts of the scenario generation process: (a)
treated deterministically in the base scenario (Chapter 10), (b) treated
deterministically in scenario generation (Chapter 11), or (c) treated stochastically

in scenario generation.

Exhibit 11-8 Treated Treated
Overview of Reliability Treated Deterministically in  Stochastically in
Parameters Deterministically Scenario Scenario
Reliability Parameter in Seed File Generation Generation
Segmentation,
Facility geometry number of lanes, MA MNA
free-flow speed, etc.
15-min flow rates  Variable based on day
Traffic demand level represent 1 day in  of week and month of MNA
base scenario year
User input or
ki Lo default values A
Stochastically
Weather Start time: A NA assigned to
events analysis periods
. Stochastically
User input or g
Frequency NA assigned to
default values EEaR e
Work zone duration
Loy e ' NA NA
Work  (entireRRP) ~ Se9Tments, scheduie
20N " hort term - User input in o
(less than RRP) specific scenarios
) Stochastically
Duration NA ot determined on the
basis of user inputs
Stochastically
Start time NA NA assigned to
analysis periods
Stochastically
I"ddneﬁ:t Location NA NA assigned to
== seg
: Stochastically
User input or .
Frequency NA assigned to
default values g
Stochastically
' User input or :
Severity NA assigned to
default values scenarios
MNote:  MA = not applicable.
Base Dataset
o gﬁﬂm conis The base dataset provides all the required input data for the freeway
executing both the freeway facilities core methodology described in Chapter 10. Some data are specific to the
gg"'*? mr;‘mf and freeway facility being studied. These items include, at a minimum, all segment
geometries (both general purpose and managed lanes, if applicable), free-flow
speeds, lane patterns, and segment types, along with base demands that are
typically, but not necessarily, reflective of average [annual average daily traffic
(AADT)] conditions. In addition, the base dataset contains the input data required
for executing this chapter’s reliability methodology. These data include a demand
multiplier matrix, weather, work zones, and incident events as described later in
this section. Most of the reliability-specific input data can be defaulted when they
Methodology Chapter 11/Freeway Reliability Analysis
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are not available locally, but the analyst is encouraged to supply facility-specific
data whenever feasible.

Scenario Generation

The scenario generator develops a set of scenarios reflecting conditions that
the freeway facility may experience during the RRP. Each scenario represents a
single study period (typically several hours long) that is fully characterized in
terms of demand and capacity variations in time and space. The data supplied to
the scenario generator are expressed as multiplicative factors [CAFs, SAFs, and
demand adjustment factors (DAFs)] or additive factors (number of lanes) that are
applied to the base free-flow speed, demand, capacity, and number of lanes.

The scenario generation process includes the following steps:

» Adjusting the base demand to reflect day-of-week and month—of—}'ear
variations associated with a given scenario;

* Generating inclement weather events on the basis of their local
probability of occurrence in a given time of year and adjusting capacities
and free-flow speeds to reflect the effects of the weather events;

» Generating various types of incidents on the basis of their probability of
occurrence and adjusting capacities to reflect their effects; and

» Incorporating analyst-supplied information about when and where work
zones and special events occur, along with any corresponding changes in
the base demand or geometry.

The results from these steps are used to develop one scenario for each study
period in the RRP.

Facility Evaluation

In the facility evaluation step, each scenario is analyzed with the freeway
facilities core methodology. The performance measures of interest to the
evaluation—in particular, facility travel time—are calculated for each analysis
period in each scenario and stored. At the end of this process, a travel time
distribution is formed from the travel time results stored for each scenario.

Performance summary

In the final step, travel time reliability is described for the entire RRP. The
travel time distribution is used to quantify a range of variability and reliability
metrics.

Spatial and Temporal Limits

The reliability methodology is subject to the same spatial and temporal limits
as the freeway facilities core methodology. The RRP can be as long as 1 calendar
year, although shorter periods are possible. A 1-year RRP is most typical, since it
encompasses all day-to-day and month-to-month variability in demand, as well
as all weather and incident effects. However, shorter RRPs can be used to focus
on reliability during specific time periods. The minimum recommended RRP is 1
month to capture sufficient variability in demand and other factors.

Chapter 11/Freeway Reliability Analysis
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Exhibit 11-9
Recommended Number of
Replications for Scenario
Generation

For a 1-year RRF, the methodology is typically applied with four replications
for each of 5 weekdays (Monday through Friday) and 12 months in the year, for
a total of 240 scenarios. This approach roughly corresponds to 250 work days in a
typical calendar year. A reliability analysis that includes weekend effects would
result in an increased number of scenarios.

For RRFs that are significantly shorter than 1 year, the analyst should
increase the number of replications to ensure a sufficient sample size for scenario
generation. Exhibit 11-9 provides guidance on the recommended number of
replications in such cases.

Recommended
RRP Duration Number of Days Number of Resulting Number
{months) Considered Replications of Scenarios
1 5 (all weekdays) 48 240
2 5 24 240
4 5 12 240
6 5 8 240
] 5 b 270
124 5 4 240°
12 2 (weekend only) 10 240
12 7 (all days)® 3 252
Notes: RRP = rellability reporting period.
* Default value,

® Not desirable; separation of weekday and weekend reliability analysis is preferned.

For the base scenario provided as part of the base dataset, there is no limit to
the number of time periods that can be analyzed. The computational engine
supports an evaluation of a 24-h period. The duration of the study period should
be sufficiently long to contain the formation and dissipation of all queues. The
facility length evaluated should be less than the distance a vehicle traveling at
the average speed can travel in 15 min. This specification generally results in a
maximum facility length between 9 and 12 mi. Longer facilities may be
evaluated, but results need to be interpreted carefully, since the onset of
congestion in later time periods may be estimated to occur earlier than field
observations would indicate. More discussion on facility length is provided in
Chapter 10.

Performance Measures

There are many possible performance measures for quantifying aspects of
the travel time reliability distribution. The following measures, defined in
Section 2 of Chapter 4, Traffic Operations and Capacity Concepts, are among the
more useful for quantifying differences in reliability between facilities and for
evaluating alternatives to improve reliability. All of these measures are produced
by the freeway travel time reliability methodology:

o TTl (i.e., PTI) (unitless),

*  TTlg (unitless),

s TTI (i.e., median TTI) (unitless),
o TTI .

» Failure and on-time measures (percentage),

Methodology
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* Reliability rating (percentage),

*  Semi-standard deviation (unitless),

* Standard deviation (unitless), and

s+ Misery index (unitless).

In addition, all of the performance measures generated by the freeway

facilities core methodology (Chapter 10) are computed for each general purpose
and managed lane segment for each analysis period being evaluated.

Strengths of the Methodology

The methodology is capable of estimating the impacts of nonrecurring
congestion (due to demand variability, weather, incidents, work zones, and
special events) on the operational performance of a freeway facility over an
extended RRP—up to 1 vear. Because of the computational efficiency of the
HCM freeway facilities core methodology compared with, for example, a
simulation analysis of a freeway facility, a whole-year analysis can be performed
relatively quickly. The following are specific strengths of the methodology:

» [tis an efficient method for estimating travel time reliability. It can be
applied quickly several hundred times to derive a travel time
distribution over RRPs of up to 1 year.

e The core methodology is less computationally intensive than
microsimulation.

¢ The core methodology can be directly calibrated on the basis of local or
regional capacity defaults to replicate recurring bottlenecks.

¢ It considers local and regional weather defaults for the 101 largest U.S.
metropolitan areas on the basis of a 10-year average.

* It encompasses a method for estimating incident and crash rates in the
absence of detailed local incident logs.

* The method can be extended to evaluate ATDM strategies.

In addition, the strengths of the core methodology described in Chapter 10
apply to the reliability and strategy assessment methods presented here.

Limitations of the Methodology

Because the reliability method applies the freeway facilities core
methodology multiple times, it inherits the core methodology’s limitations.
These limitations were described in Chapter 10. For example, one limitation of
the core method is its use of 15-min analysis periods. Therefore, all event
durations (e.g., weather, incidents) used by the reliability method must be
expressed as integer numbers of 15-min analysis periods. The reliability method
has the following additional limitations:

# The method assumes that the effect of two or more factors (weather and
incident) on speed or capacity is multiplicative. This assumption has not
been sufficiently tested empirically and may overstate the influence of
combined nonrecurring congestion effects.

Chapter 11/Freeway Reliability Analysis Methodology
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*  Weather events with a small capacity reduction effect (<4%) are not
addressed. A given weather event (e.g., rain, snow) is always assumed
to occur at its mean duration value. Sun glare is not accounted for.

*  The method assumes that incident occurrence and traffic demand are
independent of weather conditions, although all are indirectly tied to
each other through the specification of demand, incident, and weather
probabilities on a calendar basis. However, the analyst is able to adjust
incident frequencies by month on the basis of local data.

¢ The method estimates incident occurrence as a function of segment
demand and month of the year. It does not consider potentially elevated
incident rates in segments with low demands. Some segments may be
overly prone to incidents due to poor visibility, poor geometry, a short
weaving segment, or other factors that are not considered by the
reliability method.

* The method does not consider full facility closures in the scenarios. In
assigning incidents to the segments, at least one lane should therefore
remain open. The scenario generation methodology does not assign
incidents that result in full segment closure; it reassigns those
probabilities to other (less severe) incidents. This is also true for work
zones, where at least one travel lane has to remain open.

*  The travel time reliability analysis assumes similar effects of demand
variation and weather conditions on general purpose and managed
lanes, when a managed lane facility is included in the analysis.

* Work zone events are only allowed to be modeled in general purpose
lanes; no managed lane work zone effects are considered.

¢ The traffic demand adjustment assumes a proportional demand effect
across the entire facility, which means that all inputs and outputs
(across time and space in the base scenario) are increased or decreased
by the same factor.

REQUIRED DATA AND SOURCES

As a starting point, all of the input data normally needed in applying the
freeway facilities core methodology are required. These requirements are given
in Chapter 10. A base scenario is always required and is used to describe base
conditions (particularly demand and factors influencing capacity and free-flow
speed). The base scenario is intended to represent average demand conditions
(e.g.. AADT) or the demand measured on a specific day. This chapter’s methods
factor these demands on the basis of user-supplied or defaulted demand patterns
to generate demands representative of all other time periods during the RRP.

Additional data beyond those necessary for an HCM freeway facility
analysis are required for a reliability evaluation. Exhibit 11-10 lists the general
categories of data that are required by data type. Details are provided in the
following subsections.
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Data Category Potential Data Source Suggested Default Value
Time periods User-defined study period, representative Must be provided
_ data of base scenario, and RRP
Demand Field data or modeling to generate day-of-  Urban and rural defaults
multipliers week by month-of-year demand factors  provided in Section 5
Weather Online database for probabilities of various  Defaults for 101 largest U.S.
intensities of rain, snow, cold, and low metropolitan areas provided
visibility by month in Chapter 25
Incidents Field data estimates of frequencies of Estimated from segment
occurrence of shoulder and lane closures AADT and lengths as
per study period for each month, incident described in Chapter 25
severity distribution, and average incident
durations; alternatively, crash rate and
incident-to-crash ratio for the facility, in
combination with defaulted incident type
probability and duration data -
Work zones and User input on changes to base conditions Must be provided
special events and their schedule
Nearest city Select from the list of metropolitan areas Must be provided when
pravided in the Volume 4 Technical default weather data are
) Reference Library used
Geometrics No details beyond core methodology Must be provided
needed. Obtained from road inventory or
_ @erialphoto e
Traffic counts Demand multiplier represented in base Must be provided

dataset. Base scenario data from field data
or modeling

As shown in Exhibit 11-10, most reliability-specific inputs can be defaulted or
are already required by the core methodology. Section 5, Applications, provides
default values that allow analysts in “data poor” regions lacking detailed
demand, weather, or incident data to apply this chapter’s methods and obtain
reasonable results. At the same time, the method allows analysts in “data rich”
regions to provide detailed local data for these inputs when the most accurate
results are desired.

Although default values are provided for many of the variables that affect
facility reliability (see Section 5, Applications), travel time reliability (as
measured by TTly, or TTl,;) can vary widely, depending on the characteristics of
a particular facility and the length of the study period. Therefore, analysts are
encouraged to use local values representative of local demand, weather, and
incident patterns whenever such data are available. In addition, analysts must
supply local values for work zones and special events if they wish to account for
these effects in a reliability analysis. This subsection identifies potential sources

of these data.

Demand Patterns

The best potential source of demand pattern data is a permanent traffic

recorder (PTR) located along the facility. Alternatively, an analyst may be able to
use data from a PTR located along a similar facility in the same geographic area.
Many state departments of transportation produce compilations of data from
their PTRs and provide demand adjustment factors by time of day, day of week,
and month of year by facility and area type. The analyst is reminded that
measured volumes are not necessarily reflective of demands. Upstream
bottlenecks may limit the volume reaching a PTR or other observation point.

Exhibit 11-10

Required Input Data, Potential
Data Sources, and Default
Values for Freeway Reliability
Analysis
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Weather

The National Climatic Data Center (NCDC) provides rainfall, snow, and
temperature statistics for thousands of locations through its website (6) and
average precipitation rate data in the Rainfall Frequency Atlas (7). The more
detailed hourly weather data needed for a freeway facility analysis are available
from larger airport weather stations and can be obtained from the NCDC website
or other online sources [e.g., Weather Underground (8)].

A weather station that an agency has installed along the study facility may
also be able to provide the required data, if the agency stores and archives the
data collected by the station. A 10-year weather dataset is desirable for capturing
weather events that are rare but have a high impact.

Finally, analysts should consider the location of the facility relative to the
weather station. Elevation differences, proximity to large bodies of water, and
other factors that create microclimates may result in significant differences in the
probabilities of certain types of weather events (e.g., snow, fog) on the facility
and at the weather station.

Incidents

A significant level of effort is required to extract information about the
numbers and average durations of each incident type from the annual incident
logs maintained by roadway agencies, even in data-rich environments.
Furthermore, certain incident types— particularly shoulder incidents—can be
significantly underreported in incident logs (1). Thus, the direct approach of
estimating incident probabilities is reserved for the rare cases where incident logs
are complete and accurate over the entire RRP. An alternative approach is to
estimate the facility incident rate from its predicted crash rate and assume that
the number of incidents in a given study period is Poisson distributed (9, 10).
Details of the process are described in Chapter 25, Freeway Facilities:
Supplemental.

Work Zones

A schedule of long-term work zones indicating the days and times when the
work zone will be in force and the portions of the roadway that will be affected
should be obtained from the roadway operating agency. Work zones that vary in
intensity (e.g., one lane closed on some days and two lanes closed on others) or
that affect different segments at different times will need to be specified as two
different work zones. When detailed traffic control plans for each work zone are
available, they should be consulted to determine the starting and ending
locations of lane closures, along with any reductions in the posted speed. When
detailed plans are not available, the agency’s standard practices for work zone
traffic control can be consulted to determine the likely traffic control that would
be implemented, given the project’s characteristics.

Special Events

Special events are short-term events, such as major sporting events, concerts,
and festivals, that produce intense traffic demands on a facility for limited
periods. Special traffic control procedures may need to be implemented to
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accommodate the traffic demands. The analyst should identify whether any
events that occur in or near the study area warrant special treatment. If so, a
schedule for the event (dates, starting times, typical duration) should be
obtained. Some types of events also have varying intensities that will require
separate treatment (e.g., a sold-out baseball game compared with a lower-
attendance midweek game). Recurring events may have developed special traffic
control procedures; if so, these plans should be consulted to identify any changes
required from base conditions. Each combination of special event venue and
event intensity to be included in the analysis will need to be specified.

METHODOLOGY OVERVIEW

The methodologies for freeway reliability and freeway strategy assessment
are the second and third of the three parts of an evaluation sequence starting
with the evaluation of the freeway facility for a base scenario. Part A: Core
Freeway Facility Analysis (Single Study Period) was presented in Chapter 10.
Part B: Comprehensive Freeway Reliability Analysis is the methodology
presented in this section. Part C: Reliability Strategy Assessment is presented in
Section 4. It allows for the evaluation of ATDM strategies.

Completion of the core methodology’s computational steps (Steps A-1
through A-17) is a prerequisite for conducting a reliability analysis (Steps B-1
through B-13, depicted in Exhibit 11-11). Completion of a reliability analysis is a
prerequisite for an ATDM strategy assessment (Steps C-1 through C-9, presented
in Section 4).

Chapter 11/Freeway Reliability Analysis
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Exhibit 11-11

Freeway Reliability
Methodology Framework

Calibrated Base File from Single-
Scenario Analysis (from Chapter 10)

¥
Step B-1: Define Reliability Reporting Period
(RRP) and Exclude Days
¥
Step B-2: Gather Reliability Inputs
Demand, weather, incidents, etc.

¥
Step B-3: Define or Refine Global Inputs
*  User-defined globalcalibration parameters
¥
Step B-4: Define Numberof Replications for
. Reliability Analysis
¥
Step B-5: Define Demand Variability per Day and
Month and Assign to Scenarios
¥
Step B-6: Define Weather Probabilities and
Impacts and Assignto Scenarios
¥
Step B-7: Define Incident Freguencies and
Impacts and Assignto Scenarios
¥
Step B-8: Define Short-Term Work Zone
Events Adjustments
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Mote:  * Steps shaded in gray are performed by the computational engine.
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COMPUTATIONAL STEPS

This section describes the reliability methodology’s computational steps. To
simplify the presentation, the focus is on the function of and rationale for each
step. Chapter 25, Freeway Facilities: Supplemental, contains an expanded version
of this section that provides the supporting analytical models and equations.

Step B-1: Define RRP and Exclude Days

In this step the analyst defines the duration of the RRP, which is typically 1
calendar year to encompass all day-to-day and month-to-month variability in
demand as well as all incident and weather patterns observed over the calendar
year. Periods shorter than 1 year can be selected for specific analysis questions, in
1-day increments. For example, an analyst may be interested in evaluating the
reliability of a freeway only during the summer tourist season or during the local
construction season (excluding winter months). In combination with the strategy
assessment extensions described in Section 4, an analyst may decide to evaluate a
weather management program and impacts of freeway service patrols only for
the winter months. As described earlier, selecting a shorter RRP will generally
require more replications of the scenario generation process. RRPs longer than 1
year are not recommended, because all variability sources considered in the
method are captured in a 1-year duration.

In this step the analyst also decides which days of the week to include in the
analysis. A reliability analysis is typically performed for the 5 weekdays, although
weekends can be included if desired. Exhibit 11-9 provided guidance on the
number of replications recommended for a weekend-only analysis. However, if a
facility experiences significantly different performance on weekdays and on
weekends or if different weekday and weekend driver populations (e.g.,
commuter versus recreational trips) are known to exist, the mixing of weekdays
and weekends in the same reliability analysis is strongly discouraged.

In defining the RRP, the analyst may decide to exclude 1 or more days from
the analysis. If the analyst is interested in “typical” weekday performance, the
analyst may wish to exclude holidays (and high-demand travel days before or
after the holiday itself) from the analysis.

The reliability analysis works from a base scenario that is evaluated with the
freeway facility core method presented in Chapter 10. Because the methodology
adjusts seasonal and day-of-week demand patterns relative to the base scenario,
the specific date represented by the base scenario needs to be defined. That is, the
demand values contained in the base scenario should correspond to a specific
day-month combination of the year; these demands are then adjusted by the
reliability method for the other scenarios it generates,

Alternatively, the analyst may choose to provide demands representative of
an “average day” in the base scenario on the basis of AADT values. In this case,
the analyst would then use demand multipliers in Step B-5 that are calculated
relative to that average day, rather than to the base scenario day. In other words,
Steps B-1 and B-5 need to be coordinated to ensure that the correct demand
multiplier factors are applied.
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Step B-2: Gather Reliability Inputs

This step collects the additional inputs needed for conducting a reliability
analysis, including demand variability by day of week and month of year,
weather data, incident records, work zone data, and special events. Some default
values and quick estimation methods are provided to aid the analyst; these are
described in detail in Chapter 25. A list of required data and potential data
sources was presented above.

Step B-3: Define or Refine Global Inputs

In this step, the analyst has a chance to revise two global calibration
parameters for the analysis: facilitywide jam density and the queue discharge
capacity drop. While multiple bottlenecks (with different CAFs) can exist along a
facility, these two parameters are assumed to be global for the entire facility. This
step should be treated with care, since these two parameters were previously
defined and calibrated for the core facility analysis. While these parameters
provide additional calibration tools for reliability analysis, having a well-
calibrated base file is preferable, and changing global inputs for reliability
assessment is not generally recommended. In general, the output of a reliability
analysis is better calibrated by varying DAFs, CAFs, SAFs, the number of lanes
closed by incident types, and the underlying scenario probabilities. A detailed
reliability calibration methodology is presented in Chapter 25.

Step B-4: Define Number of Replications for Reliability Analysis

In this step, the analyst specifies the number of replications used to generate
scenarios. The default number of replications for a 12-month RRP is four, to
ensure a sufficiently large sample of randomly generated weather and incident
events. The Spatial and Temporal Limits discussion earlier in this section, along
with Exhibit 11-9, provides guidance for modifying the number of replications
for shorter RRPs.

The goal of the hybrid scenario generation approach (with some
deterministic and some stochastic inputs) is to reduce the number of scenarios
from potentially several thousand to a few hundred representative scenarios that
capture the effects of all sources of nonrecurring congestion. For most reliability
applications, 240 scenarios (5 weekdays, 12 months, and 4 replications) are
sufficient to capture the 1-year variability in performance. However, the analyst
may choose to include rarer scenarios (e.g., a 5- or 10-year storm) to evaluate the
impacts of very rare events. When an ATDM strategy evaluation will also be
conducted, a smaller number of scenarios is recommended to allow for scenario-
specific selection of ATDM strategies, as discussed in Section 4.

Step B-5: Define Demand Variability by Day and Month and Assign to
Scenarios

This step defines demand multipliers by day of the week and by month of
the year on the basis of facility-specific data. The demand multiplier is expressed
relative to the base scenario demand date from the core freeway facility defined
in Step B-1. Alternatively, the analyst may select an average demand day
(estimated from AADTSs) and express demand variability relative to that day.

Methodology Chapter 11/Freeway Reliability Analysis
Page 11-26 Version 6.0




Highway Capacity Manual: A Guide for Multimodal Mobility Analysis

The base scenario day does not need to be an average day (i.e., it can have high
or low demand relative to average conditions, which is accounted for in this
step) but should be free of special events or nonrecurring sources of congestion.

Default values for urban and rural demand patterns are provided in Section
5. They were developed from a national freeway demand dataset (2). However,
tacility-specific data are strongly preferred and are usually readily obtainable
from permanent traffic count stations or online sensor databases.

Step B-6: Define Weather Probabilities and Impacts and Assign to
Scenarios

This step defines the probabilities of occurrence of each of the HCM weather
types, along with corresponding CAFs, SAFs, and DAFs. They are timewise
probabilities. They represent the chance of occurrence of a weather event at any
instant in time and do not correspond to frequencies of weather events. In other
words, frequencies of weather events are converted to probabilities on the basis
of time of day and month of year. Default weather type probabilities are
provided for the 101 largest U.S. metropolitan areas in the Volume 4 Technical
Reference Library. CAF and SAF defaults are provided in Section 5, but values
developed from local data can be used instead.

No default DAFs are available at this time, although extreme weather events
are generally understood to affect traffic demands. For example, nighttime or
early morning snowstorms are expected to reduce the demand levels in the a.m.
peak period, while multiday snow events are likely to reduce both a.m. and p.m.
peak demands. This effect also depends on location (e.g., Boston versus Atlanta).
Afternoon snowstorms may be less likely to affect p.m. peak demand, since
commuters may not have altered their home-to-work trips that morning,.
Analysts are encouraged to develop customized weather demand adjustment
factors or apply judgment on the basis of local conditions and experience.

Step B-7: Define Incident Frequencies and Impacts and Assign to
Scenarios

This step defines incident frequencies for each of the HCM incident severity
tvpes, along with the corresponding CAFs, SAFs, and DAFs and the number of
lanes lost due to the incident. Default CAF and SAF values are provided in
Section 5, while DAFs will need to be user-defined. A quick method for
estimating incident frequencies on the basis of each segment's daily demand
levels is provided in Chapter 25. However, facility-specific data are preferable in
specifying incident frequencies.

Chapter 25's incident frequency estimation considers the total traffic demand
on a segment on the day represented by the base scenario to generate incident
frequencies for reliability analysis. Because different analysis segments have
different demand levels, the estimated incident rates will also differ as a function
of that demand. Accordingly, the scenario generation step is more likely to
generate more incidents on segments with higher demand, which affects the
overall reliability performance.

User-specified incident rates are especially important if an analyst is aware
of recurring monthly variations in incidents. If, for example, incidents are more
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likely in winter months (despite potentially lower demands), the analyst should
adjust the incident rate defaults and calibrate for local conditions.

Step B-8: Define Short-Term Work Zone Events and Adjustments

This step defines the dates of any short-term work zone events, along with
the corresponding CAFs, SAFs, and DAFs and the number of lanes lost due to
the work zone. The phrase “short-term work zones” in this case refers to
scheduled or planned work zones that do not cover the entire RRP. For example,
if a work zone is in place for 1 or 2 months in a 1-year RRP, the configuration

should be entered here.

Long-term work zones, or those that cover the entire RRP, should be
evaluated as a stand-alone reliability analysis, with a base scenario modified to
reflect the work zone characteristics. One exception is a long-term work zone that
covers the entire RRP but that is divided into different stages or configurations
with varying CAFs, SAFs, or DAFs or different affected segments. In that case,
each stage can be accounted for separately and sequentially in this step.

DAFs for short-term work zones are user-defined. A method for estimating
CAF and SAF values for work zones is provided in Section 4 of Chapter 10.

MNonscheduled work zones, including very short (i.e., single-day) activities
(e.g., shoulder closure for landscaping work, lane closure for pothole filling), are
best addressed as a form of (random) incident in Step B-7 rather than by
explicitly defining their occurrence and location in this step.

Step B-9: Generate Full Scenario List and Scenario Probabilities

This step generates the listing of all scenarios for reliability analysis on the
basis of the inputs provided in the previous steps. The step is automatically
executed by the computational engine or other software tools. The number of
scenarios is a function of the user input in previous steps, including the length of
ERRP (in months), the number of days generally included in each week, the
number of days specifically excluded, and the number of replications. The
scenario generation process is summarized here and described in detail in
Chapter 25, Freeway Facilities: Supplemental.

Each scenario will have a complete set of attributes defining the
characteristics of that scenario relative to the base scenario. Specifically, each
scenario will have a series of five matrices that define the demand multipliers
(from Step B-5), along with CAF, SAF, and DAF values and adjustments to the
number of lanes (Steps B-6 through B-8). The size of each of the adjustment
matrices will be equal to the number of analysis segments times the number
analysis periods contained within the base scenario. When managed lanes are
included in the analysis, the size of these matrices will double to provide similar
information for the managed lanes.

Whenever a scenario contains multiple adjustment effects due to weather,
incidents, or work zones, the methodology assumes that any two or more CAFs,
SAFs, or DAFs are multiplicative (i.e., independent). The number-of-lanes
adjustment factors are additive for incident and work zone events.
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For example, with regard to the weather and incident combination in Exhibit
11-5, the size of each adjustment matrix is 10 segments by 12 time periods. All
120 cells will be subject to demand multipliers from Step B-5. In addition, a 45-
min rain event in Analysis Periods 3 through 5 will result in CAF, SAF, and DAF
adjustments for the entire 10-segment facility during those time periods (30
cells). A two-lane closure incident in Segment 8 in Analysis Periods 5 through 8
will reduce the number of lanes in that segment for those four time periods. In
addition, CAF, SAF, and DAF adjustments are provided. The incident overlaps
the rain event in one of the time periods (Segment 8, Analysis Period 5), resulting
in a multiplicative effect of adjustments due to weather and incident. Finally, a
15-min shoulder-closure incident in Segment 3 in Analysis Period 11 results in
CAF, SAF, and possibly DAF adjustments.

If 240 scenarios are generated for the example in Exhibit 11-5, a total of 144,000
(5 adjustment matrices x 120 cells per matrix x 240 scenarios) adjustment factors
will be applied. The computational engine or other software automatically
performs the record keeping and estimation of these factors.

Step B-10: Perform Analysis for Each Scenario

This step automatically processes each scenario in the computational engine
or other software. The adjustment matrices from Step B-9 are applied
sequentially to the base scenario, and the resulting scenarios are evaluated
individually with the Chapter 10 core methodology. The computational engine
or software produces the facilitywide performance measures for each scenario.

Step B-11: Compute Reliability Performance Measures

This step generates a travel time distribution from the stored average facility
travel times by analysis period and scenario. It also computes a variety of
reliability performance measures from the results of all scenarios:

o TTL, (PTI),

o TTl,
o TTI,
- Tijnnr

s Reliability rating,

* Semi-standard deviation,

* Standard deviation,

#  Failure or on-time percentage based on a target speed,

s  [olicy index based on a target speed, and

*  Misery index.

These performance measures were defined in Section 2. Their computation is

automated by the computational engine or other software. Additional details for
computing reliability performance measures are provided in Chapter 25.

The example facility shown in Exhibit 11-5 will generate 12 facility travel
times per scenario, one per analysis period. Multiplication by 240 scenarios will
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result in 2,880 facility travel time observations that define the full travel time
distribution. When these observations are sorted from highest to lowest, the TTl;

is the travel time value ranked number 144 (0.05 = 2,880) in the sorted list, while
the TTI,, is the value ranked 1,440, and so on.

Step B-12: Validate Against Field Data

In this step, the reliability results are compared with field data, results from
another model, or expert judgment if no other data are available. If an acceptable
match is not obtained, the analysis returns to Step B-3 to make calibration
adjustments and then repeats the subsequent steps. Additional details on criteria
for calibrating and validating the facility are presented in Chapter 25.

Step B-13: Report Performance Measures

This final step of the reliability assessment methodology reports the facility’s
reliability performance measures. Step B-13 concludes the reliability analysis
methodology. At this time, the analyst may choose to continue to perform an
ATDM evaluation, as described in Section 4. Note that no level of service is
defined for a reliability analysis. The analysis instead presents various reliability
performance measures, as well as the resulting travel time distribution.
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4. EXTENSIONS TO THE METHODOLOGY

ACTIVE TRAFFIC AND DEMAND MANAGEMENT

ATDM is the dynamic management, control, and influence of travel demand,
traffic demand, and traffic flow on transportation facilities. Through the use of
tools and countermeasure strategies, traffic flow is managed and traveler
behavior is influenced in real time to achieve operational objectives. The
objectives include preventing or delaying breakdown conditions, improving
safety, promoting sustainable travel modes, reducing emissions, and maximizing
system efficiency.

This section provides an analysis framework, recommended measures of
effectiveness, and a methodology for evaluating the impacts of ATDM strategies
on freeway demand, capacity, and performance. Although this section describes
various ATDM “strategies” and “measures,” almost any system management or
operations strategy that is applied in a dynamic manner can be considered active
management.

The methodology presented here is primarily focused on traffic management
applications. In some cases, the operational strategies presented here may be
relatively static (e.g., fixed ramp-metering rates or pricing schedules). The
primary focus of ATDM analysis in the HCM is to provide practitioners with
practical, cost-effective methods for representing the varied demand and
capacity conditions that freeway facilities may be expected to operate under. The
method enables an analyst to apply a realistic set of transportation management
actions to respond to those conditions and thus represent, in a macroscopic
sense, the dynamic aspects of ATDM.

The ATDM analysis builds on the freeway reliability analysis methodology,
which accounts for freeway performance under different demand, weather,
incident, and work zone conditions. The ATDM extension then superimposes
one or more strategies on the completed reliability analysis with the goal of
improving reliability and other performance measures. Often, the results of an
ATDM strategy evaluation would be compared with those of a more traditional
capital improvement program that adds physical capacity to the facility in
question.

ATDM Strategies and Plans

ATDM strategies are evolving as technology advances. Typical ATDM
strategies can be classified according to their purpose and the manner in which
they are applied. Among them are the following:

* Ramp-metering strategies,

* Traveler information strategies,
* Managed lane strategies, and

* Speed harmonization strategies.

A more detailed discussion of ATDM strategies is provided in Chapter 37,
ATDM: Supplemental. Specialized ATDM programs or plans may be designed to
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address certain situations. For example, a weather traffic management plan may be
developed to apply ATDM strategies during adverse weather events. A traffic
incident management plan may apply ATDM strategies specifically tailored to
incidents. A work zone maintenance-of-traffic plan may apply ATDM strategies
tailored to work zones. Employer-based demand management plans may apply major
employer-related ATDM strategies to address recurring congestion as well as
special weather and incident events.

The ATDM methodology distinguishes between five principal categories of
strategies that can affect facility operations:

1. Demand management strategies that affect the entire scenario and all
segments and analysis periods contained within it when they are invoked
through a global increase or (more commonly) a reduction in demand.

2. Weather management strategies that influence performance only during
analysis periods when a severe weather event affects the facility and
apply equally to all segments. Weather management may include driver
information, weather-response strategies (e.g., snow removal), and others.

3. Incident management strategies that only affect the segment and analysis
periods when an incident is present. Incident management may include
freeway service patrols that result in reduced incident clearance times,
driver information, and others.

4. Work zone management strategies that only affect the segment and analysis
periods when a work zone is present. Work zone management may
include driver information and other strategies.

5. Special segment-specific strategies not covered in the previous items, such as
hard shoulder running and ramp metering. These strategies specifically
alter the capacity of one or more targeted segments and are thus different
from global demand management strategies. For example, ramp metering
will only affect the entry traffic demand for merge and weave segments.
Similarly, hard shoulder running specifically increases capacity in a
subset of segments rather than the facility as a whole.

An ATDM plan is a combination of analyst-defined strategies. Conceptually,
each ATDM plan combines one or more ATDM strategies into a package of
system interventions available to a traffic management center or operating
agency. In the context of this methodology, there is no fundamental difference
between evaluating a single ATDM strategy and a combination of strategies
expressed as a plan. Similar to the reliability methodology described in Section 3,
the strategy or plan is ultimately translated into a series of HCM inputs and
adjustment factors to demand, capacity, and speed.

From a methodological perspective, only one set of inputs and adjustments
can be applied to each reliability scenario. Therefore, if multiple strategies are to
be evaluated, they need to be combined into an ATDM plan and then applied to
the scenario in question. For example, an incident ATDM plan could include a
variable message sign (a demand management strategy) and traffic diversion (an
incident management strategy) to avoid or alleviate congestion. The two
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strategies affect the facility in different ways (since they belong to two different
categories) but are combined into a single plan for analysis.

Spatial and Temporal Limits

The ATDM methodology is an extension of the freeway reliability
methodology and thus has the same spatial and temporal limits discussed in
Section 3.

Limitations of the Methodology
Several limitations apply to the ATDM extensions of this methodology:

* If managed lanes are to be assessed as a strategy in an ATDM analysis,
they need to have been included in the base scenario used for the core
facility analysis. As described in Chapter 10, Freeway Facilities Core
Methodology, managed lanes can affect the segmentation of the facility
as well as the scenario generation process. Thus, a “before-and-after”
managed lane analysis requires two core facilities, each with a separate
reliability analysis.

s This chapter focuses on numerical measures of performance; however,
much can be learned by examining graphical measures of performance,
such as the facility’s speed profile over time and over the length of the
facility. This approach can be particularly useful in diagnosing the
causes and extent of unreliable performance.

¢ The ATDM analysis framework translates real-time dynamic control
systems into their HCM-equivalent average capacities and speeds for
15-min analysis periods, the smallest unit of time measurement
supported by the HCM. Therefore, some of the more dynamic aspects of
ATDM must be approximated in this analysis. Because the core
methodology for freeway facility analysis is deterministic, only the
average impacts of ATDM strategies on demand, speed, and capacity
are incorporated in this methodology.

*  ATDM is about controlling demand as well as capacity; however,
consistent with the rest of the HCM, this chapter focuses on the capacity
impacts of ATDM. Demand is an input to these procedures that the
analyst must determine with other tools. Demand variability is
considered where it influences total demand for the facility (such as
peaking within the peak period and variations between days of the
year). Demand changes are also considered in the methodology when
they are the result of direct controls imposed on the facility, such as
ramp metering and vehicle type restrictions (e.g., high-occupancy
vehicle lanes and truck lane restrictions). However, prediction of how
much additional traffic might be attracted to the facility with the
improved performance resulting from ATDM (sometimes called
“induced demand”) is not included in the chapter’s methodology.
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Strengths of the Methodology
The following are strengths of the ATDM methodology:

» The ability to target ATDM strategies to scenarios on the basis of their
operational characteristics.

» The ability to compare ATDM strategies with traditional, capacity-based
facility improvements (e.g., adding lanes).

« The ability to contrast and compare different strategies or sets of
strategies in terms of their whole-year effects on the facility. In
combination with analyst-supplied cost estimates for the strategies, the
method supports a cost-benefit analysis of the strategies.

¢ The ability to obtain before-and-after comparisons of the effect of ATDM
strategies quickly.

¢ The ability to examine the whole-year effect of specific strategies that
may be seasonal (e.g., snow removal) and compare trade-offs with
other, nonseasonal strategies.

Required Data and Sources

The ATDM methodology requires as input the analyst-defined ATDM
strategy or a set of strategies combined into an ATDM plan. The method requires
the user to specify the impact of the selected strategies on demand, capacity, free-
flow speed, and number of lanes. The impact on demand, capacity, and free-flow
speed needs to be converted into matrices of average adjustment factors (DAF,
CAF, and SAF) affecting the base condition of the freeway facility in each 15-min
analysis period. Guidance and research on the effectiveness of different ATDM
strategies are limited.

Adjustments to the Reliability Methodology

The ATDM methodology builds on the reliability analysis described in
Section 3, which in turn builds on a calibrated core freeway facility analysis, as
described in Chapter 10. The scenarios used for reliability analysis should be
generated and calibrated to reflect the facility’s operational conditions under
different recurring and nonrecurring sources of congestion. Once these steps are
taken, the analyst can proceed with the ATDM analysis. Exhibit 11-12 presents
the additional nine steps that follow the reliability analysis in performing an
ATDM analysis.

Extensions to the Methodology Chapter 11/Freeway Reliability Analysis
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Calibrated Reliability Analysis
(Step B-13)

:

Step C-1: Limit Scenario List (optional for
streamlining application of ATDM strategies)

y

Step C-2: Select Pool of ATDM Strategies

¥

Step C-3: Convert ATDM Information to
™ Operational Inputs

¥

Step C-4: Design ATDM Strategy for Facility and
Assign to Scenarios

¥
Step C-5: Process ATDM Scenarios*

¥
Step C-6: Compute Performance Measures®

!
Step C-7: Process Before-and-After Comparison’

|

Step C-8: Validate Results

Acceptable
Match?

No

Step C-9: Report Performance Measures®

Mate: * Steps shaded in gray are performed by the computational engine.
Computational Steps

Step C-1: Limit Scenario List

In this step, the analyst may elect to consider a limited number of scenarios
from the reliability analysis to enable a more targeted application of ATDM
strategies. The preceding reliability analysis typically results in approximately
240 scenarios for a 1-year RRP. The analyst may apply one or more “global”
ATDM strategies equally to all scenarios. In this case, Step C-1 is not necessary
and the analysis can proceed.

Exhibit 11-12
Freeway ATDM Strategy
Evaluation Framework

Testing the effect of ATOM on
facility refiability reguires 2
careful sefection of the
"before” ATDM scenarios.

Chapter 11/Freeway Reliability Analysis
Version 6.0

Extensions to the Methodology
Page 11-35




Highway Capacity Manual: A Guide for Multimodal Mobility Analysis

However, specific ATDM strategies are often applied only to a subset of
(reliability) scenarios, to target a specific operational condition. For example,
incident management strategies are applied to scenarios with incidents, and
work zone management strategies are only applied to scenarios with work zones.
| At this time, this process of assigning ATDM strategies to scenarios must be
carried out manually, since no research results are available to automate the
assignment of ATDM strategies to reliability scenarios. To facilitate this process,
the list of 240 or so reliability scenarios can be limited to an ATDM subset.

Agencies may have their own algorithms for automating the ATDM strategy
assignment process. In that case, no reduction in the number of scenarios is
necessary. Similarly, an analyst may elect to assign ATDM strategies manually to
all 240 or so scenarios if time and resources permit.

However, in the standard HCM ATDM analysis, the analyst is encouraged to
select a subset of scenarios for evaluation. This subset may reflect a certain
condition that is targeted by the ATDM strategy in question (e.g., inclement
weather days to test a snow removal strategy) but should always include other
(nonweather) scenarios, to avoid overestimating the effect of the strategy on the
entire RRP. Statistical tests of how well the reduced scenario list reflects the
overall population are included in the calibration step.

The framework for ATDM analysis allows the user to select any number or
set of reliability scenarios for ATDM or other strategy implementation. However,
to generate confidence in the resulting before-and-after comparisons, the analyst
should consider the following guidelines for selecting scenarios:

e As general guidance, it is recommended that the analyst select at least 10
scenarios for an ATDM reliability analysis, and preferably 30. Selecting
fewer than 10 scenarios may produce significant bias and error in the
analysis outputs when the impact on the full system reliability is tested.
An ATDM strategy can also be applied to a single scenario in a “before-
and-after” core facility analysis by using the method in Chapter 10.
Thus, the 10-scenario limit applies only to a reliability analysis
evaluating before-and-after ATDM effects.

¢ In comparing the effect of ATDM strategies on the entire set of reliability
scenarios, the selection must include broad spectrum scenarios. One or
more of these scenarios will need to be a “good operational” scenario, in
which the facility travel time is less than the expected value, and one or
more of the other scenarios should be a “poor operational scenario.”
This approach is important for accurate prediction of the impact of the
strategy on the full set of reliability scenarios. In other words, the subset
of scenarios selected for ATDM analysis should be representative of the
overall population of scenarios from the reliability analysis and avoid
bias toward overly “good” or “poor” operating conditions. For example,
picking a scenario with no inclement weather or incidents has no impact
on the results of an “after” scenario when the selected strategy targets
improved incident response, but it will nevertheless improve confidence
in the comparison of reliability results.
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*  The selection of ATDM scenarios is best related to the type of strategies
that the analyst intends to use. For example, if there is interest in
evaluating a set of work zone-related ATDM strategies, the selected
scenarios must have some work zone presence.

*  If the number of reliability scenarios required for characterizing a
certain event (i.e.,, work zone, weather, incident) is too low to meet the
10-scenario threshold, the analyst should consider increasing the number
of replications used in the reliability scenario generation process.

Step C-2: Select Pool of ATDM Strategies

This step allows the analyst to select which ATDM strategy or set of
strategies to include in the evaluation. A number of strategies are described in
Chapter 37, ATDM: Supplemental. Not every strategy or ATDM plan needs to be
applied to every scenario in the ATDM scenario list. For example, a weather
management plan may only apply to scenarios with inclement weather, or a
freeway service patrol strategy may only apply to incident scenarios.

Step C-3: Convert ATDM Information to Operational Inputs

This step converts the ATDM strategy or plan into operational inputs
including DAFs, CAFs, SAFs, incident duration adjustments (if applicable), and
number-of-lanes adjustments. The HCM currently does not include default
values for ATDM strategies; thus, they must be input by the analyst on the basis
of judgment or local data. The reader is referred to Chapter 37, ATDM:
Supplemental, for additional information.

Step C-4: Design ATDM Plans for the Facility and Assign to Scenarios

The analyst may elect to apply a strategy uniformly across all scenarios but
more commonly would match a specific strategy with a specific scenario (e.g.,
weather management for snow events, service patrols for incidents).

As discussed earlier, multiple strategies can be combined into an ATDM plan
to result in a unique set of inputs (adjustment factors) applied to each scenario.
Only one set of these inputs can be applied to each reliability scenario. If multiple
strategies are combined, their respective DAFs, CAFs, and SAFs are multiplied to
produce a single DAF, CAF, and SAF for application to the scenario, unless
additional information is available on the combined effect of pooled strategies.

The computational engine provides the user with a summary sortable table
of each scenario’s attributes (e.g., number of weather events, number of
incidents, maximum TTI) to assist the user in assigning an appropriate set of
ATDM strategies to the relevant scenarios.

Step C-5; Process ATDM Scenarios

This step evaluates each scenario by applying the core methodology from
Chapter 10. It is automatically performed by the computational engine or other
software implementation of the methodology.
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Step C-6: Compute Performance Measures

This step calculates performance measures for the facility with the ATDM
strategies applied. Results are provided for each scenario, along with an overall
travel time (or distribution) using three comparison classes.

The first class compares the performance measure results for a single scenario
before and after ATDM implementation. This class is useful as an initial test and
to verify the scenario assignments carried out in Step C-4. The second class of
output compares the aggregated results for the combined but limited set of
scenarios defined in Step C-1 (e.g., the 30 scenarios selected for ATDM
implementation) before and after ATDM implementation. Finally, the third class
extrapolates the comparison to the entire travel time distribution across the RRP
on the basis of ATDM implementation in a limited set of scenarios.

Step C-7: Process Before-and-After Comparison

This step conducts a before-and-after comparison of ATDM strategy
effectiveness by comparing the results of the reliability analysis with the results
of the ATDM analysis. The focus of this comparison is on the travel time
distribution before and after implementation of the ATDM strategy set. Specific
reliability performance measures, including TTI,,,, and TTls, can be used fora

high-level assessment of the improvement resulting from the ATDM
implementation. Generally, though, the overall travel time distribution is of
interest in making these comparisons.

Step C-8: Validate Results

In this step, the ATDM results are compared with field data (if available),
results from another model, or expert judgment. Field data on the effects of
ATDM strategies, especially on the reliability distribution, can be difficult to
obtain, and expert judgment may be more frequently applied in this step.
Additional details on facility calibration and validation criteria are provided in
Chapter 25. If an acceptable match is not obtained, the analysis returns to Step C-
3 to adjust the operational inputs.

Step C-9: Report Performance Measures

This final step of the ATDM assessment methodology reports the facility’s
reliability performance measures with the ATDM strategy or plan applied.
Additional performance measures may be generated for each scenario.
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5. APPLICATIONS

EXAMPLE PROBLEMS

Section 11 of Chapter 25, Freeway Facilities: Supplemental, provides four
example problems that illustrate applications of the reliability and strategy
assessment methodologies to a freeway facility under various operating
conditions. Exhibit 11-13 lists these example problems.

Example Problem  Description Application
1 Base reliability Operational analysis
2 Evaluation of geometric improvements Operational analysis
3 Evaluation of incident management Operational analysis
4 Planning-level reliability analysis Planning analysis

EXAMPLE RESULTS

This section presents the results of applying this chapter’s methodologies in
typical situations. Analysts can use the illustrative results presented in this
section to observe the sensitivity of output performance measures to various
inputs and to help evaluate whether their analysis results are reasonable, The
exhibits in this section are not intended to substitute for an actual analysis and
are deliberately provided in a format large enough to depict general trends in the
results but not large enough to pull out specific results.

Total travel time on a freeway facility is sensitive to a number of factors
including the prevailing free-flow speed, demand levels, segment capacity,
percent drop in queue discharge flow rate, demand-to-capacity ratio, weather
conditions, incidents, presence of work zones, and special events. Consequently,
these factors can influence travel time reliability on a freeway facility.

Exhibit 11-14 shows four cumulative TTI distributions resulting from a
reliability analysis for the freeway facility given in Example Problem 1 in
Chapter 25. The “recurring congestion only” curve corresponds to a reliability
analysis assuming no inclement weather, incident events, or scheduled work
zones in the RRP. As expected, this curve yields consistently lower (i.e., better)
TTI values than do the other three TTI distributions. In this case, TTl, is 1.5.

The “recurring congestion + weather” curve corresponds to an analysis in
which inclement weather conditions are added to the variation in demand. As
expected, this addition slightly shifts the TTI distribution toward higher TTI
values without appreciably changing TTl,..

The “recurring congestion + incidents” curve captures variations in demand
level plus the occurrence of incidents during the RRP. As expected, the inclusion
of incidents increases TTI values for the entire distribution and, consequently,
results in a shift toward higher TTI values in the curve. In this case, TTl increases
to about 1.8, representing a 20% increase above the base recurring-congestion case.

Finally, the “recurring congestion + weather + incidents” curve corresponds
to an RRP that includes variations in the demand level, inclement weather events,
and incidents. This curve models scenarios that combine inclement weather
events, incidents, and high demand values. Therefore, the resulting TTI curve

Exhibit 11-13
List of Example Problems
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Exhibit 11-14

lllustrative Effects of Different
Nonrecurring Sources of
Congestion on the TTI
Distribution

Exhibit 11-15

Tlustrative Effects of
Inclement Weather Events on
the TTI Distribution

has higher TTI values than the other three curves, although again TTl,; does not
appreciably increase compared with the “recurring congestion + incidents” case.
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Mote: Based on Example Problem 1 from Chapter 25, using default weather data for Raleigh, North Carolina, and
a facilitywide incident rate of 1,050 incidents per 100 million VMT.

As shown above, the inclusion of inclement weather events in the RRP shifts
the TTI distribution toward higher TTI values. Exhibit 11-15 depicts the TTI
probability distribution function obtained with different weather conditions (in
this case, in a city with a milder climate). Bars with a dotted pattern indicate a
reliability analysis that is performed under the assumption of a 10% chance of
heavy snow in December, January, and February. Dark bars correspond to an
otherwise identical analysis performed under the assumption of zero snow
probability in those 3 months. The exhibit shows that the higher heavy snow
probability yielded a lower percentage of TTI values in the 1 to 1.05 range. A
lower snow probability resulted in a lower percentage of higher TTI values.
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50%
40%
30%
20%

10% T
0% —--J-ﬂm-::-_——_
1 105 11 115 1.2 125 1.3 135 14 145 1.5 More
Travel Time Index
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Note:  Based on Example Problem 1 from Chapter 25, with a facilitywide incident rate of 1,050 incidents per 100
million VMT and heavy snow probabilities of 0% and 10%.
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Exhibit 11-16 illustrates the effects of incident frequency on travel time
reliability. The dotted curve corresponds to the travel time distribution assuming
350 incidents per 100 million VMT. Increasing the rate from 350 to 700 incidents
per 100 million VMT (dashed line) results in a shift in the TTI distribution toward
a higher value. This is expected, since a greater number of scenarios are affected
by incidents in this case. Increasing the rate from 700 to 1,050 incidents per million
VMT (solid line) yields a further rightward shift in the distribution, as expected.

1 ....*-‘“L‘_'.',:L“."-':'_"L'J LAV A LFALF AN & Exh Ibit 11'16
------- ki Tllustrative Effects of Incident

Rates on the TTI Distribution

i 1.25 15 1.75 2 2.258 2.5
Travel Time Index
~——1,050 inadents per 100 millicn VMT ----700 incidents per 100 million VMT |
""" 350 incidents per 100 million YMT

Note:  Based on Example Problem 1 of Chapter 25, using default weather data for Raleigh, North Carolina, and
facilitywide incident rates of 350, 700, and 1,050 incidents per 100 million YMT.

The final example depicts the impacts of an ATDM strategy on travel time
reliability. Exhibit 11-17 shows two TTI distributions. The first distribution is a
base case (Example Problem 1 in Chapter 25), while the second is from a case
where a hard shoulder running strategy is applied to the facility. As shown in
the exhibit, allowing vehicles to use the shoulder shifts the TTI distribution
toward lower TTI values. This trend occurs because hard shoulder running
increases the capacity of the freeway facility and, as a result, travel time is
consistently reduced.

Exhibit 11-17

100, mmmmm s st e e e e
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40% :
30%
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Travel Time Index
| —Base Case - ~Hard Shoulder Running |
Mote:  Based on Example Problem 1 in Chapter 25, Raleigh, Morth Carolina, weather conditions, and fadilitywide
incident rate of 1,050 incidents per 100 million VMT.
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DEFAULT VALUES

This section provides default values for much of the input data used by this
chapter’s reliability methodologies. Agencies are encouraged, when possible, to
develop local default values on the basis of field measurements of facilities in
their jurisdiction. Local defaults provide a better means of ensuring accuracy in
analysis results. Facility-specific values provide the best means of ensuring an
adequate representation of local and regional conditions. In the absence of local
data, this section’s default values can be used when the analyst believes that the
values are reasonable for the facility to which they are applied.

Traffic Demand Variability

Exhibit 11-18 and Exhibit 11-19 present default demand ratios by day of
week and month of year for urban and rural freeway facilities, respectively. The
ratios were derived from a national freeway dataset developed by Strategic
Highway Research Program 2 Project L03 (2). All ratios reflect demand relative
to a Monday in January. Where possible, analysts should obtain local or regional
estimates of demand variability to account for facility-specific and seasonal
trends on the subject facility.

Exhibit 11-18 Day of Week

Default Urban Freeway Month Monday Tuesday Wednesday Thursday Friday Saturday Sunday

D:D“f"'d Ratios . January 1.00 1.00 1.02 1.05 1.17 1.01 0.89

WA /oneayein Jean) February | 1.03 1.03 1.05 108 121 1,04 0.92
March 1.12 112 1.14 1.18 1.31 1.13 0.99
April 1.19 1.19 1.21 1.25 1.39 1.20 1.05
May 1.18 1.18 1.21 1.24 1.39 1.20 1.05
June 1.24 1.24 1.27 1.31 1.46 1.26 1.10
July 1.38 1.38 1.41 1.45 1.62 1.39 1.22
August 1.26 1.26 1.28 1.32 1.47 1.27 1.12
September| 1.29 1.29 1.32 136 1.52 1.31 1.15
October 1.21 1.21 1.24 1,27 1.42 1,22 1.07
November | 1.21 1.21 1.24 1.27 1.42 1.22 1.07
December |  1.19 1.19 1.21 1.25 1.40 1.20 1.06
Source: Derived from data presented by Cambridge Systematics et al. (2).
Mate:  Ratios represent demand relative to a Monday in January.

Exhibit 11-19 Day of Week

Default Rural Freeway Month Monday Tuesday Wednesday Thursday Friday Saturday Sunday

Dﬂ“jrﬂ:f Ratios January 1.00 0.96 0.98 1.03 1,22 1.11 1.06

(ADT/Mondays in January) February 1.11 1.06 1.09 1.14 1.35 1.23 118
March 1.24 1.19 1.21 1.28 1.51 137 1.32
April 1.33 1.27 1.30 1.37 1.62 1.47 1.41
May 1.46 1.39 1.42 1.50 178 1.61 155
June 1.48 1.42 1.45 1.53 1.81 1.63 1.57
July 1.66 1.59 1.63 1.72 2.03 1.84 177
August 1.52 1.46 1.49 1.57 1.86 1.68 1.62
September 1.46 1.39 1.42 1.50 1.78 1.61 1.55
October 1.33 1.28 1.31 1.38 1.63 1.47 1.42
November 1.30 1.25 1.28 1.35 1.59 1.44 1.39
December 1.17 1,12 1.14 1.20 1.43 1.29 1.24

Source; Derived from data presented by Cambridge Systematics et al. (2).
Note:  Ratios represent demand relative to a Monday in January.
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Weather Event Probabilities

Weather event probabilities by month of each weather event for the largest
U.S. metropolitan areas are provided as resource material in the Technical
Reference Library in online HCM Volume 4. Average durations of each severe
weather event type are also provided for these metropolitan areas.

Weather Capacity and Speed Adjustment Factors

Exhibit 11-20 and Exhibit 11-21 provide default CAFs and SAFs, respectively,
by weather type and facility free-flow speed. Note that the changes in CAFs and
SAFs for decreasing visibility shown in the exhibit may be counterintuitive, since
they are based on a single site.

The SAF is applied to the base free-flow speed, and the CAF is applied to the
base capacity, both of which are calculated in the respective methodological
chapters for the various freeway segment types. Both may also have been
adjusted in the process of calibrating the core facility in Chapter 10. The
adjustment factors below should be applied in addition to any prior CAF and
SAF calibration.

Capacity Adjustment Factors

55 60 65 70 75
Weather Type Weather Event Definition mifh mi/h mi/h mi/h mifh
Medium rain =0.10-0.25 in./h 094 093 092 091 0.90
Heavy rain >0.25 in./h 089 088 086 0B84 082
Light snow >0.00-0.05 in./h 097 09 0% 095 095
Light-medium snow =0.05-0.10 in./h 095 094 092 090 0.88
Medium-heavy snow =0.10-0.50 in./h 093 091 090 088 O0.87
Heavy snow =0.50 in./h 080 078 076 074 0.72
Severe cold <—4°F 093 092 092 091 0.90
Low visibility 0.50-0.99 mi 090 090 09 090 090
Very low visibility 0.25-0.49 mi 0.88 088 088 088 088
Minimal visibility <(.25 mi 090 050 090 090 0.90
Mon-severe weather All conditions not listed above 1.00 1.00 1.00 1.00 1.00

Source: Zegeer et al. (I).
Mote:  Speeds given in column heads are free-fliow speeds.

Exhibit 11-20
Default CAFs by Weather
Condition

A F s Exhibit 11-21

55 60 65 70 75 gﬁ;‘gﬁm R VAR
Weather Type Weather Event Definition mif/h mi/h mi/h mifh mi/h
Medium rain >0.10~0.25 in./h D9 0585 094 093 093
Heavy rain >(.25 in./h 094 083 09 092 091
Light snow >0.00-0.05 in./h 0.94 0952 089 087 0.84
Light-medium snow =0.05-0.10 in./h 092 09 088 086 083
Medium-heavy snow >0.10-0.50 in./h 090 088 086 084 082
Heavy snow =>0.50 in./h 088 086 085 0.8 081
Severe cold <—4°F 095 095 094 093 092
Low visibility 0.50-0.99 mi 096 095 054 094 093
Very low visibility 0.25-0.49 mi 095 054 093 092 091
Minimal visibility <0.25 mi 095 094 093 092 091
MNon-severe weather All conditions not listed above 1.00 100 1.00 100 1.00
Source: Zegeer et al. (1)
MNote:  Speeds given in column heads are free-flow speeds.
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Exhibit 11-22

Default Freeway Incident
Severity Distribution and
Duration Parameters (min)

Exhibit 11-23

CAFs by Incident Type and
Mumber of Directional Lanes
on the Facility

Incident Probabilities and Durations

Exhibit 11-22 provides mean distributions of freeway incidents by severity
and default incident duration parameters by incident type.

nciden v
Shoulder 1 Lane 2 Lanes 3 Lanes 4+ Lanes
Parameter Closed Closed Closed Closed Closed

Distribution (%) 754 19.6 3.1 1.9 0

Duration (mean) 34 34.6 53.6 67.9 67.9
Duration (std. dev.) | 15.1 13.8 13.9 219 21.9

Duration {min.) 8.7 16 30.5 36 36

Duration (max.) 58 58.2 66.9 93.3 93.3

Source: Zegeer et al. (J).
Notes: std. dev. = standard deviation; min. = minimum, max. = maximurm,

Incident Capacity Adjustment Factors

Exhibit 11-23 shows the default CAFs associated with each incident severity.
The values shown in the exhibit reflect the remaining relative capacity per open lane.
For example, a two-lane closure incident on a six-lane directional facility
(underscored) results in a loss of two full-lane capacities, in addition to
maintaining only 75% of the remaining four open lanes’ capacities. The result is
that only three lanes worth (50%) of the facility’s original six-lane capacity is
maintained. No information is available on the effect of incidents on free-flow
speed, so this effect is not accounted for at this time.

Directional No Shoulder 1 Lane 2Lanes 3Lanes 4 Lanes
Lanes Incident Closed Closed Closed Closed Closed

2 1.00 0.81 0.70 N/A N/A N/A

3 1.00 0.83 0.74 0.51 MN/A NfA

4 1.00 0.85 0.77 0.50 0.52 N/A

5 1.00 0.87 0.81 0.67 0.50 0.50

6 1.00 0.89 0.85 0.75 0.52 0.52

7 1.00 0.91 0.88 0.80 0.63 0.63

8 1,00 0.93 0.89 0.84 0.66 0.66

Source: Zegeer et al. (1)
Notes:  N/A = not applicable — the number of lanes cosed equals or exceeds the number of directional lanes.
The methodology does nat permit all directional lanes of a facility to be dosed,

PLANNING, PRELIMINARY ENGINEERING, AND DESIGN ANALYSIS

A facility’s average travel time will vary from hour to hour, day to day, and
season to season, depending on fluctuations in demand, weather, incidents, and
work zones. Reliability measures characterize this distribution of travel times for
a selected period of a year meaningful to the analyst, the agency’s objectives, and
the general public.

Estimating performance measures requiring complex calculations, such as
the reliability distribution described in this chapter, can be challenging in a
planning context. However, two options exist for applying this chapter’s
reliability methodology in a planning context:

1. Application of HCM methods using default values and

2. Simplified percentile estimation method.

Applications
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Both methods are introduced below and are described further in the Planning
and Preliminary Engineering Applications Guide to the HCM, available in the
Technical Reference Library in the online HCM Volume 4.

HCM Method Using Default Values

This chapter's method for estimating travel time reliability can, to some
extent, be automated through the use of default values. Automating the
generation of inputs, along with applying the method in a computational engine
or software, allows reliability performance to be estimated with minimal input
needs, which may make the process suitable for application in a planning
context. Exhibit 11-24 lists the required input data and describes where default
values are provided.

Data Category Description Data Source
Time periods Analysis period, study period, reliability Must be selected by the analyst
reparting period
Demand patterns  Day-of-week by month-of-year Default values provided in Chapter 25
— _demand factors : - e
Weather Probabilities of various intensities of Data sources and default values
rain, snow, cold, and low visibility by  provided in Chapter 25
mnm —————————
Incidents Crash rate and incident-to-crash ratioc  Crash rate must be provided; default

for the facility, in combination with values available in Chapter 25 for
defaulted incident type probability and other data

—_ durationdata I
Work zones and Changes to base conditions and Must be specified when relevant to
_5pecial events schedule the analysis

Nearestcity ~ City with airport weather station ~ Required to apply weather defaults
Traffic counts Demand multiplier for demand Must be provided

represented in base dataset

Simplified Method

The equations in this section can be used to estimate specific TTI percentiles
as an approximation of freeway facility reliability (11, 12). This method does not
specify the full reliability distribution, nor is it customized to a specific facility’s
geometry or operating characteristics.

First, the mean annual travel time index, including incident effects, is
computed:

Exhibit 11-24

Input Data Needs for HCM
Planning Reliability Analysis of
Freeways

TTlean = 1+ FFS X (RDR 4+ IDR) Equation 11-1
where
TTI, .. = average annual mean travel time index (unitless);
FF5 = free-flow speed (mi/h);
RDR = recurring delay rate (h/mi), from Equation 11-2; and
IDR = incident delay rate (h/mi), from Equation 11-3.
1 i
= o —— Equation 11-2
RDR S~ FFs quation
IDR = [0.020 — (N — 2) x 0.003] x X* Equation 11-3
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Equation 11-4
Equation 11-5

where
S = peak-hour speed (mi/h),
N = number of lanes in one direction (N =2 to 4), and

X = peak hour volume-to-capacity ratio {decimal).

Equation 11-3 is valid only for X £1.00 and N =2, 3, or 4. Values of X greater
than 1.00 should be capped at 1.00, and values of N greater than 4 should be
capped at 4, for use in Equation 11-3.

The 95th percentile travel time index (TTly;) and percent of trips traveling
under 45 mi/h (PT,:) can be computed from the average annual TTI according to
the following equations.

TTles =1+ 3.67 % In (TT! ean)
PTs =1 —exp [-1.5115 X (TTlean — 1)]
where
TTly; = 95th percentile TTI (unitless),

TTl,,... = average annual mean travel time index (unitless), and

PT,; = percent of trips that occur at speeds less than 45 mi/h (decimal).

USE OF ALTERNATIVE TOOLS

General guidance for the use of alternative traffic analysis tools for capacity
and level-of-service analysis is provided in Chapter 6, HCM and Alternative
Analysis Tools. This section contains specific guidance for applying alternative
tools to the analysis of freeway facilities. Additional information on this topic
may be found in Chapter 25, Freeway Facilities: Supplemental.

In some cases, a finer temporal sensitivity to dynamic changes in the system
will be required for a reliability analysis than can be provided by the typical 15-
min analysis period used by HCM methods. This situation may occur in
evaluating traffic-responsive signal timing, traffic adaptive control, dynamic
ramp metering, dynamic congestion pricing, or measures affecting the
prevalence or duration of incidents with less than 10-min durations. There may
also be scenarios and configurations that the HCM cannot address, such as
complex merging and diverging freeway sections.

For such situations, this chapter’s conceptual framework for evaluating
travel time reliability can be applied to alternative analysis tools. The same
conceptual approach of generating scenarios, assigning scenario probabilities,
evaluating scenario performance, and summarizing the results applies when
alternative analysis tools, such as microsimulation, are used to estimate the
reliability effects of operations improvements.

Before embarking on the use of alternative tools for reliability analysis, the
analyst should consider the much greater analytical demands imposed by a
reliability analysis following this chapter’s conceptual analysis framework.
Thousands of scenarios may need to be analyzed with the alternative tool in
addition to the number of replications per scenario required by the tool itself to

Applications
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establish average conditions. Extracting and summarizing the results from
numerous applications of the alternative tool may be a significant task.

If a microscopic simulation tool is used, some portions of this chapter's
analysis framework that were fit to the HCM's 15-min analysis periods and
tailored to the HCM's speed-flow curves will no longer be needed:

* Scenarios may be defined differently from and may be of longer or
shorter duration than those used in HCM analysis.

* Incident start times and durations will no longer need to be rounded to
the nearest 15-min analysis period.

» Weather start times and durations will no longer need to be rounded to
the nearest 15-min analysis period.

» Demand will no longer need to be held constant for the duration of the
15-min analysis period.

* The peak hour factors used to identify the peak 15-min flow rate within
the hour will no longer be applied. They will be replaced with the
analysis tool's built-in randomization process.

» This chapter’'s recommended freeway capacity adjustment factors, along
with the free-flow speed adjustment factors for weather events and
incidents, will have to be converted by the analyst to the microsimulation
model equivalents: desired speed distribution and desired headway
distribution. Acceleration and deceleration rates will also be affected for
some weather events.

» This chapter's recommended freeway speed-flow curves for weather
events and incidents will be replaced with adjustments to the model’s car-
following parameters, such as desired free-flow speed, saturation
headway, and start-up lost time. Unlike incidents, which the tool’s car-
following logic can address, weather is modeled by adjusting the car-
following parameters through weather adjustment factors before the
scenarios are run. Application guidance and typical factors are provided
in FHWA's Traffic Analysis Toolbox (13).

If a less disaggregate tool is used (e.g., mesoscopic simulation analysis tool,
dynamic traffic assignment tool, demand forecasting tool), many of this chapter’s
adaptations of the conceptual analysis framework to the HCM may still be
appropriate or may need to be aggregated further. The analyst should consult
the appropriate tool documentation and determine what further adaptations of
the conceptual analysis framework might be required to apply the alternative
tool to reliability analysis.
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Some of these references can 1
be found in the Technical
Reference Library in Volume 4.

10.
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1. INTRODUCTION

OVERVIEW

This chapter presents methodologies for analyzing the capacity and level of
service (LOS) of basic freeway and multilane highway segments. These segments
are outside the influence of merging, diverging, and weaving maneuvers. In the
case of multilane highways, they are also outside the influence of signalized
intersections. Because of the similar operational characteristics of basic freeway
and multilane highway segments, they are analyzed with the same methodology.
The similarities include a common form of the speed-flow relationship and the
effects attributed to the number of lanes, lane width, lateral clearance, and the
presence of heavy vehicles. The chapter also provides methods for analyzing
basic managed lane segments on freeways and bicycle LOS on multilane
highways,

This chapter focuses on uninterrupted flow, which refers to access-controlled
facilities, with access and egress being controlled through grade-separated cross
streets and ramp movements to access the facility. For multilane highways,
uninterrupted flow also exists when there are no traffic control devices that
interrupt traffic and where no platoons are formed by upstream traffic signals.
Typically, this condition occurs when the multilane highway segment is 2 mi or
more from the nearest traffic signal.

The methodologies in this chapter are limited to uncongested flow conditions.
Uncongested flow conditions require that the demand-to-capacity ratio for the
segment be less than or equal to 1.0. Uncongested flow on freeways and
multilane highways further means that there are no queuing impacts on the
segment from downstream bottlenecks. Chapter 10, Freeway Facilities Core
Methodology, provides an evaluation method for analyzing oversaturated basic
freeway segments. The Highway Capacity Manual (HCM) does not currently
provide a method for evaluating oversaturated multilane highways other than to
identify them as LOS F.

CHAPTER ORGANIZATION

Section 2 of this chapter presents the basic concepts of freeway and multilane
uninterrupted-segment operations, including the definition of base conditions;
differences in the treatment of basic freeway and multilane segments; basic
managed lane concepts; speed-flow relationships; and demand, capacity, and
LOS measures for automobile traffic,

Section 3 presents the base methodology for evaluating automaobile
operations on basic freeway and multilane highway segments.

Section 4 extends the core method presented in Section 3 to applications for
managed lanes, including high-occupancy vehicle (HOV) and high-
occupancy/toll (HOT) lanes (also called express or priced managed lanes) with
various types of separation from the general purpose lanes. This method is based
on findings from National Cooperative Highway Research Program (NCHRP)
Project 03-96 (1-3). Additional extensions include the effect of trucks and other

VOLUME 2: UNINTERRUPTED FLOW

10. Freaway Facilities Core Methodology

11. Freeway Reliability Analysis

12, Basic Freeway and Multilane
Highway Segments

13. Freeway Weaving Segments

14. Fresway Merge and Diverge
Segments

15, Two-Lane Highways
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heavy vehicles on capacity and LOS and a method for evaluating bicycle LOS5 on
multilane highways (with details provided in Chapter 15, Two-Lane Highways).

Section 5 presents application guidance on using the results of basic freeway
and multilane highway segment analysis, including example results from the
methods, information on the sensitivity of results to various inputs, and a service
volume table for freeway and multilane highway segments.

RELATED HCM CONTENT
Other HCM content related to this chapter includes the following:

¢ Chapter 3, Modal Characteristics, where the motorized vehicle
“Variations in Demand” subsection describes typical travel demand
patterns for freeway and multilane highway segments.

¢ Chapter 4, Traffic Operations and Capacity Concepts, which provides
background for the speed, flow, density, and capacity terms specific to
freeway and multilane highway segments that are presented in this
chapter’s Section 2,

¢ Chapter 10, Freeway Facilities Core Methodology, and Chapter 11,
Freeway Reliability Analysis, which use the basic freeway segment
methodology described in this chapter in analyzing a larger facility
comprising freeway basic, merge and diverge, weaving, and managed
lane segments over extended time periods.

¢ Chapter 11, Freeway Reliability Analysis, which provides a method for
evaluating freeway facilities with basic segments in a reliability context.
The chapter also provides default speed and capacity adjustment factors
that can be applied in this chapter’s methodology.

e Chapter 25, Freeway Facilities: Supplemental, which presents a method
for evaluating mixed truck and automobile traffic streams on composite
grades.

* Chapter 26, Freeway and Highway Segments: Supplemental, which
provides state-specific heavy vehicle percentages, presents a method for
evaluating mixed truck and automobile traffic streams on single grades,
describes capacity and speed adjustments for driver populations
unfamiliar with a roadway, provides guidance for measuring freeway
capacity in the field, and presents example problems with step-by-step
calculations using this chapter’s methods.

» Case Study 4, New York State Route 7, in the HCM Applications Guide in
Volume 4, which demonstrates how this chapter’s methods can be
applied to the evaluation of an actual freeway facility.

» Section H, Freeway Analyses, and Section [, Multilane Highways, of the
Planning and Preliminary Engineering Applications Guide to the HCM, found
in Volume 4, which describes how to incorporate this chapter’s methods
and performance measures into a planning or preliminary engineering
effort.

Introduction Chapter 12/Basic Freeway and Multilane Highway Segments
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2. CONCEPTS
BASIC FREEWAY AND MULTILANE HIGHWAY SEGMENT DESCRIPTION
A basic freeway or multilane highway segment is outside the influence area
of any merge, diverge, or weaving segments and of any signalized intersections.
Exhibit 12-1 shows typical basic freeway segment cross sections, and Exhibit 12-2
illustrates common types of multilane highways.
Exhibit 12-1
Basic Freeway Segment Types
Iustrated
Source: © 2014 Google Source: © 2014 Google
(a) Eight-Lane Urban Freeway Segment (b) Six-Lane Rural Freeway Segment
Exhibit 12-2
4 Multilane Highway Types
Tlustrated
(a) Divided Suburban {b) Undivided Suburban
Multilane Highway Segment Multilane Highway Segment
i L
{c) Suburban Multilane Highway Segment (d) Undivided Rural Multilane Highway Segment
with Two-Way Left-Turn Lane
Chapter 12/Basic Freeway and Multilane Highway Segments Concepts
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Analysis segments must have
uniform geomelric and traffic
conditions, including demand
flow rafes.

Basic freeway segments generally have four to eight lanes (in both directions)
and posted speed limits between 50 and 75 mi/h. The median type depends on
right-of-way constraints and other factors.

Multilane highways generally have four to six lanes (in both directions) and
posted speed limits between 40 and 55 mi/h. In some states, speed limits of 60 or
65 mi/h or higher are used on some multilane highways. These highways may be
undivided (with only a centerline separating the directions of flow) or divided
(with a physical median separating the directions of flow), or they may have a
two-way left-turn lane (TWLTL). Typically they are located in suburban areas
and lead into city centers or in high-volume rural corridors, where they connect
two cities or activity centers that generate a substantial number of daily trips.

All analyses are applied to segments with uniform characteristics. Uniform
segments must have the same geometric and traffic characteristics, including a
constant demand flow rate.

Influence Areas of Merge, Diverge, and Weaving Segments

In general terms, the influence area of merge (on-ramp) segments extends
1,500 ft downstream of the merge point. The influence area of diverge (off-ramp)
segments extends 1,500 ft upstream of the diverge point. The influence area of
weaving segments extends 500 ft upstream and downstream of the gore-to-gore
segment length. For undersaturated operations, these distances define the areas
most affected by merge, diverge, and weaving movements. A complete
discussion of these influence areas is provided in Chapter 10, Freeway Facilities
Core Methodology, with additional discussion in Chapter 13, Freeway Weaving
Segments, and Chapter 14, Freeway Merge and Diverge Segments.

Influence of Breakdowns in Adjacent Freeway Segments

The impact of breakdowns in any type of freeway segment on an adjacent
basic segment can be addressed with the methodologies of Chapter 10, Freeway
Facilities Core Methodology, and Chapter 11, Freeway Reliability Analysis.
Breakdown events are defined in more detail below.

Influence of Traffic Signals on Multilane Highway Segments

The influence area of traffic signals on multilane highways is typically about
1 mi, which means that uninterrupted flow may exist if traffic signals are spaced
2 mi or more apart. Many multilane highways will have periodic signalized
intersections, even if the average signal spacing is well over 2 mi. In such cases,
the multilane highway segments that are more than 2 mi away from any traffic
signals are analyzed with this chapter’s methodology. Isolated signalized
intersections along multilane highways should be analyzed with the
methodology of Chapter 19, Signalized Intersections.

Concepts
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FLOW CHARACTERISTICS OF BASIC FREEWAY AND MULTILANE
HIGHWAY SEGMENTS

Traffic flow within basic freeway segments can be highly dependent on the
conditions constricting flow at upstream and downstream bottleneck locations.
Such bottlenecks can be created by any or by a combination of the following:
merging, diverging, or weaving traffic; lane drops; maintenance and construction
activities; traffic accidents or incidents; objects in the roadway; and geometric
characteristics such as upgrades or sharp horizontal curves. Bottlenecks can exist
even when a lane is not fully blocked. Partial blockages will cause drivers to slow
and divert their paths. In addition, the practice of rubbernecking near roadside
incidents or accidents can cause functional bottlenecks. Many nonrecurring
congestion effects have a facilitywide impact and therefore are considered in
Chapter 10.

Uninterrupted flow on multilane highways is similar to that on basic
freeway segments, However, there are several important differences, Because
side frictions are present in varying degrees from uncontrolled driveways and
intersections, as well as from opposing flows on undivided cross sections, speeds
on multilane highways tend to be lower than those on similar basic freeway
segments. The basic geometry of multilane highways tends to be more
constrained than that of basic freeway segments, consistent with lower speed
expectations. Finally, isolated signalized intersections can exist along multilane
highways. The overall result is that speeds and capacities on multilane highways
are lower than those on basic freeway segments with similar cross sections.

As was discussed in more detail in Chapter 4, Traffic Operations and
Capacity Concepts, traffic flow within a basic freeway or multilane highway
segment can be categorized as one of three general types: undersaturated, queue
discharge, and oversaturated.

» Undersaturated flow represents conditions under which the traffic stream is
unaffected by upstream or downstream bottlenecks.

* (Queue discharge flow represents congested traffic flow that has just passed
through a bottleneck and is accelerating back to the drivers’ desired
speeds. If no other downstream bottleneck exists, queue discharge flow
will be relatively stable until the queue is fully discharged.

« Oversaturated flow represents the conditions within a queue that has
backed up from a downstream bottleneck. These flow conditions do not
reflect the prevailing conditions of the segment itself but rather the
consequences of a downstream problem. All oversaturated flow is
considered to be congested.

An example of each of the three types of flow discussed is illustrated in
Exhibit 12-3, which uses data from a freeway segment in California.
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Exhibit 12-3
Three Types of Flow on a
Basic Freeway Segment
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Source: California Department of Transportation, 2008.
Mote: 1405, Los Angeles, California.

FREEWAY CAPACITY DEFINITIONS

Freeway segment capacity is commonly understood to be a maximum flow
rate associated with the occurrence of some type of breakdown, which results in
lower speeds and higher densities. Previous research has shown that when
oversaturation begins, queues develop and vehicles discharge from the
bottleneck at a queue discharge rate that is usually lower than the throughput
rate before the breakdown. This is also known as the “capacity drop
phenomenon.” Several key terms related to freeway capacity are defined below
as they apply to this chapter. Details on the measurement of breakdown and
capacities are provided in Section 5 of Chapter 26, Freeway and Highway
Segments: Supplemental.

Freeway Breakdown

A freeway flow breakdown describes the transition from uncongested to
congested conditions. The formation of queues upstream of the bottleneck and
the reduced prevailing speeds make the breakdown evident.

In the HCM freeway methodology, a breakdown event on a freeway
bottleneck is defined as a sudden drop in speed of at least 25% below the free-
flow speed (FFS) for a sustained period of at least 15 min that results in queuing
upstream of the bottleneck.

Recovery

A freeway segment is considered to have recovered from the breakdown
event and the resulting oversaturated conditions when the average speeds (or
occupancies) reach prebreakdown conditions for a minimum duration of 15 min.
The definition of recovery is therefore the inverse of the definition of breakdown,
requiring a recovery to near prebreakdown conditions (operations above the
speed threshold) for at least 15 min.

The HCM defines the breakdown recovery on a freeway bottleneck as a
return of the prevailing speed to within 10% of the FFS for a sustained period of
at least 15 min, without the presence of queuing upstream of the bottleneck.

Concepts
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Prebreakdown Flow Rate

The prebreakdown flow rate is the flow rate that immediately precedes the
occurrence of a breakdown event. The literature suggests that this flow rate does
not have a fixed value, since evidence shows that breakdowns are stochastic in
nature and could occur following a range of flow rates. The flow rate is typically
expressed in units of passenger cars per hour per lane (pe/h/In) by converting
trucks and other heavy vehicles into an equivalent passenger car traffic stream.

In the HCM, the prebreakdown flow rate is defined as the 15-min average
flow rate immediately before the breakdown event. For the purpose of this
chapter, the prebreakdown flow rate is equivalent to the segment capacity.

Postbreakdown Flow Rate or Queue Discharge

The postbreakdown flow rate is also referred to as the queue discharge flow
rate or the average discharge flow rate. This flow rate is usually lower than the
prebreakdown flow rate, resulting in significant loss of freeway throughput
during congestion. Cases where the postbreakdown flow rate exceeds the
prebreakdown flow rate have also been observed, mostly when the
prebreakdown flow rate is low. Studies have indicated that the average
difference between the postbreakdown and the prebreakdown flow rates varies
from as little as 2% to as much as 20%, with a default value of 7% recommended.

In the HCM the queue discharge rate is defined as the average flow rate
during oversaturated conditions (i.e., during the time interval after breakdown
and before recovery).

CAPACITY UNDER BASE CONDITIONS

The base conditions under which the full capacity of a basic freeway or
multilane highway segment is achieved include good weather, good visibility, no
incidents or accidents, no work zone activity, and no pavement deterioration
serious enough to affect operations. The term “base conditions” presupposes the
existence of these conditions. If any of these conditions does not exist, the speed
and capacity of the freeway segment can be adjusted through this chapter’s
methodology to reflect prevailing conditions. Base conditions also include the
following;:

* No heavy vehicles in the traffic stream,

* A driver population mostly composed of regular users who are familiar
with the facility, and

¢ 12-ft lane widths and adequate lateral clearances (different for freeway
and multilane highways).

The capacity of a basic freeway segment under base conditions varies with
the FFS. Exhibit 12-4 gives capacity values under base conditions for a selection
of FF5 values. Interpolation between FFS values is permitted. In all cases,
capacity represents a maximum flow rate for a 15-min interval.

Chapter 12/Basic Freeway and Multilane Highway Segments
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Exhibit 12-4 . FFS Capacity of Basic Freeway  Capacity of Multilane Highway
Basic Freeway and Multilane (mi/h) Segments (pc/h/in) Segments (pc/h/In)
Highway Segment Capacity 75 2,400 NA

Under Base Conditions 70 2,400 2,300°

65 2,350 2,300°
60 2,300 2,200
55 2,250 2,100
50 NA 2,000
45 NA 1,500
MNotes: NA = not available.
* Capacities for multilane highways with 65- and 70-mi/h FFS are extrapclated and not based on field data,

It is reiterated that these base capacities reflect ideal conditions on a facility without
any capacity-reducing effects. For example, the base capacities assume no heavy
vehicles; no grades; and no additional friction effects due to poor pavement
conditions, narrow lanes, or lighting conditions. Furthermore, the capacities
shown in Exhibit 12-4 apply to a peak 15-min period (expressed as hourly flow
rates); capacities measured over a 1-h period may be less than these values.

Base capacity values refer to Finally, the base capacities do not include the effects of nonrecurring sources of

gr:e:m m&m :f’ congestion, such as severe weather, incidents, or work zones. Therefore,

vehicles, grades, or other calibration of the base capacity to reflect local conditions is important, especially

Sotess on faon when a segment is evaluated in the context of an extended freeway facility. For

mbm some adjustments, the HCM method provides explicit guidance. In other cases,

observed capacity values will available defaults for adjustment factors are limited, and these values should
mmpgﬁemﬂf;’?" ,aj;r therefore be obtained by using local data.

g‘ﬁm £ came kg Chapters 10 and 11 provide additional information allowing capacity values

evaluation of basic freeway to be adjusted to reflect the impact of long- and short-term construction and

segments, especisiiy in the maintenance activities, adverse weather conditions, accidents or incidents, and
context of an extended

freeway facility. the use of active traffic and demand management.

mﬁm The ]:ase capacity values represent national norms. Capacity varies

have a larger or smaller value stochastically, and any given location could have a larger or smaller value.

than the base capacity. Furthermore, capacity refers to the average flow rate across all lanes. Thus, a three-

Capacities represent an lane basic freeway segment with a 70-mi/h FFS would have an expected base

average flow rate acrass alf . T . o 5

s Individual lanes could capacity of 3 x 2,400 = 7,200 pc/h. This flow would not be uniformly distributed

have higher stable flows. across all lanes. Thus, one or two lanes could have stable base flows in excess of
2,400 pc/h/In. Similarly, a two-lane (in one direction) multilane highway segment
with a 60-mi/h FFS would have an expected capacity of 2 = 2,200 = 4,400 pc/h.
This flow would not be uniformly distributed. Thus, one lane could have stable
flows in excess of 2,200 pc/h/In.

Density at capacity for botf < : : : :

i ooy At natone I?asm freeway‘ and multilane ljlghway segmen_fs reach thE}r capacity at a
highway segments occurs at density of approximately 45 pc/mi/ln, although this value varies somewhat from
about 45 pe/mifin, or at an location to location. At this density, vehicles are spaced too closely to dampen
average vehicle spacing of , S -

17 the impact of any perturbation in flow, such as a lane change or a vehicle
entering the roadway, without causing a disruption in flow that propagates
upstream.

In a freeway facility context (Chapter 10), a basic freeway segment typically
does not break down unless a work zone, incident, or geometric constraint
results in a reduction of the segment’s capacity relative to adjacent segments.
More commonly, the throughput of the basic freeway segment is dictated by
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upstream or downstream merge, diverge, or weaving segments that tend to
govern the operations (and capacity) of the facility.

SPEED-FLOW RELATIONSHIP

Characteristics such as lane width, lateral clearance, median type, and (in the
case of multilane highways) access point density will affect the FFS of the facility.
Changes in the FFS further translate into different speed—flow curves describing
operations under base conditions at higher volume levels.

Under base conditions, speed-flow curves for uninterrupted flow on basic
freeway and multilane highway segments follow a common form:

 Constant speed range. There is a range of flow rates (in passenger cars per
hour per lane} over which speed is constant. The range extends from a
flow rate of zero to a breakpoint value BP. Over this range, the speed is
equal to the FF5.

» Decrensing speed range. From BP to the capacity ¢, speed decreases from the
FFS in a generally parabolic relationship.

» Capacity. In all cases, capacity occurs when the traffic stream density D is
45 pc/mi/ln, indicated by the dashed line in Exhibit 12-5.

The general form of this relationship is illustrated in Exhibit 12-5, where the
x-axis represents the adjusted 15-min demand flow rate v, (pc/h/In) and the y-
axis represents the space mean speed S of the traffic stream (mi/h). The equation
for the base speed-flow curve for every basic freeway and multilane highway
segment follows this form. In all cases, the value of capacity is directly related to
the FFS. For basic freeway segments, the value of BP is also directly related to the
FFS. For multilane highway segments, the breakpoint value is a constant value,
occurring at 1,400 pc/h/In.

1I.

FFS

Speed (mi/h)

Density = 45 pc/mifin

ol

Breakpoint

Bp
Capacity ¢

=
>

Flow Rate (pc/h/In)

The general analytic form of the speed-flow relationship is given by
Equation 12-1, while the equations for determining the model parameters,
including the breakpoint and the capacity —both of which are based on FF5—are
given in Exhibit 12-6. The capacity adjustment (CAF) and speed adjustment
factors (SAF) shown in Exhibit 12-6 are calibration parameters used to adjust for
local conditions or to account for nonrecurring sources of congestion, and they

The methodology provides
adjustrments for situations
wien the base conditions do
not apply.

Exhibit 12-5

General Form for Speed—Flow
Curves on Basic Freeway and
Multilane Highway Segments
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are discussed in the core methodology section of this chapter. The CAF and SAF
adjustments are only provided for basic freeway segments, since no empirical
research exists for equivalent capacity-reducing effects on multilane highways.

S=FFSﬂdj Vy < BP
Equation 12-1 Cadj a
FFSgaj = (v, — BP)
s:n"sadj—( Df) - BP <y <c
(cﬂdj — BP]
where S is the mean speed of the traffic stream under base conditions (mi/h) and
other variables are as given in Exhibit 12-6.

The development and calibration of speed-flow curves for basic freeway and
multilane highway segments and the development of a common form for
representing these curves are described elsewhere (4-7). Basic speed-flow curves
have been developed for FFS values between 55 and 75 mi/h for freeways and tor
FFS values between 45 and 70 mi/h for multilane highways (however, the 65- and
70-mi/h curves should be used with caution since data for those conditions are
limited).

Exhibit 12-6 Param- Definition Basic Freeway Multilane Highway
Parameters for Speed-Flow eter and Units Segments Segments
Cumies for Paslc Freeway and Base segment free- Measured Measured
Multilane Highway Segments FFS Aow speed (mi/h) | OR predicted with Equation 12-2 OR predicted with Equation 12-3
FESxy Mﬁ'ﬁ;‘f E’nﬁhﬁw FFSuy= FFS % SAF No adjustments
: Locally calibrated
S e | OR estimated with Chapter 11; 1.00
SAF = 1.00 for base conditions
Base segment £= 2,200: 10(FF5=50) = 1,900 + 20{FF5- 45)
c capacity (pc/h/in) ¢ 2400 c< 2,300
552 FRS< 75 45 AR5 70
Adjusted segment G
Cocy capacity (pc/h/in) Cagy = C¥ CAF No adjustments
: Locally calibrated
o ity | OR estimated with Chapter 11, 1.00
CAF = 1.00 for base conditions
Density at capacity
D. (oc/miin) 45 45
Breakpoint BPay = [1,000 + 40 x (75
i (pc/h/In) — FFS,)] % CAF? bt
Exponent calibration
& parameter (decimal) 2 Al

The largest difference in the speed-flow curves for basic freeway and

multilane highway segments is in the breakpoint. For freeways, the breakpoint
varies with FFS—specifically, the breakpoint increases as the FFS decreases. This
suggests that at lower values of FFS, drivers will maintain the FFS through
higher flow levels. For multilane highways, the breakpoint is a constant. Exhibit
12-7 and Exhibit 12-8 show the base speed-flow curves for basic freeway and
multilane highway segments, respectively, for 5-mi/h increments of FFS.
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Exhibit 12-7
Speed-Flow Curves for Basic
Freeway Segments

Exhibit 12-8

Speed-Flow Curves far
Multilane Highway Segments
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BASIC MANAGED LANE SEGMENT CONCEPTS

Types of Managed Lane Segments

Managed lane segments may include HOV lanes, HOT lanes, or express toll
lanes. The vehicle composition, driver type, FFS, capacity, and driver behavior
characteristics of managed lane traffic streams are different from those of general
purpose lanes. In addition, interaction occurs between the two traffic streams,
especially when there is no physical barrier between the managed and the
general purpose lanes (1-3).

Five types of basic managed lane segments are identified, on the basis of the
number of managed lanes and the type of separation from the general purpose
lanes. The speed-flow characteristics of each basic managed lane segment type
are different. The five segment types are illustrated in Exhibit 12-9 and consist of
the following:

1. Continuous access: Skip-stripe or solid single line-separated, single lane;
2. Buffer 1: Buffer-separated, single lane;

3. Buffer 2: Buffer-separated, multiple lanes;

4. Barrier 1: Barrier-separated, single lane; and

5

. Barrier 2: Barrier-separated, multiple lanes.

Basic Managed Lane Segment Capacity

The capacity of managed lanes can be difficult to ascertain because they are
often designed to operate at high levels of service and below capacity. While
managed lanes do fail, empirical data on their true capacity values are limited.
HOT lane users are provided with an incentive to pay for the use of the lane in
return for achieving reliable travel times. Research (1-3) has documented the
maximum observed 15-min hourly flow rates (without any breakdowns
observed) on basic managed lane segments, and these values are documented in
this chapter as the “capacity.” Actual managed lane segment capacity, therefore,
may be underestimated in some cases. Users of the HCM are encouraged to
calibrate parameters to reflect local conditions. In this chapter’s methodologies,
the speed-flow curves for both managed and general purpose lanes can be
modified to account for local measurements of capacity, FFS, or both.

The capacity of a basic managed lane segment depends on the number of
lanes on the segment. A single-lane managed lane segment does not offer the
opportunity to pass slower vehicles, which greatly reduces its capacity and
affects its speed-flow relationship. Capacity is also highly dependent on the type
of separation between the managed and general purpose lanes, with barrier-
separated managed lanes less susceptible to operational conditions in the general
purpose lanes than other types of managed lanes (continuous access, marking-
only, and buffer-separated). This effect is discussed in more detail below.

Concepts Chapter 12/Basic Freeway and Multilane Highway Segments
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Exhibit 12-9
Basic Managed Lane Segment
Types

Continuous Access

Source:  (©2014 Google.
Note: 1-5, Seattie, Washington.
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Source: ©2014 Google.
Note:  I-394, Minneapolis, Minnescta,
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Source: ©2014 Google.
Mote:  [-5, Seattle, Washington.
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Exhibit 12-10

Continuous Access Managed
Lane Speed-Flow Data With
and Without the General
Purpose Lane Approaching
Capacity

Exhibit 12-11

Estimated Lane Capacities for
Basic Managed Lane
Segments

Exhibit 12-10 shows how the speed-flow relationship at high flows diverges
for a continuous access basic managed lane segment once the neighboring
general purpose lanes approach capacity. Divergence typically occurs when the
general purpose lane density exceeds 35 pc/mi/In, which is the threshold for
entering LOS E. This interaction starts even at low flow rates on the managed
lane at about 500 pc/h/In. Managed lanes with barrier separation, on the other
hand, operate virtually the same as general purpose lanes and do not appear to
be sensitive to high densities in the general purpose lanes.

Speed (mi/h)

0 500 1,000 1,500 2,000
- 3 Flow Rate (pc/h/in)
+ GP Density < 35 pc/mifin » GP Density > 35 pc/mifin

Note: GP = general purpose lane.

Exhibit 12-11 provides estimated capacities for basic managed lane segments
as a function of the FFS and separation from the general purpose lanes. As
mentioned above, these values represent the maximum observed flow rates from
a national study of managed lane segments (1-3) but are not necessarily
associated with a density of 45 pc/h/In.

FFS . AUE o g Lapa =5 i ", B35 ang e =, e
_(mifh) | Continuous Access uffer 1 Buffer 2 Barrier 1 Barrier 2
75 1,800 1,700 1,850 1,750 2,100
70 1,750 1,650 1,800 1,700 2,050
65 1,700 1,600 1,750 1,650 2,000
60 1,650 1,550 1,700 1,600 1,950
39 1,600 1,500 1,650 1,550 1,900

An example illustration of the resulting speed-flow curves for a managed
lane segment with continuous access is shown in Exhibit 12-12. An illustration
and comparison of the speed—flow relationships for different types of managed
lanes are shown in Exhibit 12-13. The parameters used to obtain these curves are
presented later in Exhibit 12-30.

In both exhibits, the frictional effect refers to a managed lane that is affected by
elevated density in the general purpose lanes (i.e., densities greater than 35
pc/mi/ln). This frictional effect only applies to some of the managed lane types
and specifically does not occur for barrier-separated managed lanes or two-lane
managed lanes with buffer separation.
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HEAVY VEHICLE CONCEPTS

The traffic performance of heavy vehicles is significantly different from that
of automobiles, The differences relate to vehicle acceleration and deceleration
characteristics, as reflected in their weight-to-power ratios and lengths, Two
categories of heavy vehicles are defined: single-unit trucks (5UTs) and tractor-
trailers (TTs). Buses and recreational vehicles are treated as SUTs in the HCM.
Chapter 3, Modal Characteristics, provides a more detailed discussion of the
types of heavy vehicles and compares the HCM and Federal Highway
Administration (FHWA) vehicle classification schemes. FHWA Classifications 4
and 5 are treated as SUTs by the HCM, while FHWA Classifications 6 and higher
are considered as TTs.

Exhibit 12-12

Example Speed-Flow
Relationships for a Continuous
Arcess Managed Lane
Segment

Exhibit 12-13

Speed-Flow Curve
Comparison for Managed Lane
Segment Types with 60-mi/h
FF5

Tractor-trailers are also
somelimes referred to as
combination frucks.
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Two distinct methodologies are offered to assess the effect of heavy vehicles
on capacity and LOS on freeways in the HCM:

1. Traditional passenger car equivalency (PCE) factors that allow the analyst
to convert a mixed stream of cars and trucks to a single uniform PCE
stream for purpose of analysis; and

2. A mixed-flow model that directly assesses the capacity, speed, and
density of traffic streams that include a significant percentage of heavy
vehicles operating on a single or composite grade.

This chapter’s core methodology uses the PCE approach, while the mixed-
flow model is presented in Volume 4 as an extension of the methodology. The
mixed-flow model for single grades is found in Chapter 26, Freeway and
Highway Segments: Supplemental, while the model for composite grades is
found in Chapter 25, Freeway Facilities: Supplemental. The mixed-flow model
form is fully consistent with Equation 12-1 and uses supporting equations to
estimate a SAF, CAF, breakpoint, density at capacity, speed at capacity, and
exponent calibration parameter. When the mixed-flow models are used, no PCEs
are needed, since the passenger car, SUT, and TT volumes are used directly in
the estimation of mixed-flow speed and density.

In fact, the mixed-flow method was used to generate the PCE tables as well
as an equation for estimating the PCE value for any traffic mix of SUTs and TTs,
as shown in Section 3. These PCE tables, and the associated equations in Volume
4, can be used to assess the LOS for a given mixed-flow segment without the
direct use of the mixed-flow model. The PCE values are predicated on
equivalency between the mixed-flow rate at capacity (in vehicles per hour per
lane) and the flow rate of the equivalent automobile-only traffic stream (in
passenger cars per hour per lane). The PCE tables assume the following splits
between SUTs and TTs: 30% SUTs and 70% TTs, 50% SUTs and 50% TTs, and
70% SUTs and 30% TTs. The PCE equation on which the tables are based allows
other truck mixes to be assessed.

If the PCE tables are used by themselves, the resulting speeds and densities
for the equivalent automobile-only traffic stream may differ from those
characterizing the mixed-flow condition. For most freeway analyses, PCE tables
are sufficient and provide a reasonable approximation of the truck effects.
However, if truck percentages are high or grades are significant, the mixed-flow
model is expected to give a more accurate result. If estimates of the actual mixed-
flow speeds and densities are desired, the mixed-flow model in Volume 4 should
be used. If the basic freeway segment is analyzed as part of a freeway facility
with the methodology in Chapter 10, a PCE approximation is typically
appropriate and recommended.
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LEVEL OF SERVICE

LOS on basic freeway and multilane highway segments is defined by
density. Although speed is a major concern of drivers related to service quality,
describing LOS on the basis of speed would be difficult, since it remains constant
up to high flow rates [i.e., 1,000 to 1,800 pc/h/In for basic freeway segments
(depending on the FF5) and 1,400 pc/h/In for multilane highway segments].
Density describes a motorist’s proximity to other vehicles and is related to a
motorist’s freedom to maneuver within the traffic stream. Unlike speed, density
is sensitive to flow rates throughout the range of flows. Exhibit 12-14 illustrates
the six levels of service defined for basic freeway segments.

LOS Described

LOS A describes free-flow operations. FFS prevails on the freeway or
multilane highway, and vehicles are almost completely unimpeded in their
ability to maneuver within the traffic stream. The effects of incidents or point
breakdowns are easily absorbed.

LOS B represents reasonably free-flow operations, and FFS on the freeway or
multilane highway is maintained. The ability to maneuver within the traffic
stream is only slightly restricted, and the general level of physical and

Exhibit 12-14
LOS Examples for Basic
Fresway Segments
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psychological comfort provided to drivers is still high. The effects of minor
incidents are still easily absorbed.

LOS C provides for flow with speeds near the FFS of the freeway or multilane
highway. Freedom to maneuver within the traffic stream is noticeably restricted,
and lane changes require more care and vigilance on the part of the driver. Minor
incidents may still be absorbed, but the local deterioration in service quality will
be significant. Queues may be expected to form behind any significant blockages.

LOS D is the level at which speeds begin to decline with increasing flows,
with density increasing more quickly. Freedom to maneuver within the traffic
stream is seriously limited, and drivers experience reduced physical and
psychological comfort levels. Even minor incidents can be expected to create
queuing, because the traffic stream has little space to absorb disruptions.

LOS E describes operation at or near capacity. Operations on the freeway or
multilane highway at this level are highly volatile because there are virtually no
usable gaps within the traffic stream, leaving little room to maneuver within the
traffic stream. Any disruption to the traffic stream, such as vehicles entering from
a ramp or an access point or a vehicle changing lanes, can establish a disruption
wave that propagates throughout the upstream traffic stream. Toward the upper
boundary of LOS E, the traffic stream has no ability to dissipate even the most
minor disruption, and any incident can be expected to produce a serious
breakdown and substantial queuing. The physical and psychological comfort
afforded to drivers is poor.

mﬁw are LOS F describes unstable flow. Such conditions exist within queues forming
% ; behind bottlenecks. Breakdowns occur for a number of reasons:

¢ Traffic incidents can temporarily reduce the capacity of a short segment,
so that the number of vehicles arriving at a point is greater than the
number of vehicles that can move through it.

¢ Points of recurring congestion, such as merge or weaving segments and
lane drops, experience very high demand in which the number of vehicles
arriving is greater than the number of vehicles that can be discharged.

e Inanalyses using forecast volumes, the projected flow rate can exceed the
estimated capacity of a given location.

In all cases, breakdown occurs when the ratio of existing demand to actual
capacity, or of forecast demand to estimated capacity, exceeds 1.00. LOSF
operations within a queue are the result of a breakdown or bottleneck at a
downstream point. In practical terms, the point of the breakdown has a d/c ratio
greater than 1.00 and is also labeled LOS F, although actual operations at the
breakdown point and immediately downstream may actually reflect LOS E
conditions. Whenever queues due to a breakdown exist, they have the potential
to extend upstream for considerable distances. In that case, the upstream
conditions (in the queue) will likely operate at LOS F speeds and densities, even
if the segment-level predictions are LOS E or better. Therefore, for accurate
estimation of the operational performance of these queue spillback effects, a
freeway facility analysis should be conducted by using the procedure in Chapter
10 whenever one or more segment demands exceed capacity.
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LOS Criteria

A basic freeway or multilane highway segment can be characterized by three
performance measures: density in passenger cars per mile per lane, space mean
speed in miles per hour, and the ratio of demand flow rate to capacity (v/c). Each
of these measures is an indication of how well traffic is being accommodated by
the basic freeway segment.

Because speed is constant through a broad range of flows and the v/c ratio is
not directly discernible to road users (except at capacity), the service measure for
basic freeway and multilane highway segments is density. Exhibit 12-15 shows
the criteria.

Density (pc/mi/fln)
=11
>11-18
=18-26
>26-35
=35-45
Demand exceeds capacity
OR density > 45

-
" monm >0
wn

The LOS thresholds for basic freeway and multilane highway segments are
the same for urban and rural locations, as defined by the FHWA smoothed or
adjusted urbanized boundaries (8). However, note that a freeway facilities
analysis (Chapter 10) defines different LOS thresholds for urban and rural facilities.

For all levels of service, the density boundaries on basic freeway segments
are the same as those for multilane highways. Traffic characteristics are such that
the maximum flow rates at any given LOS are lower on multilane highways than
on similar basic freeway segments.

The specification of maximum densities for LOS A to D is based on the
collective professional judgment of the members of the Transportation Research
Board's Committee on Highway Capacity and Quality of Service. The upper
value shown for LOS E (45 pc/mi/In) is the maximum density at which sustained
flows at capacity are expected to occur. In effect, as indicated in the speed—flow
curves of Exhibit 12-7, when a density of 45 pc/mifln is reached, flow is at
capacity, and the v/c ratio is 1.00.

In the application of this chapter's methodology, however, LOS F is
identified when demand exceeds capacity because the analytical methodology
does not allow the determination of density when demand exceeds capacity.
Although the density will be greater than 45 pc/h/ln, the methodology of Chapter
10, Freeway Facilities Core Methodology, must be applied to determine a more
precise density for such cases.

Exhibit 12-16 illustrates the range of densities for a given LOS on the base
speed—flow curves for basic freeway segments. On a speed—flow plot, density is
a line of constant slope starting at the origin. The LOS boundaries were defined
to produce reasonable ranges for each LOS letter. Exhibit 12-17 shows the same
relationships applied to multilane highway segments. The two dashed lines in
the latter exhibit correspond to speed—flow relationships that were extrapolated
from other results but that have not been calibrated from field data.

Exhibit 12-15

LOS Criteria for Basic Freeway
and Multilane Highway
Segments
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3. MOTORIZED VEHICLE CORE METHODOLOGY

This chapter’s methodology can be used to analyze the capacity, LOS, and
lane requirements of basic freeway or multilane highway segments and the
effects of design features on their performance. The methodology is based on the
results of an NCHRP study (4), which has been partially updated (5). A number
of significant publications were also used in the development of the
methodology (6, 7, 9-17).

SCOPE OF THE METHODOLOGY

The methodology described in this section is applicable to general purpose
uninterrupted-flow, undersaturated basic freeway and multilane segments.
Oversaturated conditions on basic freeway segments can be analyzed with the
method described in Chapter 10, Freeway Facilities Core Methodology.
Extensions of the methodology described in Section 4 address basic managed
lane segments and bicycle LOS on multilane highways. Chapter 26, Freeway and
Highway Segments: Supplemental, presents a method to analyze freeway
operations on segments with significant truck presence, a prolonged single
upgrade, or both.

Spatial and Temporal Limits

Determining capacity or LOS requires uniform traffic and roadway
conditions on the analysis segment. Thus, any point where roadway or traffic
conditions change must mark a boundary of the analysis segment.

At every ramp—freeway (or ramp-multilane highway) junction, the demand
volume changes as some vehicles enter or leave the traffic stream. Thus, any
ramp junction should mark a boundary between adjacent basic freeway or
multilane highway segments.

In addition to ramp-freeway junctions, the following conditions generally ﬁgﬁ?‘m“*j;ﬁ m
dictate that a boundary be established between basic freeway or multilane freeway’s geometric
soh " characteristics, and changes in
highway segments speed limit are some of the
¢ (hange in the number of lan ion); conditions dictating
Change in the number of lanes (cross section) blement of Basic Frecsiay
» Changes in lane width or lateral clearance; segment or muitilane highway
boundaries.
» Grade change of 2% or more on a specific or composite grade;
* Change in terrain category (for general terrain segments);
* Presence of a traffic signal, STOP sign, or roundabout along a multilane
highway;
» Significant change in the access point density or total ramp density;
» Presence of a bottleneck condition;
* Change in posted speed limit; or
¢ Presence of an access point at which a significant number or percentage of
vehicles enters or leaves a multilane highway.
Chapter 12/Basic Freeway and Multilane Highway Segments Motorized Vehicle Core Methodology

Version 6.0

Page 12-21




Highway Capacity Manual: A Guide for Multimodal Mobility Analysis

The last item in this list is not directly involved in the analysis of a basic
freeway or multilane highway segment but would probably retlect changes in
ramp or access point density or other features.

The analysis period for any freeway or multilane highway analysis is
generally the peak 15-min period within the peak hour. Any 15-min period can
be analyzed, however,

[f demand volumes are used, demand flow rates are estimated through use
of the peak hour factor (PHF). When 15-min volumes are measured directly, the
analysis period within the hour that has the highest volumes is selected, and
flow rates are the 15-min volumes multiplied by 4. For subsequent computations
in the methodology, the PHF is set to 1.00.

Performance Measures

The core motorized vehicle methodology generates the following
performance measures:

s Capacity,

» FFS,

¢ Demand- and volume-to-capacity ratios,
* Space mean speed,

* Average density, and

¢ Motorized vehicle LOS.

Limitations of the Methodology

This chapter’s methodologies for basic freeway segments and multilane
highways do not apply to or take into account (without modification by the
analyst) the following:

Active traffic and demand ; Y
= S * Lane controls (to restrict lane changing);
freeways discussed in Chapter i | :
37 consiet of the folowing: * Extended bridge and tunnel segments
« Ramp metering, * Segments near a toll plaza;
» Congestion pricing, * Facilities with a FFS more than 75 mi/h for basic freeway segments or
" ;’;ﬁ:mm more than 70 mi/h for multilane highways;
« Dynamic lane and » Facilities with a base FFS less than 55 mi/h for freeways and less than 45
shoulder managemen, mi/h for multilane highways, although lower FF5 values can be achieved
* Speed harmonization, for freeway segments by calibrating a SAF;
Incident managemen
) and ; * Posted speed limit and enforcement practices;
* Work zone traffic * Presence of intelligent transportation systems (ITS) related to vehicle or
) driver guidance;
Many of these strategies "
be evaluated “’ﬁ"’ e * Capacity-enhancing effects of ramp metering;
# The influence of downstream queuing on a segment;
* Operational effects of oversaturated conditions; and
& Operational effects of construction operations.
Motorized Vehicle Core Methodology Chapter 12/Basic Freeway and Multilane Highway Segments
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The last four items in the list of limitations above are addressed in a freeway
facility analysis context, as described in Chapter 10. The following are additional
limitations for this chapter’s multilane highway methodology:

¢ The effect of lane drops and lane additions at the beginning or end of
multilane highway segments;

* Possible queuing impacts when a multilane highway segment transitions
to a two-lane highway segment;

* The negative impacts of poor weather conditions, traffic accidents or
incidents, railroad crossings, or construction operations on multilane
highways;

» Differences between various types of median barriers and the difference
between the impacts of a median barrier and a TWLTL;

» Significant presence of on-highway parking;
* Presence of bus stops that have significant use; and
* Significant pedestrian activity.

The last three factors are more representative of an urban or suburban
arterial, but they may also exist on multilane highway facilities with more than 2
mi between traffic signals. When these factors are present on uninterrupted-flow
segments of multilane highways, the methodology does not deal with their
impact on flow. In addition, this methodology cannot be applied to highways
with a total of three lanes in both directions, which should be analyzed as two-
lane highways with periodic passing lanes by using the methods of Chapter 15.

Uninterrupted-flow multilane highway facilities that allow access solely
through a system of on-ramps and off-ramps from grade separations or service
roads should be analyzed as freeways. Note that some ramp access or egress
points may be present on a multilane highway where most access or egress
points are at-grade junctions of some type.

To address most of the limitations listed above, the analyst would have to
utilize alternative tools or draw on other research information and develop
special-purpose modifications of this methodology. Operational effects of
oversaturated conditions, incidents, work zones, and weather and lighting
conditions can be evaluated with the methodology of Chapter 10 and adjustment
factors for capacity and FFS found in Chapter 11. Operational effects of active
traffic and demand management (ATDM) measures can be evaluated by using
the procedures in Chapter 11, Freeway Reliability Analysis. A broader overview
of ATDM strategies is presented in Chapter 37, ATDM: Supplemental.

Alternative Tools

Strengths of HCM Procedures

This chapter’s procedures were developed on the basis of extensive research
supported by a significant quantity of field data. They have evolved over a
number of years and represent an expert consensus.

Specific strengths of the HCM basic freeway and multilane highway segment
methodology include the following;:

Uninterrupted-flow muitiane
highway facilities that alfow
access soiely through a system
of on-ramps and off-ramps
from grade separations or
service roagds should be
analyzed as freeways.

The HCM methodology
provides FFS as an output,
ncorporates geometnc

stics, o
explicit capacity estimates, and
produces a single deterrministic
estimate of traffic density.

Chapter 12/Basic Freeway and Multilane Highway Segments
Version 6.0

Motorized Vehicle Core Methodology

Page 12-23



Highway Capacify Manual: A Guide for Multimodal Mobility Analysis

Exhibit 12-19

Owverview of Operational
Analysis Methodology for
Basic Freeway and Multilane
Highway Segments

Exchilait 12-19 Wustrates the
methodology for an operational
analysis. Other types of
analyses are described in
Section 5, Applications.

OVERVIEW OF THE METHODOLOGY

Exhibit 12-19 illustrates the basic methodology used in operational analysis.
The methodology can also be directly applied to determine the number of lanes
required to provide a target LOS for a given demand volume.

Step 1: Input Data
Geometric data
Demand volume

Measured FFS (if available)

h

Step 2: Estimate and Adjust Free-Flow

Field-measured or estimated. Adjustments using
Equation 12-2 for basic freeway segments and
Equaticn 12-3 for multilane highway segments

L 4

Step 3: Estimate and Adjust Capacity

Base capacity from Equation 12-6 and Equation

12-7, with adjustments for calibration and other

impacts using Equation 12-8 in the case of basic
freeway segments

h J

Step 4: Adjust Demand Volume
Peak hour factor
Number of lanes (one direction)
Heavy vehicle adjustment
Use Equation 12-9

Compare adjusted demand flow rate
to base capacity

Demand flow rate > capacit/

LOS=F

Go to Chapter 10,
Freeway Facilities

¥

Demand flow rate = capacity

Step 5: Estimate Speed and Density
Equaticn 12-1, Exhibit 12-6, and
Equation 12-10

Y

Step 6: Determine LOS (A-E)
Exhibit 12-13
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COMPUTATIONAL STEPS

Step 1: Input Data

For a typical operational analysis, as noted previously, the analyst would
have to specify (with either site-specific or default values) the demand volume;
number and width of lanes; right-side or overall lateral clearance; total ramp or
access point density; percent of heavy vehicles; PHF; terrain; and the driver
population, speed, and capacity adjustment factors (if necessary).

Step 2: Estimate and Adjust FFS
FFS can be determined directly from field measurements or can be estimated

as described below. Statement of FFS in 5-mi/h increments is no longer necessary.

This change is important in accounting for the effect of weather or work zones,
which may reduce the value of the base FFS.

Field Measurement of FFS

FFS is the mean speed of passenger cars measured during periods of low to
moderate flow (up to 500 pc/h/In). For a specific freeway or multilane highway
segment, average speeds are virtually constant in this range of flow rates. Field
measurement of FFS, if possible, is preferable. If the FFS is measured directly, no
adjustments are applied to the measured value.

Some freeways may have lower posted speed limits for trucks, which may
affect the mixed-flow FFS. In these cases, field studies are recommended, since
the FFS estimation methodology below is not sensitive to the posted speed limit
or the presence of a high percentage of trucks.

The speed study should be conducted at a location that is representative of
the segment at a time when flow rates are less than 1,000 pc/hfln. The speed
study should measure the speeds of all passenger cars or use a systematic sample
(e.g., every 10th car in each lane). A sample of at least 100 passenger car speeds
should be obtained. Any speed measurement technique that has been found
acceptable for other types of traffic engineering applications may be used.
Further guidance on the conduct of speed studies is provided in standard traffic
engineering publications, such as the Manual of Transportation Engineering Studies
(16).

Estimating FFS

Basic Freeway Segments

Field measurements for future facilities are not possible, and field
measurement may not be possible or practical for all existing facilities. In such
cases, the segment’s FFS may be estimated by using Equation 12-2, which is
based on the physical characteristics of the segment under study:

FFS = BFFS — fuw — fare — 3.22 X TRD"8*

where
FF5
BFFS
Suw

free-flow speed of the basic freeway segment (mi/h);

base FF5 for the basic freeway segment (mi/h);

adjustment for lane width, from Exhibit 12-20 (mi/h);

FFS is the mean speed of
passenger cars during periods
of low to moderate flow.

Equation 12-2

Chapter 12/Basic Freeway and Multilane Highway Segments Motorized Vehicle Core Methodology

Version 6.0

Page 12-27




Equation 12-3

Highway Capacity Manual: A Guide for Multimodal Mobility Analysis

fre = adjustment for right-side lateral clearance, from Exhibit 12-21 (mi/h);
and
TRD = total ramp density (ramps/mi).

Multilane Highway Segments

For multilane highway segments, the FFS can be estimated by using
Equation 12-3, which is based on the physical characteristics of the segment
under study. It is evident that while the base FFS and the lane width adjustment
are shared with the estimation method for basic freeway segments in Equation
12-2, the remaining terms are unique to multilane highway segments:

FFS =BFFS— fiw — fric—fm — fa
where
FFS = free-flow speed of the multilane highway segment (mi/h);
BFFS = base FFS for the multilane highway segment (mi/h);
fuw = adjustment for lane width, from Exhibit 12-20 (mi/h);
fric = adjustment for total lateral clearance, from Exhibit 12-22 (mi/h);

fu = adjustment for median type, from Exhibit 12-23 (mi/h); and
fa

Adjustments to FFS

Base FF5

This methodology covers basic freeway segments with a FF5S in the range of
55 to 75 mi/h. The predictive algorithm for FF5 therefore starts with a value
greater than 75 mi/h, specifically a default base FF5 of 75.4 mi/h, which resulted
in the most accurate predictions in the underlying research.

adjustment for access point density, from Exhibit 12-24 (mi/h).

The methodology covers multilane highway segments with a FF5 in the
range of 45 to 70 mi/h. The most significant value in Equation 12-3 is BFFS. There
is not a great deal of information available to help establish a base value. In one
sense, it is like the design speed—it represents the potential FFS based only on
the highway's horizontal and vertical alignment, not including the impacts of
lane widths, lateral clearances, median type, and access points. The design speed
may be used for BFFS if it is available.

Although speed limits are not always uniformly set, BFFS for multilane
highways may be estimated, if necessary, as the posted or statutory speed limit
plus 5 mi/h for speed limits 50 mi/h and higher and as the speed limit plus 7 mi/h
for speed limits less than 50 mi/h.

Adjustment for Lane Width

The base condition for lane width is 12 ft or greater. When the average lane
width across all lanes is less than 12 ft, the FF5S is negatively affected.
Adjustments to reflect the effect of narrower average lane width are shown in
Exhibit 12-20.

Motorized Vehicle Core Methodology Chapter 12/Basic Freeway and Multilane Highway Segments
Page 12-28

Version 6.0




Highway Capacity Manual: A Guide for Multimodal Mobility Analysis

Average Lane Width (ft) Reduction in FFS, fiw(mi/h)
=12 0.0
>11-12 1.9
=10-11 6.6

Adjustrent for Right Lateral Clearance on Freeway Segments

The base condition for right-side lateral clearance is 6 ft or greater. The
lateral clearance is measured from the right edge of the travel lane to the nearest
lateral obstruction. Care must be taken in identifying a “lateral obstruction.”
Some obstructions may be continuous, such as retaining walls, concrete barriers,
guardrails, or barrier curbs. Others may be periodic, such as light supports or
bridge abutments. In some cases, drivers may become accustomed to certain
types of obstructions, and their influence on traffic is often negligible.

Exhibit 12-21 shows the adjustment to FF5 due to the existence of
obstructions closer than 6 ft from the right travel lane edge. Median clearances of
2 ft or more on the left side of the travel lanes generally have little impact on
traffic. No adjustments are available to reflect the presence of left-side lateral
obstructions closer than 2 ft from the left travel lane edge. Such situations are
rare on modern freeways, except in constrained work zones.

Right-Side

Lateral Lanes in One Direction
Clearance (ft) 2 3 4 =5

0.0 0.0 0.0 0.0
0.6 0.4 0.2 0.1
1.2 0.8 0.4 0.2
. 1.2 0.6 0.3
2.4 1.6 0.8 0.4
3.0 2.0 1.0 0.5
3.6 2.4 1.2 0.6

c—mm&mg
b
oo

Mote:  Interpofate for noninteger values of right-side lateral clearance.

The impact of a right-side lateral clearance restriction depends on both the
distance to the obstruction and the number of lanes in one direction on the basic
freeway segment. A lateral clearance restriction causes vehicles in the right lane
to move somewhat to the left. This movement, in turn, affects vehicles in the next
lane. As the number of lanes increases, the overall effect on freeway operations
decreases.

Adjustment for Total Lateral Clearance on Multilane Highway Segments

The adjustment for total lateral clearance (TLC) on multilane highway
segments is based on TLC at the roadside (right side) and at the median (left
side). Fixed obstructions with lateral clearance effects include light standards,
signs, trees, abutments, bridge rails, traffic barriers, and retaining walls. Standard
raised curbs are not considered to be obstructions.

Right-side lateral clearance is measured from the right edge of the travel
lanes to the nearest periodic or continuous roadside obstruction. If such
obstructions are farther than 6 ft from the edge of the pavement, a value of 6 ft is
used.

Exhibit 12-20

Adjustment to FFS for
Average Lane Width for Basic
Freeway and Multilane
Highway Segments

Exhibit 12-21

Adjustment to FFS for Right-
Side Lateral Clearance, fuc
{mi/h), for Basic Freeway
Segments

Clearance restrictions on either
the right or the left side of the
highway reduce the FF5.
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Use & It as the left-side
clearance for undivided
highways and highways with
TWLTLs,

Equation 12-4

Exhibit 12-22

Adjustment to FFS for Lateral
Clearances for Multilane
Highways

The FFS is reduced on
undivided highways.

Exhibit 12-23
Adjustment to FFS for Median
Type for Multilane Highways

Left-side lateral clearance is measured from the left edge of the travel lanes to
the nearest periodic or continuous obstruction in the median. If such obstructions
are farther than 6 ft from the edge of the pavement, a value of 6 ft is used.

Left-side lateral clearances are subject to some judgment. Many types of
common median barriers do not affect driver behavior if they are no closer than 2
ft from the edge of the travel lane, including concrete and W-beam barriers. A
value of 6 ft would be used in such cases. Also, when the multilane highway
segment is undivided or has a TWLTL, no left-side lateral clearance restriction is
assumed, and a value of 6 ft is applied. A separate adjustment, described next,
accounts for the impact of an undivided highway on FFS.

Equation 12-4 is used to determine TLC:

TLC = LCp + LC,,
where
TLC = total lateral clearance (ft) (maximum value 12 ft),

LC, = right-side lateral clearance (ft) (maximum value 6 ft), and
LC, = left-side lateral clearance (ft) (maximum value 6 ft).

Exhibit 12-22 shows the reduction in FFS due to lateral obstructions on the
multilane highway.

= n
TLC (ft) Reduction in FFS, frc(mifh) | TLC (ft) Reduction in FFS, frec (mi/h)
12 0.0 12 0.0
10 0.4 10 0.4
g8 0.9 8 0.9
[ 1.3 [+ 1.3
4 1.8 4 1.7
2 36 2 2.8
0 5.4 0 3.9

Mote:  Interpolation to the nearest 0.1 is recommended.

Adjustment for Type of Median on Multilane Highways

The adjustment for type of median is given in Exhibit 12-23. Undivided
multilane highways reduce the FFS by 1.6 mi/h.

Median Type Reduction in FFS, fiu (mi/h)
Undivided 1.6
TWLTL 0.0
Divided 0.0

Adjustment for Total Ramp Density on Basic Freeway Segments

Equation 12-2 includes a term that accounts for the impact of total ramp
density on FF5. Total ramp density is defined as the number of ramps (on and
off, one direction) located between 3 mi upstream and 3 mi downstream of the
midpoint of the basic freeway segment under study, divided by 6 mi. The total
ramp density has been found to be a measure of the impact of merging and
diverging vehicles on FFS,

Motarized Vehicle Core Methodology
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Adjustment for Access Point Density on Multilane Highway Segments

Exhibit 12-24 presents the adjustment to FFS for various levels of access point
density. Studies indicate that for each access point per mile, the estimated FFS
decreases by approximately 0.25 mi/h, regardless of the type of median.

The number of access points per mile is determined by dividing the total
number of access points (i.e., driveways and unsignalized intersections) on the
right side of the highway in the direction of travel by the length of the segment in
miles. An intersection or driveway should only be included in the count if it
influences traffic flow. Access points that go unnoticed by drivers or that have
little activity should not be used to determine access point density.

Access Paint Density Reduction in FFS,
(access points/mi}) Fu(mifh)
0 0.0
10 2.5
20 5.0
30 7.5
=40 10.0

Mote:  Interpolation to the nearest 0.1 is recommended.

Although the calibration of this adjustment did not include one-way
multilane highway segments, inclusion of intersection approaches and
driveways on both sides of the facility might be appropriate in determining the
access point density on one-way segments.

Speed Adjustment Factor for Basic Freeway Segments

The estimated FFS for basic freeway segments can be further adjusted to
reflect, for example, effects of inclement weather. In this case, an adjusted free-
flow speed FFS,, is calculated by multiplying the FFS by a SAF as shown in
Equation 12-5:

FFSq4; = FFS % SAF

where SAF is the speed adjustment factor. The speed adjustment factor can
represent a combination of sources, including weather and work zone effects.
Default speed adjustment factors and guidance for how to apply them are found
in Chapter 11.

The SAF may also be used to calibrate the estimated FFS for local conditions
or other effects that contribute to a reduction in FFS. For example, poor
pavement conditions or sun glare may cause drivers to reduce their speeds even
under low-volume conditions. The adjusted FFS can be used directly in the
speed-flow relationship for basic freeway segments in Exhibit 12-6 to define a
continuous speed-flow curve that explicitly considers this adjusted FF5. Finally,
the effect of unfamiliar drivers on FF5 can also be accounted for by using an
adjusted FFS. While the driver population SAF defaults to 1.0 in the base
procedure, general guidance for selecting an appropriate SAF to account for this
factor is given in Section 4 of Chapter 26.

No adjustment of the speed—flow equation using these SAFs is possible for
multilane highway segments, since no empirical research exists for applying
these effects on multilane highways.

FFS is reduced as the acoess
point density increases.

Exhibit 12-24

Adjustment to FFS for Access
Point Density for Multilane
Highways

Equation 12-5
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Step 3: Estimate and Adjust Capacity

In this step, the base capacity for the basic freeway or multilane highway
segment is estimated. The segment capacity is principally a function of the
segment FFS, but it can be adjusted to calibrate the segment for local conditions
or to reflect impacts of adverse weather conditions, incidents, or other factors.
The base capacity values for basic freeway segments and multilane highway
segments are listed in Exhibit 12-4 for various values of FFS. Because of the
ability to interpolate between different FFS values, the resulting segment
capacities should also be interpolated. Alternatively, the base capacity c for a
basic freeway segment (in passenger cars per hour per lane) can be estimated
directly with Equation 12-6, while the base capacity for a multilane highway
segment can be estimated directly with Equation 12-7:

Equation 12-6 ¢ (basic freeway segment) = 2,200 + 10 x (FFSz4; — 50)
Equation 12-7 ¢ {(multilane highway segment) = 1,900 + 20 X (FF544; — 45)
where all variables have been previously defined.

The capacities resulting from application of these equations can never exceed
the base capacities listed in Exhibit 12-4, which are 2,400 pc/h/In for basic
freeway segments and 2,300 pc/h/In for multilane highway segments. Similarly,
the FFS used in these equations should not exceed 75 mi/h for basic freeway
segments or 70 mi/h for multilane highway segments.

Adjustment to Capacity for Local Calibration

The base capacities estimated by using Equation 12-6 and Equation 12-7 are
based on ideal conditions and are expressed in units of passenger cars per hour
per lane. The presence of a significant proportion of heavy vehicles, especially in
combination with grades, will result in a net decrease in the observed capacity
when converted to units of vehicles per hour per lane. As a result, sensor-based
measurements of freeway capacities (in vehicles per hour per lane) may be
significantly less than the base values stated above.

Many factors other than heavy vehicle effects can contribute to a reduction in
basic freeway segment capacity. Examples of capacity-reducing effects include
the following;:

o Capacity adjustment for driver population, which is intended to account
for the level of unfamiliar drivers in the traffic stream (see Section 4 of
Chapter 26 for additional details);

» Turbulence generated from lane drops between two basic segments;

« Turbulence due to merging, diverging, or weaving maneuvers between
two basic segments;

« Capacity reductions due to poor sight distance —for example, due to crest
vertical curves or horizontal curves;

+ Narrow lane widths or low lateral clearances in addition to the effects on
FF5S presented in Step 2;

» Travel through tunnels or across bridges;

* Poor pavement conditions; and

Motorized Vehicle Core Methodology Chapter 12/Basic Freeway and Multilane Highway Segments
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e Friction effects due to roadside features and attractions that cause drivers
to increase following headways.

In these cases, development of a local estimate of capacity and use of that
estimate to calibrate a CAF for the segment under study are highly
recommended. In the absence of generalized national data on these capacity-
reducing effects, a local calibration study or expert judgment is needed to
produce a reasonable estimate of segment performance. A methodology for
estimating freeway capacities from sensor data is provided in Section 5 of
Chapter 26.

Adjustment to Capacity for Basic Freeway Segments

The capacity of a basic freeway segment may be adjusted further to account
for the impacts of adverse weather, driver population, occurrence of traffic
incidents, or a combination of such influences. The methodology for making
these adjustments is the same as that for other types of freeway segments. CAF
defaults are found in Chapter 11, along with additional discussion on how to
apply them. For convenience, a brief summary is provided here.

The capacity of a basic freeway segment can be adjusted as shown in
Equation 12-8:

Cadj = ¢ X CAF Equation 12-8
where
.4 = adjusted capacity of segment (pc/h),
¢ = base capacity of segment (pc/h), and
CAF = capacity adjustment factor (unitless).

The CAF can have several components, including weather, incident, work
zone, driver population, and calibration adjustments. The adjustments for
weather and incidents are most commonly applied in the context of a reliability
analysis as described in Chapter 11, Freeway Reliability Analysis. If desired,
capacity can be adjusted further to account for unfamiliar drivers in the traffic
stream. While the default CAF for this effect is set to 1.0, guidance is provided in
Section 4 of Chapter 26, where estimates for the CAF based on the composition of
the driver population are provided.

No adjustment of the speed-flow equation using these CAFs is possible for
multilane highway segments, since no empirical research exists for applying
these effects to multilane highways.

Step 4: Adjust Demand Volume

Since the speed—flow curves and parameters of Exhibit 12-6 are based on
flow rates in equivalent passenger cars per hour on the basic freeway segment,
demand volumes expressed as vehicles per hour under prevailing conditions
must be converted to this basis by using Equation 12-9:

v

, = ——————— E i =
o PHF XN X frry quation 12-9
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Equation 12-10

where

v, = demand flow rate under equivalent base conditions (pc/h/In),

Vv
PHF

N = number of lanes in analysis direction (In), and

demand volume under prevailing conditions (veh/h),

peak hour factor (decimal),

fir = adjustment factor for presence of heavy vehicles (decimal).

Peak Hour Facfor

The PHF represents the variation in traffic flow within an hour. Observations
of traffic flow consistently indicate that the flow rates found in the peak 15 min
within an hour are not sustained throughout the entire hour. The application of
the PHF in Equation 12-9 accounts for this phenomenon.

On freeways, typical PHFs range from 0.85 to 0.98 (18). On multilane
highways, typical PHFs range from 0.75 to 0.95. Lower values within that range
are typical of lower-volume conditions. Higher values within that range are
typical of urban and suburban peak-hour conditions. Field data should be used if
possible to develop PHFs that represent local conditions.

Adjustrment for Heavy Vehicles
All heavy vehicles are classified as SUTs or TTs. Recreational vehicles and
buses are treated as SUTs. The heavy vehicle adjustment factor fy;, is computed

from the combination of the two heavy vehicle classes, which are added to get an
overall truck percentage Pr.

1
fww = T5PrEr - D
where
fiv = heavy vehicle adjustment factor (decimal),
P; = proportion of SUTs and TTs in traffic stream (decimal), and

E; = passenger car equivalent of one heavy vehicle in the traffic stream
(PCEs).

The adjustment factor is found in a two-step process. First, the PCE for each
truck is found for the prevailing conditions under study. These equivalency
values represent the number of passenger cars that would use the same amount
of freeway capacity as one truck under the prevailing conditions. Second,
Equation 12-10 is used to convert the PCE values to the adjustment factor.

The effect of heavy vehicles on traffic flow depends on the terrain and grade
conditions on the segment as well as traffic composition. PCEs can be selected for
one of two conditions:

* Extended freeway and multilane highway segments in general terrain, or
s Specific upgrades or downgrades.
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Each of these conditions is more precisely defined and discussed below.
However, research has shown that PCEs should be used mostly for addressing
capacity and LOS issues. They provide reasonable results for speeds and
densities when the grade is slight or the truck percentage is low. For
combinations that include steep grades, high truck percentages, or both, the
mixed-flow model described in Chapter 25 (for composite grades) and Chapter
26 (for single grades) is recommended for computing mixed-flow speeds and
densities and automobile and truck speeds in the mixed traffic stream.

Equivalents for General Terrain Segments

General terrain refers to extended lengths of freeway and multilane highways
containing a number of upgrades and downgrades where no one grade is long
enough or steep enough to have a significant impact on the operation of the
overall segment. General terrain can be either level or rolling. To determine
which of these terrain types applies, each upgrade and downgrade should be
considered to be a single grade, even if the grade is not uniform. The total length
of the upgrade or downgrade is used with the steepest grade it contains. The
categorization of a segment as having either level or rolling terrain is as follows:

s Level ferrain: Any combination of grades and horizontal or vertical
alignment that permits heavy vehicles to maintain the same speed as
passenger cars. This type of terrain typically contains short grades of no
more than 2%.

» Rolling terrain: Any combination of grades and horizontal or vertical
alignment that causes heavy vehicles to reduce their speed below those of
passenger cars but that does not cause heavy vehicles to operate at crawl
speeds for any significant length.

No PCE is provided for mountainous terrain, which is any combination of
grades and horizontal and vertical alignment that causes heavy vehicles to
operate at crawl speed for significant distances or at frequent intervals. In this
case, the mixed-flow model presented in Chapters 25 and 26 must be used to
estimate speeds and densities. Exhibit 12-25 gives PCEs for the default mix of
trucks under level and rolling terrain conditions.

Passenger Car Terrain Exhibit 12-25
Equivalent Level Rolling PCEs for General Terrain
Er 2.0 3.0 Segments

Equivalents for Specific Upgrades

Freeway and multilane highway segments longer than 0.5 mi with grades
between 2% and 3% or longer than 0.25 mi with grades of 3% or greater should
be considered as separate segments. Research (19) has revealed that the SUT
population on freeways has a median weight-to-horsepower ratio of about 100
Ib/hp while the TT population has a median weight-to-horsepower ratio of
150 Ib/hp. These values can vary from one setting to another.

Exhibit 12-26 gives specific-segment PCE values for a 30%/70% SUT/TT mix,

Exhibit 12-27 gives PCE values for a 50%/50% mix, and Exhibit 12-28 gives PCE
values for a 70%/30% mix. The 30% SUT condition occurs more frequently on
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Exhibit 12-26
PCEs for a Mix of 30% SUTs
and 70% TTs

rural facilities; the 50% condition occurs more frequently on urban facilities.
Exhibit 12-28 is recommended for conditions where the majority of the trucks in
the traffic stream are SUTs. Note that for the exhibits, segment lengths for grades
above 3.5% are limited to 1 mi, because steeper grades are rarely longer than this

in practice.

% Length Percentage of Trucks (%)

Grade (mi) | 2% 4% 5% 6% 8% 10% 15% 20% >25%
0125 | 262 237 230 224 217 212 204 199 197
0375 | 262 237 230 224 217 212 204 199 197

, 0625 | 262 237 230 224 217 212 204 199 197

; 0.875 | 262 237 230 224 217 212 204 199 197
125 | 262 237 230 224 217 212 204 199 197
15 | 262 237 230 224 217 212 204 199 197
0125 | 262 237 230 224 217 212 204 199 197
0375 | 262 237 230 224 217 212 24 199 197

o 0625 [ 262 237 230 224 217 212 204 199 L9
0875 | 262 237 230 224 217 212 204 199 19
125 | 262 237 230 224 217 212 204 199 197
1.5 262 237 230 224 217 212 204 199 197
0125 | 262 237 230 224 217 212 204 199 197
0375 | 376 296 278 265 248 238 222 214 209
0625 | 447 333 308 291 268 254 234 223 217

2 0875 | 480 350 322 303 277 261 239 228 221
125 | 500 360 330 300 28 266 242 230 223
1.5 | 504 362 332 311 284 267 243 231 223
0125 | 262 237 230 224 217 212 204 199 197
0375 | 411 314 293 278 258 246 228 219 213

o 0625 | 504 362 332 311 284 267 243 231 223

: 0875 | 548 385 351 327 29 277 250 236 228
125 | 573 398 361 336 303 28 254 240 231
15 | 580 402 364 338 305 284 255 241 232
0125 | 262 237 230 224 217 212 204 199 197
0375 | 488 354 325 305 280 263 241 229 222

35 0625 | 634 430 387 358 320 297 264 248 238

’ 0875 | 703 466 416 383 339 3.12 2.76 2.57 246
125 | 744 487 433 397 35 322 282 262 250
1.5 | 753 492 438 401 353 324 284 263 251
0125 | 262 237 230 224 217 212 204 199 197
0375 | 580 402 364 338 305 284 255 241 232

45 0625 | 790 511 453 414 363 332 290 268 255
0875 | 891 564 49 450 392 356 3.07 282 267
1 919 578 508 460 399 362 311 28 270
0125 | 262 237 230 224 217 212 204 199 1.97
0375 | 687 458 410 377 335 300 273 255 2.4

55 0625 | 978 609 533 48 416 376 321 293 277
0.875 | 11.20 6583 594 533 456 409 345 312 293
1 1160 7.04 611 547 467 4.8 351 317 297
0125 | 262 237 230 224 217 212 204 199 197
0375 | 748 490 436 399 352 323 283 263 251

6 0625 | 1087 666 579 521 446 401 339 308 289
0.875 | 1254 754 651 581 494 440 367 330 3.08
1 13.02 778 671 599 507 451 375 337 3.4

MNote: Interpolation in the exhibit is permitted.
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%  Length Percentaqge of Trucks (%)
Grade  (mi) 2% 4% 5% 6% 8% 10% 15%  20% >25%
0.125 2.67 2.38 2.31 2.25 2.16 2.11 2.02 1.87 185
0375 | 267 238 231 225 216 211 2.02 1.97 1.93
2 0.625 2.67 2.38 2.31 2.25 2.16 2.11 2.02 1.97 1.93
0.875 2.67 2.38 2.31 2,25 2.16 2.11 2.02 1.97 193
1.25 2.67 2.38 2.31 2.25 2.16 2.11 2.02 1.97 1.93
1.5 267 238 231 235 216 211 2.02 1.97 1.93
0.125 2.67 2.38 2.31 2.25 2.16 2.11 2.02 1.97 1.93
0.375 2.67 2.38 2.31 2.25 2.16 2.11 2.02 197 1.93
0 0.625 2.67 2.38 2.3 2.25 2.16 2.11 2.02 1.97 1.93
0.875 2.67 2.38 2.31 2.25 2.16 2.11 2.02 197 1.93
1.25 267 2.38 2.31 2.25 2.16 11 2.02 1.97 193
1.5 2.67 2.38 2.31 2.25 2.16 2.11 2.02 1.97 1.93
0.125 2.67 2.38 2.31 2.25 2.16 2.11 2.02 1.97 1.93
0.375 376 295 2.77 2.64 2.47 2.36 2.20 2.11 2.06
2 0.625 4.32 3.24 3.01 2.84 263 2.49 2.29 2.19 2.12
0.875 | 457 337 311 293 270 255 233 2.22 2.15
1.25 4.71 3.45 317 299 2.74 2.58 2.36 2.24 2.17
1.5 4.74 347 3.19 3.00 2.75 2.59 2.36 2.24 2.47
0.125 2.67 2.38 2.3 2.25 2.16 211 2.02 1.97 1.93
0375 | 410 313 292 277 257 2.44 2.26 2.16 2.10
25 0.625 4.84 3.52 3.23 3.03 2.77 2.61 2.38 2.26 2.18
: 0.875 5.17 3.69 3.37 3.15 2.87 2.69 2.43 2.30 2.22
1.25 5.36 3.79 3.45 3.22 2.92 2.73 2.47 2.33 2.24
1.5 5.40 3.81 3.47 3.24 2.93 2.74 247 2.33 2.25
0.125 2.67 2.38 2.31 2.25 2.16 2.11 2.02 1.97 1.93
0.375 4.89 3.54 3.25 3.05 279 2.62 2.39 2.26 219
35 0.625 6.05 4.15 3.75 347 311 2.89 2.58 2.42 2.32
' 0.875 6.58 4.43 397 3.66 3.26 3.0 2.67 2.49 2.39
1.25 6.88 4.58 4.10 3.77 3.35 3.09 2.72 2.53 2.42
1.5 6.95 4.62 4.13 3.80 3.37 3.10 2.73 2.54 243
0.125 2.67 2.38 231 2.25 2.16 2.11 2.02 1.97 1.93
0.375 5.83 4.03 3.65 3.39 3.05 2.84 2.55 2.39 2.30
4.5 0.625 7.53 4.92 4,38 4.01 3.53 3.24 2.83 2.62 2.50
0.875 8.32 5.34 4,72 4,29 3.75 342 2.97 2.73 2.59
1 8.53 5.45 4.81 4.37 3.81 347 3.00 2.76 2.62
0.125 2.67 2.38 2.31 2.25 2.16 2.11 2.02 1.97 1.93
0,375 6.97 4.63 4.14 3.81 3.38 3.11 2.74 255 243
5.5 0.625 9.37 5.89 5.16 4.68 4.05 3.67 3.14 2.88 2.72
0.875 | 1049 6.48 5.65 5.09 4.37 3.93 3.34 3.03 2.85
1 10.80 6.64 5.78 5.20 4.46 4.01 3.39 3.08 2.89
0.125 2.67 2.38 2.31 2.25 2.16 2.11 2.02 1.97 1.93
0.375 7.64 4.98 443 4.05 3.56 3.26 2.85 2.64 2.51
& 0.625 | 1045 6&.45 5.63 5.07 4.36 3.92 3.33 3.03 2.85
0.875 | 1178 7.16 6.20 5.56 4.74 4.24 3.56 3.22 3.01
1 12.15  7.35 6.36 5.69 4.85 4.33 3.62 3.27 3.05
Note:  Interpolation in the exhibit is permitted.

Exhibit 12-27
PCEs for a Mix of 50% SUTs
and 50% TTs
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Exhibit 12-28 % Length Percentage of Trucks (%)
PCEs for a Mix of 70% SUTs Grade (mi) | 2% 4% 5% 6% B% _10% 15% 20% >25%
and 30% TTs

0125 | 239 218 2212 207 201 1.96 1.89 1.85 1.83
0375 | 239 218 212 207 201 1.96 1.89 1.85 1.83
0625 | 239 218 212 207 201 1.96 1.89 1.85 1.83

2 0875 | 239 218 212 207 201 19  1.89 1.85  1.83
125 | 239 218 212 207 201 19 18 185 183
L5 23 218 212 207 201 19 189 185 183
0125 | 239 218 212 207 201 1% 189 185 1.83
0375 | 239 218 212 207 201 195 189 185 183
0625 | 239 2318 212 207 201 19 189 185  1.83

0 0875 | 239 218 212 207 201 19 189 1.85  1.83
125 | 233 218 212 207 201 19 189 185 1.83
1.5 239 218 212 207 201 19 1.8 185 1.83
0.125 | 267 232 223 217 208 2.03 194 18 186
0375 | 363 282 264 252 235 225 210 202 197

5 0625 | 412 308 2.8 269 249 236 218 208 202
0875 | 437 321 296 278 25 242 222 211 205
125 | 453 329 302 284 260 245 224 213 207
1.5 458 331 3.04 286 261 246 225 214 207
0125 | 275 236 227 220 211 204 195 190 187
0375 | 401 302 280 265 246 233 216 206 201

o5 0625 | 466 335 308 288 264 248 226 215 2.08

: 0875 | 499 352 321 300 273 256 232 219 212
125 | 520 364 330 308 279 260 235 222 214
1.5 526 367 333 3.0 280 262 236 223 215
0125 | 293 245 234 226 216 209 198 192  1.89
0375 | 486 346 316 29 269 253 230 218 2.10

55 0625 | 58 399 35 332 298 276 246 231 222

0.875 640 4.26 3.81 3.51 3.12 2.88 2.55 2.38 2.28
1.25 674 443 3.96 3.63 3.21 2.96 2.60 2.42 2.32
1.5 6.83 448 3.99 3.66 3.24 2.98 2.62 2.44 2.33
0.125 3.13 2.56 243 2.34 2.21 2.13 2.01 1.95 191
0375 | 588 399 359 332 298 2.76 2.46 2.31 2.22
4.5 0.625 7.35 4.75 4,22 3.85 3.39 3.10 2.71 2.51 2.39
0.875 8.11 5.15 4.54 4.13 3.60 3.27 2.83 2.61 247
1 8.33 5.27 4.63 4.21 3.66 333 2.87 2.64 2.50
0.125 3.37 2.69 253 242 2.28 2.19 2.05 1.98 1.94
0.375 7.08 4.62 4.11 3.76 33 3.04 2.66 2.47 2.36
55 0.625 9.13 5.68 4,97 4.49 3.88 3.51 3.00 2.74 2.59
0.875 | 10.21 6.24 543 4.88 4.18 3.76 3.18 2.89 2.71
1 10.52 641 5.57 5.00 4.27 3.83 3.24 2.93 2.75
0125 | 351 276 259 247 232 2.22 2.08 2.00 1.95
0.375 778 498 4.40 4.01 3.51 3.20 2.78 2.56 2.44
6 0.625 10.17 623 542 4.87 4,17 3.75 3.18 2.B8 2.71
0875 | 1143 688 595 532 453 4.04 3.39 3.06 2.86
1 1181 7.08 6.11 5.46 4.64 4.13 3.45 3.11 2.90
MNote:  Interpolation in the exhibit is permitted.

The PCE values shown in this chapter have been estimated from simulation.
They are also based on generalized analytical equations for the propulsion and
resistance characteristics of SUTs and TTs (19). Different models based on more
detailed vehicle dynamics simulators (e.g., 20, 21) can produce different results.
The PCEs establish an equivalency between the mixed-traffic capacity and the
automobile-only capacity. The speeds associated with these PCE values are space
mean speeds, and the densities are defined over the length of the segment. As
noted previously, in evaluating composite grades, steep single grades, very high
truck percentages, or a combination, the appropriate mixed-flow model from
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Chapter 25 (composite grades) or Chapter 26 (single grades) is recommended in
lieu of applying PCEs.

Check for LOS F

At this point, the demand volume has been converted to a demand flow rate
in passenger cars per hour per lane under equivalent base conditions. This
demand rate must be compared with the base capacity of the basic freeway or
multilane highway segment (see Exhibit 12-4).

[f demand exceeds capacity, the LOS is F and a breakdown has been
identified. To analyze the impacts of such a breakdown, the Chapter 10
methodology must be used. No further analysis using the present chapter’s
methodology is possible. If demand is less than or equal to capacity, the analysis
continues to Step 5.

Step 5: Estimate Speed and Density

At this point in the methodology, the following have been determined: (a)
the FF5 and appropriate FFS curve for use in the analysis and (#) the demand
flow rate expressed in passenger cars per hour per lane under equivalent base
conditions. With this information, the speed and density of the traffic stream
may be estimated.

With the equations specified in Exhibit 12-6, the expected mean speed of the
traffic stream can be computed. A graphical solution with Exhibit 12-7 can also
be performed.

After the speed is estimated, Equation 12-11 is used to estimate the density of
the traffic stream:

D=— Equation 12-11

|
n

density (pc/mi/ln),
v, = demand flow rate (pc/h/ln), and

W
I

= mean speed of traffic stream under base conditions (mi/h).

As has been noted, Equation 12-11 is only used when v,/c is less than or equal
to 1.00. All cases in which this ratio is greater than 1.00 are LOS F. In these cases,
the speed 5 will be outside the range of Exhibit 12-6 and Exhibit 12-7, and no
speed can be estimated.

Where LOS F exists, the analyst should consult Chapter 10, which allows an
analysis of the time and spatial impacts of a breakdown, including its effects on
upstream and downstream segments.

Step 6: Determine LOS

Exhibit 12-15 is entered with the density obtained from Equation 12-11 to
determine the expected prevailing LOS,
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4. EXTENSIONS TO THE METHODOLOGY

BASIC MANAGED LANE SEGMENTS

This section provides information specific to managed lanes that can be used
in conjunction with the core motorized vehicle methodology to analyze the
operation of basic managed lane segments on freeways. Section 2, Concepts,
defines the five types of basic managed lane segments and presents basic speed-
flow and capacity concepts for managed lanes.

Operating speeds and capacities of managed lanes are a function of how the
managed lanes are separated from the general purpose lanes, the number of
managed lanes, and, in the case of continuous access and Buffer 1 managed lane
segments, operational conditions in the adjacent general purpose lanes.

The general form of the speed-flow relationship for managed lanes is
illustrated in Exhibit 12-29, where the x-axis represents the adjusted 15-min
demand flow rate v, and the y-axis gives the space mean speed 5, for the traffic
stream.

The exhibit distinguishes two speed-flow curves that depend on a frictional
effect between the managed lanes and adjacent general purpose lane. Managed
lanes with continuous access or Buffer 1 separation exhibit a deteriorated
performance as the general purpose lanes approach capacity (i.e., their density
exceeds 35 pc/mi/ln).
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The general analytic form of the speed-flow relationship is given by
Equation 12-12, along with the equations for determining the model parameters
including the breakpoint and the capacity, both of which are based on FFS.
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& o S v, <BP
ML= 18, —S,—1. %S5 BP <v, £ ¢

Sy = space mean speed of the basic managed lane segment (mi/h);
S5, = speed within the linear portion of the speed—flow curve, from
Equation 12-15 (mi/h);
5, = speed drop within the curvilinear portion of the speed-flow curve,
from Equation 12-17 (mi/h);
S; = additional speed drop (mi/h) within the curvilinear portion of the

speed-flow curve when the density of the adjacent general purpose
lane is more than 35 pc/mi/ln, from Equation 12-19;

I. = indicator variable, where 1 = presence of densities greater than 35
pc/mi/ln in the adjacent general purpose lane (0 or 1);

BP = breakpoint in the speed-flow curve separating the linear and
curvilinear sections (pc/h/In), from Equation 12-13; and

v, = 15-min average flow rate (pc/h/In).

The breakpoint in the speed—flow curve is defined by Equation 12-13:
BP = [BP;s + Agp % (75 — FFSaq;)| X CAF?
where
BP = breakpoint in the speed-flow curve separating the linear and
curvilinear sections (pc/h/In);

BP.; = breakpoint for a FFS of 75 mi/h, from Exhibit 12-30 (pc/h/In);

Agp = rate of increase in breakpoint per unit decrease in FF5, from Exhibit 12-
30 (pc/h/In);
FFS,; = adjusted free-flow speed (mi/h); and

CAF = capacity adjustment factor (unitless).

Similar to general purpose lanes, capacity and FF5 can be adjusted to account
for the impacts of weather, incidents, and work zones and for overall calibration
purposes. Research specific to managed lanes on the magnitude of these effects is
limited, but the same adjustments provided for basic segments can be
considered. Default CAF and SAF values for basic segments are provided in
Chapter 11. The default values do not explicitly list single-lane facilities, but in
the absence of field data, defaults given for two-lane facilities may be used (e.g.,
for a single-lane managed lane shoulder closure incident).

A basic managed lane segment’s capacity is estimated by Equation 12-14:
Cadj = CAF X [c75 — A X (75 — FFSaq;)]

where

€.y = adjusted basic managed lane segment capacity (pc/h/In);

CAF = capacity adjustment factor (unitless);

Equation 12-12

Equation 12-13

Equation 12-14
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managed lane capacity for a FFS of 75 mi/h, from Exhibit 12-30 (pc/h/In);

Crs

A

rate of change in capacity per unit change in FFS, from Exhibit 12-30
(pc/h/In); and
FFS,; = adjusted free-flow speed (mi/h).

The linear portion of the speed-flow curve is computed from Equation 12-15:
Equation 12-15 Sy = FFSaqj — Ay % min(vy, BP)
where A, is the speed reduction per unit of flow rate in the linear section of the

speed-flow curve (mi/h), from Exhibit 12-30, and all other variables are as
defined previously.

The curvilinear portion of the speed-flow curve for basic managed lane
segments is characterized by using a calibration factor A, that is computed with

Equation 12-16:
Equation 12-16 Ay = A3® + A4y X (FFSqq; — 55)
where
A, = speed reduction per unit of flow rate in the curvilinear section of the
speed-flow curve (mi/h);

A7 = calibration factor for a FFS of 55 mi/h, from Exhibit 12-30 (mi/h);

A, = rate of change in A, per unit increase in FFS, from Exhibit 12-30 (mi/h);
and
FFS.; = adjusted free-flow speed (mi/h).
The curvilinear portion of the speed-flow curve during times when the

adjacent general purpose lane density is less than or equal to 35 pc/mi/In is
computed from Equation 12-17:

Cad
(51.59 = ;—ﬂ})
Equation 12-17 Sy =~——¢ 2 (y —pp)"
2 Az \UP
(cﬂﬁ = BP )
where
5, = speed drop within the curvilinear portion of the speed-flow curve
(mi/h);
S,s» = speed at the breakpoint of the speed-flow curve, calculated from
Equation 12-15 by setting v, to BP (mi/h);
¢, = adjusted basic managed lane segment capacity (pc/h/In);
K':—'r = density at capacity, without the frictional effect of the adjacent general
purpose lane, from Exhibit 12-30 (pc/mi/In);

BP = breakpoint in the speed-flow curve separating the linear and
curvilinear sections (pc/h/In);

A, = speed reduction per unit of flow rate in the curvilinear section of the

speed-flow curve (mi/h); and
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v, = 15-min average flow rate (pc/h/In).

Continuous access and Buffer 1 segment types operate at lower speeds when
adjacent general purpose lane density is greater than 35 pc/mi/In. The indicator
variable I, is used to determine the status of the general purpose lane operation.
This variable is determined by using Equation 12-18.

0 Kep = 35 pc/mifln
l. = [ or segment type is Buffer 2, Barrier 1, or Barrier 2
1 otherwise

where K, is the density of the adjacent general purpose lane (pe/mi/ln).

The additional speed reduction that occurs in the curvilinear portion of the
speed-flow curve because of high density in the adjacent general purpose lanes
is computed by Equation 12-19:

C, 3 C i
() ()
5'3 —_ [ 1:2
(Cu,,_” = EP)

where K/ is the density at capacity, with the frictional effect of the adjacent

(Vu 2 BP]Z

general purpose lane (pc/mi/ln), from Exhibit 12-30, and other variables are as
defined previously.

Exhibit 12-30 tabulates the parameters used by speed computations for the
different basic managed lane segment types.

Segment Type By A  on A Ay Aa A K K
Continuous access 500 0 1,800 10 2.5 0 0 30 45
Buffer 1 600 0 1,700 10 1.4 0 0.0033 30 427
Buffer 2 500 10 1,850 10 1.5 0.02 1] 45* MNA
Barrier 1 800 0 1,750 10 1.4 0 0.004 35 MA
Barrier 2 700 20 2,100 10 1.3  0.02 0 45 MA

MNote:  * These are average values of density at capacity observed by NCHRP Project 03-96 (1), ranging from 40.9
to 42.5 pc/mifin for Buffer 1 and from 40.1 to 50.4 po/mifin for Buffer 2 segment types.

BICYCLE METHODOLOGY FOR MULTILANE HIGHWAYS
Bicycle LOS Criteria

Bicycle levels of service for multilane highway segments are based on a
bicycle LOS score, which is in turn based on a traveler perception model.
Chapter 15, Two-Lane Highways, provides details about this service measure,
which is identical for two-lane highways and multilane highways. The bicycle
LOS score is based, in order of importance, on five variables:

*  Average effective width of the outside through lane,
» Motorized vehicle volumes and speeds,

s  Heavy vehicle (truck) volumes, and

s Pavement condition.

The LOS ranges for bicycles on two-lane and multilane highways are given
in Exhibit 12-31.

Equation 12-18

Equation 12-19

Exhibit 12-30
Parameters for Basic Managed
Lane Segment Analysis

Bicycle LOS is based on a
traveler perceplion model. The
measure appifes only to
mitntiane highways, not
freeway segments.

Fofiow the step-by-step
description of the bicycle LOS
methed given in Chapter 15 fo
calculate bicycle LOS on
muiltitane highways.
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Exhibit 12-31
Bicycle LOS for Two-Lane and
Multilane Highways

Although the bicycle LOS
model has been successfully
applied to rural muitiane
highways, users showld be
aware that conditions on many
of those highways are outside
the range of values used to
develop the model.

Bicycle LOS Score
£1.5
»>1.5-2.5
=2.5-3.5
=3.5-4.5
=4.5=-5.5
=55

,..
mmunmra

Required Input Data

The data required for evaluating bicycle LOS on a multilane highway and
the ranges of values used in the development of the LOS model (22) are as
follows:

* Width of the outside through lane: 10 to 16 ft,
e Shoulder width: 0 to 6 ft,

e Motorized vehicle volumes: up to 36,000 annual average daily traffic
(AADT),

» Number of directional through lanes,
» Posted speed: 25 to 50 mi/h,
» Heavy vehicle percentage: 0% to 2%, and

» Pavement condition: 2 to 5 on the FHWA 5-point pavement rating scale
(23).

Methodology

The calculation of bicycle LOS on multilane and two-lane highways shares
the same methodology, since multilane and two-lane highways operate in
fundamentally the same manner for bicyclists and motorized vehicle drivers.
Bicyclists travel much more slowly than the prevailing traffic flow and stay as far
to the right as possible, and they use paved shoulders when available. This
similarity indicates the need for only one model.

The bicycle LOS model for multilane highways uses a traveler perception
index calibrated by using a linear regression model. The model fits independent
variables associated with roadway characteristics to the results of a user survey
that rates the comfort of various bicycle facilities. The resulting bicycle LOS index
computes a numerical LOS score, generally ranging from 0.5 to 6.5, which is
stratified to produce a LOS A to F result by using Exhibit 12-31.

Full details on the bicycle LOS methodology and calculation procedures are
given in Chapter 15.

Limitations

The bicycle methodology was developed with data collected on urban and
suburban streets, including facilities that would be defined as suburban
multilane highways. Although the methodology has been successfully applied to
rural multilane highways in different parts of the United 5States, users should be
aware that conditions on many rural multilane highways (i.e., posted speeds of
55 mi/h or higher or heavy vehicle percentages over 2%) will be outside the range
of values used to develop the bicycle LOS model.

Extensions to the Methodology
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5. APPLICATIONS

EXAMPLE PROBLEMS

Section 6 of Chapter 26, Freeway and Highway Segments: Supplemental,
provides seven example problems that go through each of the computational
steps involved in applying the automobile to basic freeway and multilane
highway segments:

Four-lane freeway LOS (operational analysis),
Number of lanes required to achieve a target LOS (design analysis),

Six-lane freeway LOS and capacity (operational and planning analysis),

i . S

LOS on a five-lane multilane highway with a TWLTL (operational
analysis),

5. Estimation of the mixed-flow operational performance of a basic segment
with a high truck percentage (operational analysis),

6. Severe weather effects on a basic freeway segment (operational analysis),
and

7. Basic managed lane segment with and without friction effects
(operational analysis).

Section 7 of Chapter 26 provides an example of the application of the bicycle
LOS method.

RELATED CONTENT IN THE HCMAG

The Highway Capacity Manual Applications Guide (HCMAG), accessible
through the online HCM Volume 4, provides guidance on applying the HCM on
basic freeway segments. Case Study 4 goes through the process of identifying the
goals, objectives, and analysis tools for investigating LOS on a 3-mi section of
New York State Route 7 in Albany. The case study applies the analysis tools to
assess the performance of the route, to identify areas that are deficient, and to
investigate alternatives for correcting the deficiencies.

This case study includes the following problems related to basic freeway
segments:

1. Problem 1: Analysis of two basic freeway segments
a. Subproblem la: Traffic flow patterns

b. Subproblem 1b: Selection of appropriate data and basic freeway
analysis

c. Subproblem 1c: Basic freeway analysis
2. Problem 4: Analysis of segments as part of an extended freeway facility
Subproblem 4a: Separation of Route 7 for HCM analysis
b. Subproblem 4b: Study of off-peak periods

c. Subproblem 4c: What is the operational performance of Route 7
during the peak period?

Chapter 12/Basic Freeway and Multilane Highway Segments
Version 6.0
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The freeway FFS is most
sensitive to the total ramp
density and the right-side
lateral clearance,

Exhibit 12-32

Tllustrative Effect of Total
Ramp Density and Right-Side
Lateral Clearance on Basic
Freeway Segment FFS

Each on- and off-ramp in the
direction of travel is counfed
when tofal ramp density is
determined,

Although the HCMAG was based on the HCM2000's procedures and
chapter organization, the general thought process described in its case studies is
applicable to this edition of the HCM.

EXAMPLE RESULTS

This section presents the results of applying this chapter’s method in typical
situations. Analysts can use the illustrative results presented in this section to
observe the sensitivity of output performance measures to various inputs, as well
as to help evaluate whether their analysis results are reasonable. The exhibits in
this section are not intended to substitute for an analysis and are deliberately
provided in a format large enough to depict general trends in the results but not
large enough to pull out specific results.

Sensitivity of Freeway Results to Total Ramp Density and Right-Side
Lateral Clearance

Exhibit 12-32 illustrates how FFS varies for a basic freeway segment with a
base FFS of 75 mi/h when the total ramp density varies from 1 to 4 ramps/mi. The
top curve shows the case with adequate right-side clearance (i.e., 6 ft or greater),
while the lower curve shows the case with no right-side clearance (i.e., no right
shoulder).

75

70

65

Free-Flow Speed (mi/h)

55

30
0.5 1.0 1.5 2.0 2.5 3.0 35 4.0 4.5

Total Ramp Density (ramps/mi)

Note:  Calculated by using this chapter's methods, Fixed values include BFFS = 75.4 mifh for a basic freeway
segment and fw = 6.6 for 10-ft lanes.

A freeway with 2 ramps/mi represents a case where there are 6 ramps within
3 mi on either side of the study location. This occurs primarily in urban areas,
where interchanges may be close to each other, sometimes even in excess of 6
ramps/mi. The FFS for that condition is nearly 70 mi/h, assuming a base FFS of 75
mi/h. In contrast, the same segment without any right-side clearance has a much
lower FFS—just above 60 mi/h.
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In general, most interchanges involve two to four ramps. A full cloverleaf,
for example, has four ramps: two on-ramps and two off-ramps in each direction.
A diamond interchange has two ramps in each direction: one on-ramp and one
off-ramp. Thus, a freeway with two cloverleaf interchanges fully contained
within 1 mi would have a total ramp density of 8 ramps/mi. A freeway with two
diamond interchanges fully contained within 1 mi would have a total density of
4 ramps/mi. This suggests that in any given situation (with comparable demand
flows), cloverleaf interchanges will have a greater negative impact on FFS than
diamond interchanges.

Although the curves in Exhibit 12-32 are not straight lines, their slopes are
relatively constant. On average, an increase of 2 ramps/mi in total ramp density
causes a drop in FF5 of approximately 5 mi/h. A reduction in FFS, of course,
implies reductions in capacity and service volumes.

Sensitivity of Freeway Results to v/c Ratio

Exhibit 12-33 shows the relationship between speed and v/c ratio. Not
unexpectedly, the shapes of these curves are similar to the basic speed-flow
curves of Exhibit 12-7. Speed does not begin to decline until a v/c ratio of 0.42 to
0.80 is reached, depending on the FFS.

B0 e e —— = —
I
1 R ———
E:: 60 -
X | -
L
@ sp |
40 - .
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
v/c Ratio
—FFS = 75 mifh - - FFS = 70 mi/h +++:+FFS = 65 mi/h
= -FS=60mifh - FFS = 55 mi/h -
Note:  Calculated by using this chapter's methods. Fixed values include CAF = 1.0, SAF = 1.0, and no heavy

vehicle or grade effects.

Sensitivity of Multilane Highway Results to Access Point Density,
Lateral Clearance, and Median Type

Exhibit 12-34 illustrates the effect of access point density, lateral clearance,
and median type (divided or undivided) on the resulting multilane highway
segment FF5, assuming a base FFS of 65 mi/h.

Exhibit 12-33

Nlustrative Effect of w/c Ratio
on Basic Freeway Segment
Speed

Chapter 12/Basic Freeway and Multilane Highway Segments
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Exhibit 12-34
Point Density, Lateral
Clearance, and Median Type
on Multilane Highway
Segment FFS

Free-Flow Speed (mi/h)

47

45
2 3 - 5 6 ¥ 8 9 10 11
Number of Access Points Per Mile

Mote:  Calculated by using this chapter's methods. Fixed values include base FFS = 65 mifh and £, = 0 for 12-ft
lanes.

Exhibit 12-34 shows that adding a single access point per mile resultsin a 1-
mi/h drop in the FFS. This value represents the slope of all four lines in the
exhibit. The effect of lateral clearance is also significant; the FFS is reduced by
nearly 4 mi/h when all other parameters are held fixed. Finally, the FFS of a
divided segment is 1.6 mi/h higher than that of an undivided segment when
clearances and the number of access points are both controlled for.

Sensitivity of Freeway Results to Incidents and Inclement Weather

The speed-flow curves presented in this chapter are primarily sensitive to
flow rates, FFS, and capacity. Incidents and inclement weather reduce a basic
freeway segment’s capacity and therefore indirectly reduce its FFS. Inclement
weather also produces a direct reduction in FFS. Exhibit 12-35 shows speed-flow
curves for a basic freeway segment for three different conditions—base
condition, shoulder-closure incident, and heavy snow —for a base FFS of 70 mi/h.
The CAFs used for shoulder closure and heavy snow are 0.85 and 0.776,
respectively, on the basis of default values from Chapter 11, while the SAF for
heavy snow is (.88,

Applications Chapter 12/Basic Freeway and Multilane Highway Segments
Page 12-48 Version 6.0




Highway Capacity Manual: A Guide for Multimodal Mobility Analysis

Speed (mifh)

0 500 1,000 1,500 2,000

Flow Rate (pc/h/In)

———Clear Weather and No Incident = -- Shoulder Closure

- Heavy Snow

Note:  Calculated by using this chapter's methods, Fixed values include FFS = 70 mifh, CAF = 1.0 for base case,

SAF = 1.0 for base case, and no heavy vehicle or grade effects,

Sensitivity of Managed Lane Results to Inclement Weather and General

Purpose Lane Friction

Exhibit 12-36 depicts speed-flow curves for a single-lane continuous access
managed lane segment for combinations of weather (light snow and nonsevere)
and adjacent general purpose lane density (<35 pc/mi/ln, resulting in no friction,
and >35 pc/mi/ln, resulting in friction). The CAF for light snow is 0.957 and the
SAF for light snow is (.94, on the basis of default values from Chapter 11.

65

60 ==

55
50

45 ..

Speed (mi/h)

40 - %
5

30

0 200 400 600 800 1,000

Flow Rate (pc/h/in)

1,200 1,400 1,600

= ==Base Case with Friction
- - - Light Snow with Friction

—Base Case Without Friction
— Light Snow Without Friction

Note:  Calculated by using this chapter's methods. Fixed values include FFS = 60 mifh, CAF = 1.0 for base case,

SAF = 1.0 for base case, and no heavy vehicle or grade effects.

——cherchy: el S pdmiin

1,800

Exhibit 12-35

Tilustrative Effect of Incidents
and Inclement Weather on
Basic Freeway Segment FFS

2,500

Exhibit 12-36

Illustrative Effect of Inclement
Weather and General Purpose
Lane Friction on Managed
Lane FFS
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Planning and preliminary
engineering applications also
find the number of lanes
required fo deliver a target
LOS but provide more
generalized input values fo the
methodology.

Equation 12-20

Chapter 3 provides additional
guidance on K- and D-factors.

Design analyses find the
number of lanes required for a
target LOS, given a specified
demand volume,

Equation 12-21

Exhibit 12-37

Maximum Service Flow Rates
for Basic Freeway Segments
Under Base Conditions

PLANNING AND PRELIMINARY ENGINEERING ANALYSIS

A frequent objective of planning or preliminary engineering analysis is to
develop a general idea of the number of lanes that will be required to deliver a
target LOS. The primary differences are that many default values will be used
and the demand volume will usually be expressed as an AADT. Thus, a planning
and preliminary engineering analysis starts by converting the demand expressed
as an AADT to an estimate of the directional peak-hour demand volume
(DDHV) with Equation 12-20:

V=DDHV =AADT X K XD

where K is the proportion of AADT occurring during the peak hour and D is the
proportion of peak-hour volume traveling in the peak direction.

On urban freeways, the typical range of K-factors is from 0.08 to 0.10. On
rural freeways, values typically range between 0.09 and 0.13. Directional
distributions also vary, as illustrated in Chapter 3, Modal Characteristics, but a
typical value for both urban and rural freeways is 0.55. As with all default
values, locally or regionally calibrated values are preferred and yield more
accurate results. Both the K-factor and the D-factor have a significant impact on
the estimated hourly demand volume.

Once the hourly demand volume is estimated, the methodology follows the
same path as that for design analysis, described next. Additional details and
discussion on planning applications can be found in the Planning and Preliminary
Engineering Applications Guide to the HCM in Volume 4.

DESIGN ANALYSIS

In design analysis, a known demand volume is used to determine the
number of lanes needed to deliver a target LOS. Two modifications are required
to the operational analysis methodology. First, since the number of lanes is to be
determined, the demand volume is converted to a demand flow rate in passenger
cars per hour, not per lane, by using Equation 12-21 instead of Equation 12-9:

a (4
~ PHF X fyy

where v is the demand flow rate in passenger cars per hour and all other
variables are as previously defined.

v

Second, a maximum service flow rate for the target LOS is then selected from
Exhibit 12-37 for basic freeway segments or Exhibit 12-38 for multilane
highways. These values are selected from the base speed—flow curves of Exhibit
12-6 for each LOS. In using these exhibits, the FFS should be rounded to the
nearest 5 mi/h, and no interpolation is permitted.

FFS i for T h{ln
{mi/h) A B C D E
75 820 1,310 1,750 2,110 2,400
70 770 1,250 1,650 2,080 2,400
65 710 1,170 1,630 2,030 2,350
60 660 1,080 1,560 2,010 2,300
55 600 990 1,430 1,900 2,250

MNote:  All values rounded to the nearest 10 pc/h/in.
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FFS Maxim i Target LOS (pe/h/In

(mi/h) A B C D E
60 660 1,080 1,550 1,980 2,200
55 600 990 1,430 1,850 2,100
50 550 900 1,300 1,710 2,000
45 290 810 1,170 1,550 1,900

Next, the number of lanes required to deliver the target LOS can be found
from Equation 12-22:
v
e MSF,
where N is the number of lanes required (In) and MSF, is the maximum service
flow rate for LOS i (pc/h/In) from Exhibit 12-37 or Exhibit 12-38.

Equation 12-21 and Equation 12-22 can be conveniently combined as
Equation 12-23:

4
"~ MSF; x PHF X fyy

where all variables are as previously defined.

N

The value of N resulting from Equation 12-22 or Equation 12-23 will most
likely be fractional. Since only integer numbers of lanes can be constructed, the
result is always rounded to the next-higher value. Thus, if the result is 3.2 lanes, 4
must be provided. The 3.2 lanes is, in effect, the minimum number of lanes
needed to provide the target LOS. If the result were rounded to 3, a poorer LOS
than the target value would result.

The rounding-up process will occasionally produce an interesting result: a
target LOS (for example, LOS C) may not be achievable for a given demand
volume. If 2.1 lanes are required to produce LOS C, providing 2 lanes would
drop the LOS, most likely to D. However, if three lanes are provided, the LOS
might improve to B. Some judgment may be required to interpret the results. In
this case, two lanes might be provided even though they would resultin a
borderline LOS D. Economic considerations might lead a decision maker to
accept a lower operating condition than that originally targeted.

SERVICE FLOW RATES, SERVICE VOLUMES, AND DAILY SERVICE
VOLUMES

This chapter’s methodology can be easily manipulated to produce service
flow rates, service volumes, and daily service volumes for basic freeway
segments and multilane highways.

Exhibit 12-37 gave values of the maximum hourly service flow rates MSF, for
each LOS for freeways of varying FFS. These values are given in terms of
passenger cars per hour per lane under equivalent base conditions. A service
flow rate SF, is the maximum rate of flow that can exist while LOS i is maintained
during the 15-min analysis period under prevailing conditions. It can be
computed from the maximum service flow rate by using Equation 12-24:

SF; = MSF; X N X fuy

where all variables are as previously defined.

Exhibit 12-38

Maximum Service Flow Rates
for Multilane Highway
Segments Under Base
Conditions

Equation 12-22

Equation 12-23

All fractional values of N must
be rounded up.

Because oy whole lanes can
be buill, the target LOS for &
given demand volume may not
be achievabie.

Equation 12-24

Chapter 12/Basic Freeway and Multilane Highway Segments
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Equation 12-25

Equation 12-26

A service flow rate can be converted to a service volume 5V, by applying a
PHEF, as shown in Equation 12-25. A service volume is the maximum hourly
volume that can exist while LOS i is maintained during the worst 15-min period
of the analysis hour.

SV; = SF; x PHF
where all variables are as previously defined.

A daily service volume DSV, is the maximum AADT that can be
accommodated by the facility under prevailing conditions while LOS i is
maintained during the worst 15-min period of the analysis day. It is estimated
from Equation 12-26:

SVi _ MSF; x N X fyy X PHF
KxD KxD
where all variables are as previously defined.

DSV, =

Service flow rates SF and service volumes SV are stated for a single direction.
Daily service volumes DSV are stated as total volumes in both directions of the
freeway or multilane highway.

This method can also be used to develop daily service volume tables for
basic managed lane segments by using regional assumptions about the various
input parameters.

Generalized Daily Service Volumes for Basic Freeway Segments

Exhibit 12-39 and Exhibit 12-40 show generalized daily service volume tables
for urban and rural basic freeway segments, respectively. They are based on the
following set of typical conditions:

e Percent heavy vehicles = 5% (urban), 12% (rural);
e FFS=70 mifh; and
s PHF=0.94.

Values of rural and urban daily service volumes are provided for four-lane,
six-lane, and eight-lane freeways in level and rolling terrain. A range of K- and
D-factors is provided. Users should enter Exhibit 12-39 and Exhibit 12-40 with
local or regional values of these factors for the appropriate size of freeway in the
appropriate terrain.
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Four-Lane Freeways
LOS LOS LOS LOS

C

D

Six-Lane Freeways
LOS LOS LOS LOS

C

Eight-Lane Freeways
LOS LOS LOS LOS

c D

E

Level Terrain

0.08

56.4
51.2
47.0
43.4

776
70.6
4.7
59.7

94.6
86.0
78.8
72.7

107.4
97.7
89.5
82.6

84.6 116.4
76.9 105.9

70.5
65.0

97.0
89.6

141.8
129.0
118.2
109.1

161.1
146.5
1343
124.0

112.7
102.5
93.9
86.7

155.2 189.1
141.1 171.9
1294 157.6
119.4 145.5

214.9
195.3
179.0
165.3

0.0%

50.1
45.5
41.8
38.5

69.0
62.7
57.5
53.1

B4.1
76.4
70.0
64.7

95.5
86.8
79.6
73.5

75.2
68.3
62.6
57.8

103.5

94.1
86.2
79.6

126.1
114.6
105.1

97.0

143.2
130.2
119.4
110.2

100.2
91.1
83.5
77.1

138.0 168.1
125.5 152.8
115.0 140.1
106.2 129.3

191.0
173.6
159.2
146.9

0.10

45.1
41.0
376
34.7

62.1
56.5
51.7
47 8

75.7
68.8
63.0
58.2

85.9
/8.1
71.6
66.1

67.6
61.5
56.4
52.0

93.1
84.7
776
717

113.5
103.2
94.6
87.3

128.9
117.2
107.4

99.2

90.2
82.0
732
69.4

124.2 151.3
112.9 137.5
103.5 126.1

95.5 116.4

171.9
156.3
143.2
132.2

41.0
37.3
34.2
31.5

56.5
513
47.0
43.4

68.8
62.5
57.3
52.9

78.1
/1.0
65.1
60.1

61.5
55.9
51.2
47.3

84.7
77.0
70.6
65.1

103.2
93.8
86.0
79.4

117.2
106.5
97.7
90.1

82.0
4.5

63.1

1129 137.5
102.6 125.0
94.1 114.6
86.9 105.8

156.3
142.1
130.2
120.2

0.12

376
3.2
313
28.9

517
47.0
43.1
39.8

63.0
57.3
52.5
48.5

716
65.1
59.7
55.1

56.4
51.2
47.0
43.4

776
706
64.7
59.7

94.6
86.0
78.8
727

107.4
7.7
89.5
82.6

75.2
68.3
62.6
57.8

103.5 126.1
94,1 1146
86.2 105.1
/9.6 97.0

143.2
130.2
119.4
110.2

Rolling Terrain

0.08

53.8
48.9
44.8
41.4

74.1
67.4
61.7
570

90.3
821
75.2
09.4

80.7 1111

734
673
62.1

101.0

926
85.5

1354
123.1
1128
104.2

153.8
139.8
128.2
118.3

107.6
97.8
89.7
82.8

148.2 180.5
134.7 164.1
123.5 1504
114.0 138.9

205.1
186.4
170.9
157.8

0.09

0.50
0.55
0.60
0.65

47.8
43.5
399
36.8

65.9
59.9
54.9
50.7

80.2
72.9
66.9
61.7

7.7
65.2
59.8
95.2

98.8
89.8
82.3
76.0

120.4
109.4
100.3

92.6

136.7
124.3
1139
105.2

95.7
87.0
79.7
73.6

131.7 160.5
119.7 145.9
109.8 133.7
101.3 1234

182.3
165.7
151.9
140.2

0.10

0.50
0.55
0.60
0.65

43.0
39.1
359
33.1

59.3
53.9
49.4
45.6

72.2
65.6
60.2
55.5

64.6
58.7
53.8
49.7

88.9
80.8
4.1
68.4

108.3
98.5
90.3
B33

86.1

7.7
66.2

1186 1444
107.8 131.3
93.8 120.4
91.2 1113

164.1
149.2
136.7
126.2

0.50
0.55
0.60
0.65

39.1
35.6
326
30.1

539
49.0
44.9
41.5

65.6
59.7
54.7
50.5

58.7
534
48.9
45.2

80.8
73.5
67.4
62.2

98.5
89.5
82.1
73.7

783
7Ll
65.2
60.2

107.8 1313
98.0 119.4
89.8 109.4
§2.9 101.0

149.2
135.6
124.3
114.7

0.12

0.50
0.55
0.60
0.65

359
32.6
29.9
27.6

49.4
44.9
41.2
38.0

60.2
54.7
50.1
46.3

53.8
489
44.8
41.4

74.1
674
61.7
57.0

90.3
82.1
75.2
69.4

717
65.2
59.8
55.2

98.8 1204
89.8 109.4
82.3 100.3
76.0 926

136.7
124.3
113.9
105.2

Note:

Key assumptions: 5% trucks, PHF = 0.94, FFS = 70 mifh.

Exhibit 12-39

Daily Service Volume Table for
Urban Basic Freeway
Segments (1,000 veh/day)
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Exhibit 12-40

Daily Service Volume Table for
Rural Basic Freeway
Segments (1,000 veh/day)

Four-Lane Freeways Six-Lane Freeways Eight-Lane Freeways
LOS LOS LOS LOS [LOS LOS LOS LOS [LOS LOS LOS LOS
£ .plB8 £ B E |8 '€ D E |B € D E

Level Terrain

0501528 728 887 1007 ] 793 1092 133.0 15111057 1455 177.3 201.4
055 | 48.0 662 806 916|721 992 1209 137.3| 961 132.3 161.2 183.1
0.08 oo | 440 606 739 839|661 91.0 110.8 1259 | 88.1 1213 147.8 167.9
065|406 560 682 775|610 840 1023 116.2 | 813 112.0 1364 1549

050 [ 47.0 647 788 895|705 97.0 1182 1343 | 93.9 129.4 157.6 179.0
0.55 | 42.7 588 716 814|641 882 1075 122.1 | 854 117.6 1433 162.8
0.60 | 39.1 539 657 746|587 802 985 1119|783 107.8 1313 149.2
0.65) 36,1 498 606 68.9) 542 746 909 1033|723 995 121.2 137.7

0.09

050 | 423 582 709 806|634 B7.3 1064 120.9 | 84.6 1164 141.8 161.1
055|384 529 645 732|576 794 967 109.9| 76.9 1059 129.0 146.5
0.60 | 352 485 59.1 67.1| 528 728 887 100.7| 705 97.0 11B.2 1343
065|325 448 546 620 488 672 818 93.0] 65.0 896 109.1 1240

0.10

050 | 384 529 645 732|576 794 967 1059 | 769 1059 129.0 146.5
055|349 481 586 66.6| 524 722 B79 999|699 96.2 1172 1332
0.60 | 320 441 537 61.0| 480 662 B06 916|641 882 1075 1221
065|296 407 496 563|443 611 744 845) 591 B14 992 1127

050 | 35.2 485 59.1 67.1| 528 728 887 1007|705 97.0 1182 1343
0.55| 320 441 537 610|480 662 806 916|641 882 1075 1221
0.60 | 294 404 493 56.0| 440 606 739 839|587 809 985 111.9
065] 271 373 455 516406 560 682 775]|542 746 909 1033

0.12

Rolling Terrain

0.50 | 47.7 657 801 91.0| 716 986 120.1 1365 955 131.5 160.1 181.9
055|434 598 728 827|651 896 109.2 124.0 | 868 119.5 145.6 1654
0.60 | 39.8 548 667 758|597 822 100.1 113.7 | 79.6 109.5 133.5 151.6
0.65 ) 367 506 H16 70.0) 551 758 924 1050 734 101.1 123.2 140.0

0.08

050 | 424 584 712 809 | 636 876 1068 1213 | 849 1169 1424 161.7
055 | 386 53.1 647 735|579 797 97.1 1103 | 77.1 106.2 1294 147.0
060 | 354 487 593 674|530 730 89.0 101.1| 70.7 974 118.6 1348
0.65)| 326 449 548 622|490 674 821 933 ) 653 899 100.5 1244

0.0%

050|382 526 641 728|573 789 96.1 1092 | 764 1052 128.1 1455
055|347 478 582 66.2 521 717 874 992|694 956 1165 1323
060|318 438 534 606|477 657 801 91.0| 63.6 876 1068 121.3
065 294 404 493 56.0) 441 60.7 739 8B40 587 809 986 1120

0.10

050|347 478 582 662|521 717 B74 992|694 956 1165 1323
055 | 31.6 435 529 601|473 652 794 902|631 869 1059 1203
060 289 398 485 551|434 598 728 B27|579 797 971 1103
0.65 | 26.7 368 448 509 ) 40.1 552 672 763|534 735 89.6 101.8

0.11

050 318 438 534 606|477 657 80.1 910 636 876 1068 1213
055|289 398 485 551|434 598 728 827|579 797 971 1103
060 | 265 365 445 505|398 548 667 758|530 73.0 890 1011
065 ) 245 337 411 467 367 506 616 700) 490 674 B21 0933

0.12

MNote: Key assumptions: 12% trucks, PHF = 0.94, FFS = 70 mi/h.

Generalized Daily Service Volumes for Multilane Highways

Exhibit 12-41 and Exhibit 12-42 are generalized daily service volume tables
for urban and rural multilane highways, respectively. They are based on the
following set of typical conditions:

* Percent heavy vehicles = 8% (urban), 12% (rural);
e FFS =60 mi/h; and
s PHF =0.95 (urban), 0.88 (rural).

Daily service volumes are provided for four-, six-, and eight-lane highways
in level and rolling terrain. A range of K- and D-factors is provided. Users should
enter Exhibit 12-41 and Exhibit 12-42 with local or regional values of these factors
for the appropriate size of multilane highway in the appropriate terrain.
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LOS
B

LOsS
C

LOS
D

LoS
E

ix=

LOS
B

LOS LOS LOS

c

E

Eight-Lane Highways
LOS LOS LOS LOS

C

Leval Terrain

0.08

47.5
43.2
39.6
36.5

84.9
77.2
70.7
65.3

96.8
88.0
80.6
/4.4

71.3 1022

64.8
59.4
4.8

93.0
85.2
78.7

127.3
115.7
106.1

97.9

145.1
131.9
1209
111.6

136.3
123.9
113.6
104.9

169.7
154.3
141.4
130.6

193.5
175.9
161.3
148.9

0.09

42.2
384
35.2
325

75.4
68.6
62.9
58.0

113.2
102.9
94.3
87.0

129.0
117.3
107.5

99.2

121.2
110.2
101.0

93.2

150.9
137.2
125.7
116.1

172.0
156.4
143.3
132.3

0.10

38.0
34.5
31.7
29.2

&67.9
61.7
56.6
52.2

101.8
92.6
84.9
78.3

116.1
105.6
96.8
89.3

58.5

109.1
99.1
90.9
83.9

1358
123.4
113.2
104.5

154.8
140.7
129.0
119.1

0.11

34.5
314
288
26.6

61.7
56.1
51.4
47.5

62.0
57.2

92.6
84.2
77.2
71.2

105.6
96.0
88.0
81.2

69.1

93.1
90.1
82.6
76.3

123.4
112.2
102.9

95.0

140.7
127.9
117.3
108.3

0.12

3.7
28.8
26.4
24.4

454
41.3
379
35.0

56.6
51.4
47.1
43.5

47.5
43.2
39.6
36.5

68.2
62.0
56.8
52.4

84.9
f12
70.7
65.3

96.8
88.0
80.6
74.4

48.7

90.9
826
75.7
69.9

113.2
102.9

8?0

129.0
117.3
107.5

99.2

Rolling Terrain

0.08

44.2
40.2
36.9
34.0

63.5
57.7
529
48.8

79.0
71.8
65.8
60.8

90.1
81.9
75.1
69.3

95.2
86.5
79.2
73.2

118.5
107.7
98.8
91.2

135.1
122.8
112.6
103.9

126.9
1154
105.8

97.6

158.0
143.7
131.7
121.6

180.2
163.8
150.1
138.6

0.09

39.3
35.7
32.8
30.2

56.4
51.3
47.0
43.4

70.2
63.8
58.5
54.0

80.1
72.8
66.7
61.6

84.6
76.9
705
65.1

105.4
95.8
87.8
81.0

120.1
109.2
100.1

92.4

112.8
102.6
94.0
86.8

140.5
127.7
117.1
108.1

160.2
145.6
1335
123.2

0.10

0.55
0.60
0.65

354
32.2
29.5
27.2

50.8
46.2
42.3
39.1

63.2
57.5
52.7
48.6

72.1
65.5
60.1
55.4

76.2
69.2
B83.5
58.6

94.8
86.2
79.0
72.9

108.1
98.3
90.1
83.2

101.5
923
B4.6
78.1

126.4
114.9
105.4

97.2

144.1
1310
120.1
110.9

0.50
0.55
0.60
0.65

322
29.2
26.8
24.7

46.2
42.0
38.5
35.5

575
52.2
47.9
44.2

65.5
59.6
54.6
50.4

69.2
62.9
57.7
53.3

86.2
78.4
71.8
66.3

983
89.3
81.9
75.6

923
83.9
76.9
71.0

114.9
104.5
95.8
BE.4

131.0
119.1
109.2
100.8

0.12

0.50
0.55
0.60
0.65

29.5
26.8
24.6
22.7

42.3
38.5
35.3
32.5

52.7
47.9
439
40.5

60.1
54.6
50.0
46.2

63.5
57.7
529
48.8

79.0
71.8
65.8
60.8

90.1
81.9
75.1
69.3

84.6
76.9
705
£5.1

105.4
95.8
87.8
g1.0

120.1
109.2
100.1

924

Note:

Key assumptions: 8% trucks, PHF = 0,95, FFS = 60 mi/h.

Exhibit 12-41

Generalized Daily Service
Volumes for Urban Multilane
Highways (1,000 veh/day)
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Exhibit 12-42
Generalized Daily Service
Volumes for Rural Multilane
Highways (1,000 veh/day)

LOS

r-Lan
LOS
C

LOS LOS

D

ix-

n hw

LOS LOS LOS LOS

C

Eight.l Hial
LOS LOS LOS LOS

c

D

Level Terrain

0.08

63.6
57.9
53.0
49.0

91.3
83.0
76.1
70.3

113.7
103.4

129.6
117.9

84.9
771
70.7
65.3

121.8
110.7
101.5

93.7

151.6
137.8
126.3
116.6

1729
157.1
144.0
133.0

0.09

56.6
51.4
47.1
43.5

B1.2
738
67.7
62.4

75.4
68.6
62.9
58.0

134.8
122.5
112.3
103.7

153.7
139.7
128.0
118.2

0.10

509
46.3
42.4
39.2

73.1
66.4
60.9
56.2

758
70.0

121.3
110.3
1011

93.3

138.3
125.7
115.2
106.4

0.11

46.3
42.1
38.6
35.6

66.4
60.4
55.4
51.1

82.7
75.2
68.9
63.6

110.3
100.2
91.9
84.8

125.7
114.3
104.8

96.7

0.12

21.8

50.5
459
42.1
389

42.4
38.6
354
326

60.9
55.4
50.7
46.8

75.8
689
63.2
58.3

1011
91.9
84.2
77.7

115.2
104.8
96.0
88.6

Rofling Terrain

0.08

38.3
348
31.9
29.5

68.5
62.2
57.1
52.7

78.1
71.0
65.1
60.0

57.5
523
47.59
44.2

82.5

102.7
93.4
856
79.0

136.9
124.5
114.1
105.3

156.1
141.9
130.1
120.1

0.09

34.1
31.0
284
26.2

60.9
55.3
50.7
46.8

69.4
63.1
57.8
534

511
46.5
42.6
39.3

61.1
56.4

91.3
83.0
76.1
702

56.8
524

121.7
110.7
101.4

93.6

138.8
126.2
115.7
106.8

0.10

0.50
0.55
0.60
0.65

30.7
27.9
25.5
23.6

54.8
49.8
45.6
42.1

62.5
56.8
52.0
48.0

46.0
41.8
383
354

66.0
60.0
55.0
50.8

82.2
4.7
68.5
63.2

78.1
72.1

61.3
357
51.1
47.2

67.7

109.6
99.6
91.3
g4.3

124.9
113.5
104.1

96.1

0.11

0.50
0.55
0.60
0.65

27.9
25.3
23.2
21.4

333
30.8

49.8
45.3
415
38.3

56.8
51.6
47.3
43.7

41.8
38.0
34.8
32.2

60.0
54.5
50.0
46.1

4.7
67.9
62.2
57.5

85.2
774
710
65.5

257
50.7
46.5
42.9

80.0
72.7
66.7
61.5

99.6
90.5
83.0
76.6

113.5
103.2
94.6
87.3

0.12

0.50
0.55
0.60
0.65

25.5
23.2
21.3
19.7

36.7
333
30.6
28.2

456
415
38.0
35.1

52.0
47.3
434
40.0

38.3
34.8
319
29.5

55.0
50.0
45.8
42.3

68.5
62.2
57.1
52.7

78.1
710
65.1
60.0

51.1
46.5
42 6
39.3

73.3
66.7
61.1
56.4

91.3
83.0
76.1
70.2

104.1
94.6
86.7
80.1

Mote:  Key assumptions: 12% trucks, PHF = 0.88, FFS = 60 mifh,

Appropriate Use of Service Volume Tables

The preceding service volume tables must be used with care. Because the

characteristics of any given freeway or multilane highway may or may not be
typical, the values should not be used to evaluate a specific freeway or multilane
highway segment. The exhibits are intended to allow a general evaluation of
many facilities within a given jurisdiction on a first-pass basis to identify
segments or facilities that might fail to meet a jurisdiction’s operating standards.
The segments or facilities so identified should then be evaluated in more detail
with this chapter’s core methodology in combination with each segment’s site-
specific characteristics. These service volume tables should not be used to make
final decisions on which segments or facilities to improve or on specific designs
for such improvements.
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USE OF ALTERNATIVE TOOLS

General guidance for the use of alternative traffic analysis tools for capacity

and LOS analysis is provided in Chapter 6, HCM and Alternative Analysis Tools.

This section contains specific guidance for the application of alternative tools to
the analysis of basic freeway and multilane highway segments.

Exhibit 12-43 tabulates the HCM limitations for basic freeway and multilane
highway segments along with the potential for improved treatment by

alternative tools.

Limitation

Potential for Improved Treatment by
Alternative Tools

Special lanes reserved for a single vehicle type,

Modeled explicitly by simulation

Exhibit 12-43
Limitations of HCM Basic
Freeway and Multilane

such as truck, and climbing lanes, or specific Higtweay Srgments Froceoure
lane control treatments to restrict lane
changing
Can be approximated by using assumptions
Extended bridge and tunnel segments related to desired speed and number of lanes
aleng each segment
Can be approximated by using assumptions
RN REaha il plaka related to discharge at toll plaza
Facilities with FFS less than 55 mi/h or more Modeled explicitly by simulation
than 75 mi/h for basic freeway segments, or
less than 45 mi/h or more than 70 mifh for
multilane highways
Oversaturated conditions (refer to Chapters 10 Modeled explicitly by simulation
and 26 for further discussion)
Influence of downstream blockages or queuing  Modeled explicitly by simulation
on a segment
Posted speed limit and extent of police Can be approximated by using assumptions
enforcement related to desired speed along a segment
Presence of ITS features related to vehicle or Several features modeled explicitly by
driver guidance, and active traffic and demand  simulation; others may be approximated by
management strategies, including ramp using assumptions (for example, by modifying
metering origin—destination demands by time interval)
Evaluation of transition zones where a Madeled explicitly by simulation
multilane highway transitions to a two-lane
highway or is interrupted by a traffic signal or
roundabout intersection
The negative impacts of poor weather Limited guidance for modeling adverse
conditions, traffic accidents or incidents, conditions on muttilane highways in simulation
railroad crossings, or construction operations
on multilane highways
Differences between types of median barriers Limited guidance available for modeling in
and difference between impacts of 2 median simulation
barrier and a TWLTL on multilane highways
Significant presence of on-street parking, bus Can be estimated in some simulation tools
stops, and pedestrians on multilane highways
As with most other procedural chapters in the HCM, simulation outputs,
especially graphics-based presentations, can provide details on point problems
that might otherwise go unnoticed with a macroscopic analysis that yields only
segment-level measures. The effect of downstream conditions on lane utilization
Chapter 12/Basic Freeway and Multilane Highway Segments Applications
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and backup beyond the segment boundary is a good example of an analysis that
can benefit from the increased insight offered by a microscopic model.

Development of HCM-Compatible Performance Measures Using
Alternative Tools

The LOS for basic freeway and multilane highway segments is based on
traffic density expressed in passenger cars per mile per lane, The HCM
methodology estimates density by dividing the flow rate by the average
passenger car speed. Simulation models typically estimate density by dividing
the average number of vehicles in the segment by the area of the segment (in lane
miles). The result is vehicles per lane mile. This measurement corresponds to
density based on space mean speed. The HCM-reported density is also based on
space mean speed. Generally, increased speed variability in driver behavior
(which simulators usually include) results in lower average space mean speed
and higher density. In obtaining density from alternative models, the following
are important to take into account:

* The vehicles included in the density estimation (for example, whether
only the vehicles that have exited the link are considered);

s The manner in which auxiliary lanes are considered;

* The units used for density, since a simulation package would typically
provide density in units of vehicles rather than passenger cars; converting
the simulation outputs to passenger cars with the HCM PCE values is
typically not appropriate, given that the simulation should already
account for the effects of heavy vehicles on a microscopic basis—with
heavy vehicles operating at lower speeds and at longer headways—thus
making any additional adjustments duplicative;

* The units used in the reporting of density (e.g., whether it is reported per
lane mile);

* The homogeneity of the analysis segment, since the HCM does not use the
segment length as an input (unless it is a specific upgrade or downgrade
segment, where the length is used to estimate the PCE values) and
conditions are assumed to be homogeneous for the entire segment; and

¢ The driver variability assumed in the simulation package, since increased
driver variability will generally increase the average density.

The HCM provides capacity estimates in passenger cars per hour per lane as
a function of FFS. To compare the HCM's estimates with capacity estimates from
a simulation package, the following should be considered:

* The manner in which a simulation package provides the number of
vehicles exiting a segment; in some cases it may be necessary to provide
virtual detectors at a specific point on the simulated segment so that the
maximum throughput can be obtained;

* The units used to specify maximum throughput, since a simulation
package would do this in units of vehicles rather than passenger cars;
converting vehicles to passenger cars by using the HCM PCE values is
typically not appropriate, since differences between automobile and
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heavy vehicle performance should already be accounted for
microscopically within a simulation; and

¢ The incorporation of other simulation inputs, such as the “minimum
separation of vehicles,” that affect the capacity result.

Conceptual Differences Between HCM and Simulation Modeling That
Preclude Direct Comparison of Results

The HCM methodology is based on the relationship between speed and flow
for various values of FF5. One fundamental potential difference between the
HCM and other models is this relationship. For example, the HCM assumes a
constant speed for a wide range of flows. However, this is not necessarily the
case in simulation packages, some of which assume a continuously decreasing
speed with increasing flow. Furthermore, in some simulation packages, that
relationship can change when certain parameters (for example, in a car following
model) are madified. Therefore, compatibility of performance measures between
the HCM and an alternative model for a given set of flows does not necessarily
guarantee compatibility for all other sets of flows.

Adjustment of Simulation Parameters to HCM Results

The most important elements to be adjusted when a basic freeway or
multilane highway segment is analyzed are the speed-flow relationship, the
capacity, or both. The speed-flow relationship should be examined as a function
of the given FF5. That FFS should match the field- or HCM-estimated value.

Step-by-Step Recommendations for Applying Alternative Tools

This section provides recommendations specifically for freeway and
multilane highway segments (general guidance on selecting and applying
simulation packages is provided in Chapter 6, HCM and Alternative Analysis
Tools). To apply an alternative tool to the analysis of basic freeway and multilane
highway segments, the following steps should be taken:

1. Determine whether the chosen tool can provide density and capacity for a
basic freeway or multilane highway segment and the approach used to
obtain those values. Once the analyst is satisfied that density and capacity
can be obtained and that values compatible with those of the HCM can
also be obtained, proceed with the analysis.

2. Determine the FFS of the study site, either from field data or by
estimating it according to this chapter's methodology.

3. Enter all available geometric and traffic characteristics into the simulation
package and install virtual detectors along the study segment, if
necessary, to obtain speeds and flows,

4. By loading the study network over capacity, obtain the maximum
throughput and compare it with the HCM estimate. Calibrate the
simulation package by modifying parameters related to the minimum
time headway so that the capacity obtained by the simulator closely
matches the HCM estimate. Estimate the number of runs required for a
statistically valid comparison.

Chapter 12/Basic Freeway and Multilane Highway Segments Applications
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5. If the analysis requires evaluating various demand conditions for the
segment, plot the simulator’s speed-flow curve and compare it with the
HCM relationship. Attempt to calibrate the simulation package by
modifying parameters related to driver behavior, such as the distribution
of driver types. Calibration of the simulation to match the HCM
speed-flow relationship may not be possible. In that case, the results
should be viewed with caution in terms of their compatibility with the
HCM methods.

Sample Calculations Illustrating Alternative Tool Applications

Chapter 26, Freeway and Highway Segments: Supplemental, in Volume 4 of
the HCM, provides two supplemental problems that examine situations beyond
the scope of this chapter’s methodology by using a typical microsimulation-
based tool. Both problems analyze a six-lane freeway segment in a growing
urban area. The first supplemental problem evaluates the facility when an HOV
lane is added, and the second problem analyzes operations with an incident
within the segment.
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1. INTRODUCTION

OVERVIEW

Weaving is generally defined as the crossing of two or more traffic streams
traveling in the same direction along a significant length of highway without the
aid of traffic control devices (except for guide signs). Thus, weaving segments are
formed when merge segments are closely followed by diverge segments.
“Closely” implies that there is not sufficient distance between the merge and
diverge segments for them to operate independently.

Three geometric characteristics affect a weaving segment’s operating
characteristics: length, width, and configuration. All have an impact on the
critical lane-changing activity, which is the unique operating feature of a
weaving segment. This chapter provides a methodology for analyzing the
operation of weaving segments on the basis of these characteristics as well as a
segment's free-flow speed (FFS) and the demand flow rates for each movement
within a weaving segment (e.g., ramp to freeway or ramp to ramp).

This chapter describes how the methodology can be applied to planning,
operations, and design applications. The methodology can further be used to
estimate the effects of weather and incidents on weaving segment computations,
and it includes an extension to apply concepts to weaving segments on managed
lanes. Example problems are included in Chapter 27, Freeway Weaving:
Supplemental.

CHAPTER ORGANIZATION

Chapter 13 presents methodologies for analyzing freeway weaving segment
operations in uninterrupted-flow conditions. The chapter presents a
methodology for evaluating isolated freeway weaving segments, as well as
several extensions to the core method, including analysis of weaving maneuvers
an I'I"lt]l'h'-]gEd lanes.

Section 2 of this chapter presents the following aspects of weaving segments:
length and width of a weaving segment, configurations of weaving segments,
definitions of key terms used in the methodology, and discussion of special
Cases.

Section 3 presents the core method for evaluating automobile operations on
weaving segments. This method generates the following performance measures:

* Weaving segment capacity;

* Average speed of weaving vehicles, nonweaving vehicles, and all
vehicles;

»  Average density in the weaving segment; and

* Level of service (LOS) of the weaving segment.

Section 4 extends the core method presented in Section 3 to incorporate
considerations for multiple weaving segments, collector-distributor (C-D) roads,
and weaving on multilane highways. This section also discusses operational
impacts of weaving maneuvers on managed lane facilities.

VOLUME 2: UNINTERRUPTED FLOW

10. Freeway Facility Core Methodology

11. Freeway Reliability Analysis

12, Basic Freeway and Multilane Highway
Segments

13. Freeway Weaving Segments

14. Freeway Merge and Diverge
Segments

15. Two-Lane Highways
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Section 5 presents guidance on using the results of a freeway weaving
segment analysis, including example results from the methods, information on
the sensitivity of results to various inputs, and a discussion of service volume
tables for weaving segments.

RELATED HCM CONTENT

Other Highway Capacity Manual (HCM) content related to this chapter
includes the following;:

¢ Chapter 3, Modal Characteristics, discusses general characteristics of the
motorized vehicle mode on freeway facilities.

¢ Chapter 4, Traffic Operations and Capacity Concepts, provides
background speed-flow-density concepts of freeway segments that form
the basis of weaving concepts presented in this chapter’s Section 2.

» Chapter 10, Freeway Facility Core Methodology, provides a method for
evaluating weaving segments within an extended freeway facility and
their interaction with basic, merge, and diverge segments.

# Chapter 11, Freeway Reliability Analysis, provides a method for
evaluating freeway facilities with weaving segments in a reliability
context, The chapter also provides default speed and capacity adjustment
factors that can be applied in this chapter’s methodology.

e Chapter 12, Basic Freeway and Multilane Highway Segments, must be
used to evaluate the weaving in segments that exceed the maximum
weaving length. For such segments, Chapter 14, Freeway Merge and
Diverge Segments, is also used to perform ramp capacity checks.

s Chapter 27, Freeway Weaving: Supplemental, presents example problems
and additional methodological details for weaving segments.

» Case Study 4, New York State Route 7, in the HCM Applications Guide in
Volume 4, demonstrates how this chapter's methods can be applied to the
evaluation of an actual freeway facility.

* Section H, Freeway Analyses, in the Planning and Preliminary Engineering
Applications Guide fo the HCM, found in Volume 4, describes how to
incorporate this chapter’s methods and performance measures into a
planning effort.

Introduction Chapter 13/Freeway Weaving Segments
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2. CONCEPTS

OVERVIEW

Exhibit 13-1 illustrates a freeway weaving segment with four principal entry
and exit points: A, left entering flow; B, right entering flow; C, left exiting flow;
and D, right exiting flow. In many cases, one entry and one exit roadway are
ramps, which may be on the right or left side of the freeway mainline. Some
weaving segments, however, involve major merge or diverge points at which
neither roadway can clearly be labeled a ramp.

On entry and exit roadways, or legs, vehicles traveling from Leg A to Leg D
must cross the path of vehicles traveling from Leg B to Leg C. Therefore, Flows
A-D and B-C are referred to as weaving movements. Flows A-C and B-D are not
required to cross the path of any other flow and are referred to as nonweaving
movements.

= ~5

Weaving segments require intense lane-changing maneuvers because drivers

Exhibit 13-1
Formation of a Weaving

Segment

Traffic n a8 weaving segment

. ; . ; = EXpEFIENCES Mare larme-
must access lanes appropriate to their desired exit leg. Therefore, trafficin a changing turbulence than is
weaving segment is subject to lane-changing turbulence in excess of that m"’fﬁ"-"m{ on basic
normally present on basic freeway segments. The added turbulence presents
operational problems and design requirements that are addressed by this
chapter’s methodology.

e £ J L 3 : ‘s - A weaving seqment’s geometry
Thrul gf‘:umetnc characteristics affect a weaving segment’s operating g b
characteristics: characteristics.
* Length,
« Width, and
» Configuration.
Length is the distance between the merge and diverge that form the weaving
segment. Width refers to the number of lanes within the weaving segment.
Configuration is defined by the way entry and exit lanes are aligned. All have an
impact on the critical lane-changing activity, which is the unique operating
feature of a weaving segment.
LENGTH OF A WEAVING SEGMENT
The two measures of weaving segment length that are relevant to this
chapter’'s methodology are illustrated in Exhibit 13-2.
Chapter 13/Freeway Weaving Segments Concepts
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Exhibit 13-4
Two-Sided Weaving Segments
Tlustrated

ramp) can be made without making a lane change. Again, lane-changing
turbulence is focused on the right side of the freeway.

Exhibit 13-4 contains two examples of two-sided weaving segments.

(a) Two-Sided Weaving Segment (b) Two-Sided Weaving Segment
with Single-Lane Ramps with Three Lane Changes

Exhibit 13-4(a) is the most common form of a two-sided weave. A one-lane,
right-side on-ramp is closely followed by a one-lane, left-side off-ramp (or vice
versa). Although the ramp-to-ramp weaving movement requires only two lane
changes, this movement is still classified as a two-sided weave because the
geometry of the segment features on-ramp and off-ramps on opposite sides of
the freeway.

Exhibit 13-4(b) is a less typical case in which one of the ramps has multiple
lanes. Because the ramp-to-ramp weaving movement must execute three lane
changes, it is also classified as a two-sided weaving segment.

Ramp-Weave and Major Weave Segments

Exhibit 13-3 can also be used to illustrate the difference between a ramp-
weaving segment and a major weaving segment. Exhibit 13-3(a) shows a typical
ramp-weaving segment, which is defined as follows:

* A ramp weave is formed by a one-lane on-ramp closely followed by a
one-lane off-ramp, connected by a continuous freeway auxiliary
lane.

» The unique feature of the ramp-weave configuration is that all
weaving drivers must execute a lane change across the lane line
separating the freeway auxiliary lane from the right lane of the
freeway mainline.

Waﬁ]’?ﬁf o2 The case of a one-lane on-ramp closely followed by a one-lane off-ramp (on

lane connecting an on-ramp to the same side of the freeway), but not connected by a continuous freeway

m ﬁ’m "m @€ | auxiliary lane, is not considered to be a weaving configuration. Such cases are

Junetions (Chapter 14) and not treated as isolated merge and diverge segments and are analyzed with the

as weaving segments. methodology described in Chapter 14. The distance between the on-ramp and
the off-ramp is not a factor in this determination.

Exhibit 13-3(b) shows a typical major weaving segment, which is formed when
three or more entry or exit legs have multiple lanes. A major weaving segment is
distinguished from a major merge or diverge segment in the sense that the latter
segments do not feature an auxiliary lane movement between an on-ramp and a
downstream off-ramp. A major weave can arise because of a system interchange
and connection with another freeway or because of an interchange with an
arterial street with multiple lanes on the on-ramp, the off-ramp, or both.

Concepts Chapter 13/Freeway Weaving Segments
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Numerical Measures of Configuration

Three numerical descriptors of a weaving segment characterize its
configuration:

LCgr = minimum number of lane changes that a ramp-to-freeway weaving

vehicle must make to complete the ramp-to-freeway movement
successfully.

LCy; = minimum number of lane changes that a freeway-to-ramp weaving
vehicle must make to complete the freeway-to-ramp movement
successfully.

Ny = number of lanes from which a weaving maneuver may be completed
with one lane change or no lane changes.

These definitions apply directly to one-sided weaving segments in which the
ramp-to-freeway and freeway-to-ramp movements are the weaving movements.
Different definitions apply to two-sided weaving segments.

Configuration of One-5ided Weaving Segments
Exhibit 13-5 illustrates how these values are determined for one-sided
weaving segments. The values of LC,, and LC,, are found by assuming that

every weaving vehicle enters the segment in the lane closest to its desired exit leg
and leaves the segment in the lane closest to its entry leg.

(c) Four-Lane Major Weave Segment With Lane Balance

Exhibit 13-5(a) is a five-lane ramp-weave configuration. If a weaving driver
wishes to exit on the off-ramp and enters the segment on the rightmost freeway
lane (the lane closest to the off-ramp), the driver must make a single lane change
to enter the freeway auxiliary lane and leave via the off-ramp. Thus, for this case,

“Minimum number of lane
changes " assumes vehidles
position themsefves when
entering and exiting to make
the feast number of lane
changes possibie.

Exhibit 13-5
Configuration Parameters
lustrated

Chapter 13/Freeway Weaving Segments
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Lane balance within a weaving
segment provides operational
fexibility.

LC;y = 1. A weaving driver entering the freeway via the on-ramp has no choice

but to enter on the freeway auxiliary lane. The driver must then make a single
lane change from the freeway auxiliary lane to the rightmost lane of the freeway
(the lane closest to the entry leg). Thus, LCsr =1 as well.

Exhibit 13-5(b) and Exhibit 13-5(c) are both major weaving configurations
consisting of four lanes. They differ only in the configuration of their entry and
exit gore areas. One has lane balance, while the other does not. Lane balance
exists when the number of lanes leaving a diverge segment is one more than the
number of lanes entering it.

Exhibit 13-5(b) is not typical. It is used here only to demonstrate the concept
of lane balance in a major weaving segment. Five lanes approach the entry to the
segment and four lanes leave it; four lanes approach the exit from the segment
and four lanes leave it. Because of this configuration, vehicles approaching the
exit gore must already be in an appropriate lane for their intended exit leg,

In Exhibit 13-5(b), the ramp-to-freeway weaving movement (right to left)
requires at least one lane change. A vehicle can enter the segment on the leftmost
ramp lane (the lane closest to the desired exit) and make a single lane change to
exit on the rightmost lane of the continuing freeway. LCy; for this case is 1. The

freeway-to-ramp weaving movement can be made without any lane changes. A
vehicle can enter on the rightmost lane of the freeway and leave on the leftmost
lane of the ramp without executing a lane change. For this case, LC, = 0.

The exit junction in Exhibit 13-5(c) has lane balance: four lanes approach the
exit from the segment and five lanes leave it. This is a desirable feature that
provides some operational flexibility. One lane—in this case, the second lane
from the right—splits at the exit. A vehicle approaching in this lane can take
either exit leg without making a lane change. This is a useful configuration in
cases in which the split of exiting traffic varies over a typical day. The capacity
provided by the splitting lane can be used as needed by vehicles destined for
either exit leg.

In Exhibit 13-5(c), the ramp-to-freeway movement can be made without a
lane change, while the freeway-to-ramp movement requires a single lane change.
For this case, LCy = 0 and LCy, = 1. Ramp-to-freeway vehicles may enter on
either of the two lanes of the on-ramp and complete a weaving maneuver with
either one or no lane changes. Freeway-to-ramp vehicles may enter on the
rightmost freeway lane and also weave with a single lane change. In this case,
Ny = 3.

In Exhibit 13-5(a), there are only two lanes from which a weaving movement
may be made with no more than one lane change. Weaving vehicles may enter
the segment in the freeway auxiliary lane (ramp-to-freeway vehicles) and in the
rightmost freeway lane (freeway-to-ramp vehicles) and may execute a weaving
maneuver with a single lane change. Although freeway-to-ramp vehicles may
enter the segment on the outer freeway lanes, they would have to make more
than one lane change to access the off-ramp. Thus, for this case, N, = 2.

Concepts
Page 13-8

Chapter 13/Freeway Weaving Segments
Version 6.0




Highway Capacity Manual: A Guide for Mulfimodal Mobility Analysis

In Exhibit 13-5(b), weaving vehicles entering the segment in the leftmost lane
of the on-ramp or the rightmost lane of the freeway are forced to merge into a
single lane. From this lane, the freeway-to-ramp movement can be made with no
lane changes, while the ramp-to-freeway movement requires one lane change.
Because the movements have merged into a single lane, this counts as one lane
from which weaving movements can be made with one or no lane changes.
Freeway-to-ramp vehicles, however, may also enter the segment on the center
lane of the freeway and make a single lane change (as shown) to execute their
desired maneuver. Thus, for this case, N\, is once again 2.

In all one-sided weaving segments, the number of lanes from which weaving
maneuvers may be made with one or no lane changes is either two or three. No
other values are possible. Segments with Ny, =3 generally exist in major

weaving segments with lane balance at the exit gore.

Configuration of Two-Sided Weaving Segments

T.he parameters defining t‘he impact _°f mnﬁgurahmw‘u apply only to one-sided %b’mf;m’a’f*m”"’ it
weaving segments. In a two-sided weaving segment, neither the ramp-to- a weaving flow in 3 two-sided
freeway nor the freeway-to-ramp movements weave. While the through freeway weaving segment.
movement in a two-sided weaving segment might be functionally thought of as
weaving, it is the dominant movement in the segment and does not behave as a
weaving movement. Thus, in two-sided weaving segments, only the ramp-to-
ramp movement is considered to be a weaving tlow. This introduces two specific
changes to the methodology:

1. Instead of LCyrand LC;y being needed to characterize weaving behavior, a
value of LCy, (the minimum number of lane changes that must be made
by a ramp-to-ramp vehicle) is needed. In Exhibit 13-4(a), LCys = 2, while in
Exhibit 13-4(b), LCys = 3.

2. Inall cases of two-sided weaving, the value of Ny, is set to 0 by definition.

For cases in which “ramps” cannot be clearly defined, LCy; is the weaving

movement requiring three or more lane changes. With these two modifications,
the methodology outlined for one-sided weaving segments may be applied to
two-sided weaving segments as well.

LOS CRITERIA

The LOS in a weaving segment, as in all freeway analysis, is related to the
density in the segment. Exhibit 13-6 provides LOS criteria for weaving segments
on freeways, C-D roads, and multilane highways. This methodology was
developed for freeway weaving segments, although an isolated C-D roadway
was included in its development. The methodology may be applied to weaving
segments on uninterrupted segments of multilane surface facilities, although its
use in such cases is approximate.

Chapter 13/Freeway Weaving Segments Concepts
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Exhibit 13-6 Remeity L sl i
A Weaving Segments on Multilane
Kesiorwenilg Soieity LOS Freeway Weaving Segments Highways or C-D Roads
0-10 0-12
>10-20 >12-24
>20-28 >24-32
>28-35 >32-36
>35-43 >36-40
>43, or demand exceeds capacity >40), or demand exceeds capacity

MmO ® e

The boundary between stable and unstable flow — the boundary between
LOS E and F—occurs when the demand flow rate exceeds the capacity of the
segment, when density exceeds 43 pc/mi/ln on freeway weaving segments, or
when density exceeds 40 pc/mi/ln for weaving segments on multilane highways
or C-D roads. The threshold densities for other levels of service were set relative
to the criteria for basic freeway segments (or multilane highways). In general,
density thresholds in weaving segments are somewhat higher than those for
similar basic freeway segments (or multilane highways). Drivers are believed to
tolerate higher densities in areas where lane-changing turbulence is expected
than on basic segments.

Concepts Chapter 13/Freeway Weaving Segments
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3. CORE METHODOLOGY

The methodology presented in this chapter was developed as part of
National Cooperative Highway Research Program (NCHRP) Project 03-75,
Analysis of Freeway Weaving Sections (1). Elements of this methodology have
also been adapted from earlier studies and earlier editions of this manual (2-9).

SCOPE OF THE METHODOLOGY

Spatial and Temporal Limits

The methodology of this chapter is based on analysis of the peak 15-min
interval within the analysis hour. The analysis hour is most often the peak hour,
but the method can be applied to any hour of the day. As in most capacity
analysis methodologies, demand flow rates are expressed as hourly equivalent
flow rates in vehicles per hour, and not as 15-min volume counts,

The output of the analysis describes operations in all lanes within the
defined weaving segment. The influence area of a weaving segment includes the
base length of the segment Ly, plus 500 ft upstream and downstream. Research
on the operational performance of weaving segments has found that the weave
turbulence and associated speed reductions extend beyond the physical (gore-to-
gore) boundaries of the weaving segments. This effect is accounted for in the
expanded influence area, extending 500 ft on either side of the gore-to-gore
distance.

Performance Measures

The procedures described in this chapter result in estimates of the average
speed of weaving vehicles S, the average speed of nonweaving vehicles 5,, the
average speed of all vehicles 5, and the average density D within the weaving
segment. Average density is used as the service measure for the determination of
LOS.

Strengths of the Methodology

The procedures in this chapter were developed from extensive research
supported by a significant quantity of field data. They have evolved over a
number of years and represent an expert consensus. Most alternative toals will
not include the level of detail present in this methodology concerning the
weaving configuration and balance of weaving demand flows.

Specific strengths of the HCM procedure include

» Providing capacity estimates for specific weaving configurations as a
function of various input parameters, which current alternative tools do
not provide directly (and in some cases may require as an input);

* Considering geometric characteristics (such as lane widths) in more detail
than most simulation tools;

* Producing a single deterministic estimate of LOS, which is important for
some purposes, such as development impact reviews;

Chapter 13/Freeway Weaving Segments Core Methodology
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Multiple weaving segments
must be divided into merge,
diverge, and simple weaving
sagments for analysis,

* Generating reproducible results with a small commitment of resources
(including calibration) from a precisely documented methodology; and

* Evaluating the performance of managed lane (ML) access segments, as
well as cross-weaving effects on general purpose lanes due to nearby
managed lane access points.

Limitations of the Methodology

The methodology of this chapter does not specifically address the following
subjects (without modifications by the analyst):

* Ramp metering on entrance ramps forming part of the weaving segment;

* Segment speed and other performance measure estimation during
oversaturated conditions; however, these are addressed in Chapter 10,
Freeway Facility Core Methodology;

* Effects of speed limit enforcement practices on weaving segment
operations;

» Effects of intelligent transportation system technologies on weaving
segment operations;

» Effects of downstream congestion or upstream demand starvation on the
analysis segment; however, these are captured by the Chapter 10
methodology;

s Multiple weaving segments, which must be divided into appropriate
merge, diverge, and simple weaving segments for analysis; and

* Weaving segments on urban streets and arterials, since urban street
weaving is strongly affected by the proximity and timing of signals along
the road. At the present time, there are no generally accepted
methodologies for analyzing weaving movements on urban streets,
including one-way frontage roads.

Alternative Tool Consideration

Weaving segments can be analyzed by using a variety of stochastic and
deterministic simulation tools that address freeways. These tools can be useful in
analyzing the extent of congestion when there are failures within the simulated
facility range and when interaction with other freeway segments and other
facilities is present.

REQUIRED DATA AND SOURCES

To implement this analysis methodology, demand volumes for each weaving
and nonweaving flow must be provided, or hourly flows must be combined with
a peak hour factor (PHF), which allows their conversion to flow rates.

A complete geometric description of the weaving segment, including the
number and alignment of lanes, lengths, and pavement markings, is also
required.
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Data can be collected specifically for this purpose. Where detectors exist on
entry and exit legs, they may be used to gather volume or flow rate data. Aerial
photos can be used to assist in defining the segment geometry.

Exhibit 13-7 lists the information necessary to apply the freeway weaving
methodology and suggests potential sources for obtaining these data. It also
suggests default values for use when segment-specific information is not
available. The user is cautioned that every use of a default value instead of a
field-measured, segment-specific value may make the analysis results more
approximate and less related to the specific conditions that describe the highway.
HCM defaults should only be used when (a) field data cannot be collected and
() locally derived defaults do not exist.

Suggested Exhibit 13-7 ;
Required Data and Units Potential Data Source(s) Default Value Required Input Data, Potential
Geometric Data Data Sources, and DE‘fal..llF
Number of lanes Road inventory, aerial photo Must be provided K:I:lesi;nr Freeway Weaving
One-sided versus two-sided weave _Road inventory, aerial photo Must be provided =
_Short length of weaving segment  Road inventory, aerial photo Must be provided
Number of lane changes, ] . =
ramp to freeway Road inventory, aerial photo 1
Number of lane changes, - i
freeway to ramp Road inventory, aerial photo_ 1
Number of lane changes, ; : 5
ramp to ramp Road |{wentnm aerial pr?oF? _ {J -
Number of mwny lanes Road inventory, aerial photo 2
Interchange density : Urban: 0.8/mi
(interchanges/mi) _ Fleddam,zerdlphoto  Rural: 04/mi
TN type Design plans, analyst judgment Must be provided

(level, rolling, specific grade)
Free-flow speed (mi/h)

Direct speed measurements, estimate 5. =il
from design speed or speed limit Speed IMES S 0L )

Equivalent capacity of basic Estimated from free-flow speed and .

freeway segment Chapter 12 MEst e e
Demand Dala

Hourly demand volume, Field data, modeling Must be provided’

freeway to freeway (veh/h)
Hourly demand volume,

. . - B
freeway to ramp (veh/h) Field data, modeling Must be provided
Hourly demand volume, : T oyl
ramp to freeway (veh/h) Field data, modeling Must be provided
Hourly demand volume, ) i
ramptoramp (vehyh) ' 1eld data modelng I
Analysis period length (min} _ Set by analyst 15 min (0.25 h)
Peak hour factor (decimal) Field data _ 0.94 vrban and rural
Speed and capacity adjustmmt .
factors for driver population” Flels:.l.data _— 14
Speed and capacity adjwﬂnent
factors for weather and Field data 1.0
Heavy vehicle percentage (%) _Field data 5% urban, 12% rural’

Motes: Bold italic indicates high sensitivity (>20% change) of service measure to the choice of default value.
Bold indicates moderate sensitivity (10%—20% change) of service measure to the choice of default value.
# wpplicable for weaves with a single-lane on-ramp and single-lane off-ramp, both on right side of road.
# & proportional distribution can be assumed from segment entering and exiting volumes,
“ Moderate to high sensitivity of service measures for very low PHF values. See the discussion in the text.
PHF is not required when peak 15-min demand volumes are provided.
“Sap Chapter 26 in Volume 4 for default adjustment factors fior driver population.
*Sap Chapter 11 for default capacity and speed adjustment factors for weather and incidents.
"Ses Chapter 26 in Volume 4 for state-specific default heavy vehicle percentages.
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The exhibit distinguishes between urban and rural conditions for certain
defaults. The classification of a facility into urban and rural is made on the basis
of the Federal Highway Administration smoothed or adjusted urbanized
boundary definition (10), which in turn is derived from Census data.

Care should be taken in using default values. The service measure results are
sensitive to some of the input data listed in Exhibit 13-7. For example, the numbers
of lane changes from freeway to ramp, ramp to freeway, and ramp to ramp, as
well as the number of weaving lanes, all change the service measure result by
more than 20% when these inputs are varied over their normal range. In
addition, the free-flow speed results in a 10%-20% change in service measure
when it is varied over its normal range. A very low PHF value (0.60) results in a
greater than 20% change, compared with the results obtained for the default
value for PHF; more typical PHFs vary the service measure results by less than
10%. Other inputs change the service measure result by less than 10% when they
are varied over their normal range.

OVERVIEW OF THE METHODOLOGY

Models Used by the Methodology

Exhibit 13-8 is a flowchart illustrating the basic steps that define the
methodology for analyzing freeway weaving segments. The methodology uses
several types of predictive algorithms, all of which are based on a mix of
theoretical and regression models. These models include the following:

» Models that predict the total rate of lane changing taking place in the
weaving segment. This is a direct measure of turbulence in the traffic
stream caused by the presence of weaving movements.

* Models to predict the average speed of weaving and nonweaving vehicles
in a weaving segment under stable operating conditions, that is, not
operating at LOS F, including adjustments to account for the impacts of
weather and incidents.

* Models to predict the capacity of a weaving segment under both ideal and
prevailing conditions, including adjustments to account for the impacts of
weather and incidents.

* A model to estimate the maximum length over which weaving operations
can be said to exist.

Parameters Describing a Weaving Segment

Several parameters describing weaving segments have already been
introduced and defined. Exhibit 13-9 illustrates all variables that must be
specified as input variables and defines those that will be used within or as
outputs of the methodology. Some of them apply only to one-sided weaving
segments. Exhibit 13-10 lists the variables that are different in applications to
two-sided weaving segments.

Core Me
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Exhibit 13-8

Step 1: Input .
Methodolog
Specify geometry, weaving and nonweaving volumes, and the segment’s free-flow speed. Eﬁiﬁfn ¥ y

¥

Step 2: Volume Adjustment

Adjust demand volumes to reflect the peak hour factor (PHF) and heavy vehicle presence
(Equation 13-1).

Step 3: Determine Configuration Characteristics
Determine the lane-change characteristics that define the effects of configuration.

'

Step 4: Determine the Maximum Weaving Length
Estimate the maximum length for weaving operations under the specified conditions
(Equation 13-4).

Length exceeds the maximum

k.

Length less than
the maximum Go to Chapter 14
¥

Step 5: Determine the Weaving Section Capacity

Estimate the weaving section capacity and the w/cratio for the existing or projected demand
flow rates (Equations 13-5 through 13-10). Check input and output capacities. Adjust segment
capacities for driver population, weather, and incidents as applicable by using Equation 13-9.

we > 1.00 *
wec < 1.00 LOS = F: Go to Chapter 10

LOS F exists in g weaving
segment when demand
exceeds capadity.

Step 6: Determine Lane-Changing Rates
Estimate the rate at which weaving and nonweaving vehicles make lane changes
{Equations 13-11 through 13-17).

Step 7: Determine the Average Speed of Weaving and
Nonweaving Vehicles

Estimate the average speed of weaving and nonweaving vehicles in the weaving segment;
compute the space mean speed of all vehicles In the weaving segment (Equations 13-18
through 13-22). Adjust free-flow speeds for weaving and nonweaving vehicles to account for
weather and incidents as applicable by using Equations 13-19 and 13-21.

L 4

Step 8: Determine the Level of Service
Convert the space mean speed to the weaving segment density. Compare the results to the
LOS criteria and assign the appropriate level of service (Equation 13-23 and Exhibit 13-6).
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Exhibit 13-9
Weaving Variables for One-
Sided Weaving Segments

Ugr

Urg

Urr

Uaw

el

LCyr

LCrr

LCMJ.\'

> e
>‘<; Vig

freeway-to-freeway demand flow rate in the weaving segment in

passenger cars per hour (pc/h);

ramp-to-freeway demand flow rate in the weaving segment (pc/h);
freeway-to-ramp demand flow rate in the weaving segment (pc/h);
ramp-to-ramp demand flow rate in the weaving segment (pc/h);
weaving demand flow rate in the weaving segment (pc/h), vy, = vge+
Vrr

nonweaving demand flow rate in the weaving segment (pc/h),

Vnw = Vpp + Uggi

total demand flow rate in the weaving segment (pc/h), v =1, + Uy
volume ratio (decimal), v,/v;

number of lanes within the weaving segment (In);

number of lanes from which a weaving maneuver may be made with
one or no lane changes (see Exhibit 13-5) (In);

average speed of weaving vehicles within the weaving segment (mi/h);
average speed of nonweaving vehicles within the weaving segment
(mi/h);

average speed of all vehicles within the weaving segment (mi/h);
free-flow speed of the weaving segment (mi/h);

average density of all vehicles within the weaving segment in
passenger cars per mile per lane (pc/mi/In);

weaving intensity factor;

length of the weaving segment (ft), based on the short length definition
of Exhibit 13-2;

minimum number of lane changes (Ic) that must be made by a single
weaving vehicle moving from the on-ramp to the freeway (see Exhibit
13-5);

minimum number of lane changes that must be made by a single
weaving vehicle moving from the freeway to the off-ramp (lc);
minimum rate of lane changing that must exist for all weaving vehicles

to complete their weaving maneuvers successfully, in lane changes per
hour (lc/h), LCyyy = (LCyp X vge) + (LCrg X Vpp);
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LC, = total rate of lane changing by weaving vehicles within the weaving
segment (lc/h);
LCyy = total rate of lane changing by nonweaving vehicles within the weaving
segment (lc/h);
LC4,; = total rate of lane changing of all vehicles within the weaving segment
(Ie/h), LCypy = LCyy + LCyyi

ID = interchange density, the number of interchanges within 3 mi upstream
and downstream of the center of the subject weaving segment divided
by 6, in interchanges per mile (int/mi); and
Ii¢ = lane-changing intensity, LC,,/Lg, in lane changes per foot (Ic/ft).
Rs Exhibit 13-10
\"?i‘ Weaving Variables for a Two-
Sided Weaving Segment
Freeway Freeway
— ’?&mp
= - > Var
e < The through freeway
——— > Ve movemnent is not considered to
= - .7> V be weaving in a3 two-sided
3 PR weaving segment.
= Vm
All variables are defined as in Exhibit 13-9, except for the following variables
relating to flow designations and lane-changing variables:
vy = total weaving demand flow rate within the weaving segment (pc/h),
Wy = Ugps
Vs = total nonweaving demand flow rate within the weaving segment
{p-:,l’h), U = Upg + Ugp + Uppr
LCyz = minimum number of lane changes that must be made by one ramp-to-
ramp vehicle to complete a weaving maneuver; and
LCyyy = minimum rate of lane changing that must exist for all weaving vehicles
to complete their weaving maneuvers successfully (lc/h), LC,yy = LCyy
* Vrp-
The principal difference between one-sided and two-sided weaving
segments is the relative positioning of the movements within the segment. In a
two-sided weaving segment, the ramp-to-freeway and freeway-to-ramp vehicles
do not weave. In a one-sided segment, they execute the weaving movements. In
a two-sided weaving segment, the ramp-to-ramp vehicles must cross the path of
freeway-to-freeway vehicles. Both could be taken to be weaving movements. In
reality, the through freeway movement is not weaving in that vehicles do not
need to change lanes and generally do not shift lane position in response to a
desired exit leg.
Chapter 13/Freeway Weaving Segments Core Methodology
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The methodology uses demand
flow rates for the peak 15 min

in passenger cars per hour.

Equation 13-1

Thus, in two-sided weaving segments, only the ramp-to-ramp flow is
considered to be weaving. The lane-changing parameters reflect this change in
the way weaving flows are viewed. Thus, the minimum rate of lane changing
that weaving vehicles must maintain to complete all desired weaving maneuvers
successfully is also related only to the ramp-to-ramp movement.

The definitions for flow all refer to demand flow rate. This means that for
existing cases, the demand should be based on arrival flows. For future cases,
forecasting techniques will generally produce a demand volume or demand flow
rate. All of the methodology’s algorithms use demand expressed as flow rates in
the peak 15 min of the design (or analysis) hour, in equivalent passenger car
units.

COMPUTATIONAL STEPS

Each of the major procedural steps noted in Exhibit 13-8 is discussed in detail
in the sections that follow.

Step 1: Input Data

The methodology for weaving segments is structured for operational
analysis usage, that is, given a known or specified geometric design and traffic
demand characteristics, the methodology is used to estimate the expected LOS.

Design and preliminary engineering are generally conducted in terms of
comparative analyses of various design proposals. This is a good approach,
given that the range of widths, lengths, and configurations in any given case is
constrained by a number of factors. Length is constrained by the location of the
crossing arteries that determine the location of interchanges and ramps. Width is
constrained by the number of lanes on entry and exit legs and usually involves
no more than two choices. Configuration is also the result of the number of lanes
on entry and exit legs as well as the number of lanes within the segment.
Changing the configuration usually involves adding a lane to one of the entry or
exit legs, or both, to create different linkages.

For analysis, the geometry of the weaving segment must be fully defined.
This includes the number of lanes, lane widths, shoulder clearances, the details of
entry and exit gore area designs (including markings), the existence and extent of
barrier lines, and the length of the segment. A sketch of the weaving segment
should be drawn with all appropriate dimensions shown.

Step 2: Adjust Volume

All equations in this chapter use flow rates under equivalent ideal conditions
as input variables. Thus, demand volumes and flow rates under prevailing
conditions must be converted to their ideal equivalents by using Equation 13-1:

Vi
V=
PHF X fyy

where

v, = flow rate i under ideal conditions (pc/fh),

=~
]

; = hourly volume for flow i under prevailing conditions in vehicles per
hour (veh/h),
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PHF = peak hour factor (decimal), and

fiw = adjustment factor for heavy vehicle presence (decimal).

The subscript for the type of flow i can take on the following values:

rr = freeway to freeway, rr=freeway to ramp,
RF ramp to frecwa}r, &r = ramp to ramp,
w = weaving, and Nw = nonweaving,
The heavy vehicle adjustment factor f}, is taken from Chapter 12, Basic
Freeway and Multilane Highway Segments.

It flow rates for a 15-min period have been provided as inputs, the PHF is
taken to be 1.00 in this computation, and the 15-min count is used directly after
conversion to an hourly flow rate.

Once demand flow rates have been established, it may be convenient to
construct a weaving diagram similar to those illustrated in Exhibit 13-9 (for one-
sided weaving segments) and Exhibit 13-10 (for two-sided weaving segments).

Step 3: Determine Configuration Characteristics
Several key parameters characterize the configuration of a weaving segment.

They are descriptive of the segment and will be used as variables in subsequent

steps of the methodology:

LCyy, = minimum rate at which weaving vehicles must change lanes to
complete all weaving maneuvers successfully (lc/h), and

Nyu; = number of lanes from which weaving maneuvers may be made with

either one or no lane changes (In).

How these values are determined depends on whether the segment under
study is a one-sided or a two-sided weaving segment.

One-Sided Weaving Segments

The determination of key variables in one-sided weaving segments is
illustrated in Exhibit 13-9. In one-sided segments, the two weaving movements
are the ramp-to-freeway and freeway-to-ramp flows. As shown in Exhibit 13-9,
the following values are established:

LCy; = minimum number of lane changes that must be made by one ramp-to-

freeway vehicle to execute the desired maneuver successfully (lc), and
LCi; = minimum number of lane changes that must be made by one freeway-
to-ramp vehicle to execute the desired maneuver successfully (Ic).
LC,yy for one-sided weaving segments is given by Equation 13-2:
LCuin = (LCrr X vgg) + (LCeg X Vgg) Equation 13-2
For one-sided weaving segments, the value of Ny, is either 2 or 3. The

determination is made by a review of the geometric design and the configuration
of the segment, as illustrated in Exhibit 13-5.
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Equation 13-3

The maximum fength of 3
weaving segment, Lus, i
based on the distance beyond
which additional length does
not add to capacity.

Equation 13-4

Two-Sided Weaving Segments

The determination of key variables in two-sided weaving segments is
illustrated in Exhibit 13-10. The unique feature of two-sided weaving segments is
that only the ramp-to-ramp flow is functionally weaving. From Exhibit 13-10, the
following value is established:

LCsz = minimum number of lane changes that must be made by one ramp-to-

ramp vehicle to execute the desired maneuver successfully (lc).
LCyyy for two-sided weaving segments is given by Equation 13-3:
LCyin = LCgp X Vpp

For two-sided weaving segments, the value of Ny, is always 0 by definition.

Step 4: Determine Maximum Weaving Length

The concept of maximum length of a weaving segment is critical to the
methodology. Strictly defined, maximum length is the length at which weaving
turbulence no longer has an impact on operations within the segment, or
alternatively, on the capacity of the weaving segment.

Unfortunately, depending on the selected definition, these measures can
differ significantly. Weaving turbulence will affect operations (i.e., weaving and
nonweaving vehicle speeds) far beyond the point where the segment’s capacity
is no longer affected by weaving.

This methodology uses the second definition (based on the equivalence of
capacity). If the operational definition were used, the methodology would
produce capacity estimates in excess of those for a similar basic freeway segment,
which is illogical. The maximum length of a weaving segment (in feet) is
computed from Equation 13-4:

Lyax = [5,728(1 + VR)*®] — (1,566Ny;;)
where L,, is the maximum weaving segment length in feet (using the short
length definition) and other variables are as previously defined.

As VR increases, the influence of weaving turbulence is expected to extend
for longer distances. All values of Ny, are either 0 (two-sided weaving segments)

or 2 or 3 (one-sided weaving segments). Having more lanes from which easy
weaving lane changes can be made reduces turbulence, which in turn reduces
the distance over which such turbulence affects segment capacity.

Exhibit 13-11 illustrates the sensitivity of maximum length to both VR and
Nyy- As expected, VR has a significant impact on maximum length, as does the
configuration, as indicated by Ny,;. While the maximum lengths shown can

compute to very high numbers, the highest results are well outside the
calibration range of the equation (limited to about 2,800 ft), and many of the
situations are improbable. Values of VR on segments with N,,; = 2.0 lanes rarely
rise above the range of 0.40 to 0.50. Values of VR above 0.70 are technically
feasible on segments with N, = 3.0 lanes, but they are rare.

While the extreme values in Exhibit 13-11 are not practical, the maximum
length of weaving segments can clearly rise to 6,000 ft or more. Furthermore, the
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maximum length can vary over time, since VR is not a constant throughout every
demand period of the day.

Maximum Weaving Length (ft)
HM = 2 "m = 3
3,540 1,974
2,970
4,018
5,115
6,260
7,453
8,690
9,972

The value of L,y is used to determine whether continued analysis of the
configuration as a weaving segment is justified:
o If Ly < Ly continue to Step 5; or

» [fL;= L,y analyze the merge and diverge junctions as separate segments
by using the methodology in Chapter 14.

If the segment is too long to be considered a weaving segment, the merge
and diverge areas are treated separately. In these cases, Chapter 14 performs
ramp capacity checks for those segments; however, merge and diverge segments
with a continuous lane add or lane drop are eventually analyzed operationally as
a basic freeway segment with the procedures in Chapter 12. Any distance falling
outside the influence areas of the merge and diverge segments would be
considered to be a basic freeway segment and analyzed accordingly.

Step 5: Determine Weaving Segment Capacity
The capacity of a weaving segment is controlled by one of two conditions:

1. Breakdown of a weaving segment is expected to occur when the average
density of all vehicles in the segment reaches 43 pc/mi/ln; or

2. Breakdown of a weaving segment is expected to occur when the total
weaving demand flow rate exceeds

o 2,400 pc/h for cases in which Ny, = 2 lanes, or
o 3,500 pe/h for cases in which Ny, = 3 lanes.

The first condition is based on the criteria listed in Chapter 12, Basic Freeway
and Multilane Highway Segments, which state that breakdowns occur at a
density of 45 pe/mi/ln. Given the additional turbulence in a weaving segment,
breakdown is expected to occur at slightly lower densities.

The second condition recognizes that there is a practical limit to how many
vehicles can cross each other’s path without causing serious operational failures.
The existence of a third lane from which weaving maneuvers can be made with
two or fewer lane changes in effect spreads the impacts of turbulence across
segment lanes and allows for higher weaving flows.

The first criterion is partially a function of the segment length, with longer
weaving segments resulting in an increase in segment capacity. However, if

Exhibit 13-11

Variation of Weaving Length
Versus Volume Ratio and
Number of Weaving Lanes (ft)

If the fength of the segment is
greater than Luw, & shouwld be
analyzed as separate merge
and diverge ramp junctions by
using the methodology in
Chapter 14. Any portion falling
outside the influence of the
merge and diverge segments is
treated as a basic freeway
segment, In these cases,
Chapter 14 performs ramg
capacity checks for those
segments; however, merge
and diverge segmenis with a
continuous lane aad or fane
drop are eventually analyzed
operationally as a basic
freeway segment with the
procedures in Chapter 1.2,

A weaving segment’s capacity
Is controfied by either (a) the
average vehicle density
reaching 43 po/midin or (b) the
weaving demand fow rate
exceeding a value that
depends an the number of
weaving fanes.
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capacity is controlled by the weave configuration (i.e., the second criterion
applies), then capacity is not dependent on length, since the flow is limited by
the configuration of weaving lanes. In this case, lengthening the weaving
segment will have no effect on its capacity and the weaving configuration will
need to be changed instead.

For two-sided weaving segments (N,,; = 0 lanes), no limiting value on

weaving flow rate is given. The analysis of two-sided weaving segments is
approximated by this methodology, and a density sufficient to cause a
breakdown is typically reached at relatively low weaving flow rates. An increase
in the length of a two-sided weaving segment generally increases its capacity,
since weaving maneuvers are spread over a longer distance.

Weaving Segment Capacity Determined by Density
The capacity of a weaving segment, based on reaching a density of 43
pc/mi/ln, is estimated by using Equation 13-5:
Equation 13-5 Crwi = CrpL — [43&2(1 + Vﬁ)lé] + (G.U?ESLs) + (1 lg.BNWL)
where
cwy = capacity (per lane) of the weaving segment under equivalent ideal
conditions (pc/h/In), and
€ = capacity (per lane) of a basic freeway segment with the same FFS as the
weaving segment under equivalent ideal conditions (pc/h/In).
All other variables are as previously defined.
The model describes the capacity of a weaving segment in terms of the
difference between the capacity of a basic freeway segment and the capacity of a

weaving segment with the same FFS. Capacity decreases with VR, which is
logical. It increases as length and number of weaving lanes N,,; increase. These

are also logical trends, since both increasing length and a larger number of
weaving lanes reduce the intensity of turbulence.
Arithmetically, a result in which ¢, is greater than ¢ is possible. In

practice, this will never occur. The maximum length algorithm of Step 4 was
found by setting the two values equal. Thus, weaving analyses would only be
undertaken in cases in which c,,, is less than ¢;.

The value of c;,; must now be converted to a total capacity under prevailing
conditions by using Equation 13-6:
Equation 13-6 Cw = Cpw X N x fHV
where ¢, is the capacity of the weaving segment under prevailing conditions in

vehicles per hour. It is stated as a flow rate for a 15-min analysis period, as are all
capacities.

Weaving Segment Capacity Determined by Weaving Demand Flows

The capacity of a weaving segment, as controlled by the maximum weaving
flow rates noted previously, is found from Equation 13-7:
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2,400
VR
3,500
VR for Ny, = 3 lanes

where c;,, is the capacity of all lanes in the weaving segment under ideal

for Ny = 2 lanes

Cw =

conditions in passenger cars per hour and all other variables are as previously
defined. This value is converted to prevailing conditions with Equation 13-8:

Cw = Ciw X fuy
Determination of Capacity
The final capacity is the smaller of the two estimates of Equation 13-6 and
Equation 13-8. Note that this is the expected capacity, in vehicles per hour, for

the existing conditions assuming that there are no adverse weather conditions or
incidents,

Adjustment to Capacity for Adverse Weather, Incidents, or Driver Population

The capacity of the weaving segment may be further adjusted to account for
the impacts of adverse weather, driver population, occurrence of traffic incidents,
or a combination of these factors. The methodology for making such adjustments
is the same as that for other types of freeway segments. Default adjustment
factors are found in Section 5 of Chapter 11, Freeway Reliability Analysis. The
adjustments for weather and incidents are most commonly applied in the context
of a reliability analysis. For convenience, a brief summary is provided here.

The capacity of a weaving segment is adjusted as shown in Equation 13-9:
Cwa = Cw X CAF

where

]

.. = adjusted capacity of weaving area (veh/h),

¢, = unadjusted capacity of weaving area (veh/h), and
CAF = capacity adjustment factor from Chapter 11 (unitless).

The CAF can have several components, including weather, incident, work
zone, driver population, and calibration adjustments. CAF defaults for weather
and incident effects are found in Chapter 11, along with additional discussion on
how to apply them. If desired, capacity can be further adjusted to account for
unfamiliar drivers in the traffic stream. While the default CAF for this effect is set
to 1.0, Chapter 26 provides guidance for estimating the CAF on the basis of the
composition of the driver population.

Chapter 12 provides additional guidance on capacity definitions, and

Chapter 26 provides guidance on estimating freeway segment capacity,
including weaving segment capacity, from field data.

Volume-to-Capacity Ratio

With the final capacity determined, the volume-to-capacity ratio (v/c ratio)
for the weaving segment may be computed from Equation 13-10. The total
volume v in this case represents the sum of weaving and nonweaving flows.

Equation 13-7

Equation 13-8

Equation 13-9

Chapter 13/Freeway Weaving Segments
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Equation 13-10

v X fuy

c‘W’ﬂ

vfic=

The heavy vehicle adjustment factors are used because the total demand flow
rate v is stated for equivalent ideal conditions, while ¢, is stated for prevailing

conditions.

Level of Service F

If v/c is greater than 1.00, demand exceeds capacity, and the segment is
expected to fail, that is, have a LOS of F. If this occurs, the analysis is terminated,
and LOS F is assigned. At LOS F, queues are expected to form within the
segment, possibly extending upstream beyond the weaving segment itself.
Queuing on the on-ramps that are part of the weaving segment would also be
expected. The analyst is urged to use the methodology of Chapters 10 and 11, on
freeway facilities, to analyze the impacts of the existence of LOS F on upstream
and downstream segments during the analysis period and over time.

Checking Input and Output Capacities

In most cases, the controlling capacity factor in a weaving segment is the
weaving activity itself. The computational procedure for capacity of the weaving
segment guarantees that the result will be less than the capacity of a basic freeway
segment with the same number of lanes. Thus, the conduct of a basic freeway
capacity check on the weaving segment itself is not necessary.

In rare cases, there may be insufficient capacity to accommodate the demand
flows on one or more of the entry and exit roadways. Input and output roadways
must be classified as either basic freeway lanes or ramps. The capacity of basic
freeway lanes is checked by using the procedures of Chapter 12, Basic Freeway
and Multilane Highway Segments. Ramp capacities should be checked by using
the methodology of Chapter 14, Freeway Merge and Diverge Segments.

If either an entry roadway or an exit roadway has insufficient capacity, the
weaving segment will not function properly, and queuing resulting from the
capacity deficiency will result. LOS F is assigned, and further analysis must use
the methodology of Chapters 10 and 11 for freeway facilities.

Step 6: Determine Lane-Changing Rates

The equivalent hourly rate at which weaving and nonweaving vehicles make
lane changes within the weaving segment is a direct measure of turbulence. It is
also a key determinant of speeds and densities within the segment, which
ultimately govern the existing or anticipated LOS,

The lane-changing rates estimated are in terms of equivalent passenger car
lane changes. Heavy vehicle lane changes are assumed to create more turbulence
than passenger car lane changes.

Three types of lane changes can be made within a weaving segment:

» Required lane changes made by weaving vehicles: These lane changes must be
made to complete a weaving maneuver and are restricted to the physical
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area of the weaving segment. In Step 3, the rate at which such lane
changes are made by weaving vehicles, LC,,, was determined.

* Optional lane changes made by weaving vehicles: These lane changes are not
necessary to weave successfully. They involve weaving drivers who
choose to enter the weaving segment in the outer lanes of either the
freeway or the ramp (assuming it has more than one lane), leave the
weaving segment in an outer lane, or both. Such drivers make additional
lane changes beyond those absolutely required by their weaving
maneuver,

 Optional lane changes made by nonweaving vehicles: Nonweaving vehicles
may also make lane changes within the weaving segment, but neither the
configuration nor their desired origin and destination would require such
lane changes. Lane changes by nonweaving vehicles are always made
because the driver chooses that option.

While LC,yy can be computed from the weaving configuration and the
demand flow rates, additional optional lane changes made by both weaving and

nonweaving vehicles add to turbulence and must be estimated by using
regression-based models.

Estimating the Total Lane-Changing Rate for Weaving Vehicles
The model for predicting the total lane-changing rate for weaving vehicles is
of the form LC,qy plus an algorithm that predicts the additional optional lane-

changing rate. These are combined so that the total lane-changing rate for
weaving vehicles, including both required and optional lane changes, is as
shown in Equation 13-11:

LCW = LCyn + {]39[(.{;5 e 30{})05”2{1 + I;D'}QB] Equation 13-11

where

LC,, = equivalent hourly rate at which weaving vehicles make lane changes
within the weaving segment (lc/h);

LC,yy = minimum equivalent hourly rate at which weaving vehicles must
make lane changes within the weaving segment to complete all
weaving maneuvers successfully (le/h);

L; = length of the weaving segment, using the short length definition (ft)
(300 ft is the minimum value);
N = number of lanes within the weaving segment (In); and
ID = interchange density, the number of interchanges within 3 mi upstream
and downstream of the center of the subject weaving segment divided
by 6, in interchanges per mile (int/mi).
Equation 13-11 has several interesting characteristics. The term Lg - 300

implies that for weaving segments of 300 ft (or shorter), weaving vehicles only
make necessary lane changes, that is, LCy,= LC,y,. While shorter weaving

segments would be an aberration, they do occasionally occur. However, in
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Equation 13-12

applying the equation to short weaving segments, a length of 300 ft is used for all
lengths less than or equal to 300 ft.

This model is also unique in that it uses the concept of interchange density,
as opposed to total ramp density. The FFS for freeway segments is partially
based on total ramp density rather than interchange density. The two measures
are, of course, related to the type of interchange involved. A full cloverleaf
interchange has four ramps, while a diamond interchange has two ramps. Care
must be taken in determining the value of fotal ramp density and interchange
density, since they are distinct.

The algorithm uses the term 1 + [D because the value of ID may be more than
or less than 1.00, and the power term would not act consistently on the result. In
determining interchange density for a weaving segment, a distance of 3 mi
upstream and 3 mi downstream of the midpoint of the weaving segment is used.
The number of interchanges within the 6-mi range defined above is counted and
divided by 6 to determine the interchange density. If two closely spaced ramps
from different cross-streets effectively function as one, they can be counted as a
single interchange in the determination of interchange density on the basis of
analyst judgment. For additional discussion of total ramp density, consult
Chapter 12.

The basic sensitivities of this model are reasonable. Weaving-vehicle lane
changing increases as the length and width of the weaving segment increase. A
longer, wider weaving segment simply provides more opportunities for weaving
vehicles to execute lane changes. Lane changing also increases as interchange
density increases. Higher interchange densities mean that there are more reasons
for drivers to make optional lane changes based on their entry or exit at a nearby
interchange.

Estimating the Lane-Changing Rate for Nonweaving Vehicles

No nonweaving driver must make a lane change within the confines of a
weaving segment. All nonweaving vehicle lane changes are, therefore, optional.
They are more difficult to predict than weaving lane changes, since the
motivation for nonweaving lane changes varies widely and may not always be
obvious. Such lane changes may be made to avoid turbulence, to be better
positioned for a subsequent maneuver, or simply to achieve a higher average
speed.

The research leading to this methodology (1) revealed several discontinuities
in the lane-changing behavior of nonweaving vehicles within weaving segmenits.
To identify the areas of discontinuity and to develop an estimation model for
these areas, it was necessary to define a “nonweaving vehicle index,” I, as
given in Equation 13-12:

Lg X ID X vy
Ivw ==5,000

This index is a measure of the tendency of conditions to induce unusually

large nonweaving vehicle lane-changing rates. Large nonweaving flow rates,

high interchange densities, and long weaving lengths appear to produce
situations in which nonweaving lane-changing rates are unusually elevated.
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Two models are used to predict the rate at which nonweaving vehicles
change lanes in weaving segments. The first, Equation 13-13, covers the majority
of cases, that is, cases for which normal lane-changing characteristics are
expected. This is the case when I, is less than or equal to 1,300:

LCNWI = (Uzﬂévuw} + (0542.[.-3) nt (1926”] Equation 13-13
where LC,;,, is the rate of lane changing per hour. The equation shows logical
trends in that nonweaving lane changes increase with both nonweaving flow rate
and segment length. Less expected is that nonweaving lane changing decreases
with increasing number of lanes. This trend is statistically very strong and likely
indicates more presegregation of flows in wider weaving segments.
Arithmetically, Equation 13-13 can produce a negative result. Thus, the
minimum value must be externally set at 0.

The second model applies to a small number of cases in which the
combination of high nonweaving demand flow, high interchange density, and
long segment length produces extraordinarily high nonweaving lane-changing
rates. Equation 13-14 is used in cases for which I, is greater than or equal to
1,950:

LCywz = 2,135 + 0.223(vyw — 2,000) Equation 13-14

where LCyy; is the lane-changing rate per hour and all other variables are as

previously defined.

Unfortunately, Equation 13-13 and Equation 13-14 are discontinuous and
cover discontinuous ranges of Iy. If the nonweaving index is between 1,300 and

1,950, a straight interpolation between the values of LCyw, and LCyw, is used as
shown in Equation 13-15:

;‘) Equation 13-15

LCyws = LCyw1 + (LCyw2 — Lfnwﬂ( 650
where LCyy; is the lane-changing rate per hour and all other variables are as
previously defined. Equation 13-15 only works for cases in which LCyu, is less
than LCyy,. In the vast majority of cases, this will be true (unless the weaving

length is longer than the maximum length estimated in Step 4). In the rare case
when it is not true, LC,y, is used.

Equation 13-16 summarizes this in a more precise way:

If Inyw = 1,300: LCyw = LCyw1
If Iy = 1,950: LCyw = LCyw2 Equation 13-16
]fl.BUE} < INW < 1,950~ LCNW = LCNWE
IfLCNW1 2 LCywz: LCyw = LCyw2
Total Lane-Changing Rate

The total lane-changing rate LC ,;; of all vehicles in the weaving segment, in
lane changes per hour, is computed from Equation 13-17:
LCau = LOw + LCyw Equation 13-17
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Equation 13-18

Equation 13-19

Equation 13-20

Step 7: Determine Average Speeds of Weaving and Nonweaving
Vehicles in Weaving Segment

The heart of this methodology is the estimation of the average speeds of
weaving and nonweaving vehicles in the weaving segment. These speeds are
estimated separately because they are affected by different factors, and they can
be significantly different from each other.

The speeds of weaving and nonweaving vehicles will be combined to find a
space mean speed of all vehicles in the segment. This will then be converted to a
density, which will determine the LOS.

Average Speed of Weaving Vehicles
The algorithm for predicting the average speed of weaving vehicles in a
weaving segment may be generally stated as shown in Equation 13-18;

_ Smax — Smin
5“’_5"’”‘*( 1+W )

where

5y = average speed of weaving vehicles within the weaving segment (mi/h),

Sy = minimum average speed of weaving vehicles expected in a weaving
segment (mi/h),
Smax = maximum average speed of weaving vehicles expected in a weaving
segment (mi/h), and
W = weaving intensity factor (unitless).
The form of the model is logical and constrains the results to a reasonable

range defined by the minimum and maximum speed expectations. The term
1 + W accommodates a weaving intensity factor that can be more or less than 1.0.

For this methodology, the minimum expected speed is taken to be 15 mi/h,
and the maximum expected speed is the FFS, which may be modified to account
for the impacts of inclement weather. At this time, there are no recommended
procedures for adjusting the FFS to reflect incidents. As with all analyses, the FFS
is best observed in the field, either on the subject facility or a similar facility.
When it is measured, the FFS should be observed within the weaving segment.

In situations that require the FFS to be estimated, the model described in
Chapter 12, Basic Freeway and Multilane Highway Segments, is used. The
average speed of weaving vehicles within the weaving segment is estimated by
using Equation 13-19 and Equation 13-20:

FFS x SAF — 15
1+wW )

s._.,=15+(

0.789

LC
W = 0.225(%)

5
where SAF is the speed adjustment factor (unitless). The speed adjustment factor
can represent a combination of factors, including weather and work zone effects.
Default speed adjustment factors and guidance for how to apply them are found
in Chapter 11.
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Note that weaving intensity is based on the total lane-changing rate within
the weaving segment. More specifically, it is based on the hourly rate of lane
changes per foot of weaving length. This might be thought of as a measure of the
density of lane changes. In addition, the lane-changing rate itself depends on
many demand and physical factors related to the design of the segment.

Average Speed of Nonweaving Vehicles

The average speed of nonweaving vehicles in a weaving segment is
estimated by using Equation 13-21:

v
Syw = FFS X SAF — (0.0072LCyypy) — (n.nma F)

Equation 13-21 treats nonweaving speed as a reduction from FFS. As would
be expected, the speed is reduced as v/N increases. More interesting is the
appearance of LC,,,, in the equation. LC, ,,, is a measure of minimal weaving

turbulence, assuming that weaving vehicles make only necessary lane changes. 1t
depends on both the configuration of the weaving segment and weaving
demand flow rates. Thus, nonweaving speeds decrease as weaving turbulence
increases.

Average Speed of All Vehicles
The space mean speed of all vehicles in the weaving segment is computed by
using Equation 13-22:
S » Uw + vﬂ'!-‘l"
T (Vw Vnw
() + (i)
Step 8: Determine LOS
The average speed of all vehicles, computed in Step 7, must be converted to
density by using Equation 13-23.

Equation 13-21

Equation 13-22

- Equation 13-23
S
where D is density in passenger cars per mile per lane and all other variables are ﬁwﬁbede!m;ed for
as previously defined. The density value obtained can then be used with Exhibit freeways, multiane highways,
13-6 to assign a LOS letter to the weaving segment. and -0 roads.
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4. EXTENSIONS TO THE METHODOLOGY

MULTIPLE WEAVING SEGMENTS

When a series of closely spaced merge and diverge areas creates overlapping
weaving movements (between different merge-diverge pairs) that share the
same segment of a roadway, a multiple weaving segment is created. In earlier
editions of the HCM, a specific application of the weaving methodology for two-
segment multiple weaving segments was included. While it was a logical
extension of the methodology, it did not address cases in which three or more
sets of weaving movements overlapped, nor was it well supported by field data.

Multiple weaving segments should be segregated into separate merge,
diverge, and simple weaving segments, with each segment appropriately
analyzed by using this chapter’s methodology or that of Chapter 14, Freeway
Merge and Diverge Segments. Chapter 12, Basic Freeway and Multilane
Highway Segments, contains information relative to the process of identifying
appropriate segments for analysis.

C-D ROADS

The methodology applies i i i i

z D ek A common design practice oﬁen.resull's in weaving movements that .ﬂccur on

but its use may produce an C-D roads that are part of a freeway interchange. The methodology of this

W TG Mo chapter may be approximately applied to such segments. The FFS used must be
appropriate to the C-D road. It would have to be measured on an existing or
similar C-D road, since the predictive methodology of FFS given in Chapter 12
does not apply to such roads. Whether the LOS criteria of Exhibit 13-6 are
appropriate is less clear. Many C-D roads operate at lower speeds and higher
densities than do basic segments, and the criteria of Exhibit 13-6 may produce an
inappropriately negative view of operations on a C-D road.

If the measured FFS of a C-D road is high (greater than or equal to 50 mi/h),
reasonably accurate analysis results can be expected. At lower FFS values, results
would be more approximate.

MULTILANE HIGHWAYS
Muiltilane highway weaving : : .
ok Weaving segm?n_ts ma?r occur on mu]hlanfa hlgl.'lwa:,:.s. As lm?g as such
with this methodology, segments are a sufficient distance away from signalized intersections—so that
.10 VAR . o platoon movements are not an issue—the methodology of this chapter may be
approximately applied.
ML ACCESS SEGMENTS

Where managed lanes have defined intermittent access segments, two types
of weaving movements may be created. Exhibit 13-12 illustrates the two types of
situations.
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ML s = = = Py <> Exhibit 13-12
- _}x R, Weaving Movements
@ s Associated with Managed
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Note: ML = managed lane and GP = general purpose,

Exhibit 13-12 illustrates a managed lane with three general purpose freeway
lanes. Where an on-ramp is near the ML access segment, on-ramp vehicles
destined for the managed lane must cross all of the general purpose freeway
lanes in the distance L.,,.. The cross-weave demand can cause a reduction in the
capacity of the general purpose lanes, which must be considered. While not
shown, the same effect exists when an off-ramp is near the ML access se gment,
with the distance L., ;, measured from the end of the access segment to the off-
ramp junction point.

The second type of weaving occurs within the ML access segment, as
vehicles entering and exiting from the managed lane cross each other within the
distance L. ... — Line L 18 defined as the distance between the on-ramp gore
area and the beginning of the ML access segment, while L .. is the distance
from the gore to the end of the ML access segment.

Cross-Weaving Between Ramps and the ML Access Segment

The impact of cross-weaving movements on general purpose lane capacity is
handled by using a CAF, as shown in Equation 13-24. The approach was
developed as part of NCHRP Project 03-96 (11).

CAF=1-—CRF Equation 13-24
CRF = —0.0897 + 0.0252 In(CW) — 0.00001453Lp.min + 0.002967Np
where
CRF = capacity reduction factor (decimal),

CAF
CW

Lowms = cross-weave length (ft), and

capacity adjustment factor (decimal),

cross-weave demand flow rate (pc/h),

Ngp = number of general purpose lanes (In).
The capacity of the general purpose lanes is then computed as
Copa = Cpp X CAF Equation 13-25
where
cgrs = adjusted capacity of the general purpose lanes (veh/h) and

cgp = unadjusted capacity of the general purpose lanes, estimated by using
basic freeway procedures in Chapter 12 (veh/h).
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Weaving Within the ML Access Segment

Weaving within the ML access segment is treated by using the procedures of
this chapter. The access segment is treated as a left-side ramp-weave segment
with a length of L. ... = Lo mine

The interaction and weave turbulence effect is assumed to apply to the entire
ML access segment, including all general purpose lanes. Consequently, the
methodology is identical to the evaluation of a weaving segment on the left side
of a freeway. When an ML access segment is evaluated as part of an extended
freeway facility with managed lanes with the procedures in Chapter 10, the ML
access segment represents the one exception where the general purpose and
managed lanes are not treated as two separate lane groups. Instead, the
calculated performance measures are applied across all lanes. In applying the
weaving method, the basic segment capacity from Chapter 12, Basic Freeway and
Multilane Highway Segments, should be used across all lanes when the weave
capacity computations are performed (Equation 13-5).

Care should be taken when an overall managed lane facility is evaluated and
the separation between the managed and general purpose lanes requires
considering the adjacent friction effect, as described in Chapter 12. In those cases,
the freeway facility methodology in Chapter 10 offers additional adjustments to
the ML access segment for consistency with upstream or downstream ML basic
segments,

ML WEAVE SEGMENTS

The procedure described in this chapter may also be used to analyze an ML
weave segment. An ML weave segment is limited to managed lane facilities with
nontraversable separation from the general purpose lanes. The ML weave
segment type is created when an on-ramp onto the managed lane is followed by
an off-ramp from the managed lane and the two are connected by an auxiliary
lane. The distinction between a ML weave and a ML access segment is illustrated
in Exhibit 13-13.

Exhibit 13-13
Distinguishing ML Access and Ml s N .o .
Weave Segments = e O,
R =i e e e e e e
{a) ML Access Segment
A----:::: ,,,,,, Y, ____d“..;..-..é
M e e e e e e e e e e i
e S TR e T e T i e e e s
(b) ML Weave Segment
Mote: ML = managed lane and GP = general purpose.
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The procedure for analyzing an ML weave segment generally follows the
methodology for a standard weaving segment. The only modification is the use
of the managed lane’s basic segment capacity from Chapter 12 in the weave
capacity computations (Equation 13-5).

Care should be taken when an overall managed lane facility is evaluated,
and the separation between the managed and general purpose lanes requires
considering the adjacent friction effect, as described in Chapter 12. In those cases,
the freeway facility methodology in Chapter 10 offers additional adjustments to
the ML weave segment for consistency with upstream or downstream ML basic
segments.
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5. APPLICATIONS

This chapter's methodology is most often used to estimate the capacity and
LOS of freeway weaving segments. The steps are most easily applied in the
operational analysis mode, that is, all traffic and roadway conditions are
specified, and a solution for the capacity (and v/c ratio) is found along with an
expected LOS. However, other types of analysis are possible.

EXAMPLE PROBLEMS

Chapter 27, Freeway Weaving: Supplemental, contains seven detailed
sample problems addressing the following scenarios:

1. LOS of a major weaving segment,

LOS of a ramp-weaving segment,

LOS of a two-sided weaving segment,

Design of a major weaving segment,

Construction of a service volume table for a weaving segment,

LOS of an ML access segment with cross weaving, and

e BRI S

ML access segment with a downstream off-ramp.

RELATED CONTENT IN THE HCMAG

The Highway Capacity Manual Applications Guide (HCMAG), accessible
through the online HCM Volume 4, provides guidance on applying the HCM on
freeway weaving segments. Case Study 4 goes through the process of identifying
the goals, objectives, and analysis tools for investigating LOS on New York State
Route 7, a 3-mi route north of Albany. The case study applies the analysis tools to
assess the performance of the route, to identify areas that are deficient, and to
investigate alternatives for correcting the deficiencies.

This case study includes the following problems related to freeway weaving
segments:

1. Problem 2: Analysis of a complex interchange on the western end of the
route

a. Subproblem 2b: Weaving section LOS in the I-87/Alternate Route 7
2. Problem 3: Weaving and ramp analysis
Subproblem 3a: Analysis of a freeway weaving section

b. Subproblem 3c: Nonstandard ramp and weave analysis in the
southwestern quadrant

c. Subproblem 3d: Analysis of a C-D road

Other problems in the case study evaluate the operations of a freeway
weaving segment as part of a greater freeway facility as discussed in the
methodology in Chapter 10, Freeway Facilities Core Methodology.
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Although the HCMAG was based on the HCM2000's procedures and chapter
organization, the general process for applying the weaving procedure described
in its case studies continues to be applicable to the methods in this chapter.

EXAMPLE RESULTS

This section presents the results of applying this chapter’s method in typical
situations. Analysts can use the illustrative results presented in this section to
observe the sensitivity of output performance measures to various inputs, as well
as to help evaluate whether their analysis results are reasonable. The exhibits in
this section are not intended to substitute for an actual analysis and are
deliberately provided in a format large enough to depict general trends in the
results but not large enough to pull out specific results.

Sensitivity of Results to Volume Ratio

Exhibit 13-14 presents illustrative results of the effect of volume ratio on the
overall speed in the weaving segment, as well as on the weave segment capacity.
Results are given for a standard ramp weave with LCy;=1, LCp=1, and Ny, = 2.
The analysis was performed by using a fixed total volume in the weaving
segment and varying the proportion of weaving versus nonweaving traffic.

It can be seen that an increase in the volume ratio results in a reduction in
weaving speed, due to increased turbulence in the segment. In addition, the
segment capacity steadily decreases with an increase in volume ratio. The
general trends in Exhibit 13-14 are expected to be similar for weaving segments
with different geometric configurations.

8,000 Exhibit 13-14
7,000 Tlustrative Effect of Volume

s _-\‘\ Ratio on Weaving SDEBd and

5,000 Sty
4,000
3,000
2,000
1,000
Q o
0 0.1 0.2 0.3 0.4 0.5 0.6 o 0.1 0.2 0.3 0.4 0.5 0.6
Volume Ratio Volume Ratio

(a) Weaving Segment Speed {b) Weaving Segment Capacity

8 & &8 &

Weave Segment Speed (mij/h)
Weave Segment Capacity
(veh/h)

Mote:  Calculated by using this chapter's method, assuming short length Lo = 3000 f, LGe= L= 1, [Coar = 0,
Mz = 2, FFS = 65 mi/h, interchange density = 0.8 interchanges/mi, PHF = 0,91, 3 lanes, fin = 1, and Vi
+ Ve + Ve + Voo = 5,200 veh/h.

Sensitivity of Results to Segment Short Length

Exhibit 13-15 presents illustrative results of the effect of increasing the short
length of the weaving segment on the weave segment speed and segment
capacity. Results are given for a standard ramp weave with LCg =1, LCp =1,

and Ny, = 2. The analysis used a fixed total volume and volume ratio.

The results show a linear increase in weave segment capacity with an
increase in the segment short length. The results on weaving speed show lowest

Chapter 13/Freeway Weaving Segments Applications
Version 6.0 Page 13-35




Highway Capacity Manual: A Guide for Mullimodal Mobility Analysis

speed estimates for very short weaving segments, which increase as the short
length increases. This increasing speed effect flattens for longer segment lengths.

Exhibit 13-15 50
Tliustrative Effect of Short 45 e
Length on Weaving Speed 40
and Capacity 35
30
5
20

8,000
7,000
- /
5,000
4,000

3,000
i: 2,000

5 . 1,000

1] 1]
0 1,000 2,000 3,000 4000 5,000 6,000 o 1,000 2,000 3,000 4,000 5,000 6,000

Shart Length (1) Short Length (ft)

(a) Weaving Segment Speed (b) Weaving Segment Capacity

Weave Segment Speed (mifh)
Weave Segment Capacity
(veh/h)

Mote:  Calculated by using this chapter's method, assuming LCs = LCge = 1, Lz = 0, My = 2, FF5 = 65 mifh,
interchange density = 0.8 interchanges/mi, AHF= 0,91, 3 lanes, fix= 1, Vo= 3,500 veh/h, V= Ve =
800 vehh, and Vgs = 100 veh/h,

Sensitivity of Results to Weaving Segment Demand

Exhibit 13-16 presents illustrative results for an increase in weaving segment
demand on the estimated segment speed. Results are given for a standard ramp
weave with LCy =1, LCy = 1, and Ny, = 2. Results are generated for a fixed

proportion of weaving to nonweaving traffic by implementing a demand
adjustment factor that proportionally increases all flows in the weaving segment.

Results suggest that an increase in demand will result in a steady decrease in
the estimated speed in the weaving segment. Note that the capacity of the
weaving segment is not affected in this experiment and is therefore fixed across
the range of demands shown. An increase in demand therefore also corresponds
to an increase in the demand-to-capacity ratio for the segment.

\

Exhibit 13-16 70
Ilustrative Effect of Segment
Demand on Weaving Speed
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Weave Segment Traffic Demand Level (veh/h)

Mote:  Caleulated by using this chapter's method, assuming short length (Ls) = 3,000 i, LCw = Lier=1, [Ce =10,
Me = 2, FF5 = 65 mifh, interchange density = 0.8 interchanges/mi, AHF = 0.91, 3 lanes, and fx = 1.
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TYPES OF ANALYSIS

The methodology of this chapter can be used in three types of analysis:
operational, design, and planning and preliminary engineering.

Operational Analysis

The methodology of this chapter is most easily applied in the operational
analysis mode. In this application, all weaving demands and geometric
characteristics are known, and the output of the analysis is the expected LOS and
the capacity of the segment. Secondary outputs include the average speed of
component flows, the overall density in the segment, and measures of lane-
changing activity.

Design Analysis

In design applications, the desired output is the length, width, and
configuration of a weaving segment that will sustain a target LOS for given
demand flows. This application is best accomplished by iterative operational
analyses on a small number of candidate designs.

Generally, there is not a great deal of flexibility in establishing the length and
width of a segment, and there is only limited flexibility in potential
configurations. The location of intersecting facilities places logical limitations on
the length of the weaving segment. The number of entry and exit lanes on ramps
and the freeway itself limits the number of lanes to, at most, two choices. The
entry and exit design of ramps and the freeway facility also produces a
configuration that can generally only be altered by adding or subtracting a lane
from an entry or exit roadway. Thus, iterative analyses of candidate designs are
relatively easy to pursue, particularly with the use of HCM-replicating software.

Planning and Preliminary Engineering

Planning and preliminary engineering applications can have the same
desired outputs as design applications: the geometric design of a weaving
segment that can sustain a target LOS for specified demand flows. In addition,
system performance monitoring applications may require planning-level
applications of methodologies with simplified inputs. Further details and
discussion on planning applications can be found in the Planning and Preliminary
Engineering Applications Guide to the HCM.

In the planning and preliminary design phase, demand flows are sometimes
stated as average annual daily traffic, in which case statistics must be converted
to directional design hour volumes before this methodology is applied. Other
planning applications use peak hour flow rates, which can be used directly in the
methods in this chapter. A number of variables may be unknown (e.g., PHF and
percentage of heavy vehicles), which may be replaced by default values.

Service Volumes and Service Flow Rates

Service volume is the maximum hourly volume that can be accommodated
without exceeding the limits of the various levels of service during the worst 15
min of the analysis hour. Service volumes can be found for LOS A-E. LOSF,
which represents unstable flow, does not have a service volume.

Design analysis is bost
accomplished by fterative
aperational analyses on a small
number of candidate designs.

The method can be applied to
determine service volumes for
LS A—F for a specified set of
conditions,
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Service flow rates are the maximum rates of flow (within a 15-min period) that
can be accommodated without exceeding the limits of the various levels of
service. As is the case for service volumes, service flow rates can be found for
LOS A-E, but none is defined for LOS F. The relationship between a service
volume and a service flow rate is as follows:

Equation 13-26 SV; = SF; x PHF
where
SV, = service volume for LOS i (pc/h),
SF, = service flow rate for LOS i (pc/h), and
PHF = peak hour factor.

The methodology uses demand volumes in vehicles per hour converted to
demand flow rates in passenger cars per hour. Therefore, service flow rates and
service volumes would originally be estimated in terms of flow rates in
passenger cars per hour. They would then be converted back to demand volumes
in vehicles per hour.

Service volumes and service flow rates for weaving segments are stated in
terms of the maximum volume (or flow) levels that can be accommodated
without violating the definition of the LOS. The volume ratio, the proportion of
total traffic that weaves, is held constant. Any change in the volume ratio would
cause a change in all service volumes or service flow rates.

A large number of characteristics will influence service volumes and service
flow rates, including the PHF, percent heavy vehicles, and any of the weaving
segment’s geometric attributes. Therefore, definition of a representative “typical”
case with broadly applicable results is virtually impossible. Each case must be
individually considered. An example is included in Chapter 27, Freeway
Weaving: Supplemental, which is located in Volume 4.

USE OF ALTERNATIVE TOOLS

General guidance for the use of alternative traffic analysis tools for capacity
and LOS analysis is provided in Chapter 6, HCM and Alternative Analysis Tools.
This section contains specific guidance for the application of alternative tools to
the analysis of freeway weaving segments. Additional information on this topic,
including supplemental example problems, may be found in Chapter 27,
Freeway Weaving: Supplemental, located in Volume 4.

The limitations stated earlier in this chapter may be addressed by using
available simulation tools. In some cases, the limitations are addressed by the
Chapter 10 and 11 methodologies. The following conditions, which are beyond
the scope of this chapter, are treated explicitly by simulation tools:

*  Ramp metering on entrance ramps forming part of the weaving segment. These
features are modeled explicitly by many tools.

* Specific operating conditions when oversaturated conditions exist. In this case,
it is necessary to ensure that both the spatial and the temporal boundaries
of the analysis extend beyond the congested operation.

Applications Chapter 13/Freeway Weaving Segments
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s Multiple weaving segments. Multiple weaving segments were removed
from this edition of the manual. They may be addressed to some extent by
the procedures given in Chapters 10 and 11 for freeway facilities.
Complex combinations of weaving segments may be analyzed more
effectively by simulation tools, although such analyses might require
extensive calibration of origin-destination characteristics.

Because of the interactions between adjacent freeway segments, alternative
tools will find their principal application to freeways containing weaving
segments at the facility level and not to isolated freeway weaving segments.

Additional Features and Performance Measures Available from
Alternative Tools

This chapte rides thodol f st i i i In addition to offering more
|.s chapter pl‘l‘.l\-.l esa rm.a odology tor estimating the SFeed and density in :
a weaving segment given traffic demands from both the weaving and the alternative tools can identify
nonweaving movements. Capacity estimates and maximum weaving lengths are | SPecific point problems that
. is could be overiooked in 8
also produced. Alternative tools offer additional performance measures segment-level analysis.
including delay, stops, queue lengths, fuel consumption, pollution, and

operating costs.

As with most other procedural chapters in this manual, simulation outputs,
especially graphics-based presentations, can provide details on point problems
that might otherwise go unnoticed with a macroscopic analysis that vields only
segment-level measures. The effect of queuing caused by capacity constraints on
the exit ramp of a weaving segment, including difficulty in making the required
lane changes, is a good example of a situation that can benefit from the increased
insight offered by a microscopic model. An example of the effect of exit ramp
queue backup is presented in Chapter 27, Freeway Weaving: Supplemental.

Development of HCM-Compatible Performance Measures Using
Alternative Tools

When alternative tools are used, the analyst must be careful to note the
definitions of simulation outputs. The principal measures involved in the
performance analysis of weaving segments are speed and delay. These terms are
generally defined in the same manner by alternative tools; however, there are
subtle differences among tools that often make it difficult to apply HCM criteria
directly to the outputs of other tools. Performance measure comparisons are
discussed in more detail in Chapter 7, Interpreting HCM and Alternative Tool
Results.

Conceptual Differences Between the HCM and Simulation Modeling
That Preclude Direct Comparison of Results

Conceptual differences between the HCM and stochastic simulation models Direct comparison of the

- 3 s : numerical outputs from the
make direct comparison difficult for weaving segments. The HCM uses a set of HCM and altemative tools can
deterministic equations developed and calibrated with field data. Simulation be nsleading.
models treat each vehicle as a separate object to be propagated through the
system. The physical and behavioral characteristics of drivers and vehicles in the
HCM are represented in deterministic equations that compute passenger car

equivalences, lane-changing rates, maximum weaving lengths, capacity, speed,
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Supplerental computational
examples illustrating the use of
alternative tools are included in
Chapter 27 of Volume 4.

and density. Simulation models apply the characteristics to each driver and
vehicle, and these characteristics produce interactions between vehicles, the sum
total of which determines the performance measures for a weaving segment.

One good example of the difference between microscopic and macroscopic
modeling is how trucks are entered into the models. The HCM uses a conversion
factor that increases the demand volumes to reflect the proportion of trucks.
Simulation models deal with trucks explicitly by assigning more sluggish
characteristics to each of them. The result is that HCM capacities, densities, and
so forth are expressed in equivalent passenger car units, whereas the
corresponding simulation values are represented by actual vehicles.

The HCM methodology estimates the speeds of weaving and nonweaving
traffic streams, and on the basis of these estimates it determines the density
within the weaving segment. Simulators that provide outputs on a link-by-link
basis do not differentiate between weaving and nonweaving movements within
a given link; thus, comparing these (intermediate) results with those of other
tools would be somewhat difficult.

For a given set of inputs, simulation tools should produce answers that are
similar to each other and to the HCM. Although most differences should be
reconcilable through calibration and identification of point problems within a
segment, precise numerical agreement is not generally a reasonable expectation.

Sample Calculations Illustrating Alternative Tool Applications

Chapter 27, Freeway Weaving: Supplemental, contains three examples that
illustrate the application of alternative tools to freeway weaving segments. All of
the problems are based on Example Problem 1 presented in that chapter. Three
questions are addressed by using a typical simulation tool:

1. Can the weaving segment capacity be estimated realistically by
simulation by varying the demand volumes up to and beyond capacity?

2. How does the demand affect the performance in terms of speed and
density in the weaving segment when the default model parameters are
used for vehicle and behavioral characteristics?

3. How would the queue backup from a signal at the end of the off-ramp
affect the weaving operation?

Applications
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1. INTRODUCTION

OVERVIEW

Freeway merge and diverge segments occur primarily at on-ramp and off-
ramp junctions with the freeway mainline. They can also occur at major merge or
diverge points where mainline roadways join or separate.

A ramp is a dedicated roadway providing a connection between two
highway facilities. On freeways, all movements onto and off of the freeway are
made at ramp junctions, which are designed to permit relatively high-speed
merging and diverging maneuvers while limiting the disruption to the main
traffic stream. Some ramps on freeways connect to collector-distributor (C-D)
roadways, which in turn provide a junction with the freeway mainline. Ramps
may appear on multilane highways, two-lane highways, arterials, and urban
streets, but such facilities may also use signalized and unsignalized intersections at
such junctions.

The procedures in this chapter focus on ramp-freeway junctions, but
guidance is also provided to allow approximate use of such procedures on
multilane highways and on C-D roadways.

CHAPTER ORGANIZATION

Chapter 14 presents methodologies for analyzing merge and diverge
segment operations in uninterrupted-flow conditions. The chapter presents a
methodology for evaluating isolated freeway merge and diverge segments, as
well as several extensions to the core method, including analysis of two-lane
ramps, left-hand ramps, and major merge and diverge segments.

Section 2 of this chapter presents the following concepts related to merge and
diverge segments: overview and ramp components, classification of ramps, ramp
and ramp junction analysis boundaries, ramp-freeway junction operations, base
conditions, and level of service (LOS) criteria for merge and diverge segments.

Section 3 presents a method for evaluating automobile operations on merge
and diverge segments. The method generates the following performance
measures:

s  Average speed of vehicles in the ramp influence area,

* Average density in the ramp influence area and in the aggregate across
the entire segment, and

* LOS of the merge or diverge segment.

Section 4 extends the core method presented in Section 3 to incorporate
considerations for single-lane ramp additions and lane drops, two-lane on-ramps
and off-ramps, left-hand on-ramps and off-ramps, and ramp-freeway junctions
on 10-lane freeways. The section also discusses extension of the method to major
merge and diverge segments.

Section 5 presents guidance on using the results of a freeway merge or
diverge segment analysis, including example results from the methods,

VOLUME 2: UNINTERRUPTED FLOW

10. Freeway Facilities Core Methodology

11. Freeway Reliability Analysis

12. Basic Freaway and Multilane Highway
Segments

13. Freeway Weaving Segments

14. Freeway Merge and Diverge
Segments

15. Two-Lane Highways

Freeway merge and diverge
segments inciude ramp
Junctions and points where
mainline roadways join or
separate.

This chapter provides guidance
for using the procedures on
muitiiane highways and C-0
roadways.
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information on the sensitivity of results to various inputs, and a discussion of
service volume tables for merge and diverge segments.

RELATED HCM CONTENT

Other Highway Capacity Manual (HCM) content related to this chapter
includes the following:

e Chapter 3, Modal Characteristics, where general characteristics of the
motorized vehicle mode on freeway facilities are discussed;

¢ Chapter 4, Traffic Operations and Capacity Concepts, which provides
background speed—flow—density concepts of freeway segments that form
the basis of merge and diverge concepts presented in this chapter’s
Section 2;

e Chapter 10, Freeway Facilities Core Methodology, which provides a
method for evaluating merge and diverge segments within an extended
freeway facility and their interaction with basic segments and weaving
segments;

e Chapter 11, Freeway Reliability Analysis, which provides a method for
evaluating freeway facilities with weaving segments in a reliability
context; the chapter also provides default speed and capacity adjustment
factors that can be applied in this chapter’s methodology;

+ Chapter 12, Basic Freeway and Multilane Highway Segments, which must
be used to evaluate a merge or diverge segment with a continuous lane
add or drop, respectively;

» Chapter 28, Freeway Merges and Diverges: Supplemental, where
additional methodological details and example problems for merge and
diverge segments are presented;

e Case Study 4, New York State Route 7, in the HCM Applications Guide in
Volume 4, which demonstrates how this chapter’s methods can be
applied to the evaluation of an actual freeway facility; and

» Section H, Freeway Analyses, in the Planning and Preliminary Engineering
Applications Guide to the HCM, found in Volume 4, which describes how to
incorporate this chapter’s methods and performance measures into a
planning effort.

Introduction Chapter 14/Freeway Merge and Diverge Segments
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2. CONCEPTS

OVERVIEW AND RAMP COMPONENTS

A ramp consists of three elements: the ramp roadway and two junctions.
Junctions vary greatly in design and control features but generally fit into one of
these categories:

* Ramp-freeway junctions (or a junction with a C-D roadway or multilane
highway segment), or

* Ramp-street junctions.

When a ramp connects one freeway to another, the ramp consists of two
ramp-freeway junctions and the ramp roadway. When a ramp connects a
freeway to a surface facility, it generally consists of a ramp—freeway junction, the
ramp roadway, and a ramp-street junction. A ramp connection to a surface
facility (such as a multilane highway) or a C-D roadway that is designed for
high-speed merging or diverging without control may be classified as a ramp-
freeway junction for the purpose of analysis.

Ramp-street junctions may be uncontrolled, sToP-controlled, YIELD-
controlled, or signalized. Analysis of ramp-street junctions is not detailed in this
chapter; it is discussed in Chapter 23, Ramp Terminals and Alternative
Intersections. Note, however, that an off-ramp-street junction, particularly if
signalized, can result in queuing on the ramp roadway that can influence
operations at the ramp-freeway junction and even mainline freeway conditions.
Chapter 23 includes a methodology for estimating the queue storage ratio for the
off-ramp approach; the queue is expected to spill back onto the freeway when
this ratio exceeds 1.0. Mainline operations can also be affected by platoon entries
created by ramp—street intersection control.

The geometric characteristics of ramp-freeway junctions vary. The length
and type (parallel, taper) of acceleration or deceleration lane(s), the free-flow
speed (FFS) of both the ramp and the freeway in the vicinity of the ramp, the
proximity of other ramps, and other elements all affect merging and diverging
operations.

CLASSIFICATION OF RAMP SEGMENTS

Ramps and ramp-freeway junctions may occur in a wide variety of
configurations. Some of the key characteristics of ramps and ramp junctions are
summarized below:

* Ramp-freeway junctions that accommodate merging maneuvers are
classified as on-ramps. Those that accommodate diverging maneuvers are
classified as off-ramps. Where the junctions accommodate the merging of
two major facilities, they are classified as major merge junctions. Where
they accommodate the divergence of two major roadways, they are
classified as major diverge junctions.

* The majority of ramps are right-hand ramps. However, some join with the
lett lane(s) of the freeway and are classified as left-hand ramps.

Ramps to muitiiane ighways
and C-0 roadways that are
designed for high-speed
merging or diverging may be
dassified as ramp-freeway
Junctions for analysis purpeses.

See Chapter 23 for a
discussion of ramp-street
Junctions,

Ramp queuing from a junction
of an off-ramp and street can
influence the operations of the

Left-hand ramps are
considerad as special cases in
Section 4 of this chapter.
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¢ Ramp roadways may have one or two lanes. At on-ramp freeway

Merge and diverge segments junctions, most two-lane ramp roadways merge into a single lane before
ﬂ‘w bt ool 3 merging with the freeway. In this case, the junction is classified as a one-
considered as special cases in lane ramp-freeway junction on the basis of the methodology of this
Saction 4 of this chapter. chapter. In other cases, a two-lane ramp-freeway merge exists, and a
P P : B
special analysis model is used (see this chapter’s Extensions to the
Methodology section).

e For two-lane off-ramps, a single lane may exist at the ramp—freeway
diverge, with the roadway widening to two lanes after the diverge. As
with on-ramps, such cases are classified as one-lane ramp-freeway
junctions on the basis of this chapter’s methodology. However, two-lane
off-ramp roadways often have two lanes at the diverge point as well.
These are treated by using a special model (see this chapter’s Extensions
to the Methodology section).

¢ Ramp-freeway merge and diverge operations are affected by the number
of lanes on the freeway segment (in one direction).

¢ Ramp-freeway merge and diverge operations may be affected by the
proximity of adjacent ramps and the demand flow rates on those ramps.

The number of combinations of these characteristics that can occur is large.

For any analysis, all of these (and other) characteristics must be specified if
meaningful results are to be obtained.
RAMP AND RAMP JUNCTION ANALYSIS BOUNDARIES

i m'sfm’}”?ffd Ramps and ramp junctions do not operate inde!::endently of the roadways

impacts of ramp~freeway they connect. Thus, operating conditions on the main roadways can affect

mn_f occur “;ﬁa 1,500- operations on the ramp and ramp juncti:ons, ‘and vice versa. Tn. particular, a
breakdown (LOS F) at a ramp-freeway junction may have serious effects on the
freeway upstream or downstream of the junction. Freeway operations can be
affected for miles in the worst cases.

B s W::“-' However, for most stable operations, studies (1) have shown that the

and the right two lanes of the operational impacts of ramp-freeway junctions are more localized. Thus, the

m“"” (?eﬁm!am forfeft- | methodology presented in this chapter predicts the operating characteristics
within a defined ramp influence area. For right-hand on-ramps, the ramp
influence area includes the acceleration lane(s) and Lanes 1 and 2 of the freeway
mainline (rightmost and second rightmost) for a distance of 1,500 ft downstream
of the merge point. For right-hand off-ramps, the ramp influence area includes
the deceleration lane(s) and Lanes 1 and 2 of the freeway for a distance of 1,500 ft
upstream of the diverge point. Exhibit 14-1 illustrates the definition of ramp
influence areas. For left-hand ramps, the two leftmost lanes of the freeway are
affected.

Exhibit 14-1

Ramp Influence Areas

Tlustrated

- 1,500t -
{a) Merge Influence Area ({b) Diverge Influence Area
Concepts Chapter 14/Freeway Merge and Diverge Segments

Page 14-4

Version 6.0




Highway Capacity Manual: A Guide for Multimodal Mobility Analysis

In many cases, the influence areas of adjacent ramps may overlap one
another. In such cases, each influence area is analyzed separately with the
methodology of this chapter. For the overlap area, the analysis resulting in the
worse operating characteristics or LOS is applied. This general approach also
applies to merge or diverge influence areas that overlap weaving segments.

RAMP—-FREEWAY JUNCTION OPERATIONAL CONDITIONS

Ramp-freeway junctions create turbulence in the merging or diverging
traffic stream. In general, the turbulence is the result of high lane-changing rates.

The action of individual merging vehicles entering the Lane 1 traffic stream
creates turbulence in the vicinity of the ramp. Approaching freeway vehicles
move toward the left to avoid the turbulence. Thus, the ramp influence area
experiences a higher rate of lane-changing than is normally present on ramp-free
portions of freeway.

At off-ramps, the basic maneuver is a diverge, which is a single traffic stream
separating into two streams. Exiting vehicles must occupy the lane(s) adjacent to
the off-ramp (Lane 1 for a single-lane right-hand off-ramp). Thus, as the off-ramp
is approached, vehicles leaving the freeway must move to the right. This causes
other freeway vehicles to redistribute as they move left to avoid the turbulence of
the immediate diverge area. Again, the ramp influence area has a higher rate of
lane-changing than is normally present on ramp-free portions of freeway.

Vehicle interactions are dynamic in ramp influence areas. Approaching
freeway through vehicles will move left as long as there is capacity to do so.
Whereas the intensity of ramp flow influences the behavior of through freeway
vehicles, general freeway congestion can also limit ramp flow and cause
diversion to other interchanges or routes.

Exhibit 14-1 and the accompanying discussion relate to single-lane right-
hand ramps. For two-lane right-hand ramps, the characteristics are basically the
same, except that two acceleration or deceleration lanes may be present. For left-
hand ramps, merging and diverging obviously take place on the left side of the
freeway. This chapter’s methodology is based on right-hand ramps, but
modifications allowing the adaptation of the methodology to consider left-hand
ramps are presented in the Extensions to the Methodology section.

BASE CONDITIONS

The base conditions for the methodology presented in this chapter are the
same as for other types of freeway segments:

s No heavy vehicles,
e 12-ft lanes,
s Adequate lateral clearances (26 ft), and

* Motorists who are familiar with the facility.

CAPACITY OF MERGE AND DIVERGE SEGMENTS

The base capacity of merge and diverge segments is the same as the
corresponding capacity of a basic segment, which in turn is initially a function of

Wihere ramp or weaving
influence areas overlap, the
worst LOS of the overlapping
areas is apofied.

Ramp influence areas
experience figher rates of
lane-changing than normally
occur fn basic freeway
segments.

Base conditions for merge and
diverge segments are the same
as for other types of freeway
segments.
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Exhibit 14-2

the segment FFS as described in Chapter 12, Basic Freeway and Multilane
Highway Segments. These base capacities reflect ideal conditions on a facility
before consideration of any capacity-reducing effects. For example, the base
capacities assume no heavy vehicles; no grades; and no additional friction effects
due to poor pavement conditions, narrow lanes, or lighting conditions. The base
capacities further do not include the effects of nonrecurring sources of congestion,
such as severe weather, incidents, or work zones. Therefore, calibration of the
base capacity to reflect local conditions may be necessary, especially when a
segment is evaluated in the context of an extended freeway facility.

In the case of merge areas (and to a lesser extent diverge areas), some
research has pointed out that the capacity can be reduced further as a result of
the merge turbulence generated when a segment has both heavy mainline and
heavy on-ramp flow. A merge segment with low on-ramp traffic (and thus little
resulting merge turbulence) is expected to have a capacity similar to that of a
basic segment, but some merge segments that function as active bottlenecks may
have capacities below that of a basic segment.

While no national model exists for estimating the capacity of a merge or
diverge segment as a function of on-ramp demand, mainline demand, lane
configuration, acceleration/deceleration lane length, and so forth, several sources
in the literature suggest that the resulting capacities can be less than those of a
basic segment, as shown in Exhibit 14-2. The values in the exhibit are from a
study of metered on-ramps, and capacities of unmetered sites may be different.
Note that capacity is related to the “maximum prebreakdown flow” shown in
Exhibit 14-2. The values are given in vehicles per hour per lane and would be
higher if converted to passenger cars per hour per lane on the basis of truck
presence. Chapter 12 offers additional discussion of prebreakdown capacity and
the queue discharge flow rate.

Vi n

Capacity Estimates at Merge Maximum

Bottleneck Locations No.of  Breakdown Prebreakdown  Queue Discharge

(veh/h/In) Location Lanes Flow Flow Flow
Minneapolis, Minn. 2 1,876 (218) 2,181 (163) 1,644 (96)
Portland, Ore. 2 2,010 (246) 2,238 (161) 1,741 (146)
Teronto, Canada 3 2,090 (247) 2,330 (162) 1,865 (124)
Sacramento, Calif. 3 1,943 (199) 2,174 (107) 1,563 (142)
Sacramento, Calif. 4 1,750 (256) 2,018 (108) 1,567(115)
San Diego, Calif. 4 1,868 (160) 2,075 (113) 1,665 (85)
San Diego, Calif, 5 1,774 (160) 1,928 (70) 1,635 (66)

Source: Elefteriadou ().

The analyst should consider these values in estimating the merge segment
capacity in the presence of high on-ramp and freeway flows and should validate
through local data whenever possible. A correct calibration of the merge and
diverge segment capacity is especially important in the context of a freeway
facilities analysis in Chapter 10, Freeway Facilities Core Methodology. Reduced
capacity values can be implemented in the merge/diverge methodology through
the use of a capacity adjustment factor (CAF), as described in Section 3 of the
chapter.

Concepts Chapter 14/Freeway Merge and Diverge Segments
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LOS CRITERIA FOR MERGE AND DIVERGE SEGMENTS

Merge/diverge segment LOS is defined in terms of density for all cases of
stable operation (LOS A-E). LOS F exists when the freeway demand exceeds the
capacity of the upstream (diverges) or downstream (merges) freeway segment or
when the on- or off-ramp demand exceeds the on- or off-ramp capacity,

At LOS A, unrestricted operations exist, and the density is low enough to
permit smooth merging or diverging with little turbulence in the traffic stream.
At LOS B, merging and diverging maneuvers become noticeable to through
drivers, and minimal turbulence occurs, At LO5 C, speed within the ramp
influence area begins to decline as turbulence levels become much more
noticeable. Both ramp and freeway vehicles begin to adjust their speeds to
accomplish smooth transitions. At LOS D, turbulence levels in the influence area
become intrusive, and virtually all vehicles slow to accommodate merging or
diverging maneuvers. Some ramp queues may form at heavily used on-ramps,
but freeway operation remains stable. LOS E represents operating conditions
approaching or at capacity. Small changes in demand or disruptions within the
traffic stream can cause both ramp and freeway queues to form.

LOS F defines operating conditions within queues that form on both the
ramp and the freeway mainline when capacity is exceeded by demand. For on-
ramps, LOS F exists when the total demand flow rate from the upstream freeway
segment and the on-ramp exceeds the capacity of the downstream freeway
segment. For off-ramps, LOS F exists when the total demand flow rate on the
approaching upstream freeway segment exceeds the capacity of the upstream
freeway segment. LOS F also occurs when the off-ramp demand exceeds the
capacity of the off-ramp. When on-ramp demand exceeds on-ramp capacity, the
ramp demand reaching the merge area is limited to the capacity of the on-ramp.
Queues will develop at the entry to the ramp, but the merge area may experience
stable operations.

Exhibit 14-3 summarizes the LOS criteria for freeway merge and diverge
segments. These criteria apply to all ramp-freeway junctions and may also be
applied to major merges and diverges; high-speed, uncontrolled merge or
diverge ramps on multilane highway sections; and merges and diverges on
freeway C-D roadways. LOS is not defined for ramp roadways, while the LOS of
a ramp-street junction is defined in Chapter 23, Ramp Terminals and Alternative
Intersections.

LOS Density (pc/mi/ln)
<10
=>10-20
=20-28
=28-35
=35
Demand exceeds capacity

MmO me

LOS A—£ are defined in terms
of density; LOS F axists when
demand exceeds capaciy.

Exhibit 14-3
LOS Criteria for Freeway
Merge and Diverge Segments
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3. CORE METHODOLOGY

SCOPE OF THE METHODOLOGY

This chapter focuses on the operation of ramp-freeway junctions. The
procedures may be applied in an approximate manner to completely
uncontrolled ramp terminals on other types of facilities, such as multilane
highways, two-lane highways, and freeway C-D roadways that are part of
interchanges.

This chapter’s procedures can be used to identify likely congestion at ramp-
freeway junctions and to analyze undersaturated operations at ramp-freeway
junctions. Chapter 10, Freeway Facilities Core Methodology, provides
procedures for a more detailed analysis of oversaturated flow and congested
conditions along a freeway section, including weaving, merge and diverge, and
basic freeway segments.

The procedures in this chapter result primarily from studies conducted
under National Cooperative Highway Research Program Project 03-37 (1, 3).
Some special applications resulted from adaptations of procedures developed in
the 1970s (4). American Association of State Highway and Transportation
Officials policies (5) contain additional material on the geometric design and
design criteria for ramps.

Spatial and Temporal Limits

As discussed, the methodology of this chapter focuses on the defined ramp
influence area for each merge and diverge segment (Exhibit 14-1). The influence
area is generally limited to the two rightmost freeway lanes and any acceleration
or deceleration lanes present, for a distance of 1,500 ft downstream of the merge
point or upstream of the diverge point. Where LOS F is experienced, queues can
extend this influence for much greater distances. Such cases must be analyzed by
using the procedures of Chapters 10 and 11 on freeway facilities.

Performance Measures

The methodology of this chapter results in predictions of the average speed
and density of vehicles within the ramp influence area. It also provides estimates
of the speeds and densities of lanes not included in the ramp influence area
(which apply along the 1,500-ft length of the influence area) and estimates of
average speeds and densities for all lanes of the freeway.

Strengths of the Methodology

This chapter’s procedures were developed on the basis of extensive research
supported by a significant quantity of field data. They have evolved over a
number of years and represent an expert consensus. Simulation packages
generally do not relate geometric design details with operational performance
the way it is done in this method.

Core Methodology
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The HCM procedure’s strengths are as follows:

» The methodology provides capacity estimates. Simulators do not provide
capacity estimates directly; they can be obtained by devising a data
collection scheme in the simulator. Furthermore, the user can modify
those simulated capacities by modifying specific input values, such as the
minimum acceptable headway.

» The methodology explicitly considers the impacts of the presence of
upstream and downstream ramps, as well as their respective demands.

* [t produces a single deterministic estimate of density, which is important
for some purposes, such as development impact review.

Limitations of the Methodology

The methodology in this chapter does not take into account, nor is it
applicable to (without modification by the analyst), cases involving

» Special lanes, such as high-occupancy vehicle (HOV) lanes, as ramp entry
lanes;

¢ Kamp metering; or
» Intelligent transportation system features.

The methodology does not explicitly take into account posted speed limits or
level of police enforcement. In some cases, low speed limits and strict
enforcement could result in lower speeds and higher densities than those
anticipated by this methodology.

Alternative Tool Considerations

Merging and diverging segments can be analyzed with a variety of stochastic
and deterministic simulation tools that address freeways. These tools can be
useful in analyzing the extent of congestion when there are failures within the
simulated facility range and when interaction with other freeway segments and
facilities is present.

REQUIRED DATA AND SOURCES

The analysis of a ramp-freeway junction requires details concerning the
junction under analysis and adjacent upstream and downstream ramps, in
addition to the data required for a typical freeway analysis.

Exhibit 14-4 lists the information necessary for applying the freeway merge
and diverge segment methodology and suggests potential sources for obtaining
these data. It suggests default values for use when segment-specific information
is not available. The user is cautioned that every use of a default value instead of
a field-measured, segment-specific value may make the analysis results more
approximate and less related to the conditions that describe the highway. HCM
defaults should only be used when (a) field data cannot be collected and (b)
locally derived defaults do not exist.

Chapter 14/Freeway Merge and Diverge Segments Core Methodology
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Exhibit 14-4 Suggested
Required Input Data, Potential Required Data and Units Potential Data Source(s) Default Value
Data Sources, and Default Geometric Data
Vlalues for Freewa:nl'-!nlzrge and Number of lanes Road inventory, aerial photo Must be provided
Dieige Segment Aol Ramp type Road inventory, aerial photo Must be provided
Number of lanes on ramp Road inventory, aerial photo 1
Ramp location (right, left) Road inventory, aerial photo Right side
Length of acceleration lane  Road inventory, aerial photo 800 ft
Length of deceleration lane Road inventory, aerial photo 400 ft
Presence of upstream and ; ;
downstream ramps Road inventory, aerial photo MNone, isolated ramp
Terrain type g
(level, rolling, specific grade) Design plans, analyst judgment Must be provided
Free-flow speed (mifh) m eﬂgs;aend = peed"eas ﬂ;ﬁ‘lmmm Speed limit + 5 mifh
Direct speed measurements, estimate i
Ramp free-flow speed (mi/h) fhoth desiqn s0aeA ob spead;rimit 35 mifh
Demand Data
Hourly demand volume on
freeway (veh/h) Field data, modeling Must be provided
Hourly demand volume on . §
ramp (veh/h) Field data, modeling Must be provided
Hourly demand volume on
upstream or downstream ramp  Field data, modeling Mone, isolated ramp
(veh/h)
_Analysis period length (min) Set by analyst 15 min (0.25 h)
Peak hour factor” (decimal) Field data 0.94 urban and rural
Speed and capacity
adjustment factors for driver Field data 1.0
_population®
Speed and capacity
adjustment factors for Field data 1.0
weather and incidents”
Heavy vehicle ntage (%) Field data 5% urban, 12% rural®
Notes:  Bold italic indicates high sensitivity (>20% change) of service measure to the choice of default value,
Bold indicates moderate sensitivity (10%-20% change) of service measure to the choice of default value.
* Moderate to high sensitivity of service measures for very low PHF values, See the discussion in the text.
PHF is not required when peak 15-min demand volumes are provided.
¥ See Chapter 26 in Volume 4 for default adjustment factors for driver population.
* See Chapter 11 for default capacity and speed adjustment factors for weather and incidents.
“See Chapter 26 in Volume 4 for state-specific default heavy vehicle percentages.

The exhibit distinguishes between urban and rural conditions for certain
defaults. The classification of a facility as urban or rural is made on the basis of
the Federal Highway Administration smoothed or adjusted urbanized boundary
definition (6), which in turn is derived from Census data.

Care should be taken in using default values. The service measures are
sensitive to some of the input data listed in Exhibit 14-4. For example, the FFS
and the length of the acceleration lane can result in a 10%~-20% change in the
service measure when they are varied over their normal range. A very low peak
hour factor (PHF) value (0.60) can bring about a greater than 20% change,
compared with the results obtained for the default value for PHF; more typical
PHFs vary the service measure results by less than 10%. Traffic demand volumes
on mainline and ramp can change the output by more than 20%, and changes in
heavy vehicle percentages can result in a 10%-20% change in the service
measure. Other inputs change the service measure result by less than 10% when
they are varied over their normal range.

Core Methodology Chapter 14/Freeway Merge and Diverge Segments
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Data Describing the Freeway

The following information concerning the freeway mainline is needed to
conduct an analysis:

1. FFS: 55-75 mi/h;

MNumber of mainline freeway lanes: 2-5;

Terrain: level or rolling, or percent grade and length;

Heavy vehicle presence: percent trucks and buses;

Demand flow rate immediately upstream of the ramp-freeway junction;
PHF: up to 1.00; and

Driver population speed and capacity adjustment factors: defaults to 1.00
(see Chapter 26 for additional guidance)

b R~ A~ LI

The freeway FFS is best measured in the field. If a field measurement is not
available, FFS may be estimated by using the methodology for basic freeway
segments presented in Chapter 12, Basic Freeway and Multilane Highway
Segments. To use this methodelogy, information on lane widths, lateral
clearances, number of lanes, and total ramp density is required. If the ramp
junction is located on a multilane highway or C-D roadway, the FFS range is
somewhat lower (45-60 mi/h) and can be estimated by using the methodology in
Chapter 12 if no field measurements are available. The methodology can be
applied to facilities with any FF5. Its use with multilane highways or C-D
roadways must be considered approximate, however, since it was not calibrated
with data from these types of facilities.

Where the ramp-freeway junction is on a specific grade, the length of the
grade is measured from its beginning to the point of the ramp junction.

The driver population speed and capacity adjustment factors are generally
set to 1.00 unless the traffic stream consists primarily of drivers who are not
regular users of the facility. In such cases, an appropriate value should be based
on field observations at the location under study or at similar nearby locations.
Additional guidance on these factors is provided in Chapter 26.

Data Describing the Ramp—Freeway Junction

The following information concerning the ramp—freeway junction is needed
to conduct an analysis:

1. Type of ramp-freeway junction: merge, diverge, major merge, major
diverge;

Side of junction: right-hand, left-hand;

Number of lanes on ramp roadway: 1 lane, 2 lanes;

Number of ramp lanes at ramp-freeway junction: 1 lane, 2 lanes;
Length of acceleration/deceleration lane(s);

FFS of the ramp roadway: 20-50 mi/h;

Ramp terrain: level, rolling, or mountainous; or percent grade, length;

@ N e G e WP

Demand flow rate on ramp;

FFS is best measured in the
field but can be estimated by
using the methodology for
basic freeway segments or
muidtitane highways, as
applicable.

Chapter 14/Freeway Merge and Diverge Segments
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The length of the acceleration
or deceleration lane includes
the tapered portion of the
ramg.

Exhibit 14-5

Measuring the Length of
Acceleration and Deceleration
Lanes

9. Heavy vehicle presence: percent trucks and buses;
10. PHF: up to 1.0;
11. Driver population speed and capacity adjustment factors: up to 1.0; and
12. For adjacent upstream or downstream ramps,

a. Upstream or downstream distance to the merge or diverge under
study,

b. Demand flow rate on the upstream or downstream ramp, and

¢. PHF and heavy vehicle percentages for the upstream or downstream
ramp.

The length of the acceleration or deceleration lane includes the tapered
portion of the ramp. Exhibit 14-5 illustrates lengths for both parallel and tapered
ramp designs.

|
—ti— — L —

(a) Parallel Acceleration Lane (b) Tapered Acceleration Lane

|
—— Ly ——| - Ly——
(c) Parallel Deceleration Lane (d) Tapered Deceleration Lane

Source: Roesc et al. ().

Length of Analysis Period

The analysis period for any freeway analysis, including ramp junctions, is
generally the peak 15-min period within the peak hour. Any 15-min period can
be analyzed, however,

OVERVIEW OF THE METHODOLOGY

Exhibit 14-6 illustrates the computational methodology applied to the
analysis of ramp-freeway junctions. The analysis is generally entered with
known geometric and demand factors. The primary outputs of the analysis are
LOS and capacity. The methodology estimates the density and speed in the ramp
influence area, as well as capacities, speeds, and densities for the entire segment
across all lanes.

The computational process illustrated in Exhibit 14-6 may be categorized into
five primary steps:

1. Specifying input variables and converting demand volumes to demand
flow rates in passenger cars per hour under equivalent base conditions;

Core Methodology
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2. Estimating the flow remaining in Lanes 1 and 2 of the freeway
immediately upstream of the merge or diverge influence area;
3. Estimating the capacity of the merge or diverge area and comparing the
capacity with the converted demand flow rates;
4. For stable operations (i.e., demand is less than or equal to capacity),
estimating the density within the ramp influence area and determining
the expected LOS; and
5. When desired, estimating the average speed of vehicles within the ramp
influence area.
Each step is discussed in detail in the sections that follow,
[ —— Exhibit 14-6
n:;u:srr:h-nc Data Flowchart for Analysis of
TEEVAY :
FFS Rarng Ramp—Freeway Junctions
Demand Flows
h 4
STEP 1 Pemand Flow Adjstments
Peak Hour Facter, PHE
Heavy Vehide Adjustment, fia
b
Compute Adjusted Fflow Rates
Equation 14-1
On-Ramp (merge) + Off-Ramp (drverge)
R T k
Compute Demand Flow Rate in Demand Flow Ratesin
Lanes 1 and 2 Immediately Upstream Lanes 1 and 2 Inmediately Upstream
STEP 2 of the Merge Influence Area: nlmmhﬁﬁwmﬂm:
Equation 14-2 and Exhibit 14-5 Equation 14-3 and Exhibit 14-9
Check Reasonableness Check Feasonableness
Adjust as Heeded Adjust &5 Needed
Y b J
Compute Capacity of Merge Area and
. o S mamﬂmﬂe@md
Exhibit 14-10, Exhibit 14-11, and Exhibit 14-12 Exhibit 14-10, Exhibit 14-11, and Exhibit 14-12
Marge Area Capadty (Easic Freeway Capadty) Diverge Area Capadity (Basic Freevay Capaaty)
STEP 3 Ramp Roadway Capadity el mﬁ'{’nﬁdﬂm Capadty
Maodmum Flow Entering Merge Influence Area Madmurm Flows Entering Diverge Influence Area
Adjuct Capacities for Freewary Bottlanadic, Muljust Copauilies fus Friwway Bulll mks,
Weather, or Incident Effects Weather, 3 Incident Effects
I demand greater than capacity? I damand greater than capacty?
o ¥ Yes Ho ¥ Yos
¥ ¥ ] ¥
Commprules Dunsily LOS =F Unmpute Lensity LOS =F
Equation 14-22 Go to Equation 14-23 Go to
Chapter Chapter
STEP 4 “ £
L J v
Determine LOS Determine LOS
Exhibir 15-3 Exhibit 14-3
v L
Estimate Speads Estimate
STEP 5 o by e
Adust Speeds as Adjust Speads as
Necossry Necessary
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Exhibit 14-7
Key Ramp Junction Variables

As previously discussed, the methodology focuses on modeling the
operating conditions within the ramp influence area, as defined in Exhibit 14-1.
Because the ramp influence area includes only Lanes 1 and 2 of the freeway, an
important part of the methodology involves predicting the number of
approaching freeway vehicles that remain in these lanes immediately upstream
of the ramp-freeway junction. While operations in other freeway lanes may be
affected by merging and diverging maneuvers, particularly under heavy flow,
the defined influence area experiences most of the operational impacts across all
levels of service (except LOS F). At breakdown, queues and operational impacts
may extend well beyond the defined influence area. Exhibit 14-7 illustrates key
variables involved in the methodology.

The variables illustrated in Exhibit 14-7 are defined as follows:

Vp =

™

Uro

Ug

Rz

Sa

flow rate on freeway immediately upstream of the ramp influence area
under study (pc/h),

flow rate in freeway Lanes 1 and 2 immediately upstream of the ramp
influence area (pc/h),

flow rate on the freeway immediately downstream of the merge or
diverge area (pc/h),

flow rate on the on-ramp or off-ramp (pc/h),

sum of the flow rates in Lanes 1 and 2 and the ramp flow rate (on-
ramps only) (pc/h),

density in the ramp influence area (pc/mi/ln), and

average speed in the ramp influence area (mi/h).

Core Methodology
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COMPUTATIONAL STEPS

The methodology described in this section was calibrated for one-lane, right-
side ramp—freeway junctions. All other cases—two-lane ramp junctions, left-side
ramps, and major merge and diverge configurations—are analyzed with the
modified procedures detailed in Section 4, Extensions to the Methodology.

Step 1: Specify Inputs and Convert Demand Volumes to Demand Flow
Rates
All geometric and traffic variables for the ramp-freeway junction should be
specified as inputs to the methodology, as discussed previously. Flow rates on
the approaching freeway, on the ramp, and on any existing upstream or
downstream adjacent ramps must be converted from hourly volumes (in vehicles
per hour) to peak 15-min flow rates (in passenger cars per hour) under
equivalent ideal conditions (Equation 14-1):
Vi
V=
PHF X fuy

where

v,
Vi
PHF

demand flow rate for movement i (pc/h),

]

demand volume for movement i (veh/h),

Il

peak hour factor (decimal), and
fuv = adjustment factor for heavy vehicle presence (decimal).

If demand data or forecasts are already stated as 15-min flow rates, PHF is
set at 1.00. Adjustment factors are the same as those used in Chapter 12, Basic
Freeway and Multilane Highway Segments. These can also be used when the
primary facility is a multilane highway or a C-D roadway in a freeway
interchange.

Step 2: Estimate the Approaching Flow Rate in Lanes 1 and 2 of the
Freeway Immediately Upstream of the Ramp Influence Area

Because the ramp influence area includes Lanes 1 and 2 of the freeway (for a
right-hand ramp), a critical step in the analysis is estimating the total flow rate in
Lanes 1 and 2 immediately upstream of the ramp influence area.

The distribution of freeway vehicles approaching a ramp influence area is
affected by a number of variables:

* Total freeway flow approaching the ramp influence area v; (pc/h),

* Total on- or off-ramp flow v, (pc/h),

» Total length of the acceleration lane L, or deceleration lane L, (ft), and
* FFS of the ramp at the junction point Sg; (mi/h).

The lane distribution of approaching freeway vehicles may also be affected
by adjacent upstream or downstream ramps. Nearby ramps can influence lane
distribution as drivers execute lane changes to position themselves for ramp
movements at adjacent ramps. For example, an on-ramp located only a few
hundred feet upstream of a subject ramp may result in additional vehicles in

The methodology was
calibrated for one-lane, right-
sige ramp—freeway junctions.
Other situations are addressed
in the Extensions to the
Methodofogy section.

Equation 14-1
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Lanes 1 and 2 at the subject ramp. A downstream off-ramp near a subject ramp
may contain additional vehicles in Lanes 1 and 2 destined for the downstream

ramp.

Theoretically, the influence of adjacent upstream and downstream ramps
does not depend on the cross section of the freeway. In practical terms, however,
this methodology only accounts for such influences on six-lane freeways (three
lanes in one direction). On four-lane freeways (two lanes in one direction), the
determination of v, is equal to the total entering volume on the freeway; since
only Lanes 1 and 2 exist, all approaching freeway vehicles are, by definition, in
Lanes 1 and 2 regardless of the proximity of adjacent ramps. On eight-lane (four
lanes in one direction) or larger freeways, the data are insufficient to determine
the impact of adjacent ramps on lane distribution.

In addition, two-lane ramps are never included in the consideration of
“adjacent” ramps under these procedures. Similarly, ramps that form part of an
adjacent weaving segment, or ramps that constitute lane additions or lane drops,
should not be considered.

For six-lane freeways, the methodology includes a process for determining
whether adjacent upstream and downstream ramps are close enough to
influence lane distribution at a subject ramp junction. When such ramps are close
enough, the following additional variables may be involved:

+ Flow rate on the adjacent upstream ramp v, (pc/h),

¢ Distance between the subject ramp junction and the adjacent upstream
ramp junction Ly (ft),

¢ Flow rate on the adjacent downstream ramp vy, (pc/h), and

+ Distance between the subject ramp junction and the adjacent downstream
ramp junction Lpguy (ft).

The distance to adjacent ramps is measured between the points at which the
left edge of the leftmost ramp lane meets the right-lane edge of the freeway.

In practical terms, the influence of adjacent ramps rarely extends more than
approximately 8,000 ft. Nevertheless, whether an adjacent ramp on a six-lane
freeway has influence should be determined by using the algorithms specified in
this methodology.

Of all these variables, the total approaching freeway flow has the greatest
impact on flow in Lanes 1 and 2. The models are structured to account for this
phenomenon without distorting other relationships. Longer acceleration and
deceleration lanes lessen turbulence as ramp vehicles enter or leave the freeway.
This leads to lower densities and higher speeds in the ramp influence area. When
the ramp has a higher FFS, vehicles can enter and leave the freeway at higher
speeds, and approaching freeway vehicles tend to move left to avoid the
possibility of high-speed turbulence. This produces greater presegregation and
smoother flow across all freeway lanes.

While the models are similarly structured, there are distinct differences

between the lane distribution impacts of on-ramps and off-ramps. Separate
models are presented for each case in the sections that follow.
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Estimating Flow in Lanes 1 and 2 for On-Ramps (Merge Areas)

The general model for on-ramps specifies that flow in Lanes 1 and 2
immediately upstream of the merge influence area is simply a proportion of the
approaching freeway flow, as shown in Equation 14-2:

Viz = Vp X Ppy

where

v, = flow rate in Lanes 1 and 2 (pc/h),

v = total tlow rate on freeway immediately upstream of the on-ramp
(merge) influence area (pc/h), and
Py = proportion of freeway vehicles remaining in Lanes 1 and 2

immediately upstream of the on-ramp influence area (decimal).

Exhibit 14-8 shows the algorithms used to determine Py, for on-ramps or
merge areas. All variables in Exhibit 14-8 are as previously defined.

Three equations are provided for six-lane freeways. Equation 14-3 is the base
case for isolated ramps and for cases in which adjacent ramps are not found to
influence merging operations. Equation 14-4 addresses cases with an upstream
adjacent off-ramp, and Equation 14-5 addresses cases with a downstream
adjacent off-ramp. Adjacent on-ramps (either upstream or downstream) have not
been found to have a statistically significant impact on operations and are
therefore ignored; Equation 14-3 is applied in such cases.

No. of
Freeway
Lanes' Model(s) for Determining Pey

Bl 'PPM = 1..000
Pey = 0.5775 + 0.000028L,
6 Prpy = 0.7289 — 0.0000135(vp + vg) — 0.00329655 + 0.000063 Lyp

Equation 14-2

Exhibit 14-8
Models for Predicting P at
On-Ramps or Merge Areas

Equation 14-3

Equation 14-4
Ppy = 0.5487 + 0.2628(vp /Lpown) Equation 14-5
For ve/Sep < 72: Pgy = 0.2178 — 0.000125vg + 0.01115(L,/Seg)
8
For vefSep = 72: Ppay = 02178 — 0.000125v
Selecting Equalions for Paus for Six-Lane Freeways
Adjacent
Upstream Subject Adjacent
Ramp Ramp Downstream Ramp Equation(s) Used
Mone On Mone Equation 14-3
Mona On COn Equation 14-3
MNone On Off Equation 14-5 or 14-3
On On MNone Equation 14-3
Off On None Equation 14-4 or 14-3
On On Cn Equation 14-3
On On Off Equation 14-5 or 14-3
Off On On Equation 14-4 or 14-3
Off On QFf Equation 14-5 or 14-4 or 14-3
MNotes: If an adjacent diverge on a six-lane freeway Is not a ane-lane, right-side off-ramp, use Equation 14-3.
* 4 lanes = two fanes in each direction; & lanes = three lanes in each direction; § lanes = four lanes in
each direction.
Adjacent upstream or downstream ramps do not affect the prediction of v,
for two-lane (one direction) freeway segments, since all vehicles are in Lanes 1
and 2. There are insufficient data to determine whether adjacent ramps influence
Chapter 14/Freeway Merge and Diverge Segments Core Methodology
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Equation 14-6

Equation 14-7

When both adjacent upstream
and downstream off-ramps are
present, the larger resulting
value of Pay 5 used,

When an adfacent off-ramp to
& merge area on a six-lane
freeway is not a one-lane,
right-side off-ramp, apply
Equation 14-3.

Equation 14-8

lane distribution on four-lane (one direction) freeway segments, and thus no
such impact is incorporated into this methodology.

Where an upstream or downstream adjacent off-ramp exists on a six-lane
freeway, a determination as to whether the ramp is close enough to the subject
merge area to influence the area’s operation is necessary. The determination is
made by finding the equilibrium separation distance L. If the actual distance is
larger than or equal to Ly, Equation 14-3 should be used. If the actual distance is
shorter than Ly, Equation 14-4 or Equation 14-5 should be used as appropriate.
The equilibrium distance is obtained by finding the distance at which Equation
14-3 would yield the same value of Py, as Equation 14-4 or Equation 14-5 as
appropriate. This results in the following:

For adjacent upstream off-ramps, use Equation 14-6:
LEO ={.2 14(1-";.' + UR} + 04441;14 + 52.325;:3 - 2,403

For adjacent downstream off-ramps, use Equation 14-7:
Leg = 2
EQ ™ 0.1096 + 0.000107L,

where all terms are as previously defined.

A special case exists when both an upstream and a downstream adjacent off-
ramp are present. In such cases, two different values of Py, could arise: one from
consideration of the upstream ramp and the other from consideration of the
downstream ramp (they cannot be considered simultaneously). In such cases, the
analysis resulting in the larger value of Py, is used.

In addition, the algorithms used to include the impact of an upstream or
downstream off-ramp on a six-lane freeway are only valid for single-lane, right-
side adjacent ramps. Where adjacent off-ramps consist of two-lane junctions or
major diverge configurations, where ramps are part of a lane add or weaving
segment, or where they are on the left side of the freeway, Equation 14-3 is
always applied, together with other modifications described in the Extensions to
the Methodology section of this chapter.

Estimating Flow in Lanes 1 and 2 for Off-Ramps (Diverge Areas)

All off-ramp traffic approaching an off-ramp (diverge area) must be in
freeway Lanes 1 and 2 immediately upstream of the ramp to execute the desired
maneuver. Thus, for off-ramps, the flow in Lanes 1 and 2 consists of all off-ramp
vehicles and a proportion of freeway through vehicles, as in Equation 14-8:

Vi2 = Vg + (Vg — Vp)Prp
where

vy, = flow rate in Lanes 1 and 2 of the freeway immediately upstream of the
deceleration lane (pc/h),

vy = flow rate on the off-ramp (pc/h),

vr = flow rate on freeway immediately upstream of the ramp influence area
under study (pc/h), and

Prp = proportion of through freeway traffic remaining in Lanes 1 and 2
immediately upstream of the deceleration lane (decimal).

Core Methodology
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For off-ramps, the point at which flows are defined is the beginning of the
deceleration lane(s), regardless of whether this point is within or outside the
ramp influence area.

Exhibit 14-9 contains the equations used to estimate P;;, at off-ramp diverge
areas. As was the case for on-ramps (merge areas), the value of P, for four-lane
freeways is fixed at 1.0, since only Lanes 1 and 2 exist.

No. of
Freeway
Lanes” Model!si for De'hermlning P
4 PFD = 1.000
Pep = 0.760 — 0.000025v, — 0.0000461
E. PFD = D.?l? . DD{JDUE‘]U}- + ﬂ.ﬁﬂd-(uuﬂ..”p] when ”Uﬂ-uP = uzb
Ppu = 616 — 00000210;- + u.124[t’D;LDDwI\;}
8 PFI'J = 0.436
Selecting Equations for P for Six-Lane Freeways
Adjacent Adjacent
Upstream  Subject Downstream

Ramp Ramp Ramp Equation(s) Used

None Off None Equation 14-9

None Off On Equation 14-%

None Off Off Equation 14-11 or Equation 14-9
On Off None Equation 14-10 or Equation 14-9
Off Off Noneg Equation 14-9
On off On Equation 14-10 or Equation 14-9
On Off Off Equation 14-11, Equation 14-10 or Equation 14-9
Off Off On Equation 14-9
Off Off Off Equation 14-11 or Equation 14-9

Motes: If an adjacent ramp on a six-lane freeway is not a one-lane, right-side off-ramp, use Egquation 14-9.
“4 lanes = two lanes in each direction; 6 lanes = three lanes in each direction; 8 lanes = four lanes in
each direction.

*When vyl > 0.2, use Equation 14-9.

For six-lane freeways, three equations are presented. Equation 14-9 is the base
case for isolated ramps or for cases in which the impact of adjacent ramps can be
ignored. Equation 14-10 addresses cases in which there is an adjacent upstream
on-ramp, and Equation 14-11 addresses cases in which there is an adjacent
downstream off-ramp. Adjacent upstream off-ramps and downstream on-ramps
have not been found to have a statistically significant impact on diverge operations
and may be ignored. All variables in Exhibit 14-9 are as previously defined.

Insufficient information is available to establish an impact of adjacent ramps
on eight-lane freeways (four lanes in each direction). This methodology does not
include such an impact.

Where an adjacent upstream on-ramp or downstream off-ramp on a six-lane
freeway exists, a determination as to whether the ramp is close enough to the
subject off-ramp to affect its operation is necessary. As was the case for on-
ramps, this is done by finding the equilibrium distance L. This distance is
determined when Equation 14-9 yields the same value of Py, as Equation 14-10
(for adjacent upstream on-ramps) or Equation 14-11 (adjacent downstream off-
ramps). When the actual distance between ramps is greater than or equal to L,
Equation 14-9 is used. When the actual distance between ramps is less than L
Equation 14-10 or Equation 14-11 is used as appropriate.

EQw

Exhibit 14-9
Models for Predicting P at
Off-Ramps or Diverge Areas

Equation 14-9
Equation 14-10
Equation 14-11

Chapter 14/Freeway Merge and Diverge Segments
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Equation 14-12

Equation 14-13

When bath an adjacent
upstream on-ramp and an
adjacent downstream off-ramg
are present, the larger
resulting value of Pep is used.

Wien an adiacent ramp to a
diverge area on a six-lang
freeway fs not a one-lane,
right-sidie ramp, apply Equation
I14-8,

Reasonableness checks on the
mﬂf\';;.

For adjacent upstream on-ramps, use Equation 14-12 to find the equilibrium
distance:
Lee = 5571 + 0,000023v; — 0.000076v5

For adjacent downstream off-ramps, use Equation 14-13:

Lee =175= 0.000032v; — 0.000369v,

where all terms are as previously defined.

In cases where Equation 14-12 indicates that Equation 14-10 should be used
to determine Py, but /Ly > 0.20, Equation 14-9 must be used as a default. This
is due to the valid calibration range of Equation 14-10 and the fact that it will
yield unreasonable results when v,/L;» exceeds 0.20. This will lead to step-
function changes in Py, for values just below or above vy/Ly;» = 0.20.

In the special case that both an adjacent upstream on-ramp and an adjacent
downstream off-ramp are present, two solutions for Py, may arise, depending on
which adjacent ramp is considered (both ramps cannot be considered
simultaneously). In such cases, the larger value of Py, is used.

As was the case for merge areas, the algorithms used to include the impact of
an upstream or downstream ramp on a six-lane freeway are only valid for single-
lane, right-side adjacent ramps. Where adjacent ramps consist of two-lane
junctions, major merge configurations, or major diverge configurations; where
ramps are part of a lane drop or weaving segment; or where ramps are on the left
side of the freeway, Equation 14-9 is always applied.

Checking the Reasonableness of the Lane Distribution Prediction

The algorithms of Exhibit 14-8 and Exhibit 14-9 were developed through
regression analysis of a large database. Unfortunately, regression-based models
may yield unreasonable or unexpected results when they are applied outside the
strict limits of the calibration database, and they may have inconsistencies at
their boundaries.

Therefore, limits must be applied to predicted values of flow in Lanes 1 and
2 (v,5). The following limitations apply to all such predictions:

1. The average flow per lane in the outer lanes of the freeway (lanes other
than 1 and 2) should not be higher than 2,700 pc/h/In.

2. The average flow per lane in outer lanes should not be higher than 1.5
times the average flow in Lanes 1 and 2.

These limits guard against cases in which the predicted value of v,, implies
an unreasonably high flow rate in outer lanes of the freeway. When either of
these limits is violated, an adjusted value of v,, must be computed and used in
the remainder of the methodology. These applications are discussed in the next
two subsections.
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Application to Six-Lane Freeways

On a six-lane freeway (three lanes in one direction), there is only one outer
lane to consider. The flow rate in this outer lane (Lane 3) is given by Equation
14-14:

Vg = Vg —Vyp

where
vy = flow rate in Lane 3 of the freeway (pc/h/In),
ve = flow rate on freeway immediately upstream of the ramp influence area
(pc/h), and
vy = flow rate in Lanes 1 and 2 immediately upstream of the ramp influence
area (pc/h).

Then, if v; is greater than 2,700 pc/h/In, use Equation 14-15:
vuu = UF — 2.?(]0

If v, is greater than 1.5 x (v,,/2), use Equation 14-16:

Vigg = (%)

where vy, equals the adjusted flow rate in Lanes 1 and 2 immediately upstream
of the ramp influence area (pc/h) and all other variables are as previously
defined.

In cases where both limitations on outer lane flow rate are violated, the result
yielding the highest value of vy, is used. The adjusted value replaces the original
value of v, and the analysis continues.

Application to Eight-Lane Freeways

On eight-lane freeways, there are two outer lanes (Lanes 3 and 4). Thus, the
limiting values cited previously apply to the average flow rate per lane in these
lanes. The average flow in these lanes is computed from Equation 14-17:

_Vp—
Vapas = 2

where v,.,, equals the flow rate in outer lanes (pc/h/In) and all other variables are
as previously defined.
Then, if v, is greater than 2,700, use Equation 14-18:
Vyzq = Vg — 5,400

If v, is greater than 1.5 x (v ,/2), use Equation 14-19:

Vg
vi2a = (355)
12a-= K950
where all terms are as previously defined.

In cases where both limitations on outer lane flow rate are violated, the result
yielding the highest value of v,,, is used. The adjusted value replaces the original
value of v, and the analysis continues.

Equation 14-14

Equation 14-15

Equation 14-16

Equation 14-17

Equation 14-18

Equation 14-19

Chapter 14/Freeway Merge and Diverge Segments
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Locations for checking the
capacity of a ramp—freeway
Junction,

Freeway capacily immediately
downstream of an on-ramg or
upstream of an off-ramp is
usually the controfiing factor.

Failure of a diverge junction is

Equation 14-20

Summary of Step 2
At this point, an appropriate value of v;, has been computed and adjusted as
necessary.

Step 3: Estimate the Capacity of the Ramp—Freeway Junction and
Compare with Demand Flow Rates

There are three major checkpoints for the capacity of a ramp-freeway
junction:

1. The capacity of the freeway immediately downstream of an on-ramp or
immediately upstream of an off-ramp,

2. The capacity of the ramp roadway, and
3. The maximum flow rate entering the ramp influence area.

In most cases, the freeway capacity is the controlling factor. Studies (1) have
shown that the turbulence in the vicinity of a ramp-freeway junction does not
necessarily diminish the capacity of the freeway, especially when the entering
volume from the on-ramp (or exiting traffic to the off-ramp) is low. However,
other studies (2) have pointed to some merge and diverge segments having
significantly lower capacities, with those segments acting as major bottlenecks
along freeway facilities. With increasing turbulence in the merge area (and to a
lesser extent, the diverge area), the segment capacity can be reduced, resulting in
a breakdown of the segment and the overall freeway facility.

No national model exists for estimating the capacity of a merge or diverge
segment as a function of on-ramp demand, mainline demand, lane configuration,
or acceleration/deceleration lane length, although some estimates from the
literature (2) were provided in Exhibit 14-2. In the absence of a national model,
the analyst is encouraged to gather local data or rely on state or regional
guidance to estimate the capacity of merge or diverge segments. The base
capacity in this chapter can then be adjusted by using a capacity adjustment
factor as described below.

The capacity of the ramp roadway is rarely a factor at on-ramps, but it can
play a major role at off-ramp (diverge) junctions. Failure of a diverge junction is
most often caused by a capacity deficiency on the off-ramp roadway or at its
ramp-street terminal.

While this methodology establishes a maximum desirable rate of flow
entering the ramp influence area, exceeding this value does not cause a failure
when other capacity values are not exceeded. Instead, it means that operations
may be less desirable than indicated by the methodology. At off-ramps, the total
flow rate entering the ramp influence area is merely the estimated value of v,,.
However, at on-ramps, the on-ramp flow also enters the ramp influence area.
Therefore, the total flow entering the ramp influence area at an on-ramp is given
by Equation 14-20:

Vriz = Viz + Vg
where vy, is the total flow rate entering the ramp influence area at an on-ramp
(pc/h) and all other variables are as previously defined.
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Exhibit 14-10 shows capacity values for ramp-freeway junctions. These are
the same as the capacity of a basic freeway segment (Chapter 12) with the
number of lanes entering or leaving the ramp junction. They are included here
for convenience of use.

Exhibit 14-11 shows similar values for high-speed ramps on multilane
highways and C-D roadways within freeway interchanges. Exhibit 14-12 shows
the capacity of ramp roadways.

Capacity of Upstream or Maximum Desirable Maximum Desirable
Downstream Freeway Segment’ Flow Rate (vez) Flow Rate (v,)

FFS | Number of Lanes in One Direction Entering Merge Entering Diverge
(mijh) | 2 3 4 >4 Influence Area” Influence Area®

=70 4800 7,200 9,600  2,400/In 4,600 4,400

B5 4,700 7,050 9,400  2,350/In 4,600 4,400

&0 4600 6500 9200 @ 2,300/In 4,600 4,400

55 4,500 6,750 9,000  2,250/In 4,600 4,400

Notes:  “ Demand in excess of these capacities results in LOS F.
* Demand in excess of these values alone does not result in LOS F; operations may be worse than

predicted by this mathodology.
Capacity of Upstream or
Downstream Highway or Maximum Desirable Maximum Desirable
C-D Segment” Flow Rate (¥mz) Flow Rate (wi3)
FFS | Number of Lanes in One Direction | Entering Merge Entering Diverge
{mifh) 2 3 >3 Influence Area® Influence Area®
=60 4,400 6,600 2,200fIn 4,600 4,400
55 4,200 6,300 2,100fIn 4 600 4,400
50 4,000 6,000 2,000/In 4,600 4,400
45 3,800 5,700 1,900/In 4,600 4,400

MNotes:  ? Demand in excess of these capacities results in LOS F,
* Demand in excess of these values alone does not result in LOS F; operations may be worse than

predicted by this methodology.
Ramp FFS, S (mi/h) Single-Lane Ramps Two-Lane Ramps
=50 2,200 4,400
=40=50 2,100 4,200
>30-40 2,000 4,000
=20-30 1,900 3,800
<20 1,800 3,600

Motes: Capacity of a ramp roadway does not ensure an equal capacity at its freeway or other high-speed junction.
Junction capacity must be checked against criteria in Exhibit 14-10 and Exhibit 14-11.

The two-lane ramp capacity in Exhibit 14-12 is based on limited data and
thus may require local calibration. However, as noted above, the capacity of the
actual merge or diverge junction typically controls the segment capacity, not the
capacity of the ramp roadway itself.

Adjustments to Capacity for Bottlenecks, Inclement Weather, or Incidents

The capacity of basic freeway lanes, ramp roadways, or both may be
adjusted further to account for high turbulence in the merge or diverge segment,
as well as for the impacts of adverse weather, driver population, and traffic
incidents. This adjustment is the same as that for other freeway segment types;
default values are provided in Chapter 11, Freeway Reliability Analysis. The
weather and incident adjustments are most commonly applied in the context of a
reliability analysis as described in that chapter. For convenience, a brief summary
is provided here.

Exhibit 14-10
Capacity of Ramp-Freeway
Junctions {pc/h)

Exhibit 14-11

Capacity of High-Speed Ramp
Junctions on Multilane
Highways and C-D Roadways
(pe/h)

Exhibit 14-12
Capacity of Ramp Roadways
{pcih)

Chapter 14/Freeway Merge and Diverge Segments
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Equation 14-21

The capacity of a merge or diverge segment is adjusted as follows:
Cmda = Cma X CAF

where

€. = adjusted capacity of merge/diverge area (veh/h);

¢,s = unadjusted capacity of merge/diverge area (veh/h); and

CAF

The CAF can have several components, including adjustments for merge or
diverge turbulence, weather, incidents, work zones, driver population, and
calibration. CAF adjustments for turbulence at bottlenecks are best calibrated
from local data or, alternatively, are based on regional or state defaults. CAF
defaults for weather and incident effects are found in Chapter 11, along with
additional discussion on how to apply them. If desired, capacity can be further
adjusted to account for unfamiliar drivers in the traffic stream. While the default
CAF for driver population is set to 1.0, guidance is provided in Chapter 26 that
gives estimates of CAF based on the composition of the driver population.

capacity adjustment factor, from Chapter 11 {unitless).

Chapter 12 provides additional guidance on capacity definitions, while
Chapter 26 provides guidance on estimating freeway segment capacity,
including weaving segment capacity, from field data.

Ramp-Freeway Junction Capacity Checkpoint

As noted previously, the capacity of the upstream or downstream freeway
segment generally limits flow through a merge or diverge area, if the number of
freeway lanes entering and leaving the ramp junction is the same. In such cases,
the critical checkpoint for freeway capacity is

Page 14-24

At & fane drop or lane addition i o : )

cidion, o the s Immediately downstream of an on-ramp influence area (vy), or

ﬁwtym;uns;? mb}m e Immediately upstream of an off-ramp influence area (v;).

RS s These are logical checkpoints, since each represents the point at which
maximum freeway flow exists.

When a ramp junction or major merge/diverge area involves lane additions
or lane drops at the junction, freeway capacity must be checked both
immediately upstream and immediately downstream of the ramp influence area.

Failure of, . . . 2 N : .
; any ramp-freeway Falllll'.E of any ramp-freeway junction t.a‘pauty check (i.e., demand exceeds
inLOSF. capacity: v/c is greater than 1.00) results in LOS F.

In addition, the analyst may perform an off-ramp queue storage ratio check
by using the procedures in Chapter 23, Ramp Terminals and Alternative
Intersections. If the queue storage ratio exceeds 1.0, the queue may spill back
onto the freeway.
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Ramp Roadway Capacity Checkpoint

The capacity of the ramp roadway should always be checked against the
demand flow rate on the ramp. For on-ramp or merge junctions, this is rarely a
problem. Theoretically, cases could exist in which demand exceeds capacity. A
failure due to insufficient on-ramp capacity does not, in itself, create problems on
the freeway. Rather, it would result in queuing at the streetside terminal of the
ramp (or in the case of a freeway-to-freeway ramp, on the entering freeway).

At off-ramps or diverge areas, the most frequent cause of failure is
insufficient capacity on the off-ramp—due to either the ramp roadway or a
failure of the ramp-street terminal. This methodology checks only for the off-
ramp roadway capacity. The capacity of the ramp-street junction must be
evaluated by using appropriate methodologies for unsignalized intersections
{Chapter 20, 21, or 22) or signalized interchange ramp terminals (Chapter 23).

If the off-ramp demand flow rate v, exceeds the capacity of the off-ramp,
LOS F prevails. If appropriate analysis results in a finding that the ramp-street
terminal is operating at a v/c ratio greater than 1.00 on the ramp approach leg, a
queuing analysis should be conducted to evaluate (a) the extent of the queue that
is likely to exist on the ramp roadway and (b) whether the queue is close enough
to the ramp-freeway junction to affect its operation negatively.

Maximum Desirable Flow Entering the Ramp Influence Area

While a checkpoint for v, (off-ramps) or vy, (on-ramps) is conducted, failure
does not result in assignment of LOS F unless another failure occurs on a ramp
roadway or freeway segment. Failing this checkpoint generally means that there
will be more turbulence in the ramp junction influence area than predicted by
this methodology. Thus, predicted densities are most likely lower than those that
will exist, and predicted speeds are most likely higher than those that will
actually occur.

Step 4: Estimate Density in the Ramp Influence Area and Determine
the Prevailing LOS

Once the flow rate in Lanes 1 and 2 immediately upstream of the ramp
influence area is determined, the expected density in the ramp influence area can
be estimated.

Density in On-Ramp (Merge) Influence Areas
The density in on-ramp influence areas is estimated with Equation 14-22:

Dy = 5.5475 + 0.00734v;, + 0.0078v,, — 0.00627L,

where Dy is the density in the ramp influence area (pc/mi/ln) and all other
variables are as previously defined.

As more on-ramp vehicles and freeway vehicles in Lanes 1 and 2 enter the
ramp influence area, its density is expected to increase. As the length of the
acceleration lane increases, there is more space in the ramp influence area, and
operating speeds of merging vehicles are expected to increase —both tending to
reduce densities.

Failure of the check for fiow
entering the ramp influence
areg (V2 vags) does not
automatically result in LOS F
but does indicate the need for
additional interpretation of the
resulis.

Equation 14-22
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Equation 14-23

Exhibit 14-13
Estimating Speed at On-Ramp
(Merge) Junctions

Density in Off-Ramp (Diverge) Influence Areas
The density in off-ramp influence areas is estimated with Equation 14-23:
Dy = 4.252 + 0.0086v,, — 0.009L;

where all variables are as previously defined.

There is no separate term for v, because it is included in v, for off-ramps. As
the number of vehicles entering the ramp influence area increases, density
increases. As the length of the deceleration lane increases, the additional space
provided and the resulting higher speeds of merging vehicles both act to reduce
density.

Determining LOS

LOS in ramp influence areas is directly related to the estimated density
within the area, as given by Equation 14-22 or Equation 14-23. Exhibit 14-3
contains the criteria for this determination. Note again that density definitions of
LOS apply only to stable flow (i.e., LOS A-E). LOS F exists only when the
capacity of the ramp junction is insufficient to accommodate the existing or
projected demand flow rate.

If a merge or diverge segment is determined (or expected) to operate at LOS
F, the analyst should go to Chapters 10 and 11, relating to freeway facilities, and
conduct a facility analysis that will estimate the spatial and time impacts of
queuing resulting from the breakdown.

Step 5: Estimate Speeds in the Vicinity of Ramp—Freeway Junctions

While an estimation of average vehicle speeds within and adjacent to ramp
influence areas is not necessary, it is often a useful additional performance
measure. Two types of speeds may be estimated:

e Average speed of vehicles within the ramp influence area {mi/h), and

* Average speed of vehicles across all lanes (including outer lanes) within
the 1,500-ft length of the ramp influence area (mi/h).

Both types of speeds are needed when a freeway facility analysis is
conducted (Chapters 10 and 11). The first type of speed provides a useful
companion measure to density within the ramp influence area in all cases.

Exhibit 14-13 and Exhibit 14-14 provide equations for estimating the average
speed of vehicles (a) within the ramp influence area and (b) in outer lanes of the
freeway adjacent to the 1,500-ft ramp influence area. For four-lane freeways (two
lanes in each direction), there are no “outer lanes.” For six-lane freeways (three
lanes in each direction), there is one outer lane (Lane 3). For eight-lane freeways
(four lanes in each direction), there are two outer lanes (Lanes 3 and 4).

Average
Speed in Equation

Rame Sz = FFS x SAF — (FFS x SAF — 42)M;
influence area | Mg = 0.321 + 0.0039ePr2/1000) _ 0 002(L, % Spp % SAF /1,000)

So = FF5 x SAF Von < 500 pc/h
gf“‘r‘“-r lanes | ¢ — FES x SAF — 0.0036(vo, — 500) 500 < vos < 2,300 pe/h
FEEWAY | Sy = FFS % SAF — 6,53 — 0.006(vg, — 2,300)  vo4 > 2,300 pe/h
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Average
Speed in Equation
Ramp Sp = FFS % SAF — (FFS % SAF = 42) D,
influence area | D = 0.883 + 0.00009p; — 0.0135p; x SAF
Quter lanes of | Sp = 1.097 X FFS x SAF Ups < 1,000 pc/h
freeway | Sp = 1.097 x FFS x SAF — 0.0039(vy; — 1,000)  vg, = 1,000 pe/h

Note that Exhibit 14-13 and Exhibit 14-14 include the impact of a speed
adjustment factor (SAF). The SAF can represent the effects of a combination of
different sources, including weather, work zone effects, or driver population.
Default SAFs and guidance on applying them are found in Chapter 11.

Exhibit 14-15 provides equations to determine the average speed of all
vehicles (ramp plus all freeway vehicles) within the 1,500-ft length of the ramp
influence area.

Value Equation
Average flow in outer lanes - Ur— V12
Vind [Dcfh} Nﬂ
Average speed for on-ramp . Uppz T vgaNe
(merge) junctions T (Ve VaulN,
(mi/h) ( e )+ (—E—Qo )
Average speed for off-ramp g = vzt voalo
(diverge) junctions (ELE:) 4 (VMN;,)
(mifh) 73 So

While many (but not all) of the variables in Exhibit 14-13 through Exhibit 14-
15 have been defined previously, all are redefined here for convenience:

5; = average speed of vehicles within the ramp influence area (mi/h); for

merge areas, this includes all ramp and freeway vehicles in Lanes 1
and 2; for diverge areas, this includes all vehicles in Lanes 1 and 2;

5, = average speed of vehicles in outer lanes of the freeway adjacent to the

1,500-ft ramp influence area (mi/h);

5 = average speed of all vehicles in all lanes within the 1,500-ft length
covered by the ramp influence area (mi/h);

FFS = free-flow speed of the freeway (mi/h);
5pp = free-flow speed of the ramp (mi/h);
L, = length of acceleration lane (ft);
L, = length of deceleration lane (ft);
vz = demand flow rate on ramp (pc/h);
t: = demand flow rate in Lanes 1 and 2 of the freeway immediately
upstream of the ramp influence area (pc/h);
vr;; = total demand flow rate entering the on-ramp influence area, including
oy and v, (pc/h);

Vo, = average demand flow per lane in outer lanes adjacent to the ramp

influence area (not including flow in Lanes 1 and 2) (pc/h/In);

Exhibit 14-14
Estimating Speed at Off-Ramp
(Diverge) Junctions

Exhibit 14-15

Estimating Average Speed of
All Vehicles at Ramp—Fresway
Junctions
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4. EXTENSIONS TO THE METHODOLOGY

SPECIAL CASES

As noted previously, the computational procedure for ramp—freeway
junctions was calibrated for single-lane, right-side ramps. Many other merge and
diverge configurations may be encountered, however. In these cases, the core
methodology is modified to account for special situations. These modifications
are discussed in the sections that follow.

Single-Lane Ramp Lane Additions and Lane Drops

On-ramps and off-ramps do not always include merge and diverge elements.
In some cases, there are lane additions at on-ramps or lane drops at off-ramps.
Lane additions and lane drops are defined as merge and diverge segments with
acceleration and deceleration lane lengths, respectively, exceeding 1,500 ft.

Analysis of single-lane additions and lane drops is relatively
straightforward. The freeway segment downstream of the on-ramp or upstream
of the off-ramp is simply considered to be a basic freeway segment with an
additional lane. The procedures in Chapter 12, Basic Freeway and Multilane
Highway Segments, should be applied in this case.

The case of an on-ramp lane addition followed by an off-ramp lane drop may
be a weaving segment and should be evaluated with the procedures of Chapter
13, Freeway Weaving Segments, This configuration may be either a weaving
segment or a basic segment, depending on the distance between the ramps. Note
that some segments may be classified as a weaving segment at higher volumes
and as a basic segment at lower volumes,

Ramps with two or more lanes frequently have lane additions or drops for
some or all of the ramp lanes. These cases are covered in the following sections.

Two-Lane On-Ramps

Exhibit 14-16 illustrates the geometry of a typical two-lane ramp-freeway
junction. It is characterized by two separate acceleration lanes, each successively
forcing merging maneuvers to the left.

Page 14-30

Exhibit 14-16

Typical Geometry of a Two-

Lane Ramp—Freeway Junction

Two-lane on-ramps entail two modifications to the basic methodology: the
flow remaining in Lanes 1 and 2 immediately upstream of the on-ramp influence
area is generally somewhat higher than it is for one-lane on-ramps in similar
situations, and densities in the merge influence area are lower than those for
similar one-lane on-ramp situations. The lower density is primarily due to the
Extensions to the Methodology Chapter 14/Freeway Merge and Diverge Segments
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existence of two acceleration lanes and the generally longer distance over which
these lanes extend. Thus, two-lane on-ramps handle higher ramp flows more
smoothly and at a better LOS than if the same flows were carried on a one-lane
ramp-freeway junction.

However, two-lane on-ramp-freeway junctions do not enhance the capacity
of the junction. The downstream freeway capacity still controls the total output
capacity of the merge area, and the maximum desirable number of vehicles
entering the ramp influence area is not changed.

There are three computational modifications to the general methodology for
two-lane on-ramps.

First, while v, is still estimated as v, x Pg,, the values of P, are modified as
follows:

» For four-lane freeways, P, = 1.000;
» For six-lane freeways, Py, = 0.555; and

# For cight-lane freeways, Pr,, = 0.209.

Second, in all equations using the length of the acceleration lane L, that
length is replaced by the effective length of both acceleration lanes L, from
Equation 14-25:

Lges = 2Ly + Lyg» Equation 14-25

A two-lane ramp is always considered to be isolated (i.e., no adjacent ramp
conditions affect the computation).

Component lengths are as illustrated in Exhibit 14-16. Some two-lane on-
ramps may have acceleration lanes that are longer than the 1,500 ft specified in
Exhibit 14-16. In these cases, the acceleration lane length used for calculation
should be set to 1,500 ft, since the methodology is not calibrated for greater
lengths.

Two-Lane Off-Ramps

Two common types of diverge geometries are in use with two-lane off-
ramps, as shown in Exhibit 14-17. In the first, two successive deceleration lanes
are introduced. In the second, a single deceleration lane is used. The left-hand
ramp lane splits from Lane 1 of the freeway at the gore area, without a
deceleration lane.

As is the case for two-lane on-ramps, there are three computational step
modifications. While v, is still computed as vy + (vp— vy) * Py, the values of Py,

are modified as follows:
* For four-lane freeways, Py, = 1.000;
s For six-lane freeways, Py, = 0.450; and

» For eight-lane freeways, Py, =0.260.

Chapter 14/Freeway Merge and Diverge Segments Extansions to the Methodology
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Exhibit 14-17

Common Geometries for Two-
Lane Off-Ramp-Freeway
Junctions

Equation 14-26

The capacity of a two-lane off-
ramp is essentially equal to
that of a similar one-lane off-
ramp.

Where a single deceleration lane is used, there is no modification to the length
of the deceleration lane L; where two deceleration lanes exist, the length is

replaced by the effective length L, in all equations, obtained from Equation 14-26:
Lpepr = 2Lpy + Lp;

A two-lane ramp is always considered to be isolated (i.e., no adjacent ramp
conditions affect the computation).

Component lengths are as illustrated in Exhibit 14-17. 5ome two-lane off-
ramps may have deceleration lanes that are longer than the 1,500 ft specified in
Exhibit 14-17. In these cases, the acceleration lane length used for calculation
should be set to 1,500 ft, since the methodology is not calibrated for greater lengths.

The capacity of a two-lane off-ramp-freeway junction is essentially equal to
that of a similar one-lane off-ramp; that is, the total flow capacity through the
diverge is unchanged. It is limited by the upstream freeway, the downstream
freeway, or the off-ramp capacity. While the capacity is not affected by the
presence of two-lane junctions, the lane distribution of vehicles is more flexible
than in a similar one-lane case. The two-lane junction may also be able to
accommodate a higher off-ramp flow than can a single-lane off-ramp.

Left-Hand On- and Off-Ramps

While they are not normally recommended, left-hand ramp—freeway
junctions do exist on some freeways, and they occur frequently on C-D
roadways. The left-hand ramp influence area covers the same 1,500-ft length as
that of right-hand ramps —upstream of off-ramps and downstream of on-ramps.

For right-hand ramps, the ramp influence area involves Lanes 1 and 2 of the
freeway. For left-hand ramps, the ramp influence area involves the two lefimost
lanes of the freeway. For four-lane freeways (two lanes in each direction), this
does not involve any changes, since only Lanes 1 and 2 exist. For six-lane
freeways (three lanes in each direction), the flow in Lanes 2 and 3 (v,,) is
involved. For eight-lane freeways (four lanes in each direction), the flow in Lanes
3 and 4 (v4,) is involved.

Extensions to the Methodology Chapter 14/Freeway Merge and Diverge Segments
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While there is no direct methodology for the analysis of left-hand ramps,
some rational modifications can be applied to the right-hand ramp methodology
to produce reasonable results (4).

It is suggested that analysts compute vy, as if the ramp were on the right. An
estimate of the appropriate flow rate in the two leftmost lanes is then obtained by
multiplying the result by the adjustment factors shown in Exhibit 14-18.

Freeway Size On-Ramps Off-Ramps
Four-lane 1.00 1.00
Six-lane 1.12 1.05
Eight-lane 1.20 1.10

The remaining computations for density and speed continue by using the
value of vy, (six-lane freeways) or vy, (eight-lane freeways), as appropriate, All
capacity values remain unchanged.

Ramp—Freeway Junctions on 10-Lane Freeways (Five Lanes in Each
Direction)

Freeway segments with five continuous lanes in a single direction are
becoming more common in North America. A procedure is therefore needed to
analyze a single-lane, right-hand on- or off-ramp on such a segment.

The approach taken is relatively simple: estimate the flow in Lane 5 of such a
segment and deduct it from the approaching freeway flow v,. With the Lane 5
flow deducted, the segment can now be treated as if it were an eight-lane
freeway (5). Exhibit 14-19 shows the recommended values for flow rate in Lane 5
of these segments.

On-Ramps Off-Ramps
Approaching Approaching Approaching Approaching
Freeway Flow Lane 5 Flow Freeway Flow Lane 5 Flow

ve(pc/h) vs (pcfh) ve{pc/h) vs (pcfh)
e o >7,000 0.200 v
6.500-7 499 0.270 w. 5,500-6,999 0.150 v
i ' : 4 4,000-5,499 0.100 v
5,500-6,499 0.240 v <4000 0
<5,500 0.220 ve L

Once the expected flow in Lane 5 is determined, the effective total freeway
flow rate in the remaining four lanes is computed from Equation 14-27:

Veseff = VF— Vs

where
Upy; = effective approaching freeway flow in four lanes (pc/h),
vy = total approaching freeway flow in five lanes (pc/h), and
v, = estimated approaching freeway flow in Lane 5 (pc/h).

The remainder of the analysis uses the adjusted approaching freeway flow
rate and treats the geometry as if it were a single-lane, right-hand ramp junction
on an eight-lane freeway (four lanes in each direction).

There is no calibrated procedure for adapting the methodology of this
chapter to freeways with more than five lanes in one direction. However, the

Exhibit 14-18

Adjustment Factors for Left-
Hand Ramp-Freeway
Junctions

Exhibit 14-19

Expected Flow in Lane Sof a
10-Lane Freeway Immediately
Upstream of a Ramp—-Freeway
Junction

Equation 14-27
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Exhibit 14-20
Major Merge Areas Illustrated

LOS cannot be determined for
mafor merge areas.

approach of Equation 14-27 is conceptually adaptable to such situations. A local
calibration of the amount of traffic using Lanes 5+ would be needed. The
remaining flow could then be modeled as if it were taking place on a four-lane
{one direction) segment.

Major Merge Areas

A major merge area is one in which two primary roadways, each having
multiple lanes, merge to form a single freeway segment. Such junctions occur
when two freeways join to form a single freeway or when a major multilane
high-speed ramp joins with a freeway. Major merges are different from one- and
two-lane on-ramps in that each of the merging roadways is generally at or near
freeway design standards and no clear ramp or acceleration lane is involved in
the merge.

Such merge areas come in a variety of geometries, all of which fall into one of
two categories. In one geometry, the number of lanes leaving the merge area is
one less than the total number of lanes entering it. In the other, the number of

lanes leaving the merge area is the same as that entering it. These geometries are
illustrated in Exhibit 14-20.

(a) Major Merge with One Lane Dropped (b) Major Merge with No Lane Dropped

There are no effective models of performance for a major merge area.
Therefore, analysis is limited to checking capacities on the approaching legs and
the downstream freeway segment. A merge failure would be indicated by a v/c
ratio in excess of 1.00.

LOS cannot be determined specifically for major merge areas. Problems in
major merge areas usually result from insufficient capacity of the downstream
freeway basic, merge/diverge, or weaving segment. A rough estimate of LOS in a
major merge area could be obtained by applying the basic freeway segment
criteria to the segment immediately downstream of the merge. However, this
would not account for the effect of turbulence in the segment, and operating
conditions would likely be worse than predicted.

Major Diverge Areas

A major diverge area is one in which two primary roadways, each having
multiple lanes, diverge from a single freeway segment. Such junctions occur
when a freeway splits to become two separate freeways or when a major
multilane high-speed ramp diverges from the freeway. Major diverges are
different from one- and two-lane off-ramps in that each of the diverging

Page 14-34
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roadways is generally at or near freeway design standards and no clear ramp or
deceleration lane is involved in the merge.

The two common geometries for major diverge areas are illustrated in
Exhibit 14-21. In the first case, the number of lanes leaving the diverge area is the
same as the number entering it. In the second, the number of lanes leaving the
diverge area is one more than the number entering it.

The principal analysis of a major diverge area involves checking the capacity
of entering and departing roadways, all of which are generally built to mainline
standards. A failure results when any of the demand flow rates exceeds the
capacity of the segment.

Exhibit 14-21
Major Diverge Areas
Tllustrated

(a) Major Diverge Area with No Lane Addition (b) Major Diverge Area with Lane Addition

For major diverge areas, a model exists for computing the average density
across all approaching freeway lanes within 1,500 ft of the diverge, as given in
Equation 14-28:

Vg
Dyp = 0.0175 (F) Equation 14-28

Dyp = density in the major diverge influence area (which includes all
approaching freeway lanes) (pc/mi/ln),
vy = demand flow rate immediately upstream of the major diverge
influence area (pc/h), and
N = number of lanes approaching the major diverge (In).

The result can be compared with the criteria of Exhibit 14-3 to determine a
LOS for the major diverge influence area. Note that the density and LOS
estimates are only valid for stable cases (i.e., not in cases in which LOS F exists
because of a capacity deficiency on the approaching or departing legs of the
diverge).

MANAGED LANE ACCESS POINTS

Managed lanes on freeways may be accessed in many ways. One possible
design is the provision of direct entries and exits to a managed lane or lanes by
ramps. This is illustrated in Exhibit 14-22.

These merge or diverge segments onto a one-lane managed lane facility may
be treated as isolated merge and diverge areas onto a one-lane mainline and
evaluated by using an adaptation of the methods in this chapter. This accounts
for the fact that there is no interaction between general purpose lanes and the
managed lane in the vicinity of the ramp. Since the procedures of this chapter

Chapter 14/Freeway Merge and Diverge Segments Extensions to the Methodology
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Exhibit 14-22
Direct Ramp Access to
Managed Lanes

Managed lane segment lypes
were defined in Chapter 10,

have been calibrated to segments with two or more lanes on a mainline segment,
a modification to the inputs is needed.

(a) Merge (b) Diverge

The operations of a managed lane (ML) merge or ML diverge segment with a
single mainline lane can be approximated by doubling the managed lane
mainline volume before analysis and evaluating the segment as if there were two
through lanes on the managed lanes. The resulting computational results for
segment speed and density will then be true to the assumptions used in
development of the methods in this chapter. The results should then be applied
only to the single managed lane.

Care should be taken to consider only the single managed lane in performing
a capacity check on the segment. For the on-ramp case, the capacity of the ramp
roadway and the downstream managed lane should be compared with demand
flows. For the off-ramp case, the capacities of the ramp roadway and the
upstream managed lane are used. Where either capacity is exceeded by demand,
a failure (LOS F) is anticipated. The capacity of the ML merge or ML diverge
segment should further be capped to not exceed the capacity of a basic managed
lane segment, especially where there is an adjacent friction effect on managed
lane operations.

For managed lane segments with more than one through lane, the
procedures in this chapter can be applied without further adjustments to
estimate the capacity, segment speed, and other performance measures for the
ML merge or ML diverge segment. However, care should be taken when an
overall managed lane facility is being evaluated and the separation between the
managed lane and general purpose lanes requires consideration of the adjacent
friction effect, as described in Chapter 12, Basic Freeway and Multilane Highway
Segments. In these cases, the core freeway facilities methodology in Chapter 10
offers additional adjustments.

EFFECT OF RAMP CONTROL AT RAMPS

For the purposes of this methodology, procedures are not modified in any
way to account for the local effect of ramp control —except for the limitation that
the ramp meter may have on the ramp demand flow rate. Research (7) has found
that the breakdown of a merge area may be a probabilistic event based on the
platoon characteristics of the arriving ramp vehicles. Ramp meters facilitate
uniform gaps between entering ramp vehicles and may reduce the probability of
a breakdown on the associated freeway mainline.

Extensions to the Methodology Chapter 14/Freeway Merge and Diverge Segments
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5. APPLICATIONS

The methodology of this chapter is most often used to estimate the capacity
and LOS of ramp-freeway junctions. The steps are most easily applied in the
operational analysis mode (i.e., all traffic and roadway conditions are specified),
and the capacity (and v/c ratio) and expected LOS are found. Other types of
analysis are also possible.

EXAMPLE PROBLEMS

The tollowing example problems illustrating the application of the
methodology of this chapter are found in Chapter 28, Freeway Merge and
Diverge Segments: Supplemental:

¢ Isolated, single-lane, right-hand on-ramp to a four-lane freeway;

* Two adjacent single-lane, right-hand off-ramps on a six-lane freeway;

+ Single-lane on-ramp followed by a one-lane off-ramp on an eight-lane
freeway;

* Single-lane left-hand on-ramp on a six-lane freeway; and

* Service flow rates and service volumes for an isolated on-ramp on a six-
lane freeway.

RELATED CONTENT IN THE HCMAG

The Highway Capacity Manual Applications Guide (HCMAG), accessible
through the online HCM Volume 4, provides guidance on applying the HCM on
freeway merge and diverge segments. Case Study 4 goes through the process of
identifying the goals, objectives, and analysis tools for investigating LOS on New
York State Route 7, a 3-mi route north of Albany. The case study applies the
analysis tools to assess the performance of the route, to identify areas that are
deficient, and to investigate alternatives for correcting the deficiencies.

This case study includes the following problems related to freeway merge
and diverge segments:

1. Problem 2: Analysis of a complex interchange on the western end of the
route.

a. Subproblem 2c: Ramp and ramp junction LOS for the on-ramp
from Alternate Route 7 to I-87 northbound

b. Subproblem 2d: Mitigation techniques for the on-ramp from
Alternate Route 7 to 1-87 northbound

2. Problem 3: Weaving and ramp analysis
a. Subproblem 3b: Freeway ramp analysis

b. Subproblem 3c: Nonstandard ramp and weave analysis in the
southwestern quadrant

Other problems in the case study evaluate the operations of freeway merge
| and diverge segments as part of a greater freeway facility as discussed in the
methodology in Chapter 10, Freeway Facilities Core Methodology.

Chapter 14/Freeway Merge and Diverge Segments Applications
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Although the HCMAG was based on the HCM2000's procedures and
chapter organization, the general thought process described in its case studies is
also applicable to this edition of the HCM.

EXAMPLE RESULTS

This section presents the results of applying this chapter’s method in typical
situations. Analysts can use the illustrative results presented in this section to
observe the sensitivity of output performance measures to various inputs, as well
as to help evaluate whether their analysis results are reasonable. The exhibits in
this section are not intended to substitute for an actual analysis and are
deliberately provided in a format large enough to depict general trends in the
results, but not large enough to pull out specific results.

Sensitivity of Merge Results to Length of Acceleration Lane

Exhibit 14-23 presents illustrative results of the effect of acceleration lane
length on the overall speed in a merge segment. Results are shown for five values
of FFS from 55 mi/h to 75 mi/h.

Exhibit 14-23 70
Illustrative Effect of
Acceleration Lane Length on
Merge Segment Speed

3

8

On-Ramp Segment Speed (mi/h)
s ¥ ¥ &

(=]

0 200 400 &00 8O0 1,000 1,200 1,400 1,600
Length of Acceleration Lane (ft)
[ —FFS = 7S mi/n_- - FFS = 70 mifh -~ FFS = 65 mifh —FFS = 60 mi/h - - FFS = 55 mi/h |
Note:  Calculated by using this chapter's method, assuming 3 lanes per direction, on-ramp FFS = 40 mijh,
mainline demand = 5,000 veh/h, and ramp volume = 1,000 veh/h.

The results illustrate that an increase in the acceleration lane length increases
the overall speed of the merge segment slightly. This is explained practically,
because greater acceleration lane length gives vehicles more space for completing
the merge maneuver. In the methodology, the added acceleration lane length
further translates to a reduced density, since the acceleration lane is included in
the total lane miles in the segment. Higher free-flow speeds result in higher
segment speeds uniformly across the range of acceleration lane length.

Sensitivity of Merge Results to Traffic Demand Level
Exhibit 14-24 presents illustrative results of the effect of increasing traffic
demand on the overall speed in a merge segment. The on-ramp demand was

assumed at a fixed ratio of 10% of mainline flow. Results are shown for five
values of FES from 55 mi/h to 75 mi/h.

Applications Chapter 14/Freeway Merge and Diverge Segments
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20 Exhibit 14-24
Tllustrative Effect of Traffic
70 Demand Level on Merge
Segment Speed

50

40

30

20

10

On-Ramp Segment Speed (mi/h)

0 1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000
Traffic Demand Level (veh/h)

——FF5 = 75 mifh = = FFS = 70 mifh - FFS = 65 mifh ——FFS = 60 mifh = - FFS = 55mi|fh.

Mote:  Calculated by using this chapter’s method, assuming 3 lanes per direction, on-ramp FFS = 45 mifh,
acceleration lane length = 300 ft, and on-ramp demand set to 10% of mainline demand.

The results illustrate that an increase in traffic demand level decreases the
overall speed of the merge segment. Higher traffic demand (at a fixed segment
capacity) results in a greater density of vehicles and decreased headways
between vehicles. At greater densities, drivers respond by reducing their travel
speed. Higher FF5 values shift the entire speed-flow relationship upward.

Sensitivity of Diverge Results to Deceleration Lane Length

Exhibit 14-25 presents illustrative results of the effect of the length of the
deceleration lane on the overall speed in a diverge segment. Results are shown
for five values of FFS from 55 mi/h to 75 mi/h.

Exhibit 14-25

Tllustrative Effect of
Deceleration Lane Length on
......................................... Diverge Segment Speed

- |
=

g

(7.
(=]

Diverge Segment Speed (mi/h)
5 2 8 &

=

i} 200 400 ] BOO 1,000 1,200 1,400
Deceleration Lane Length (ft)

-—FFS _?__?5 mifh- - FES_.=__?0_mI|fh ------- FFS_;_=__6_§.I'_n|.fh —FFS _=__'El‘.'l_n'_l|!"h --FFS = _55 mi.f_h

Note:  Calculated by using this chapter's method, assuming 4 lanes per direction, off-ramp FF5 = 40 mifh,
mainline demand = 8,000 veh/h, and off-ramp demand = 800 veh/h.

| The results illustrate that an increase in the deceleration lane length has
virtually no effect on the estimated segment speed. In the methodology, the
deceleration lane length is used only to estimate segment density but does not
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Exhibit 14-26
Tllustrative Effect of Traffic
Demand Level on Diverge
Segment Speed

appear in the equation for average segment speed. Higher free-flow speeds result
in higher segment speeds uniformly across the range of acceleration lane length.

Sensitivity of Diverge Results to Traffic Demand Level

Exhibit 14-26 presents illustrative results of the effect of increasing traffic
demand on the overall speed in a diverge segment. The off-ramp demand was
assumed at a fixed ratio of 20% of mainline flow. Results are shown for five
values of free-flow speed from 55 mi/h to 75 mi/h.

The results illustrate that an increase in traffic demand level decreases the
overall speed of the diverge segment. Higher traffic demand (at a fixed segment
capacity) results in a greater density of vehicles and decreased headways
between vehicles. At greater densities, drivers respond by reducing their travel
speed. Higher FFS values shift the entire speed-flow relationship upward.
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Diverge Segment Speed (mi/h)
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=
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0 1,000 2,000 3000 4000 5000 6,000 7000 8,000 9000 10,000
Mainline Demand Level (veh/h)

[ ——FFS = 75 mi/h - - FFS = 70 mi/n ~FFS = 65 mjn —FFS = 60 mn - - FFS = 55 mifn
Mote:  Calculated by using this chapter's method, assuming 4 lanes per direction, off-ramp FFS = 40 mifh,
deceleration lane length = 500 ft, and off-ramp demand = 209% of mainline demand.

TYPES OF ANALYSIS

The methodology of this chapter can be used in three types of analysis:
operational analysis, design analysis, and planning and preliminary design
analysis.

Establish Analysis Boundaries

No ramp-freeway junction is completely isolated. However, for the purposes
of this methodology, many may operate as if they were. In the analysis of ramp-
freeway junctions, establishing the segment of freeway over which ramp
junctions are to be analyzed is important. Once this is done, each ramp may be
analyzed in conjunction with the possible impacts of upstream and downstream
adjacent ramps according to the methodology.

Analysis boundaries may also include different demand scenarios related to
the time of the day or to different development scenarios that produce different
demand flow rates.

Applications
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Any application of the methodology presented in this chapter can be made
easier by carefully defining the spatial and time boundaries of the analysis.

Operational Analysis
The methodology is most easily applied in the operational analysis mode. In Operational analysis
e i ; g e 4 determines density, LOS, and
operational analysis, efll. traf'fl-:: .'-mdr geometric characteristics of the analysis s G rai
segment must be specified, including influence area for a specified
k . . set of conditions.
* Analysis hour demand volumes for the subject ramp, adjacent ramps, and
freeway (veh/h);
s Heavy vehicle percentages for all component demand volumes (ramps,
adjacent ramps, freeway);
* PHEF for all component demand volumes (ramp, adjacent ramps, freeway);
s Freeway terrain (level, rolling, mountainous, specific grade);
» FFS of the freeway and ramp (mi/h);
s Ramp geometrics: number of lanes, terrain, length of acceleration lane(s)
or deceleration lane(s); and
« Distance to upstream and downstream adjacent ramps (ft).
The outputs of an operational analysis will be estimates of density, LOS, and
speed for the ramp influence area. The capacity of the ramp-freeway junction
will also be established.
The steps of the methodology, described in the Methodology section, are to
be followed directly without modification.
Design Analysis
, : 7 , i i to
In desﬂ:gn analysis, a target LOS is SLEE and all rc!ev‘slmt demand. h‘:}lumes are ﬂﬁmm&;ﬁmmﬁ :
specified. The analysis seeks to determine the geometric characteristics of the characteristics of the ramp that
ramp that are needed to deliver the target LOS. These characteristics include f’gﬂm RO GNRE R A
o FFS of the ramp 5;5 (mi/h),
» Length of acceleration L, or deceleration lane L, (ft), and
¢ Number of lanes on the ramp.
In some cases, variables such as the type of junction (e.g., major merge, two-
lane) may also be under consideration.
There is no convenient way to compute directly the optimal value of any one
variable without specifying all of the others. Even then, the computational
methodology does not easily create the desired result.
Therefore, most design analysis becomes a trial-and-error application of the
operational analysis procedure. Individual characteristics can be incrementally
changed, as can groups of characteristics, to find scenarios that produce the
desired LOS.
In many cases, some of the variables may be fixed by site-specific conditions.
These can be set at their limiting values before an attempt is made to optimize
the others.
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Planning and preliminary
engineening analysis also seeks
to daetermine the i
characteristics of the ramp that
are needed to deliver a farget
LOS, but it refies on more
general input data.

The method can be appiied to
datermine service volumes for
LOS A-E for a speciffed set of
conditions.

Equation 14-29

A spreadsheet can be programmed to complete such an analysis. Scenario
results are provided by simply changing some of the input variables under
consideration. HCM-implementing software can also be used to simplify the
computational process.

Planning and Preliminary Engineering Analysis

The desired outputs of planning and preliminary engineering analysis are
virtually the same as those for design analysis. The primary difference is that
planning and preliminary engineering analysis occurs very early in the process
of project consideration.

The first criterion that categorizes such applications is the need to use more
general estimates of input data. Many of the default values specified in Chapter
12, Basic Freeway and Multilane Highway Segments; Chapter 13, Freeway
Weaving Segments; and this chapter would be applied; alternatively, local
default values can be substituted. Demand volumes might be specified only as
expected values of annual average daily traffic (AADT) for a target year.
Directional design-hour volumes are based on AADTs; default (local or global)
values are used for the K-factor (the proportion of AADT occurring in the peak
hour) and the D-factor (the proportion of peak hour traffic traveling in the peak
direction). Guidance on these values is given in Chapter 3, Modal Characteristics.

On the basis of these default and estimated values, the analysis is conducted
in the same manner as a design analysis.

Service Volumes and Service Flow Rates

Service volume is the maximum hourly volume that can be accommodated
without exceeding the limits of the various levels of service during the worst 15
min of the analysis hour. Service volumes can be found for LOS A-E. LOSF,
which represents unstable flow, does not have a service volume.

Service flow rates are the maximum rates of flow (within a 15-min period) that
can be accommodated without exceeding the limits of the various levels of
service, As is the case for service volumes, service flow rates can be found for
LOS A-E, but none is defined for LOS F. The relationship between a service
volume and a service flow rate is as follows:

SV; = SF; x PHF
where
SV,

SF,
PHF = peak hour factor.

service volume for LOS i (pc/h),

service flow rate for LOS i (pc/h), and

For ramp-freeway junctions, service flow rate or service volume could be
defined in several ways. It might be argued that since ramp-freeway junction
capacities are usually limited by the upstream or downstream freeway segment,
service flow rates and service volumes should be based on basic freeway criteria
applied to the upstream or downstream freeway segments. This, however,
would ignore the levels of service defined for the ramp influence area, which are
the only unique service descriptors for ramps.
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Levels of service for ramp-freeway junctions are defined in Exhibit 14-3 and
relate to the density within the ramp influence area. The methodology estimates
this density by using a series of algorithms affected by demand flows on the
freeway, ramp, and adjacent ramps; ramp geometrics; and distances to adjacent
ramps. The methodology uses demand volumes in vehicles per hour converted
to demand flow rates in passenger cars per hour. Therefore, service flow rates
and service volumes would originally be estimated in terms of flow rates in
passenger cars per hour. They would then be converted back to demand volumes
in vehicles per hour.

Because the balance of ramp and freeway demands has a significant impact
on densities, there are several ways to consider service flow rates and volumes:

¢ The limiting total upstream demand volume that produces a given LOS
within the ramp influence area. The split between arriving freeway
volume and ramp volume would have to be specified.

* The limiting volume entering the ramp influence area that produces a
given LOS within the ramp influence area. Since this relies on the
approaching freeway volume, the split between freeway and ramp
demand would still have to be specified.

» The limiting ramp volume that produces a given LOS within the ramp
influence area, based on a fixed upstream freeway demand.

All of these concepts are viable for establishing a ramp service flow rate or
service volume.

In addition to different ways of interpreting a service volume or service flow
rate, a large number of characteristics will influence the result, including the
PHF, percentage of heavy vehicles, length of acceleration or deceleration lane(s),
ramp FFS, and any relevant data for adjacent ramps. Therefore, defining a
representative “typical” case with broadly applicable results is virtually
impossible. Each case must be individually considered. Chapter 28, Freeway
Merges and Diverges: Supplemental, includes an example of how ramp junction
service flow rates and volumes can be computed.

USE OF ALTERNATIVE TOOLS

General guidance for the use of alternative traffic analysis tools for capacity
and LOS analysis is provided in Chapter 6, HCM and Alternative Analysis Tools.
This section contains specific guidance for applying alternative tools to the
analysis of ramps and ramp junctions. Additional information on this topic may
be found in the Volume 4 Technical Reference Library.

The HCM methodology for analyzing merge and diverge segments estimates
the density of the ramp influence area (which includes the two rightmost lanes of
the freeway and the acceleration or deceleration lane) and provides the
respective LOS. As an intermediate step, the methodology estimates the capacity
at various points through the section, and if the capacity is exceeded, the LOS is
determined to be F without further calculation of density. The methodology is
primarily based on the estimation of the demand into the influence area v,,.
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Exhibit 14-27

Limitations of the HCM Ramps
and Ramp Junctions
Procedure

Since the HCM methodology for analysis of merge and diverge segments has
been calibrated on the basis of extensive field data, the method serves as a good
comparison and calibration aid for alternative tools, to ensure that merge and
diverge segment operations are modeled consistently with this chapter’s
expectations.

Limitations of the HCM Procedures That Might Be Addressed by
Alternative Tools

A listing of the HCM's limitations for freeway merge and diverge is
provided in Exhibit 14-27,

Potential for Improved Treatment
Limitation by Alternative Tools

Managed lanes, such as HOV lanes, as ramp .
Streich lafiaa Modeled explicitly by simulation

Ramp metering Modeled explicitly by simulation

Oversaturated conditions
(Refer to Chapters 10 and 11 for further discussion)

Modeled explicitly by simulation

Can be approximated by using
Posted speed limit and extent of police enforcement  assumptions related to the desired
speed along a given segment
Several features modeled explicitly by
simulation; others may be approximated
by using assumptions (for example, by
madifying erigin—destination demands
by time interval)

Modeled explicitly by simulation

Presence of intelligent transportation system
features

Freeway npe_r:'-lt.lal"-l'a-l_a_ﬁahrsis beyond the 1,500-ft
area of influence

C; be approximated by using
assumptions related to car-following,

lane-changing, and gap-acceptance
behavior

Capacity-enhancing effects of ramp metering

Ramp junctions can also be analyzed with a variety of stochastic and
deterministic simulation packages that address freeways. These packages can be
useful in analyzing the extent of congestion when there are failures either within
or downstream of the simulated facility range.

Additional Features and Performance Measures Available from
Alternative Tools

This chapter provides a methodology for estimating the capacity, speed, and
density in the area of influence of on- and off-ramps, given traffic demands and
segment characteristics. Alternative tools offer additional performance measures
including delay, stops, queue lengths, fuel consumption, pollution, and
operating costs. In addition, alternative tools can readily be used to estimate
travel time for ramp junctions, which is not a performance measure available
through this chapter (but which can be obtained from Chapter 10).

As with most other HCM procedural chapters, simulation outputs, especially
graphics-based presentations, can provide details on point problems that might
otherwise go unnoticed with a macroscopic analysis that yields only segment-
level measures. The effect of downstream conditions on lane utilization and
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backup beyond the segment boundary is a good example of a situation that can
benefit from the increased insight offered by a microscopic model.

Development of HCM-Compatible Performance Measures Using
Alternative Tools

The subject of performance measure comparisons was discussed in more
detail in Chapter 7, Interpreting HCM and Alternative Tool Results. This section
deals with topics that apply specifically to ramps and ramp junctions.

When alternative tools are used, the analyst must be careful to note the
definitions of simulation outputs. This chapter’s measure of effectiveness for
ramps and ramp junctions is the density of the ramp influence area. However,
most simulators do not provide density estimates separately for the two
rightmost lanes within a link. This is a potentially significant obstacle in
obtaining the service measures for ramp junctions from a simulator (unless the
freeway has only two lanes per direction). Furthermore, in a simulator, there are
lane changes along the entire segment. Therefore, how a simulator should
address the partial presence of vehicles in the link to ensure compatibility with
the HCM is not clear. Also, as is generally the case for basic freeway segments,
increased speed variability in driver behavior (which simulators usually include)
results in lower average space mean speed and higher density.

In obtaining density from alternative models, the following should be
considered;

* The ability of the simulator to provide density for the two rightmost lanes
of the freeway;

s The vehicles included in the density estimation and how partial presence
of vehicles on the link is considered;

¢ The manner in which the acceleration and deceleration lanes are
considered in the density estimation;

* The units used by the simulator to measure density [most use vehicles
rather than passenger cars; converting vehicles to passenger cars by using
the HCM's passenger car equivalence (PCE} values is typically not
appropriate, given that simulator assumptions with regard to heavy
vehicle performance vary widely];

* The units used in the reporting of density (i.e., whether density is
reported per lane mile);

» The homogeneity of the analysis segment in the simulator, since the HCM
assumes conditions to be homogeneous (unless it is a specific upgrade or
downgrade segment, in which case the segment length is used to estimate
the PCE values); and

s  The treatment of driver variability by the simulator, since increased driver
variability in the simulator will generally increase the average density.

The HCM provides capacity estimates in units of passenger cars per hour per
lane as a function of FF5 for the locations approaching and departing the merge
junction. In comparing the HCM estimates with capacity estimates from a
simulator, the following should be considered:

Mast simuwiation packages do
not provide separate density
estimates for the two right-
hand lanes within a link, wihich
is a potentially significant
obstacte in obtaining service
measures,
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Ramp junction density does
npt change with FFS in the

¢ The manner in which a simulator provides the number of vehicles exiting
a segment may require the provision of virtual detectors at specific points
on the simulated segment in some cases so that the maximum throughput
can be obtained.

¢ The simulator provides the maximum throughput at a particular location
in units of vehicles rather than passenger cars. Converting these units to
passenger cars by using the HCM'’s PCE values is typically not
appropriate, given that simulator assumptions with regard to heavy
vehicle performance vary widely.

= A simulator will likely include inputs such as the “minimum separation
of vehicles,” which greatly affects the maximum throughput.

Conceptual Differences Between the HCM and Simulation Modeling
That Preclude Direct Comparison of Results

In the HCM, the density at a ramp junction does not change with FF5,
although density drops as a function of FF5 on basic freeway segments. In
simulators, the density typically changes as a function of FF5 (or the desired
speed). Therefore, calibration of a site using a specific FF5 does not necessarily
ensure that the site will be calibrated for a different FF5. Capacity, on the other
hand, increases in the HCM with increasing FFS, which is typically the case with
simulators.

The HCM method is based on the estimated demand approaching the ramp
influence area. This demand is estimated as a function of the presence of and
demands on the upstream and downstream ramps. Traffic simulators do not
typically allow the user to input the specific percentages of traffic on each lane at
the beginning of a link. Their internal rules relative to the lane chosen by a
vehicle in a given link vary widely and can be modified by changing various
default values within the simulator. In some simulators, virtual vehicles are
“aware"” of their ultimate destination; in others, the exit choice is made on a link-
by-link basis. Therefore, in comparing HCM results with those of a simulator, the
analyst should, as an intermediate check, compare the flow approaching the two
rightmost lanes of the junction.

Adjustment of Simulation Parameters to the HCM Results
The most important elements to be adjusted in analyzing a ramp junction are
as follows:

¢ The flow approaching the two rightmost lanes (this is an intermediate
step but would ensure that the influence of upstream and downstream
ramps is considered in a manner compatible with the HCM), and

» The capacity of the junction at the critical locations indicated in the HCM
(i.e., downstream of the junction and approaching the influence area).

Step-by-Step Recommendations for Applying Alternative Tools

The following steps are recommended when an alternative tool is applied to
the analysis of ramps and ramp junctions:
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1. Determine whether the chosen tool can provide density for the two
rightmost lanes of the freeway and what approach is used to obtain it
(including the treatment of the partial presence of vehicles on the link).

2. Determine the FF5 of the study site either from field data or by estimating
it according to the Chapter 12 method for basic freeway segments.

3. Enter all available input characteristics (both geometric and traffic
characteristics) into the simulator. The length of the segment or link to be
simulated should be 1,500 ft, to correspond to the HCM-defined area of
influence. Install virtual detectors within the area of influence and at the
downstream end of the study segment to obtain density, speeds, and
flows.

4.  Load the study network above capacity to obtain the maximum
throughput, and compare the result with the HCM estimate. Calibrate the
simulator by modifying parameters related to the minimum time
headway so that the simulated capacity matches the HCM estimate.
Estimate the number of simulation runs that will need to be conducted to
produce a statistically valid comparison.

5. Compare the flow approaching the two rightmost lanes with the HCM’s
estimate. Adjust the simulation parameters related to driver awareness of
upcoming turns to match the HCM-predicted v,, value.

Example Problems Illustrating Alternative Tool Applications

Chapter 28, Freeway Merges and Diverges: Supplemental, includes two
example problems that examine situations beyond the scope of this chapter's
methodology by using a typical microsimulation-based tool. Both problems are
based on that chapter’s Example Problem 3, which analyzes an eight-lane
freeway segment with an entrance and an exit ramp. The first problem evaluates
the effects of the addition of ramp metering, and the second evaluates the
impacts of converting the leftmost lane of the mainline into an HOV lane.

Highway Capacity Manual: A Guide for Multimodal Mobility Analysis
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Some of these references can
be found in the Technical
Reference Library in Volume 4.
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1. INTRODUCTION
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OVERVIEW VOLUME 2: UNINTERRUPTED FLOW
) . 10. Freeway Facilities Core Methodology

Two-lane highways have one lane for the use of traffic in each direction. The 11. Freeway Reliability Analysis
principal characteristic that distinguishes two-lane highway operation from that e ga;;:ngrneuewav Tl ity
of other uninterrupted-flow facilities is that passing maneuvers take place in the 13. Freeway Weaving Segments
opposing lane of traffic. Passing maneuvers are limited by the availability of 4 Frecwny Mg and Cliame

PPosing » 5 y Higavaliabllivy oL gaps Segments

in the opposing traffic stream and by the availability of sufficient sight distance 15. Two-Lane Highways
for a driver to discern the approach of an opposing vehicle safely. As demand
flows and geometric restrictions increase, opportunities to pass decrease. This
creates platoons within the traffic stream, with trailing vehicles subject to
additional delay because of the inability to pass the lead vehicles.

The relationship between passing demand and passing capacity on a two- Lpterhide st il g
lane highway is complex. In any given direction, passing demand increases as each direction, Passing takes
flows increase. Passing capacity decreases as opposing flows increase. This ?:gcm the mﬁ f’;
creates a unique situation on two-lane highways. Operational quality appropriate and safe gaps in
deteriorates at relatively low flows in comparison with multilane facilities. This f:ﬁ' am"g traffic stream are

is because of the compounded impact of generally increasing flows on passing,
which affects percent time-spent-following (PTSF), a principal measure of service
guality on such highways.

CHAPTER ORGANIZATION

Chapter 15 presents methodoelogies for analyzing two-lane highway
operations under uninterrupted-flow conditions. Uninterrupted flow exists
when there are no traffic control devices that interrupt traffic and where no
platoons are formed by upstream traffic signals. In general, any segment that is
2.0 to 3.0 mi from the nearest signalized intersection fits into this category. When
traffic signals are less than 2.0 mi apart, the facility should be classified as an
urban street and analyzed with the methodologies of Chapter 16, Urban Street
Facilities, and Chapter 18, Urban Street Segments, which are located in Volume 3.

Section 2 of this chapter presents the following aspects of two-lane highways:
typical functions in the highway system, the three classes of highways used in
Highway Capacity Manual (HCM) methods, speed-flow relationships, and quality
of service concepts for motorized vehicles and bicycles.

Section 3 presents a method for evaluating motorized vehicle operations on
two-lane highways without passing lanes. This method generates the following

performance measures:

s  Average travel speed (ATS);
* Ratio of ATS to free-flow speed (FF5);

+ PTSE:

s Level of service (LOS) based on one or more of the above measures,
depending on the highway class;

* Average travel time;

s Volume-to-capacity (v/c) ratio;

Chapter 15/Two-Lane Highways
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» Total vehicle miles traveled (VMT) during the analysis period; and
» Total vehicle hours of travel (VHT) during the analysis period.

Section 4 extends the core motorized vehicle method presented in Section 3
to incorporate the effects of passing lanes on two-lane highway operations. This
section also discusses the effects of various design treatments on two-lane
highway operations.

Section 5 presents a method for evaluating bicycle operations on two-lane
and multilane highways. The method is applicable to bicycle operations in a
shared lane, bicycle lane, or shoulder bikeway. This method generates two
performance measures: (a) a bicycle LOS score reflecting bicyclist perceptions of
operating conditions and (b) a bicycle LOS letter based on the bicycle LOS score.
Both the bicycle LOS score and letter are comparable with similar scores and
letters produced for urban streets in HCM Chapters 16 and 17. Bicycle operations
on exclusive- or shared-use paths separate from the highway can be evaluated by
using the methods in Chapter 24, Off-Street Pedestrian and Bicycle Facilities.

Section 6 presents guidance on using the results of a two-lane highway
analysis, including example results from the methods, information on the
sensitivity of results to various inputs, and a service volume table for two-lane
highways.

RELATED HCM CONTENT
Other HCM content related to this chapter includes the following:

* Chapter 3, Modal Characteristics, where the Variations in Demand
subsection of the Motorized Vehicle Mode section describes typical travel
demand patterns for two-lane highways;

* Chapter 4, Traffic Operations and Capacity Concepts, which provides
background for the refinements specific to two-lane highways presented
in this chapter’s Section 2;

* Chapter 26, Freeway and Highway Segments: Supplemental, where
Section 2 presents state-specific heavy-vehicle percentages, Section 4
provides example problems with step-by-step calculations using this
chapter’s methods, and Appendix B presents a method for evaluating the
capacity of work zones on two-lane highways;

» Case Study 3, Krome Avenue, in the HCM Applications Guide in Volume 4,
which demonstrates how this chapter’s methods can be applied to the
evaluation of an actual two-lane highway; and

* Section ], Two-Lane Highways, in the Planning and Preliminary Engineering
Applications Guide to the HCM, found in Volume 4, which describes how to
incorporate this chapter’s methods and performance measures into a
planning effort.

Introduction
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2. CONCEPTS

CHARACTERISTICS OF TWO-LANE HIGHWAYS

Functions of Two-Lane Highways in Highway Systems

Two-lane highways are a key element in the highway systems of most states
and counties. They are located in many geographical areas and serve a variety of
traffic functions. Two-lane highways also serve a number of bicycle trips,
particularly recreational trips. Any consideration of operating quality criteria
must account for these disparate functions.

Efficient mobility is the principal function of major two-lane highways that
connect major trip generators or serve as primary links in state and national
highway networks. These routes tend to serve long-distance commercial and
recreational travelers, and long sections may pass through rural areas without
traffic control interruptions. Consistent high-speed operations and infrequent
passing delays are desirable for these types of facilities.

Other paved, two-lane rural highways primarily provide accessibility to
remote or sparsely populated areas. Such highways provide reliable all-weather
access and often serve low traffic demands. Cost-effective access is a primary
concern. Although high speed is beneficial, it is not the principal objective. Delay,
as indicated by platoon formation, is a more relevant measure of service quality.

Twao-lane roads also serve scenic and recreational areas in which the vista and
environment are meant to be experienced and enjoved without traffic
interruption or delay. High-speed operation is neither expected nor desired.
However, passing delays significantly distract from the scenic enjoyment of trips
and should be minimized whenever possible.

Two-lane roads may also pass through and serve small towns and
communities. Such areas have higher-density development than would normally
be expected along a rural highway, and speed limits in these areas are often
lower. In these cases, drivers expect to be able to maintain speeds close to the
posted limit. Since two-lane highway segments serving such developed areas are
usually of limited length, passing delays are not a significant issue.

Two-lane highways serve a wide range of functions and a variety of rural
areas, as well as more developed areas. Therefore, this chapter’s methodology
and LOS criteria provide flexibility to encompass the resulting range of driver
expectations.

Classification of Two-Lane Highways

Because of the wide range of functions served by two-lane highways, the
core motorized vehicle methodology in Section 3 establishes three classes of
highways.

The first two classes address rural two-lane highways. The methodology for
them was developed as part of National Cooperative Highway Research
Program (NCHRP) Project 3-55(3) in 1999 (1) and revised as part of NCHRP
Project 20-7(160) in 2003 (2).

Operational criteria for two-
lane highways must considar
the varying functions they
provide as well as the
corresponding driver
expectations.
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The third class addresses two-lane highways in developed areas. The analysis
approach for these highways is a modification of the rural highway method and
was developed by the Florida Department of Transportation (3). This
modification has not been subjected to a national calibration study. It is
presented here as an alternative procedure, since it is based entirely on Florida
data. For clarity, the material is integrated into the overall method and is not
discussed separately as an alternative procedure.

The three classes of two-lane highways are defined as follows and illustrated
in Exhibit 15-1:

e Class I two-lane highways are highways where motorists expect to travel at
relatively high speeds. Two-lane highways that are major intercity routes,
primary connectors of major traffic generators, daily commuter routes, or
maijor links in state or national highway networks are generally assigned
to Class [. These facilities serve mostly long-distance trips or provide the
connections between facilities that serve long-distance trips.

» Class II two-lane highways are highways where motorists do not necessarily
expect to travel at high speeds. Two-lane highways that are access routes
to Class I facilities, that serve as scenic or recreational routes (and not as
primary arterials), or that pass through rugged terrain (where high-speed
operation would be impossible) are assigned to Class II. These facilities
most often serve relatively short trips, the beginning or ending portions of
longer trips, or trips for which sightseeing plays a significant role.

s Class [l two-lane highways serve moderately developed areas. They may be
portions of a Class [ or Class Il highway that pass through small towns or
developed recreational areas. Local traffic often mixes with through traffic
on these segments, and the number of unsignalized driveways and cross-
streets is noticeably higher than in a purely rural area. Class III highways
can include longer roadway segments passing through more spread-out
recreational areas, also with increased roadside densities. Such segments
are often accompanied by reduced speed limits that reflect the higher
activity level.

The two-lane highway classes are defined on the basis of their function. Most
rural two-lane arterials and trunk roads would be considered to be Class I
highways, while most two-lane collectors and local roads would be considered to
be Class II or Class III highways. However, the primary determinant of a
facility’s classification is the motorist’s expectation, which might not agree with
the route’s overall functional category. For example, a major intercity route
passing through a rugged mountainous area might be described as Class II if
drivers recognize that high-speed operation is not feasible due to the terrain, but
the route could still be considered to be in Class L

Concepts
Page 15-4

Chapter 15/Two-Lane Highways
Version 6.0




Highway Capacity Manual: A Guide for Multimodal Mobility Analysis

(c) Examples of Class III Two-Lane Highways

Base Conditions

The base conditions for two-lane highways are the absence of restrictive
geometric, traffic, or environmental factors. Base conditions are not the same as
typical or default conditions, both of which may reflect common restrictions.
Base conditions are closer to what may be considered as ideal conditions (i.e., the
best conditions that can be expected given normal design and operational
practice). This chapter’s methodology accounts for the effects of geometric,
traffic, and environmental factors that are more restrictive than the base
conditions. The base conditions for two-lane highways are as follows:

¢ Lane widths greater than or equal to 12 ft,
e Clear shoulders wider than or equal to 6 ft,
e No no-passing zones,

» All passenger cars (i.e., no trucks) in the traffic stream,

Exhibit 15-1
Two-Lane Highway
Classifications Illustrated

Chapter 15/Two-Lane Highways
Version 6.0

Concepts
Page 15-5




Highway Capacity Manual: A Guide for Multimodal Mobility Analysis

PT5F is the average
percentage of time that
vehicles must travel in platoons
behind siower vehidles due to
the inabylity to pass.

Capacity of a two-lane highway
under base conditions is 1,700
pc/h in one direction, with a
maximum of 3,200 pe'h in the
two directions.

Afthough eapacity conditions
are rarely obsarved in normal
operation, they are important
to consider for evacuation and
special event planning.

* Level terrain, and
e No impediments to through traffic (e.g., traffic signals, turning vehicles).

Traffic can operate ideally only if lanes and shoulders are wide enough not
to constrain speeds. Lanes narrower than 12 ft and shoulders narrower than 6 ft
have been shown to reduce speeds.

The length and frequency of no-passing zones are a result of the roadway’s
horizontal and vertical alignment. No-passing zones may be marked by barrier
centerlines in one or both directions, but any segment with a passing sight
distance less than 1,000 ft should also be considered as a no-passing zone.

Passing in the opposing lane of flow may be necessary on a two-lane
highway. It is the only way to fill gaps forming in front of slow-moving vehicles
in the traffic stream. Restrictions on the ability to pass significantly increase the
rate at which platoons form in the traffic stream, since motorists are unable to
pass slower vehicles in front of them.

Basic Speed—Flow Relationships

Exhibit 15-2 shows the relationships among flow rate, ATS, and PTSF for an
extended directional segment of two-lane highway under base conditions. While
the two directions of flow interact on a two-lane highway (because of passing
maneuvers), this chapter analyzes each direction separately.

Exhibit 15-2(b) illustrates a critical characteristic of two-lane highways.
Relatively low directional volumes create high PTSF values. With only 800 pc/h
in one direction, PTSF ranges from 60% (with 200 pc/h opposing flow) to almost
80% (with 1,600 pc/h opposing flow). In contrast, typically acceptable speeds can
be maintained on uninterrupted-flow multilane highways at relatively high
proportions of capacity. However, on two-lane highways, service quality begins
to deteriorate at relatively low demand flows.

CAPACITY AND LOS

Capacity

A two-lane highway's capacity under base conditions is 1,700 pc/h in one
direction, with a limit of 3,200 pc/h for the total of both directions. Because of the
interactions between directional flows, when a capacity of 1,700 pc/h is reached
in one direction, the maximum opposing flow is limited to 1,500 pc/h.

Capacity conditions are rarely observed except in short segments. Because
service quality deteriorates at relatively low demand flow rates, most two-lane
highways are upgraded before demand approaches capacity. Nevertheless,
evaluating two-lane highway operations at capacity is important for evacuation
planning, special event planning, and assessment of the downstream impacts of
incident bottlenecks once they are cleared.

Two-way flow rates as high as 3,400 pc/h can be observed for short segments
fed by high demands from multiple or multilane facilities. This may occur at
tunnels or bridges, for example, but such flow rates cannot be expected over
extended segments.

Concepts
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(b) PTSF Versus Directional Flow Rate

Capacity is not defined for bicycle facilities on two-lane highways because of
a lack of data. Bicycle volumes approaching capacity do not often occur on two-
lane highways except during special bicycle events, and little information is
available on which to base a definition.

Levels of Service

Motorized Vehicle Mode

Because of the wide range of functions of two-lane highways, three service
measures are used to describe motorized vehicle LOS, depending on the
highway class:

1. ATS reflects mobility on a two-lane highway. It is defined as the highway
segment’s length divided by the average travel time for vehicles to
traverse it during the analysis period.

Exhibit 15-2

Speed-Flow and PTSF
Relationships for Directional
Segments with Base
Conditions
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Exhibit 15-3
Motorized Vehicle LOS for
Two-Lane Highways

2. PTSF represents the freedom to maneuver and the comfort and
convenience of travel. It is the average percentage of time that vehicles
must travel in platoons behind slower vehicles due to the inability to pass.
Because this characteristic is difficult to measure in the field, a surrogate
measure is the percentage of vehicles traveling at headways of less than
3.0 s at a representative location within the highway segment. PTSF also
represents the approximate percentage of vehicles traveling in platoons.

3. Percent of free-flow speed (PFFS) represents the ability of vehicles to travel
at or near the posted speed limit. It is the ratio of ATS to FFS. The exact
relationship between FFS and speed limit depends heavily on local
policies on setting such limits and on enforcement practices.

On Class I two-lane highways, both average speed and delay experienced
while waiting to pass are important to motorists. Therefore, LOS is defined in
terms of both ATS and PTSF for these highways. On Class Il highways, travel
speed is not a significant issue to drivers; therefore, LOS is defined in terms of
PTSF only. On Class Il highways, high speeds are not expected, and passing
restrictions are not a major concern due to the relatively short lengths of Class III
segments. Instead, motorists would like to make steady progress at or near the
speed limit. Therefore, PFFS is used to define LOS on Class III highways. Exhibit
15-3 presents the motorized vehicle LOS criteria for two-lane highways.

Class II Class III
Highways W

LOS ATS (mi/h) PTSF (%) PTSF (%) PFFS (%)

A >55 =35 =40 »>91.7

B =>B0-55 =>35-50 =40-55 >83.3-91.7

C =45-50 >50-65 =55=70 >75.0-83.3

D =40-45 >65=80 =70-85 >06.7-75.0

E =40 =80 =B85 =66.7

F Demand exceeds capacity

Mote:  For Class 1 highways, LOS is determined by the worse of ATS-based LOS and PTSF-based LOS.

Because driver expectations and operating characteristics on the three classes
of two-lane highways are different, a single definition of operating conditions at
each LOS is difficult to provide.

Two characteristics, however, have a significant impact on actual operations
and driver perceptions of service:

* Passing capacily: Since passing maneuvers on two-lane highways are made
in the opposing direction of flow, the ability to pass is limited by the
opposing flow rate and by the distribution of gaps in the opposing flow.

* Passing demand: As platooning and PTSF increase in a given direction, the
demand for passing maneuvers increases. As more drivers are caught ina
platoon behind a slow-moving vehicle, they will desire to make more
passing maneuvers.

Both passing capacity and passing demand are related to flow rates. As flow
in the travel direction increases, passing demand in the travel direction also
increases. As flow in the opposing direction increases, passing capacity in the
travel direction decreases.
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At LOS A, motorists experience high operating speeds on Class I highways
and little difficulty in passing. Platoons of three or more vehicles are rare. On
Class II highways, speed is controlled primarily by roadway conditions, but a
small amount of platooning would be expected. On Class IIT highways, motorists
can maintain operating speeds at or near the facility’s FFS.

At LOS B, passing demand and passing capacity are balanced. On both Class
I and Class Il highways, the degree of platooning becomes noticeable. Some
speed reductions are present on Class I highways. On Class IIT highways,
maintenance of FF5 operation becomes difficult, but the speed reduction is still
relatively small.

At LOS C, most vehicles travel in platoons. Speeds are noticeably curtailed
on all three classes of highway.

At LOS D, platooning increases significantly. Passing demand is high on
both Class | and Class I facilities, but passing capacity approaches zero. A high
percentage of vehicles travels in platoons, and PTSF is noticeable. On Class I11
highways, the fall-off from FF5 is significant.

At LOS E, demand is approaching capacity. Passing on Class I and II
highways is virtually impossible, and PTSF is more than 80%. Speeds are
seriously curtailed. On Class III highways, speed is less than two-thirds the FFS.
The lower limit of LOS E represents capacity.

LOS F exists whenever demand flow in one or both directions exceeds the
segment’s capacity. Operating conditions are unstable, and heavy congestion
exists on all classes of two-lane highway.

Bicycle Mode

Bicycle levels of service for two-lane highway segments are based on a
bicycle LOS (BLOS) score, which is in turn based on a traveler perception model.
This score is based, in order of importance, on five variables:

s  Average effective width of the outside through lane,
» Motorized vehicle volumes,

s Motorized vehicle speeds,

s Heavy vehicle (truck) volumes, and

* Pavement condition.

The LOS ranges for bicycles on two-lane and multilane highways are given
in Exhibit 15-4.

S BLOS Score
<15
=1.5-2.5
=>2.5-35
=3.545
=4.5-5.5
>5.5

mTMmOoOnoE0

Bicydle LOS is based on a
traveler perception model.

Exhibit 15-4
Bicycle LOS for Two-Lane and
Multilane Highways
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3. CORE MOTORIZED VEHICLE METHODOLOGY

SCOPE OF THE METHODOLOGY

This chapter’s methodology addresses the analysis of directional two-lane
highway segments in general terrain (level or rolling) and directional segments
on specific grades. All segments in mountainous terrain and all grades of 3% or
more that cover a length of 0.6 mi or more must be analyzed as specific grades.

The extensions to the methodology presented in Section 4 address the
analysis of passing and truck climbing lanes on directional segments. Section 4
also addresses specialized treatments for two-lane highways that cannot be
evaluated with the core methodology.

The methodology is most directly used to determine the LOS on a uniform
directional segment of two-lane highway by estimating the service measures that
define LOS (ATS, PTSF, PFFS). Such an analysis can also be used to determine
the capacity of the directional segment or the service flow rate that can be
accommodated at any given LOS.

Spatial and Temporal Limits

This chapter’s methodology applies to uniform directional segments of two-
lane highway. While the two directions of flow interact through passing
maneuvers (and limitations on passing maneuvers), each direction must be
analyzed separately. Directional segments should have the same or similar traffic
and roadway conditions in the direction being studied. Segment boundaries
should be established at points where a change occurs in any of the following in
the study direction: terrain, lane widths, shoulder width, facility classification, or
demand flow rate. An analysis segment can contain no more than one passing or
climbing lane in the study direction.

The recommended length of the analysis period is the HCM standard of 15
min (although longer periods can be examined).

Performance Measures
This method produces the following performance measures:
s ATS;
* Ratio of ATS to FF5;
+ PTFS:
¢ LOS5 based on one or more of the above measures, depending on the
highway class;
¢ Average travel time;
s pfc ratio;
s Total VMT during the analysis period; and
* Total VHT during the analysis period.

Core Motorized Vehicle Methodology
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Strengths of the Methodology

The methodology provides a straightforward way to analyze uninterrupted-
flow segments of two-lane highways and produces several useful performance
measures as outputs. Extensions to the method in Section 4 allow the effects of
passing and climbing lanes on two-lane highway operation to be evaluated.

Limitations of the Methodology

The methodology does not address two-lane highways with signalized
intersections or other types of intersections requiring traffic on the highway to
stop or yvield. Isolated intersections on two-lane highways may be evaluated with
the intersection methodologies given in Volume 3. Two-lane highways in urban
and suburban areas with multiple signalized intersections spaced 2 mi or less
apart should be analyzed as urban streets or arterials by using Chapter 17, Urban
Street Segments. Operations of two-lane highways with signalized intersections
closer than 2 mi apart are dominated by issues of signal progression and other
arterial factors.

Even isolated intersections can have a significant effect on two-lane highway
operations where queuing on the two-lane highway approaches is significant,
particularly in cases where the intersection approach fails for any period of time,
that is, has a v/c ratio > 1.00.

Alternative Tool Considerations

No alternative deterministic tools are in common use for two-lane highway
analysis. An objective of NCHRP Project 17-65, Improved Analysis of Two-Lane
Highway Capacity and Operational Performance, ongoing at the time of writing,
was to develop a new or updated simulation tool for two-lane highways (4).

One of the potentially useful features of two-lane highway simulation is the
ability to model specific configurations of a series of no-passing zones, exclusive
passing lanes, and access points, all of which are now described in general terms
(e.g., percent no-passing zones) in this chapter. Network simulation tools can
also include traffic control devices at specific points.

Additional performance measures can be obtained from simulation results.
One example is follower density, which is defined in terms of the number of
followers per mile per lane. This concept, which is discussed in more detail in
Chapter 36, Concepts: Supplemental, has attracted increasing international
interest. Some examples that illustrate potential uses of two-lane highway
simulation are presented elsewhere (5).

REQUIRED DATA AND SOURCES

Exhibit 15-5 lists the information necessary to apply the motorized vehicle
methodology and suggests potential sources for obtaining these data. It also
suggests default values for use when segment-specific information is not
available. The user is cautioned that every use of a default value instead of a
field-measured, segment-specific value may make the analysis results more
approximate and less related to the specific conditions that describe the highway.

Chapter 15/Two-Lane Highways Core Motorized Vehicle Methodology
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Required Input Data, Potential
Data Sources, and Default
Values for Two-Lane Highway
Motorized Vehicle Analysis
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HCM defaults should only be used when (a) field data cannot be collected and
(b) locally derived defaults do not exist.

Suggested Default

Required Data and Units Potential Data Source(s) Value
Geometric Data
Highway dlass (I, 1T, T11) lﬁ?ﬂ'&zﬂxﬁ'm{] nal loss, 1and. st be provided
'

Lane width (ft) Road inventory, aerial photo 12 ft
Shoulder width (ft) Road inventory, aerial photo 6 ft
Access point density (both sides) . Class I and II: 8/mi
(access points/mi) Field data, aerial photo Class III: 16/mi
Terrain type ; :
(level, rolling, ific grade) Design plans, analyst judgment Must be provided

Level: 20%
Percent no-passing zone" (%) Road inventory, aerial photo Rolling: 40%

More extreme: 80%

; ; Base free-flow speed:

Free-flow speed (mi/h) SECE SPRC0 MERSINEENE, CSUME. | craad fimit 4 10 mijh

from design speed or speed limit (see discussion in text)

Field data, road inventory, aerial photo  Must be provided
Demand Data

Field data, modeling

Field data, modeling

Passing fane length (mi)

Hourly demand volume (veh/h)
Directional volume split (%)

Must be provided
Must be provided

Analysis pericd length (min) Set by analyst 15 min (0.25 h)
Peak hour factor” (decimal) Field data 0.88
Heavy vehicle percentage (%) Field data 600"

Motes: Bold itafic indicates high sensitivity (>20% change) of service measure to the choice of default value.
Bold indicates moderate sensitivity (10%—20% change) of service measure to the choice of default value.
* Percent no-passing zone may be different in each direction.
“ Moderate to high sensitivity of service measures for very low PHF values, See the discussion in the text.
PHF is not required when peak 15-min demand volumes are provided,
© See Chapter 26 in Volume 4 for state-specific default heavy vehicle percentages.

Care should be taken in using default values. The service measure results are
sensitive to some of the input data listed in Exhibit 15-5. For example, passing
lane length and percentage of no-passing zones both change the service measure
result by more than 20% when these inputs are varied over their normal range.
In addition, the free-flow speed results in a 10%-20% change in ATS when it is
varied over its normal range. A very low peak hour factor (PHF) value (0.60)
results in a greater than 20% change in PTSF and a greater than 10% change in
ATS compared with the results obtained for the default value for PHF; more
typical PHFs vary the service measure results by less than 10%. All other inputs
change the service measure result by less than 10% when they are varied over
their normal range (6).

OVERVIEW OF THE METHODOLOGY

Exhibit 15-6 illustrates the minimum steps required for the core motorized
vehicle methodology. Because the three classes of highways use different service
measures, not all of the steps are required for computing LOS for a given
highway class. In particular, the computational step for estimating ATS is only a
requirement for Class [ and Il highways, and the step for estimating PTSF is
only a requirement for Class I and Il highways. The step for estimating PFFS is
only a requirement for Class III highways. However, an analyst may choose to
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include the nonrequired steps whenever the analysis would benefit from the
information provided by the additional performance measures.

Step 1: Gather Input Data
Geometric data

Dernand velume

Highway dass (I, II, or II)
Field=measured speed (5.}, or
Base free-flow speed (BFFS)

GassI‘

Clags II !

Class III

L 4

Step 2: Estimate Free-Flow Speed

Field-measured speed adjustments: flow rate, heavy vehides (Equations 15-1 and Equation 15-4), or

| BFFS adjustments: lane and shoulder width, access point density (Equation 15-2, Exhibit 15-7 and Exhibit 15-8)

Step 3: Demand Adjustment for
Average Travel Speed (ATS)
(Equaticns 15-3 to 15-5)
Peak hour factor
Heawy vehicle adjustment

General terrain (Exhibit 15-11)

Specific grade (Exhibits 15-12 to 15-14)
Grade adjustment

General terrain (Exhibt 15-9)

Specific grade (Exhibit 15-10)

Step 4: Estimate ATS
(Equation 15-8)
No-passing-zone adjustment (Exhibit 15-15)

L

(Equations 15-3 to 15-3)
Peak hour factor
Heavy vehicle adjustment

Grade adjustment

Step 3: Demand Adjustment for
Average Travel Speed (ATS)

General terrain (Exhibit 15-11)
Specific grade (Exhibits 15-12 to 15-14)

General terrain { Exhibit 15-9)
Specific grade (Exhibit 15-10)

Step 4: Estimate ATS
(Equation 15-6)

Ne-passing-20ne adjustrment (Exhibit 15-15)

h

Step 5: Demand Adjustment for
Parcent Time-Spent-Following (PTSF)
(Equation 15-7 and Equation 15-8)
Peak hour factor
Heavy vehicle adjustment

General terrain (Exhibit 15-18)

Specific grade (Exhibit 15-19)
Grade adjustment

General tarrain (Exhibit 15-16)

Spedfic grade (Exhibit 15-17)

Step 5: Demand Adjustment for
Percent Time-Spant-Following (FTSF)
(Equaticn 15-7 and Equation 15-8)
Peak hour factor
Heavy vehicle adjustment

General terrain (Exhibit 15-18)

Specific grade (Exhibit 15-19)
Grade adpustment

Genaral terrain (Exhibit 15-16)

Specific grade (Exhibit 15-17)

Step 6: Estimate PTSF
(Equations 15-9 and 15-10, Exhibit 15-20)
Me-passing-zene adjustment (Exhibit 15-21)

Step 6: Estimate PTSF
(Equations 15-9 and 15-10, Exhibit 15-20)
Mo-passing-zone adjustment (Exhibit 15-21)

L

kL 4

(Equation 15-11)

Step 7: Estimate Percent of
Free-Flow Speed (PFFS)

:

(Exhibit 15-3)

Step 8: Determine Level of Service and Capadity

Highway Capacity Manual: A Guide for Multimodal Mobility Analysis

Exhibit 15-6
Flowchart of the Core Two-
Lane Highway Methodology
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There are three ways to
estimate FF5 on two-lane
highways. FF5 ranges from 45
to 70 mith on Class I and If
highways.

Equation 15-1

COMPUTATIONAL STEPS

Step 1: Gather Input Data

Exhibit 15-5 listed the information that must be available before a two-lane
highway segment can be analyzed and potential sources for that information.
The exhibit suggested default values for use when neither site-specific data nor
local default values are available.

Demand volumes are generally stated in vehicles per hour under prevailing
conditions. They are converted in the methodology to demand flow rates in
passenger cars per hour under base conditions. The PHF, in particular, is used to
convert hourly volumes to flow rates.

If demand volumes are measured in 15-min increments, use of a PHF to
convert volumes to flow rates is not necessary. The highest-volume 15-min
period is selected, and the flow rate is simply calculated as this 15-min volume
multiplied by 4. When this method is used, the PHF is set to 1.00.

In measuring demand volumes or flow rates, flow may be restricted by
upstream bottlenecks or even signals that are more than 2 mi away from the
study site (if they are closer, this chapter's methodology is not applicable).
Downstream congestion may also affect flows in a study segment. Insofar as is
possible, demand volumes and flow rates should reflect the situation that would
exist with no upstream or downstream limiting factors.

Step 2: Estimate the FFS

A key step in the analysis of a two-lane highway is the determination of the
FFS for the segment. There are three ways to estimate FFS.

Direct Field Measurement

Direct field measurement on the subject highway segment is preferred.
Measurements should be taken only in the direction under analysis; if both
directions are to be analyzed, separate measurements in each direction are made.
Each directional measurement should be based on a sample of at least 100 vehicle
speeds. The FFS can be directly measured as the mean speed under low-demand
conditions (i.e., the two-way flow rate is less than or equal to 200 veh/h).

If the analysis segment cannot be directly observed, measurements from a
similar facility (same highway class, same speed limit, similar environment, etc.)
may be used.

Field Measurements at Higher Flow Rates

Sometimes, observation of total flow rates less than 200 veh/h may be difficult
or impossible. In such cases, a speed sample may be taken at higher flow rates
and adjusted accordingly. The same sampling approach is taken: each direction
is separately observed, with each directional sample including at least 100
observed speeds. The measured mean speed is then adjusted with Equation 15-1:

FFS = Sy + 0.00776 b = )
HV.ATS
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free-flow speed (mi/h);
Spy = mean speed of sample (v > 200 veh/h) (mifh);

v = total demand flow rate, both directions, during period of speed
measurements (veh/h); and

fivars = heavy vehicle adjustment factor for ATS, from Equation 15-4 or
Equation 15-5.

Estimating FFS

The FF5 can be estimated indirectly if field data are not available. This is a
greater challenge on two-lane highways than on other types of uninterrupted-
flow facilities. FFS on Class I and II two-lane highways covers a significant range,
from as low as 45 mi/h to as high as 70 mi/h. To estimate the FF5, the analyst
must characterize the operating conditions of the facility in terms of a BFFS that
reflects the nature of the traffic and the alignment of the facility. Unfortunately,
because of the broad range of speeds that occur and the importance of local and
regional factors influencing driver-desired speeds, little guidance on estimating
the BFFS can be given.

Estimates of BFFS can be developed on the basis of speed data and local
knowledge of operating conditions on similar facilities. As will be seen, once the
BFFS is determined, adjustments for lane and shoulder widths and for the
density of unsignalized access points are applied to estimate the FF5. In concept,
the BFFS is the speed that would be expected on the basis of the facility’s
horizontal and vertical alignment if standard lane and shoulder widths were
present and there were no roadside access points. Thus, the design speed of the
facility might be an acceptable estimator of BFFS, since it is based primarily on
horizontal and vertical alignment. Posted speed limits may not reflect current
conditions or driver desires. A rough estimate of BFF5 might be taken as the
posted speed limit plus 10 mi/h.

Once a BFFS is determined, the FFS may be estimated as follows:
FFS = EFFS'“JF;S HJFA

where
FFS = free-flow speed (mi/h),
BFFS = base free-flow speed (mifh),

fis = adjustment for lane and shoulder width (mi/h), and
fy = adjustment for access point density (mi/h).

Adjustment factors for use in Equation 15-2 are found in Exhibit 15-7 (lane
and shoulder width) and Exhibit 15-8 {access point density).

When field measurements are used to estimate FF5, standard approaches
and sampling techniques should be applied. Guidance on field speed studies is
provided in standard traffic engineering texts and elsewhere (3).

Equation 15-2
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Exhibit 15-7
Adjustment Factor for Lane
and Shoulder Width (/)

Exhibit 15-8
Adjustment Factor for Access
Point Density (£}

Estimating FFS will result in the
same FFS in both directions.
Field-measured FFS could be
different in each direction.

The analyst may consider
calcuiating a weighted-average
FFS when the highway
segment contains sharp
harizontal curves with design
speeds substantiatly below the
rest of the segment,

Equation 15-3

Lane Width Shoulder Width (ft)
(ft) =0, <2 22, <4 24, <6 =6
29, <10 6.4 4.8 3.5 2.2
=10, <11 5.3 3.7 2.4 1.1
211, <12 4.7 3.0 1.7 0.4
=12 42 2.6 1.3 0.0

Access Points per Mile (Both Sides) Reduction in FFS (mi/h)

0 0.0
10 2.5
20 5.0
30 7.5
40 10.0

Note:  Interpolation to the nearest 0.1 is recommended.

The access point density is computed by dividing the total number of
unsignalized intersections and driveways on both sides of the roadway segment
by the length of the segment (in miles). Thus, in analyzing the two directions of
the highway and estimating the FFS by using Equation 15-2, the FFS will be the
same in both directions since the same access point density is being used. If the
FF5 is measured in the field, the value could be different in each direction.

If a highway contains sharp horizontal curves with design speeds
substantially below those of the rest of the segment, determination of the FFS
separately for curves and tangents and computation of a weighted-average FFS
for the segment as a whole may be desirable.

The data for FFS relationships used in this chapter included both commuter
and noncommuter traffic. There were no significant differences between the two.
However, commuters and others who travel on the facility regularly are expected
to use it more efficiently than recreational and other occasional users. If the effect
of driver population is a concern, the FFS should be measured in the field.

Step 3: Demand Adjustment for ATS

This computational step is only required for Class I and Class I1I two-lane
highways. LOS on Class I highways is not based on ATS; therefore, this step can
be skipped for those highways, unless ATS or average travel time are additional
desired performance measures from the analysis.

Demand volumes in both directions (analysis direction and opposing
direction) must be converted to flow rates under equivalent base conditions with
Equation 15-3:

Vi
PHF X fg.ars X fuv.ars

Viars =

where

©,ars = demand flow rate i for ATS estimation (pc/h);

i = “d” (analysis direction) or “0” (opposing direction);

V, = demand volume for direction i (veh/h);
fears = grade adjustment factor, from Exhibit 15-9 or Exhibit 15-10; and
Juvars = heavy vehicle adjustment factor, from Equation 15-4 or Equation 15-5.
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PHF

The PHF represents the variation in traffic flow within the hour. Two-lane
highway analysis is based on the demand flow rates for a peak 15-min period
within the analysis hour—usually (but not necessarily) the peak hour.

ATS Grade Adjustment Factor

The grade adjustment factor f, ,;c depends on the terrain. Factors are defined
for

* Extended segments (22 mi) of level terrain,

¢ Extended segments (22 mi) of rolling terrain,

Specific upgrades, and

-

Specific downgrades.

Any grade that is 3% or steeper and (0.6 mi or longer must be analyzed as a
specific upgrade or downgrade, depending on the analysis direction being
considered. However, a grade of 3% or more may be analyzed as a specific grade
if it is 0.25 mi or longer.

Exhibit 15-9 shows grade adjustment factors for extended segments of level
and rolling terrain, as well as for specific downgrades. Exhibit 15-9 is entered
with the one-direction demand flow rate v,,, in vehicles per hour.

One-Direction
Demand Flow Rate, Vi Level Terrain and
(veh/h) Specific Downgrades Rolling Terrain
=100 1.00 0.67
200 1.00 0.75
300 1.00 0.83
400 1.00 0.90
500 1.00 0.95
600 1.00 0.97
700 1.00 0.58
800 1.00 0.99
=900 1.00 1.00

Note:  Interpolation to the nearest 0.01 is recommended.

If demand is expressed as an hourly volume, it must be divided by the PHF
(v, = VIPHF) to obtain the appropriate factor. Other adjustment factor tables

associated with Equation 15-3 are entered with this value as well.

Note that the adjustment factor for level terrain is 1.00, since level terrain is
one of the base conditions. For the purposes of grade adjustment, specific
downgrade segments are treated as level terrain.

Exhibit 15-10 shows grade adjustment factors for specific upgrades. The
negative impact of upgrades on two-lane highway speeds increases as both the
severity of the upgrade and its length increase. The impact declines as demand
flow rate increases. At higher demand flow rates, lower speeds would already
result, and the additional impact of the upgrades is less severe.

Exhibit 15-9

ATS Grade Adjustment Factor
(Fars) for Level Terrain,
Rolling Terrain, and Specific
Downgrades
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Exhibit 15-10 Grade 5
ATS Grade Adjustment Factor Grade | Length Directional Demand Flow Rate, vz (veh/h)
(£,.ars) for Specific Upgrades (%) (mi) | <100 200 300 400 S00 600 700 800 =900
0.2s | 078 084 0B7 091 100 100 100 1.00 1.00
050 | 075 083 0B6 09 100 100 1.00 1.00 1.00
0.75 073 081 085 089 100 100 1.00 1.00 1.00
23 <35 1.00 0.73 079 083 088 100 100 1.00 1.00 1.00
SR 1.50 073 079 083 087 099 099 1.00 1.00 1.00
2.00 073 079 082 08 0% 058 099 1.00 1.00
3.00 073 078 082 08 0% 09 09 057 098
=4.00 0.73 078 081 085 09 094 055 055 096
0.25 075 083 08 050 1.00 .00 100 1.00 1.00
0.50 072 080 D084 088 100 .00 100 1.00 1.00
0.75 067 077 081 086 100 100 1.00 1.00 1.00
235 <45| 100 065 073 077 081 0% 095 097 1.00 1.00
gl 1.50 063 072 076 080 093 095 056 1.00 1.00
2.00 062 070 074 079 08 0% 09 100 1.00
3.00 061 069 074 078 092 093 0% 098 1.00
24.00 061 069 073 078 091 091 092 096 1.00
0.25 0.71 079 083  0.88 100 100 100 100 1.00
050 | 060 070 074 078 094 095 05 100 1.00
0.75 055 065 070 075 091 0583 085 100 100
w45 <55| 100 | 054 064 069 074 091 09 095 100 1.00
A 150 | 052 062 067 072 08 0% 09 100 1.00
2.00 0.51 061 066 071 087 089 092 099 100
3.00 051 061 065 070 08 088 091 0%8 099
=4.00 051 060 065 069 084 086 088 095 097
0.25 057 068 072 077 093 0% 0% 100 100
0.50 052 062 066 071 087 080 092 100 1.00
0.75 049 057 062 068 085 088 090 100 100
555 <6.5| 100 046 056 060 065 082 085 088 100 100
NG i 1.50 044 054 059 064 081 0B4 087 098 1.00
2.00 043 053 058 063 081 083 08 097 099
3.00 D.41 0.51 0.56 0.61 0.79 0.82 0.85 097 0.99
24.00 040 050 055 061 079 082 085 097 099
0.25 054 064 068 073 088 050 092 1.00 1.00
0.50 043 053 057 062 079 082 085 09  1.00
0.75 039 049 05 059 077 08B0 083 0% 100
56.5 100 | 037 045 050 054 074 077 081 0% 100
i 1.50 035 045 049 054 071 075 079 09 100
2.00 034 044 048 053 071 074 078 054 099
3.00 034 044 048 053 070 073 077 093 098
24.00 033 043 047 052 070 073 077 081 095

Mote:  Straight-line interpolation of f..m for length of grade and demand flow permitted to the nearest 0.01.

ATS Heavy Vehicle Adjustment Factor

The base conditions for two-lane highways include 100% passenger cars in
the traffic stream. This is a rare occurrence, and the presence of heavy vehicles in
the traffic stream reduces the ATS.

Determining the heavy vehicle adjustment factor is a two-step process:
1. Passenger car equivalents are found for trucks (E;) and recreational

vehicles (RVs) (Eg) under prevailing conditions.

2. A heavy vehicle adjustment factor is computed from the passenger car
equivalents with Equation 15-4:

1
Equation 15-4 fuvars =17 Pr(Ep — 1) + Pp(Eg — 1)
where

fineare = heavy vehicle adjustment factor for ATS estimation,

P; = proportion of trucks in the traffic stream (decimal),

Core Motorized Vehicle Methodology Chapter 15/Two-Lane Highways
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o
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|

= proportion of RVs in the traffic stream (decimal),

E; = passenger car equivalent for trucks, and

I3z ]
=
|

= passenger car equivalent for RVs.

The passenger car equivalent is the number of passenger cars displaced from
the traffic stream by one truck or RV. Passenger car equivalents are defined for
several situations:

* Extended sections of general level or rolling terrain,

* Specific upgrades, and

* Specific downgrades.

Exhibit 15-11 contains passenger car equivalents for trucks and RVs in
general terrain segments and for specific downgrades, which are treated as level
terrain in most cases. A special procedure is provided below to evaluate specific
downgrades on which significant numbers of trucks must reduce their speed to
crawl speed to maintain control.

Directional Demand Level Terrain and Egg;s]éi;t:&r
Vehicle Type  Flow Rate, v, (veh/h) | Specific Downgrades _ Rolling Terrain Equivalents for Trucks (£7)
<100 1.9 2.7 and RVs () for Level
;% 112 gi Terrain, Rolling Terrain, and
s o 50 Specific Downgrades
Trucks, Er 500 1.2 1.8
600 1.1 1.7
700 1.1 L6
800 1.1 14
=900 1.0 1.3
RVs, Eq All flows 1.0 1.1

MNobe:  Interpolation to the nearest 0.1 is recommended.

Exhibit 15-12 and Exhibit 15-13 show passenger car equivalents for trucks
and RVs, respectively, on specific upgrades.
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:-Jrcg'g s«;’éﬁg trzw — m Directional Demand Flow Rate, vis (veh/h)
Equivalents for Trucks (£5) on (%) (mi) | <100 200 300 400 500 600 700 8O0 =900
Specific Upgrades 0.25 2.6 24 2.3 2.2 1.8 18 1.7 1.3 1.1
0.50 3.7 3.4 3.3 3.2 2.7 2.6 2.6 1.9 1.6
0.75 4.6 4.4 43 4.2 3.7 3.6 3.4 2.4 1.9
23, 1.00 5.2 5.0 4.9 4.9 4.4 4.2 4.1 3.0 2.3
<3.5 1.50 6.2 6.0 5.9 5.8 5.3 5.0 4.8 3.6 2.9

2.00 73 6.9 6.7 6.5 5.7 5.5 53 4.1 3.5
3.00 8.4 8.0 7 7.5 6.5 6.2 6.0 4.6 39

=4.00 o4 8.8 8.6 8.3 7.2 6.9 6.6 4.8 3.7

0.25 38 34 3.2 30 23 2.2 2.2 1.7 1.5

0.50 5.5 53 5.1 5.0 4.4 4.2 4.0 2.8 2.2

0.75 6.5 6.4 6.5 6.5 6.3 5.9 5.6 36 26

23.5, 1.00 79 7.6 7.4 7.3 6.7 6.6 6.4 5.3 4.7
<4.5 1.50 9.6 9.2 9.0 8.9 8.1 7.9 7.7 6.5 5.9

2.00 10.3 10.1 10.0 9.9 94 9.1 8.9 7.4 6.7
3.00 114 113 11.2 11.2 10.7 103 10.0 8.0 7.0
=4.00 12.4 12.2 12.2 12.1 11.5 11.2 10.8 8.6 7.5
0.25 44 4.0 37 3.5 2.7 2.7 27 2.6 2.5
0.50 6.0 6.0 6.0 6.0 5.9 5.7 5.6 4.6 4.2
0.75 7.5 7.5 7.5 7.5 1.5 7.5 Fib 7.5 7.5
24.5, 1.00 9.2 9.2 9.1 9.1 9.0 9.0 9.0 8.9 8.8
<5.5 1.50 10.6 10.6 10.6 10.6 10.5 10.4 10.4 10.2 10.1
2.00 11.8 11.8 11.8 11.8 116 1.6 11.5 11.1 10.9
3.00 13.7 13.7 13.6 13.6 13.3 13.1 13.0 11.8 11.3
24.00 15.3 15.3 15.2 15.2 14.6 14.2 13.8 11.3 10.0

0.25 4.8 4.6 4.5 4.4 4.0 3.9 38 3.2 2.9
0.50 7.2 7.2 7.2 7.2 7.2 7.2 1.2 7.2 7.2
0.75 9.1 9.1 9.1 9.1 9.1 2.1 9.1 9.1 9.1

5.5, 1.00 10.3 10.3 10.3 10.3 10.3 10.3 10.3 10.2 10.1
<6.5 1.50 11.9 11.8 11.9 11.9 11.8 11.8 11.8 11.7 11.6
200 12.8 12.8 12.8 12.8 12.7 127 12.7 12.6 12.5
3.00 14.4 14.4 14.4 14.4 14.3 14.3 14.3 14.2 14.1
=4.00 15.4 15.4 15.3 15.3 15.2 15.1 15.1 14.9 14.8
0.25 5.1 5.1 5.0 5.0 4.8 4.7 4.7 4.5 4.4
0.50 78 7.8 7.8 7.8 78 78 7.8 7.8 7.8
0.75 9.8 9.8 9.8 9.8 9.8 9.8 9.8 9.8 9.8
6.5 1.00 10.4 104 10.4 10.4 10.4 10.4 10.4 10.3 10.2
1.50 12.0 12.0 12.0 12.0 119 11.9 11.9 118 11.7
2.00 12,9 129 12.9 12.9 12.8 12.8 12.8 12.7 12.6
3.00 14.5 14.5 14.5 14.5 14.4 14.4 14.4 14.3 14.2
=4.00 15.4 154 15.4 15.4 15.3 15.3 15.3 15.2 15.1

MNote:  Interpolation for length of grade and demand flow rate to the nearest 0.1 s recommended.

Exhibit 15-13 z ;
ATS Passenger Car Grade Grade Directional Demand Flow Rate, vin»(veh/h)
Equivalents for RVs (&) on (%) | Length (mi)| =100 200 300 400 500 600 700 8O0 =900
Specific Upgrades <0.25 1.1 1.1 1.1 1.0 1.0 1.0 1.0 1.0 1.0
&% =0.25,<0.75| 1.2 1.2 1.1 1.1 1.0 1.0 1.0 1.0 1.0
<3 ’5 >0.75,51.25| 1.3 1.2 1.2 1.1 1.0 1.0 1.0 1.0 1.0
z >1.25,2.35] 14 1.3 1.2 1.1 1.0 1.0 1.0 1.0 1.0
>2.25 1.5 1.4 1.3 1.2 1.0 1.0 1.0 1.0 1.0
535 =0.75 1.3 1.2 1.2 1.1 1.0 1.0 1.0 1.0 1.0
s E: »0.75,<350| 1.4 1.3 1.2 1.1 1.0 1.0 1.0 1.0 1.0
i =>3.50 1.5 1.4 1.3 1.2 1.0 1.0 1.0 1.0 1.0
4.5, <2.50 1.5 1.4 1.3 1.2 1.0 1.0 1.0 1.0 1.0
<5.5 =2.50 1.6 1.5 1.4 1.2 1.0 1.0 1.0 1.0 1.0
=0.75 1.5 1.4 13 1.1 1.0 1.0 1.0 1.0 1.0
255, | >0.75=250| 16 1:5 1.4 1.2 1.0 1.0 1.0 1.0 1.0
<6.5 »2.50,=350| 1.6 1.5 1.4 1.3 1.2 1.1 1.0 1.0 1.0
>3.50 1.6 1.6 1.6 1.5 1.5 1.4 1.3 1.2 1.1
52.50 1.6 1.5 1.4 1.2 1.0 1.0 1.0 1.0 1.0
26.5 >2.50,=3.50( 1.6 1.5 1.4 1.2 1.3 1.3 1.3 1.3 1.2
>3.50 1.6 1.6 1.6 1.5 1.5 1.5 1.4 1.4 1.4
MNote: Interpolation in this exhibit is not recommended.
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ATS Passenger Car Equivalents for Specific Downgrades Where Trucks Travel at
Crawl Speed

As noted previously, any downgrade of 3% or more and 0.6 mi or longer
must be analyzed as a specific downgrade. If the slope of the downgrade varies,
it should be analyzed as a single composite by using an average grade computed
by dividing the total change in elevation by the total length of grade and
expressing the result as a percentage.

Most specific downgrades will be treated as level terrain for analysis
purposes. However, some downgrades are severe enough to force some trucks
into crawl speed. In such cases, the truck drivers are forced to operate in a low
gear to apply engine braking, since the normal brake system would not be
sufficient to slow or stop a heavy vehicle from gaining too much momentum as it
travels down a sharp downgrade. There are no general guidelines for identifying
when or where these situations will occur other than direct observation of heavy
vehicle operations.

When this situation exists, the heavy vehicle adjustment factor f,y 4rs is found
with Equation 15-5 instead of Equation 15-4:

1

fHV.dTS = ks PT'E.' e PT{ET{.-' = 1} + (1 —_ -PTC) x PT X {E‘r = 1] + PR(ER — 1)

where

P, = proportion of trucks operating at crawl speed (decimal); and
E;e = passenger car equivalent for trucks operating at crawl speed, from
Exhibit 15-14.

All other variables are as previously defined. Note that Py is the flow rate ot
trucks traveling at crawl speed divided by the flow rate of all trucks.

Difference Between
FFS and Truck Crawl Directional Demand Flow Rate, v,(veh/h)
Speed (mi/h) <100 200 300 400 500 600 700 800 =500

=15 4.7 4.1 3.6 31 2.6 2.1 1.6 1.0 1.0
20 99 8.7 7.8 6.7 5.8 4.9 4.0 2.7 1.0
25 15.1 135 120 104 9.0 7.7 6.4 51 38
30 22.0 19.8 17.5 15.6 13.1 11.6 9.2 6.1 4.1
35 200 260 231 201 17.3 146 119 9.2 6.5
=40 35.9 323 2B.6 24.9 21.4 18.1 14.7 11.3 7.9

MNote:  Interpolation against both speed difference and demand flow rate to the nearest 0.1 is recommended.

Step 4: Estimate the ATS

As was the case with Step 3, this step is only required for Class | and Class 111
two-lane highways. Class II highways do not use ATS as a LOS measure, but this
step can be applied if ATS or average travel time is a desired outcome of the
analysis of a Class [l highway.

The ATS is estimated from the FFS, the demand flow rate, the opposing flow
rate, and the percentage of no-passing zones in the analysis direction. The ATS is
computed from Equation 15-6:

ATSy = FFS — 0.00776(vg ars + Voars) — fap.ars

Equation 15-5

Exhibit 15-14

ATS Passenger Car
Equivalents (Er) for Trucks
on Downgrades Traveling at
Crawl Speed

Equation 15-6
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Exhibit 15-15
ATS Adjustment Factor for
No-Passing Zones (faars)

where
ATS, = average travel speed in the analysis direction (mi/h);
FFS = free-flow speed (mi/h);
v ars = demand flow rate for ATS determination in the analysis direction
(pc/h);
U,ars = demand flow rate for ATS determination in the opposing direction
(pe/h); and
finars = adjustment factor for ATS determination for the percentage of no-
passing zones in the analysis direction, from Exhibit 15-15.
Opposing Demand Flow Rate, Percent No-Passing Zones
v, (pc/h) <20 40 60 80 100
FFS_2 65 mi/h
<100 1.1 22 2.8 30 3.1
200 2.2 33 3.9 4.0 4.2
400 1.6 23 2.7 2.8 29
600 1.4 1.3 1.7 1.9 20
800 0.7 1.0 1.2 1.4 15
1,000 0.6 0.8 1.1 1.1 1.2
1,200 0.6 0.8 0.9 1.0 L1
1,400 0.6 0.7 0.9 0.9 0.9
21,600 0.6 0.7 0.7 0.7 0.8
FFS = 60 mith
<100 0.7 1.7 25 28 29
200 1.9 2.9 3.7 4.0 4.2
400 1.4 2.0 2.5 2.7 39
600 1.1 1.3 1.6 1.9 2.0
800 0.6 0.9 1.1 1.3 1.4
1,000 0.6 0.7 0.9 1.1 12
1,200 0.5 0.7 0.9 0.9 1.1
1,400 0.5 0.6 0.8 0.8 0.9
21,600 0.5 0.6 0.7 0.7 0.7
FFS = 55 mifh
<100 0.5 1.2 2.2 26 2.7
200 1.5 2.4 35 39 4.1
400 1.3 1.9 24 27 28
600 0.9 11 1.6 1.8 1.9
800 0.5 0.7 1.1 1.2 1.4
1,000 0.5 0.6 0.8 0.9 1.1
1,200 0.5 0.6 0.7 0.9 1.0
1,400 0.5 06 0.7 0.7 0.9
21,600 0.5 0.6 0.6 0.6 0.7
FFS = 50 mih
<100 0.2 0.7 1.9 24 25
200 1.2 2.0 3.3 3.9 4.0
400 1.1 1.6 2.2 25 27
600 0.6 0.9 1.4 1.7 1.9
800 0.4 056 0.9 1.2 1.3
1,000 0.4 04 0.7 0.9 1.1
1,200 0.4 0.4 0.7 0.8 1.0
1,400 0.4 0.4 0.6 0.7 0.8
21,600 0.4 0.4 0.5 0.5 0.5
FFS < 45 mifh
<100 0.1 0.4 1.7 2.2 24
200 0.9 16 3.1 38 4.0
400 0.9 0.5 2.0 25 2.7
600 0.4 03 1.3 1.7 1.8
800 0.3 0.3 0.3 1.1 1.2
1,000 0.3 03 0.6 0.8 1.1
1,200 0.3 0.3 0.6 0.7 1.0
1,400 0.3 03 0.6 0.6 0.7
21,600 0.3 0.3 0.4 0.4 0.6
Mote:  Interpolation of £y ars for percent no-passing zones, demand flow rate, and FFS to the nearest 0.1 is

recommendad,
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Exhibit 15-15 is entered with v, in passenger cars per hour, not v, in vehicles
per hour. Demand flow rates were determined by Equation 15-3 and are used in
the determination of ATS5. As shown in this exhibit, the effect of no-passing zones
is greatest when opposing flow rates are low. As opposing flow rates increase,
the effect decreases to zero, since passing and no-passing zones become
irrelevant when the opposing flow rate allows no opportunities to pass.

Step 5: Demand Adjustment for PTSF

This computational step is applied only in cases of Class I and Class Il two-
lane highways. LOS on Class III highways is not based on PTSF, and therefore
this step can be skipped for those highways, unless PT5F is a desired output
performance measure.

The demand volume adjustment process for estimating PTSF is structurally
similar to that for ATS. The general approach is the same, but different
adjustment factors are used, and the resulting adjusted flow rates are different

from those used in estimating ATS. Therefore, a detailed discussion of the
process is not provided, since it is the same as described above for ATS estimates.

Equation 15-7 and Ec[uation 15-8 are used to determine demand flow rates
for the estimation of PTSF:
Vi
PHF X fg prse X fav.prsr
1
Tuverse = 13 Pr(Er — 1) + Pr(Eg — 1)

VipTSF =

where

U prer = demand flow rate i for determination of PTSF (pc/h);

i = “d"” (analysis direction) or “0” (opposing direction);
forrss = grade adjustment factor for PTSF determination, from Exhibit 15-16 or
Exhibit 15-17; and
fivrrsr = heavy vehicle adjustment factor for PTSF determination.

All other variables are as previously defined.

PTSF Grade Adjustment Factor

As was the case for the ATS adjustment process, grade adjustment factors are
defined for general terrain segments (level or rolling), specific upgrades, and
specific downgrades. Exhibit 15-16 gives the adjustment factors for general
terrain segments and specific downgrades (which are treated as level terrain).
Exhibit 15-17 shows adjustment factors for specific upgrades. These adjustments
are used to compute demand flow rates, and the exhibits are again entered with
v = VIPHF.

Equation 15-7

Equation 15-8
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Exhibit 15-16

PTSF Grade Adjustment
Factor (£, ere) for Level
Terrain, Rolling Terrain, and
Specific Downgrades

Exhibit 15-17

PTSF Grade Adjustment
Factor {fp,.a.r?:l for SPECIﬁC
Upgrades

Directional Demand Flow Level Terrain and
Rate, vips (veh/h) Specific Downgrades Rolling Terrain
<100 1.00 0.73
200 1.00 0.80
300 1.00 0.85
400 1.00 0.90
500 1.00 0.96
600 1.00 0.97
700 1.00 0.99
800 1.00 1.00
=900 1.00 1.00

MNote:  Interpolation to the nearest 0.01 is recommended.

_— L"L""‘:; Directional Demand Flow Rate, Vi (veh/h)

(%) | (mi) | <100 200 300 400 SO0 600 700 800 2900
025 | L00 059 097 096 002 092 082 092 092
050 | 100 09 098 097 09 093 093 093 093
075 | 100 059 098 097 093 093 093 093 093
-3, 100 | 1.00 099 098 097 003 093 093 093 093
<35 | 150 | 100 099 098 097 094 094 094 094 094
200 | 100 099 098 098 09 095 095 095 095
300 | 100 100 09 099 097 097 097 09 096
5400 | 100 100 100 100 100 099 099 097 097
025 | 100 059 098 097 084 093 093 092 092
050 | 1.00 100 099 09 097 097 097 09 095
075 | 100 100 09 09 057 097 097 09 096
235, | 100 | 100 100 09 099 097 097 097 097 097
<45 | 150 | 100 100 099 099 097 097 097 097 097
200 | 100 100 099 099 098 098 008 098 0098
300 | 100 100 100 100 100 100 100 100 100
5400 | 100 100 100 100 100 100 100 100 100

4.5, 0.25 1.00 1.00 1.00 1.00 1.00 0.99 0.99 0.97 0.97
<5.5 20.50 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
25.5 All 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

Mote:  Interpolation for length of grade and demand flow rate to the nearest 0.01 is recommended.

PTSF Heavy Vehicle Adjustment Factor

The process for determining the heavy vehicle adjustment factor used in
estimating PTSF (Equation 15-8) is similar to that used in estimating ATS.
Passenger car equivalents must be found for trucks (E;) and RVs (E,).

Equivalents for both trucks and RVs in general terrain segments (level, rolling)
and on specific downgrades (which are treated as level terrain) are found in
Exhibit 15-18. In estimating PTSF, there is no special procedure for trucks
traveling at crawl speed on specific downgrades. Equivalents for trucks and RVs
on specific upgrades are found in Exhibit 15-19.

E:g;b;:;‘:;;gr Car g Directional Demand Level and Specific
Equivalents for Trucks (£7) Vehicle Type Flow Rate, v..»(veh/h) Downgrade Relling
and RVs (&) for Level 5100 L1 1.9
Terrain, Rolling Terrain, and %% i: :g
Specific Downgra . 5
G e 400 1.1 1.6
Trucks, Er 500 1.0 1.4
600 1.0 1.2
700 1.0 1.0
800 1.0 1.0
=900 1.0 1.0
RVs, Ex All 1.0 1.0
Note: Interpolation in this exhibit is not recommended.
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i i’::; Directional Demand Flow Rate, v,z (veh/h)
(%) {mi) =100 200 300 400 500 600 700 800 =900
Passenger Car Equivalents for Trucks (&)

23 <200 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
<35 3.00 1.5 1.3 13 1.2 1.0 1.0 1.0 1.0 1.0
: =4,00 1.6 1.4 1.3 1.3 1.0 1.0 1.0 1.0 1.0
<1.00 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0

=315, 1.50 1.1 B 1.0 1.0 1.0 1.0 1.0 1.0 1.0
<45 2.00 1.6 1.3 1.0 1.0 1.0 1.0 1.0 1.0 1.0
3.00 1.8 1.4 1.1 1.2 1.2 1.2 1.2 1.2 1.2

24,00 2.1 1.9 18 17 1.4 1.4 1.4 1.4 1.4

<1.00 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0

45 1.50 1.1 1.1 1.1 1.2 1.2 1.2 1.2 1.2 1.2
i 2.00 1.7 1.6 16 1.6 1.5 1.4 1.4 1.3 1.3
) 3.00 24 2.2 2.2 21 1.9 1.8 1.8 1.7 1.7
24,00 3.5 3.1 2.9 2.7 2.1 2.0 2.0 1.8 L8

<0.75 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0

1.00 1.0 1.0 1.1 1.1 1.2 1.2 1.2 1.2 1.2

5.5, 1.50 1.5 1.5 15 1.6 1.6 1.6 1.6 1.6 1.6
<65 2.00 1.9 1.9 19 19 1.9 1.9 1.9 1.8 18
3.00 34 3.2 3.0 29 2.4 2.3 2.3 1.9 1.9

>4.00 4.5 4.1 3.9 3.7 2.9 2.7 2.6 2.0 2.0

<0.50 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0

0.75 1.0 1.0 1.0 1.0 1.1 1.1 1.1 1.0 1.0

1.00 1.3 1.3 1.3 1.4 1.4 1.5 1.5 1.4 1.4

26.5 1.50 2.1 21 21 2.1 2.0 2.0 2.0 2.0 2.0
2.00 2.9 2.8 2.7 2.7 2.4 2.4 2.3 2.3 23

3.00 4.2 39 3.7 16 30 2.8 2.7 2.2 2.2

>4.00 5.0 4. 4.4 4.2 3.3 3.1 2.9 2.7 2.5

Passenger Car Equivalents for RVs (Ez)
Al | A | 10 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0

Mote: Interpolation for kength of grade and demand fiow rate to the nearest 0.1 is recommended.

Step 6: Estimate the PTSF

This step is only required for Class I and Class IT two-lane highways. Class
[1I highways do not use PTSF to determine LOS, but users may apply this step if

PTSF is a desired output of the analysis.

Once the demand flows for estimating PTSF are computed, the PTSF is
estimated with Equation 15-9:

where
PTSF, =
BPTSF,; =

Illrtl;« PTSE

Darrsr =

Vorrse =

percent time-spent-following in the analysis direction (decimal);

base percent time-spent-following in the analysis direction, from

PTSF, = BPTSF, + ,r,m,,,rsp(

Equation 15-10;

adjustment to PTSF for the percentage of no-passing zones in the

analysis segment;

Va prsr

Vg prse + Vn.PTSF)

demand flow rate in the analysis direction for estimation of PTSF
{pc/h); and

demand flow rate in the opposing direction for estimation of PTSF
{(pc/h).
The base percent time-spent-following (BPTSF) applies to base conditions

and is estimated by Equation 15-10:

Exhibit 15-19

PTSF Passenger Car
Equivalents for Trucks (£
and RVs (£g) on Specific
Upgrades

Equation 15-9
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Equation 15-10 BPTSFy = 100[1 — exp(av})]

previously defined.

where g and b are constants drawn from Exhibit 15-20 and all other terms are as

Exhibit 15-21 provides values of the no-passing-zone adjustment factor
funprse- Both Exhibit 15-20 and Exhibit 15-21 are entered with demand flow rates

fully converted to passenger cars per hour under base conditions (v, and v,).

Exhibit 15-20 Opposing Demand Flow

PTSF Coefficients for Use in Rate, v, (pc/h) Coefficient a Coefficient &

Equation 15-10 for Estimating <200 -0.0014 0.973

BPTSF 400 -0.0022 0.923

600 -0.0033 0.870

800 -0.0045 0.833

1,000 -0.0049 0.829

1,200 -0.0054 0.825

1,400 -0.0058 0.821

=1,600 -0.0062 0.817

MNote:  Straight-line interpolation of & to the nearest 0.0001 and & to the nearest 0,001 is recommended.

Exhibit15-21 Total Two-Way Flow Rate, rcent N ing Zon
E:&TS?:?QFZO}HE} Adjustment v = vz + va(pc/h) 0 20 40 60 80 100
I L g prar) TOT Directional Split = 50/50
Determination of PTSF <200 9.0 29.2 434 494 51.0 526
400 16.2 41.0 54,2 61.6 63.8 65.8
600 15.8 382 47.8 53.2 55.2 56.8
800 15.8 338 40.4 44.0 44,8 46.6
1,400 128 20.0 238 26.2 27.4 286
2,000 10.0 136 15.8 17.4 18.2 18.8
2,600 5.5 7.7 8.7 9.5 10.1 10.3
3,200 3.3 4.7 5.1 5.5 5.7 6.1
Directional Split = 60/40
<200 11.0 30,6 41.0 51.2 52.3 535
400 14.6 36.1 448 53.4 55.0 56.3
600 14.8 36.9 44.0 51.1 52.8 54.6
800 13.6 28.2 334 386 39.9 41,3
1,400 11.8 18.9 221 254 26.4 27.3
2,000 9.1 13.5 15.6 16.0 16.8 17.3
2,600 5.9 7.7 8.6 9.6 10.0 10.2
Directional Spiit = 70/30
<200 9.9 28.1 38.0 47.8 48.5 49.0
400 10.6 303 38.6 46.7 47.7 48.8
600 10.9 30.9 37.5 439 45.4 47.0
800 10.3 236 28.4 333 34.5 35.5
1,400 8.0 14.6 17.7 20.8 21.6 223
2,000 7.3 9.7 11.7 13.3 14.0 14.5
Directional Split = 80/20
<200 8.9 27.1 37.1 47.0 47.4 47.9
400 6.6 26.1 34.5 42.7 43.5 44.1
600 4.0 24.5 31.3 38.1 39.1 40.0
800 3.8 18.5 23.5 28.4 29.1 29.9
1,400 3.5 10.3 13.3 16.3 16.9 32.2
2,000 3.5 7.0 8.5 10.1 10.4 10.7
Directional Spiit = 90/10
<200 4.6 24.1 336 431 43.4 43.6
400 0.0 20.2 28.3 36.3 36.7 37.0
600 3.1 16.8 23.5 30.1 30.6 311
800 2.8 10.5 15.2 19.9 203 20.8
1,400 -1.2 5.5 8.3 11.0 11,5 11.9

recommended to the nearest 0.1.

Note:  Straight-line interpolation of £ ere- for percent no-passing zones, demand flow rate, and directional split is
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Note that in Exhibit 15-21, the adjustment factor depends on the total two-
way demand flow rate, even though the factor is applied to a single directional
analysis. The factor reflects not only the percent of no-passing zones in the
analysis segment but also the directional distribution of traffic. The directional
distribution measure is the same regardless of the direction being considered.
Thus, for example, splits of 70/30 and 30/70 result in the same factor, all other
variables being constant. However, Equation 15-9 adjusts the factor to reflect the
balance of flows in the analysis and opposing directions.

Step 7: Estimate the PFFS

This step is only required for the analysis of Class III two-lane highways.
PFF5S is not used in the determination of LOS for Class I or Class I1 facilities, but
this step can be performed if PFF5S is a desired output performance measure from
the analysis. The computation is straightforward, since both the FF5 and the ATS
have already been determined in previous steps. PFFS is estimated from
Equation 15-11:

ATS,

PFFS = FFS Equation 15-11

where all terms are as previously defined.

Step 8: Determine LOS and Capacity
LOS Determination

At this point in the analysis, the values of any needed measure(s) have been
determined. The LOS is found by comparing the appropriate measures with the
criteria of Exhibit 15-3. The measure(s) used must be appropriate to the class of
the facility being studied:

o (lass [: ATS and PTSF,
¢ (Class Il: PTSF, and
¢ Class III: PFFS.

For Class | highways, two service measures are applied. When Exhibit 15-3 is
entered, therefore, two LOS designations can be obtained. The worse of the two
is the prevailing LOS. For example, if ATS results in a LOS C designation and
PTSF results in a LOS D designation, LOS D is assigned.

Capacity Determination

Capacity, which exists at the boundary between LOS E and F, is not
determined by a service measure. Under base conditions, the capacity of a two-
lane highway (in one direction) is 1,700 pc/h. To determine the capacity under
prevailing conditions, relevant adjustment factors must be applied to Equation
15-3 and Equation 15-7. In this case, however, the demand flow rate of 1,700 pc/h
under base conditions is known, and the demand flow rate under prevailing
conditions is sought.

First, capacity is defined as a flow rate, so the PHF in Equation 15-3 and
Equation 15-7 is set at 1.00. Then, Equation 15-12 or Equation 15-13 (or both) are
applied, as described below,
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Equation 15-18

A v/c ratio is also a common performance measure of interest in LOS and
capacity analysis. It is most easily computed for two-lane highways with
Equation 15-18:

Vg
1,700

where v, is the directional demand flow rate converted to equivalent base

vfe =

conditions.

The difficulty is that there may be two values of v;: one for estimating ATS
and another for estimating PTSF (depending on the class of highway). For Class |
highways, where both measures are used, the result yielding the highest v/c ratio

would be used. For Class Il highways, only PTSF is used, and only one value
would exist. For Class IIl highways, only ATS is used, and only one value would

exist.
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4. EXTENSIONS TO THE MOTORIZED VEHICLE
METHODOLOGY

Adding an extra lane to a two-lane highway to improve passing
opportunities improves the highway's operational performance and therefore
may improve LOS. This section provides procedures for estimating the effects of
passing and climbing lanes on two-lane highway performance. In addition, this
section discusses the potential for geometric and operational treatments for
improving traffic operations on two-lane highways. Chapter 26, Freeway and
Highway Segments: Supplemental, provides a method for estimating the
capacity of a work zone on a two-lane highway.

PASSING LANES

A passing lane is a lane added within a portion of the two-lane highway
segment to improve passing opportunities in one direction of travel. For the
purposes of this procedure, passing lanes only exist in level and rolling terrain.
Added lanes on specific grades are considered to be climbing lanes and are
addressed later in this section.

Exhibit 15-22 illustrates the operational effect of a passing lane on PTSF. It
shows that the passing lane provides operational benefits for some distance
downstream before PTSF returns to its former level (without a passing lane).
Thus, a passing lane’s effective length is greater than its actual length.

100 Length downstream of passing lane
El Length upstream of passing lane (L) beyond effective length (L)
; 80— Normal two-lane highway
2
E 60— i
1
“ 1 ’ % Two-lane highway with passing lane
a 40— 1 F
E L I _Actual length of passing lane (L)
5 L
E' 20 g /ﬂ_ /annstmam length affected h: passing lane (L)
E Effective length of passing lane _ Total segment length (L}
@ S -l
& I T T T T T T | T !
0 1 2 3 4 5 6 7 8 9 10

Position Along Highway (mi)
Source: Harwood and Hoban (7).

Exhibit 15-23 gives the length of the downstream segment affected by the
passing lane for both ATS and PTSF. In the case of ATS, the effect is limited to 1.7
mi in all cases. Where PTSF is concerned, the effect can be far longer than the
passing lane itself —up to 13 mi for low demand flow rates.

An addad lane on a specific
grade is considered to be a
climbing lane and not 8
passing fane.

The effective fength of a
passing lane is longer than its
actual length.

Exhibit 15-22
Operational Effect of a
Passing Lane on PTSF

The prcn_oedum I'ferr_* is intended for the anf'llysm -:1? directional segments in mmﬁ; sﬁeﬂwme
level or rolling terrain that encompass the entire passing lane. Segments of the passing lane’s downstream
highway upstream and downstream of the passing lane may be included in the effect.
analysis. Inclusion of the full length of the passing lane’s downstream effect in
the analysis segment is recommended.
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Exhibit 15-23

Downstream Length of
Roadway Affected by Passing
Lanes on Directional
Segments in Level and Rolling
Terrain

Care should be taken in
considering the effect of
passing lanes on service fiow
rates; they are greally affected
by the length of the passing
lane relative fo the length of
the analysis segment.

Directional Demand Downstream Length of Roadway Affected, Ls (mi)
Flow Rate, v;(pc/h) PTSF ATS
=200 13.0 1.7
300 116 1.7
400 8.1 1.7
500 7.3 1.7
600 6.5 1.7
700 5.7 1.7
80O 5.0 1.7
500 4.3 1.7
=1,000 3.6 1.7

Mote:  Interpolation to the nearest 0.1 is recommended.

Because of the downstream effect on PTSF, the LOS on a two-lane highway
segment that is determined by PTSF (Class I and Class II) may be significantly
improved by the addition of a passing lane. However, care must be taken in
considering the impact of a passing lane on service volumes or service flow rates.
The result is highly dependent on the relative lengths of the analysis segment
and the passing lane. If the analysis segment includes only the length of the
passing lane and its downstream effective length (on PTSF), the passing lane may
appear to increase service flow rates dramatically at LOS A-D. (Capacity, and
therefore LOS E, would not be affected.) However, if additional lengths are
included in the analysis segment, this impact is reduced, sometimes
considerably. Thus, apparent increases in service volumes or service flow rates
must be carefully considered in the context of how they were obtained.

The steps in this special analysis procedure are as follows.

Step 1: Conduct an Analysis Without the Passing Lane

The first step in the operational analysis of the impact of a passing lane is to
follow the core methodology steps for a two-lane highway described in Section 3.
The remainder of the procedure essentially predicts the improvement caused by
the passing lane compared with a similar segment without a passing lane.

Step 2: Divide the Segment into Regions
The analysis segment can be divided into four regions, as follows:
1. Length upstream of the passing lane L, (all lengths are in miles),
2. Length of the passing lane L,
3. Length downstream of the passing lane within its effective length L, and

4. Length downstream of the passing lane beyond its effective length L.

Some of these regions may not be involved in a particular analysis. Region 2,
the passing lane, must be included in every analysis. In addition, it is strongly
recommended, but not absolutely necessary, that Region 3 be included. Regions
1 and 4 are optional, and inclusion is at the discretion of the analyst.

The four lengths must add up to the total length of the analysis segment. The
analysis regions and their lengths will differ for estimations of ATS and PTSF,
since the downstream effects indicated in Exhibit 15-23 differ for each.
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The length of the passing lane L, is either the length of the passing lane as
constructed or the planned length. It should include the length of the lane
addition as well as the length of the entrance and exit tapers. The procedure is
calibrated for passing lanes within the optimal lengths shown in Exhibit 15-24.
Passing lanes that are substantially shorter or longer than the optimums shown
may provide less operational benefit than predicted by this procedure.

Directional Demand Flow Rate, v, (pc/h) Optimal Passing Lane Length {mi) Exr!ihit 15-24
<100 <0.50 Optimal Lengths of Passing
=100, 400 >0.50, =0.75 Lanes on Two-Lane
400, <700 >0.75, £1.00 Highways
=700 >1.00, =2.00

The length of the conventional two-lane highway segment upstream of the
passing lane L, is determined by the actual or planned placement of the passing

lane within the analysis segment. The length of the downstream highway
segment within the effective length of the passing lane L, is determined from

Exhibit 15-23. Any remaining length of the analysis segment downstream of the

passing lane is included in L;, which is computed from Equation 15-19:
Lg=1Ly— (Ly+ Ly +Lg) Equation 15-19

where L, is the total length of the analysis segment in miles and all other terms

are as previously defined.

Step 3: Determine the PTSF

PTSF within lengths L, and L, is assumed to be equal to the PTSF, as
predicted by the core analysis procedure (without a passing lane). Within the
segment with the passing lane L,, PTSF is generally equal to 58% to 62% of its

upstream value. This effect is a function of the directional demand flow rate.
Within L, the PTSF is assumed to increase linearly from the passing lane value
to the normal upstream value. This distribution is illustrated in Exhibit 15-25.

& i Exhibit 15-25
E Effect of a Passing Lane on
E Region 1 Region 2 Region 3 Region 4 PTSF
— I I I
& PTSF, [
- [ i i
c
& I I
o
" I I |
E (] | |
*; 1 I |
- | I |
S | ] |
E - —_— —— -— -
e (&) L (L} ] (L) I
I ] T
I i

Position Along Highway (mi) '

On the basis of this model, the PTSF for the entire analysis segment, as
affected by the passing lane, is given by Equation 15-2(:

Chapter 15/Two-Lane Highways Extensions to the Motorized Vehicle Methodology
Version 6.0 Page 15-33




Highway Capacity Manual: A Guide for Multimodal Mobility Analysis

Equation 15-20

Exhibit 15-26

Adjustment Factor for the
Impact of a Passing Lane on
PTSF (foersd)

Equation 15-21

1+
PTSFa Ly + La + fyuorsebn + (——B275) Lo
L

PTSFy; =

where .
PTSF, = percent time-spent-following for segment as affected by the presence
of a passing lane (decimal); and
fprse = adjustment factor for the impact of a passing lane on percent time-
spent-following, from Exhibit 15-26.

All other variables are as previously defined.

Directional Demand Flow Rate, vy (pc/h) forprse
=100 0.58
200 0.59
300 0.60
400 0.61
500 0.61
600 0.61
700 0.62
800 0.62
2900 0.62

MNote:  Interpolation i not recommended; use closest value,

If the analysis segment cannot encompass the entire length L, because it is
truncated by a town or major intersection within it, distance L, is not used.
Therefore, the actual downstream length within the analysis segment L}, is less
than the value of L, tabulated in Exhibit 15-23. In this case, Equation 15-21
should be used instead of Equation 15-20:

. ; 1+ fy ey
PTSFq |Ly + fovprselpt + forprselae + (—;Pﬂ) (—Ld:;)]

PTSE, =
pl Ll‘

where L, is the total length of the analysis segment in miles and all other terms
are as previously defined.

In general, the effective downstream distance of the passing lane should not
be truncated. A downstream boundary short of the effective downstream
distance should be considered at the point where any of the following occur:

¢ The environment of the highway radically changes, as in the case of
entering a small town or developed area from a rural segment;

* A major unsignalized intersection is present, leading to a change in the
demand flow rate;

* A proximate signalized intersection begins to affect the operation of the
two-lane segment;

* The terrain changes significantly; or

¢ Lane or shoulder widths change significantly.
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Step 4: Determine the ATS

The ATS within lengths L, and L, is assumed to be equal to ATS,, the speed
that would exist without the passing lane. Within the passing lane, the ATS is
generally between 8% and 11% higher than its upstream value, depending on the
directional demand flow rate. Within the effective downstream length, L,, ATS is
assumed to decrease linearly with the distance from the passing lane, from the
passing lane value to the normal value. Exhibit 15-27 illustrates the impact of a
passing lane on ATS.

i
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The ATS is computed with Equation 15-22:

a ATS L,
ATSPI“‘L +L;:+( Lt )+( 8L, )
b forars 1+ forars
where
ATS,, = average travel speed in the analysis segment as affected by a passing

lane (mi/h); and
fuars = adjustment factor for the effect of a passing lane on ATS, from Exhibit
15-28.

All other variables are as previously defined.

Directional Demand Flow Rate, vs{pc/h) Foars
=100 1.08
200 1.09
300 1.10
400 1.10
500 1.10
600 1.11
700 1.11
800 1.11
=900 1.11

Mote:  Interpolation is not recommended; use dosest value.

Exhibit 15-27
Impact of a Passing Lane on
ATS

Equation 15-22

Exhibit 15-28

Adjustment Factor for
Estimating the Impact of a
Passing Lane on ATS (fars)
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Equation 15-23

High crash frequencies may
also fustify a climbing lane.

In the case where the analysis segment cannot include all of the effective
downstream distance, L, because a town or major intersections cause the

segment to be truncated, distance Lj, is less than the value of L. In this case,
Equation 15-23 is used instead of Equation 15-22 to compute ATS.
ATSy4L,

2L

it
1+ fopars + (forars — 1) (_@.1?&:)]

ATS, =

Ly
Ly ++ 22—+
U7 forats

where all terms are as previously defined.

Step 5: Determine the LOS

Determining the LOS for a segment with a passing lane is no different from
determining the LOS for a normal segment, except that ATS; and PTSF, are used

as the service measures with the criteria of Exhibit 15-3.

As with a normal segment, LOS for Class I highways is based on both PTSF
and ATS. LOS for Class II highways is based only on PTSF. Class III highways
would not normally have passing lanes, but if such a situation arose, PFF5 =
ATS/FF5 would be used to determine LOS.

CLIMBING LANES

A climbing lane is a lane added on an upgrade on a two-lane highway to
allow traffic to pass heavy vehicles whose speeds are reduced. Generally, the
lane is added to the right, and all slow-moving vehicles should move to this lane,
allowing faster vehicles to pass in the normal lane.

The American Association of State Highway and Transportation Officials (8)
indicates that climbing lanes on two-lane highways are warranted when

¢ The directional flow rate on the upgrade exceeds 200 veh/h;
¢ The directional flow rate for trucks on the upgrade exceeds 20 veh/h; and
* Any of the following conditions apply:

o A speed reduction of 10 mi/h or more exists for a typical truck;

o LOSE or F exists on the upgrade without a climbing lane; or

o Without a climbing lane, the LOS is two or more levels lower on the
upgrade than on the approach segment to the grade.

An operational analysis of the impact of a climbing lane on a two-lane
highway is performed by using the procedure for passing lanes given above,
with three major differences:

1. Adjustment factors for the existence of the climbing lane are taken from
Exhibit 15-29,

2. The analysis without a climbing lane is conducted by using the specific
grade procedures, and

3. Distances L, and L, are set to zero.
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The effective downstream distance L, is also generally set to zero unless the

climbing lane ends before the grade does. In this case, a value less than the
values given previously in Exhibit 15-23 should be considered.

Directional Demand Flow Rate, A Exhibit 15-29
va(pc/h) ATS PTSF Adjustment Factars {£) for
0-300 1.02 0.20 Estimating ATS and PTSF
>300-600 1.07 0.21 Within a Climbing Lane
=600 1.14 0.23

DESIGN AND OPERATIONAL TREATMENTS

Two-lane highways make up approximately 80% of all paved rural highways
in the United States but carry only about 30% of all traffic. For the most part,
two-lane highways carry light volumes and experience few operational
problems. However, some two-lane highways periodically experience significant
operational and safety problems brought about by a variety of traffic, geometric,
and environmental causes. Such highways may require design or operational
improvements to alleviate congestion.

When traffic operational problems occur on two-lane highways, many
agencies consider widening to four lanes. Another effective method for
alleviating operational problems is to provide passing lanes at intervals in each
direction of travel or to provide climbing lanes on steep upgrades. Passing and
climbing lanes cannot increase the capacity of a two-lane highway, but they can
improve its LOS. Short sections of four-lane highway can function as a pair of
passing lanes in opposite directions of travel. Operational analysis procedures
for passing and climbing lanes were provided previously in this section.

A number of other design and operational treatments are effective in
alleviating operational congestion on two-lane highways, including

* Turnouts,

s Shoulder use,

* Wide cross sections,

e Intersection turn lanes, and

s Two-way left-turn lanes (TWLTLs).

No calculation methodologies are provided in this section for these
treatments; however, the treatments are discussed below to indicate their
potential for improving traffic operations on two-lane highways.

Turnouts

A turnout is a widened, unobstructed shoulder area on a two-lane highway
that allows slow-moving vehicles to pull out of the through lane so that vehicles
following may pass. Turnouts are relatively short, generally less than 625 ft. Ata
turnout, the driver of a slow-moving vehicle that is delaying one or more
following vehicles is expected to pull out of the through lane, allowing the
vehicles to pass. The driver of the slow-moving vehicle is expected to remain in
the turnout only long enough to allow the following vehicles to pass before
returning to the travel lane. When there are only one or two following vehicles,
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this maneuver can usually be completed smoothly, with no need for the vehicle
to stop in the turnout. When there are three or more following vehicles, the
vehicle in the turnout will generally have to stop to allow all vehicles to pass. In
this case, the driver of the slower vehicle is expected to stop before the end of the
turnout, so that the vehicle will develop some speed before reentering the lane.
Signs inform drivers of the turnout’s location and reinforce the legal
requirements concerning turnout use.

Turnouts have been used in several countries to provide additional passing
opportunities on two-lane highways. In the United States, turnouts have been
used extensively in western states. Exhibit 15-30 illustrates a typical turnout.

Exhibit15-30 | T —
Typical Turnout Illustrated =+*

TR

L

Turnouts may be used on nearly any type of two-lane highway that offers
limited passing opportunities. To avoid confusing drivers, turnouts and passing
lanes should not be intermixed on the same highway.

A single well-designed and well-located turnout can be expected to
accommodate 20% to 50% of the number of passes that would occur in a 1.0-mi
passing lane in level terrain (7, 9). Turnouts have been found to operate safely,
with experts (9-11) noting that turnout accidents occur at a rate of only 1 per
80,000 to 400,000 users.

Shoulder Use

The primary purpose of the shoulder on two-lane highways is to provide a
stopping and recovery area for disabled or errant vehicles. However, paved
shoulders also may be used to increase passing opportunities on two-lane
highways.

In some parts of the United States and Canada, if the paved shoulders are
adequate, there is a long-standing custom for slower vehicles to move to the
shoulder when a vehicle approaches from the rear. The slower vehicle returns to
the travel lane once the passing vehicle has cleared. The custom is regarded as a
courtesy and requires little or no sacrifice in speed by either motorist. A few
highway agencies encourage drivers of slow-moving vehicles to use the shoulder
in this way because it improves the LOS of two-lane highways without the
expense of adding passing lanes or widening the highway. On the other hand,
there are agencies that discourage this practice because their shoulders are not
designed for frequent use by heavy vehicles.

One highway agency in the western United States generally does not permit
shoulder use by slow-moving vehicles but designates specific sections on which
the shoulder may be used for this purpose. These shoulder segments range in
length from 0.2 to 3.0 mi and are identified by traffic signs.

Research (7, 9) has shown that a shoulder-use segment is about 20% as
effective in reducing platoons as a passing lane of comparable length.
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Wide Cross Sections

Two-lane highways with lanes about 50% wider than normal have been used
in several European countries as a less expensive alternative to passing lanes.
Sweden, for example, built approximately 500 mi of roadways with two 18-ft
travel lanes and relatively narrow (3.3-ft) shoulders. The wider lane permits
faster vehicles to pass slower vehicles while encroaching only slightly on the
opposing lane of traffic. Opposing vehicles must move toward the shoulder to
permit such maneuvers. Roadway segments with wider lanes can be provided at
intervals, like passing lanes, to increase passing opportunities on two-lane
highways.

Research has shown that speeds at low traffic volumes tend to increase on
wider lanes, but the effect on speeds at higher volumes varies (12). More than
70% of drivers indicated that they appreciate the increased passing opportunities
available on the wider lanes, No safety problems have been associated with the
wider lanes.

Formal procedures have not yet been developed for evaluating the traffic
operational effectiveness of wider lanes in increasing the passing opportunities
on a two-lane highway. The traffic operational performance on a directional two-
lane highway segment containing wider lanes can reasonably be estimated as
midway between the segment with and without a passing lane of comparable
length.

Intersection Turn Lanes

Intersection turn lanes are desirable at selected locations on two-lane
highways to reduce delays to through vehicles caused by turning vehicles and to
reduce turning accidents. Separate right- and left-turn lanes may be provided, as
appropriate, to remove turning vehicles from the through travel lanes. Left-turn
lanes, in particular, provide a protected location for turning vehicles to wait for
an acceptable gap in the opposing traffic stream. This reduces the potential for
collisions from the rear and may encourage drivers of left-turning vehicles to
wait for an adequate gap in opposing traffic before turning, Exhibit 15-31 shows
a typical two-lane highway with left-turn lanes at an intersection.

i ” L = .
= e P 3= x5 e T R —

=

Research recommends specific operational warrants for left-turn lanes at
intersections on two-lane highways based on the directional volumes and the
percentage of left turns (13). The HCM'’s intersection analysis methodologies can
be used to quantify the effects of intersection turn lanes on signalized and
unsignalized intersections. However, there is no methodology for estimating the
effect of turn lanes on average highway speed. Modeling of intersection delays

shows the relative magnitude of likely effects of turning delays on PTSF (14); the
results are shown in Exhibit 15-32. The top line in the exhibit shows that turning

Exhibit 15-31

Typical Two-Lane Highway
Intersection with Left-Tum
Lane
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Exhibit 15-32

Tlustrative Effect of Turning
Delays at Intersections on
PTSF

Exhibit 15-33
Typical Shoulder Bypass Lane
at a Three-Leg Intersection on

vehicles can increase PTSF substantially over a short road segment. However,
when these effects are averaged over a longer road segment, the increase in PTSF
is greatly reduced, as indicated by the dashed line in the exhibit. The provision of
intersection turn lanes could minimize these effects.
100+
90—
80+ R
70 i
60~ iy
50+ o
40 ”
30 ’a
20+ A = 0.5-mil section with 20% left turns at one location

£ — = == = [L5-mi secticn with 20% left turns at two locations
10— T imuwswmaswe Hormsl two-lane, two-way Segment

Percent Time-Spent-Following
*,

0

T T T T T T T T T 1

D 200 400 200 800 1,000 1,200 1,400 1,600 1,800 2,000
Two-Way Flow Rate (veh/h)

Source: Hoban ( 14).

Several agencies in the United States provide shoulder bypass lanes at three-
leg intersections as a low-cost alternative to a left-turn lane. As shown in Exhibit
15-33, a portion of the paved shoulder may be marked as a lane for through
traffic to bypass vehicles that are slowing or stopped to make a left turn. Bypass
lanes may be appropriate for intersections that do not have volumes high enough
to warrant a left-turn lane.

The delay benefits of shoulder bypass lanes have not been quantified, but
field studies have indicated that 97% of drivers who need to avoid delay will
make use of an available shoulder bypass lane. One state has reported a marked
decrease in rear-end collisions at intersections where shoulder bypass lanes were
provided (15).

a Two-Lane Highway
] |
“Approach Approach Departure Departure
Taper Lame Lana Taper
Two-Way Left-Turn Lanes
A TWLTL is a paved area in the highway median that extends continuously
along a roadway segment and is marked to provide a deceleration and storage
area for vehicles traveling in either direction that are making left turns at
intersections and driveways.
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TWLTLs have been used for many years on urban and suburban streets with
high driveway densities and turning demands to improve safety and reduce
delays to through vehicles. TWLTLs can be used on two-lane highways in rural
and urban fringe areas to obtain the same types of operational and safety
benefits — particularly on Class III two-lane highways. Exhibit 15-34 illustrates a
typical TWLTL.

—'_._-—I—'_'_ _‘_‘—i—-_‘_‘—-_
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There is no formal methodology for evaluating the traffic operational
effectiveness of a TWLTL on a two-lane highway. Research has found that delay
reduction provided by a TWLTL depends on both the left-turn demand and the
opposing traffic volume (9). Without a TWLTL or other left-turn treatment,
vehicles that are slowing or stopped to make a left turn may create delays for
following through vehicles. A TWLTL minimizes these delays and makes the
roadway segment operate more like two-way and directional segments with
100% no-passing zones. These research results apply to sites that do not have
paved shoulders available for following vehicles to bypass turning vehicles.
Paved shoulders may alleviate as much of the delay as a TWLTL.

Research has found little delay reduction at rural TWLTL segments with
traffic volumes below 300 veh/h in one direction (9). At several low-volume sites,
no reduction was observed. The highest delay reduction observed was 3.4 s per
left-turning vehicle, Therefore, at low-volume rural sites, TWLTLs should be
considered for reducing accidents but should not be expected to improve the
operational performance of the highway.

At higher-volume urban fringe sites, greater delay reduction was found with
TWLTLs on a two-lane highway. Exhibit 15-35 shows the expected delay reduction
per left-turning vehicle as a function of opposing volume. As the delay reduction
increases, a TWLTL can be justified for improving both safety and operations.

Exhibit 15-34
Typical TWLTL on a Two-Lane
Highway

Im—| Upper fimit Exhibit 15-35
¥ g Estimated Delay Reduction
5 with a TWLTL on a Two-Lane
E. kol Highway Without Paved
£ - Shoulders
§
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9 40 == Typlcal
&
g 30+
=
B 20—
=
5 10
& Lovwer limit
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Opposing Volume, ¥ {vehfh)
Source: Harwood and St John (4).
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5. BICYCLE METHODOLOGY

The calculation of bicycle LOS on multilane and two-lane highways shares
the same methodology, since multilane and two-lane highways operate in
fundamentally the same manner for bicyclists. Cyclists travel much more slowly
than the prevailing traffic flow, staying as far to the right as possible and using
paved shoulders when available, which indicates the need for only one model.

The bicycle LOS model for two-lane and multilane highways uses a traveler
perception model calibrated by using a linear regression (16). The model fits
independent variables associated with roadway characteristics to the results of a
field-based user survey that rated the comfort of various bicycle facilities. The
resulting bicycle LOS score generally ranges from 0.5 to 6.5 and is stratified to
produce a LOS A=F result, on the basis of Exhibit 15-4.

SCOPE OF THE METHODOLOGY

Spatial and Temporal Limits

The bicycle method applies to paved shoulders, bicycle lanes, and shared
lanes on two-lane highways. These facility types were illustrated in Exhibit 3-24
in Chapter 3, Modal Characteristics. Sidepaths are not addressed by the method,
but they could be treated as an off-street facility, if located sufficiently far away
from the highway, as described in Section 1 of Chapter 24, Off-Street Pedestrian
and Bicycle Facilities.

Segment boundaries should be established at points where a change occurs
in any of the following; terrain, lane widths, shoulder width, facility
classification, or demand flow rate. If both a bicycle and a motorized vehicle
analysis are being performed for the two-lane highway, the segments used for
the two analyses should be identical. The recommended length of the analysis
period is the HCM standard of 15 min (although longer periods can be examined).

Performance Measures
This method produces the following performance measures:

» Bicycle LOS score, and
* LOS based on the bicycle LOS score.

Strengths of the Methodology

The bicycle LOS score and letter produced by this method are sensitive to
bicyclist separation from motor vehicle traffic, motorized traffic volumes and
speed, heavy vehicle presence, and pavement condition. The bicycle LOS score
and letter can be directly compared with the modal LOS scores and letters
produced by other HCM traveler perception-based methods, such as those
found in many of the urban street and intersection chapters in Volume 3.

Bicycle Methodology
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Limitations of the Methodology

This methodology was developed with data collected on urban and
suburban streets, including facilities that would be defined as suburban two-lane
highways. Although the methodology has been successfully applied to rural
two-lane highways in different parts of the United States, users should be aware
that conditions on many rural two-lane highways will be outside the range of
values used to develop the bicycle LOS model. The ranges of values used in the
development of the bicycle LOS model (16) are shown below:

» Width of the outside through lane: 10 to 16 ft;
s Shoulder width: 0 to 6 ft;

* Motorized vehicle volumes: up to 36,000 annual average daily traffic
(AADT);

¢ Posted speed: 25 to 50 mi/h;
* Heavy vehicle percentage: 0% to 2%; and

* Pavement condition: 2 to 5 on the Federal Highway Administration
(FHWA) 5-point pavement rating scale (17).

The bicycle LOS methodology does not take differences in prevalent driver
behavior into consideration, although driver behavior may vary considerably
both regionally and by facility. In particular, the likelihood of drivers slowing
down or providing additional horizontal clearance while passing cyclists plays a
significant role in the perceived quality of service of a facility.

REQUIRED DATA AND SOURCES

Exhibit 15-36 lists the information necessary to apply the bicycle
methodology and suggests potential sources for obtaining these data. As can be
seen in the exhibit, many of the input data required for a bicycle analysis are also
required for a motorized vehicle analysis.

Exhibit 15-36 also suggests default values for use when segment-specific
information is not available. The user is cautioned that every use of a default
value instead of a field-measured, segment-specific value may make the analysis
results more approximate and less related to the specific conditions that describe
the highway. HCM defaults should only be used when (a) field data cannot be
collected and (b) locally derived defaults do not exist.
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Required Input Data, Potential Required Data Potential Data Source(s)  Default Value
Data Sources, and Default Geometric Data
ﬂﬁ;::ﬂm;”; ;E‘E "Lane width ()" Road inventory, aerial photo 12 Rt
Analysis Shoulder width (ft)* ) Road inventory, aerial photo 6 ft
‘Speed limit {mi/h) _ Field data, road Ii‘WEﬂtﬂr’f Must be provided
i 1 (two-lane highwa
Mamer o dreciona trough anes _Feld o road mentoy 3 (G )
Pavement condition” Field data, pavement condition (good)
(FHWA 5-point scale) inventory 9
Demand Data
Hourly motor vehicle demand (veh/h)*  Field data, past counts, models Must be provided
Directional volume split (%)* F‘Eld data past counts, models Must be provided =
_Analysis period length (min}* ~ Set by analyst 15 min (0.25 h)
Peak hour factor (decimal)* Field data 0.88
Heavy vehicle percentage (decimal)*  Field data, past counts 0.06°
Percent of segment with occupied Field data 0.00

on-highway parking (decimal)®
Motes:  Bold ftafic indicates high sensitivity (£2 LOS letters) of LOS to the choice of default value,

Bold indicates moderate sensitivity (£1 LOS letter) of LOS to the choice of default value.

*Also used by the two-lane highway motorized vehicle method.

* Sensitivity reflects pavement conditions 2-5. Very poor pavement {i.e., 1) typically results in LOS F,

regardless of other input values.

®See Chapter 26 in Violume 4 for state-specific default heavy vehicle percentages.

¢ Moderate sensitivity on Class 111 two-lane highways.

OVERVIEW OF THE METHODOLOGY
Exhibit 15-37 illustrates the steps involved in the bicycle methodology.

Exhibit 15-37
g Step 1: Gather Input Data
Flowchart of the Bicycle Lane and shoulder \Edth
Methodology for Two-Lane MNumber of directional lanes
and Multilane Highways Speed limit
Pavement condition
Automobile demand data
On-highway parking eccupancy

4
Step 2: Calculate the Directional Flow Rate in the Outside Lane
{Equation 15-24)

Automobile demand, number of directional lanes, peak hour factor

L 4

Step 3: Calculate the Effective Width
(Equations 15-25 to 15-29)

Lane and shoulder width

Automaobile demand volume

On-highway parking occupancy

k
Step 4: Calculate the Effective Speed Factor
(Equation 15-30)
Speed limit

¥

Step 5: Determine the LOS
(Equation 15-31 and Exhibit 15-4)
Directional flow rate in the outside lane
Effective speed factor

Heavy vehicle percentage

Pavement condition

Effective width
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COMPUTATIONAL STEPS

Step 1: Gather Input Data

Exhibit 15-36 listed the information that must be available before a two-lane
or multilane highway segment can be analyzed and potential sources for that
information. The exhibit also suggested default values for use when neither site-
specific data nor local default values are available.

Pavement rating is determined by using FHWA's 5-point present
serviceability rating scale (17): 1 (very poor), 2 (poor), 3 (fair), 4 (good), and
5 (very good).

Step 2: Calculate the Directional Flow Rate in the Outside Lane
On the basis of the hourly directional volume, the peak hour factor, and the
number of directional lanes (one for basic two-lane highways, two or more for
passing lanes or multilane highways), calculate the directional demand flow rate
of motorized traffic in the outside lane with Equation 15-24:
_ v
oL = PHF x N
where

oy = directional demand flow rate in the outside lane (veh/h),

=
]

hourly directional volume (veh/h),
PHF
N

peak hour factor, and

number of directional lanes (=1 for two-lane highways).

Step 3: Calculate the Effective Width

The effective width of the outside through lane depends on both the actual
width of the outside through lane and the shoulder width, since cyclists will be
able to travel in the shoulder where one is provided. Moreover, striped shoulders
of 4 ft or greater provide more security to cyclists by giving cyclists a dedicated
place to ride outside of the motorized vehicle travelway. Thus, an 11-ft lane and
adjacent 5-ft paved shoulder results in a larger effective width for cyclists than a
16-ft lane with no adjacent shoulder.

Parking occasionally exists along two-lane highways, particularly in
developed areas (Class Il highways) and near entrances to recreational areas
(Class Il and Class III highways) where a fee is charged for off-highway parking
or where the off-highway parking is inadequate for the parking demand. On-
highway parking reduces the effective width, because parked vehicles take up
shoulder space and bicyclists leave some shy distance between themselves and
the parked cars.

Equation 15-25 through Equation 15-29 are used to calculate the effective
width W, on the basis of the paved shoulder width W, and the hourly directional

volume V:

Equation 15-24
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Equation 15-25

Equation 15-26

Equation 15-27

Equation 15-28

Equation 15-29

Equation 15-30

Equation 15-31

If W, is greater than or equal to 8 ft:
W, = W, + W, — (%0HP x 10 ft)
If W, is greater than or equal to 4 ft and less than 8 ft:
W, =W, +W, -2 x [%0HP(2 ft + W,)]
If W, is less than 4 ft:
W, = W, + [%OHP(2 ft + W,)]
with, if Vis greater than 160 veh/h:
Wy, = Wor + W
Otherwise,
W, = (Wy, + W,) x (2 = 0.005V)
where
W, = effective width as a function of traffic volume (ft),
W, = outside lane width (ft),
W, = paved shoulder width (ft),

V' = hourly directional volume per lane (veh/h),

W, = average effective width of the outside through lane (ft), and

%OHP = percentage of segment with occupied on-highway parking (decimal).

Step 4: Calculate the Effective Speed Factor

The effect of motor vehicle speed on bicycle quality of service is primarily
related to the differential between motor vehicle and bicycle travel speeds. For
example, a typical cyclist may travel in the range of 15 mi/h. An increase in
motor vehicle speeds from 20 to 25 mi/h is more readily perceived than a speed
increase from 60 to 65 mi/h, since the speed differential increases by 100% in the
first instance compared with only 11% in the latter. Equation 15-30 shows the
calculation of the effective speed factor that accounts for this diminishing effect.

S; = 11199 In(S,, — 20) + 0.8103

where
5, = effective speed factor, and
S, = posted speed limit (mi/h).

Step 5: Determine the LOS
With the results of Steps 14, the bicycle LOS score can be calculated from
Equation 15-31:

BLOS = 0.507 In(vy,) + 0.19995,(1 + 10.38HV)? + 7.066(1/P)? —
0.005(W,)? + 0.760
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where
BLOS5 = bicycle level of service score;
tor = directional demand flow rate in the outside lane (veh/h);
5, = effective speed factor;
HV = percentage of heavy vehicles (decimal); if V <200 veh/h, then HV
should be limited to a maximum of 50%:;
P = FHWA's 5-point pavement surface condition rating; and
W, = average effective width of the outside through lane (ft).
Finally, the BLOS score value is used in Exhibit 15-4 to determine the bicycle
LOS for the segment.
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6. APPLICATIONS

EXAMPLE PROBLEMS

Section 7 of Chapter 26, Freeway and Highway Segments: Supplemental,
provides five example problems that go through each of the computational steps
involved in applying the motorized vehicle and bicycle methods:

1. Class I highway LOS,
2. Class Il highway LOS,

3. Class IIl highway LOS,

4. Class | highway LOS with a passing lane, and
5. Two-lane highway bicycle LOS.

RELATED CONTENT IN THE HCMAG

The Highway Capacity Manual Applications Guide (HCMAG), accessible
through the online HCM Volume 4, provides guidance on applying the HCM on
two-lane highways. Case Study 3 goes through the process of identifying the
goals, objectives, and analysis tools for investigating LOS on Krome Avenue, a
33-mile route that bypasses Miami, Florida, on its west side. The case study
applies the analysis tools to assess the performance of the route, to identify areas
that are deficient, and to investigate alternatives for correcting the deficiencies.

This case study includes the following problems related to two-lane
highways:
1. Determination of facility types for analysis

a. At what point does Krome Avenue change from a two-lane highway
to a signalized arterial?

b. What highway class should be assigned to each of the segments?

c. What, if any, conditions exist at the controlled intersections that
could affect the analyses?

2. Planning methodaology or service volume table application
a. North section: Class I two-lane highway
b. Center section: Class I or Il two-lane highway
3. Application of HCM chapters to arterial and highway segments
a. MNorth section: Class [ two-lane highway
b. Center section: Class [ or Il two-lane highway

Other problems in the case study evaluate options for a problematic
intersection along the highway and evaluate the south section of the highway,
which is treated as an urban street because of its 1-mile traffic signal spacing,.

Although the HCMAG was based on the HCM2000's procedures and
chapter organization, the general thought process described in its case studies is
also applicable to this edition of the HCM.
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EXAMPLE RESULTS

This section presents the results of applying this chapter’s method in typical
situations. Analysts can use the illustrative results presented in this section to
observe the sensitivity of output performance measures to various inputs, as well
as to help evaluate whether their analysis results are reasonable. The exhibits in
this section are not intended to substitute for an actual analysis and are
deliberately provided in a format large enough to depict general trends in the
results, but not large enough to pull out specific results.

Motorized Vehicle Mode

Sensitivity of Results to Shoulder Wigth

Exhibit 15-38 presents illustrative results showing how ATS and PTSF vary
with increasing analysis direction volume and decreasing shoulder width. ATS is
relatively insensitive to shoulder width, and PTSF is not affected at all by
shoulder width. As directional volumes increase, ATS decreases, while PTSF
increases.

Exhibit 15-38

Tllustrative Effect of Volume
and Shoulder Width on ATS
and PTSF

Average Travel Speed (mifh)
anwBRBRERERERE

Percent Time-Spent-Following [%)
ecB888588a3888

0 00 400 E00 800 1,000 1,200 1,400 1,600

Analysts Direction Vol h
e Lt/ 0 200 400 600 800 1,000 1,200 1,400 1,600
—&ftshoulder —&R --2ft --OR Analysis Direction Velume (veh/h)

(a) ATS (b) PTSF
Note:  Calculated by using this chapter's methods. Fixed values include 12-ft lane widths, B access points per mile,

60-mifh base free-flow speed, bevel terrain, 40% no-passing zones, 60/40 directional split, 6% trucks, 0.88
PHF, no passing lanes, and 10-mi segment length. PTSF is not sensitive to shoulder width.

Sensitivity of Results to Percent No-FPassing Zones

Exhibit 15-39 presents illustrative results showing how ATS and PTSF vary
with increasing analysis direction volume and increasing percentage of no-
passing zones. ATS is not very sensitive to percent no-passing zones at low
volumes and, for all practical purposes, is insensitive at moderate and high
directional volumes. Increasing the percentage of no-passing zones has no effect
on the ATS result until the value increases above 20%.

PTS5F is particularly sensitive to percentage of no-passing zones at low and
moderate volumes, but its sensitivity declines as directional volumes increase. In
addition, the PTSF results for the highest percentage of no-passing-zone values
used in the exhibit (70% and 100%) are similar throughout the range of directional
volumes, indicating that a substantial number of passing opportunities need to
be provided to have an impact on PTSF.
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Exhibit 15-39

Tlustrative Effect of Volume
and Percent No-Passing Zones
on ATS and PTSF

Exhibit 15-40

Tllustrative Effect of Volume
and General Terrain Type on
ATS and PTSF

z ﬁ 100
E ] _}f :
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0 200 400 600 500 1,000 1,200 1,400 1,600 0 200 400 600 800 1,000 1,200 1,400 1,500
Analysis Direction Volume [veh/h) Analysis Direction Violume (veh/h)
—0% no-pasuing ones —I0% == A0% =T0% — 100 —0% no-passing 1ones —20W --40% -—7O%N —100%
(a) ATS (b) PTSF

Mote:  Caloulated by using this chapter's methods, Fixed values include 12-ft lane widths, 6-foot shoulders, 8
access points per mike, 60-mifh base free-flow speed, level terrain, 60/40 directional split, 6% trucks, 0.88
PHF, no passing lane, and 10-mi segment length.
ATS values for 0% and 20% no-passing zones are identical,

Sensitivity of Results to General Terrain Type

Exhibit 15-40 shows that the general terrain type has little impact on ATS and
PTSF. In addition, the directional capacity of the roadway is slightly lower in
rolling terrain than in level terrain. Note that the percentage of no-passing zones
is typically related to terrain and, on the basis of Exhibit 15-39(b), has a more
substantial effect on PTSF than does the general terrain type.

._.EE ili _-f"_;_—'_'_?__-
iz iz /
gtg §::

l:}l] 200 400 GO0 800 1,000 1,200 1.400 1,600 E 9

0 00 400 EO0 BOO 1,000 1,200 1400 1,600

Analysis Direction Volume (veh/h) Analysis Direction Volume (veh/h]
—ipvel  —Robing —ievel —Aoliing
(a) ATS (b) PTSF

Mote:  Calculated by using this chapter's methods. Fixed values indluede 12-ft lane widths, 6-foot shoulders, 8
access points per mile, 40% no-passing zones, 60-mifh base free-flow speed, 60/40 directional split, 6%
trucks, 0.88 PHF, no passing lane, and 10-mi segment length.

Sensitivity of Results to Passing Lane Location

Exhibit 15-41 illustrates the impact on ATS and PTSF of the location of a 1-mi
passing lane along a 10-mi segment of two-lane highway (e.g., a length of
highway between two towns located 10 mi apart). The farther the passing lane is
located into the segment, the more likely that not all of its effective length will be
usable in this case, where the highway’s character changes at the segment’s end.

Exhibit 15-41(a) shows that the presence of a passing lane produces a tiny
increase in ATS, regardless of the passing lane’s location. Exhibit 15-41(b) shows
that—at low directional volumes—the earlier in the segment the passing lane
occurs, the more pronounced the effect on PTSE. At high directional volumes, the
passing lane location has less of an effect on PTSF, both because of the difficulty
of passing before and after the passing lane and because the assumed passing
lane length (1 mi) is less than the optimal length shown in Exhibit 15-24. In all
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cases, though, the presence of a passing lane improves PTSF—and often
substantially —compared with the case without the passing lane.

\

-

cEBBE5885888

Average Travel Speed (mifh)
onbhaREREGERE

Percent Thme-Spent Following [%]

0 200 400 600 800 1,000 1,200 1,400 1,600
. 0 200 400 600 BOO 1,000 1,200 1,400 1,600
Analysis Direction Volume (weh/h) Analysis Direction Volume (veh/h)

—Ho passing lane  —Pasaing lane =—Pio passing Lane — L mile into segment - - 4,5 miles - § miles
(a) ATS (b) PTSF
Note:  Calculated by using this chapter's methods. Fixed values include 12-ft lane widths, 6-foot shoulders, &

access points per mile, 40% no-passing zones, 60-mi/h base free-fiow speed, level terrain, 60/40
directional split, 6% trucks, 0.88 PHF, 1-mi passing lane length, and 10-mi segment length.

Sensitivity of Results to Passing Lane Length

Exhibit 15-42 illustrates the impact on ATS and PTSF of the length of a
passing lane located 1 mi into a 10-mi segment of two-lane highway. Exhibit 15-
42(a) shows that ATS increases slightly as the passing lane length increases.
Exhibit 15-42(b) shows that any passing lane length lowers the PTSF, compared
with the case without a passing lane, but that longer passing lane lengths result
in greater reductions in PTSF as directional volumes increase.

\
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ocBHEE883E888

Average Travel Speed (mifh)
awchaRERESERE

Percent Time-Spent-Following (%)

L s ittt 0 200 400 600 800 1,000 1,200 1,400 1,600
s Diructicn Vol fimiy/h) Analysls Direction Volume (veh/h)
==No passing laine — 0.5 milong -- 1mi——1.5mi— 2 mi —Mo paising lane —0.3miloag - 1ml --13mi Tml

(a) ATS (b) PTSF

Mote:  Calculated by using this chapter’s methods. Fixed values include 12-ft lane widths, 6-foot shoulders, §
access points per mile, 40% no-passing zones, &0-mi/h base free-flow speed, level terrain, 60/40
directional split, 6% trucks, 0.88 PHF, passing lane starting 1 mi into segment, and 10-mi segment length.

Other Observations

The selected highway class has no impact on the calculated values of ATS
and PTSF. However, the class does make a difference in the calculation of LOS
on the basis of PTSF or the combination of PTSF and ATS. The LOS thresholds
for PTSF are 5 percentage points higher for Class IT highways than for Class |
highways.

No comparisons were presented above for PFFS, which is the service
measure for Class Il highways. However, because PFF5S is simply ATS divided
by the free-flow speed, all the comparisons related to ATS given above also
apply to Class 111 highways.

Exhibit 15-41

lllustrative Effect of Volume
and Passing Lane Location
on ATS and PTSF

Exhibit 15-42

Illustrative Effect of Volume
and Passing Lane Length on
ATS and PTSF
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Bicycle Mode

Sensitivity of Results to Lane and Shoulder Width

Exhibit 15-43 depicts how the BLOS score is affected by different lane and
shoulder widths at different directional volumes. As was shown in Exhibit 15-4,
lower BLOS score values indicate that bicyclists perceive better conditions, with
the LOS A/B threshold set at a BLOS score of 1.5, the LOS E/F threshold set at 5.5,
and each 1.0 increase in the BLOS score indicating a one-letter drop in the level of
service.

Comparison of Exhibit 15-43(a) with Exhibit 15-43(b) indicates that the
relative change in the BLOS score with either a reduced lane width or a reduced
shoulder width is the same at any volume. In addition, shoulder width has a
greater impact on the BLOS score than does the lane width.

Finally, the effect of low volumes on the BLOS score can be seen clearly in
both graphs as a sharp drop in the score when the volume is 160 veh/h or less.
This effect is a result of Equation 15-29, where the effective width as a function of
traffic volume can be as much as twice the physical width.

Exhibit 15-43 &
Illustrative Effect of Volume, 5
Lane Width, and Shoulder e,
Width on BLOS Score 3
g3
2
i,
o
0 200 400 600 &00 1,000 1,200 1,800 0 200 400 600 H00 1,000 1200 1,400
Analysis Direction Volume [veh/h) Analysis Direction Violume (veh/h)
=7t lanes =110t -- 107 =<9 R et shoulder =—df ==X ft =0k
{a) Lane Width (b) Shoulder Width

Mote:  Calculated by using this chapter's methods. Fixed values include pavement condition = 4 {good), speed
limit = 50 mifh, PHF = 0.88, 6% heavy vehicles, and no on-highway parking. In Exhibit 15-43(a), shoulder
width = 4 ft. In Exhibit 15-43(b), lane width = 12 ft.

Sensitivity of Results to Traffic Speed and Heavy Vehicles

Exhibit 15-44(a) shows that traffic speed has a relatively small effect on the
BLOS score, within the range of speed limits typically found on two-lane
highways. On the other hand, Exhibit 15-44(b) shows that the heavy vehicle
percentage has a large effect on the BLOS score. When heavy vehicles form 14%
of the traffic volume, LOS F (i.e., BLOS score > 5.5) conditions result at any traffic
volume over 160 veh/h, for the conditions shown in the note accompanying the
exhibit.
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Hote:  Calculated by using this chapter’s methods. Fixed values indude 12-ft lane width, 6-ft shoulder, pavement
condition = 4 (good), PHF = 0.88, no on-highway parking. In Exhibit 15-43(a), the heavy vehicle
percentage is 6%. In Exhibit 15-43(b), the speed limit is 50 mifh.

Sensitivity of Results to Pavement Condition and On-Highway Parking

Exhibit 15-45(a) shows that the BLOS score is sensitive to the pavement
condition rating. Furthermore, when the pavement rating is 1 (very poor), the
BLOS score is off the graph, well into the LOS F range (e.g., BLOS = 6.51 with no
traffic volume, for the conditions shown with the exhibit).

Exhibit 15-45(b) shows that, within the range of occupied parking that might
be found along a Class Il highway, on-highway parking has a small impact on
the BLOS score. However, at the higher percentages of on-highway parking that
might be found along a Class I1l highway, the impact of parking is greater.

Exhibit 15-44

Illustrative Effect of Volume,
Speed Limit, and Heavy
Vehicles on BLOS Score

Exhibit 15-45
Tllustrative Effect of Volume,
Pavement Condition, and On-

Highway Parking on BLOS
Score
O 200 400 6O0 800 1,000 1,200 1,800 O 200 400 600 BOD 1,000 1,200 1,400
Analysis Direction Volume [vehh) Analysis Direction Velume (veh/h}
—Pavement rating s —4 <=3 el =% otupied parking — 5% < = 10% «-=-25%
(a) Pavement Condition (b) On-Highway Parking
MNote: Cakulated by using this chapter’s methods. Fixed values include 12-ft lane width, &-ft shoulder, 6% heavy
wehicles, 50-mifh speed limit, and PHF = 0.88. In Exhibit 15-45(a), there is no on-highway parking. In
Exhibit 15-45(b), the pavement condition rating is 4 (good).
When the pavement condition is 1 (very poor), BLOS score > 5.5 (LOS F) across the full range of
directional volumes, for the conditions listed above,
GENERALIZED DAILY SERVICE VOLUMES
Exhibit 15-46 shows generalized daily service volumes for use in planning
and preliminary design. The exhibit provides daily service volume values for
three types of segments: (#) a Class 1 highway in level terrain, (b) a Class 1
highway in rolling terrain, and (c) a Class Il highway in rolling terrain.
Typical conditions assumed for each are given below the table. Various
values of K- and D-factors are given. Since these values vary greatly from region
to region, the analyst must select the values most appropriate to the particular
application. Interpolation may be used, if desired, to obtain intermediate values.
Chapter 15/Twe-Lane Highways Applications
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Exhibit 15-46 K | o Class I—Level Class I—Rolling Class II—Rolling
Generalized Daily Service Factor|Factor|LOSB LOSC LOSD LOSE|LOSB LOSC LOSD LOSE|LOSB LOSC LOSD LOSE
Volumes for Two-Lane 50% | 55 93 165 312 | 42 84 157 303 | 50 98 182 312
Highways 0.09 55% | 4.9 87 149 302 37 79 140 292 4.1 87 160 302
leow | 44 81 139 26| 37 62 128 268 | 37 79 146 276
65% | 41 7.9 129 255 | 34 59 114 247 | 33 59 132 255
50% | 5.0 84 148 280 | 3.8 7.6 142 27.2 | 44 88 163 280
The Qlss [—fevel case ss% | 94 79 134 271 | 33 71 126 263 | 37 79 144 271
e S e 0.9 29 | 33 s6 15 241 | 33 71 131 249
St asss 60% | 40 73 125 24. ; 6 1, 1| : L .
o 65% | 37 74 116 230 | 30 53 103 23| 30 53 119 230
FpaTapias. 50% | 41 7.0 124 234 | 31 63 118 227 | 37 74 136 234
The Class I—rolling case oaz | 5% | 37 65 112 26| 28 59 105 219 31 65 120 226
JEcumas more moderate ; 60% i3 6.1 104 20.7 7 4.7 96 20.1 2.7 59 109 207
speeds and reduced passing 65% | 3.1 59 96 191 ] 25 44 85 185 | 24 44 99 191
apportunities because of the 50% 3.5 6.0 106 20.0 2.7 54 101 194 3.2 63 1.7 200
terrain. oqs | 5% | 31 s6 96 194 24 s1 90 188 26 56 103 194
, _ ““T1e0% | 28 52 89 177 | 23 40 82 1722 | 23 51 94 177
Tﬁ%ﬁ {i—rolling case is 65% | 26 51 B2 164 ] 21 38 73 159 | 21 3B BS5 164
similar to a scenic or
: : Motes: Velumes are thousands of vehicles per day.
frecremn st il T} Assumed values for all entries: 10% trucks, PHF = 0.8, 12-ft lanes, 6-ft shoulders, 10 access points/mi.
lower speeds and limited Assumed values for Class I—level: BFFS = 65 mi/h, 20% no-passing zones.
passing opporturnities. hesumed values for Class I—rolling: BFFS = 60 mifh, 40% no-passing zones.
Assumed values for Class I[I—rolling: BFFS = 50 mifh, 60% no-passing aones.

A couple of interesting characteristics are displayed in Exhibit 15-46:

a. LOS A is not shown. Even in level terrain, this level can be achieved
only at very low demand flow rates (almost always lower than 50
veh/h, directional).

b. The range of demand flows falling within LOS E is broad compared
with other levels of service. This is because the quality of service on
two-lane highways tends to become unacceptable at relatively low
v/c ratios. Few two-lane highways are observed operating at or near
capacity (except for short segments), because most will have been
expanded before demand flows approaching capacity develop.

Exhibit 15-46 should be used only in generalized planning and preliminary
engineering analysis. It is best used to examine a number of two-lane highways
within a given jurisdiction to determine which need closer scrutiny. If
anticipated AADTSs on a given segment or facility appear to put the segment or
facility into an undesirable LOS, more site-specific data should be obtained (or
forecast) and a full operational analysis conducted before any firm commitments
to reconstruct or improve the highway are made.

DESIGN ANALYSIS

In design analysis, demand characteristics are generally known. The analysis
is intended to give insights into design parameters needed to provide a target
LOS for the demand characteristics as stated. For two-lane highways, design
decisions are relatively limited. Lane and shoulder widths have a moderate
impact on operations but generally do not result in a markedly different LOS.

Typical design projects include horizontal or vertical curve realignments,
which may affect percent no-passing zones and free-flow speeds.

The extensions to this chapter’s motorized vehicle methodology to consider
the impacts of passing lanes and climbing lanes (Section 4) can be used to
provide critical design insight. However, the computations are performed in the
operational analysis mode, leading to a comparison of operations with or

Applications Chapter 15/Two-Lane Highways

Page 15-54

Version 6.0




Highway Capacity Manual: A Guide for Multfimodal Mobility Analysis

without the passing or climbing lane. Section 4 also describes a number of design
treatments for two-lane highways. However, there is no methodology at this
point for estimating the impact of these design treatments on operating qualit}r,

Given the relatively few design parameters invelved in a two-lane highway,
most design analysis is conducted as an iterative series of operational analyses.

PLANNING AND PRELIMINARY ENGINEERING ANALYSIS

Planning and preliminary engineering analysis has the same objectives as
design analysis, except that it occurs early in the process when few details of
demand and other characteristics are known. Thus, design analysis is augmented
by the use of default values for many inputs.

The other principal characteristic of planning and preliminary engineering
analysis is that demands are generally described in terms of two-way AADT.

This chapter includes generalized daily service volume tables covering a
specific range of default values. They can be used for a coarse and general
evaluation of the likely LOS for a two-lane highway in various settings under an
expected AADT demand. These tables are useful only for the most preliminary
of analyses. For example, all two-lane highway segments in a particular region
can be considered by using these criteria. Any segments that appear to be
operating at an undesirable LOS should be subjected to site-specific study with a
more detailed operational analysis before any major design, reconstruction, or
investment decisions are made.

The Planning and Preliminary Engineering Applications Guide to the HCM (18)
provides additional guidance on adapting this chapter’s default values,
performance measures, and methods to planning and preliminary engineering
analyses,

USE OF ALTERNATIVE TOOLS

As noted previously in Section 3, no alternative deterministic tools are in
common use for two-lane highway analysis (5).
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Some of these references can
be found in the Technical
Reference Library in Volume 4,

10.

11.

12.
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VOLUME 2 INDEX

The index to Volume 2 lists the text citations of the terms defined in the
Glossary (Volume 1, Chapter 9). Volumes 1, 2, and 3 are separately indexed. In
the index listings, the first number in each hyphenated pair of numbers indicates
the chapter, and the number after the hyphen indicates the page within the

chapter.

A

Acceleration lane, 14-4, 14-10, 14-15, 14-25,
14-27, 14-30 to 14-32, 14-34, 14-38 to 14-41

Access point, 10-7 to 10-8, 10-31, 10-47, 10-50,
129, 12-18, 12-21, 12-22, 12-25, 12-27, 12-28,
12-31, 1247, 12-48, 13-12, 15-11, 15-12,
15-15, 15-18, 15-49, 15-50, 15-51, 15-54

Accuracy, 10-19, 10-48, 11-42

Active bottleneck, 10-13, 10-29, 10-43, 14-6

Active traffic and demand management
{ATDM), 10-1 to 10-3, 10-21, 10-39, 10-51,
10-52, 11-1 to 114, 11-13, 11-14, 11-19,
11-23, 11-26, 11-30 to 11-38, 11-41, 12-8,
12.22, 1223, 12.57

Adjacent friction effect, 10-51, 13-32, 13-33,
14-36

Adjustment factor, 10-28, 10-30, 10-31, 10-44,
10-46, 11-12, 11-27 to 11-29, 11-32, 11-34,
11-37, 1143, 1147, 12-8, 12-23, 12-25, 12-31,
12-33, 12-34, 12-41, 13-13, 13-19, 13-23,
13-24, 13-28, 13-31, 14-10, 14-15, 14-24,
14-33, 15-15 to 15-18, 15-21 to 15-24, 15-26
to 15-28, 15-34 to 15-36

Algorithm, 10-1, 10-20, 10-35, 10-46, 10-57,
10-61, 11-1, 11-36, 12-24, 12-28, 12-61, 13-14,
13-18, 13-22, 13-25, 13-26, 13-28, 14-16 t0
14-18, 14-20, 1443

All-way sTOP-controlled (AWSC), 10-19

Alternative tool, 10-32, 1047, 10-57, 10-58,
10-60 to 10-62, 11-1, 11-46, 11-47, 12-23,
12-24, 12-57, 12-59, 13-11, 13-38 to 13-40,
14-43 to 14-46

Analysis hour, 11-11, 12-52, 13-11, 13-37,
14-41, 1442, 15-17

Analysis peried, 10-6, 10-15, 10-17, 10-19,
10-21, 10-23, 10-26, 10-29, 10-39, 10-40,
1047, 1048, 10-57, 10-59, 11-6, 11-10 to
11-13, 11-15te 11-17, 11-19, 11-28, 11-29,
11-32 to 11-34, 1145 to 1147, 12-22, 12-51,
13-13, 13-22, 13-24, 14-10, 1412, 15-2, 15-7,
15-10, 15-12, 1528, 15-29, 1542, 15-44

Analytical model, 10-21, 11-25

Annual average daily traffic (AADT), 11-16,
11-20, 11-21, 11-25, 12-44, 12-50, 12-52,
14-42, 1543, 15-55

Area type, 10-15, 10-20, 10-40, 10-41, 11-21

Automobile, 102, 12-1, 12-2, 1215, 12-16,
12-25, 12-35, 12-38, 12-45, 12-58, 13-1, 14-1

Auxiliary lane, 10-3, 10-7, 10-24, 10-30, 10-52,
12-58, 13-4, 13-6, 13-8, 13-32

Average grade, 15-21

Average travel speed, 15-1, 15-22, 15-29, 15-35

Barrier, 10-38, 1040, 10-41, 10-43 to 10-45,
10-47, 1049, 11-12, 1212 to 12-14, 12-23,
12-29, 12-30, 12-43, 12-57, 13-4, 13-18, 15-6,
15-56

Base capacity, 10-31, 11-43, 12-8, 12-32, 12-33,
12-39, 14-5,14-22, 15-28

Base conditions, 10-10, 11-20, 11-21, 11-23,
11-45, 12-1, 12-7 to 12-10, 12-34, 12-39,
12-51, 14-1, 14-5, 14-12, 15-5, 15-6, 15-14,
15-16 to 15-18, 15-25 to 15-27, 15-30

Base dataset, 11-15, 11-16, 11-18, 11-21, 1145

Base free-flow speed, 10-20, 11-17, 1143,
12-22, 12-25, 12-27, 12-28, 1246 to 1248,
15-12, 15-15, 15-49, 15-50, 15-51

Base length, 10-4, 10-26, 13-4, 13-11

Base scenario, 11-6, 11-9, 11-11, 11-16, 11-13,
11-20, 11-21, 11-23, 11-25 to 11-29, 11-33

Basic freeway segment, 10-2 to 10-5, 10-7,
10-10, 10-14 to 10-16, 10-24, 10-26, 10-27,
10-30, 1041, 10-44, 1045, 1047, 10-53, 10-56,
10-60, 11-2, Chapter 12, 13-3, 13-10, 13-13,
13-20 to 13-22, 13-24, 14-5, 14-8, 14-11,
14-23, 14-28, 14-30, 14-34, 14-45 to 1447

Bicycle, 121, 12-2, 12-21, 12-43 to 12-45, 12-62,
15-1 to 15-3, 15-7, 15-9, 1542 to 1548,
15-52, 15-57

Bicycle facility, 1244, 15-7, 1542

Bicycle lane, 15-2, 1542

Bicycle level of service, 15-9, 15-47, 15-52,
15-53

Bottleneck, 10-3, 1013, 1014, 10-17 to 10-19,
10-30, 10-32, 10-33, 10-35 to 10-37, 1043,
10-47, 10-38, 10-59, 11-13, 11-19, 11-21,
11-26, 12-1, 12-5, 12-6, 12-18, 12-21, 12-61,
14-6, 14-22, 14-24, 15-6, 15-14

Breakdown, 10-2, 10-4, 10-11, 10-12, 10-14,
10-16, 10-17, 10-29, 1043, 11-31, 12-4, 12-6,
12-7, 12-18, 12-39, 13-21, 13-22, 14-4, 14-6,
14-14, 14-22, 14-26, 14-36, 14-48
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Buffer 1 managed lane segment, 12-40
Bus stop, 12-23, 12-57
Bypass lane, 15-40

C

Calibration, 10-6, 10-29 to 10-31, 10-39, 10-48,
10-52, 10-58, 10-60, 11-26, 11-30, 11-36,
11-38, 11-43, 12-8 to 12-10, 12-16, 12-31 to
12-33, 12-41, 1242, 12-60, 12-61, 13-12,
13-20, 13-23, 13-39, 13-40, 14-6, 14-20, 14-23,
14-24, 14-34, 14-44, 14-46, 15-4

Capacity, 10-1 to 10-3, 10-7, 10-8, 10-10 to
10-14, 10-18 to 10-21, 10-23, 10-29 to 10-33,
10-35 to 10-38, 10-40 to 10-57, 10-59, 10-60,
10-63, 11-2 to 11-4, 11-6, 11-7, 11-9, 11-11 to
11-13, 11-17 to 11-20, 11-31 to 11-34, 11-39,
11-41, 1143, 11-44, 1146 to 1148, 12-1,
12-2, 12-5 to 12-10, 12-12, 12-14, 12-16,
12-18, 12-19, 12-21 to 12-25, 12-27, 12-32 to
12-35, 12-38 to 1243, 12-45, 12-47, 1248,
12-57 to 12-59, 12-61, 12-62, 13-1, 13-2, 134,
13-8, 13-10, 13-11, 13-13 to 13-15, 13-20 to
13-24, 13-31 to 13-41, 14-2, 14-5 to 14-7, 149
to 14-13, 14-22 to 14-26, 14-31 to 14-37,
14-39 to 1448, 15-1, 15-2, 15-6 to 15-11,
15-27,15-28, 15-30 to 15-32, 15-37, 1548,
15-50, 15-54, 15-56

Capacity adjustment factor (CAF), 10-20,
10-30, 10-31, 10-44, 10-56, 10-57, 10-60,
11-12, 11-13, 11-27 to 11-29, 11-34, 11-37,
1143, 1147, 12-2, 12-9, 12-10, 12-16, 12-27,
12-33, 1241, 1247, 12-49, 13-2, 13-13, 13-23,
13-31, 14-2, 14-6, 14-10 to 14-12, 14-22, 14-24

Centerline, 124, 15-6

Class I two-lane highway, 15-4, 15-8, 15-48

Class Il two-lane highway, 15-4, 15-23, 15-25

Class IIl two-lane highway, 15-4, 15-16, 15-21,
15-27, 15-29, 1541, 15-¢

Climbing lane, 12-57, 15-10, 15-11, 15-31,
15-36, 15-37, 15-34

Cloverleaf interchange, 1247, 13-26

Composite grade, 12-2, 12-16, 12-21, 12-35,
12-38

Computational engine, 10-1, 10-2, 10-19,
10-29, 10-51, 10-53, 11-1, 11-6, 11-10, 11-12,
11-18, 11-24, 11-28, 11-29, 11-35, 11-37, 11-45

Congestion, 10-3, 10-13, 10-17, 10-18, 10-23,
10-28, 10-30, 10-32, 10-39, 10-40, 10-49,
10-58, 11-4, 11-8, 11-18, 11-27, 11-32, 11-34,
11-39, 1140, 1146, 12-7 to 12-9, 12-22, 13-12,
14-5, 14-6, 14-8, 15-9, 15-14, 15-37

Congestion pricing, 11-46, 12-22

Continuous access managed lane segment,
1249

Control condition, 10-11, 10-13

Corridor, 10-62, 11-4, 124

Crawl speed, 10-40, 1046, 12-35, 15-19, 15-21,
15-24

Critical density, 10-49

Critical segment, 10-11, 10-13, 10-14, 10-54
Cross weave, 10-8

Crossover, 1042, 10-45

Daily service volume, 10-10, 12-51, 12-52,
12-54, 15-53, 15-55

Deceleration lane, 10-20, 10-27, 13-4, 14-3 to
14-6, 14-8, 14-10 to 14-12, 14-15, 14-16,
14-18, 14-19, 14-22, 14-26 to 14-28, 14-30 to
14-32, 14-35, 14-39 to 14-41, 14-43, 14-45

Default value, 10-20, 10-29 to 10-31, 11-10,
11-16, 11-18, 11-21, 11-26, 11-27, 11-37,
1142, 1144, 1145, 12-7, 12-24, 12-25, 12-27,
12-41, 1248 to 12-50, 13-4, 13-13, 13-14,
13-37, 14-9, 14-10, 14-23, 1442, 1446, 15-11,
15-12, 15-14, 1543 to 15-45, 15-55

Delay, 10-18, 10-19, 10-38, 10-47, 10-56, 11-13,
1145, 12-24, 13-39, 14-44, 15-1, 15-3, 15-8,
15-3% to 1541

Demand adjustment factor (DAF), 10-30,
10-31, 10-52, 11-17, 11-21, 11-26 to 11-29,
11-34, 11-37, 13-36

Demand flow rate, 10-11 to 10-13, 10-27,
10-32, 1034, 11-4, 124, 12-9, 12-19, 12-22,
12-34, 12-39, 1240, 12-50, 13-1, 13-10, 13-11,
13-16 to 13-19, 13-21, 13-24, 13-25, 13-29,
13-31, 13-38, 14-4, 14-7, 14-11 to 14-13,
14-15, 14-25 to 14-28, 14-35, 14-3a, 14-40,
1443, 15+, 15-10, 15-14 to 15-17, 15-20 to
15-28, 15-30, 15-31, 15-33 to 15-35, 15-42,
1545, 1547, 15-54

Demand multiplier, 11-11, 11-16, 11-21, 11-25,
11-26, 11-28, 11-29, 11-45

Demand starvation, 10-33, 13-12

Demand volume, 10-7, 10-20, 10-31, 10-48,
12-21, 12-22, 12-25 to 12-27, 12-33, 12-34,
12-39, 12-50, 12-51, 13-12, 13-13, 13-18,
13-38, 1340, 14-10, 14-12, 14-15, 14-41 to
14-43, 15-12, 15-14, 15-16, 15-23, 15-29

Demand-to-capacity ratio, 10-12, 10-13, 10-16,
10-19, 10-31 to 10-33, 10-48, 10-54 to 10-58,
11-39, 12-1, 12-18, 13-36

Density, 10-8, 10-10, 10-14 to 10-16, 10-18,
10-29, 10-30, 10-34 to 10-36, 10-38, 10-39,
10-41, 1044, 10-49, 10-51, 10-56 to 10-60,
11-6, 11-7, 12-2, 12-6, 12-8 to 12-10, 12-14,
12-16 to 12-19, 12-21 to 12-25, 12-27, 12-28,
12-30, 12-31, 12-35, 12-38 to 12-43, 12-46 to
12-49, 12-58, 12-59, 13-1, 13-2, 134, 13-5,
13-9 to 1311, 13-16, 1321, 13-22, 13-24,
13-26, 13-28 to 13-30, 13-37, 13-39, 1340,
14-1, 14-2, 14-7 to 14-9, 14-12 to 14-14,
14-16, 14-25, 14-26, 14-28 to 14-30, 14-33,
14-33, 14-36, 14-38 to 14-41, 14-43 to 14-47,
153, 154, 15-12, 15-15, 15-16, 15-41
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Design analysis, 1245, 12-30, 13-37, 1440 to
1442, 15-54, 15-55

Design speed, 12-25, 12-28, 13-13, 14-10,
15-12, 15-15, 15-16

Detector, 10-6, 12-58, 12-59, 13-13, 1446,
14-47

Deterministic model, 12-24

D-factor, 12-50, 12-52, 12-54, 14-42, 15-55

Diamond interchange, 10-3, 12-47, 13-26

Directional design hour volume, 13-37

Directional distribution, 12-530, 15-27, 1528

Directional flow rate, 15-36

Directional split, 15-26, 15-49 to 15-51

Diverge, 10-1 to 10-5, 10-7, 10-9 to 10-11,
10-14, 10-15, 10-17, 10-20, 10-23 to 10-27,
10-30, 10-37, 10-45, 10-47, 10-49, 10-56,
10-59, 10-60, 11-1, 11-2, 11-5, 12-1 to 124,
12-9, 12-14, 13-1 to 13-4, 13-6, 13-8, 13-12,
13-21, 13-24, 13-30, Chapter 14, 15-1

Diverge segment, 10-2 to 10-4, 10-7, 10-10,
10-11, 10-14, 10-15, 10-20, 10-23, 10-24,
10-26, 10-30, 10-45, 10-47, 10-449, 10-56,
10-59, 10-60, 11-2, 13-2, 13-5, 13-8, 13-21,
Chapter 14

Driver pepulation, 10-2, 10-20, 10-30, 10-31,
10-60, 11-25, 12-2, 12-7, 12-25, 12-27, 12-31
to 12-33, 1313, 13-23, 14-10 to 14-12, 14-23,
14-24, 14-27, 15-16

Environmental conditions, 10-31

Expected demand, 10-35

Extent of congestion, 10-57, 12-24, 13-12, 14-9,
14-44

External section, 10-4

F

Facility, Chapter 10, Chapter 11, 12-1, 12-2,
12-7 10 12-9, 12-19, 12-23 to 12-25, 12-27,
12-31, 12-36, 12-41, 12-44, 12-52, 12-56,
12-60, 13-1, 13-2, 139, 13-12, 13-14, 13-28,
13-32, 13-33, 13-37, 13-39, 14-1, 14-3, 14-5,
14-6, 14-8 to 14-11, 14-15, 14-22, 14-26,
14-28, 14-35, 14-36, 14-44, 15-1, 15-3, 154,
15-6, 15-9, 15-10, 15-14 to 15-16, 15-27 to
15-29, 1542, 1543, 1548, 15-54

Flow rate, 10-10 to 10-12, 10-14, 10-27, 10-29,
10-33, 10-35, 10-43, 1044, 10-59 to 10-61,
11-16, 1147, 12-6 to 12-9, 12-12, 12-14,
12-16 to 12-19, 12-22, 12-27, 12-33, 12-34,
12-41 to 1243, 12-48, 12-51, 12-58, 13-11 to
13-13, 13-18, 13-19, 13-22, 13-37, 13-38, 14-7,
14-14 to 14-18, 14-20 to 14-22, 14-25, 14-28,
14-29, 14-33, 14-42, 14-43, 15-6, 15-8, 15-14,
15-16, 15-17, 15-21, 15-23, 15-27, 15-28, 15-32

Follower density, 15-11

Free-flow speed (FFS), 10-1, 10-5, 10-6, 10-10,
10-14, 10-18, 10-20, 10-27, 10-30, 10-31,
10-40, 1041, 10-44 to 10-49, 10-54, 10586,
10-60, 1061, 11-4 1o 11-6, 11-9, 11-13, 11-18,
11-17, 11-20, 11-34, 11-39, 11-43 to 1145,
1147, 12-6 to 12-10, 12-12, 12-14, 12-15,
12-17, 12-18, 12-22 to 12-25, 12-37 to 12-32,
12-39 to 12-42, 1246 to 12-59, 12-61, 13-1,
13-13, 13-14, 13-16, 13-22, 13-26, 13-28 to
13-30, 13-35, 13-36, 14-3, 14-6, 14-10, 14-11,
14-15, 14-16, 14-23, 14-27, 14-25, 14-38 to
14-41, 1443, 1445 to 1447, 15-1, 15-8 to
15-10, 13-12, 15-14 to 15-16, 15-21, 15-22,
15-27, 15-36, 15-51, 15-54

Free-flow travel time, 10-58, 11-5, 11-7, 11-8

Freeway, Chapters 10-14, 15-2, 15-31, 1548

Freeway auxiliary lane, 13-5 to 13-8

Freeway facility, Chapter 10, Chapter 11,
12-2, 12-8, 12-16, 12-18, 12-19, 12-23, 1245,
13-2,13-24, 13-32 to 13-34, 13-37, 13-39, 14-2,
14-5, 14-8, 14-22, 14-26, 14-28, 14-36, 14-37

Freeway facility capacity, 10-11, 10-13

Freeway junction, 12-21, 14-3, 14-4, 14-8,
14-31, 14-32, 1440, 14-42

Freeway section, 10-3, 10-4, 10-6, 10-21, 10-23,
10-26, 11-46, 14-8

Freeway segment capacity, 10-14, 12-6, 13-23,
14-24

Freeway weaving segment, 10-2, 10-3, 11-2,
Chapter 13

G

Gap, 10-60, 10-61, 12-18, 14-31, 15-1, 15-6,
15-8, 15-39

Gap acceptance, 10-60, 10-61

General purpose lane, 10-1, 10-8, 10-24, 10-31,
10-38, 10-46, 10-47 to 10-51, 11-20, 12-1,
12-12, 12-14, 1240 to 12-43, 1249, 13-12,
13-31 to 13-33, 14-35, 14-36

General terrain, 12-21, 12-34, 12-35, 15-10,
15-19, 15-23, 15-24, 15-50

Gore area, 10-7, 10-38, 13-4, 13-8, 13-18, 13-31,
14-31

Growth factor, 10-52

H

Headway, 10-60, 1147, 12-24, 12-33, 12-58,
12-59, 14-9, 14-39, 14-40, 14-47, 15-8

Heavy vehicle, 10-20, 10-40, 10-45, 10-46,
10-48, 10-61, 12-1, 12-2, 12-7, 12-8, 12-15,
12-16, 12-25, 12-27, 12-32, 12-34, 12-35,
1243, 12-44, 1247, 12-49, 12-52, 12-54,
12-58, 12-59, 13-13, 13-19, 13-24, 13-37,
13-38, 14-5, 14-6, 14-10 to 14-12, 14-15, 14-41,
14-43, 14-45, 14-46, 15-9, 15-12, 15-15, 15-16,
15-18, 15-21, 15-23, 15-24, 15-28, 15-36,
15-38, 1542 to 15-44, 1547, 15-532, 15-33
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Hidden bottleneck, 10-13
High-occupancy vehicle (HOV), 10-1, 10-46,
11-33, 12-1, 12-12, 12-60, 14-9, 14-44, 1447

I

Incident, 10-3, 10-18, 10-28, 10-30, 10-31,
10-36, 10-49, 10-57, 10-60, 11-1, 11-3, 114,
11-6, 11-8 to 11-13, 11-16, 11-17, 11-19 to
11-22, 11-25 to 11-29, 11-31, 11-32, 11-36,
11-37, 11-39, 11-40, 11-41, 11-44 to 1148,
12-5, 12-7, 12-8, 12-17, 12-18, 12-22, 12-23,
12-32, 12-33, 12-41, 12-48, 12-57, 12-60, 13-1,
13-13, 13-14, 13-23, 13-28, 14-6, 14-10, 14-23,
14-24, 15-6

Incident clearance time, 11-4, 11-32

Incident delay, 11-45

Influence area, 10-3 to 10-5, 10-7, 10-9, 10-23
to 10286, 12-3, 12-4, 13-11, 13-21, 14-1, 144,
14-5, 14-7, 14-8, 14-12 to 14-19, 1421, 14-22,
14-24 to 14-32, 14-35, 14-41 to 1443, 14-45,
14-46

Inputs, 10-2, 10-20, 10-28, 10-29, 10-32, 1044,
10-48, 10-54, 11-6, 11-9, 11-10, 11-12, 11-16,
11-20, 11-21, 11-26,11-28, 11-32, 11-37 to
11-39, 1145, 12-2, 12-24, 1246, 12-59, 13-2,
13-14, 13-19, 13-35, 13-37, 13-40, 14-2, 14-10,
14-15, 14-36, 14-38, 14-46, 15-2, 15-12, 1549,
15-55

Intelligent transportation system (ITS), 12-22,
12-57, 13-12, 14-9, 14-44

Interchange, 10-4, 10-6, 10-10, 10-19, 10-62,
12-46, 12-47, 13-6, 13-13, 13-17, 13-18, 13-25
to 13-27, 13-30, 13-34 to 13-36, 14-5, 14-8,
14-15, 14-23, 14-25, 14-37

Interchange density, 13-13, 13-17, 13-25 to
13-27, 13-35, 13-36

Interchange ramp terminal, 14-25

Internal section, 10-3

Intersection delay, 15-39

Interval, 10-21, 10-23, 10-28, 10-32 to 10-39,
10-43, 10-59, 12-7, 12-35, 13-11, 15-37, 15-39

Isolated intersection, 15-11

J

Jam density, 10-20, 10-29, 11-26

K

K-factor, 12-50, 14-42

L
Lane 1, 14-5, 14-31
Lane addition, 10-18, 12-23, 14-16, 14-24,
14-30, 15-33
Lane balance, 13-8, 13-9

Lane distribution, 10-61, 12-57, 14-15, 14-16,
14-18, 14-32

Lane group, 10-8, 10-24, 10-38, 10-39, 10-47 to
1049, 13-32

Lane utilization, 14-44

Lane width, 10-7, 10-10, 10-20, 10-27, 10-41,
10-48, 1049, 10-60, 12-1, 12-7, 12-9, 12-21,
12-24, 12-25, 12-27, 12-28, 12-32, 13-11,
13-18, 14-11, 15-5, 15-10, 15-12, 1542, 15-44,
15-46, 1549 to 15-53

Lateral clearance, 10-7, 10-10, 10-20, 10-27.
10-43, 10-45, 10-d6, 10-48, 12-1, 12-7, 12-9,
12-21, 12-25, 12-27 to 12-30, 12-32, 1246 to
1248, 14-5, 14-11

Level of service (LOS), 10-1, 10-3, 10-13 to
10-18, 10-25, 10-34, 10-39, 10-51, 10-53,
10-56 to 10-59, 11-30, 12-1, 12-2, 12-14,
12-16 to 12-22, 12-26, 12-35, 12-39, 1243 to
1245, 12-50 to 12-58, 12-61, 13-1, 139 to
13-11, 13-14, 13-15, 13-18, 13-24, 13-28 to
13-30, 13-34, 13-37, 13-38, 14-1, 144, 14-5,
14-7, 14-8, 14-12 to 14-14, 14-23 to 14-26,
14-28, 14-31, 14-34 to 14-37, 14-41 to 1443,
15-1 to 15-3, 15-6 to 15-10, 15-12, 15-16,
15-21, 15-23, 15-25, 15-27, 15-29 to 15-32,
15-36 to 15-38, 15-42 to 15-44, 15-46 to
15-48, 15-51 tol5-55

Level-of-service score (LOS score), 12-43,
12-44, 15-2, 15-42, 15-46, 15-47

Level terrain, 10-26, 12-35, 15-4, 15-17, 15-19,
15-21, 15-23, 15-24, 15-38, 15-49 to 15-51,
15-53, 15-54

Link, 10-57, 12-58, 1340, 1445 to 1447, 15-3,
15-4

Macroscopic model, 13-40

Mainline, 10-18, 10-20, 10-27, 10-28, 10-30,
10-34 to 10-37, 114, 11-5, 12-25, 13-3, 13-5,
14-1, 14-3, 14-4, 14-6, 14-7, 14-10, 14-11,
14-22, 14-35, 14-36, 14-38 to 14-40, 14-47

Mainline output, 10-36

Major diverge area, 14-34, 14-35

Major merge area, 14-34

Major weaving segment, 13-6, 13-8, 13-9,
13-34

Managed lane, 10-1, 10-3, 10-7 to 10-10, 10-20
to 10-22, 10-24, 10-31, 10-38, 10-46 to 10-51,
10-53, 10-58, 11-3, 11-16, 11-19, 11-20, 11-28,
11-31, 11-33, 12-1, 12-2, 12-12, 12-14, 12-21,
12-40 to 1243, 12-45, 12-52, 13-1, 13-12,
13-30 to 13-33, 14-35, 14-36, 14-44

Maximum weaving length, 13-2, 13-39

Median, 11-5, 11-7, 11-18, 124, 12-9,12-23,
12-25, 12-28 to 12-31, 12-35, 1247, 1248,
12-57, 1540

Meeting, 10-563, 11-7, 11-48
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Merge, 10-2 to 10-5, 10-7, 10-8 to 10-11, 10-14,
10-15, 10-17, 10-20, 10-23 to 10-27, 10-30,
1045, 1047, 10-49, 10-50, 10-56, 10-59,
10-60, 11-2, 11-5, 11-32, 12-2 to 124, 129,
12-18, 13-2 to 13-4, 13-6, 13-9, 13-12, 13-21,
13-24, 13-30, Chapter 14

Merge segment, 10-3, 10-4, 10-7, 10-24, 10-45,
13-1, Chapter 14

Microscopic model, 12-58, 13-39, 14-45

Mobility, 15-3, 15-7

Mode, 10-2, 11-3, 13-34, 13-37, 14-37, 14-41,
15-2, 15-7, 159, 1549, 15-52, 15-54

Model, 10-16, 10-17, 10-19, 10-26, 10-28, 10-39,
1040, 10-43 to 1046, 10-48, 10-51, 10-59,
10-60, 11-30, 11-28, 11-39, 11-47, 12-9, 12-16,
12-24, 12-35, 12-38, 12-40, 12-44, 12-58,
12-59, 13-14, 13-22, 13-25 to 13-28, 13-39,
1340, 144, 14-6, 14-16, 14-17, 14-19, 14-20,
14-22, 14-34, 14-35, 14-45, 14-48, 15-11,
15-33, 1542 to 15-44, 15-57

Motorized vehicle mode, 13-2, 14-2

Mountainous terrain, 12-35, 15-10

Multilane highway, 10-2, 11-2, Chapter 12,
13-1, 13-9, 13-10, 13-29, 13-30, 14-1, 14-3,
14-7, 14-8, 14-11, 14-15, 14-23, 15-2, 15-6,
15-9, 15-42, 15-44, 15-45

Multiple weaving segment, 13-1, 13-12, 13-30,
13-39

Node, 10-34 to 10-37

Nonrecurring congestion, 10-39, 11-1, 11-3,
11-19, 1126, 12-5

Non-severe weather, 11-11, 11-43

Nonweaving flow, 10-60, 13-12, 13-23, 13-26,
13-27

Nonweaving movement, 13-3, 13-39, 13-40

No-passing zone, 15-5, 15-6, 15-11, 15-12,
15-21 to 15-23, 15-25 to 15-27, 15-41, 1549
to 15-51, 15-54

(0

Off-ramp, 10-3, 10-4, 10-7 to 10-10, 10-19,
10-20, 10-23 to 10-25, 10-27, 10-30, 10-32,
10-34, 10-36, 10-37, 10-48, 10-30, 12-4, 12-23,
1246, 13-5 to 13-8, 13-13, 1316, 13-21,
13-32, 13-34, 13-39, 1340, Chapter 14

Off-street, 1542

One-sided weaving segment, 13-5, 13-7, 13-9,
13-14, 13-19, 13-20

On-ramp, 10-3, 104, 10-7 to 10-10, 10-20,
10-23 to 1025, 10-27, 10-30 to 10-32, 10-34,
10-36 to 10-38, 10-50, 10-52, 11-4, 11-13,
12-4, 12-23, 13-5, 13-6, 13-8, 13-9, 13-12,
1313, 13-16, 13-24, 13-31, 13-32, 13-38,
Chapter 14

On-time arrival, 11-7

Operational analysis, 10-20, 10-48, 10-53,
10-56, 11-39, 12-24, 12-26, 12-27, 12-45,
12-50, 13-18, 13-34, 13-37, 14-37, 14-40,
14-41, 14-44, 15-28, 15-32, 15-36, 15-37,
15-54, 15-55

Opposing flow rate, 15-8, 15-21, 15-23

Outputs, 10-36, 10-58, 11-14, 11-20, 11-36,
12-57, 12-58, 13-14, 13-37, 13-39, 13-40,
14-12, 14-41, 14-42, 14-44, 14-45, 15-11

Owersaturated flow, 10-30, 10-56, 10-58, 12-5,
14-8

P

Passenger car, 10-10, 1040, 1046, 10-61, 12-7,
12-9, 12-16, 12-19, 12-27, 12-32 to 12-35,
12-39, 12-50, 12-51, 12-58, 13-16, 13-18,
13-23, 13-24, 13-29, 13-38 to 1340, 14-6,
14-12, 14-15, 14-43, 14-45, 14-46, 15-5, 15-14,
15-18, 15-19, 15-21, 15-23, 15-24, 15-26

Passenger-car equivalent (PCE), 12-16, 12-34
to 12-38, 12-58, 12-62, 14-45, 14-46

I’assingiane. 12-23, 15-1, 15-2, 15-11, 15-12,
15-31 to 15-39, 1545, 1548 to 15-51, 15-54

Passing sight distance, 15-6

Pavement condition rating, 15-33

Peak hour, 10-1, 10-48, 11-46, 11-47, 12-22,
12-25, 12-34, 12-50, 13-11 to 13-13, 13-19,
13-37, 13-38, 14-10, 14-12, 14-15, 14-42,
15-12, 15-17, 15-29, 15-44, 15-45

Peak hour factor (PHF), 10-48, 1147, 12-22,
12-25, 12-27, 12-34, 12-52 to 12-56, 13-12 1o
13-14, 13-19, 13-35 to 13-38, 14-10 to 14-12,
14-15, 14-41 to 14-43, 15-12, 15-14, 15-17,
15-23, 15-27, 15-29, 15-44, 15-45, 15-49 to
15-54

Pedestrian, 12-23, 12-57, 15-2, 1542

Percent of free-flow speed, 15-8

Percent time-spent-following, 15-1, 15-25,
15-29,15-34

Percentile travel ime index, 11-5, 1146

Performance measure, 10-2, 10-18, 10-33,
10-35, 10-38, 10-39, 10-34, 10-57 to 10-59,
11-1, 11-2, 114, 11-7, 11-8, 11-14, 11-15,
11-17 to 11-19, 11-29 to 11-31, 11-38, 11-39,
1144, 12-2, 12-19, 12-22, 12-24, 12-46, 12-59,
13-1, 13-2, 13-12, 13-32, 13-35, 13-39, 13-40,
14-1, 14-2, 14-26, 14-36, 14-38, 14-44, 1445,
15-1, 15-2, 15-10, 15-11, 15-13, 15-16, 15-23,
15-27, 15-29, 15-30, 15-42, 15-49, 15-55

Phase, 13-37

Planning and preliminary engineering
analysis, 10-53, 11-39, 1245, 12-50, 14-42,
15-54, 15-55

Planning time index, 11-7

Plateon, 12-1, 13-30, 14-3, 14-36, 15-1, 15-3,
15-6, 15-8, 15-9, 15-38
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Point, 10-3 to 10-9, 10-12, 10-13, 10-21, 10-24
to 10-27, 10-35, 10-37, 10-50, 10-56, 10-58,
10-60, 114 to 11-6, 11-8, 11-20, 11-21, 124,
12-17,12-18, 12-21, 12-23, 12-35, 12-31,
12-39, 12-44, 12-47, 1248, 12-57, 12-58, 13-3,
13-4, 13-20, 13-31, 13-39, 1340, 14-1, 144,
14-8, 14-11, 14-15, 14-16, 14-19, 14-22, 14-24,
14-43, 14-44, 14-46, 15-10 to 15-12, 15-15,
15-16, 15-27, 15-34, 15-42 to 1545, 1547,
15-48, 15-51, 15-55

Postbreakdown flow rate, 10-14, 10-29, 12-7

Prevailing condition, 10-31, 10-43, 10-44, 12-5,
12-7, 12-33, 12-34, 12-51, 12-52, 13-14, 13-18,
13-22 to 13-24, 15-14, 15-18, 15-27, 15-28

Progression, 15-11

Q

Cuality of service, 11-3, 15-43, 15-46, 15-54

Queue, 10-5, 10-6, 10-12 to 10-15, 10-17 to
10-20, 10-22, 10-23, 10-28 to 10-30, 10-35 to
10-39, 1043, 10-45 to 10-48, 10-54, 10-55,
10-58, 10-59, 10-63, 11-18, 11-26, 11-39, 125
to 12-7, 12-18, 12-24, 13-24, 13-35, 13-40,
14-3, 14-6 to 14-8, 14-14, 14-24, 14-25, 14-44

Queue discharge capacity drop, 10-20, 10-29,
11-26

Queue discharge flow, 10-14, 10-43, 10-46,
11-39, 12-5, 12-7, 14-6

Queue length, 10-38, 10-58, 12-24, 14-44

Queue spillback, 10-39, 12-18

Queue storage ratio, 14-3, 14-24

Ramp, 10-3, 10-5, 107 to 10-10, 10-18 to 10-20,
10-24, 10-25, 10-27, 10-30, 10-32, 10-36 to
10-38, 1040, 10-41, 10-44, 10-48, 10-50 to
10-52, 10-56, 10-60 to 10-62, 11-3, 11-13,
11-31, 11-32, 11-33, 11-46, 12-1, 12-18, 12-21
to 12-23, 12-35, 12-27, 12-28, 12-30, 12-46,
12-47, 12-57, 12-62, Chapter 13, Chapter 14

Ramp meter, 10-18, 10-51, 11-3, 11-32, 11-33,
1146, 12-22, 12-57, 13-12, 13-38, 14-9, 14-36,
14-44, 1447

Ramp roadway, 10-30, 10-37, 10-38, 10-52, 14-3,
144, 14-7, 14-11, 14-22, 14-23, 14-25, 14-36

Ramp weave, 13-6, 13-35, 13-36

Ramp-freeway junction, 10-27, 14-1, 14-3 to
14-5, 14-7 to 14-9, 14-11, 14-12, 14-14, 14-15,
14-22 to 14-25, 14-30 to 14-32, 14-37, 14-40
to 14-43

Ramp-street junction, 10-32, 14-3, 14-7, 14-25

Recovery, 10-14, 10-29, 10-37, 12-6, 12-7, 15-38

Recreational vehicle (RV), 10-61, 12-15, 12-34,
15-18 to 15-20, 15-24, 15-25

Recurring congestion, 11-32, 11-39, 12-18

Regression model, 12-44, 13-14

Reliability rating, 11-7, 11-19, 11-29

Reliability reporting period, 11-1, 11-6, 11-18,
1145

Right-of-way, 12-4

Roadside obstruction, 12-29

Roadway characteristic, 12-44, 1542

Rolling terrain, 12-35, 12-52, 12-54, 15-17,
15-19, 15-28, 15-31, 15-50, 15-53

Roundabout, 10-19, 12-21, 12-57

Rubbernecking, 12-5

Rural, 10-15, 10-16, 10-20, 10-41, 10-43, 10-63,
11-21, 11-27, 11-42, 12-3, 124, 12-19, 12-24,
12-25, 12-36, 12-44, 12-50, 12-52, 12-54,
12-56, 12-61, 13-13, 13-14, 14-10, 15-3, 154,
15-34, 15-37, 1541, 1543

S

Saturation headway, 1147

Scenario, 10-11, 10-12, 10-24, 10-40, 10-42,
10-52, 10-56, 11-1, 11-2, 11-6, 11-8 to 11-18,
11-20, 11-25 to 11-29, 11-32 to 11-39, 11-41,
11-46, 11-47, 13-34, 14-40 to 14-42

Scenario generation, 11-1, 11-2, 11-8 to 11-11,
11-13, 11-16 to 11-18, 11-20, 11-25to 11-28,
11-33, 11-37

Section, 10-3 to 10-7, 10-10 to 10-12, 10-20,
10-21, 10-23 to 10-25, 10-29, 10-39, 10-56,
10-57, 11-46, 12-41, 1242, 14-7, 14-8, 1443,
15-3, 15-19, 15-28, 15-37, 1548

Seed file, 11-6, 11-9

Segment, 10-1 to 10-8, 10-10 to 10-21, 10-23 to
10-39, 10-41, 10-44 to 10-51, 10-54 to 10-62,
11-1,11-2, 114 to 11-6, 11-9, 11-10, 11-12,
11-13, 11-16, 11-19 to 11-22, 11-27 to 11-29,
11-32, 11-39, 1143, Chapters 12-15

Segment initialization, 10-35

Sensitivity analysis, 10-52

Service flow rate, 10-10, 12-50 to 12-52, 13-38,
14-37, 1442, 1443, 15-10, 15-32

Service measure, 10-20, 10-25, 10-38, 12-19,
12-25, 1243, 13-11, 13-13, 13-14, 14-10,
1445, 15-7, 15-10, 15-12, 15-27, 15-36, 15-51

Service volume, 10-2, 10-10, 10-56, 12-2, 1247,
12-51, 12-52, 12-56, 13-2, 13-34, 13-37, 13-38,
14-2, 14-37, 14-42, 14-43, 15-2, 15-32, 15-48,
15-53

Severe weather, 11-3, 11-11, 11-32, 11-43, 12-8,
1245, 14-6

Shared lane, 15-2, 1542

Shared-use path, 15-2

Shock wave, 10-33, 10-36 to 10-38

Short length, 10-26, 13-4, 13-13, 13-16, 13-20,
13-25, 13-35, 13-36, 15-8

Shoulder, 10-18, 10-41, 10-42, 10-49, 10-51,
10-57, 10-60, 11-3, 11-10, 11-12, 11-13, 11-21,
11-22, 11-25, 11-29, 11-32, 1141, 11-44,
12-22, 1241, 12-44, 12-46, 12-48, 13-18, 15-2,
15-5, 15-6, 15-10, 15-12, 15-15, 15-16, 15-34,
15-37 to 15-46, 15-49 to 15-54, 15-57

Volume 2 Index

Page V2-6

Volume 2/Uninterrupted Flow
Version 6.0




Highway Capacity Manual: A Guide for Multimodal Mobility Analysis

Shoulder bypass lane, 1540

Shy distance, 15-45

Simple weaving segment, 13-12, 13-30

Simulation, 10-17, 10-19, 10-57 to 10-62, 11-19,
1147 to 1149, 12-24, 12-38, 12-57 to 12-60,
12-62, 13-11, 13-12, 13-38 to 13-40, 14-8,
14-9, 14-44 to 14-47, 15-11

Single-unit truck, 10-27, 10-61, 12-15, 12-16,
12-34, 12-36 to 12-38

Space, 10-1, 10-12, 10-13, 10-16 to 10-19, 10-21,
10-23, 10-28, 10-31 to 10-34, 10-39, 10-57,
10-59, 11-5, 11-7, 11-17, 11-20, 12-9, 12-18,
12-19, 12-22, 12-38, 1240, 1241, 12-38, 134,
13-5, 13-28, 13-29, 14-25, 14-26, 14-38, 1445,
1545

Space mean speed, 10-18, 10-34, 10-57, 11-7,
129, 12-19, 12-22, 12-38, 12-40, 12-41, 12-58,
13-28, 13.29, 14-45

Spncing_, 105, 10-7, 124, 12-58, 1548

Special event, 11-1, 11-3, 11-17, 11-19, 11-21,
11-22, 11-26, 11-27, 11-39, 11-45, 15-6

Specific grade, 10-20, 10-27, 13-13, 14-10,
14-11, 14-41, 15-10, 15-12, 15-17, 15-31,
15-36

Speed, 10-10, 10-14, 10-18, 10-20, 10-21, 10-29,
10-30, 10-31, 10-34, 10-37, 10-38, 10-40 to
10-42, 1044, 1046, 10-48 to 10-52, 10-34,
10-56 to 10-59, 10-61, 10-63, 11-3, 11-4, 117,
11-11, 11-12, 11-18, 11-19, 11-22, 11-31 to
11-34, 11-43, 11-45 to 11-48, 12-1, 12.2, 12-4
to 12-7, 129 to 12-12, 12-14 to 12-22, 12-24,
12-25, 12-27, 12-28, 12-31, 12-33, 12-35,
12-38 to 12-44, 1247 to 12-50, 12- to 12-62,
13-1, 13-2, 134, 13-11 to 13-14, 13-16, 13-20,
13-24, 13-26, 13-28 to 13-30, 13-35 to 13-37,
13-39, 1340, 14-1 to 14-3, 14-7 to 14-14,
14-16, 14-23, 14-25 to 14-29, 14-33, 14-34,
14-36, 14-38 to 1441, 14-44 to 1447, 15-1,
15-3, 15-4, 15-6 to 15-9, 15-12, 15-14, 15-15,
15-17, 15-19, 15-21, 15-22, 15-35, 15-35,
15-38, 15-39, 1542 to 15-44, 15-46, 15-47,
15-52 to 15-54

Speed adjustment factor (SAF), 10-30, 10-31,
10-44, 1045, 10-30, 10-52, 11-11 to 11-13,
11-17, 11-26 o 11-29, 11-34, 11-37, 1143,
12-9,12-10, 12-16, 12-22, 12-31, 1241, 1247
to 12-49, 13-13, 13-28, 14-10, 14-27

Speed harmonization, 11-3, 11-31, 12-22

Split, 10-26, 10-27, 10-49, 12-16, 13-8, 14-31,
14-34, 1443, 15-12, 15-26, 15-27, 15-44

Start-up lost time, 11-47

Stochastic model, 12-24

Study period, 10-3, 10-21, 10-39, 10-52, 11-5,
116, 11-8, 11-11 to 11-13, 11-17, 11-18,
11-21, 11-22, 1145

Suburban street, 12-44, 15-41, 15-43

System, 10-1, 10-6, 10-60, 10-61, 11-4, 11-31 to
11-33, 11-36, 1146, 12-23, 12-25, 12-62, 13-6,
13-37, 13-39, 15-1, 15-3, 15-21, 15-57

T

Target speed, 11-29

Terrain, 10-7, 10-20, 10-26, 10-27, 1046, 10-48,
10-61, 12-21, 12-25, 12-27, 12-34, 1235,
12-52 to 12-56, 13-13, 14-10, 14-11, 1441,
154, 13-10, 15-12, 15-17, 15-19, 15-23, 15-24,
15-32, 15-34, 1542, 15-50, 15-53, 15-54

Through vehicles, 14-5, 14-18, 15-39, 15-41

Throughput, 10-30, 10-37, 10-60, 11-4, 12-6 to
12-8, 12-58, 12-59, 14-46, 1447

Time interval, 10-13, 10-14, 10-18 to 10-21,
10-28 to 10-30, 10-32 to 10-39, 10-52, 10-58,
10-539, 11-6, 12-7, 12-57, 14-44

Time interval scale factor, 10-28, 10-29

Time mean speed, 10-57

T:'me-space. 10-18, 10-19, 10-21, 10-23, 10-28,
10-29, 10-31 to 10-33, 10-39, 10-52, 11-12

Tool, 10-17, 10-19, 10-29, 10-31, 10-32, 1043,
10-53, 10-57 to 10-62, 11-26, 11-28, 11-31,
11-33, 1146, 11-47, 1245, 12-57, 12-59,
12-60, 13-11, 13-12, 13-34, 13-38 to 1340,
14-9, 14-37, 14-44, 14-45, 14-47, 15-11, 1548,
15-55

Total lateral clearance, 12-28 to 12-30

Total ramp density, 10-10, 10-20, 10-41, 10-48,
12-21, 12-25, 12-28, 12-30, 12-46, 1247,
13-26, 14-11

Tractor trailer, 12-15, 12-16, 12-34, 12-36 to
12-38

Traffic analysis tool, 10-57, 11-46, 12-57,
13-28, 1443

Traffic composition, 12-34

Traffic condition, 10-30, 11-5, 12-4, 12-21

Traffic control device, 10-3, 12-1, 13-1, 15-1,
15-11

Traffic delav, 10-58

Transition, 10-7, 10-35, 12-6, 12-57

Travel mode, 11-31

Travel speed, 14-39, 1440, 15-8, 1546

Travel time, 10-18, 10-23, 10-54 to 10-56,
10-58, 11-1, 11-3 kg, 119, 11-15, 11-17 to
11-21, 11-29, 11-30, 11-36, 11-38, 11-39,
11-41, 11-44 to 11-46, 12-12, 14-44, 15-1,
15-7, 15-10, 15-16, 15-21, 15-28, 15-29

Travel time distribution, 11-1, 11-3, 11-5 to
11-8, 11-15, 11-17, 11-19, 11-29, 11-30, 11-38,
11-41

Travel ime index, 11-5, 11-6, 11-45, 11-46

Travel time reliability, Chapter 11

Traveler information systems, 12-22

Traveler perception model, 1243, 15-9, 1542

Truck, 10-10, 10-27, 10-61, 11-33, 12-1, 12-2,
12-7, 12-15, 12-16, 12-21, 12-27, 12-34 to
12-36, 12-38, 12-43, 1245, 12-53 to 12-57,
12-62, 1340, 14-6, 14-11, 14-12, 15-5, 15-9,
15-10, 15-18, 15-19, 15-21, 15-24, 15-36,
15-49 to 15-51, 15-M4

Turn lane, 12-25, 15-37, 1539, 14-40
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Turnout, 15-37, 15-38

Twe-lane highway, 12-23, 12-43, 12-44, 12-57,
14-8, Chapter 15

Two-sided weaving segment, 13-5 to 13-7,
13-9, 13-14, 13-17 to 13-20, 13-22, 13-34

Two-way left-turn lane (TWLTL), 124, 12-23,
12-25, 12-30, 1245, 12-57, 15-37, 1540,
15-41

Two-way 5TOP-controlled (TWSC), 10-19

U

Uncontrolled, 12-5, 14-3, 14-7, 14-8

Undersaturated flow, 10-23, 10-32, 12-5, 15-1

Undivided highway, 12-30

Uninterrupted flow, 12-1, 124, 12-5, 12-9

Unsignalized intersection, 12-31, 14-1, 14-25,
15-16, 15-34, 15-39

Urban, 10-5, 10-15, 10-16, 10-20, 10-41, 11-21,
11-27, 1142, 12-3, 12-19, 12-23 to 12-25,
12-34, 12-36, 12-44, 12-44, 12-50, 12-52 to
12-55, 12-60, 12-61, 13-12 to 13-14, 14-1,
14-10, 15-1, 15-2, 15-11, 1541 to 1543,
15-48

Urban street, 13-12, 14-1, 15-1, 15-2, 15-11,
1542, 1548

Vv

Validation, 10-6, 10-30, 10-39, 11-38

Variability, 11-3, 11-7 to0 11-11, 11-17, 11-19,
11-25, 11-26, 11-33, 11-42, 12-24, 12-58,
1445

Volume, 10-2, 10-10 to 10-12, 10-18, 10-20,
10-31, 10-37, 10-36, 11-21, 11-46, 12-2, 124,
12-9, 12-16, 12-18, 12-22, 12-25, 12-31, 1233,
12-34, 1243, 12-44, 12-50, 12-52 to 12-54,
12-56, 13-2, 13-11, 13-13, 13-16, 13-18, 13-21,
13-23, 13-34, 13-35, 13-37, 13-38, 1340, 14-2,
14-10, 14-15, 14-16, 14-22, 14-30, 14-36 to
14-38, 1442, 14-43, 15-1, 15-2, 15-6, 15-7,
15-9, 15-12, 15-14, 15-17, 15-32, 15-37, 15-39
to 15-46, 15-48 to 15-53

Volume-to-capacity ratio, 10-18, 11-46, 12-19,
12-22, 1247, 13-23, 13-34, 14-25, 14-34,
14-37, 15-10, 15-11, 15-30, 15-54
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w

Weaving, 10-3 to 10-5, 10-7 to 10-11, 10-14,
10-15, 10-17, 10-19, 10-20, 10-23 to 10-27,
10-30, 1045, 10-47 to 10-51, 10-56, 10-39,
10-60, 11-5, 11-20, 12- 2 to 12-5, 12-9, 12-18,
12-32, Chapter 13, 14-2, 14-5, 14-8, 14-16,
14-18, 14-20, 14-24, 14-30, 14-34, 14-37,
1442

Weaving configuration, 10-25, 10-26, 13-6,
13-8, 13-11, 13-22, 13-25

Weaving flow, 10-8, 10-9, 13-9, 13-18, 13-21,
13-22

Weaving length, 13-26, 13-27, 13-29

Weaving movement, 10-8, 12-4, 13-3, 13-5to
139, 13-12, 13-14, 13-17, 13-19, 13-30, 13-31

Weight-to-power ratio, 12-15

Work zone, 10-1, 10-3, 10-18, 10-28, 10-30,
10-40 to 10-46, 10-52, 10-53, 10-57, 10-60,
11-1, 11-3, 11-6, 11-8 to 11-13, 11-16, 11-17,
11-19 to 11-22, 11-26, 11-28, 11-31, 11-32,
11-38, 11-37, 11-39, 11-44, 11-45, 12-7, 12-8,
12-22, 12-23, 12-27, 12-28, 12-31, 12-33,
12-41, 13-23, 13-28, 14-6, 14-24, 14-27, 15-2,
15-31

Volume 2 Index
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