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1. INTRODUCTION

OVERVIEW

This chapter provides the core methodology for analyzing extended lengths
of freeway composed of continuously connected basic freeway, weaving, merge,
and diverge segments. Such extended lengths are referred to as a jreeway jacility.
In this terminoJogy,jacility does not refer to an entire freeway from beginning to
end; instead, it refers to a specific set of cOlUlectedsegments that have been
identificd for analysis. In addition, the term does not refer to a freeway system
consisting of several intercolUlected freeways.

This chapter's methodology reHeson the freeway segment methodologies in
Chapters 12, 13, and 14.These methods focus on a single time period of interest,
generally the peak 15min 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 traffie and demand management (ATDM) strategies. 80th of
these applieations are described in Chapter 11, Freeway Reliability Analysis.
Conceptually, Chapter 10 is a prerequisite for any reliability or ATDM analysis.

This chapter discusses the basie principies of the methodology and their
applieation. Chapter 25, Freeway Facilities: Supplemental, provides a detailed
dcseription of all the algorithms that define the methodology. The methodology
is integrated with the FREEVALcomputational engine, which implcmcnts the
eomplcx computations involved. Volume 4 contains a uscr's guide to FREEVAL
and an executablc, rcseareh-grade software engine that implements the
methodology.

CHAPTER ORGANIZATION

Scction 2 presents the basie conecpts of freeway faeility operations, including
dcfinitions of analysis segments, eapacity and free-flow speed eoneepts, and the
level of service (LOS) framework for freeway facilities.

Section 3 prescnts the base methodology for evaluating freeway facilities,
including details on aHeomputational steps in the evaluation of a freeway
fadlity.

Section 4 cxtends the eore method presented in Seetion 3 to applieations for
managed lanes, ineluding high.occupaney vehiele (HOV) and high-oecupancy
tol1(HOT) lanes under various types of separation from the general purpose
lanes. This method is bascd on the findings from National Cooperative Highway
Researeh Program (NCHRP) Project 03-96 (1-3). Additional extensions inelude
adaptations of the method for the evaluation of short-term and long-term work
zones bascd on the findings from NCHRP Project 03-107 (4,5).

Chapter 10jFreeway Facilities Core Methodology
VetSiOn 6.0

VOLUME 2: UNINTERRUPTED FLOW
10. Freeway facilities Core

Methodology
11. Freeway Reliability Analysis
12. Basic Freeway and Multilane Highway

5egments
13. Freeway Weaving Segments
14. Freeway Merge and Diverge

Segments
15. Two-lane Highways
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Section 5 presents application guidance on using the results of a freeway
fadlity analysis, including example results from the methods, information on the
sensitivity of results to various inputs, and service volume tables.

RELATE O HCM CDNTENT

Other Highway Capacity Mmzual (HCM) content related to this chapter
inc1udes the following:

• Chapter 3, Modal Characteristics, where the Variations in Demand
subsection for the automobile mode describes typical travel demand
pattems for freeway and multilane highway segments;

• Chapter 4, Traffic Operations and Capadty Concepts, which provides
background for the capadty and breakdown definitions spedfic to
freeway and multilane highway segments that are presented in this
chapter' s Section 2;

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

• Chapters ]2, 13, and 14, which present the segment methodologies far
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 fadlity analysis;

• Chapter 26, Frccway and Highway Segments: Supplemental, which
provides additional details for basic freeway segment capadty
measurcment and driver population factors;

• Case 5tudy 4, New York State Route 7, in the HCM Applications Cuide in
Volume 4, which demonstrates how this chapter's methods can be
applied to the evaluation of an actual freeway fadlity; and

• Section H, Freeway Analyses, in the Planning alld Preliminary Engineering
Applicafions Cuide fo the HCM, found in Volume 4, which describes how to
incorporate this chapter's methods and performance rneasures into a
planning eHort.

Introduction
Page 10-2
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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 traffie.
Freeway facilities are composed of various uniform segmcnts that may be
analyzed to determine capacity aod LOS.Three types of segments are found 00
freeways:

• Basic jreeway segments are al1segmcnts that are not merge, diverge, or
weaving segments--whether general purpose or managed lanes. They are
deseribed in more detail in Chapter 12.

• 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 deviees
(except for guide signs). Weaving segments are formed when a diverge
segment elosely follows a merge segment or when a one-Iane off-ramp
elosely follows a one-Iane on-ramp and the two are connected by a
eontinuous auxiliary lane. These segment types occur on both general
purpose and managcd lane facilities. In thc latter case, and depending on
the geometry, that segment cauld be labeled as a managed lane (ML)
weaving or an ML access segmentoDetails for those designations are
provided in Chapter 13.

• Freeway mage and diverge segmenfs are segmeots in which two or more
traffie 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 covcrs the core freeway facilities methodology, whieh may
inelude 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-terrn effects of both
recurring (Le.,bottleneeks) and nonrecurring (e.g., due to weather, ineidents, or
work zones) eongestion 00 freeway facility opcrations and (b) the effects of
ATDM strategies in mitigating sorne of those ncgative irnpacts.

SECTIONS, SEGMENTS, ANO INFLUENCE AREAS

Facilities Without Managed Lanes
The definitions of freeway scctions and freeway segrnents and their

respective influence areas should be elearly understood.

SectiollS are defincd as extending from ramp gore point to gore point and are
most directly compatible with the freeway performance databases used by rnany
agencies. Sorne of these databases further distinguish between infemal sectiol1S
(e.g., between an off-ramp and an on-rarnp at a diamond interchange) and

Chapter lDjFreeway Facilities Core Methodology
Version 6.0
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Poínts where the "edges of
travef lanes'" meet are most
often defined by pavement
fTl<3rkings.

external sections (bctween 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-Ievel 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 infillence areas of merge, diverge, and weaving segments are as fol1ows:

• For weaving segmellts, 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 defi.ned as the points where the apprapriate edges of the
merging and diverging lanes meet;

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

• For diverge segments, fram the point where the edgcs of the travellanes of
the diverging roadways meet to a point 1,500 £t upstream o£ 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 o£ the gore.to-gore length as defined aboye.

Exhiblt 10-1
Influence Areas of Merge,
Diverge, and Weaving
5egments WithotJt Managed
la"",

~:::;:::::::::::::::::::::: ::::::::
••••••••••••••••••••• ';;O'¡:;

~
~--1,500 ft'---

(a) Merge Influence Area

-------. ----------------------rl---~-------_._----~::::_::_:::::_:--~

~--l,SOOft--~

(b) Diverge Influence Area

h-----.:------.:--------.:.:----.:~~
......-~r '1":-.-..............-i , , ,i •• ~1 ~

~ _ t.engt:h. L. ~

,."
(e) Weaving Influenee Area

•••

Concepts
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Basic £reeway segments are any other segments along the freeway that are
not within these defined influence areas. This docs 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 scgment will
prapagate to both upstream and downstream segments, regardless of type. The
impact of the frequency of merge, diverge, and weaving segments on the general
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operation of aHsegments is taken into account by the free-flow speed of the
fadlity.

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 secnons and segments. It
shows a 9,100-ft (1.7-mi) length of frt..>ewaywith four ramp terminal s, two of
which form a wcaving segmento Overal), five sections are divided into six
segments for consisteney with the definition of HCM segments and their
influence areas aboye.

Sedion 1 Section2 Sedion3 Section4 Section5 Exhibit10-2
1,500ft 1,600ft 2,000ft 2,500ft 1,500ft 5ectionsand5e9ments00 an

UrbanFreeway

:. ~:. ~¡. ~:. ~:. ~:

:y '!' /1 /1
:. ~:. ~i. .:. ~:. ~:. ~:

5'91
1,000ft
BiJsic

5'9 ,
2,600ft
WedY7ng

Seg 3
1,500ft
Bi1sic

seg 4 seg 5
1,500ft 1,000ft
Merge Bdsic

5'96
1,500ft
Merge

Even with an average ramp spadng 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 frccway scgments. Thus, while many urban freeways will be dominated by
frequent merge, diverge, and weaving segments, there will still be segments
c1assifiedand analyzed as basic freeway segmcnts.

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

The core methodology requires that all queues be containcd within the
fadlity. Thus, the first (basic) segment on the facility should be an upstream
location that queues do not reach. Similarly, the 1astdownstream (basic) scgment
should not be affected by queues spilling back from locations downstream of the
dcfined facility.

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

Chapter10/FreewayFacilitiesCoreMethodology
Vel$iOn 6.0
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Chapter 13. Because field data are likely reported to cover the extent of Section 2
(but nol 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 usual1y requires significant analyst time to ensure
that the segment types and the computational procedures for those segments
have been correctly cntered. The segmentation step must be carried out by the
analyst before any computations are performed.

lhis section provides guidance on segmenting facilities. However, the wide
variety of configurations and conditions found on freeway facilities means that
engincering 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 overalllength, and

• Dividing the facility into HCM segments foc analysis purposes.

Foc 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 srecial 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 maxirnurn 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 gueues be contained within the defined facility if
at aH possible. When multiple consecutive facilities are analyzed, they should not
overlap. A total facility length that is less than or egual 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 foc analysis.

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

eoO<ep!s
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• The first and last segments of the defined facility are re<:ommended 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 (Le.,when a
full Of auxiliary lane is added, when one oc more lanes are added or
dropped, when thc 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 thc ramp
influence area.

• Ramp segments, including the ramp influence area, are classified either as
merge (on-ramp) or as diverge (oH-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 latíer case,
the weave influence arca extends 500 ft upstream and 500 ft downstream
of the two respective gore areas (see Exhibit 10-2).

• When the gOfe-to-gore length between two adjacent merge and diverge
segments exceeds 3,000 ft and no auxiliary lane exists, the $Cctionshould
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 fl.

• 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 ¡ength 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
cooncct the two gore areas. However, when this occurs, the 1,500-ftmerge
or diverge segment length is truncatcd at the adjacent ramp gore point.

• Any remaining unassigned segments after all merge, divcrge, weave, and
overlap segments have becn 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 chaptee.

Olapter 10/Freeway Fad!ities Core Methoclology
Version 6.0
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Two important concepts related to managed lane segmentation are of interest:

• The tane 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 Sernon 4.

• The frietion and cross-weave eoncepls, whieh describe how the general
purpose and managed lane segments affect each other's performance.
Friction in the rnanaged lanes occurs at higher general purrose lane
densines, when no physieal separa non is provided between the general
purpose and rnanaged lanes. Cross weave occurs when traffic frorn a
general purpose on-rarnp segment must cross multiple general purpose
lanes to access the managed lane at a nearby ramp or access segment,
thereby affecting general purpose segment capadty.

Access to and from a managed lane can occur in one of three ways, depieted
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 forrn of weaving movement. This
access strategy is common for concurrent managed lane facilities. Access
between managed and general purpose lanes is sometimes constrained to
specifie locations or openings, whieh affects the weaving intensity at these
access points. This access configura non requires a cross-weaving
movement across general purpose lanes for drivers to posinon themselves
in advance of the access point and a lalle.change or weaving movement to get
from the general purpose lanes into the managed lanes.

• Al-grade ramp access occurs where managed lane traffic enters the general
purpose lanes through a conventional on.ramp roadway (from the right).
Entering and exinng traffic may cross-weave across mulnple general
purpose lanes, similar to the first case, but the entrance to (or exit from)
the managed lane facility is confined to an al-grade on-ramp or off-rampo
Operationally, the general purpose lanes may be affected by the cross-
weaving flow. The managed lane operations, in tuen, 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 posinon themselves in advance of the access
point and a ramp merge movemelll to get from the general purpose ¡anes
into the managed lanes.

• Grade-separafed ramp access occurs where the managed lanes are accessed
on a grade-separated structure (i.e., bridge or undcrpass). The operational
iropact on the general purpose lanes is mini mal in this case, because the
cross-weaving movement is eliminated. The managed lanes are affected
by frienon from the entering or exiting ramp flows in the same fashion as
the general purpose lanes. This access configuranon 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

Con<e""
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ramp merge movemcllt. lf aHmanaged 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 comOlon.

~ ~-X.--4-3~->«--': <> '2 0-----------------'" ---------- --- ----------- ---------------"'" --------- ------ ------ ---ui':¿fmm _mu u_m_;;; __uum-mmu"'--_~u0
(a) At-Grade Lane-Change Access

Exhibit 10-3
Typologyof Managed Lane
Access Point Designs
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(b) At-Grade Ramp Access
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(e) Grade-5eparated Ramp Access

Notes: GP = general p.,Irpose, ML = managed I•.me.

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

The intensity and impact of the cross-weavillgflows between a general
purpose ramp and the access region between the general purpose and managed
lanes need to be analyzed for both al-grade access types. The mínimum 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 10jFreeway Facilities Core Methodology
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FREE-FLOW SPEED

Free-j1ow speed (FFS) is the average speed of vehicles 00 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 e, service flow rates SF,
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/hl1n). In this range,
speed is insensitive to flow rateo 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 affecled even at low flow
rates. For example, speeds may be reduced if there is significant truck presence
oc 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 FFS oí a basic freeway segment is
sensitivc to three variables:

• Lane widths,

• Lateral clearances, and

• Total ramp density.

The most critical of these variables is total ramp dcnsity. 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 (fuIl cloverleaf) ramps in the analysis direction. For segment
analyses, ramp density is computed for a 6-mi section centered on the segmcnt'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 Scgments, it is also applied in Chapter 13,
Freeway Weaving Segments, and Chapter 14, Freeway Merge and Diverge
Segments. Thus, FFS affects the operation of aIl basic, weaving, merge, and
diverge segments on a freeway facility.

Exhibit 1().4 iIIustrates 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; thereforc, the total ramp dcnsity is 4/9 = 0.44
ramps/mi.

Coo<ept>
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Exhibit 10-4
sample Facility wittl Five
5ections

FREEWAY FACILlTY CAPACITY
Capacity traditionally has been defined for uniform segments of roadway,

traffie, and control eonditions. When facilities consisting of a series of conneeted
segments are considered, the concept of capacity is more nuanced.

The methodologies of Chapters 12, 13, and 14 allo\\' 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
eonditions and even less likely to have the same eapacity, the freeway facility
eapacity hinges on the identification of the critical segment(s) \••..here 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 10-5below. This example iJlustrates 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
t~e segment level.

Performance Frteway Section
5cenario Measures 1 2 3 4 S

Demand v.,.(vehjh) 3,400 3,500 3,400 4,200 4,400

$cenario 1 capacity c(vehjh) 4,000 4,000 4,500 4,500 4,500

(stable f1ow) Volume v~(vehjh) 3,400 3,500 3,400 4,200 4,400
v'¡cratio 0.850 0.875 0.756 0.933 0.978
v~/cratio 0.850 0.875 0.756 0.933 0.978

Demand v.,.(vehjh) 3,600 3,700 3,600 4,400 4,600
Scenario 2 Capacity c (veh/h) 4,000 4,000 4,500 4,500 4,500

(add 200 veh/h Volume v. (vehjh) 3,600 3,700 3,600 4,400 4,500
to each sedion) valcratio 0.900 0.925 0.800 0.978 1.022

v~/cratio 0.900 0.925 0.800 0.978 1.000
5cenario 3 Demand Ve (veh/h) 3,740 3,850 3,740 4,620 4,840
(increase Capacity c(vehjh) 4,000 4,000 4,500 4,500 4,500

5cenario 1 demand Volume v.(veh/h) 3,740 3,850 3,740 4,500 4,500
by 10% in all v"'¡cratio 0.935 0.963 0.831 1.027 1.076
section~l- v./cratio 0.935 0.963 0.831 1.000 1.000

Note: Shaded cells ine!ocate segments where <!emane! exceeds capacit';o

Demand flow rates Vd' capacities e, and actual secvcd (oc observed) flow cates
v. are given, as are the resulting vdlc and v.1e ratios. An increase in capacity is
observed in Scctions 3 to 5. The example covers three conceptual scenarios that
iIIustrate the diffcrcncc bctwccn demalld flow rafe and actual scwcd flow rate, as a
rcsult of section capacity constraints that meter the full demando

Chapter 10jFreeway Facilities Core Methodology
VersiOn 6.0

Exhibit 10-5
Example of ttle Effect of
Capacity on Demand and
Actual Flow Rates on a
Freeway Facility
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In Scenario 1, none of the demand fIow rates exceeds the section capacities
on the facility. Thus, no breakdowns occur, and the actual volume served is the
same as the demand fIow rates (Le.,Vd= v. for this sccnario). None of the vd/c
ratios exceeds 1.00, aithough relatively high raHos (0.978) occur in SecHon5.
Operating conditions in scenarios such as Sccnario 1 imply a stable fIow regime.

Scenario 2 adds 200 veh/h of through demand to each section. In this case,
Scction 5 experiences a breakdown since its demand fIow rate exceeds its
capacity. In this section, the actual fIow rate v. differs fram the demand f10wrate
Vd' since the actual flow rate can never excccd 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 considcred 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 critica! that the difference
between demand flow rate Vd and actual flow rate v. be highlighted and
that both values be clear!y and appropriately labeled. The actual fIow rate
can never exceed the section or segment capacity.

2. It might be argued that the analysis of Scenario 1 aboye is sufficient to
undcrstand the facility's operation as long as aHits segments are
undersaturated (i.e., aHsections' vic ratios are less than or equal to 1.00).
However, when any sectioll's Vdlc ratio exceeds LOO, 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 prapagate 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 fIow rates v. on the affected segments.

4. In Scenarios 2 and 3, sections downstream of Section 5 are also affected,
since the demand fIow 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 S, which has one
of the higher capacitics on the facility but also the highest fIow rate and,
therefore, the highest demand-to-capacity ratio.

Concepts
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Capacity in the Context of Freeway Facilities
In view of aH these issues, the notion of capadty on a freeway fadlity can be

described as follows:

Freavay facility capacily is governed by tIJeposilioll alld severity o/ active
bottlel/ecks (i.e., segments wiliz vie > 1.0) alollK its lelIKt/¡.Bolil
c1raracterislies vary ovcr time alld space, depelldillg 011 tIJe time-varyillg
demand fiow rates 0/1 eaeizfacility segmelll. A boftlelleck tIJat is active al
olle time may IJideanolher (/ess severe) bottleneck jurtlrer downstream by
slli'pressillg demand flows to tlral downsfream bottlelleck. [11silorl, fhere is
no simple dejinitioll for freeway facility capacity, otlJa thall it is variable
ova time and illfillellced by tlle timillg and location of active bottIeIleeks.

The critieal seKmmt is generally defined as the bottleneck segment that will
break down the earliest, given that aH 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 chal/ge ova time as the demand pattern
changes. Facility capadty may be different from the capadty of the component
scgment with the lowest capadty. 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 LOS F in any
time interval in which any segment demand-to-capacity ratio excceds 1.00.

Active and Hidden Bottlenecks
The freeway facilities methodology is able to identify both active and hidden

bottlenecks. An active bottleneck is defined as a segment with a demand-to-
capadty ratio (vie) greater than LO, an actual flow-to-capadty ratio (v. le) 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 capadty, resulting in
downstream segments likely having v.1e ratios that are less than their vdle ratios.

A hiddcn bottlcl/cck is defined as a scgment with a demand-to-capadty ratio
(Vdle) greater than 1.0but an actual flow-to-capacity ratio (v.le) typically less than
1.0 (or equal to 1.0 in sorne cases), with no queues forming upstream of the
segment. In other words, hidden bottlenecks are segments with vdle 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
anal)'sis points to an active bottleneck, the operating agency ma)' decide to
improve opcrations 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 r('moval of the
congestion, an agency may need to improve aHactive and hidden bottlenecks.

Chapter 10/Freeway Facilities Core Meihodology
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Prebreakdawn and Queue Discharge Capacity
The term capacity, as used thus far, refers to the critica! segment capacity-

the f10wrate that immediately precedes the onset of thc brcakdown. Chapter 12
defines breakdown as a sudden drop in speed of at least 25% below the free-f1ow
speed for a sustaincd period of at least 15 min that results in queuing upstream
of the bottlencck. Thus, the segment capacities shown in Exhibit 10-5are also
called prebreakdown capacities or f10wrates, defined as the 15-min average f10w
rate immediately preccding the breakdown evento

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 f10wrate or quelle discharge fIow rate
is defined as thc 15-min f10wrate during oversaturated conditions (Le., during
the time interval after breakdown and before recovery). The difference in f10w
rate varies considcrably in the research literature, from a value of zcro (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 thc 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 tbe 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 ANO THE FREEWAY FACllITY

LOSaf Camponent Segments
Chaptcrs 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, LOSF is also defined when vdlc is greater than 1.00.

This chaptees methodology provides an analysis of breakdown conditions,
induding the spatial and time impacts of a brcakdown. Thus, in the performance
of a facility.!evel analysis, LOSF in a component segment can be identificd (a)

when the segment vdlc is greater than 1.00and (b) when a queue resulting from a
downstream breakdown extends into an upstream segment. The lauer cannot be
estimated by using the individual segment analysis procedures of Chaptees 12-14.

Thus, when a fadUty-Ievel analysis is performed, LOSF for a component
segment will be identified in two complementary ways:

• When vie is greater than 1.00 for one or more critical segments, or

• Whcn the segment density is greater than 45 pc/milln for basic freeway
segments or 43 pe/milln 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 tor a Freeway Facility
Because LOSfor basic, weaving, merge, and diverge segments on a frceway

is defined in terms of density, LOS for a freeway facility is also defined on thc
basis of density. The method distinguishes between density thresholds used to
designate LOS on urban and rural freeway facilities on the basis of rescarch (8).
Such a distinction in LOSis not madI.'at the segment leve!.

The c1assificationof a fadlity as urban or rural is madI.' on the basis of the
Federal Highway Administration's smoothed or adjusted urbanized boundary
dcfinition (9),which in tum is derived from Census data. Facilities that fall fully
within an urban area or fully outside of it are dassified as urban or rural,
respeetively. If a frceway fadlity erosses an urbanized area boundary, analyst
judgment is needed in dassifying it as urban or rural. Generally, the entire Icngth
of the facility nL't'dsto be assigned the same arca typc.

A facility analysis will result in a density determination and LOS for eaeh
component segmentoThc faeility LOS"willbe based on the weighted average
density for a1lsegments within the defined facility. Weighting is done on the
basis of scgment length and number of lanes in eaeh segment, in aeeordance with
Equation 10-1:

where

Df average density for the facility in a given 15-min analysis period
(pe/milln),

O, density for segment ¡(pe/milln),

L, length of segment ¡(mi),

Ni number of lanes in scgmcnt i, and

11 = number of segments in the defined facility.

LOS eriteria for urban and rural freeway facilities are shown in Exhibit 10-6.
Urban LOS thresholds are the same density-based criteria uscd for basic freeway
segments. Studies on LOS perception by rural travclcrs 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.

Ereeway Facility Density (oc/millo)
LOS Urban Rural
A SIl S6
B >11-18 >6-14
e >18-26 >14-22
o >26-35 >22-29
E >35-45 >29-39
F >450r >39 or

any oompoflCfltsegment Vd/C ratio> 1.00 any comlx:ment segment Vd/C ratio> 1.00

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

O1apter lO/freeway facilities Core Methodology
Version 6.0

Equation 10-1

Exhibit 10-6
LOSúiteria for Uroan 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 scction, the
freeway facility methodology applies models to estimate the propagation of the
effccts of a breakdown in time and space. Where breakdowns occur in onc or
more segments of a facility, the average LOS is of Iimited 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 (Vdlc > 1). As a result, LOS F for a facility represents a
case in which any component segment of the freeway has a vdlc ratio that excccds
1.00 or in which the average density of thc study facility exceeds 45 pc/milln (for
urban frceways) or 39 pe/millo (for rural frccways). This chapter's methodology
allows the analyst to map the impacts of breakdowns in time and space, and
clase attcntion to the LOS oí component segments is necessary.
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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,BasicFreeway
and Multilane Highway Segments; Chapter 13, Freeway Weaving Scgmcnts; and
Chapter 14, Freeway Merge and Diverge Scgments.

SCOPE OF THE METHODOLOGY

Secause 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 rescarch sponsored by the Federal Highway Administration (10).

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

The methodology analyzes a set of connected segments over a set of
sequential15-min periods. In deciding which segments and time periods to
analyze, two principies should be observed:

1. The first and last segments of the defined facility should 1101 operate at
LOSF.

2. The first and last time periods of the analysis should /lol inelude any
segments that operate at LOS F.

When the first segrncnt operates at LOSF, a queue extends upstream that is
not ineluded in the facility definition and that therefore cannot be analyzed. Thc
first scgmcnt should thus be long enough to contain the qucue, although this
may not always be practical or possible. When a queue does extend beyond the
first segmcnt, the methodology reports the number of unserved vehieles that
should be considered by the analyst.

Whcn the last scgmcnt operates at LOSF, there may be a downstream
bottleneck outsidc the facility dcfinition. Again, the impact of this congcstion
cannot be evaluated because it is not contained within the defined facility. LOSF
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, LOSFmay exist in
previous time periods as well. If the last time periad 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 periodoThe same problems would exist if thc 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 cantain the formation and
dissipation of all queues as discussed aboye. Ideally, 30min of analysis time

Chapter 10¡Freeway Facilities Core Methodology
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should be added before and alter the known peak period for a dear picture of the
onset and dissipation of congestiono

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

Peñormance 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),

• Vehide miles traveled (VMT, demand and volume served),

• Vehicle hours of travel (VHT),

• Vehide hours of delay (VHD), and

• Motorized vehide LOS for each component segment and foc 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 pcriods. 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.

2. 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.

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

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

5. The methodology can account for the effects of short-term incidents,
weather events, and work zones.
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6. The methodology is consistent with the segment methodologies in
Chapters 12, 13, and 14 if all Vdle ratios are Icss than or equal to 1.0,and it
properly accounts for the interaction of scgmcnts when any vdlc ratio is
greatcr than 1.0.

Given enough time, a complete!y undcrsaturated time---spacedomain can be
analyzed manually, although the process can be difficult and time-consuming. It
is not expected that manual analysis of a time-space domain that ineludes
oversaturation will ever be carried out. A computational engine is needed to
implement the methodology, rcgardlcss of whether thc time-space domain
contains oversaturated segments and time periods. The engine is availablc in the
online HCM Volume 4 for research purposes but should oot be used for
commercial applicatioos.

limitations of the Methodology
The mcthodology has the following limitations:

1. The methodology does not account for delays caused by vehicles using
alternative routes or vehicles leaving befare or after the analysis periodo

2. Multiplc overlapping breakdowns or boulenecks are difficult to analyze
and cannot be fully evaluated by this methodology. Other tools may be
more appropriate foc specific applications beyond the capabilities of the
methodology. Consult Chapter 6, HCM and Alternative Analysis Tools,
for a discussion of simulation and other models.

3. 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 00 the accuracy of the estimation of user-demand responses.

4. The completeness of the analysis will be limited if any freeway segment
in the first or last time interval, oc the first oc 1ast freeway segmcnt in any
time period, has a demand-to-capacity ratio greater thao 1.00.

5. The method docs not address conditions in which off-ramp capacity
limitations result in queues that extend anta the frccway or affect the
behavior of off-ramp vehieles.

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

7. The mcthod does not inelude analysis of thc streetside terminals of
freeway on- and off-ramps. The methodologics of Chapters 19, 20, 21,
and 22 should be used for intersections that are signalized, two-way
sTor-controlled, all-way STOP-controllcd,and roundabouts, respectively.
Chapter 23, Ramp Terminals and Altemative lntersections, provides a
more comprehensive analysis of frecway interchanges where the
streetside ramp tcrminals are signalized intersections oc roundabouts.

O1apter lO/freeway Facilities Core Methodology
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REQUIRED DATA ANO SOURCES

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

Exhibit 10-7
Required Input Data, Potential
Data Sources, and Default
Values for Freeway Fadlity
Analysis

Required Data and Units

Free.f1ow speed (mi{h)

Segment and section length (ft:)
Number 01 mainline lreeway
JilneS (one direction)
Lane width (ft:)
Rlght.side lateral clearance (ft:)
Total ramp density in analysis
direction
Area type (urban, rural)
Terrain type
(Ievel, rolling, specific grade)
Ramp number of lanes
Ramp acceleration or
deceleration lane length (ft:)
Ramp free.f1ow speed (mVh)
Geometry 01managed fanes

Potential Data Source(s)
Geometric DatiJ

Direct speed measurements,
estimate from FFS prediction
algorithm
Road inventor'Y<aerial photo

Road inventOl'y,aerial photo

Roadinvengny,aerialphoto
Road inventory, aerial photo

Road inventory, aerial photo

Road inventory, aerlal photo

Design plans, analyst judgment

Road inventory, aerial photo

Road invenaxy, aerial photo

Road inventory, aerial photo
Road invenbXy,aerialphoto

DemandData

Suggested Default Value

Base free-tlow speed: speed
limit + 5 mi{h
(range 55-75 mi{h)
Must be provided

At least 2

12 ft: (range UH2 ft:)
6 ft: (range 0--6 ft:)
Must be provided
(range 0--6 ramps/mi)
Must be provlded

Must be provided

llane

500 •

35-45 mi{h
Must be provided

Must be provided

Must be provided

Must be provided

Must be provided

5% (urban), 12% (rural)'

1.00 (see Chapter 26 for
details)

190 (range 150-270)

7% (range 0%-20%)

Field data, modeling

Field data, modeling

Field data
Field data

Field data, modeling

Field data
Field data

Field data, modeling

Halnline entry demand
voJume by time intervaJ
(vehjh)
On-ramp and off-ramp
demands by time intervaJ
(vehjh)
Weaving demands on
weaving segments by time
intervaJ(veh{h)
Heavy vehicle percentage (0/0)
Driver population speed and
capacity adjustment factors
(decimal)
Jam density(pc/mi{ln)
Queue discharge capadty
drop(%)
Hanaged fane demand
voJume (veh{h)
Notes: Bold 1t.Jllclndicates tligh seositNrty (>20% chaoge) of service measure to the choice ot default value.

Bold indicates moderate sensitiVity (10%-20% chal'lge) of service measure to the ctloice of default value •
• see Chapter 26 lo Volume" for state-spedfic default heavy vetlicle percentages.

Where any data item is not readily available or collectible, the analysis may
be s1;Jpplemented by using consistent default values for each segmento 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 inelude 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 Band 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 thc 17 computational steps in the core methodology, thc 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 thc core methodology
far analyzing freeway facilities. The methodology adjusts vehiele speeds
appropriately to account for thc 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 reHable data for estimated capacity and demand existo

COMPUTATIONAL STEPS

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

Step A-l: Define Study Scope
In this initial step, the analyst defines the spatial cxtent of the facility (start

and end points, totallength) and the temporal extent of the analysis (number of
15-min analysis pcriods). Thc analyst should further decide which study
extensions (if any) apply to the analysis (Le.,managed ¡anes, reliability, ATDM).

A time-space domain far the analysis must be established. The dornain
consists of a specification of the frccway Sl.'ctiolls and segmmts ineluded in the
defincd facility and an idcntification of the time intervals for which the analysis
is to be conductcd. For the freeway facility shown in Exhibit 10-9,a typical time-
space domain is shown in Exhibit 10-10.

Chapter 10/Freeway Facilities Core Methodology
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•••••••" Step executed lJycomputatbnal erogheO!' software
(gray shcdi'lg)

+ St:e used rO!' ma tane ana S5

Step A-12: COmpute
Qversaturatel;l
Performance
Measures'"

No

No

No

~~~~.....-._---~-~-~-~
/,,~. OPTIONAl: ~~~"\.

________________. .,( Continueto ,
•• reliabilityanalysis /

"~',~J~_~_~~_~~~~_~~~~~l~.~/

Step A-14: COlr4)Utelane Group
Performance" .•

Step A-15: Coo1>UteFacility
PerfO/"mance Measures"

Step A-11: CO~ Under5illturatel;l
Performance Measures"

Step A-17: Estlmate lOS and Report
Performance Measures fO/"lane

Groups. and Facility"

Step A-l0:COqKlte Demand-to-
Capacity Ratlos (vdl q'"

Step A'9: Ml Cross.Weave
Adjustment+

Step A.7: Co""'ute Segment
Capacities'"

Step A-S: CallbratewithAdjustment
Fadors

Step A-4: Balance Oemands

Step A-S: Code Base an<!Mal\ilged
Lane Facility

Step A'16: Aggregate to Section level
and ValidateAgainstField Data

Step A-6: set Global Parameters
User-defned gbbal calibrati:lrlparameters

Step A.2: Divide Facillty lnto Sections
an<!Segments

Step A-13: Apply Ml Adjacent Friction
Factor'",.

Step A'l: Define Study SCtIpe
Spati31Extent,TemporolEl:1:ent,Extensons

Step A'3: Gatner Input Data
Demand, Geometry Detai~, HeavyVehi:1es

Exhibit 10-8
Freeway Fadlity Methodology

Note: ML'" managed lane, lQ '" lengthof queue.
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Exhibit 10-9
Example Freeway Facility fer
Time-Space Domain
IIIustration

I
Se<,¡10 Seg 11' Se<,¡12

B Mer¡¡e B

//

, Sectlon f> 5ectJon 75ection 1 I 5ection 2 I 5ectJon 3 5ectJon 4

----~--~,m-~~~~~~~~~---7-;-------<!

SegB I Seg'l
, -•.Sf>g1 Se<,¡2 Se<,¡3

Baslc(B)D!vef¡¡e B

Analysis 5eg 5eg 5eg 5eg 5eg 5eg 5eg 5eg 5eg 5eg 5eg 5eg
Peñodl 23456789101112
1
2
3
4
5
6
7
8

Note: Seg = segmento

Exhibit 10-10
Example Time-Space Domain
for Freeway Facility Analysis

The horizontal scale indieates the distance along the freeway facility. A
freeway section boundary occurs where there is a change in demand-that is, at
cach on-ramp or off-rampoThese areas are referred to as sectiol1s because
adjustments will be made within the procedure to determine where segmellt

boundaries should be for analysis. This process relies on the influence areas of
merge, diverge, and wcaving scgments, discussed earlier in this chapter, and on
variable Icngth Iimitations speciHed 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 scgments. The time--
space domain is illustratcd at the scgmcnt level, which is the basis of the HCM
methodology. However, aggregation to the scction level is possible and may be
needed to compare the results with Held data available only at the section leve!.

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 scgmcnt should
be long enough to contain all queues, if practical.

The vertical scale indicates the study duration. Time extends down the time-
spacc domain, and the seale is divided into 1S-min intervals. In the example
shown, there are 12 segments and 8 analysis periods, yielding 12 x 8 = 96 time--
space cel/s, each of which will be anaIyzed within the methodology. The analysis
could be extended to up to a 24-h analysis, corresponding to ninety-six lS-min
analysis periods.

The boundary conditions of the time-spaee 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 aIong the four boundaries of the time-
space domaio. The cells located along the four boundaries should all have
demands less than capaclty and should contam undersaturated flow conditions.

Chapter 10/Freeway Facilities Core Methoclology
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A proper analysis oi congestion within the time-space domain can occur only ii
the eongestion is limited to internal cells not along the time-spaee boundarics. If
ncccssary, the analysis domain should be extended in time, space, ar 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 gare point

to gore point along the selected iacility. These gore-to.gore sections are more
consistent with modem 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,
weavc, overlapping ramp, or managed lane segment) as described below.
Judgment may be needed far segments that do not c1eanly fit the HCM
definitions. The first and last segment must always be a basic segment, and these
may be considered as "haif sections," since only one gore point is ineluded in
each. This point was illustrated previously in Exhibit 10.2 and Exhibit 10-9.

When a facility ineludes managed lanes, this step also ineludes defining
parallellane groups for managed Janes and general purpose Janes, as will be
described in Seetion 4.

The sections of the defined freeway £acilityare bounded by points where
demand changes. However, this approach does 1101 fuUydescribe individual
scgmcllfs for analysis within the methodology. The conversion from sections to
analysis segments can be periormed manually by applying the principies
discussed here, along with those given previously in the Facility Segmentation
Cuidance subsection oi 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 oi it. This allows for a number oi scenarios affecting the definition oi
analysis segments within the defined freeway.

Consider the illustration of Exhibit 10-11.It shows a one-Iane on-ramp
followed by a one-Iane 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£tdownstream irom the on-ramp while the diverge segment
extends 1,500£tupstream from the off-ramp, which Ieaves a 1,OOO-ftbasic
freeway segment between them.

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

In Exhibit 1O-11(c),the situation is more camplicated. With only 2,000 ft
between the ramps, the merge and diverge influence areas overlap far a distance
of 1,000ft.

Methodology
Page 10.24

O1apter 10fFreeway Facilities Core Methodology
VersiQn 6.0



Highway Capacity Manual: A Guide tor Multimodal Mobility Analysis

4---,-,,-,th-,-'-=-4-,0-00-'-' --~
i.. ..!.. ..;.. ..i

1,500lt 1.000lt 1,500ft
Basic Herpe Basic DivPrge Base

(a) Sectien Length 8etween Ramps = 4,000 ft

Exhibit 10-11
Defining Analysis 5egments
fer a Ramp Configuration

4
:..

Length, L = 3,000 ft

..! ••
~

..:

1,500ft 1,500ft
Base: Mffge Dil'I'rge Basic

(b) 5ectien Length Between Ramps = 3,000 ft
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&sic Merye M«g~ Drw!r9'! &sic

""'""
(e) Section Length Between Ramps = 2,000 ft

Chapter 14covers this situation. \Vherc ramp influencc areas overlap, the
analysis is conducted for eaeh ramp separately. The analysis producing the
worse LOS (or servicc measure value if the LOSis equivalent) is used to define
operations in the overlap area.

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

A similar situation can arise where weaving eonfigurations existoExhibit 10-
12 iIIustrates a weaving configuration within a defined freeway fac¡¡¡ty.In this
case, the distance between the merge and diverge ends of the configuration must
be compared with the maxirnum length of a weaving segment L~,.\f)'x' If the
distance between the rnerge and diverge points is less than or equal to L,.,MAX' the
entire segment is analyzed as a weaving segment, as shown in Exhibit 10-12(a).

Chapter 10/Freeway Fadlities Core Methodology
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Exhibit 10-12
Definíng Analysís 5egments
for a Weaving Configuration

Methodo1ogy
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::d3 :: u mm m: ~
~ Ls = Short Length, ft $~ _
.:.~--------------_.: ;

LB = Base Length, ft .!
Lw/ = Weaving Influence Area, ft

(a) case 1: LB:s L-.u(weavíng segment exists)

~'=¡,=-=--=---=--:=~--=--=---=--=~
..,1 :¡

(b) Case II: Ls > L~(analyze as basic segment)

Three lengths are involved in analyzing a weaving segment:

• The short lengtlJ oí the segment, defined as the distance over which lane
changing is not prohibited or dissuaded by markings (Ls);

• The base length of the segment, measured from the points where the edgcs
of the travellanes of the merging and diverging roadways converge (LR);

and

• The influcncc arca of the weaving segment (Lw¡), which ineludes 500 ft
upstream and downstream of LB'

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 LB + 500 ft upstream to LB + 500 ft downstream. For further discussion
of the various lengths applied to weaving segments, consult Chapter 13.

If Ls is greater than L",MAX' the merge and diverge segrnents are too far apart
to form a weaving segrnent. As shown in Exhibit 10.12(b), the segment is treated
as a basic freeway segment.

In the Chapter 13weaving methodology, the value of L,..,'MX depends 00 a
nurnber of considerations, ineluding the split of component f1ows,demand
fiows, and other traffic factors. A weaving configuration could therefore qualify
as a weaving segment in sorne analysis periods and as a separatc merge, diverge,
or basic segment in others.

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

However, a long basic freeway section may havc 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 $Cctionmay 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 conserutive basie freeway segments.

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

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

Demand

Demand flow rates must be specified for cach segment and time periodo
Beeause analysis of multiple time periods is bascd on conserutive 1S-min
periods, the dcmand flow rates for each period must be provided. This condition
is in addition to the requircments for isolated segment analyses.

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

• Demand flow rate (veh/h),

• Percent single-unit trucks and buses, and

• Percent tractor-trailer trucks.

For weaving scgments, demand f10wrates must be identified by component
movement: freeway to freeway, ramp to freeway, freeway to ramp, and ramp to
rampo Where this level of detail is not available, the foHowing 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 O. 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 segmellts: On-ramp flow is apportioned to the two exit ¡egs
(freeway and ramp) in the same proportion as the total flow on the exit
legs (freeway and ramp).

Geometry

AHgeometrie features for each segment of the facility must be specified,
including the following:

• Number of lanes;

• Average lane width¡

• Right-sidc lateral clearance;

• Terrain;

• Free-flow speed; and

• Location of mcrgc, diverge, and weaving segments, with aHinternal
geometry specified, including the number of lanes on ramps and at ramp-
freeway junetions or within weaving segments, lane widths, existence and
length of aceeleration or deceleration lanes, distances between merge and
diverge points, and the details of lane configuration where relevant.

Chapter 10/Freeway Facilities Core Mel:t1odology
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Geometry does not changc by time period, so this information is given only
once, regardless of the number of time periods under study.

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

Step A-4: Balance Demands
Traffic counts taken at each entrance to and exit from the defined freeway

faciJity (induding 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 frccway faciJity because of congestion within the
defined facility.

For planning applicahons, 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 thc input demands must egual the sum of the output
demands in every time interva1.

Once the entrance and exit demands are calculated, the demands for each
cell in the time-space domain can be estimated for every time periodoThe
segment demands can be thought of as filtering across the time-spacc 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 projccted, they are
used directly without modification.

The methodology indudes a demand estimation model that converts the
input set of freeway exit 15-min counts to a set of vehide flows that desire to exit
the freeway in a given 15-min periodoThis 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, induding the entering mainline segment, and
compares this sum with the sum of freeway exit counts along the directional
freeway facility, including the deparling mainline segment. This procedure is
repeated for each time interva1.When sensor data are used to populate the
inputs for this procedure, the total entering and exiling demands in a time period
may not be the same if there is congestion internal to the facility. The ralio of the
total facility entrance counts to total facility exit counts is called the time intcrva!
scale factor and should approach 1.00when the freeway exit counts are, in fad,
freeway exit demands.

Seale factors greater than 1.00indicate 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, eaeh freeway exit
count is multiplied by the time interval scale factor.
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Equation 10-2and Eguatian 10-3summarize this praeess:

f
- ¿j VON1Sij

TISi - ~
L.j VOfH5ij

VdOFFtSíj = VOFF1Síj X fTlSi Equation 10-3

where

IrIs,

VO."IS'¡

VOrfl5,¡

VdOffl5,¡

time interval seale factor for time periad ¡,

lS-min entering count for time periad ¡and entering lacatian j (veh),

lS-min exit count for time period iand exiting location j (veh), and

adjusted lS~min exit demand for time period ¡and exiting location j
(veh).

Once the entrance and exit demands are determined, the traffie demands for
eaeh seetion and eaeh time period can be ealculated. On the time--spaee dornain,
section demands can be viewed as projeeting horizontally aeross Exhibit 10-10,
with eaeh eeIJeontaining an estirnate of its lS-min demando

Step A-S: Code Base Facility
This is the first step requiring the use of a eornputational engine or software.

WhiJe individual time periods with undersaturated operatians can be evaluated
manually with this ehapter's proeedure, computations ayer multiple analysis
periods and eomputations involving oversaturated segments and time periods
require the use of a eomputatianal eogine. A camputatianal engine is available as
part uf Valume 4 af the HCM for researeh purposes. Commercial software
paekages that implement the method are also available.

Data input needs for the engine or other too1sinelude aHitems collected or
estimated in the previous steps. Data generally need to be entered for each
segment and each time periad, which makes this one of the mast time-
eonsuming 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 leve!. two global parameters are uscd across the
entire spatial and temporal domains:

• fam dmsity, which is defined as the maximum achievable density in a
segment under eongested flow eonditions, equivalent to a theoretical flow
rate and segment speed of zero. The jam density affeets the oversaturated
speed-flow-density relatianship used for calculations. The default value
for jam density is 190 pe/mi/In.

• Queuc discharge capacify drop, which is defincd as a percent reduction in
the prcbreakdown capacity following breakdown al an active bottleneck.
Thc postbreakdown flow rate or queue discharge rate is defined as the
average flow rate during oversaturated conditions (i.e., during the time
interval after breakdawn and before recovery). This factor directly affects
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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
describcd in Chapter 25, Freeway Facilities:Supplemental.

Step A-7: Compute Segment Capacities
Segment capacity estima tes are determined by the methodologies of Chapter

12 for basic freeway segments, Chapter 13 for weaving segmcnts, and Chapter 14
for merge and diverge segments. AHestimates 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 dctermined in this step
with the Chapter 14 methodology. On-ramp demands may exceed on-ramp
capacities, which would limit the traffic demand entering thc facility. Off-ramp
demands may exceed off.ramp capacities, which would cause congestion on the
freeway, aIthough that impact is not accounted for in this methodology.

AHcapacity resuIts are stated in vehicles per hour under prevailing roadway
and traffic conditions.

lbe cffect 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 lo refled the specified
ramp-metering rateolbis approach not only allows for cvaluating a prescribed
ramp.metering plan but also permits the user to improve the ramp.metering
plan through experimentabon. 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 criticallocations and fulllanes over
multiple segments can be assessed.

Step A-S: Calibrate with Adjustment Factors
Segment capacities can be affected by a number of conditions, sorne of which

may nol normaHy be accounted for in the segment methodologies of Chapters
12-14. These redudions indude the effects of adverse weather conditions, other
environmental factors, driver population, and incidents. Adjustments for work
zones and lane dosures 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 reflcct the impacts of weather, incidents, and
work zoncs. The demand adjustment factor DAF (tI/' capacity adjustment factor
CAF,.w and speed adjustment factor SAf <"111 can be modified for each segment and
each time periodo The adjustment factors are used as rnultipliers for the base
demand, capacity, and free-flow spccds input into the methodology.
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It is strongly recommended that the base nm IlOtjI/elude any adjustments, with
the three adjustment factors aboYebeing used as calibration tools in one or more
subsequent iterations with the intent of matching field data. CAF and SAF values
should always be egual to or less than 1.0, since thcy 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 FFSad; is calculated by multiplying the FFSby a
SAF «>l as shown in Equation 10-4:

FFSad} = FFS X SAFcal

An adjusted capadty Cad; is calculated by multiplying the base capadty C by a
CAF'<1 as shawn in Equation 10-5:

cad} = C X CAFeal

An adjusted demand inpul valume Vodj is calculated by multiplying the base
demand valume v by a DAF «>l as shown in Equation 10-6:

Vad} = V X DAFcal

At lane drops, permanent reductions in capadty occur. These effects are
induded in the core methodalogy, which determines segmcnt capadty on the
basis of the number of lanes in the segment and other prevailing canditions.
Hawever, the method docs not account for frictional effects at lane drops, which
may be nceded to calibrate the facility operatian properly.

Speed and capadty adjustment factors far weather, ather environmental
canditions, aod incidenls are faund in Chapter 12,Basic Freeway and Multilane
Highway Segments. Adjustments far driver populatian 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 t)'pes is
described in Chapters 12, 13, and 14 as applicable.

Step A-9: Managed Lane Cross-Weave Adjustment
This step is onl)' 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-lO: Compute Demand-to-Capacity Ratios
Each cell of the time-space domain now contains an estimate of demand and

capacit)'. 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
vic ratios of 1.00or less and to determine whether any cells in the interior of the
tirne-space dornaio have vdle values greater than 1.00.

If any boundary cells have a Vdle ratio greatcr than 1.00,further analysis may
be significantly flawed:
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1. If any cell in the first time interval has a Vd!Cratio greater than LOO, there
may have bt..'enoversaturated conditions in earHer time intervals without
transfer of unsatisfied demand into the time-space domain of the
analysis.

2. lf any cen in the last time interval has a vdlc 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. lf any cell in the last downstream segmcnt has a vic ratio greater than
1.00, there may be downstream bottlenecks that should be checked
before proceeding with the analysis. If any ceHin the first segment has a
vd!c ratio greater than 1.00,oversaturation will extend upstream of thc
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 Vd!C

ratios greater than 1.00later in the analysis. lf these initia! checks reveal
boundary cells with Vdlc ratios greater than 1.00,the time-space dornain of the
analysis should be adjusted to eliminate the problem.

As the analysis of the tirne-space domain proceeds, subsequent demand
shifts may cause sorne boundary cell vdlc ratios to exceed 1.00. In these cases, the
problem should be reforrnulated or alternative tools appUed. Most alternative
tools will have the same problem if the boundary conditions experience
congestiono

Another important check is to observe whether any ceHin the interior of the
time-space domain has a vdlc ratio greater than 1.00.There are two possible
outcomes:

1. If aHcells have vic ralios of 1.00or less, the entire time-spacc domain
contains undersaturated fiow, and the analysis is greatIy simplified.

2. If any ceHin the time-space domain has a Vdlc ratio greater than 1.00, the
time-space dornain 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.

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

The vd!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 fiow rates
should be adjusted to refled capacity. Off-ramps generally fai! because oC
deficiencies at thc ramp-street junction. They may be analyzed by procedurcs in
Chapters 19-22, depending on the type of traffic control used at the ramp-street
junction. These checks are done manuaHy, 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 ceH in the upper-Ieft comer of the time-space
domain (lhe first segment in the first time interval) and continues downstrcam
along the freeway facility for each segment in the first time interval. The analysis
then returos to the first upstream segment in the second time interval and
continues downstrcam along the freeway for each segment in the sceond time
interva1. This process continues until aH cells in the lime-space domain have
becn analyzed (refer baek lo Exhibit 1O~10far an illustrative example).

As eaeh cell is analyzed in tufO, its vd'e ratio is checked. If the vdle ratio is 1.00
or less, the cell is not a bottleneck and is able to handle all traffic demand that
wishes to cntee. The proccss is eontinued in the arder noted in the previous
paragraph until a ceHwith a vd'e ratio greater than 1.00 isencountered. Such a
cell is labeled as a bottleneek. Because the bottleneek eannot handle a flow
greater than its capacity, the following impacts will occur:

1. The v.le ratio of the bottlcneck cell will be exactly 1.00, sinee the cell
processes a £Iow rate equal to its capacity.

2. Flow rates for all cells downstream of the bottleneck must be adjusted
downward to reflect the fad that not all the demand flow at the
bottleneck is rcleased. 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 thc
upstream segments. Flow conditions and performance measures in these
upstream cells are affeeted. Shock wave analysis is applied to estimate
thcse impacts.

4. The unsatisfied demand stared upstream of the bottleneck ceHmust be
transferrcd to the ncxt time interva1. Thc 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 bottleneek encountercd,
following thc specified sequence of eell analysis. If no bottlenecks are identified,
the entire domain is undersaturated, and the sequenee oí steps for oversaturatcd
conditions is not applied.

If a bouleneck is severc, the storage of unsatisfied demand may extend
beyond the upstream boundary of the freeway facility ar beyond the last time
intcrval uf the time-space domain. In such cases, the analysis will be flawed, and
the time-spaee domain should be reconstituted.

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

Step A.ll: Undersaturated Condltions

For undersaturatcd conditions, thc process is straightforward. Becausc therc
are no cells with vdle raHos greatcr than 1.00, the flow rate in each cell v. is egual
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to the demand flow rate VJ' Each segment analysis using the methodologies of
Chapters 12-14 will result in estimating a density D and a space mean speed S.

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 scgment
experiencing low speeds. This constraint prevents large speed fluctuations from
segment to segmcnt when the segment methodologies are directly applied. This
process results in sorne changes in the speeds and densities predicted by the
segment methodologies.

For each time interval, Equation 10-1is 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 periodo Each time period
will have a separate LOS.Although LOS is not averaged over time intcrvals, if
desired, density can be averaged over time intervals.

5tep A-12: Oversaturated Conditions

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 15min to smallcr time periods,
as recommended in Chapter 25, Freeway Facilities: Supplemental.

Exhibit 10-13ilIustrates the node-segment conceptoA node is deiined as the
junction of two segments. Since there is a node at the beginning and end oi the
freeway facility, there will always be one more node than the number of
segmcnts on the facility.

Exhibit lO-U
Node-Segment
Representation of a Freeway
Facility

Ramp 1 Ramp 2

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

5eg. INode iSeg./-l

MF ••
OFRF~~

~~
MF(i)+ OFRF(i)

Node /$eg./-l Seg. i

•• MF

~

ONRF
SF(I-l): ¿~

MF(I) 7-

Exhibit 10-14
Mainline and Segment Flow at
On- and Off-Ramps

Note: SF" segment f\ow, MF= m<linline IIow, ONRF" on-r<lmp fIow, <100OFRF" off.ramp fIDw.

The oversaturated analysis moves from the first node to each downstream
node for a time step. After the analysis for thc first time step is complete, the
samc 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 upstrcam and downstream effects of bottlenecks. These adjustments
are explained in general terms in the sections that follow and are fuHydetailed in
Chapter 25.

Flow Fundamentals

As noted previously, segment flow rates must be calrulated for each time
step. They are used to estima te 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
gueue accumulation and discharge and to estimate the average segment density.

The conversion from standard Is-min time intervals to time steps (of lesser
duration) ocrurs 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 segmento Determining this number is rderred to as segment
i11itíal izatioll.

A simplified queuing analysis is initially performed to aceount for the eiiects
of upstream bottlenecks. The bottlenecks limit the number of vehicles that can
proceed downstrearn.

To obtain the proper number of vehicles on a given segment, an expecfed
demnlld is calculated that includes the effects of al! upstream segments. The
expected demand represents the flow that would arrive at each segment if al!
queues were stacked vertically (Le.,as if the queues had no upstream impaets).
For aHsegments upstream of a bottleneck, the expected demand will equal the
actual demando

For the bottleneck segment and al! 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 fram Chapters 12-14.

Mainline Flow Calculation

F10wsanalyzed in oversaturated conditioos are ealculated for every time
step aod are expressed io vehicles per time step. Thcy are analyzed separately 00
the basis of the origin and destination of the flow across the node. The following
flows are defined:

1. The flow from the mainlioe upstream segment i- 1 to the mainline
downstream segment i is the mainline flow MF.
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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 iIlustrated in Exhibit 10.14.

Mainline Input

The mainline input is the number of vehides that wish to travel through a
node during the time step. The calculation indudes the effects of bottlenecks
upstream of the subject node. These effects inelude the metering of traffic during
queue accumulation and the presence of additional vehieles during gueue
discharge.

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

Ma;nline Output

The mainline output is thc 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 (MOL M02, and M03).

• Mainlinc OlltPllt from ramps (MOl): Mal is the constraint caused by the
flow of vehic1es 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 (M02 and
M03) calrulated in the preceding time step.

• Main/inc output from scgmcllt storage (M02): The output of mainline flow
through a node is also constrained by the growth of queues on the
downstream segmento The presence of a queue limits the flow into the
segment once the gueue reaches its upstream end. The queue position is
calculated by shock wave analysis. The M02limitation is determined first
by calrulaling the maximum number of vehides 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 segmento The queue density is
determined from the linear congested portion of the density-flow
relationship shown in Chapter 25.

• Mailllille outPllt frOIllfrollt-clearing qllcue (M03): The finallimitation on
exiting mainline flows at a node is caused by front.dearing downstream
queues. These queues typically ocrur when temporary incidents clear.
Two conditions must be satisfied: (a) the segment capacity (minus the on-
ramp demand if present) foe the current time interval must be greater
than the segment capacity (minus on-ramp demand) in the preccding
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 interva1. Front-c1caring queues do not affect the segment
throughput (which is limited by queue throughput) until the rccovery
wave has reached thc upstream end of the segmentoThe shock wa\'€'
speed is estimated from the slopc of thc linc connecting the bottleneck
throughput and thc segment capacity points.

Mainline Flow

The mainline flow across nade iis thc minimum of the following variables:

• Node i mainlinc input,

• Node i M02,

• Nodei M03,

• Scgment i- 1capacity, and

• Scgmcnt icapacity.

Determining On-Ramp Flow

The on-ramp flow is the minimum of thc on-ramp input and output. Ramp
input in a time step is the ramp demand plus any unscrvcd ramp vehic1esfrom 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 scgmcnts. The
latter is a complex process that depends on the various flow combinations on thc
segment, the segment capacity, aod 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 00 the
basis of the segment and off-ramp demands. The diverge pcrcentagc varies only
by time interval and remains constant for vehic1esthat are assaciatcd with a
particular time interva1. lf there is an upstream queue, traffic to this off-ramp
may be metcred. This will cause a decreasc in the off-ramp flow. When vehic1es
that were metered arrive in the next time interva1, they use the diverge
percentage associated with the preceding time interval. This mcthodology
ensures that all off-ramp vehic1esprevented from exiting during the presence of
a bottleoeck are appropriatcly dischargcd in later time intervals.

Determining Segment Flow

Segment flow is the numbcr of vehic1esthat flow out of a scgment during the
current time step. These vchic1esenter the curreot segment cither to the mainline
or to an off-ramp at the current node, as shown io Exhibit 10-13. The number of
vehicles on each segment in thc current time step is calculated on the basis of

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

• Thc numbcr of vehicles that entered the segment in thc current time step,
and

• The number of vchicles that can leave the segment in the current time step.
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Because the number of vehicles that leave a segment must be known, the
number of vehicles on the current segment eannot be determined until the
upstream segment is analyzed.

The number of unscrved vehicles stored on a segment is caJculated 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 eaeh segment
are ealculated. If thcre wcre no queues on a particular segment during the entire
time interval, the performance mcasurcs are ealculated from Chapters 12, 13, and
14as appropriate.

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

L The average number of vehicles over a time interval is calculated for eaeh
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 eurrent segment during the current time
interval is cakulated 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 Iimited by a meter or by freeway traffie in the
gore arca. lf the flow is limited by the ramp roadway capacity, unserved vehicles
will be stored on a facility upstream of the ramp roadway, most Iikely a surface
street. The methodology does not account for this deJay. If the queue is on a
ramp roadway, its length is calculated by using the difference in background and
queue densities.

Step A413: Apply Managed lane Adjacent Friction Factor
This step adjusts the performance of (undersaturated) managed lanes when

the adjacent general purpose Janes operate with a density greater than
35 pe/milln, depending on the separation type between the two Jane groups (Le.,
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 Peñormance
This step computes thc performance measure for the length of the facility for

cach lane group separately. This step only applies to facilities with managed
lanes and is discussed in more detail in Scction 4.
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Step A-15: Compute Freeway Facility Performance Measures by Time
InteNal

The previously discussed traffic performance measures can be aggregated
over the length of the defined freeway facility for each analysis periodo
Aggregations over the entire time-space dornain of the analysis are also
mathematically possible, although LOS is defined ooly for each lS-min analysis
periodo

The performance measures indude the computation of queue spillback
under oversaturated conditions. All congestion should be fully contained within
the spl.'cified time--space domain. If congestion remains at the end of the last time
ioterval or if queues spill back beyond the first segment at aoy time in the
analysis, the analysis returns to Step A-S anó the timl.'--spaccdomaio is expanded
accordingly.

Step A-16: Aggregate to Section Level and Validate Against Field Data
In this slep, the aggregaled melhodology results allhe $Cctionlevel are

compared with field dala or results from anolher model. Additional delails 00
criteria for calibration and validalion of the facility are provided in Chapter 25,
Freeway Facilities: Supplemental. If an acceptable match is oot obtained, the
analysis retums to Slep A-6 and fo11owsthe stcps for calibration adjustments.

Step A-17: Estimate LOSand Report Performance Measures tor Lane
Groups and Facility

This final step of lhe core methodology estimates the LOS for cach segmenl,
lane group, and the ovcrall facility for each lime periodo Freeway facility LOSis
defined for each lime ioterval induded in the analysis. An average density for
each time ioterval, weighted by length of segments and numbers of lanes in
segments, is calculated by using Equation 10-1and is compared againsl the
criteria of Exhibit 10-6.

Slep A-17 coocludcs the core freeway facility methodology for the analysis of
a single study period analysis. However, thc analyst may choosc to continue lo
perform a rcliability aoalysis or evaluation of ATDM strategies as described in
Chapler 11,Frceway Reliability Analysis.
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capacities over time, but no condusive evidence in this regard was found in the
research.

Equation 10-7

The lane dosure configuration in a work zone is expressed as fhe ratio o/ the
number o/original lalles fa the IIumber o/ tanes presellt in the work zone. For instance, a
3-to-llane dosure configuration means that three lanes are normally available,
but that two lanes were dosed 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-2Iane closure configuration from a 2-to-l
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-llane dosure
is significantly less than that of a 4-to-2 dosure, due to fewer open lanes being
available. The lane dosure severity index (LCSI)distinguishes such lane c10sure
configurations. Eguation 10-7 shows how the LCSI is calculated:

1
LCSI = OR x No

where

LCSI lane c10sureseverity 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

Na = number of open lanes in the work zone (In).

The LeSI clearly gives a unique value for different lane closure
configurations, where higher values generally correspond to a more severe lane
closure scenario. This is iIlustrated in Exhibit 10.15.

Exhibit 10-15
lane Clasure 5everity Index
Values fer Different lane
Oesure Configurations

Numberof
Total Lane(s)

3
2
4
3
4
2
3
4

Numberof
Opeo Lane(s}

3
2
3
2
2
1
1
1

Open
Ratio
1.00
1.00
0.75
0.67
0.50
0.50
0.33
0.25

LCSI
0.33
0.50
0.44
0.75
1.00
2.00
3.00
4.00

Note: LCSI" lanedosure severity Index.

In interpreting Exhibit 10-]5, it is noted that not aHwork zones are associated
with lane dosure effects. For example, work zones may be limited to shoulder
work onl)' or ma)' feature a lane shift or crossover. This chapter's methodolog)'
also applies to work zones without lane dosures. In the exhibit, a "2-to-2 work
zone" can refer to shoulder c10suresor crossovers that do not affect the overall
number of travellanes.

Extensions to the Methodology
Page 10-42

Chapter 10/Freeway Facilities Core Methodelogy
Versim 6.0



Highway Capacity Manual: A Guide tor Multimodal Mobility Analysis

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 fo11ows:

The averageflow rate immediately downstream o/ an active bottleneck
(joIlowing breakdoum) measured over a 15-min sampling interval wllile tllere is
active queuing upstream o/ the bottlelleck.
Eguation 10-8gives a predictive model for freeway work zone queue

discharge rate as a function of the work zone configuration and other prevailing
conditions:

QDRwz = 2,093 - 154 x Les} - 194 X [Br - 179 X [AT + 9 X [I.AT - 59 X [DN

where QDRu"Z is the average lS-min queue discharge rate (pc/hl1n) 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
c1earances, and at night.

The prebreakdown capacity for work zones can be estimated from the gueue
discharge flow rate, which is expected to be Jower than the prebreakdown flow
rateoEguation 10-9 is used to determine the prebreakdown capacity:

QDRwz
cwz = 100 _ u

wz
x 100

where c"" is the work zone capacity (prebreakdown flow rate) (pc/hlln), lt"", is the
percentage drop in prebreakdown capacity at the work zone due to queuing
conditions (%), and QDRuo:. is as defined aboye.

Rescarch shows an average gueue discharge drop of 7% in non-work zune
conditions (7) and an average value uf 13.4%in freeway work zones (4).The
underlying research measured prebreakdown capacities as well as queue
discharge rates to estimate the magnitude oi lt"".When there is little local
information available on lt",v these values can be used as defaults.

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

Chapter 10/Freeway Facilities Core Methodology
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Equation 10-10

Equation 10-11

Equatlon 10.12

Work Zone Free.F!aw Speed Made!
A model for work zooe free-flow speed has been developed through work

zooe observations during low.flow eonditions. The model should only be used if
no local estimates of FFS are available.

Eguation 10.10 predicts FFS in freeway work zones on the basis of work zone
configurations and other prevailing conditions:

FFSwz = 9.95 + 33.49 x {Sr + 0.53 x SLwz - 5.60 X LeS! - 3.84 X {Br -1.71
X {DN - 8.7 x TRD

where FFSu"" is the work zone free-flow speed (mi/h) and aHother variables are as
defined previously.

The work zone FFSdecreases as the LCSI inereases, 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 oí Eguation lQ..10should be eapped as needed.

Work Zone Speed-F!aw Nadel
Changes in work zone prebreakdown capacity and work zone FFS influence

the overall shape oí the speed-flow model in the freeway segments affected by
the work zone. Work zone FFS is determined with Equation 10-10, whiJe work
zone eapacity is determined with Eguation 10.8 and Eguation 10-9.

Adjustment factors for capacity and FFS are used to reflect the effcet of the
work zone 00 speeds and fIows. Eguatioo ]0-] 1 is used to determine the work
zone capacity adjustment factor.

CAF. = Cwzw. e

where

CAF U': eapacity adjustment factor for a work zone (decimal),

e = basic freeway segment capacity in non-work zooe cooditioos (pc/h/ln),
and

eU': = work zooe eapacity (prebreakdown fIow rate) (pc/h/ln).

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

FFSwz
SAFwz = FFS

where

SAF""

FFS

FFSU':

free-flow speed adjustment factor for work lOoe (decimal),

freeway free-flow spced io oon-work zooe conditions (mi/h), and

work zooe frcc-flow speed (mi/h).

The ealculated 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 10-11and Equation 10-12should be capped at 1.0accordingly.

Adjustments for Other Segment Types

The queue discharge rate model described aboye applies to basic frccway
segments. Its estima tes should be adjusted furthcr for spedal freeway work zone
configurations, such as merge scgments, diverge scgments, weaving segments,
and work zones with directional crossovers. The relationships presented in this
sectíon were derivcd from field~calibrated microsimulation models for the
special work zone configurations.

No data were avaílable for the impacts of these configurations on FFS,so
these estímates should be used only when local data are not availablc. One
exception is the FFS foc 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 spedal work zone confíguratíons are provided
in Chapter 25, Freeway Facilities: SupplementaL

Special Work Zone Considerations

Other spedal consíderations apply to work zones with smalllateral
elearances, significant heavy vehiele presence, or steep grades. These impacts are
díscusscd below.

Minimum Lateral Distance

Obscrvations have shown that work zones wíth minimum lateral clearances
can have capacity and free-flow speeds well below the estimates given by the
aboye models. One such example is shown in Exhibit 10-16.As secn in the
exhibit, lateral clearances on both sides of the road are mínimal and are
constrained by concrete barriers. As a result, vehicles have limiled ability to
maneuver, which reduces capacity and FFS.

Note: 1-5, LosAngeles, califom~.

Chapter lO/Freeway Facilities (ore Methodology
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Consequently, work zones with minimum lateral c1earance 00 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.

5ignificant Heavy Vehiele Presenee on 5teep Grades
The model given previously for work zone queue discharge rate is in units

of passenger cars and therefore incorporates the effeds of terrain and heavy
vehiele presence. Head ways of heavy vehicles in freeway work zones are
consistent with those on freeway scgments without work zones; therefore, no
additional work zone-spedfic heavy vehicle adjustment fadors are provided.

However, special considerations apply when work zones provide only one
open lane, since vehieles have no ability to pass slower heavy vehides. On steep
upgrades, heavy vehicles may slow to crawl speeds, as discussed in Chapter 12.
Jn this case, the traffic following these heavy vehides 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 vehides, and a
relatively long upgrade is shown in Exhibit 10-17.

Exhibit 10-17
Freeway Work ZOne with One
Open Lane, Trucks, and a
long Upgrade

Source: Nevada DOT.
Note: 1--80. IleiIr Elko, Nevada.

MANAGED LANES ANALYSIS

This section provides a method for analyzing the operational performance of
facilities with one or more maoaged 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
fundion of different pridng strategies. The methodology is largely based on the
results from NCHRP Project 03.96 (1). Managed lanes may inelude HOV lanes,
HOT lanes, Of express toll ¡anes.
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Four types of managed lane (ML) frccway segments are defined in Chapters
12 through 14:ML merge and diverge segmmts, ML weavillg seglllmts, MLaccess
segments, and basicjreerl)uy seglllents.

The analysis procedurcs for general purpose lanes with adjaccnt managed
lanes build on the core methodology's segment dassification. In addition, the
lane group concept is introduced to alIow analysts to assign separate attributes to
managed and general purpose lanes, whiIe retaining a degree of interaction
between the two facilities. The adjacent Iane groups (one general purpose and
one managed) are rcquired to have the same segment length.

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

Spatial and Temporal Limits
Similar to the freeway fadlity core methodology analysis, the managed lane

methodology is limitcd to 15-min anaI}'sis periods as the smalIest time unit. The
spatial and temporallimits are consistent with the core methodoJogy.

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

1. The methodology caonot address the interaction of merge and diverge
maneuvcrs occurring at the start and end of the managed lane facility
within the spatiallimits of the anaIysis.

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

3. The methodology does not involve demand estimation, espccially
demand dynamics due to a pricing component that ma}' be in eHect on
the managed lane facility. Demand is considered to be a time-dependent
input to thc method.

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

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

6. Multiple overlapping breakdowns or bouIenecks 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

Chapter 10JFreeway Fadlities Core Methodology
V~6.0

Extensions 10 the Methodology
Page 10-47



Highway Capacity Manual: A Guide for Multimodal Mobility Analysis

more appropriate for specific applications bcyond 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 scgment in any analysis periodo

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, alllimitations of thc core methodology apply equally to the
managed lane extensions. Because this chapter's methodology incorpora tes 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 c1earance, 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 fadlity 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
presento Input variables such as geometric characteristics (e.g., number of lanes),
ITafficperformance 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 principIes apply:

• A freeway general purpase segment with a para!lel managed lane
segment is considered as two adjacent lane groups.

• Adjacent lane groups (one general purpose aod 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 scgment (see Exhibit 10-18ilIustrating this case).

• Adjacent lane groups may haye different geometric characteristics,
induding numbcr of lanes, lane widths, and shoulder dearance.

• Adjacent lane groups may haye unique operational attributes, induding
FFS,segment capacity, or yarious capacity- or spl..'Cd-reducingfactars.

• Adjacent lane groups may haye 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 aperational performance of adjacent managed and general purpose
lane groups is interdependent, in that congestion in ane lane group may
haye a frictianal effect on aperations in the adjacent lane group. This
frictional effect was empirically deriyed, can be user-calibrated, and is
sensitiye to the type oí physical separatian betwecn lane groups (i.e.,
striping, buffer, barrier).

Oversaturated managed lane facilities are relatively rare in practice, since
ane of the underlying principIes 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
cangestion effects (e.g., weather, incidents). Chapter 25 provides details on
evaluating oyersaturated 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 only of general purpose
lanes. An example is iIlustrated in Exhibit 10-18.In the absence of a parallel
managed lane facility, the general porpose segment in the exhibit would be
treated as one four-Iane 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 equallength, the
segmentation of the general porpose lane group is as follows: merge (Segment 1),
basic (Segment 2), and diverge (Scgment 3). The corresponding managed lane
segments are categorized as ML diverge, ML basic, and ML basic, respectively.
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Exhibít 10-18
Graphícall11ustration of the
Managed lane 5egmentation
M,lhod

, " I-------~-------;es;-----:---------~----------<es:1----l---------------- l' J I!\ !,J !. .,
I•-------~----------------~---------~--------------~-----------~----------------~---------~--------------~-------.,..;' " ,~;----------------~---------~--------------~o ;; l', 5egment1 '5egment 2, Segment3 I
¡ji

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 shouId use capacity and speed
adjustment factors (CAFs and SAFs) to calibrate the performance of these three
scgments and match the results to those of a general purpose-only analysis.

Cross-Weave Frietion Effect
Where managed lanes have intermittent at-grade access from the general

purpose lanes, a cross-weave movement may be created as vehides entering the
general purpose facility have to cross multiple lanes to reach the ML access
segment. The ML access segment, in rum, 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
il1ustrates this cross-weave situation.

Exhibit 10-19
Cross-Weave Movement
Assocíated wíth Mal'laged
lane Access and Egress

ML
GP

Note: ML••man~ lane,GP= genef'illpurpose.

Exhibit 10-19ilIustrates a freeway facility consisting of a managed ¡ane and
three general purpose lanes. Where a general purpose merge is near an ML
access segment, on-ramp vehides destined for the managed lane must cross aHof
the general purpose freeway Ianes in the distance Lcw-",;~.The cross-weave
demand can cause a reduction in the capacity of the general purpose Ianes,
which must be considered. While not shown, the same eHect exists when an off-
ramp is near the ML access segment, with the distance L(U>-",i~measured from the
end of the access segment to the off.ramp junction point.
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This eHect is diHerent from the weaving turbulence that acrurs within the
ML access segment, as vehieles entering and exiting from the managed lane cross
paths within the distance Lcrt~""'" - Lcrt>-",,".

In estimating general purpase segmcnt 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 intermittcnt 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.

Adfaeent Friction Effect

The adjacent friction eHect applies when the general purpose Iane graup
opcrates at densities aboye a specified threshold. Research has shown that
managed lane operations are aHected 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 eHect applies.

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

ComputationalSteps

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,

• 5tep A-13: Apply Managed Lane Adjacent Friction Factor,

• 5tep A.14: Compute Lane Group Performance, and

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

Of these four steps, only the fírst has to be applied manually by the analyst.
The other three are performed automatical1y by a computational engine.

ACTIVE TRAFFIC ANO OEMANO MANAGEMENT

The evaluation of ATDM strategies is describcd in detail in Chapter 11,
Freeway Reliability Analysis. In that charter, the eHects 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. Chaptee ] l's
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 l-day work zone analysis extension discussed aboye, 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, aH cell demand estimates are
muItiplied by the growth factor parameter.

2. The effect oi 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 rateoThis
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 ieatures of any portion of the freeway facility.
For example, the effect oi adding an auxiliary lane al a criticallocation or
of adding merging or diverging lanes can be assessed.

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

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 modiiy the demand
input manually to evaluate the effeet oi anticipated demand responses.
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5. APPLICATION5

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 foc its application. Even foc fuUyundersaturated 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, Frceway Facilities: Supplemental, provides six example
problems that illustcate the steps in applying the core methodology to a freeway
facility undee a variety of conditions. Other examples iIlustrate the work zonc
and managed lane extensions, as well as the freeway facility planning
methodology. Exhibit 10-20shows the list of example problems.

Example
Problem

1
2
3
4
5
6

Description
EvaluatiOn of an undersaturated facility
Evaluation of an oversaturated facility
capacity improvements to an oversaturated facility
Evaluation of an undersaturated facility with work lone
Evaluation of an oversatucated facility with managed lanes
Planning-Ievel evaluation of a freeway facility

Application
Operational analysis
Operational analysls
Operational analysis
Operational analysis
Operational analysis
Planning analysis

Exhibit 10-20
list of Example Problems

RELATED CONTENT IN THE HCMAG

The Highway Capadty Manual Applicatiolls Cuide (HCMAG), accessible
through the onlinc 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 LOSon New York Statc
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 altematives for correding the deficiencies.

This case study ineludes the following problems related to basic freeway
segments:

1. Problem 4: Analysis of a freeway facility

a. Subproblem 4a: Separation of Alternate Route 7 for HCM analysis

b. Subproblem 4b: Srudy of off-peak periods

c. Subproblem 4c:What is thc operational performance of Alternate
Route 7 during the peak period?
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Although the HCMAG was based on the HCM2000's procedures and
ehapter organization, the general thought process described in its case studies
eontinues to be applicable to current HCM methods.

EXAMPLE RESULTS

This seetion 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 seetion 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 pulI out specific results.

Total travel time on a freeway facility is sensitive to a number of input
variables, including the prevailing FFS, demand levels, segment capacity,
pereentage drop in queue diseharge 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 clase association
between capacity and FFS,with higher FFS values generating higher capacities
and consequently lower travel times.

I I-'Exhibit 10-21
Facility Travel TIme 5ensitivity
to free-Aow Speed
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Demand levels and the eapacities 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 expeeted to reduce travel time. Furthermore, an overan increase in the
demand-to-eapacity ratio is expeeted to increase lravel time.

Exhibit 10-22 illustrates facility travel time sensitivity to ehanges in the
demand-to-capacity ratio of the critical segment of a freeway faeility. Specifically,
the demand-to-capacity ratio is inereased from 0.65 to as high as 1.4 on the last
segment of Example Problem 1 in Chapter 25.
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30 Exhibit 10.22
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As apparent from the cxhibit, ¡ncrcasing the demand-to-capacity ratio Tesults
in a gradual ¡ncrease in facility lravel time in undersaturated conditions;
however, when demand exceeds the capacity (die> 1.0),lravel time ¡ncreases al a
higher Tate with an ¡ncrease in the demand-to-capacity raho.

A change in the percentage drop in capacity, modeling the cHect of
postbreakdown queue discharge rate, is also expected to ¡nfluence travel time on
a freeway facility. A larger drop in the queue discharge Tate yields a longer lrave)
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 ovcrsaturation occurs, queues will build up faster and
recover more slowly as the queue discharge rate is lowered.
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PLANNING, PRELIMINARY ENGINEERlNG, ANO OESIGN ANALYSIS

The operational methodology for freeway facilities cannot be readily adapted
to planning, preliminaf)' engineering, and design applications bccause 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 contextoThe 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-Ievel 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 computationai time.

Segment-Based Planning Applications
The segment procedures described in Chapters ]2, 13,and 14can also be

used in preliminary engineering and design applications of the methodology.
Various geometric scenarios can be evaiuated 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-Ievel 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 condUions and produces estimates of
travei time, speed, density, and level of service. The method is based on the use
of sections rathcr than scgments, with a section being defined as the distance
between two ramp gore points. Section breaks also ocror when lanes are added
or dropped. The underlying methodology rcHeson 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 leve\, free-flow speed,
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and space mean speed. Capadty adjustment factors are then calculated for these
sections, and their demand-to-capadty ratios are adjusted accordingly.

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

The fr('eway fadlity planning method is discussed in detail in Chapter 25,
Freewa)' Facilities: Supplemental.

USE OF ALTERNATIVE TOOLS

General guidance for the use of alternative traffic analysis tools for capacity
and LOSanal)'sis is provided in Chapter 6, HCM and Altemative Anal)'sis 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 extcnsive research supported b)' a

significant quantity of field data. They have evolved over a number of years and
represcnt a consensus of experts. Specific strengths of the HCM freeway facilities
procedures indude the following:

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

• The)' provide capacity estima tes for each segment of the facility, which
simulation tools do not provide directl)' (and in sorne 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 nf key performance measures, such as specd and density,
is transparento Sirnulation 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 othcr measures.

limitations of the HCM Procedures That Míght Be Addressed with
Alternative Tools

Freewa)' facilities can be analyzed with a variety of stochastic and
deterministic simulation tools. Thcse tools can be useful in analyzing the extent
of congestion when thcre are failures within the simulated facility range and
when interaction with other frecway segments and other facilities is presento

Exhibit 10-24provides a list of the limitations stated earlier in this chapter,
along with their potential for improved treatment by alternative tools.
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Exhiblt 10-24
Umitations of the HCM
Freeway Facilities Analysis
Procedure
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Potential for Improved Treatment
Limitation with Alternative Tools
Changes In travel time caused by Modeled explicitly by dynamie traffle assignment toolsvehicles uSillQ altemate routes

Multiple over1apping bottIenecks Modeled explieitly by simulation tools

User-demand r~ponses (spatial, Modeled explieitly by dynamie traffK assignment tooIstemnnral modal
Systemwide oversaturated f10w Modeled explicitly by simulation toolseonditions

Flrst/last time ¡nteNal or first/last Modeled explicitly by simulation tools, except that a
simulation analysis may also be inacetlrate if it does not fullysegment demand-ro-capacity account fer a downstream bottIeneck that causesratio> 1.0 coneestiOn in the last seament durina the last time oeriod

Interaction between managed Modeled explidtly by sorne simulation tooIslanes and mixed-ftow Ianes

Additional Features and Peñormance 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,

• Frce-flow travel time,

• Traffic delay,

• Vehicle miles of traveJ..

• Person miles of travel,

• Speed,and

• Density (segment only) .

Alternative t001s can offer additional performance measures, such as queue
lengths, fuel consumption, vehicle emissions, operating oos15,and vehide
acceleration and deceleration rates. As with other procedural chapters in the
HCM, simulation outputs-espedally graphics-based outpu15-may provide
details on point problems that might go unnoticed with a macroscopic analysis.

Development of HCM-Compatible Peñormance Measures Using
Alternative Tools

LOS for al! 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 aboYe 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 altemative 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 frccway facilit)' ma)' be more appropriate
than an HCM analysis, the fundamental differences betwccn the two approaches
must be understood. The HCM and simulaban analysis approaches are reviewed
in the following subsections.

HCM Approach
The HCM analysis procedurc uses one of two approaches-one for

undersaturated conditions and one for oversaturated conditions. For the
former-that is, vd/c is less than 1.0 for aHscgments and anal)'sis time periods-
the approach is generall)' 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 proccdures of Chapters 12-14. LOS results are aggregated for the
facility as a whole in each anaIysis period.

For oversaturated conditions, the facility is anaIyzed in a different manner.
First, the facility is considered in its entirety rather than at the individual
segment leve\. Second, the analysis time interval, typically 15min, is subdivided
into time steps of 15 s. This approach is necessary so that flows can be rcduccd 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 b)' dividing the averagc
segment flow rate by the average segment density. Facilitywide performance
measures are ealculated 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 interva\.

When the oversaturation analysis procedurc 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 sorne 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 spaee and
generally handle the accumuIation and queuing of vehicles in saturated
conditions in a realistic manner. Macroscopic simulation tools vary in their
treatment of saturated conditions. Sorne tools do not handle oversaturated
conditions at aH;others may queue vehicles in the vertical rather than the
horizontal dimensiono 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 Iieu 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 topie 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 altemative 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.£low 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 cffccts, weather, incidents, and work zones. In a
simulation tool, capacity is typically a function of the specified minimum vehicle
entry hcadway (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 input tllat affcets 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/ln. Once vehicles enter the system, vehicle headways are governed by the
car-following and gap acceptance rnodels. In view of other factors and model
constraints, the maximum throughput on any one segment may not reach this
value. Consequently, sorne experimenting is usually necessary to find the right
minimurn entry separation value to achieve a capacity value comparable with
that in the HCM. Again, the analyst needs to be rnindful of the units being used
for capacity in making comparisons.

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

Lane Distribution
In the HCM procedure, there is an implicit assumption that, for an)' given

vchicle demand, the vehides are evenl)' distributed across aHlanes of a basic
freeway segmento For rnerge and diverge segments, the HCM procedure indudes
calculations to determine how vehides are distributed across lanes as a result of
merging or diverging movernents. For weaving segrnents, there is not an explicit
determination of flow rates in particular lanes, but consideration of weaving and
nonweaving flows and the nurnber of lanes available for each is an essential
element of the analysis procedure.

In simulation tools, the distribution of vehides across lanes is typically
specified only for the entry point of the network. Once vehides have entered the
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network, they are distributed across lanes according to car-following and lane-
changing logie. This input value should rctlect ficld data if they are available. If
ficld data indieate an imbalance of tlows across lanes, a difference hetween the
HCM and simulation results may ensuc. Jf field data are not available, specifying
an even distribution of traffie across alllanes is probably reasonable for networks
that begin with a long basic scgment.1f there is a rarnp 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 14of the HCM will
likely yield more consistent results.

Traffie Stream Composition

The HCM deals with the presence of non-passenger car vehides in the traffic
stream by applying passenger car equivalent values. These values are based on
thc 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 vehide f1eetmix hetween single-unit trucks
(induding buses and recreational vchides) and tractor-trailer trucks. Thus, the
traffic strearn is converted into sorne equivalent number of passenger cars only,
and the analysis results are bascd on tlow rates in these units.

Simulation tools deal with the traffic stream composition just as it is
specified; that is, the specific percentages of each vehide type are generated and
moved through the system according to their specific vehide attributes (e.g.,
acceleration and deceleration capabilities). Thus, simulation, particularly
microscopic simulation, results likely beUer (('fiect the effects of non-passenger
car vehides 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 thcm in an analytical procedure
result in sorne loss of fidelity in thc treatment of different vehide types.

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

Free-Flow Speed
In the HCM, FFS is cither measured in the field or estimated with calibrated

predictive algorithms. In simula non, FFSis almost always an input value. Where
field measurements are not available, simulation users may wish to use the HCM
predictivc algorithrns to estimate FFS.

Step-by-Step Recornrnendations for Applying Alternative Tools
General guidance for applying alternative tools is provided in Chapter 6,

HCM and Altemative Analysis Tools. The chapters that cover specific types of
freeway segments offer more detailed step-by-stcp guidancc specific to those
segments. AHthe segment-specific guidance applies to freeway facilities, which
are configured as combinations of different segments.

Chapter 10¡Freeway Fadlities Core Methodology
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The first step is ta determine whether the facility can be analyzed
satisfactarily by the pracedures described in trns chapter. If the fadlity contains
geametric or aperational elements beyond the scape of these procedures, an
altemative tool should be selected. The steps involved in the application will
depend on the reason(s) foc choosing an altemative too!. In sorne cases, the step-
by.step segment guidance will cover the situation adequately.ln more complex
cases (e.g., those involving integrated analysis af a freeway corridor), more
comprehensive guidance from one or more documents in the Technical
Reference Library in Volume 4 may be needed.

Sample Calculations IlIustrating Alternative Tool Applications
The Iimitations of this chapter's procedures are mainly related to the lack of a

comprehensive treatment of the interaction between segments and facilities and
betwccn facilities, for example a freeway and parallel surface street arterial
forming a cocridor. Many of these limitations can be addressed by simulation
tools, which generally take a more integrated approach to the analysis of
complex networks af freeways, ramps, and surface street facilities. Supplemental
examples i1Iustrating interactions between segments are presented in Chapter 26,
Freeway and Highway Segments: Supplemental, and Chapter 34, lnterchange
Ramp Terminals: Supplementa!. A comprehensive example of the application of
simulation toals ta a major freeway rcconstruction project is presented as Case
Study 6 in the HCM Applications Cuide located in Valume 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 relíability reporfing period (RRP). The
methodology estimates the impacts of recurring and nonrecurring congestion
(Le., demand variations and fluctuations, inddents, weather, work zones, and
spedal events) on the travel time distribution over the course of the RRP. The
methodology can be extended to estima te the impacts of active traffic and
demand management (ATDM) strategies on the travel time distribution.

The methodology reHes on the freeway facilities core methodology presented
in Chapter lO, which in tum 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 lS-min periodo In contrast, this chapter's methodology is
capable of applying the core method repeatedly across multiple days, v.;eeks, and
months, up to a J.year RRP. A l.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-201SE 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 principies of the methodology and its
application. Chapter 2S, Freeway Facilities: Supplemental, provides a detailed
description of aH the algorithms that define the methodology.

CHAPTER ORGANIZATlON
$cction 2 of this chapter presents the basic concepts of freeway reliability

analysis, induding 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.

$ection 3 presents the base methodology foe evaluating freeway reHability.
The method generates a series of performance measures that can be derived from
the travel time distribution, inc1uding various percentile travel time indices and
on-time performance ratings.

$ecHon 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 frl.'€way facility analysis,
provides example results from the methods, discusses planning-Ievcl reliability
analysis, and provides guidance on the use of alternative tooIs.

Chapter l1/Freeway Reliability Analysis
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RELATED HCM CONTENT

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

• Chapter 3, Modal Characteristics, where the motorized. vehiele
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, Feeeway Facilities Core Methodology, which forros 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;

• Chaptee 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

• Scction H, Freeway Analyses, in the Planlling and Preliminary Engilleerillg
Applicatiolls Guide fo the HCM, found in Volume 4, which describes how
to incorporate this chapter's methods and performance measures into a
planning effort.

IntroductiOfl Chapter11jFreewayReliabilityAnalysis
Page 11-2 V~ 6.0



Highway Capacity Manual: A Guide for Mulfjmodal Mobility Analysis

2. CONCEPTS

OVERVIEW

Frceway travel time reJiability retleets the distribution of the travel times for
trips Iraversing an entire freeway facility over an extended period of time,
typically 1 year, during any portion of the day. A l~year RRP is typical, sinee it
covers most variation in trave! times arising from the factors belm\'. Shorter RRPs
are possible for special drcumstances, such as a focus on summer tourist travel
or the work zone construction season.

The travel time distribution is ereated by the interaction of severa! factors
that influence fadlity travel times:

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

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

• lncidents (e.g., erashes, disabled vehicles, debris) that reduce capadty;
these are nonrecurring events;

• Work zones that reduce eapaeity and-for longer-duration work
activities-may influence demand; these are nonrecurring events; and

• Special evellts that produce temporary intense traffic demands, which
may be managed in part by changes in the facilily's geometry oc traffic
control; spedal events can be schedu!ed or recurring (e.g., a state fair) or
nonrecurring (e.g., concerts).

As explained in the Travel Time ReJiability section of Chapter 4, Traffie
Operations and Capadty 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 pereentile 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 !anes, dynamic ramp metering. incident
management, changeable rnessage signs, hard shoulder running, and speed
harrnonization (variable speed Iimits). ATDM strategies are discussed in detail in
Chapter 37, ATDM: Supplemental.

ATDM mcasures can influence both the natuee of demand on the freeway
faciJity and the ability of the facility to deliver the capacity and quality of service
tailored to serve the demando 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 reJiability (e.g., weather, incidents) and (b) ATDM strategies are

Chapter 11jFreeway Reliability Analysis
Version 6.0

Travel bme reliablfity is
influenced by demand
variations, weather, incidents,
work zones, and speciaf
events.

A roM consists of!he dynamfc
and continuous monitonng and
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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 inelude

• Number of mainline ¡anes open to traffie;

• Available eapacity per freeway lane that is open to traffic;

• Facility free-flow speed;

• On-ramp eapacity or throughput;

• Demand flow rates at origin points, destination points, or both;

• Incident frequencies; and

• Incident clearanee times.

RefiabiJity analysis mn be used
to improve the operation,
planning, priontizalion, and
programming of traflSl)Oft3tiOn
system improvement projects.

<:on<e""
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FREEWAY TRAVEL TIME ANO 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 eomparison for
interpreting the analysis results established. Reliability analysis ís 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;

• Diagllosillg the primary causes of the reliability problems on a given
facility so that an improvernent program can be developed and specific
strategies applied to enhanee reliability; and

• Predictillg the effeets of a particular treatment or improvement strategy on
a facility, including testing the effediveness and benefit--cost of ATDM
strategies.

More broadly, travel time reliabílity analysis can be used to improve the
operation, planning, prioritization, and programming of transportation
improvement projeets in the following applications: long-range transportation
plans, transportation improvement programs, corridor plans, major investrnent
studies, congestion rnanagernent, 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 inereasingly available to many transportation agencies. The HCM
reliability method can be used to supplernent these field sources and is
particularly valuable in evaluating and testing strategies intended to improve
reliability, as discussed in the bullets aboye. Field data can also be used to
validate the HCM mcthod, 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 reHable.

Olapterl1/FreewayReliabilityAnalysis
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Reliability Methodology Definitions

Conceptually, travel time reliability can be viewed as an extension of the
freeway facilities eore methodology presented in Chaptcr 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 cise to the following set of definitions, man)' of which are
illustrated in Exhibit 11-1:

• Trave/ time. The time required for a vehicle to travel the fulllength of the
freeway facility from mainline entry point to mainline exit point without
leaving the facility or stopping for reasons unrelated to traffie conditions.

• Free-flow tmve! time. The facility's Icngth divided by its free-flow speed.

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

• Percentile trave/lime index (ITlppJ. Represents the pp percentile TII in the
travel time distribution. For example, TTI85 means that this observation
is exceeded only 15%of the time in the travel time distribution.
Common Tri pcrccntilcs are TTI50 (thc median TrI) and ITI9'j (the 95th
percentile TrI). When pp is omitted, the value often represents the meall
TrI for the distribution, which in this chapter is refcrred to as TTlrn •• ".

• Analysis segmento An HCM freeway segment (e.g., basic, merge, divcrge,
weaving) as describcd in Chaptcrs 12 through 14. Each column in
Exhibit 11-1 reprcsents an analysis segment.

Temporal
Dimension

-19:00

Study {
Perlad

15:00
7 7

Each cell is one
analysis period of
an analysis se¡;ment.

Spatial
Dimension

Exhibit 11-1
5chematic Representation of
Freeway Reliability Analysis
Time-Space Domain

-,~
Facility

SOurce: Zegeeretal. (1).

Chapter 11/Freeway Reliability Analysis
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A scenario is a unique
combination of tTatfic demand,
capacitY; geometry, and free-
flow speed conditions for a
given study perlad.
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• Ana/ysis period. The time interval evaluated by a single applieation 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,
representcd by the rows in the rectangles. Each cell in a reetangle
represents a single analysis period for a single analysis segment.

• 5tudy periodo The time interval within a day for which facility
performance is evaluated. It consists of one oc 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, fram 4 to 7 p.m. (i.e., 16:00 to 19:00
hours).

• Scenario. A single instanee of a study period for the faeility, with a
unique eombination of traffie demands, capacities, geometrics, and free-
flow speeds represented in its analysis periods. Each rectangle in Exhibit
11-1 represents a unique seenario, or in other words 1 day of the yeaL

• Base scellario (seed jile). A set of parameters representing the facility' s
calibrated operating eonditions during one study period. All other
scenarios are developed by adjusting the base seenario's inputs to reflect
the effeets of varying demand, weather, incidents, work zones, or a
combination oecurring in other study periods. When the methodology is
executed by using a computational engine, the base seenario's
parameters heeome inputs to the seed file used by the engine.

• Reliability reportillg period. The specifie set of days over which travel time
reliability is eomputed; for example, aH nonholiday weekdays in a yeaL
The RRP represents the third dimension that extends the freeway
facilities eore methodology and is iIIustrated in Exhibit 11.1 by the series
oí rectangles (seenarios).

• Trave1 time distributio/l. The distribution of average facility travel times
by analysis period aerass the RRP. Each lS-min analysis period within
each scenario contributes one data point to the travel time distribution.
lt is /lof the distribution oí individual vehicle travel times (or TrIs).

• Probability density fullctioll (PDrJ and cumulafive distributioll fu"cfio"
(eDF). The PDF gives the number or percent of aH observations wilhin a
specified travel time (or TIl) bin. The CDF gives the number or pereent
of aH observations at or be/ow 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 lineoThe facility travel times
shown on the x-axis are the midpoints of the vacious travel bins.

Chapter 11/Freeway Reliabilíty Analysis
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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 travcl times are measured or predictcd over a
long period (e.g., a year), a distribution of travel time emerges. The following are
useful measures for describing (a) travel timc or TrI variability or (b) the success
or failure of individual trips in meeting a target travel time or speed:

• 17195 (unitless). The 95th percentile Tri is also rderrcd to as the planning

time index (JYfI) and is a useful measure for estimating the added time
traveIers 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 \••..ith a free-flow travel time of 15 min; thus, 17195 = 3.0.

Thc planning time is the difference betwcen the 95th percentile and £ree-
flow travel times, or 30 mino

• ITI"'-J (unitless). Rescarch indicates that this measurc is more sensitive to

operationaI changes than the ITl95 (2), which makes it useful for strategy

comparison and prioritization purposes. In Exhibit 11-2, the 80th
percentilc travel time is approximately 36 min; thus the 80th pcrcentile
TII is 36/15 = 2.4.

• ITlso and ITI"",.n (unitless). These measures describe the median and

mean of the TII distribution, respectively. Both can be useful measures,
with the median being less influenced by outliers than the mean.

• Failure or on-timc mensures (percentage). Thc pcrcentage of analysis time
periods with space mean speeds aboye (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 fait in achieving a desired travel time or speed .

• Reliability rating (pcrcentage). The percentage of vehide miles traveled
(VMT) on thc frccway facility that expericnces a TIlless than 1.33. This

Chapter 11jFreeway Reliability Analysis
VersiOn 6.0
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threshold approximates the points beyond which travel times become
rnuch more variable (unreliable).

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

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

• 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 sorne of its key performance measures are
illustrated. in Exhibit 11-3.

Exhibit 11-3 <lOO i~ i~!~ '1 !~Derivation of Time-Based l! !! !! '1 i!Reliability Performance 350 i' ,. ,. • jiMeasures from the Travel - :1 'J ,¡,Time Distribution • i ¡ :~
~ 300 !l j~ !l !!
~

1 'li 2" I il- i :e- ¡...,;r_ 'f
i!. 200 !A ••.•• ! i ¡e"•• 'TJmo.oi
~ '" !; i".li -'E '00,
Z

" -O
Tfps,F8iIing

O S 10 IS 20 2S 30
Travel Time (mln)

Source: Zegeer et al. (J).

SCENARIO GENERATlON
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 dernand, 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 pattems, and so on.

The process of enumerating the various combinations of these factors and
calculating their probability of occurrence is termedjreeway 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: Supplementa1.

Concepts
Page 11.8
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The calendar creates an important connection between all the factors
infIuencing travel time reliability. Weather is intuitively calendar-based (e.g.,
more snow falls in the winter than in the summer), as are traffic demand patterns
to a great extent. Work zones, at ¡east in areas with inclement winter weather, are
typically scheduled to avoid extreme weather events. Furthermore, the number
oi incidenls is Iikely to be directly correlated with traffic demand and thus
indirectly tied to the calendar.

The mechanism of implementing frceway scenario generation is actually
simple. On the basis of the analyst's input oE infiuential Eactors(e.g., how facility
demand varies over time, how weather events vary on a monthly basis), the
scenario generation process takes thc input evcnts and genera tes a combination
of scenarios matching thosc inputs. All scenarios originate with the base scenario
(seed file), whose inputs Me manipulated via changes in free-fIow speed,
individual segment capacity, lane losses, and (possibly) demand changes to
create a new unique combination oE events, or scenario. A high-Ievcl schcmatic of
the íreeway scenario generation process is depicted in Exhibit 11-4.

Tñe calendar creates an
Important connection between
afl the re!lability~affect¡ng
factors, such as weather,
demand, ir!ddents, and WOt'k

=

Exhibit 11-4
SChematic of the Freeway
SCenario Generation Process
and Influential factors

SCenarios

The defalllt number oí scenarios generated in this procedure, without
eonsidering weekends, is 240 (the para meter N in Exhibit 11-4).lhis value was
obtained by creating four replications oí each weekday-month demand
combination (5 weekdays x 12months x4 replications). Having multiple
replications of the weekday and month eombination ensures inclusion of a
suHidently large sample oi weather and incident events in the reliability
analysis. Any stochastic scenario eHeets (e.g., weather or incidents) will vary
across these Eour replications. Specifie guidance íor the number oí replications as
a function of the length of the RRP is given in Section 3, but the choice of four
replications roughly eorresponds to having each day of the week appear four
times per month (e.g., approximately foor Mondays in January). This process
allows the procedure to produce a number of reprcscntative secnarios suHicient
to accommodate the variability in aHfour faetors aHceting reHability. The analyst

Chapter 11/Freeway Reliability Analysis
VersiOn 6.0
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may increase thc number of replications, since that parameter value in the
procedure can be controlled by the usee. This approach would be advisable if the
RRP is short (e.g., a few weeks).

The scenario generation
prrxess tTeats sorne factors
affedJng reliabllity
detenninisticalfy and others
stochasticalfy.

The hybrid freeway scenariO
generation approach optimlzes
!he match between !he
generated evenls and the user
inpuls ter demand, incidents,
weather, and work zones.

CDncepts
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Scenario Generation Approach
The scenario generation procedure presented in this chapter is a hybrid

approach, with sorne 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 (Le.,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) betwccn 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
incidcnts 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 frequeney,

5. Distribution of incident severity (Le., shoulder, single, or multilane
dosures),

6. Distribution of inddent duration by inddent severity,

7. Distribution of inddent event start time in a scenario, and

8. Spatial distribution of inddent events across segments of the facility.

Only the first six distributions represent manual inputs by thc user, and al!
have default values available. Items 7 and 8 in the Iist are estimated by the
computational engine and do not require usee input. Details on aHdistributions
are provided in Chaptee 25.

Thus, thc hybrid approach generates scenaeios such that al! eight specified
distributions match actual conditions, with consideration for the need to round
the numbcr of events (incidents, weather, etc.) to integer values and to round
their durations to the nearest 15-min analysis periodo

Chapter ll/Freeway Reliability Analysis
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Treatment of Factors Affecting Travel Time Reliability
This section provides a high-Ievel descripnon of how each of the foue factors

involved in the reliability analysis-demand, weather, inddents, and work
zones-is treated in the scenario generanon process.

Traffie Demancl
lOe methodology accounts for demand variability by adjusnng the teaffic

demands for thc analysis periods induded in the various scenarios. This is done
through the use of a demand muItiplier, which is the ratio of the daily (weekday-
month combina non) facility demand to the average daily traffic (or to any
combinanon of day of week and month of year). A second adjustment is needed
to factor the dcmand measured on the spedfic day-month combinanon j,z the
base sallario 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 fadlity analysis.

For example, if the base scellario demand data were gathered on a Monday in
]anuary 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 '" 1.29to create the demand
profile for that Friday-in-]une scenario.lf aHdays 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 genera non process accounts for 10categories
of severe weather events that have been shown to reduce capacity by at least 4%,
along with a non-5el'ere weather category that encompasses all othcr wcather
conditions and that generates no capacity, demand, or speed adjustments.
Default capacity and speed adjustment factors for weathee events are provided
in Section 5 of this chaptee.

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

Altematively, thc analyst may supply a 12-month by 11-weather-event
matrix (132 total values) of local probabilities of each weathcr 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 metcorological data.

Traffie Ineidents
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
supplya facility-specific incident or crash rate, or may supply a 12-month table
of fadlity-specific expected frequendes of any inddent type. The inddent

Chapter 11JFreeway Reliability Analysis
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frequency represents the average number of aHincidents experienced on the
fadlity during the srudy 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 stochasticalIy to any analysis period,
which is done automatically by the eomputational engine;

• The incident duration is assigned stochastically on the basis oí 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 oí incident severity.

Default adjustment factors for incidents are provided in Section 5.

WorkZones

lhis 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 travellanes.
Typically, a work zone lasts multiple days or weeks. In sorne cases, it involves
multiple stages, eaeh with different shoulder- and lane-c1osure 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,

• Facility segment(s) and time periods affected by the work zone activity,

• Portions oí the facility cross section aHcctcd by c10sures (i.e., shoulder,
one.lane, or multiple-Iane c1osures),

• Type oí barrier used to separate traffie from the work activity (Le.,
concrete or other hard barrier; eones, drums, or other soft barrier),

• Regulatory speed Iimit in eHect during the work activity, and

• Lateral separation between traffic and the work zonc.

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 developcd by national research (3, 4) and
are described in Section 4 of Chapter lO, Freeway Facilities Core Methodology.

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

Coocepl>
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Analy~is SementNumber Exhibit 11.5
Penod , l , S 6 7 8 9 " ScenarioIIIustratingWeather
1 and InddentEvents,
l R R R R R R R R R R~ -, R R R R R R R R R R
S R R R R R R R R R
6
7
8
9

"11
17

Exhibit 11-5 also shows an incident blocking two lanes of Scgment 8 (I-2)
starting 75 min into the study periodo This incident is concurrent with the rain
event in Analysis Period 5, and the incident duration is 1 h. Another minor
incident (1-5)c10ses the shoulder of Segment 3 in Analysis Period 11. AII shaded
cells in Exhibit 11.5 (i.e., combinations of analysis segmcnt and analysis period)
will experience some reduction in capacity and possible changes in free-flow
speed and traffic demando

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 ('vent CAF and the
incident evcnt CAF would be applied. This is also true if the example had
included a work zone event, which would have likely affected thc CAFs and
SAFs for aH analysis pcriods on any segments having work activity.

ACTIVE TRAFFIC ANO OEMANO MANAGEMENT

AmM concepts for freeway facilities are presented in Chapter 37, ATDM:
Supplemental. The conccpts 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) rescarch (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 AmM 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, al/Y sllb~t of the reliability
scenarios can be viewed as the "before" case for ATDM analysis, while the
sccnarios selected for mitigation via ATDM can be viewed as thc "after" case.

Chapter11{FreewayReliabilityAnalysis
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Exhibit 11-6
Process FIow for ATDM
Implementation for Freeway
Facilities

Chapter 10:
(ore FreewllY
FllCility Anlllysis

(Single Study Period)

Chapter 11:
Comprehensive :••.
RelillbHity Anlllysis .'fitI

(Whole.Year Anlllysis)

Chapter 11:
Relillbility

Stnltegy Assessment
(ATDM EffectAnlllysis)

"'",cepts
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Three types of comparisons are provided in the procedure to quantify the
eHects of ATDM strategies on freeway facility operations.

• The first comparison is done at the individual scenario leve/. Jt allows the
effects of spedfic events and strategies to be evaluated and can be used
as the basis for large-scale ATDM analyses later. Ibis type of
comparison can be used to judge the relative effects of different ATDM
strategies 01/ a commo/t scenario to aid the decision-making process.

• 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 "after" sets. This comparison
considers only the scenarios that are ineluded 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-Ievel comparison will
consider the "before" and "after" ATDM outputs only for those 25
scenarios. This comparison does not provide any insights i/tto ATDM
impacts on reliability.

• The final comparison extrapolates the effects of the ATDM analysis to
the entire set of aH 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 fuIl RRP?
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 sorne scenarios that inelude ATDM
strategies, adjustments to the scenario probabilities are made to match
the original TrI distribution of the set of reliability scenarios, a process
described in detail in Chapter 25. Once this adjustment has been
cornpleted, the distributions oí performance parameters and other
outputs can be compared and conelusions formed about the
effectiveness of the ATDM strategies.

O1apter 11fFreeway Reliability Analysis
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3. METHODOLOGY

This seetion describes the methodology for evaluating the travel time
reliability of a freeway facilit)'. It also describes extensions to the frceway
facilities core methodology (Chapter 10) that are required for eomputing
reliability performance measures.

The frccway reliability methodology is computationally intense and requires
software to implemento The intensity stcms 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
calculabon process and to discuss the key analytie 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
Thc freeway reliability methodology indudes a base dataset, the seenario

generator, and the eore computational procedure from Chapter 10.The
computational proeedure predicts travel times for each analysis period in each
scenario. They are subsequently assembled inta a travel time distribution that is
used to determine performance measures of interest. These components are
illustrated in Exhibit 11-7.

Base Dataset
Segmenl geometry
Managed lane data
Segmenl type
Base demands
Oemand panerns

Weather and incident history
Rellability reporting period

Work Iones

Scenario Generator Base DatasetAdjustments Core HCM Facility Method
Oemand - Oemand adjustment factors

f-
Chapler 10

Weather Opacity adjustment fuctors (Freewav Facilities
lncidents Speed adjustment factors Core Melhodology)

Number of lane adjustments

I
/ Tral/el Time Oistribution

Performance Measures
Plilnning time inde~

!:~80th percentile Irilvellime indu
Reliability rating t::

On-time performance ',.
Semi-standard deviation 1,.

etc. l~'
" " "., ". "' ".b•••••••••I_1
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Exhibit 11-8provides an overview of the reliability parameters for gcometry,
demand, weather, work zones, and incident events. lt 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
deterministicaUy in scenario generation (Chapter 11),or (e) treated stochastically
in scenario generation.

Exhibit 11-8 Treated Treated
Overview of Reliability Treated Deterministically in Stochastically in
Parameters Deterministically 5cenario 5cenario

Reliability Parameter in 5eed File Generation Generation
Segmentation,

Facility geometry number of lanes, NA NA
free-f1ow speed, etc.
1S-min f10w rates Variable based en day

Traffie demand level represent 1 day in of week and month of NA
base scenario year

Duration NA User input or NAdefault values
Stochastlcally

Weather Start time NA NA assignedto
events analysis periods

User input or Stochastlcal1y
frequeocy NA default values assigned te

5Cenarios

Long term Work zene duratian,
segments, schedule NA NA

Wori< (entire RRP) in base scenario

""'"' Short term User input in
(Iess than RRP) NA speciflC scenarios NA

User Input or Stochastically
Duration NA determined on thedefault values basis of user inputs

Stochastically
Start time NA NA assigned to

analysis pericxls

Incident Stochastically

eveots Location NA NA assigned to
segments

User input or Stochastically
Frequency NA assigned tedefault values scenarios

User input or Stochastically
5everity NA default values assigned to

scenarios
Note: NA = not applicable.

The base datiJset COf1t.3ins afl
the required inputs for
executing fxJth the freeway
fadlity rore methodoIogyand
the reliabllity analysis.

Methodology
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Base Dataset
The base dataset provides aHthe required input data for the freeway

facilities core methodology described in Chapter 10.Sorne data are specific to the
freeway facility being studied. These items inelude, at a minimum, aHsegment
geometries (both general purpose and managed lanes, jf applicable), free-flow
specds, lane patterns, and segment types, along with base demands that are
typically, but not necessarily, reflective of average [annual average daily traffic
(AADT)J conditions. In addition, the base dataset cantaios the input data requirt.'Ó
for executing this chapter's reliability methodology. These data inelude a dcmand
multiplier rnatrix, weather, work zones, and incident events as described later in
this section. Most of the reliability-specific input data can be defaulted when they

Chapter l1/Freeway Reliability Analysis
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are not available loeally, but the analyst is eneouraged to supply facility-specific
data whenever feasible.

5cenario Generation
The seenario generator develops a set of seenarios refIecting conditions that

the freeway facility may experienee during the RRP. Eaeh seenario represents a
single study period (typicall)' several hours long) that is full)' charaderized in
terms of demand and capacity variations in time and spaee. The data supplied to
the scenario generator are expressed as multiplieative faetors [CAFs,SAFs, and
demand adjustment factors (DAFs)] or additive faetors (number of lanes) that are
applied to the base free-flow speed, demand, capaeity, and numher of lanes.

The scenario generation proeess includes the following steps:

• Adjusting the base demand to refIed da)'-of-week and month-of-year
variations associated with a given scenario;

• Generating inclement wcathcr cvents on the basis of their local
probability of occurrence in a given time of year and adjusting capacities
and free-fIow speeds to refIeel the cffccts of the weather evenls;

• Generating vacious types of incidents 00 the basis of their probability of
occurrence and adjusting capacities to refIeet 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 fmm these steps are used to develop one scenario for eaeh study
period in the RRP.

Facility Evaluation
In the facility evaluation step, eaeh seenario is anal)'zed with the freeway

facilities core methodology. The performance measures of interest to thc
evaluatioo-in particular, facility travel time-are calculated for eaeh analysis
period in each seenario and stored. At the cod of this proeess, 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 deseribcd for the entire RRP.The

travel time distribution is uscd to quantify a range of variability and reliability
metrics.

Spatial and Temporal Limits
The reliability methodology is subjeet to the same spatial and temporallimits

as the freeway facilities core methodology. The RRPcan be as long as 1 calendar
year, although shorter periods are possible. A l-year RRP is most typical, since it
encompasses aHday.to.day and month-to-month variability in demand, as well
as aHweather and incident effects. However, shorter RRPscan be used to focus
on reliability during specifie time periods. The minimum recommeoded RRP is 1
month to capture sufficient variability in demand and other fadors.

Chapter ll/Freeway ReliabUity Analysis
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For a 1.year RRP, the methodology is typically applied wíth 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
typica! calendar yeaL A reliability analysis that indudes weekend effects would
result in an increased number oi scenarios.

For RRPs that are significantly shorter than 1 year, the analyst should
increase the number oi replications to ensure a sufficient samp!e size ior scenario
generation. Exhibít 11-9 provides guidance on the recommended number of
replications in such cases.

Resulting Number
of SCenarios

240
240
240
240
270
240'
240
252

Recommended
Numberof
Repllcations

48
24
12
8
6
4'
10
3

RRPDuration Number of Days
(months) Considered

1 S(all weekdays)
2 5
4 5
6 5
9 5
126 5
12 2 (weekendon!y)
12 7 (all darst

Note¡: RRP = I'llli<lbility reporting periodo
6 Default value.
b Not desirable; separation of weekday and weekend reliability analysis is preferred.

Exhibít 11.9
RecommendedNumberot
Replicationsfor 5cenariO
Generatioo

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 periodo The duration of the study period should
be sufficiently long to contain the formation and dissipation of all queues. The
iacility length evaluated should be less than the distance a vehide traveling at
the average speed can travel in ]5 min. This specification generally results in a
maximum facility length between 9 and 12 mi. Longer facilities may be
eva!uated, but results need to be interpreted carefully, since the ooset oi
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.

Peñormance Measures
There are many possible performance rneasures for quantifying aspects of

the travel time reliability distribution. The iollowing measures, defined in
Section 2 of Chapter 4, Traffic Operations and Capacity Concepts, are among the
more useful for quantiiying differences in reliability between facilities and for
evaluatiog altematives to improve reliability. AH of these measures are produced
by the freeway travel time reliability methodology:

• TTI'J'j (Le., PTI) (unitless),

• TTlso (unitless),

• ITlso (Le., median TII) (unitless),

• Failure and on-time measures (percentage),

Methodology OIapter ll/Freeway Reliabi!ityAnalysis
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• Reliability rating (percentage),

• Semi-standard deviation (unitless),

• Standard deviation (unitless), and

• Misery index (unitless).

In addition, aHof the performance measures generated by the {reeway
facilities core methodology (Chapter 10)are computed for each general purpose
and managed lane segment {or 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, inddents, work zones, and
spedal events) on the operational performance of a freeway facility over an
extended RRP-up to 1 year. Because of the computational effidency of the
HCM frccway facilities core methodology compared with, for example, a
simulabon analysis of a freeway fadlity, a whole-year analysis can be performed
relatively quickly. The foHowing are spedfic strengths of the methodology:

• It is an eHicient method for estimating trave1 time reHability. It can be
applicd quickly several hundred times to derive a travel time
distribution over RRPs of up to 1year.

• The care methodology is less eomputationaHy intensive than
microsimulation.

• The eore methodology can be directly calibrated on thc basis of local or
regional eapacity defaults to replicate recurring bottlenecks.

• It considers local and regional weather defaults for the 1001argest U.S.
metropolitan areas on the basis of a 10-year average.

• It encompasses a method for estimating inddent 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 eore methodology's limitations.
These Iimitations were dcscribed in Chapter 10. For example, one limitation of
the core method is its use of 15-min analysis periods. Therefore, aHevcnt
durations (e.g., weather, ineidents) used by the reliability method must be
expressed as integer numbers of 15-min analysis periods. The reliability method
has the following additionallimitations:

• The method assurnes that the eHect of two or more factors (weather and
incident) on speed or capacity is multiplieative. This assumption has not
been suffidently tested empirically and may overstate the influence of
combined nonrecurring congestion effects.

Chapter ll/Freeway Reliability Analysis
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• Weather events with a small capacity reduction effed «4%) are not
addressed. A given weather event (e.g., rain, snow) is always assumed
to ocrur at its mean duration value. Sun glare is not accounted foro

• The method assumes that incident ocrurrence and traffie demand are
independent of weather conditions, although aHare indirectly hed 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 oí local data.

• The method estima tes incident ocrurrence as a function oí segment
demand and month of the year. It does not consider potentially elevated
incident rates in segments with low demands. Sorne 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 £011facility dosures in the scenarios. In
assigning incidents to the segments, at least one lane should thercfore
remain open. The scenario generation methodology does not assign
incidents that result in full segment dosure; it rcassigns those
probabilities to other (less severe) incidents. This is also true far wark
zones, where at least one travellane 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 induded in the analysis.

• Work zone events are on1yallowed 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, 'whichmeaos that al! inputs and outputs
(across time and space in the base scenario) are increased or decreased
by the same factor.

REQUIRED DATA ANO 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 factars influencing capacity and free-flow
speed). The base scenario is intended to represent average demand conditions
(e.g., AAOT) or the demand measured on a specific day. This chapter's methods
factor thesc demands on the basis oí user-supplied or defaulted demand patterns
to generate demands representative oí aHother time periods during the RRP.

Additional data beyond those necessary far an HCM frceway facility
analysis are required for a reliability evaluation. Exhibit 11-10 lists the general
eategories of data that are required by data type. Oetails are provided in the
íollowing subsections.

Methodology
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Data category
Time periocls

Demand
multipliers
Weather

Incidents

Work zones and
special events
Nearest city

Geometrics

Traffic counts

Potential Data Source
User-defined study periocl, representative
data ot base scenario, and RRP
Fleld data or mocleling to generate day-of-
week by month-of-year demand factors
Online database for probabilities of various
intensities of rain, snow, cold, and 10w
visibility by month
Field data estimates of frequencies of
occurrence of shoulder and lane c10sures
per study periad for each month, incident
severity distribution, and average incident
durations; altematively, crash rate and
incident-to-crash ratio for the facility, in
combinatian with defaulted incident type
probability and duration data
User input on changes to base conditions
and their schedule
5elect from the list of metropolitan areas
provided in the Volume 4 Technical
Reference Ubrary
No details beyond core metflodology
needed. Obtained from road inventoly or
aerial photo
Demand multipller represented In base
dataset. Base scenario data from rleld data
or modeling

Suggested Default Vafue
Must be provided

Urnan and rural defaults
provided in 5ection S
Defaults for 1011argest U.S.
metropolitan areas provided
in Chapter 25
Estimated from 5e9ment
AADT and lengths as
described in Olapter 2S

Must be provided

Must be provided when
default weather data are
"red
Must be provided

Must be provided

Exhibit 11.10
Required Input Data, Potential
Data Sources, and Default
Values for Freeway Relíability
Analysis

As shown in Exhibít 11-10,most reliability-specific inputs can be defaulted or
are already required by the eore methodology. $cetion 5, Applieations, provides
default values that allow analysts in "data poor" regions lacking detailed
demand, weather, or incident data to apply this ehapter's methods and obtain
rcasonable results. At the same time, the method allows analysts in "data rieh"
regioos to pravide detailed local data foc these inputs when the most accurate
results are desired.

Although default values are pravided for many of the variables that affect
faeility reliability (s('('Section 5, Applications), travel time reliability (as
measured by TTll'i) or TT1'l5) can vary widely, depending on the eharacteristics of
a particular facility and thc length of the study periodoTherefore, analysts are
encouraged to use local values representativc of local demand, weathcr, and
incident patterns whcncvcr such data are available. In addition, analysts must
supply local valucs for work zoncs and spccial events if they wish to aecount for
these effeets 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
rccorder (PTR) locatcd along thc facility. Alternativcly, an analyst may be able to
use data from a PTR located along a similar facility in the same geographic area.
Many state dcpartments of transportation produce eompilations of data fram
their PTRs and providc demand adjustment factors by time of day, day of week,
and month of year by facility and arca typc. The analyst is reminded that
measured volumes are nut nccessarily rcflective of demands. Upstream
bottlenecks may limit the volume rcaching a PTRor othcr observation point.

Chapter 11/Freeway Reliability Analysis
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Weather
TIte National Climatic Data Center (NCDq provides rainfall. snow, and

tempera tu re statistics for thousands of locations through its website (6) and
average precipitation rate data in the Raillfall Frequel1CY Atlas (7). TIte 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 lO-year weather dataset is desirable for capturing
weather events that are rare but have a high impacto

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
Jogs maintained by roadway agencies, even in data-rich environments.
Furthermore, certain incident types-particularly shoulder incidents-can be
significantIy underreported in incident logs (1). TItus, the direct approach of
estimating incident probabilities is reserved for the rare cases where incident Iogs
are complete and accurate over the entire RRP. An altemative 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 affeded
should be obtained from the roadway operating agency. Work zones that vary in
intensity (e.g., one lane c10sed on sorne days and two lanes c10sed on others) or
that affect different segments at different times vvillneed 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
Jocations of lane c1osures, along with any reductions in the posted speed. When
detaiJed 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 J

Methodology
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accommodate the traffic demands. The analyst should identify whether any
events that occur in or near the study area warrant spedal treatment. If so, a
schedule for the event (dates, starting times, typical duration) should be
obtained. Sorne 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 spedal traffic
control procedures; if so, these plans should be consulted to identify any changes
required from base conditions. Each combination of spedal event venue and
event intensity to be included in the analysis will need to be spedfied.

METHODOLOGY OVERVIEW

The methodologies for freeway reliability and freeway strategy assessment
are the second and third of the three parts of an eval~ation sequence starting
with the evaluation of the freeway fadlity for a base scenario. Part A: Core
Freeway Facility Analysis (Single Study Period) was presented in Chapter 10.
Part 8: Comprehensive Freeway Reliability Analysis is the methodology
presented in this section. Part C: Reliability Strategy Assessment is presented in
Section 4. lt allows for the evaluation of ATDM strategies.

Completion of the core methodology's computational steps (Steps A-l
through A-17) is a prerequisite for conducting a reliability analysis (Steps 8-1
through 8-13, depicted in Exhibit 11-11).Completion of a reliability analysis is a
prerequisite (or an AmM strategy assessment (Steps C-l through C-9, presented
in Section 4).

Chapter l1/Freeway Reliability Analysis
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Exhibit 11-11
Freeway Reliability
Methodology Framewor1c.

Calibrated Base File from Single-
5cenario Analysis (from Chapter 10)

Step 8-1: Define ReliabilityReportingPeriod
(RRP)and ExcludeDays

Step 8-2: Gather Reliabilitylnputs
Demand. weather, incidents,.etc.

Step 8-3: Defineor Refine Global Inputs
USer-defined global calibration parameters

Step 8-4: Define Numberof Replicationsfor
•• ReliabilltyAnalysis

Step 8-5: Define DemandVarlabllityper Dayand
Month and Assignto Scenarios

Step 8-6: Define Weather Probabilities and
Impacts and Assignto Scenarios

Step 8-7: Define Incident Frequenciesand
Impacts and Assignto Scenarios

Step 8-8: Define Short.TermWorllZone
Events Adjustments

Step 8-9: Generate FullSCenarioUst and
$<:enanoProbabilities.

Step 8-10: PerformAnalysisfor Each Scenano.

Step 8-11: Compute ReJiability
Performance Measures.

Step 8-U: Validate Against FieldData

No
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Note:

Step 8-13: Report Performance Measures.

~~~---~~--------------------..~~~~ ----~
•••• OPTIONAL:Continueto ATDM ", ,
t Strategy Assessment in Section 4: ••
'~~_ ExtensionsofChapterll ~~/----------- -----~--~-~~~-----------

• 5teps shaded in gray are perfofTnedby trie computationalengine.
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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 8-1: Define RRP and Exc1ude 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
l-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 (exeluding 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 RRPwill 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 wcek to inelude in the
analysis. A rcliability analysis is typically performed for the 5 weekdays, although
weekends can be induded if desired. Exhibit 11-9provided guidance on the
number of replications recommended for a wCC'kend-onlyanalysis. However, if a
facility expcricnccs significantly different performance on wcckdays 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 weckends in the same reliability analysis is strongly discouraged.

In defining the RRP, the analyst may decide to exdude 1or more days from
the analysis. If the analyst is interested in "typical" weekday performance, the
analyst may wish to exdude holidays (and high-demand travel days before or
after the holiday itself) fram 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 scasonal and day-of-week demand patterns relative to the base scenario,
the spccific date representcd by the base scenario nceds to be defined. That is, the
demand valucs contained in thc base sccnario should correspond to a specific
day-month combination of the year; these demands are then adjusted by the
reliabiJity method for the other sccnarios it generates.

Alternatively, the analyst may choose to provide dcmands representative oí
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-5that are calculated
relative to that average day, rather than to the base scenario day. In other words,
Steps U-l and U-5need to be coordinated to ensure that the correct demand
multiplier factors are applied.

Chapter l1/Freeway Reliabitity Analysis
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5tep 8-2: Gather Reliability Inputs
This step collects the additional inputs needed for conducting a reliability

analysis, induding demand variability by day of week and month of year,
weather data, incident record s, work zone data, and special events. Sorne 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 aboye.

5tep 8-3: Define or Refine Globallnputs
In this step, the analyst has a chance to revise two global calibration

parameters for the analysis: facilitywide jarn density and the queue discharge
capacity drop. While muItiple 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 calibranon 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 numher of lanes
dosed by incident types, and the underIying scenario probabilities. A detailed
reliability calibration methodology is presented in Chapter 25.

5tep 8-4: Define Number of Replications tor Reliability Analysis
In this step, the analyst specifies the number of replications used to generate

scenarios. The default numher 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 Cormodifying the number of replications
for shorter RRPs.

The goal of the hybrid scenario generation approach (with sorne
deterministic and sorne stochastic inputs) is to reduce the number of scenarios
from potentially several thousand to a few hundred representative scenarios that
capture the effects of aHsources of nonrecurring congestiono For most reliability
applications, 240 scenarios (5 weekdays, 12 months, and 4 replications) are
sufficient to capture the l-year variability in performance. However, the analyst
may choose to inelude rarer scenarios (e.g., a 5. or 10-year storrn) to evaluate the
impacts of very rare events. \'\lhen an ATDM strategy evaluanon wiII also be
conducted, a smaller number of scenarios is recommended to allow for scenario-
specific selection of ATDM strategies, as discussed in Section 4.

5tep 8-5: Define Demand Variability by Day and Month and Assign to
5cenarios

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 mulnplier is expressed
relative to the base scenario demand date from the core freeway facility defined
in Step 8-1. Altematively, the analyst may select an average demand day
(estimated fram AADTs) aod express demand variability relative to that day.
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The base scenario day does nol need to be an average day (Le.,it can have high
or low demand relative to average eonditions, whieh is aeeounted foc in this
step) but should be free of spedal events or nonrecurring sources of congestiono

Default values foc ucban and rural demand pattems are provided in $cetion
5. They were developed from a national freeway demand dalaset (2). However,
facility.spedfie data are strongly pceferred and are usually ceadily obtainable
from permanent traffie count stations or online sensor databascs.

Step 8-6: Define Weather Probabilities and Impacts and Assign to
Scenarios

This step defines the probabilities of oecurrence oC each oC the HCM wealher
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 eorrcspond to frequendes 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 1011argest U.5. metropolitan areas in the Volume 4 Technical
Reference Library. CAF and 5AF defaults ace pcovided in $cetion 5, but values
developed Crom 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
earIy moming snowstorms are expected to reduce the demand levels in the a.m.
peak period, while muhiday snow events are likely to reduce both a.m. and p.m.
peak demands. This effeet also depends on location (e.g., Boston versus Atlanta).
Afternoon snowstorms may be less Jikely to affect p.m. peak demand, sinee
commuters may not have altered their home-to-work trips that moming.
Analysts are encouraged to develop customized weather demand adjustment
factors or apply judgment on the basis of local conditions and experience.

Step 8-7: Define Incident Frequencies and Impacts and Assign to
Scenarios

This step defines incident frequencies for eaeh of the HCM incident severity
types, 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 wiII need to be user-defined. A quiek method for
estimating incident frequencies on the basis of each segment's daily demand
levels is provided in Chapter 25. However, facility-spedfic data are prcferable in
speeifying ineident frequencies.

Chapter 25's incident frequency estimation considers the total traffic demand
on a segment on the day represented by the base seenario to generate incident
Crequenciesfor reliability analysis. Beeause different analysis segrnents have
different demand levels, the estimated incident rates will also differ as a function
of that demando Accordingly, the seenario generation step is more likely to
generate more incidents on segments with higher demand, which affects the
O\'erall reliability performance.

User-specified incident rates are espccially impoctanl if an analyst is aware
of reeurring rnonthly variations in inddents. If, focexample, incidenls 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 8-8: 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 l-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 uscr-defined. A mcthod for estimating
CAF and SAF values for work zoncs is providcd in Scction 4 of Chapter 10.

Nonscheduled work zones, including very short (Le., single-day) activities
(e.g., shoulder closure for landscaping work, lane dosure for pothole filling), are
best addressed as a form of (random) incident in Step 8-7 rather than by
explicitly defining their occurrence and location in this step.

Step 8-9: Generate FuI! Scenario List and Scenario Probabilities
This step generates the Iisting of aH scenarios for reliability analysis on the

basis of the inputs providcd in the previous steps. The step is automatically
executed by thc computational enginc or other software tools. The number of
scenarios is a function of the uscr input in previous steps, including the length of
RRP (in months), the number of days generally included in each week, the
numhcr of days specifically excluded, and the number of replications. The
scenario generation process is surnmarized 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. Spccifically, each
scenario will have a series of five matrices that define the demand multipliers
(fram Step 8-5), along with CAF, SAF, and DAF values and adjustments to the
number of lanes (5teps 8-6 thraugh 8-8). 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. Whcn 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 assumcs that any two or more CAFs,
SAFs, or DAFs are multiplicative (Le., independent). The numbcr-of-Ianes
adjustment factors are additive {or incident and work zone cvents.
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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. AH
120 cells will be subject to demand multipliers from Step 8-5. 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
ce11s).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 incidcnt. Finally, a
15-min shoulder-closurc incident in Segment 3 in Analysis Period 11 results in
CAF, SAF, and possibly DAF adjustments.

If 240 sc~marios 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 softvvare automatically
performs the record keeping and estimation of these factors.

5tep 8-10: Pelform Analysis tor Each Scenario
This step automatically processes each sccnario in thc computational engine

or other software. The adjustment matrices from Step 8.9 are applied
sequentially to the base scenario, and the resulting scenarios are evaluated
individually with the Chapter 10 coce methodology. The computational engine
or software produces the facilitywide performance measures for each scenario.

5tep 8-11: Compute Reliability Performance Measures
This step genera tes 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:

• Tf1'i5 (VII),

• Tfl&\f

• ITl5(Y

• Reliability rating,

• Semi-standard dcviation,

• Standard deviation,

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

• Policy index based on a target speed, and

• Misery indexo

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 Chaptee 25.

The example facility shown in Exhibit 11-5 will generate 12 facility travel
times per scenario, one per analysis periodo Multiplication by 240 scenarios wilI
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result in 2,880 facility travel time observations that define the foil travel time
distribution. When these observations are sorted from highest to lowest, the TTI95
is the travel time value ranked number 144 (0.05 >< 2,880) in the sorted list, while
the TTlso is the value ranked 1,440, and so on.

5tep 8-12: 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.lf an acceptable
match is not obtained, the analysis retums to 5tep 8-3 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.

5tep 8-13: 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 $ection 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 ANO OEMANO MANAGEMENT

ATDM is thc dynamic management, control, and influence of travel demand,
traffic dcmand, and traffic flow 00 transportation facilities. Through the use of
too1sand countermcasurc stratcgies, traffic flow is maoagcd and traveler
behavior is iofIucnccd in real time to achieve operational objectives. The
objectivcs indude preventing or dclaying brcakdown conditions, improving
safety, promoting sustainable travel modes, reducing cmissions, and maximizing
system cffkicncy.

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

Thc mcthodology presented here is primarily focused on traffic management
applications. In sorne cases, the opcrational strategies presented here may be
relatively static (e.g., fixcd ramp-metering rates oc pricing schedules). The
primary focos of ATDM analysis in the HCM is to provide practitioners with
practica!, cost.effective methods for representing the varied demand and
capacity conditioos that fr('eway 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 AmM analysis builds on the freeway reJiabiJity analysis methodology,
which accaunts for freeway performance under different demand, weather,
incident, and work zone conditions. The AmM 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 stratcgy evaluation would be compared with those of a more traditional
capital improvcment 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 dassified according to their purpose and the manner in which
thcy are applicd. Among them are the following:

• Ramp-metering strategies,

• Traveler information stratcgies,

• Managed lane strategies, and

• Speed harmonization strategies.

A more detailed discussion of ATDM strategies is provided in Chaptee 37,
ATDM: Supplemental. Specialized ATDM programs or plans may be designed to
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address certain situations. For example, a weather traffic managemellt plarl may be
developed to apply ATDM strategies during adverse weather events. A traffic
ineident mallagement plan may apply ATDM strategies specifically tailored to
incidents. A work ZOflemailJfenallce-of-traffic plan may apply ATDM strategies
tailored to work zones. Employer-based demand mallagemenf plalls may apply major
cmployer-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 mmlagement strafegies that affect the entire scenario and aH
segments and analysis periods contained within it when they are invoked
through a global increase or (more commonly) a reduction in demando

2. Weather management sfralegies that influence performance only during
analysis periods when asevere weather event affects the facility and
apply equally to .111segments. Weather management may inelude driver
information, weather-response strategies (e.g., snow removal), and others.

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

4. Work ZO/lemanagement sfrategies that only affect the segment and analysis
periods when a work zone is present. Work zone management may
inelude driver information and other strategies.

5. Special seg11lellf-specijicstrategies 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 affed the entry traffic demand for merge and weave segments.
Similarly, hard shoulder running specifica1ly increases capacity in a
subset of segments rather than the faciIity as a whole.

An ATDM plan is a combination of analyst-defined strategies. Conccptually,
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 reJiability 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 appIied 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 indude a
variable message sign (a demand management strategy) and traffic diversion (an
incident management strategy) to avoid or al1eviate congestiono The two
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strategies affect the faeility in different ways (since they helong to two different
categories) but are combined into a single plan for analysis.

Spatial and Temporal Limits
The AmM methodology is an extension of the freeway reliability

methodologyand thus has the same spatial and temporallimits discussed in
Section 3.

Limitations of the Methodology
Severallimitations apply to the AmM extensions of this methodology:

• lf managed lanes are to be assessed as a strategy in an AmM analysis,
they need to have been induded 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 \\'ell as the seenario generation process. Thus, a "before-and-after"
managed lane analysis requires two eore facilities, each with a separate
reliabilityanalysis.

• This chapter focuses on numerical measures of performance; however,
much can be learned by examining graphical measures of performance,
such as the faeility'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 spceds for
lS-min analysis periods, the smalJest unit of time measurement
supported by the HCM. Therefore, sorne of the more dynamic aspects of
ATDM must be approxirnated in this analysis. Because the coce
methodology for freeway facility analysis is deterministic, only the
average impacts of ATDM strategies on demand, speed, and eapacity
are incorporated in this methodology.

• ATOM is about controlling demand as well as capacity; however,
consistent with the rest of the HCM, this chapter focuses on the capacity
impacts of ATOM. Demand is an input to these procedures that the
analyst must determine with other tools. Demand variability is
considered whcrc 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 vehide type restrictions (e.g., high-occupancy
vehicle lanes and truck lane restrictions). However, prediction of how
much additional traffic might be attractcd to the facility with the
improved performance resulting from ATDM (sometimcs called
"indueed dernand") is not induded in the chapter's methodology.
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Strengths of the Methodology
The following are strengths of the AmM methodology:

• Thc ability to target ATDM strategics to scenarios on the basis of their
operational characteristics.

• The ability to compare ATDM strategies with traditionat capacity-based
fadlity improvements (e.g., adding lanes).

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

• The abiJity to obtain bcforc-and-after comparisons of thc eHect of ATDM
strategies quickly.

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

Required Data and Sources
The ATDM methodology requires as input the analyst-defincd ATDM

strategy or a set of strategies combined into an ATDM plan. Thc method requires
the usee to specify the impact of the selcctcd strategies on demand, capacity, free-
flow speed, and number of lanes. Thc impact on demand, capacity, and frCt..>-flow
spccd nccds to be converted into matrices of average adjustment factors (DAF,
CAF, and SAF) affecting the base condition of the frccway facility in each 15-min
analysis periodo Guidance and research on the effectiveness of different ATDM
strategies are Iimited.

Adjustments to the Reliability Methodology
The ATDM methodology builds on the reliability analysis described in

Section 3, which in tuen 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 congestiono Once these steps are
taken, the analyst can proceed with the ATDM analysis. Exhibit 11-12presents
the additional nine steps that foJlow the reliability analysis in peeforming an
ATDM analysis.
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Calibrated Reliability Analy5is
(Step 8-13)

Step C-l: UmitScenario Ust (optional for
streamlining application of ATDMstrategies)

Step C-2: Select Pool of ATDMStrategies

Step C-3: Convert ATDM Information to
Operationallnputs

Step C-4: Design ATDMStrategy for Facilityand
Assign to Scenarios

Step C-S: ProcessATDM Scenarios.

Step (-6: Compute Performance Measures.

Step C-7: Process Before-and-AfterComparison.

Step C-8: Validate Results

Exhibit 11-12
Freeway ATDM5trategy
Evaluation Framework

No

Step C-9: Report Performance Measures.

Note: • Steps shaded in gray are performed by the computational engine.

Computational 5teps

5tep C.l.' Umit Scenario List

In this step, the analyst may elect to consider a Iimited number of samarios
from the reliability analysis to enable a more targeted application of ATDM
strategies. The preceding reliability analysis typically results in approximatcly
240 scenarios for a l-year RRP.The analyst may apply one or more "global"
ATDM strategies equally to all scenarios. In this case, Step C-l is not necessary
and the analysis can proceed.
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However, specific ATDM stratcgies are often applied only to a subset of
(reliability) scenarios, to target a spccific 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 e1ectto assign ATDM strategies manually to
a1l240or so scenarios if time and resources permito

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., inelement
weather days to test a snow removal strategy) but should always inelude other
(nonweather) scenarios, to avoid overestimating the eHect of the strategy on the
entire RRP. Statistical tests of how well the reduced scenario list reflects the
overall population are ineluded 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:

• 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 rnust inelude broad spectrum scenarios. One or
more of these scenarios will nccd 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 I/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 represcntative 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 inelement 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 typc of strategies
that the analyst intends to use. For example, if there is interest in
evaluating a set of work zone-related ATDM strategies, thc selected
scenarios must have some work zone presence.

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

5tep C-2: Select Pool of ATOM Strategies

This step allows the analyst to select which ATDM strategy or sct of
strategies to indude in the evaluation. A number of stratcgies are described in
Chapter 37, ATDM: Supplemental. Not every stratcgy or ATDM plan needs to be
applied to every scenario in the ATDM scenario Iist. 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.

5tep C-3: Convert A TOM lnformation lo Operationallnputs

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

5tep C-4: Design ATOM Plans for the Facility and Ass;gn to Scenar;os

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

As disrussed earlier, multiple strategies can be combined inta an AmM plan
to result in a unique sct of inputs (adjushnent factors) applied to each scenario.
Only one set of these inputs can be applied ta each reliability sC('nario. If multiple
strategies are combined, their respective DAFs, CAFs, and SAFs are multiplied to
produce a single DAF, CAP, and SAF for applicatioo to the scenario, unless
additional information is available 00 the combined eHect of pooled strategies.

The computational engine provides the user with a summary sortable table
of eaeh scenario's attributes (e.g., number of weather events, number of
incidents, maximum TrI) to assist the user in assigning an appropriate set of
ATDM stratcgies to the rclevant scenarios.

5tep C-S: Process ATOM 5cenarios

This step evaluates each scenario by applying the core methodology from
Chapter 10. It is autamatically performed by the camputational engine or other
software implementaban of the methodology.
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Step C-6: Compute Performance Measures
This step calculates performance measures for the fadlity with the ATDM

strategies applied. ResuIts are provided for each scenario, along with an oyerall
travel time (OI distribution) using three comparison c1asses.

The first class compares thc performance measure results for a sÍllgle scenario

before and after ATDM implementation. This c1ass is useful as an initial test and
to verify the scenario assignments carried out in Stcp C-4. The second c1ass of
output compares the aggregated results for the combined but limited set of
scenarios defined in Step C-l (e.g., the 30 scenarios selectcd 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 AIDM strategy setoSpecific
reliability performance measures, including TTlm••n and TT195t can be used for a
high-Ieyel asscssment of the improyement resulting from the ATDM
implementation. Generally, though, the O\'erall travel time distribution is of
interest in making these comparisons.

Step C-S: Validate Results
In this step, the ATDM results are compared with field data (if available),

results frOIDanother model, or expert judgment. Field data on the effects of
ATDM strategies, especially on the reliability distribution, can be diHicult to
obtain, and expert judgment may be more frequently applied in this step.
Additional details on facility calibration and validation criteria are proYided in
Chapter 25.1£ an acceptable match is not obtained, the analysis retoros to Step C-
3 to adjust the operational inputs.

Step C-9: Report Performance Measures
This final stcp of the ATDM assessment methodology reports the facility's

rcJiability performance mcasures with the ATDM strategy or plan applied.
Additional performance measures may be generated for each scenario.

Extensions to the Methodology
Page 11-38
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5. APPLICATION5

EXAMPlE PROBlEMS

Section 11of Chapler 25, Freeway Facilities: Supplemental, providcs four
cxamplc problems thal iUustrate applications of the reliability and stratcgy
assessment methodologics to a freeway facility under various operating
conditions. Exhibit 11-13lists thesc example problems.

Example Problem
1
2
3
4

Descri ption
Base reliability
EyaluatiOfl of geometric improvements
Eyaluation of incident management
Planning-Ievel reliabílity analysis

Application
Operational analysis
Operational analysis
Operational analysis
Planning analrsis

Exhibit 11-13
Ust of Example Problems

EXAMPlE RESUlTS

This $Cctionpresents 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 lo help evaluate whether their analysis results are reasonable. The
exhibits in this seetion are not intended to substitute for an actual analysis and
are deliberately providcd in a format large enough to depict general trends in the
results but not large enough lo pull out spccific results.

Total travel time on a freeway fadlity is scnsitivc to a number of factors
including the prevailing free-flow speed, demand levels, segmenl capacity,
pereent drop in queue diseharge flow rate, demand-to-capacity ratio, wcathcr
conditions, incidents, presence of work zones, and spedal events. Consequently,
these factors can influence travellime reliabilily on a freeway facility.

Exhibit 11-14shows four cumulative TII 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 inclernent weather, incident events, or schedulcd work
zoncs in the RRP. As expected, this curve yields consistently lower (i.e., bctter)
TII values Ihan do the other three TII distributions. In this case, IT1'15 is 1.5.

The "recurring congestion + weather" curve corresponds to an analysis in
which inclernent wcather conditions are added to the variation in demando As
expected, this addition slightly shifts the TII distribution toward higher TII
values without appreciably changing TTI9s'

The "recurring congestion + incidents" curve captures variations in demand
level plus the occurrenee oí incidents during the RRP.As expected, the inclusion
of incidents increases TII values for the entire distribution and, consequently,
results in a shift toward higher TIl values in the curve. In this case, TTI95increases
lo about 1.8,representing a 20%increase above the base recurring-congestion case.

Finally, the "reeurring congestion + weather + incidents" curve corresponds
to an RRPthat ineludes variations in the dcrnand Icvel, inelernent weather events,
and inciden!s. This curve rnodels scenarios !ha! combine inclernent weather
events, incidents, and high dernand values. Therefore, the resulting TII curve

Chapter 11/Freeway Reliability Analysis
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has higher TII values than the other three curves, although again 7T195 does not
appreciably increase compared with the "recurring congestion + incidents" case.

Exhibit 11-14
II1ustrative Effects of Different
Nonrecurring Sources of
Congestion on the m
Distribution

100%

90%

80%•~• 70%•<•u 60%••~
SOl'
40%

30%

ReaJITing Congestion Only
•••••• Reo;rri + !oodeots

1.81 1.2 1.4 1.6
Travel Time lndex

---.Reaming Conge<;lion + Weather
_ • _ Recurri . + Weat:her + lnódents

2

Note: Base<!on Example Problem 11'rom Chilpter 25, using default weather data fof Raleigh, North Carolina, aOO
a fadlitywide inddent rate of 1,0SO inddel1ts per 100 milhon VMT.

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

Exhibit 11-15
IIlustrative Effects of
Inclement Weather Events on
them DistributiOll

90%
80%
70%

• 60%
~
~ 50%<•~40%•~ 30%

20%
10%
0%

1 1.05 1.1 1.15 1.2 1.25 1.3 1.35 1.4 1.45 1.5 More
Travel Time Index

.0% Snow Probllbllity _ 10% 5now Probability I
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Note: Base<! on Example ProbIem 1 from Cllapter 25, with a facilitywide incident rate of 1,050 incidents per 100
million ¥MT and he.avy snow probabilities of 0% and 10%.
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Exhibit 11-16illustrates the effeds of inddent frequency on travel time
reliability. The dotted curve corrcsponds to the travcl time distribution assuming
350 incidents per 100million VMT. Increasing the rate from 350 to 700 incidents
per 100million VMT (dashcd linc) results in a shift in the TII distribution toward
a higher valuc. This is expected, since a greater numbcr of scenarios are affected
by incidents in this case. Incrcasing the rate from 700 to 1,050incidents per million
VMT (solid line) yields a further rightward shift in the distribution, as expected.

100% r

90%

•~80%•~e•~70%•~
60%

50%
1 1.25 1.5 1.75

Travel Time Index

2 2.25 2.5

Exhibit 11-16
IIIustrative Effects of Incident
Rates on tIle m Distribution

'==>¡',O"50m.,o;;""O' "~'.'""";;-¡¡"OO¡¡;¡m""¡¡;''''''''VM'''''T~-O--O_C.-"7¡¡OO'-¡;.;;O;¡'';;''''''',,,;;;C. 'IO¡¡¡OCmm;¡¡illlOll~;;VVMTMf---'
•••••• 350 ioddents.p:! 100,"-m~~ill.oo"-,VMT,,,, -.J

Note: B<lsed on Example Problem 1 of Chapter 25, using default weather data for Rale;gh, Nortt1 Carolina, ancl
filCilitywide incident rates of 350, 700, ancl 1,050 incidents per 100 millioo VMT.

The final example depicts thc impacts of an ATDM strategy 00 travel time
reliability. Exhibit 11-17 shows two TII 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 vehiclcs to use thc shouIder shifts the TII distribution
toward lower TII values. This trend occurs bccause hard shoulder runniog
increases the capacity of the freeway facility and, as a result, travel time is
consistently reduced.

100%

90%

80%
•~70%Jle
~

60%
• 50%~

""%
30%

----------------------------- Exhibit 11-17
Effect of Activating Hard
Shoulder Running ATDM
5trategy

1.2 1.4 1.6 1.8 2
Travel Time Index

C=::Base_Ptse-=-=..tlard Shoulder_Runfllng ]

Note: Bilsed on Example ProbIem 1 in Chapter 25, Raleigh, Norttl carolina, weather COrlditions, arld fadlityw;de
inddent rate of 1,050 Inciclents 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 cncouraged, when possible, to
develop local dcfault values on the basis of field measurements of facilities in
their jurisdiction. Local defaults provide a beUer means of ensuring accuraey 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 bclicvcs that thc
values are reasonable for thc facility to which they are applied.

Traffie 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 5trategic
Highway Research Program 2 Project L03 (2). AH ratios reflect demand relative
to a Monday in ]anuary. Where possible, analysts should obtaio local oc regional
estimates of demand variability to account for facility-spccific and scasonal
trends 00 the subject facility.

Exhibit 11-18
Default Urban Freeway
Demand Ratios
(ADT/Mondays in January)

Exhibit 11-19
Default Rural Freeway
Demalld Rabos
(ADT/Mondaysin January)

Applicatioos
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~~~~:;;;~;~~;:~~~;~D~'~Y~O~f~W~"~k~~~::;;;';:~~;=-:;Month Mondav Tuesdav Wednesda Thursda Fridav saturdav Sundav
January 1.00 1.00 1.02 1.05 1.17 1.01 0.89
February 1.03 1.03 1.05 1.08 1.21 1.04 0.92
Mardl 1.12 1.12 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 1.36 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

SolJroo:Deriv€dfromdata pres.eotedbyCambridgeSystematic5et al. (2).
Note: RatiosrepresentdemandrelatiVeto a MondayInJaolJary.

~~~::::::::G;;=:;;;;=~;;~p~aY~Of~W~"~k=;;::::~;~~;;=-t'0nth Mondav Tuesdav Wednesda Thursda Fridav saturdav Sundav
January 1.00 0.96 0.98 1.03 1.22 1.11 1.06
February 1.11 1.06 1.09 1.14 1.35 1.23 1.18
March 1.24 1.19 1.21 1.28 1.51 1.37 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 1.78 1.61 1.55
JIJI"Ie 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 1.77
August 1.52 1.46 1.49 1.57 1.86 1.68 1.62
5eptember 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:Derivedfromdata presente(!byCambridgeSystematicset al. (Z).
Note: Raliosrepresentdemandrelalíveto a MondayloJaolJarv.
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Weather Event Probabilities
Weather event probabilities by month of each \••..eather ('vent for the Jargcst

U.5. metropoJitan arcas are provided as resource material in the TechnicaJ
Reference Library in onJine HCM VoJume 4. Average durations of each severe
weather event type are also provided for these metropoJitan areas.

Weather Capacity and Speed Adjustment Factors
Exhibit 11-20and Exhibit 11-21provide 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 ma)' be counterintuitive, sincc
thcy are based on a single site.

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

Capacity Adjustment Factors
55 60 65 70 75

Weather Tvoe Weather Event Definition ~Úh m-i/h m-i/h milh mi/'h
Medium rain >0.10--0.25 in./h 0.94 0.93 0.92 0.91 0.90
Heaw rain >0.25 in.lh 0.89 0.88 0.86 0.84 0.82
Ught snow >0.00--0.05 in./h 0.97 0.% 0.96 0.95 0.95
Ught-medium snow >0.05-0.10 in./h 0.95 0.94 0.92 0.90 0.88
Medium-heavy SIlOW >0.10--0.50 in./h 0.93 0.91 0.90 0.88 0.87
Heaw snow >0.50 in./h 0.80 0.78 0.76 0.74 0.72
5evere cold <-4°F 0.93 0.92 0.92 0.91 0.90
Low visibility 0.50--0.99 mi 0.90 0.90 0.90 0.90 0.90
Very low visibility 0.25-0.49 mi 0.88 0.88 0.88 0.88 0.88
Minimal visibilitv' <0.25 mi 0.90 0.90 0.90 0.90 0.90
Non-severe weather AI1conditions not listed aboYe 1.00 1.00 1.00 1.00 1.00

5olJrce: Zegeer et al. (1).
Note: Spe<'(ls gM:>n in column heads are free.flow speeds.

Speed Adjustment Factors
55 60 65 70 75

WeatherTv •.••• Weather Event Definition ml/h ml/h m.i/h mi/h mi/h
Medium rain >0.10--0.25 in./h 0.96 0.95 0.94 0.93 0.93
Heaw rain >0.25 in.fh 0.94 0.93 0.93 0.92 0.91
Ught snow >0.00--0.05 in./h 0.94 0.92 0.89 0.87 0.84
Ught-medium snow >0.05-0.10 in./h 0.92 0.90 0.88 0.86 0.83
Mediurn-heavy snow >0.10--0.50 in./h 0.90 0.88 0.86 0.84 0.82
HeavvSIlOW >0.50 in.lh 0.88 0.86 0.85 0.83 0.81
5ever€ cold <-4°F 0.95 0.95 0.94 0.93 0.92
Low visibility 0.50--0.99mi 0.96 0.95 0.94 0.94 0.93
Very low visibility 0.25-0.49 mi 0.95 0.94 0.93 0.92 0.91
Minimal visibilitv' <0.25 mi 0.95 0.94 0.93 0.92 0.91
Non-severe weatller AII conditions not Iisted aboYe 1.00 1.00 1.00 1.00 1.00

SOurce: Zegeer et al. (J).
Note: Spe<'(ls given in oolumn heads are free-flow spee;:js.

Chapter ll/Freeway Reliability Analysis
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Exhibit 11-20
Default CAFsby Weather
Condition

Exhibit 11-21
Default SAFsby Weatller
Condition
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Incident Probabilities and Ourations
Exhibit 11-22 provides mean distributions of freeway incidents by severity

and default incident duration parameters by incident type.

Parameter
Distribution (0/0)
DuratiOn (mean)
Duration (std. dev.)
Duratioo ~min.~
Duration (max.)

Exhibit 11-22
Default Freeway Incident
5everity Distribution and
Duration Parameters (min)

------l-::::-::_-~=:_[~"~C~;d~e~"~t~Se~.~e;'¡¡jty;::¡!Y~••~=:_--::-==-
Shoulder 1 Lane 2 Lanes 3 lanes 4+ Lanes
Closed Closed Closed Closed Closed
75.4 19.6 3.1 1.9 O
34 34.6 53.6 67.9 67.9
15.1 13.8 13.9 21.9 21.9
8.7 16 30.5 36 36
58 58.2 66.9 93.3 93.3

Soorce: Zegeer et al. (J).
Notes: std. dev. = standard deviation; mino = minimum; rnax. " maximum.

Incident Capacity Adjustment Factors
Exhibit 11-23 shows the default CAFs associated with each incident scvcrity.

The valucs shown in the exhibit reflect the remaillíllg relative capacify per open falle.

For example, a two-1ane closure inddent on a six-Iane directional facility
(underscored) results in a loss of two full-lane capacities, in addition to
maintaining on1y 75% of the remaining four open lanes' capacities. The result is
that only thrcc lanes worth (50%) of the facility's original six-lane capacity is
maintained. No information is available on the eHect of incidents on free-flow
speed, so this eHect is not accountcd for at this time.

Exhibit 11-23
CAFs by Incident Type and
Number of Directional Lanes
on the Fadlity

Directional
lanes
2
3
4
5
6
7
8

No
Incident
1.00
1.00
1.00
1.00
1.00
1.00
1.00

Shoulder
Closed
0.81
0.83
0.85
0.87
0.89
0.91
0.93

1 Lane
Closed
0.70
0.74
0.77
0.81
0.85
0.88
0.89

2lanes
Closed
N/A
0.51
0.50
0.67
W
0.80
0.84

3 Lanes
Closed
N/A
N/A
0.52
0.50
0.52
0.63
0.66

4 Lanes
Closed
N/A
N/A
N/A
0.50
0.52
0.63
0.66

Applications
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SOurce: Zegeer et al. (l).
Notes: N/A = not applicat>le -!:he number of lanes dosed equals or exceeds \:he number of directionallanes.

The methodology does not permit all directionallanes of a facility to be dosed.

PLANNING, PRELlMINARY ENGINEERING, ANO OESIGN ANALYSIS

A facility's average travel time will vary from hour to hour, day to day, and
season to season, depending on f1uctuations in demand, weather, incidents, and
work zones. Reliability measures characterize this distribution of travel times for
a sclccted period of ayear meaningful to the analyst, the agcncy's objcctives, and
the general publico

Estimating performance measures requiring complex calculations, such as
the reliability distribution describcd in this chapter, can be challcnging in a
planning context. However, two options exist for applying this chapter's
reliability methodology in a planning context:

1. Application of HCM mcthods using default valucs and

2. Simplified percentile estimation method.

Chapter 11jFreeway Reliability Analysis
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Both methods are introduced below and are described further in the Plmmillg
and Pre1iminary Engillceríllg Applicatiolls Guide lo file HCM, available in the
Technical Reference Library in thc onlinc HCM Volumc 4.

HCMMethod Using Default Values
This chapter's method for estimating travel time reliability can, to sorne

extent, be automated through the use of default values. Automating the
gencration of inputs, along with applying the method in a computational cnginc
or software, allows reliability performance to be estimatcd with minimal input
needs, which may make the process suitable far application in a planning
context. Exhibit 11.24 Iists the required input data and describes where default
values are provided.

Data category
TImeperiods

Demand pattems

Weather

Incidents

Workzones and
speeial events
Nearest eity
Traffieeounts

Description
Ana!ysisperiod, study period, reliability
reporting period
Day-of-weekby month-of-year
demand factors
Probabilitiesof various intensitiesof
rain, snow, eold, and lowvisibilityby
moolh
Crash rate and lncident-to-crashratio
for the facility,in combinationwith
defaulted incidenttype probabilityand
duratioo data
Changes to base eonditionsand
schedule
Citywith airport weather station
Demandmultiplierfor demand
represented in base dataset

Data Source
Mustbe seteaed by the analyst

Defaultvalues provided in Chapter 25

Data sources and default values
provided inChapter 25

Crash rate must be províded¡default
values availablein Chapter 2S for
other data

Mustbe specifiedwhen relevant to
the analysís
Reguíredto app'Yweather defaults
Mustbe provided

Exhibit 11-24
Input Data Needs for HCM
PlanníngReliabilityAnalysisof
Freeways

Simplified Method
The equations in this section can be uscd to estimatc specific rn percentiles

as an approximation of frt..'Cway facility rcliability (11, 12). This method does not
specify the full reliability distribution, nor is it customized to a specific facility's
geometry or opcrating characteristics.

First, the mean annual travel time indcx, induding incident effects, is
computed:

TT/mean = 1+ FFS x (RDR + IDR)
whcre

Tflm~.n = average annual mean travel time index (unitless)¡

Equation 11-1

FFS
RDR

IDR

Ífec.flow speed (mi/h);

recurring deJay rate (h/mi), from Equation 11-2¡ and

incidcnt dclay rate (h/mi), from Equation 11-3.

1 1
RDR = 5- FFS

IDR ~ [0.020 - (N - 2) x 0.003] x X"

Equation 11-2

Equation 11-3

Chapter ll/Freeway ReliabilityAnalysis
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where

Equatlon 11-4

Equation 11-5

Applications
Page 11-46

S peak-hour spccd (mi/h),

N number of lanes in one direction (N = 2 to 4), and

X peak hour volume-to-capacity ratio (decimal).

Equation 11-3is valid only for X:S;1.00and N= 2, 3, or 4. Values of X greater
than 1.00should be capped at 1.00, and valucs of N greater than 4 should be
capped at 4, for use in Eguation 11-3.

The 95th percentile travel time index (TTl95) and pereent of trips traveling
under 45mi/h (PT4S) can be computed from the average annual TII according to
the following equations.

TT195 = 1 + 3.67 x In (TTlmean)
PT45 = 1- exp [-1.5115 x (TTlmean - 1)]

where

ITl~S 95th percentile TII (unitless),

ITlm~an-= average annual mean travel time index (unitless), and

PT4S = percent of trips that ocrur at speeds less than 45 mi/h (decimal).

USE OF ALTERNATIVE TOOLS

General guidance for the use of altemative traffic analysis tools for capacity
and level-of-serviee analysis is provided in Chapter 6, HCM and Altemative
Analysis Tools. This section contains speciHcguidance for applying altemative
tools to the analysis of freeway facilities. Additional information on this topie
may be found in Chapter 25, Freeway Facilities: SupplementaL

In sorne cases, a Hner 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 oerur in
evaluating traffic-responsive signal timing, traffie adaptive control, dynamie
ramp metenng, dynamic congestion pricing, or measures affecling the
prevalenee or duraban of incidents with less than 100mindurations. There may
also be scenarios and configurations that the HCM carmot address, such as
complex merging and diverging freeway sections.

For such situations, this chaptees conceptual framework foc evaluating
travel time reliability can be applied to altemative analysis tools. The same
conceptual approach of generating scenarios, assigning scenario probabilities,
evaluating scenario performance, and summarizing the resuIts applies when
aIternative analysis tools, such as mierosimulation, are used to estimate the
reliability effects of operations improvements.

Before embarking on the use of altemative 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 nced to be analyzed with the altemative tool in
addition to thc number of rcplications per scenario required by the tool itseif to

Chapler 11jFreeway Reliability Analysis
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establish average conditions. Extracting and summarizing the results from
numerous applications of the alternative tool may be a significant task.

lf a microscopic simulation tool is used, sorne partions of this chapter's
analysis framework that were fit to the HCM's lS-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 lS-min analysis period,

• Weather start times and durations will no longer need to be rounded to
the nearest 15-min analysis periodo

• Demand will no longer need to be held constant for the duration of the
lS-min analysis periodo

• lOe peak hour factars used to identify the peak lS-min flow rate within
the hour will no longer be applied. lOey will be replaced with the
analysis tool's built-in randomization process .

• This chapter's recommended frceway capacity adjustment factors, along
wlth 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. Accclcration and deceleration rates will also be affected for
sorne weather events .

• Th.ischapter's recommended frel'way specd-flow curves focweather
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 befare the
scenarios are run. Application guidance and typical factors are provided
in FHWA's Traffic AlIalysis Toolbox (13).

If a less disaggregate tool is used (e.g., mesoscopic simulation analysis too!,
dynamic traffic assignment too\, demand forecasting tool), many of this chapter's
adaptation.s of the conceptual analysis framcwork to thc HCM ma)' still be
appropriate or may necd to be aggregatcd further. The analyst should consult
thc appropriate tool documentation and determine what further adaptations of
the conceptual analysis framework might be required to apply the altemalive
tool to reliability analysis.

Chapter 11/Freeway Reliability Analysis
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1. INTRODUCTION

OVERVIEW

This chapter presents methodologies for analyzing the capacity and level of
service (LOS)of basic freeway anó 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 scgments, they are analyzed with the same methodoJogy.
The similarities inelude a common form of the speed-flow relationship and the
effects attributed to the numbcr of lanes, Janewidth, lateral clearance, and the
presence of heavy vehieles. The chapter also provides methods for analyzing
basic managed lane segments on freeways and bicyele LOSon multilane
highways.

This chapter focuses on IItlillterrl/pted j1ow, which refers to access-controlled
facilities, with access anó egress being controlJed 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 limitcd to IIl1col1gested j10w conditions.
Uncongested flO\..,.conditions require that the demand-to-capacity ratio for the
segment be less than or equal to 1.0.Uncongested flow on freeways and
mu!tilane highways further means that thcrc are no queuing impacts on the
scgment from downstream bottlenccks. Chapter 10, Freeway Facilities Core
Methodology, provides an cvaluation method for analyzing oversaturated basic
freeway segments. The Higlrway Capacity Mal/l/al (HCM) docs not currently
provide a method for evaluating oversaturated multilane highways other than to
identify thcm as LOS F.

CHAPTER ORGANIZATlON

Scction 2 of this chapter presents thc basic concepts of freeway and multilane
uninterrupted-segment operations, ineluding the definition of base conditions;
differences in the treatment of basic frccway and multilane segments; basic
managed lane concepts; speed-flow rclationships; and demand, capacity, and
LOSmeasures focautomobile traffie.

Section 3 presents the base methodoJogy focevaluating automobile
operations on basic freeway and multilane highway segments.

Section 4 extends the core method prescntcd in Scction 3 to applications for
managed lanes, ineluding high-occupancy vchicle (HOV) and high.
occupancy/toll (HOT) lanes (also called express or priccd managed lanes) with
various types of scparation from the general purpose lanes. This method is bascd
on findings from National Cooperative Highway Research Program (NCHRP)
Project 03-96 (1-3). Additional extensions inelude the effect of trucks and othcr

Olapter 12/6asic Freeway and Multilane Highway 5egments
Version 6.0

VOLUME 2: UNINTERRUPTED FLOW
10. Freeway Facilities Core Methodology
11. Freeway Reliabilrty Analysis
12. Belsic Freeway and Multilane

H¡ghway Segments
13. Freeway Weaving Segments
14. Freeway Merge and Oiverge

5egments
15. Two'lane Highways

Introduction
Page 12-1



Highway Capacity Manual: A Guide tor Multimodal Mobility Analysis

heavy vehieles on capacity and LOSand a method for evaluating bicyele LOSon
multilane highways (with details provided in Chapter 15,Two-Lane Highways).

$ection 5 presents application guidance on using the results of basic freeway
and multilane highway segment analysis, ineluding example results from thc
methods, information on the sensitivity of results to various inputs, and a scrvice
volume table for freeway and multilane highway segments.

RELATED HCM CONTENT

Other HCM content related to this chapter ineludes the following:

• Chapter 3, Modal Characteristics, where thc motorized vehiele
"Variations in Demand" subsection describes typical travel demand
pattems for frt..>ewayand multilane highway segments.

• Chapter 4, Traffic Operations and Capacity Concepts, which provides
background for the speed, fiow, density, and capacity terms specific to
freeway and multilane highway segments that are presented in this
chapter' s $ection 2.

• Chapter 10, Freeway Facilities Core Methodology, and Chapter 1L
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.

• 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 vehiele percentages, presents a method for
evaluating mixed truck and automobile traffic streams on single grades,
describes capacity and spl.>cdadjustments 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 Cuide in
Volume 4, which demonstrates how this chapter's methods can be
applied to the evaluation of an actual freeway facility.

• $ection H, Freeway Analyses, and Section 1,Multilane Highways, of the
Planning and Prelimillary Ellgineering 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
efforl.

Introduction
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2. CONCEPTS

BASIC FREEWAY ANO MUlTILANE HIGHWAY SEGMENT OESCRIPTIDN

A basic freeway or multilane highway segment is outside the influence area
of any merge, diverge, or weaving segmcnts and of any signalized intersections.
Exhibit 12.1 shows typical basic freeway segment cross sections, and Exhibit 12-2
illustrates common typcs of multilane highways.

(a) Eight-lane Urnan Freeway 5egment

(e) Suburban Multilane Highway 5egment
with Two-Way left- Tum lane

(d) Undivíded Rural Multilane Highway 5egment

Exhibit 12.1
Basic Freeway 5egment Types
I1tustrated

Exhibit 12.2
Multilane Highway Types
Illustrated

Chapter 12{Basic Freeway arw::lMultilane Highway 5egments
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Analysis segments must have
uniform geometric and traffic
conditions, induding demand
ffow tates.
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Basic freeway segments generally have four to eight lanes (in both direetions)
and posted speed limits between 50 and 75 mi/h. The median type depends on
right-of-way eonstraints and other factors.

Multilane highways generally have four to six lanes (in both direetions) and
posted speed limits betwcen 40 and 55 mi/h. In sorne sta tes, speed limits of 60 or
65 mi/h or higher are used on sorne multilane highways. These highways may be
undivided (with only a eenterline scparating the directions of £1ow)or divided
(with a physical median separating the directions of £1ow),or they may have a
two-way left-tum lane (fWLTL). Typieally they are loeated in suburban areas
and lead into city centers or in high-volume rural corridors, where they conneet
two cities or activity centers that generate a substantial number of daily trips.

Al! analyses are applied to scgments with uniform eharacteristics. Uniform
segments must have the same geometric and traffic eharacteristics, including a
constant demand £1owrate.

Influenee Areas of Merge, Diverge, and Weaving Segments
In general terms, the influenee area of merge (on-ramp) segments extends

1,500 ft downstream of the merge point. The influence area of diverge (off-ramp)
scgments 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-goce
segment length. For undersaturated operations, these distanees define the areas
most affeeted by merge, diverge, and weaving movements. A complete
diseussion of these in£luence 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 breakdmvns in any type of freeway segment on an adjaeent

basie 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 Traffie Signals on Multilane Highway Segments
The in£luence area of traffie signals on multilane highways is typically about

1 mi, which means that uninterrupted £low may exist if tcaffic signals are spaced
2 mi or more apart. Many multilane highways will have periodie 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.lsolated signalized
intersections along multilane highways should be analyzed with the
methodology of Chapter 19, Signalized lntersections.

O1aprer 12/Basic Freeway and Multilane Highway 5egments
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FLOW CHARACTERISTICS OF BASIC FREEWAY ANO MULTILANE
HIGHWAY SEGMENTS

Traffie fIow within basie freeway segments can be highly dependent on thc
eonditions eonstrieting fIow at upstream and downstream bottleneek loeations.
Sueh bottleneeks can be ereated by any or by a combination of the following:
merging, diverging, or weaving traffie; lane drops; maintenanee and eonstruetion
activities; traffic accidcnts or incidents; objects in the roadway; and geometric
characteristics such as upgrades or sharp horizontal curves. Bottlenccks can exist
even when a lane is not fulIy blocked. Partial bloekages will cause drivers to slow
and divert their paths. In addition, the practice of rubberneeking near roadside
incidents or accidents can cause functional bottlenecks. Many nonrecurring
eongestion effccts have a facilitywide impact and therefore are considcred in
Chapter 10.

Uninterrupted fIow on multilane highways is similar to that on basic
freeway segments. However, there are severa! 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
00 mu!tilane 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 spccd
expectations. Finally, isolated signalized intersections can exist along multilane
highways. The O\'erall result is that speeds and eapacities 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 eategorized as one of three general types: undersaturated, queue
diseharge, and oversaturatcd.

• Undersatllrafed flow represents conditions under which the traffie stream is
unaffected by upstream or downstream bottleneeks.

• Quelle discharge flow represents congested traffic fIow that has just passed
through a bouleneck and is aeeelerating back to the drivers' desired
speeds. 1£no other downstream bottleneck exists, queue diseharge flow
will be relatively stable until the queue is fully diseharged.

• Oversaturated flow represents the eonditions within a queue that has
baeked up from a downstream bottlencck. Thesc fIow conditions do not
reflect the prevailing conditions of the segment itsclf but rather the
consequences of a downstream problem. Al! oversaturatcd flow is
considered to be congested.

An example of each of the threc types of fIow discussed is illustrated in
Exhibit 12-3,which uses data from a freeway segment in California.

Chapter 12/Basic Freeway and Multilane Highway 5egments
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Exhibit 12-3
Three Types of F10w on a
Basic Freeway 5egment
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Source: California Departrnent of Transportatiorl, 2008.
Note: 1405, LosAngeles, California.

FREEWAY CAPACITY DEFINmONS

Freeway segment capacity is commonly understood to be a maximum flow
rate associated with the occurrence of sorne type of breakdown, which results in
lower speeds and higher densities. Previous research has shown that when
oversaturation begins, queues develop and vehides 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 mino
The definition of recovery is therefore the inverse of the definition of breakdown,
requiring a recovery to near prebreakdown conditions (operations aboye the
speed threshold) for at least 15 mino

The HCM defines the breakdown recovery on a freeway bottleneck as a
returo of the prevailing speed to within 10% of the FFS far a sustained period of
at least 15 min, without the presence of queuing upstream of the bouleneck.

Chapter 12/Basic Freeway and Multilane Highway 5egments
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Prebreakdown Flow Rate
The prebreakdown flow rate is the flow rate that immediately precedes the

ocrurrence of a breakdown eventoThe literature suggests that this flow rate does
not have a fixed vaIue, since evidence shows that breakdowns are stochastic in
nature and couId ocrur folIowing a range of flow rates. The flow rate is typicaIly
expressed in units of passenger cars per hour per lane (pc/hl1n) by converting
trucks and other heavy vehicIes into an equivaIent passenger car traffie stream.

In the HCM, the prebreakdown flow rate is defined as the 1S-minaverage
flow rate immediately before the breakdown eventoFor the porpose 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 rcferred to as the queue discharge f10w

rate or the average discharge f10wrate. This flow rate is usually lower than the
prebreakdown flow rate, resulting in significant 10ssof freeway throughput
doring congestionoCases where the postbreakdown flow rate exceeds the
prebreakdown flow rate have aIso been observed, mostly when the
prebreakdown flow rate is Iow. Studies have indicated that the average
difference between the postbreakdown and the prebreakdown flow rates varies
from as Hule as 2% to as much as 20%,with a default vaIue 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 indude good weather, good visibility, no
incidents or acddents, no work zone activity, and no pavement deterioration
serious enough to affect operations. The term libase conditions" presupposes the
existence of these conditions.lf any of these conditions does not exist, the speed
and capacity of the frecway segment can be adjusted through this chapter's
methodology to reflect prevailing conditions. Base conditions also indude the
foIlowing:

• No heavy vehides in the traffic stream,

• A driver population mostly eomposed of regular users who are familiar
with the facility, and

• 12-ft lane widths and adequate lateral dearances (different for freeway
and multilane highways).

The capacity of a basic freeway segment under base conditions varíes with
the FFS.Exhibit 12.4 gives capacity values under base eonditions for a seIection
of FFSvalues. Interpolation between FFSvalues is permitted. In aHcases,
capacity represents a maximum flow rate for a 15-min interva1.

Chaprer 12/Basic Freeway and Multilane Highway 5egment5
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Exhibit 12-4
Basic Freeway and Multilane
Highway 5egment Capacity
Under Base Conditioos

FFS
mi h

75
70
65
60
SS
SO
45

Capacity of Basic freeway
ments h In

2,400
2,400
2,350
2,300
2,250
NA
NA

capacity of Multilane Highway
ments h In

NA
2,3008

2,3008

2,200
2,100
2,000
1900

Base capadty values reter to
the average fIow rate iKT05Salf
/anes without impacts of heavy
vehides, grades, or other
SQ(lrce5of friction.

Since freeways usuafly do not
operate under base ronditions,
observed capadty values w¡fl
typically be Iower lhan /he
base CiJpao"tyvafues. Local
calibration of capaeity values is
critical to ensure proper
evaluation of basic fi1:oeway
segments, especIafly in the
context of an extended
treeway facifity.

capadty vanes stodlasticafly,
and any given kxation coold
have a /arger or smaller value
/han the base capacity.

capadties represent an
average f/ow rate across afl
/anes. Individuaf /anes couJd
have higher stiJbfe fIows.

Density at capacity for boUJ
basic treeway and multilane
highway segments occurs at
about 45 pc¡mi/fn- or at an
average vehide S(JdCingof
117 n.
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Notes: NA •• not 3IIailable .
• Capacities fOf multilane highways wittl65- aoo 70-mi/h FFS are extrapolated and not based on fiekl data.

It is reiterated that these base eapacities refleet ideal eonditiolls on ajaci1ity without
any eapacify.reducing effeets. 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 fIow
rates); capacities measured over a l-h period may be less than these values.
Finally, the base capacities 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 is important, especialIy
when a segment is evaluated in the context of an extended frceway facility. For
some adjustments, the HCM method provides explicit guidance. In other cases,
available defaults for adjustment factors are limited, and these valucs should
therefore be obtained by using local data.

Chapters 10 and 11 provide additional information allowing capacity values
to be adjusted to refIect the impact of long- and short-term construction and
maintenance activities, adverse weather conditions, accidents or incidents, and
the use of active traffic and demand management.

The base capacity valucs represent national norms. Capacity varies
stochasticalIy, and any given location could have a larger or smaller valu€.
Furthermore, capacity refers to the average flow rate across alllanes. Thus, a three.
lane basic freeway segment with a 70-mi/h FFS would have an expected base
capacity of 3 x 2,400:: 7,200pc/h. This flow would not be uniformly distributed
across aUlanes. Thus, one or two Ianes could have stable base fIows in excess of
2,400 pc/hl1n. Similarly, a two-lane (in one direction) multilane highway segment
with a 60-mi/h FFS would have an expected capacity of 2 x 2,200= 4,400 pc/h.
This fIow would not be uniformly distributed. Thus, one lane could have stable
flows in excess of 2,200 pc/hlln.

Basic freeway and multilane highway segments reach their capacity at a
density of approximately 45 pc/milln, although this value varies somewhat from
location to location. At this density, vehicles are spaced too dosel)' to dampen
the impact of any perturbation in flow, such as a lane change or a vehide
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

O1apter 12{Basic Freeway aOO Multilane Highway 5egments
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upstream or downstream merge, diverge, or weaving segments that tcnd to
govem thc opcrations (and capacity) of the facility.

SPEED-FLOW RELATIONSHIP

Characteristics such as lane width, lateral cIearance, median typc, and (in the
case of multilane highways) access point density will affl..'Ctthe FFSof the facility.
Changes in the FFSfurther translate into different spl..'Cd-flowcurves describing
operations under base conditions at higher volume levels.

Under base conditions, spl..'ed-flowcurves far uninterrupted flow on basic
freeway and multilane highway segments follow a common form:

• Constanf speed range. There is a range oi flow rates (in passcnger cars per
hour per lane) over which speed is constant. The range extends irom a
flow rate of zero to a breakpoint value BP. Over this range, the speed is
equal to thc FFS.

• Decreasing speed ral1ge. From BP to the capacity e, speed decreases from the
FFSin a generally parabolic relationship.

• Capacity. In al! cases, capacity occurs when the traffic strcam dcnsity D is
45 pe/milln, indicated by the dashed line in Exhibit 12-5.

The general form of this relationship is ilIustrated in Exhibit 12-5,where thc
x-axis represents the adjusted 15-min demand flow rate vp (pe/h/ln) and the y-
axis represents the space mean speed S oi the traffic stream (mi/h). The equation
ioc the base speed-flow curve ior every basic freeway and multilane highway
segment follows this formoIn aH cases, the value of capacity is directly related to
the FFS.For basic ireeway segments, the value oi BP is aIso directly related to the
FFS.For muitilanc highway segments, the breakpoint value is a constant vaIue,
occurring at 1,400pc/h/ln.

Tñemethodology provides
adjustments {er situatiOns
when the base conditions do
notapply.

....

~
oC_ FF5o¡¡ ¡..:.:..:=--- --, __
~
."••o-••

Density = 45 pe/mi/In
0.°

~ •..- ~
..' ~

•'-••

....

Exhibit 12-5
General Form for Speed-Flow
Curves on Basic Freeway and
Multilane Highway 5egments

Flow Rate (pc/h/ln)

The general anaIytic iorm of the speed-flow relationship is given by
Equation 12-1,while the equations for determining the model parameters,
incIuding the breakpoint and the capacity-both of which are based on FFS-are
given in Exhibit 12-6.The capacity adjustment (CAF) and speed adjustment
factors (SAF) shown in Exhibit 12-6are calibration parameters used to adjust for
local conditions or to account for nonrecurring sources of congestion, and they

Chapter 12/Basic Freeway and Multilane Highway 5egments
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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 capadty-reducing effects on multilane highways.

BP < vp :5 c
Equation 12-1

Exhibit 12-6
Parameters for Speed-Aow
Curves for BasiCFreewayalld
Multilane Highway 5egments

Coo<epts
Page 12-10

s = FFSadj
(e d.) a
FFSadj -T (Vp - 8P)

S ~ FFSadj - (')a
cad) - 8P

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 spced-tlow curves for basic frceway and
multilane highway segments and the development of a common form for
representing these curves are described elsewhere (4-7). Basic spt..>ed-tlowcurves
have bcen developed for FFSvalues between 55 and 75mi/h for freeways and for
FFSvalues between 45 and 70mi/h for multilane highways (however, the 65- and
70-mi/h curves should be used with caution since data for those conditions are
limited).

Param- Definition Basic Freeway Multi,~:.e Highway
eter and Units seaments se ments

FFS Base,~~~ ~rl~ Measured Measured
now mi h ORnredicted with E"uation 12.2 OR~icted with Eauation 12-3

FFS., Ad~~~:h~ FFS«!j= FFS x 5AF No adjustments

Speedadjustment
Localtycalibrated

SAF ORestímated with Olapter 11; 1.00
factor (decimal) SAF 1.00 for base conditions

Basesegment e- 2,200 + 100FFS SO) e- 1,900 + 20(FFS-45)
e e52,400 es 2,300capadty (pc/h/ln) 55 < FFSs 75 455 FFSs 70

'., Adjusted segme~~ C«!J- e x C4F No adjustmentsca. In

Capadty adjustment Locallycalibrated
CAF ORestímated with Olapter 11; 1.00

factor (decimal) C4F - 1.00 for base conditions

D, DenS)~~ .~:city 45 45
mi In

BP B(r:~~~t BP«!j [1~~ + 40 x (75 1,400
hi'o - FFS. x CAF~

a Exponent.r~:ibration 2.00 1.31
n.'lrameter decimal

The largest difference in the speed-tlow curves for basic freeway and
multilane highway segments is in the breakpoint. For fn.'Cways,the breakpoint
varies with FFS-specifical1y, the breakpoint inereases as thc FFSdeereases. This
suggests that at lower values of FFS,drivers will maintain the FFSthrough
higher flow leveIs. For multilane highways, the brcakpoint is a constant. Exhibit
12-7and Exhibit 12-8 show the base speed-flow curves for basic freeway and
multilane highway scgments, respectively, for 5-mi/h increments of FFS.

Olapter 12/Basic Freewayand Multilane Highway 5e9ments
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Exhibit 12-7
Speed-FIow Curves for Basic
Freeway 5egments
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Speed-Aow Curves for
Multilane Highway 5egments
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Note: Dashed CUIVi!:Sare exlrapolated aOOoot based on lieId data.
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BASIC MANAGED LANE SEGMENT CDNCEPTS

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 bchavior
characteristics of managed lane traffic streams are different from those of general
purpose lanes. In addition, interaction occurs betwcen the two traffic streams,
especialIy when there is no physical barrier between the managed and the
general purpose lanes (1-3).

Five types of basic rnanaged lane segrnents are identified, on the basis of the
number of rnanaged lanes and the type of separation from the general purpose
lanes. The speed-flow characteristics of each basic rnanaged lane segrnent 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-scparated, 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. Barrier2: Barrier-separated, multiple lanes.

Basic Managed Lane Segment Capacity

The capacity of rnanaged lanes can be difficult to ascertain bccause they are
oftcn dcsigned to operate at high levels of service and below capacity. While
managed lanes do fail, ernpirical data on their tme capacity values are limitcd.
HOT lane users are providcd with an incentive to pay for the use of the lane in
retum for achieving reliable travel times. Research (1-3) has docurnented the
maximum observed 15-min hour1y £Iow rates (without any breakdowns
observed) on basic rnanaged lane segments, and these values are docurnented in
this chapter as the "capacity." Actual managed lane segrnent capacity, therefore,
may be underestimated in sorne 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 rneasurements of capacity, FFS, or both.

The capacity of a basic managed lane segment depends on the number of
lanes on the segment. A single-Iane managed lane segment does not offer the
opportunity to pass slower vehides, which greatly reduces its capacity and
affects its speed-f1ow relationship. Capacity is also highly dependent on the type
of separation between the managed and general purpose lanes, with barrier-
separated rnanaged lanes less susceptible to operational conditions in the general
purpose lanes than other types of managed ¡anes (continuous access, marking-
only, and buffer-separated). This effect is discussed in more detail below.

eoocepts
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I
Exhibit 12.9
Basic Managed Lane 5egment

1 T,pe<

1

Contínuous Access 1 1
1 1
1 1
1 1

Source: @2014GoogIe.
Note: 1-5, 5eattle, Washülgton.

1 1
1 I
I 1
I I

Buffer 1 I I
1 I
1 1

Source: @2014GoogIe.
Note: 1-394, MinneapoHs, Minnesota.

I I 1
1 1 I
1 1 I

Buffer 2 01 1 1

1 1 1
II I 1 I

1 , I Source: @20HGoogIe.
Note: 1-110, Los Angeles, california.

1 I
I I
1 1
1 1

Barrier 1
1 1
1 I
I ,

Source: @2014Goog1e.
Note: 1-5, Orange County. california.

0'0
1 1

, I I
1 I 1

Barrier 2 00 1 1
1

1 1
I

00
I I

1 1 1 Source: @2014GoogIe.

"""" loS. seattle, Washington.
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Exhibit 12-10 shows how the speed-tlow relationship at high tlows diverges
for a continuous access basic managed lane segment once the neighboring
general purpose lanes approach capacity. Divergence typically occurs whcn the
general purpose ¡ane density exceeds 35 pe/mi/ln, which is the threshold for
entcring LOS E. This interaction starts even at low f10w rates on the managed
lane at about 500 pc/hlln. 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 ¡anes.

Exhibit 12-10
Continuous Access Managed
Lane Speed-Flow Data With
and WJthout the General
Purpose Lane Approadling
Capacity

.,
70

60

20

10

o •
O 500 1,000 1,500 2,000

FIowRate(pe/h/ln)
• GP Density ~ 35 pr/mi/ln • GPDensity > 35 pr/mi/ln

Note: GP a geI1eral purpose larle.

Exhibit 12-11 provides estimated capacities for basic managed lane segmcnts
as a function of the FFS and separation from the general purpose lanes. As
mentioned aboye, these values represent the maximum observed tlow rates from
a national study of managed ¡ane segments (1-3) but are not nccessarily
associated with a dcnsity of 45 pe/h/ln.

Exhibit 12-11
Estimated Lane Capacities for
Basic Managed Lane
5egments

FF'
mi h
75
70
65
60
55

Est1matedLaDecaoac!ties (oc/hilo) by BasjeManaqed LaDe5egmentIyoe
Continuous Aecess Buffer 1 Buffer 2 Barrier 1 Barrier 2

1,800 1,700 1,850 1,750 2,100
1,750 1,650 1,800 1,700 2,050
1,700 1,600 1,750 1,650 2,000
1,650 1,550 1,700 1,600 1,950
1,600 1,500 1,650 1,550 1,900
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An example iIIustration of the rcsulting speed-flow curves for a managed
lane segment with continuous access is shown in Exhibit 12-12. An iIIustration
and comparison of the speed-flow relationships foc difierent 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 jrietional effeet refers to a managed lane that is affected by
elevated density in the general purpose lanes (Le., densities greater than 35
pe/milln). This frictional effect only applies to sorne of the managed lane types
and specifically does not occur for barrier-separated managed lanes or two-iane
managed lanes with buffer separation.

Chapter 12/Basic Freevvay and Muttilane Hlghway 5egments
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Exhibit 12-12
Example Speed--Aow
Relationships for a Continuous
Access Managed Lane
5egment
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Exhibit 12.13
Speed-Flow Curve
Comparison for Managed Lane
5egment Types with 50-mi/h
FFS

flow Rate (pc/h/ln)

-.--.eonbnuoos Access (Nonfl1ction)

-One lane Buffer (Nonfrlctlon)

- ene lane s"rr.er

eanllnllCiUs Access (with friction)

Orle Lane Buffer (wil:t1 fl"lc1:loo)

-Two unes Buffer

-Two unes BIIrril!r

HEAVY VEHICLE CONCEPTS

The traffie performance of heavy vehicles is significantly different from that
of automobiles. The differences relate to vehicle acceleration and deceleration
charaeteristies, as refleeted in their weight-to-power ratios and lengths. Two
categories oi heavy vehicles are defined: single-unit trucks (SUTs)and tractor-
trailers (TIs). Buses and reereational vehicles are treated as SUTs in the HCM.
Chapter 3, Modal Cha.racteristics, provides a more detailed discussion of the
types oi heavy vehicles and compares the HCM and Federal Highway
Administration (FHWA) vehicle classification sehemes. FHWA Classifications 4
and 5 are treated as SUTs by the HCM, while FHWA Classifications 6 and higher
are considered as TI s.

Tractor-uaim are also
sometimes referred ro as
combination tr"uds.

Chapter 12/Basíe Freeway and Multilane Highway 5egments
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Two distinct methodologies are offered to assess the effect of heavy vehides
on capacity and LOS on freeways in the HCM:

1. Traditional passenger car equivaleney (PCE) factors that allow the analyst
to convert a mixed stream of ears and trueks to a single uniform PCE
stream for purpose of analysis; and

2. A mixed-f1owmodel that directly assesses the capacity, speed, and
density of traffie streams that indude a significant percentage of heavy
vehides operating on a single or composite grade.

This chapter's core methodology uses the PCE approaeh, 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 eomposite grades is
found in Chapter 25, Freeway Facilities: Supplemental. The mixed-flow model
form is fulIy consistcnt with Equation 12-1and uses supporting equations to
estimate a SAF,CAF, breakpoint, density at capacity, speed at eapacity, and
exponent calibration parameter. When the mixed-flow models are used, no PCEs
are needed, since the passenger ear, SUT, and TI volumes are used direetIy in
the estimation of mixed-flow speed and density.

In fact, thc mixed-flow method was used to generate the PCE tables as wel!
as an equabon for estimating the PCE value for any traffic mix of SUTs and TIs,
as shmvn 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 behveen the mixed-flow rate at capacity (in vehides per hour per
lane) and the fIow rate of the equivalent automobile-only traffie stream (in
passenger cars per hour per lane). The PCE tables assume the following splits
between SUTs and TIs: 30%SUTs and 70%TIs, 50%SUTs and 50%TTs, and
70%SUTs and 30%TIs. The PCE eguation on which the tables are based allows
othcr truck mixes to be assessed.

If the PCE tables are used by themselves, the resulting speeds and densities
for the equivalcnt automobile-only traffie stream may differ from those
characterizing the mixed-flow condition. For most freeway analyses, PCE tables
are sufficient and pro vide a reasonable approximation of the truck effeets.
However, if truek 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 desircd, 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 reeommended.

Concepts
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LEVEL OF SERVICE

LOSon basic freeway and multilane highway scgments is defined by
density. Although speed is a major concem of drivers related to service quality,
describing LOSon the basis of spt..'C'dwould be difficult, since it remains constant
up to high flow rates (Le., 1,000to 1,800pc/h!ln for basic frecway segments
(depending on the FFS)and 1,400pe/h/ln for multilane highway segmentsj.
Density describes a rnotorist's proximity to other vehicles and is related to a
motorist's freedom to maneuver within the traffie stream. Unlike speed, density
is sensitive to flow rates throughout the rangc of flows. Exhibit 12.14 iIIustratcs
the six levcls of service defined for basic frL'C'waysegments.

lose LOS D

Exhibit 12.14
LOS Examples fO( Basic
Freeway 5egrnents

LOS Described

LOSA describes free-flow operations. FFSprevails on thc frceway or
multilane highway, and vehicles are almost completely unimpeded in their
ability to mancuver within the traffie stream. The effects of incidents or point
breakdowns are easily absorbed.

LOSB represents reasonably fr('('-f1owopcrations, and FFSon the freeway or
multilane highway is maintaincd. The ability to maneuver within the traffic
stream is only slightly restricted, and the generallevel of physical and

Chapter 12jBasic Freeway and Multilane Highway 5egments
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Oversaturated conditiof1s are
represented by LOS F.

eoO<eP'>
Page 12-18

psychoJogical comfort provided to drivers is still high. The effects of minor
incidents are still easily absorbed.

LOS C provides for flow with specds near the FFSof the freeway or multilane
highway. Freedom to maneuver within the traffic stream is noticeably restricted,
and Jane 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 wiII
be significant. Queues may be expected to form behind any significant blockages.

LOS D is the level at which spccds begin to decline with increasing fiows,
with density increasing more quickly. Freedom to maneuver within the traffic
stream is seriously limited, and drivers experience reduced physical and
psychological eomiort levels. Even minor incidents can be expected to creatc
queuing, bccause the traffic stream has liule space to absorb disruptions.

LOS E describes opcration 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 liule room to maneuver within the
traffic stream. Any disruption to the traffic stream, such as vehides entering from
a ramp or an access point or a vehide changing lanes, can establish a disruption
wave that propaga tes throughout the upstream traffie 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.

LOS F describes unstable flow. Such conditions exist within queues forming
behind bottlenccks. Breakdowns ocrur for a number of reasons:

• Traffie 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
Jane drops, experience very high demand in which the number of vehides
arriving is greater than the number of vehides that can be discharged.

• In analyses using forecast volumes, the projected flow rate can exceed the
estimated eapacity of a given location.

In all cases, breakdown oerurs when the ratio of existing demand to actual
capacity, or of forecast demand to estimated capacity, exceeds LOO. LOS F
operations within a queue are the result of a breakdown or boUleneek at a
downstream point. In practical terms, the point of the breakdown has a die ratio
greater than LOO 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) willlikely operate at LOS F speeds and densities, even
if the segment.Ievel predictions are LOS E or beUer. Therefore, for aerurate
estimation of the operational performance of these queue spillback effects, a
freeway facility analysis should be eonduded by using the procedure in Chapter
10 whenever ooe or more segment demands exceed capacily.

Olapter 12/Basic Freeway and Multilane Highway 5egments
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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 dcmand flo\\' rate to capacity (v/c). Each
of these measures is an indication of how well traffic is being accommodated by
the basic freeway segmento

Because speed is constant through a broad range of fIows 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.

lOS
A
B
e
D
E

F

Density (pe/mi/In)
:511

>11-18
>18-26
>2&-35
>35-45

Demand exceeds capadty
OR densiEy > 45

Exhibit 12-15
LOS Criteria for Basic Freeway
and Multilane Highway
5egments

The LOS thresholds for basie freeway and multilane highway segments are
the same far urban and rurallocations, 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 alllevels of scrvice, the density boundaries on basic frceway segments
are the same as those far multilane highways. Traffic charaeteristies are such that
the maximum fIow rates at any given LOS are lower on multilane highways than
on similar basie free\Vay scgments.

The specification of maximum densitics for LOS A to O is bascd on the
collectivc 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 pe/mi/In) is the maximum density at whieh sustained
flows at capacity are expected to oceur. In effect, as indicated in the speed-£low
curves of Exhibit 12-7, when a density of 45 pe/milln is reached, £low is at
capacity, and the v/c ratio is 1.00.

In the application of this ehapter's rnethodology, however, LOSF is
identified when demand cxcccds capacity beeause the analytieal methodology
does 1101allow the determination of density when demand exceeds eapaeity.
Although the density will be greater than 45 pcfh/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 LOSon the base
spccd-fIow curves far basic frceway segments. On a specd-flow plot, density is
a line of eonstant slope starting at the originoThe LOS boundaries were defincd
to produce reasonable ranges far eaeh LOS letter. Exhibit 12-17 shows the same
relationships apptied to multilane highway segments. The two dashed tines in
the latter exhibit correspond to speed-£low relationships that were extrapolated
from other results but that have not been calibrated from ficld data.

Chapter 12/Basíc Freeway and Multilane Highway 5egments
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Exhibit 12-16
LOS Criteria and Speed-Flow
Curves for Basic Freeway
5egments
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LOS Criteria and Speed--F1ow
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3. MOTORIZED VEHIeLE eORE 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 bt.'('npartially updated (5). A numbcr
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-f1ow, undersaturated basic freeway and multilane segments.
Oversaturated conditions on basic free\vay segments can be analyzed with the
method described in Chapter 10, Freeway Facilities COIeMethodology.
Extensions of the methodology described in Scction 4 address basic managed
lane segments and bicycle LOS on multilane highways. Chapter 26, Frt.'Cwayand
Highway Segments: Supplemental, presents a method to analyze freeway
operations on scgments with significant truck presence, a prolonged single
upgrade, or both.

Spatial and Temporal Limits
Determining capacity or LOS requires unifOIm traffic and roadway

conditions on the analysis segmentoThus, any point where roadway or traffic
conditions change must mark a boundary of the analysis 5eb"lTlent.

At eveey eamp-feccway (or eamp-multilane highway) junction, the demand
volume changes as sorne vehicles enter OIleave the traffic stream. Thus, any
ramp junction should mark a boundary between adjacent basic freeway or
multilanc highway scgments.

In addition to ramp-frceway junctions, the following conditions generally
dictate that a boundary be established between basic freeway or multilane
highway segmcnts:

• Change in the number of lanes (cross section);

• Changes in lane width OIlateral clearance;

• Grade change of 2°1.,or more on a specific or composite grade;

• Change in terrain category (for general tereain segments);

• Presence of a traffic signal, STOP sign, or roundabout along a multilanc
highway;

• Significant change in thc access point density or total ramp density;

• Presence of a bottleneck condition;

• Change in posted speed Iimit; or

• Presence of an access point at which a significant number or percentage of
vehicles enters or leaves a multilane highway.

Ramp junctions, grade changes
of 2% or more, changes in the
freeways geometric
characteristics, and changes In
speed limit are sorne of the
conditiOnS didatJng
establishment of oosic freew-ay
segment or muftJlane highway
boundaries.
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The last item in this list is not directly ¡nvolved in the analysis of a basic
frccway or multilane highway segment but would probably reflect changes in
ramp or access point density or other features.

The analysis period for any frecway or multilane highway analysis is
generally the peak 1S-min period within the peak hour. Any 1S-min period can
be analyzed, however.

If demand volumes are used, demand flow rates are estimated through use
of the peak hour factor (PHF). When 1S-min volumes are measured directly, the
analysis period within the hour that has the highest volumes is selected, and
flow rates are the 1S-min volumes multiplied by 4. For subsequent computations
in the methodology, the PHF is set to 1.00.

Performance Measures
The core motorized vehide methodology generates the following

performance measures:

• Capacity,

• FFS,

• Demand- and volume-to-capacity ratios,

• Space mean speed,

• Average density, and

• Motorized vehide LOS.

Active tra/fic and defndnd
management measures for
freeways discussed in Chapter
J1 conSist of the foIfowing;

Ramp metering,
• Congestion pricing,
• Traveler information

"""'"',
• Dynamic lane and

shoukfer management,

5peed harmonization,
• Incident management,,,'"

Worf( zone trafflC
management.

Many of these str8tegies can
be evafuated with
methodologies in Chapter 11.

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:

• Lane controls (to restrict lane changing);

• Extended bridge and tunnel segments;

• Scgments near a toll plaza;

• Facilities with a FFS more than 75 mi/h for basic freeway segments or
more than 70 mi/h for multilane highways;

• Facilities with a base FFS less than 55 mi/h for freeways and less than 45
mi/h for multilane highways, although lower FFS values can be acrueved
for freeway segments by calibraling a SAF;

• Posted speed limit and enforcement practices;

• Presence of intelligent transportation systems (ITS) related to vehide or
driver guidancc;

• 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
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The last four itcms in the Iist of limitations above are addressed in a ffl..'eway
faeility analysis context, as describcd in Chapter 10.The following are additional
limitations for this ehapter's multilane highway methodology:

• The eHect of lane drops and lane additions at the beginning or end of
multilane highway segments;

• Possible qucuing impacts when a multilane highway segment transitions
to a two-Iane highway segment;

• 1111.' negative impaets of poor weather conditions, traffie aecidents or
incidents, railroad erossings, or eonstruetion operations on multilane
highways;

• Differenees bctween various types of median barriers and the differenee
between the impaets of a median barrier and a TIVLTL;

• Significant presence of on-highway parking;

• Prescnce of bus stops that have significant use; and

• Signifieant pedestrian aetivity.

The last three faetors are more representative oí an urban or suburban
arterial, but they may .lIso exist on multilane highway facilities with more than 2
mi between traHie signals. When these factors are prcscnt on uninterrupted-flow
segments of multilane highways, the methodology docs not deal with their
impaet on flow. In addition, this methodology eannot be applied to highways
with a total of three lanes in both direetions, 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 aecess solely
through a system of on-ramps and off-ramps from grade separations or scrviee
roads should be analyzed as freeways. Note that some ramp aeeess or egress
points may be present on a multilane highway where most aceess or egress
points are at-grade junetions of some type.

To address most oí the limitations listcd above, the analyst would have to
utilize altemative tools or draw on other researeh information and develop
spccial-puepose modifications of this methodology. Operational effects of
oversatlleatcd eonditions, incidents, work zones, and wcather and Iighting
conditions can be evaluated with the methodology of Chapter 10and adjustment
faetoes for eapacity and FFSfound in Chapter 11.Operational eHects of active
traHie and demand management (ATDM)measurcs can be evalllated by using
the proeedurcs in Chapter 11, Freeway Reliability Analysis. A broader overview
of ATDM strategies is presented in Chaptee 37, ATDM:Supplcrncntal.

Alternative Tools

Strengths of HCM Procedures

This ehapter's proeedures were developed on the basis of extensive rescareh
suppoeted by a significant quantity of field data. They have evolved over a
number of years .lnd represent an cxpert consensus.

Specific strengths of the HCM basic frccway anó multilane highway scgment
methodology inelude the following:

Uninterrupted-flow mu/tilane
highway facilIties !hat alfow
access soIely through a system
al on-rilmps ilnd off-ramps
from grade separations or
service fOiIds should be
ilfliIlyzed as freewilys.

!he HCM methodology
provides FFS ilS iln output,
incorporates geometric
characteristics, provides
explidt Cilpadty estimiltes, ilnd
produces iI single deterministiC
estiflJilte of traffic density.
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OVERVIEW OF THE METHODOLOGY
Exhibit 12-19 iIIustrates 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 far a given demand volume.

dty

Step 1: Input Data
Geomebic da~
Demand volume

Mellsured FFS (if available)

1
Step 2: Estlmate and Adjust Free-Aow

Speed

Field-mellsured or estimated. Adjustments using
Equlltion 12-2 for bllsic freeway segments and
Equation 12-3 for multihme highway segments

1
Step 3: Estlmate and Adjust Capadty

Bllse capacity from Equation 12-6 and Equation
12-7, with adjustments for calibration and other
impllcts using Equation 12-8 in the case of basic

freeway segments

1
Step 4: Adjust Demand Volume

Pellk hour fllctor
Numberof lanes (one direction)
Heavy vehide acljustment

Use Equlltion 12-9

Compare adjusted demllnd flow rate
to base capacity

ate> capo/" Demand Aow rate ~ caPIl

LOS = F
Go to Olapter 10,
Freeway Facilities

Step 5: Estlmate Speed and Density
Equation 12-1, Exhibit 12-6, and

Equation 12-10

1
Step 6: Determine LOS (A-E)

Exhibit 12-13

Exhibit 12-19 illustrates t/Ie
methodofogy frx an operationilf
analysis. Otñer types of
anafyses are desaibed in
5ection 5, AppIiGJtiOnS.

DemandAow r

Exhibit 12-19
Overviewaf Operational
AnalysisMethodologyfor
BasicFreewayaOOMultilane
Highway5egments
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COMPUTATlONAL STEPS

Step 1: Input Data
For a typical operational analysis, as noted previousl)', the analyst would

have to specify (with either site-specific or default values) the demand volume;
number and width of lanes; right-side or overalllateral dearance; total ramp or
acccss point density; percent of heavy vehides; PHF; terrain; and the driver
population, speed, and capacity adjustment factors (if necessary).

Step 2: Estimate and Adjust FFS
FFScan be dctermined directl)' from field measurements or can be estimated

as described below. Statement of FFSin 5-mi/h increments is no longer necessary.
This change is important in accounting for the effed of weather or work zones,
which may reduce the value of the base FFS.

Field Measurement of FFS

FFSis the mean speed of passenger cars measured during periods of low to
modcrate flow (up to 500 pc/h/ln). 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 FFSis measured directly, no
adjustments are applicd to the mcasured value.

Sorne freeways may have lower posted speed limits for trucks, which may
affed the mixed-flow FFS. In these cases, field studies are recornmended, since
the FFSestimation methodology below is not sensitive to the posted specd limit
or the presencc oí a high percentage of trucks.

The speed study should be conducted at a location that is representa tive of
the segment at a time when flow rates are less than 1,000pe/h/ln. The speed
study should measure the speeds oí aHpassenger cars oc 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 íound
acceptable for other types of traffic engineering applications may be used.
Further guidance on the conduct of spced studies is provided in standard traffic
engineering publications, such as the Mal/ual o/Transportatioll E"gillccrillg Studies
(16).

Estimating FFS

8asic Freeway Segments

Field measurements for future facilities are not possible, and ficld
measurement may not be possible or practical for aHexisting facilities. In such
cases, the segment's FFSmay be estimated by using Eguation 12-2,which is
based on the physical characteristics of the segment under study:

FFS = BFFS - f"w - fRLC - 3.22 X TROo.84

wherc

FFS free.f!ow speed of the basic freeway segment (mi/h);

BFFS base FFS for the basic freeway segment (mi/h);

fu\' adjustment for lane width, from Exhibit 12-20 (mi/h);

FF5 iS the mean speed o,
passenger cars dllring periods
O, Iow to moderare fIow.

Equation 12-2
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fRLC adjustment for right-side lateral c!earance, from Exhibit 12-21 (mi/h);
and

TRD '" total ramp density (ramps/mi).

Equation 12-3

Multilane Highway Segments
For multilane highway segmcnts, the FFScan be estimated by using

Equation 12-3, which is based on the physical charaeteristics 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 scgments in Equation
12-2, the remaining terms are unique to multilane highway segments:

FFS = BFFS - fLw - fnc - fM - fA

where

FFS frce-flow speed of the multilane highway segment (mi/h);

BFFS base FFSfor the multilane highway segment (mi/h);

fLW adjustment for lane width, from Exhibit 12-20 (mi/h);

fne adjustment for total lateral c!earance, from Exhibit 12-22 (mi/h);

fM adjustment for median type, from Exhibit 12-23 (mi/h); and

fA adjustment for access point density, from Exhibit 12.24 (mi/h).

Adjustments to FFS

BaseFFS
This methodology covers basic freeway segments with a FFS in the range of

55 to 75 mi/h. The predictive algorithm for FFS therefore starts with a value
greater than 75mi/h, specifically a default base FFSof 75.4 mi/h, which resulted
in the most accurate predictions in the underlying research.

The methodology covers multilane highway segments with a FFSin 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 FFSbased only on
the highway's horizontal and vertical alignment, not including the impacts of
lane widths, lateral c1earances,median type, and access points. The design speed
may be uscd for BFFS if it is available.

Although speed Iimits are not always unifarmly set, BFFS far multilane
highways may be estimated, if necessary, as the posted or statutory speed Iimit
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 tor Lane Width
The base condition for lane width is 12 ft or greater. When the average lane

width across alllanes is less than 12 ft, the FFSis negatively aHected.
Adjustments to reflect the eHect of narrower average lane width are shown in
Exhibit 12.20.
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Average Lane Width (ft)
~12
~11-12
>10-11

Reduction in FFS,fi:w(mi/h)
0.0
1.9
6.6

Exhibit 12.20
Adjustment to FFS for
Average lane Width for Basic
Freeway and Multilane
Highway 5egments

Adjustment for Right Lateral Clearance on Freeway Segments

The base eondition for right-side lateral dearance is 6 ft or greater. The
lateral clearance is measured from the right edge of the travellane 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 obstruetions, and their influence on traffie is oft"n negligible.

Exhibit 12-21shows the adjustment to FFSdue to the existence of
obstructions elaser than 6 ft from the right travellane edge. Median dearances of
2 ft or more on the left side of the travel lanes generaUy have HUleimpact on
traffic. No adjustments are available to reflect the presence of left-side lateral
obstructions doser than 2 ft from the left travellane edge. Such situations are
rare on modern freeways, except in constrained work zanes.

Right-Side
Lateral

Clearance (ft)
>6
5
4
3
2
1
O

2
0.0
0.6
1.2
1.8
2A
3.0
3.6

Lanes jn One Directien
3 4
0.0 0.0
0.4 0.2
0.8 0.4
1.2 0.6
1.6 0.8
2.0 1.0
2.4 1.2

'5
0.0
0.1
0.2
0.3
OA
0.5
0.6

Exhibit 12-21
Adjustment to FFS fer Right-
Side lateral Clearance, fr,u
(rnifh), for Basic Freeway
5egments

Note: Interpolate lor noninteger values of nght-s!de lateral clearance.

The impact of a right-side lateral c1earance restriction depends on both the
distance to the obstruction and the number of lanes in one direction on the basic
freeway segmento A lateral clearanee restriction causes "chicles in the right lane
to move somewhat to the left. This movement, in turn, affeets vehicles in the next
lane. As the number of ¡anes increases, the overall eHect on freeway operations
deereases.

Adjustment for Total Lateral Clearance on MultJ'lane Highway Segments

The adjustment for total lateral c1earance (TLC)on multilanc highway
segments is based on TLC at the roadside (right side) and at the median (left
side). Fixed obstructions with lateral c1earaneeeffects inelude light standards,
signs, trees, abutments, bridge rails, traffie barriers, and retaining waUs.Standard
raised Clubs are not consídered to be obstructions.

Right-side lateral clearance is measured from the right edge of the travel
¡anes to the nearest periodic or continuous roadside obstruction. If sueh
obstructions are farther than 6 ft from the edge of the pavement, a value of 6 ft is
used.

Oearance restrictions on either
the right or !he left side of the
highway reduce Me FF5.
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Use 6 ft as the feft-Side
clearance for undivided
highways and highways wirh
TW£Tl.s.

Equation 12-4

Le£1-side lateral c1earance is measured from the le£1edge of the travellanes to
the nearest periodic or continuous obstruction in the median. H such obstructions
are farther than 6 ft from the edge of the pavement, a value of 6 £1is used.

Left.side lateral c1earances are subject to some judgment. Many types of
common median barriers do not affect driver bchavior if they are no c10ser than 2
£1from the edge of the travellane, including concrete and W-bcam barriers. A
value of 6 ft would be used in such cases. Also, when the multilane highway
segment is undivided or has a TIVLTL, no left-side lateral c1earance restriction is
assumed, and a value of 6 ft is applied. A separate adjustment, describcd next,
accounts for the impact of an undivided highway on FFS.

Equation 12-4 is used to determine TLC:

TLC = LCR + LCL

where

TLC total lateral c1earance (£1)(maximum value 12 ft),

LC" right-side lateral dearance (ft) (maximum value 6 ft), and

LCL le£1-side lateral dearance (£1)(maximum value 6 £1).

Exhibit 12-22 shows the reduction in FFS due to lateral obstructions on the
multilane highway.

Exhibit 12.22
Adjustment to FFS foc Lateral
C1earances for Multilane
Highways

TLC n
12,o
8
6
4
2
O

Four-lane Highways
Reduction in FFS fnc mi h

0.0
0.4
0.9
l.3
1.8
3.6
5.4

nc ft
12
10
8
6
4
2
O

Six-lane Highways
Reduction in FFS fnc mi h

0.0
0.4
0.9
l.3
1.7
2.8
3.9

The FFS iS reduced en
undivided highways.

Note: loterpolatioo to ttle oearest 0.1 is recommeoded.

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 FFSby 1.6 mi/h.

Exhibit 12.23
Adjustment to FFS for Median
Type for Multilane Highways

MedianType
Undivide<:l
'Twm
Divided

Reductlon in FFS, f,., (mi/h)
1.6
0.0
0.0

Adjustment for Total Ramp Density on Basic Freeway Segments
Equation 12-2 indudes a term that accounts for the impact of total ramp

density on FFS. Total ramp density is defined as the numbcr of ramps (on and
off, one direction) located between 3 mi upstrcam and 3 mi downstream of the
midpoint of thc basic freeway scgment undee study, divided by 6 mi. The total
ramp density has becn iound to be a measure oi thc impact oi merging and
diveeging vehides on FFS.

Motorized Vehiele Core Methodology
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Adjustment for Access Point Density on Multilane Highway Segments

Exhibit 12-24presents the adjustment to FFS for various levels of acccss point
density. Shtdies indicate that for cach access point per mile, the cstimated FFS
dccreases by approximately 0.25mi/h, regardless of the type of median.

The number of access points per mile is detcrmined 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 thc segment in
miles. An intersection oc driveway should only be ineluded in the count if it
influences traffie flow. Access points that go unnoticed by drivers oc that have
Httle aetivity should nol be used to determine access point density.

AccessPoint Density Reduction in FFS,
(accesspoints/mi) f,.(mi/h)

O 0.0
10 2.5
20 5.0
30 7.5
2:40 10.0

Note: lnterpolabon to t:henearest 0.1 is recommended.

Although the calibration of this adjustment did not inelude one-way
multilane highway segments, inelusion of intersection approaches and
driveways on both sides of the facility might be appropriate in determining the
acecss point density on one.way segments.

Speed Adjustment Fador for Basic Freeway 5egments

The estimated FFSfor basie frceway segments can be further adjusted to
reflcet, for cxample, eHeets of inclement weather. In this case, an adjustcd frcc-
flow speed FFSod¡ is calculated by multiplying thc FFSby a SAF as shown in
Equation 12-5:

FFSadj = FFS X SAF

where SAF is the spccd 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 calibra te the estimated FFSfor local conditions
or other effects that contri bu te to a reduction in FFS.Foc example, poor
pavement eonditions oc sun glare may cause drivers to reduce their speeds even
under I{w.r-volumeconditions. The adjusted FFScan be used directly in the
speed-flow relationship for basic freeway scgmcnts in Exhibit 12-6 to define a
continuous speed-flow curve that explicitly considers this adjusted FFS.Finally,
the eHect of unfamiliar drivers on FFScan also be aceounted for by using an
adjusted FFS.While the driver population SAF dcfaults to 1.0 in the base
procedure, general guidance for selecting an appropriatc $AF to aecount for this
factor is given in $ection 4 of Chapter 26.

No adjustment of thc spccd-flow equation using these SAFs is possible for
multilane highway segments, since no empirical researeh exists for applying
thcse eHeets on multilane highways.

FFS 1$ reduced as the access
point denSlty increases.

Exhibit 12-24
Adjustment te FFSfer Access
Polnt Density for Multilane
Highways

Equation 12-5
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Equation 12-6

Equation 12-7

Step 3: Estimate and Adjust Capacity
In this step, the base capacity for the basic freeway or multilanc highway

segment is estimated. The segment capacity is prindpally 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 capadty values for basic freeway segments and multilane highway
segments are Usted in Exhibit 12-4 for various values of FFS. Because of the
ability to interpolate between different FFS values, the resulting segment
capadties should also be interpolated. Alternativel)', the base capadty e for a
basic freeway scgment (in passenger cars per hour per lane) can be estimated
directly with Eguation 12-6, while the base capadt)' for a multilane highway
segment can be estimated directly with Equation 12-7:

e (basic freeway segment) = 2,200 + 10 x (FFSadj - 50)

e (multilane highway segment) = 1,900 + 20 x (FFSadj - 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/hlln for basic
freeway segments and 2,300 pc/hlln for multilane highway segments. Similarly,
the FFS used in these eguations should not exceed 75 milh for basic freeway
segments or 70 mi/h for multilane highway segments.

Adjustment to Capacity for Local Calibration

The base capadties estimated by using Equation 12-6 and Eqllation 12-7 are
based on ideal conditions and are expressed in units of passenger cars per hOllr
per lane. The presence of a significant proportion of heavy vehieles, especiall)' in
combination with grades, will result in a net decrease in the observed capadty
when con verted to units of vehieles per hour per Janc. As a result, sensor-based
measurements of freeway capacities (in vehieles per hOllr per lane) may be
significantly less than the base values stated aboye.

Many factors other than heavy vehiele fffects can contributc to a reduction in
basic freeway segment capadty. ExampJes of capacity-redudng effects inelude
the following:

• 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;

• Turbulenee due to merging. diverging. or weaving maneuvers between
two basic segments;

• Capaeity redllctions due to poor sight distance-for example, due to erest
vertical curves or horizontal curves;

• Narrow lane widths or low lateral elearanees in addition to the effeets on
FFS presented in Step 2;

• Travel throllgh tunnels or across bridges;

• Poor pavement conditions; and
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• Frictíon eHects due to roadside features and attractions that cause drivers
to increase following headways.

In thesc cases, development of a local estimate of capacity and use oí that
estímate to calibrate a CAF íor the segment under study are highly
recommended. In the absence of generalized national data on these capacity-
reducing eHects, 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 Scction 5 ot
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 intluences. 111emethodoIogy 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 = C x CAF

wherc

CaJj adjusted capacity of segment (pc/h),

C = 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 tor
weather and incidcnts are most commonly applied in the context of a reliability
analysis as describcd in Chapter 11, Freeway Reliability Analysis.lf desired,
capacity can be adjusted further to account for unfamiliar drivers in the traffie
stream. While the default CAF for this eHeet is set to 1.0,guidanee is provided in
Scction 4 ot Chapter 26, where estimates for the CAF based on the composition of
thc driver population are provided.

No adjustment of the speed-flow cquation using these CAFs is possibIe for
multilane highway segments, since no cmpirieal rcscarch exists for applying
these eHects to multilane highways.

Step 4: Adjust Demand Volume
Since the spL'Cd-flowcurves and parameters ot Exhibit 12.6 are based on

flow rates in cquivalent passcnger ears per hour on the basic freeway segment,
dcmand volumes expressed as vehicles per hour under prevailing conditions
must be converted to this basis by using Equation 12-9:

Vv ~
P PHF x N x fHV

Equation 12-8

Equation 12.9
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where

v;
PHF
N

f~

demand flow rate under equivalent base conditions (pc/h/ln),

demand volume under prevailing conditions (veh/h),

peak hour factor (decimal),

number of lanes in analysis direction (In), and

adjustment factor for presence of heavy vehides (decimal).

Equation 12-10

Peak Hour Factor
The PHF represents the variation in traffic flow within an hour. Observations

of traffic flow consistentiy indicate that the flow rates found in the peak 15min
within an hour are not sustained throughout the entire hour. The application of
the PHF in Equation 12-9accounts 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 rangc are
typical of urban and suburban peak-hour conditions. Field data should be used if
possible to develop PHFs that represent local conditions.

Adjustment for Heavy Vehicles

AIIheavy vehides are dassified as SUTs or TTs. Recreational vehides and
buses are treated as SUTs. The heavy vehide adjustment factor fHV is computed
from the combination of the two heavy vehide c1asses,which are added to get an
overall truck percentage Pr.

1
tHV = 1+ Pr(Er - 1)

where

fHV "" heavy vehide adjustment factor (decimal),

PT proportion of SUTs and TTs in traffie stream (decimal), and

Er '" passenger car equivalent of one heavy vehide in the traffic stream
(PCE,).

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 vehides on traffie f10wdepends on the terrain and grade
conditions on the segment as well as traffie eomposition. PCEs can be selected for
one of hvo conditions:

• Extended freeway and multilane highway segments in general terrain, or
• Specific upgrades or downgrades.
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Each of these condUions is more precisely defined and discusscd 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 perccntage is low. For
combinations that inelude 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-f1ow speeds and
densities and automobile and truck spt."Cdsin the mixed traffic stream.

Equivalents for General Terrain 5egments

General teTrainrefers to extended lengths of fft.."Cwayand multilanc highways
containing a number of upgrades and downgrades where no one grade is long
enough or steep enough to havc a significant impact on thc opcration of the
overal! scgment. General terrain can be either level or rol!ing. To determine
which of these tcrrain types applics, cach upgradc and downgrade should be
considered to be a single grade, even if the grade is not uniformoThe totallength
of thc 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:

• U'l'e1 terrain: 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%.

• Rol/illg ferraill: 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 vehieles to
operate at crawl speed for significant distances or at frequent intervals. In this
case, the mixed-f1ow model presented in Chapters 25 and 26 must be used to
estimate speeds and densities. Exhibit 12-25gives PCEs for the default mix of
trucks under level and rolling tcrrain conditions.

Passenger Car
E uivalent

£,

Terrain Tyoe
level Rollin
2.0 3.0

Exhibit 12-25
PCEs for General Terrain
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 grcatcr should
be considcrcd as separate scgments. Research (19) has revealed that the SUT
population on freeways has a median wcight-to-horsepower ratio of about 100
lb/hp while the TI population has a median weight-to-horsepower ratio of
150 Ib/hp. Thesc values can vary from one setting to another.

Exhibit 12.26 gives specific-segmcnt PCE values for a 30%/70% SUTnT mix,
Exhibit 12-27gives PCE values for a 50%/50% mix, and Exhibit 12-28gives PCE
values for a 70%/30% mix. The 30%SUT condition occurs more frequently on
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rural facilities; the 50% condition occurs more frequently on urban facilities.
Exhibit 12-28 is recornmended for eonditions where the majority of the trueks in
the traffie stream are SUTs. Note that for the exhibits, segment lengths for grades
above 3.5% are limited to 1 mi, beeause steeper grades are rareiy longer than this
in praetice.

Exhibit 12-26
PCEs for a Mix of 30% SUTs
and 70% lTs

% L~~~h
Peralntage of TrucksC%)

Grade mi 2°10 4% S°lo 6% 8% 10% 15°/0 20% >25%
0.125 2.62 2.37 2.30 2.24 2.17 2.12 2.04 1.99 1.97
0.375 2.62 2.37 2.30 2.24 2.17 2.12 2.04 1.99 1.97

-2
0.625 2.62 2.37 2.30 2.24 2.17 2.12 2.04 1.99 1.97
0.875 2.62 2.37 2.30 2.24 2.17 2.12 2.04 1.99 1.97
1.25 2.62 2.37 2.30 2.24 2.17 2.12 2.04 1.99 1.97
1.5 2.62 2.37 2.30 2.24 2.17 2.12 2.04 1.99 1.97
0.125 2.62 2.37 2.30 2.24 2.17 2.12 2.04 1.99 1.97
0.375 2.62 2.37 2.30 2.24 2.17 2.12 2.04 1.99 1.97

O
0.625 2.62 2.37 2.30 2.24 2.17 2.12 2.04 1.99 1.97
0.875 2.62 2.37 2.30 2.24 2.17 2.12 2.04 1.99 1.97
1.25 2.62 2.37 2.30 2.24 2.17 2.12 2.04 1.99 1.97
1.5 2.62 2.37 2.30 2.24 2.17 2.12 2.04 1.99 1.97
0.125 2.62 2.37 2.30 2.24 2.17 2.12 2.04 1.99 1.97
0.375 3.76 2.96 2.78 2.65 2.48 2.38 2.22 2.14 2.09

2
0.625 4.47 3.33 3.08 2.91 2.66 2.54 2.34 2.23 2.17
0.875 4.80 3.50 3.22 3.03 2.77 2.61 2.39 2.28 2.21
1.25 5.00 3.60 3.30 3.09 2.83 2.66 2.42 2.30 2.23
1.5 5.04 3.62 3.32 3.11 2.84 2.67 2.43 2.31 2.23
0.125 2.62 2.37 2.30 2.24 2.17 2.12 2.04 1.99 1.97
0.375 4.11 3.14 2.93 2.78 2.58 2.46 2.28 2.19 2.13

2.5
0.625 5.04 3.62 3.32 3.11 2.84 2.67 2.43 2.31 2.23
0.875 5.48 3.85 3.51 3.27 2.96 2.77 2.50 2.36 2.28
1.25 5.73 3.98 3.61 3.36 3.03 2.83 2.54 2.40 2.31
1.5 5.80 4.02 3.64 3.38 3.05 2.64 2.55 2.41 2.32
0.125 2.62 2.37 2.30 2.24 2.17 2.12 2.04 1.99 1.97
0.375 4.66 3.54 3.25 3.05 2.80 2.63 2.41 2.29 2.22

3.5
0.625 6.34 4.30 3.87 3.58 3.20 2.97 2.64 2.48 2.38
0.875 7.03 4.66 4.16 3.83 3.39 3.12 2.76 2.57 2.46
1.25 7.44 4.87 4.33 3.97 3.50 3.22 2.82 2.62 2.50
1.5 7.53 4.92 4.38 4.01 3.53 3.24 2.84 2.63 2.51
0.125 2.62 2.37 2.30 2.24 2.17 2.12 2.04 1.99 1.97
0.375 5.80 4.02 3.64 3.38 3.05 2.84 2.55 2.41 2.32

4.5 0.625 7.90 5.11 4.53 4.14 3.63 3.32 2.90 2.66 2.55
0.875 8.91 5.64 4.96 4.50 3.92 3.56 3.07 2.82 2.67
1 9.19 5.78 5.08 4.60 3.99 3.62 3.11 2.85 2.70

0.125 2.62 2.37 2.30 2.24 2.17 2.12 2.04 1.99 1.97
0.375 6.87 4.58 4.10 3.77 3.35 3.09 2.73 2.55 2.44

5.5 0.625 9.78 6.09 5.33 4.82 4.16 3.76 3.21 2.93 2.77
0.875 11.20 6.83 5.94 5.33 4.56 4.09 3.45 3.12 2.93
1 11.60 7.04 6.11 5.47 4.67 4.18 3.51 3.17 2.97

0.125 2.62 2.37 2.30 2.24 2.17 2.12 2.04 1.99 1.97
0.375 7.48 4.90 4.36 3.99 3.52 3.23 2.83 2.63 2.51

6 0.625 10.87 6.66 5.79 5.21 4.46 4.01 3.39 3.08 2.89
0.875 12.54 7.54 6.51 5.81 4.94 4.40 3.67 3.30 3.08
1 13.02 7.78 6.71 5.99 5.07 4.51 3.75 3.37 3.14

Note: Interpolation in the exhibit is permitted.
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% Length Per:centage of Trucks C%)
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 1.97 1.93
0.375 2.67 2.38 2.31 2.25 2.16 2.11 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 1.93
1.25 2.67 2.38 2.31 2.25 2.16 2.11 2.02 1.97 1.93
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 2.67 2.38 2.31 2.25 2.16 2.11 2.02 1.97 1.93

O
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 1.93
1.25 2.67 2.38 2.31 2.25 2.16 2.11 2.02 1.97 1.93
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 3.76 2.95 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 2.63 2.49 2.29 2.19 2.12
0.875 4.57 3.37 3.11 2.93 2.70 2.55 2.33 2.22 2.15
1.25 4.71 3.45 3.17 2.99 2.74 2.58 2.36 2.24 2.17
1.5 4.74 3.47 3.19 3.00 2.75 2.59 2.36 2.24 2.17
0.125 2.67 2.38 2.31 2.25 2.16 2.11 2.02 1.97 1.93
0.375 4.10 3.13 2.92 2.77 2.57 2.44 2.26 2.16 2.10
0.625 4.84 3.52 3.23 3.03 2.77 2.61 2.38 2.26 2.18

2.5
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 2.47 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 2.79 2.62 2.39 2.26 2.19

3.5
0.625 6.05 4.15 3.75 3.47 3.11 2.89 2.58 2.42 2.32
0.875 6.58 4.43 3.97 3.66 3.26 3.01 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 2.43
0.125 2.67 2.38 2.31 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 3.42 2.97 2.73 2.59
1 8.53 5.45 4.81 4.37 3.81 3.47 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 2.55 2.43

5.5 0.625 9.37 5.89 5.16 4.68 4.05 3.67 3.14 2.88 2.72
0.875 10.49 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 4.43 4.05 3.56 3.26 2.85 2.64 2.51

6 0.625 10.45 6.45 5.63 5.07 4.36 3.92 3.33 3.03 2.85
0.875 11.78 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: lnterpolatior¡ in the exhitiit is permitted.

Exhibit 12-27
PCfs for a Mix of 50% SUTs
and 50% TTs
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Exhibit 12-28
PCEs for a Mix of 70% SUTs
and 30% TTs

'lo Length Percentaqe of Trucks (Ofo)

Grade (mi) 2% .'10 5'10 60/0 8'10 100/0 15% 20% >25%

0.125 2.39 2.18 2.12 2.07 2.01 1.96 1.89 1.85 1.83
0.375 2.39 2.18 2.12 2.07 2.01 1.% 1.89 1.85 1.83
0.625 2.39 2.18 2.12 2.07 2.01 1.96 1.89 1.85 1.83.,
0.875 2.39 2.18 2.12 2.07 2.01 1.96 1.89 1.85 1.83

1.25 2.39 2.18 2.12 2.07 2.01 1.96 1.89 1.85 1.83
1.5 2.39 2.18 2.12 2.07 2.01 1.96 1.89 1.85 1.83

0.125 2.39 2.18 2.12 2.07 2.01 1.96 1.89 1.85 1.83
0.375 2.39 2.18 2.12 2.07 2.01 1.% 1.89 1.85 1.83
0.625 2.39 2.18 2.12 2.07 2.01 1.% 1.89 1.85 1.83

O 0.875 2.39 2.18 2.12 2.07 2.01 1.% 1.89 1.85 1.83
1.25 2.39 2.18 2.12 2.07 2.01 1.% 1.89 1.85 1.83
1.5 2.39 2.18 2.12 2.07 2.01 1.% 1.89 1.85 1.83

0.125 2.67 2.32 2.23 2.17 '.08 2.03 1.94 1.89 1.86
0.375 3.63 2.82 '.64 2.52 2.35 2.25 2.10 2.02 1.97
0.625 4.12 3.08 2.85 2.69 2.49 2.36 2.18 2.08 2.02,
0.875 4.37 3.21 '.% 2.78 2.56 2.42 2.22 2.11 2.05

1.25 4.53 3.29 3.02 '.84 '.60 2.45 2.24 2.13 2.07
1.5 '.58 3.31 3.04 '.86 2.61 2.46 2.25 2.14 2.07

0.125 2.75 2.36 2.27 2.20 2.11 '.04 1.95 1.90 1.87
0.375 4.01 3.02 2.80 2.65 '.46 2.33 2.16 '.06 2.01

'.5
0.625 '.66 3.35 3.08 '.88 '.64 2.48 2.26 2.15 '.08
0.875 '.99 3.52 3.21 3.00 2.73 2.56 2.32 2.19 2.12
1.25 5.20 3.64 3.30 3.08 '.79 '.60 2.35 2.22 2.14
1.5 5.26 3.67 3.33 3.10 '.80 2.62 2.36 2.23 2.15

0.125 2.93 2.45 2.34 2.26 2.16 '.09 1.98 1.92 1.89
0.375 '.86 3.46 3.16 '.% 2.69 2.53 2.30 2.18 2.10

3.5
0.625 5.88 3.99 3.59 3.32 2.98 2.76 '.46 2.31 2.22
0.875 6.40 4.26 3.81 3.51 3.12 '.88 2.55 2.38 2.28
1.25 6.74 4.43 3.96 3.63 3.21 '.% '.60 2.42 2.32
1.5 6.83 4.48 3.99 3.66 3.24 2.98 2.62 '.44 2,33

0.125 3.13 2.56 2.43 '.34 2.21 2.13 2.01 1.95 1.91
0.375 5.88 3.99 3.59 3.32 2.98 2.76 '.46 2.31 2.22

'.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 2.47

1 8.33 5.27 4.63 4.21 3.66 J:33 2.87 '.64 2.50
0.125 3.37 2.69 2.53 2.42 2.28 2.19 2.05 1.98 1.94
0.375 7.09 4.62 4.11 3.76 3.31 3.04 '.66 2.47 2.36

5.5 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 5.43 '.88 4.18 3.76 3.18 2.89 2.71

1 10.52 6.41 5.57 5.00 4.27 3.83 3.24 2.93 2.75
0.125 3.51 2.76 2.59 2.47 2.32 2.22 '.08 '.00 1.95
0.375 7.78 4.98 4.40 4.01 3.51 3.20 2.78 2.56 '.44

6 0.625 10.17 6.23 5.42 4.87 4.17 3.75 3.18 '.88 2.71
0.875 11.43 6.88 5.95 5.32 4.53 '.04 3.39 3.06 '.86

1 11.81 7.08 6.11 5.46 '.64 4.13 3.45 3.11 '.90
Note: InterpolatiOn In the exhitJit IS POOTlltted.

The PCE values shown in this chapter have becn estimated from simulation.
They are also based on generalized analytical equations for the propulsion and
resistance characteristics of SUTs and TIs (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 rCE 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 apprapriate mixed-flow madel from
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Chapter 25 (composite grades) or Charter 26 (single grades) is recommended in
Iieu of applying rCEs.

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 (se€'Exhibit 12.4).

If demand exceeds capacity, the LOSis F and a breakdown has becn
identified. To analyze the impacts of such a brcakdown, the Chapter 10
methodology must be uscd. No further analysis using the present chaptees
mcthodology is possible. If demand is less than or equal to capacity, the analysis
continues to Step 5.

Step S: Estimate Speed and Density
At this point in the methodology, the following have been determined: (a)

the FFSand appropriate FFScurve for use in the analysis and (b) 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
traffie stream can be computed. A graphical solution with Exhibit 12-7can also
be performed.

After the speed is estimated, Equation 12.11 is used to estimate the density of
the traffic strearn:

Vp
D=-

S
where

D density (pe/mi/In),

vp demand flow rate (pc/h/ln), and

S mean speed of traffic stream under base conditions (mi/h).

As has been noted, Equation 12-11is only used when v/e is less than or equal
to 1.00.AHcases in which this ratio is greater than 1.00are LOSF. In these cases,
the speed S will be outside the range of Exhibit 12-6and Exhibit 12.7, and no
speed can be estimated.

Where LOSF exists, the analyst should consult Chapter 10,which allows an
analysis of the time and spatial impacts of a breakdown, inc1uding its effects on
upstream and downstream segments.

Step 6: Determine lOS
Exhibit 12.15 is entered with the density obtained from Equation 12-11to

determine the expeeted prevailing LOS.

Equation 12-11
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VefSiOn 6.0

Motorized Vehicle Core Met!lodology
Page 12-39



Highway Capacify Manual: A Gujde tor Multimodal Mobiljfy Analysis

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 vehide methodology to analyze the
operation of basic managed lane segments on freeways. Section 2, Concepts,
defines the five types of basic managed lane scgments and presents basic speed-
flow and capaóty 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 oí the speed-flow relationship far managed lanes is
iIlustrated in Exhibit 12-29,where the x-axis represents the adjusted 15-min
demand flow rate vp and the y-axis gives the space mean speed SML for the traffic
stream.

The exhibit distinguishes two speed-flow curves that depend on a frictional
eHect 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 (Le., their density
exceeds 35 pc/milIn).

,,,,

, --
•/

Breakpoint BP

Unear Range

50

60

20

70Exhibit 12-29
General Fonn for Speed-flow
Curves for Basic Managed
Lane 5egments on Freeways

o 500 1,000
Flow Rate (pc/hfln)

1,500 2,000

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 oí which are based on FFS.

Extensions 10 the Methoclology
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Vp ;::; BP
BP < vp s: c

Equation 12-12

where

5,\IL space mean spccd of the basic managed lane segment (mi/h)¡

SI speed within the linear portian of the speed-flow curve, from
Equation 12-15(milh)¡

52 spccd drop within the curvilinear portion of the speed-flow curve,
from Equation 12-17(milh)¡

53 additional spccd drop (milh) within the curvilinear portian of the
speed-flow curve when the density of the adjaeent general purpoS('
lane is more than 35 pe/milln, from Equation 12-19;

le indicatar variable, where 1 ""presence of densities greater than 35
pe/mi/In in the adjacent general purposc lane (Oor 1);

BP breakpoint in the speed-flow curve separaHng the linear and
curvilinear sections (pc/h/ln), from Eguation 12.13¡and

vp "" 15-min average flow rate (pc/h/ln).

The breakpoint in the speed-flow curve is defined by Equation 12-13:

BP = [BP7S + .lB' X (75 - FFSod¡l] X CAF'
where

Equation 12-13

BP

FF5od¡

CAF

breakpoint in the speed-flow curve separating the linear and
eurvilinear seetions (pc/h/ln);

breakpoint for a FFSof 75milh, from Exhibit 12.30 (pc/h/ln);

rate of inerease in breakpoint per unit decrease in FFS, from Exhibit 12-
30(pc/h~n);

adjusted free-flow spC£'d(mi/h); and

capacity adjustment factor (unitless).

Similar to general purpose lanes, capacity and FFScan 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
Iimited, 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 absenee of field data, defaults given far two-lane facilities may be used (e.g.,
for a single-lane managed lane shoulder dosure incident).

A basic managed lane segment's capacity is estimated by Eguation 12-14:

Cadj = CAF X [C75 - Ac x (75 - FFSadj)]

where

Cod] adjusted basic managed lane segmcnt capacity (pelh/lnl¡

CAF capacity adjustment factor (unitless)¡

Chapter 12/Basic Freeway and Multilane Highway 5egments
Version 6.0
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Equation 12-15

Equation 12-16

Equation 12-17

C75 managed lane capacity for a FFS of 75 mi/h, from Exhibit 12-30 (pc/hlln);

"e rate of change in capacity per unit change in FFS, from Exhibit 12-30

(pc/hl1n); and

FFS4J.; = adjusted free-flow speed (mi/h).

The linear portion of the speed-flow curve is computed from Eguation 12-15:

51 = FFSadj -Al X min(vp,BP)
where Al 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 a1lother 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 A2 that is computed with
Equation 12-16:

where

A2 spccd reducHon per unit of flow rate in the curvilinear section of the
speed-flow curve (mi/h);

A~5 calibration factor for a FFS of 55 mi/h, from Exhibit 12-30 (mi/h);

""2 rate of change in A2 pcr unit increase in FFS, from Exhibit 12-30 (mi/h);
and

FFS4J.j = 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 egual to 35 pe/mi/In is
computed from Equation 12-17;

(Sl.SP - ~:J) A
zS,= A (Vp-BP)

(e"di - BP) ,
where

Extensioo5 te the Methodology
Page 12-42

s,

K:}J,

BP

speed drop within the curvilinear portion of the speed-flow curve
(mi/h);

speed at the breakpoint of the speed-flow curve, calculated from
Equation 12-15 by setting vp to BP (mi/h);

adjusted basic managed lane segment capacity (pc/hl1n);

density at capacity, without the frictional eHeet of the adjacent general
purpose lane, from Exhibit 12-30 (pe/mi/In);

breakpoint in the speed-flow curve separating the linear and
curvilinear sections (pc/h/ln);

speed redudion per unit oí flo\\! rate in the curvilinear seetion oi the
speed-flow curve (mi/h); and

Olapter 12/Basíc Freeway and Multilane Highway Segments
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Vp = Is-min average fIow rate (pclhlln).

Continuous aeeess and Buffer 1 segment types operate at lower spceds when
adjaeent general purpose lane density is greater than 35 pe/mi/In. The indicator
variable le is used to determine the status of the general purpose lane operation.
This variable is determined by using Equation 12-18.

KGP ::; 35 pe/mi/In
or segment type is Buffer 2, Barrier 1, or Barrier 2
otherwise

Equation 12-18

where KGP is the density of the adjaeent general purpose Jane (pe/milln).

The additionaJ speed redudion that oerurs in the rurvilinear portion of the
spced-f1ow curve because of high density in the adjaeent general purpose Janes
is computed by Equation 12-19:

(:;:f) - (C;f!) 2
53= C c

2
(vp-BP)

(C"di - 8P)

whcre K{ is the density at capacity, with the frictional eHeet of the adjaeent
general porpose lane (pe/mi/Jn), from Exhibit 12-30,and other variables are as
defined previousJy.

Exhibit 12-30tabulates the parameters used by speed eomputations for the
different basie managed Jane segment types.

5eQment Tvpe Bp" Ay <>, A, A~s An A, K," K{
Continuous access 500 O 1,800 10 2.5 O O 30 45

Buffer 1 600 O 1,700 10 1.4 O 0.0033 30 '"Buffer 2 500 10 1,850 10 1.5 0.02 O 45' NA
Barrier 1 800 O 1,750 10 1.4 O 0.004 35 NA
Barrier 2 700 20 2100 10 1.3 0.02 O 45 NA

Note: • These are avefage values of density at capadty observed by NCHRP Project 03-96 (1), rangir.g from 40.9
to 42.5 pc/rni{ln for Buffer 1 and from 40.1 to 50.4 pc/rni/ln for Buffer 2 segrnent types.

BICYCLE METHOOOLOGY FOR MULTILANE HIGHWAYS

Bicycle LOS Criteria
BieycleleveJs of service for multilane highway segments are based on a

bicycle LOS seore, which is in tum based on a travelee peeception model.
Chaptee 15, Two-Lane Highways, provides details about this service measure,
whieh is identical for two-lane highways and multilane highways. The bicycle
LOSseore is based, in order oi importanee, on five variables:

• Average effeetive width of the outside through lane,

• Motorized vehicle volumes and speeds,

• Heav)' vehicle (truek) volumes, and

• Pavement eondition.

The LOSranges for bicycles on two-lane and multilane highways are given
in Exhibit 12.31.

Equation 12-19

Exhibit 12.30
Parameters for Basic Managed
Lane 5egment Analysis

Bicyde LOS is baseé on a
traveler perception modeL The
measure applies on/y to
multilane highways, not
freeway segments.

FoIfow the step-by-steP
descripticn of the bicycle LOS
method given in Chapter J5 to
G1lculate bicyde LOS on
multlfane highways.

Chapter 12/Basic Freeway and Multilane Highway Segments
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Exhibit 12-31
Bicycle lOS for Two-Lane and
Multilane Highways

lOS
A
B
e
o
E
F

Bieyde lOS 5core
:$1.5

>1.5-2.5
>2.5-3.5
>3.5-4.5
>4.5-5.5

>5.5

A1though the bicyr;Je LOS
modeI has been successfully
applied to rural multilane
highways, users should be
aware lhat rondirions on many
of those highways are outskle
the range of values used to
deveIop the model.

Required Input Data
The data required for evaluating bicycle LOS 00 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,

• Shoulder width: O to 6 ft,

• Motorized vehicle volumes: up to 36,000annual average daily traffic
(AADT),

• Number of directional through lanes,

• Posted speed: 25 to 50 mi/h,

• Heavy vehicle percentagc: 0% to 2%, and

• Pavement condition: 2 to 5 on the FHWA 5-point pavement rating seale
(23).

Methodology
The calculation of bicyc1eLOS on multilane and two-Iane highways shares

the same methodology, sinee multilane and two.lane highways operate in
fundamentally the same manner for bicydists and motorized vehicle drivers.
Bicyclists travel much more slowly than the prevailing traffie 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 mode!.

The bicyele LOS model for multilane highways uses a traveler perception
index calibrated by using a linear rcgression mode!. The model fits indepcndent
variables assodated with roadway eharacteristics to the results of a user survey
that rates the comfort of various bicyele facilities. The resulting bicyelc LOS index
computes a numerieal LOS score, generally ranging from 0.5 to 6.5, which is
stratified to produce a LOS Ato F resultby 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 colIected on urban and

suburban streets, including fadlities that would be defined as suburban
multilane highways. Although the methodology has bL>cnsucecssfully applicd to
rural multilanc highways in different parts of the United States, uscrs should be
aware that cooditions on many rural multilane highways (i.e., posted speeds of
55 mi/h or higher or heavy vehicle pcrcentagcs over 2%) wiII be outsidc thc range
of values used to develop the bicycle LOS mode!.

Extensions te the Methodology
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5. APPLICATIONS

EXAMPLE PROBLEMS

Scction 6 of Chapter 26, Freeway and Highway Segments: Supplemental,
provides seven example problems that go through each of the computational
steps involved in applying thc automobile to basic freeway and multilane
highway segments:

1. Four.lane freeway LOS (operational analysis),

2. Numbcr of lanes required to achieve a target LOS (design analysis),

3. Six-Iane freeway LOSand eapacity (operational and planning analysis),

4. LOSon a five-Iane multilane highway with a TIVLTL(opcrational
analysis),

5. Estimation of the mixed-flow operational performance of a basic segment
with a high truck percentage (operational analysis),

6. Scvcre weather cffects on a basic freeway segment (opcrational analysis),
and

7. 8asie managcd lane segment with and without frietion effccts
(opcrational analysis).

5ection 7 of Chapter 26 provides an example of the applieation of the bicycle
LOSmethod.

RELATED CONTENT IN THE HCMAG

The Highway Capacity Mmlllal Applicatiolls Cuide (HCMAG), accessible
through the onlinc HCM Volume 4, provides guidance on applying the HCM on
basic freeway scgments. Case Study 4 goes through the process of identifying the
gnals, objectives, and analysis tools for investigating LOSon 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
invcstigate alternatives for correcting the deficiencies.

This case study indudes the following problems relatcd to basic freeway
segments:

1. Problem 1:Analysis of two basie freeway segments

a. Subproblem la: Traffic flow patterns

b. Subproblem lb: Selection of appropriate data and basic freeway
analysis

c. Subproblem le: Basic frecway analysis

2. Problcm 4: Analysis of segments as part of an extended freeway facility

a. Subproblem 4a: Separation of Route 7 for HCM analysis

b. Subproblem 4b: Study nf off-peak periads

c. Subproblem 4e:What is the operational performance of Route 7
during the peak periad?

Chapter 12}Basic Freeway and Multilane Highway Segments
Version 6.0
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Although the HCMAG was based on the HCM2000's procedures and
chapter organization, the general thought process deseribed in its case studies is
applicable to this edition of the HCM.

EXAMPLE RESULTS

This section presents thc results of applying this ehapter's method in typical
situations. Analysts can use the iUustrative 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 seetion 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.

The ffeeway FF5 Is most
5ensltive to the tota' ramp
denSity and the right-side
lateral clearance.

Sensitivity of Freeway Results to Total Ramp Density and Right-Side
Lateral Clearance

Exhibit 12-32 illustrates how FFSvaries foc a basic freeway segment with a
base FFSof 75mi/h when the total ramp density varies from 1 to 4 ramps/mi. The
top curve shows the case with adequate right.side clearance (Le., 6 ft or greater),
while the lower curve shows the case with no right.side clearanee (i.e., no right
shoulder).

4.54.0].51.5

" ... z;;;a..... ~ 1- -~~~~-~

L----i. -f~
1.0 2.0 2.S 3.0

Total Ramp Density (ramps/ml)

calaJlated by using this chapter's methods. Rxed values Jrdude BFF5 = 75.4 mi/h for a basíc freeway
segment and f,w = 6.6 for 10-ft laoes.

70e----l-

55 --1
SO ~
0.5

Note:

7SExhibit 12.32
lIIustrative El'fect of Totll
Ramp Density and Right-$ide
Lateral Oearance on Basic
Freeway 5egment FFS

Each on- and off-ramp in !he
diredion oftravel iSecunted
when total ramp ciensity iS
determined.

A frceway with 2 ramps/mi represents a case where there are 6 ramps within
3 mi on either side of the study loeabon. This occurs primarily in urban areas,
where interchanges may be clase to eaeh other, sometimes even in exeess of 6
ramps/mi. The FFS foc that condition is nearly 70 mi/h, assuming a base FFSof 75
mi/h. In contrast, the same segmcnt without any right.side clearance has a much
lower FFS-just aboye 60 mi/h.

Applications
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In general, most interchangcs 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 directiun: une on-ramp and une
off-rampo Thus, a freeway with two cloverleaf interchanges fully contained
within 1 mi wuuld have a total ramp density of 8 rampsjmi. A freeway with twu
diamond interchanges fully contained within 1 mi would have a total density of
4 ramps/mi. This suggcsts that in any given situation (with comparable demand
£1ows),cloverleaf interchanges will have a greater negative impact on FFSthan
diamond interchanges.

Although the curves in Exhibit 12.32 are not straight lines, their slopcs are
relatively constant. On average, an increase of 2 ramps/mi in total ramp density
causes a drop in FFSof approximately 5 mi/h. A reduction in FFS,of course,
implies reductions in capacity and service volumes.

Sensitivity of Freeway Results to v/cRatio
Exhibit 12-33shows the relationship bctw('('n speed and v/e ratio. Not

unexpectedly, the shapes of these curves are similar to the basic speed-£1ow
curves of Exhibit 12-7.Speed does not bcgin to decline until a v/e ratio of 0.42 to
0.80 is reached, depending on the FFS.

80

70
I---¡-----------------¡---¡--:_---.......T ¡......... ,

._"_._._._._._-._._._._._.-.- : --

I I
. ~ ".'.... :.::.~................ - f................ p

Exhibit 12-33
IIIustrative Effect of v/e Ratio
00 Basic Freeway 5eg:mentS_

40
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

- FFS = 75 mi/h
- . FFS = 60 mi/h

v{c Ratio

- - FFS = 70 mi/h •.••• FFS = 65 mi/h
..•.. FFS = 55_IT.lijh _

Note: Ca1culated by using this chapter's methods. Fixed values iroclucle 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 12-34illustrates the effect of access point density, lateral clearance,
and median type (dividt:'d or undivided) on tht:'resulting multilane highway
segment FFS,assuming a base FFSof 65 mi/h.

Chapter 12/6asic Freeway and Muttilane Highway 5eg:ments
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•

11109432

65 -~-,---

63 --f- -1 I 1+:
61 -.- •.-•••••::--==: OiVjOedfac¡llt}tw ~ ~ 1-

...... ~"""'"-- ''''Orlo.. t
59

I ..•_;~.••~ 'ac;1 ...;;:-.¡uate
:c .~-:~_J -"_.....!~.~~~~cI~ra':5'es bol -
- _ ~.~~::='ao,h. I -.-•.•.•~teN_: ' M Sirl...... I'E- 57 1 - - " ~~~ "r... -----,.-'-'.~r, "~
•.•• - vfl(JIVi"'_~ ~~. .'IM no' I ......!'!ces

- - -~{<JciII~:::~~J~~eralcl,.~ I..•.•..•..•.~~.sldesI --i 55 -._'r_"'Mnola;;,,~~~!ances~ 1 ••••.• _;r.--
~ 53---1---1-1 - -,_._al.E~;~~~~~.S!~+ -.

5 6 7 8
Number of Aceess Points Per Mile

Exhibit 12-34
lIIustrative Eftect of Access
Point Density, latera!
Qearance, and Median Type
en Multilane Highway
5egment FFS

Note: Cala.J1ated by using ttlis chapter's methods. Fixed values include base FFS = 65 rniJh and f,w = O for 12.ft"~,
Exhibit 12-34 shows that adding a single access point per mile results in a 1.

mi/h drop in the FFS. This value represents the slope of aH four lines in the
exhibit. The eHect of lateral c1earance is also significant; the FFS is reduced by
nearly 4 mi/h when aH other parameters are held fixed. FinaHy, 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 fOL

Sensitivíty of Freeway Results to Incidents and Inclement Weather
The speed~flow curves presented in this chapter are primarily sensitive to

flow rates, FFS, and capadty. lnddents and inclement weather reduce a basic
freeway scgment'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-dosure incident, and heavy snow-for a base FFS of 70 mi/h.
The CAFs used for shoulder c10sure 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 0.88.

•
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Exhibit 12-35
IIIustrative Effect of Incident5
and Indement Weattler on
Basic Freeway 5egment FFS

60

'.

20

"
o
o 600 1,000 1,500 2,000 2,500

flow Rate {pe/h/ln}

-ele~r Weather ~nd No Incident
..".....Heavy Snow

. Shoulder elosure
-CIIpacity: Density _ 45 pcJml/ln

Note: Calculated by using this chapters methods. fixed val!.!eSinclude FFS '" 70 mi/h, CAF = 1.0 for base case,
$AF = 1.0 fur base case, and no heavy vehicle or grade effect5.

Sensitivity of Managed lane Results to Inclement Weather and General
Purpose lane Friction

Exhibit 12-36depicts speed-flow curves for a single-lane eontinuous access
managed lane segmcnt for combinations of weathcr (light snow and nonsevere)
and adjaeent general purpose lane density ($35 pe/mi/In, resulting in no friction,
and >35 pe/milln, resulting in friction). The CAF for light snow is 0.957and the
SAF for light snow is 0.94, on the basis of default values fmm Chapter 11.

1,000 1,200 1,400 1,600 1,800

Exhibit 12-36
IlIustrative Effect of Inclement
Weather and General Purpose
lane Friction on Managed
lane FFS

,
,
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800600400200

65

60

SS~~-'E SO-~
~ 45~~

40

35

30
O

Flow Rate (pe/h/ln)

-Base Case Without FrictiOn

-light Snow Without Friction

- - - Base Case with Friction

- - - Ught Snow with Friction

Note: Ca1culated by using thiS chaptef's methods. Fixed values include FFS = 60 mi/h, CAF = 1.0 fo, base case,
SAF = 1.0 fur base case, and no heavy venicle o, g,ade effects.
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Plannfng and preliminary
engfneering applieations also
find !he number of Janes
requfred to de/ivef a target
LOS but provide more
generalized input va/ues lO the
methodology.

Equation 12-20

Chapter 3provides additionaf
guidance on K - and D-factors.

Design analyses find the
numtJer of /anes required for a
target LOS, given él specified
demand voIume.

Equation 12-21

PLANNING ANO PRELlMINARY ENGINEERING ANALYSIS

A frequent objeetive 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.Thc primary differenees 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 eonverting the dcmand expressed
as an AADT to an estimate of the direetional peak-hour demand volume
(DDHV) with Equation 12-20:

V = DDHV = AADT x K x D
where K is the proportion of AADT oecurring during the peak hour and D is the
proportion of peak-hour volume traveling in the peak direetion.

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 aHdefault
values, 10ealIyor regionally ealibrated values are preferred and yield more
aecurate results. Both the K-factor and the D-faetor 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, deseribed nexl. Additional details and
diseussion on planning applieations can be found in the Plmming and Preliminary
Ellgineering Applicafiolls Cuide fo the HCM in Volume 4.

OESIGN ANALYSIS

In design analysis, a known demand volume is used to determine the
number of lanes nceded to deliver a target LOS.Two modifications are required
to the operational analysis methodology. First, sinee the number of lanes is to be
determined, the demand volume is converted to a demand flow rate in passengcr
cars per hour, not per lane, by using Equation 12-21 instead of Equation 12-9:

Vv~
PHF X fHV

where v is the demand flow rate in passenger ears per hour and aHother
variables are as previously defined.

Seeond, a maximum service flow rate for thc target LOS is then seleeted from
Exhibit 12-37 for basic freeway segments or Exhibit 12-38 for multilane
highways. These values are seleeted from the base speed-flow curves of Exhibit
12-6for eaeh LOS. In using these exhibits, the FFSshould be rounded to the
nearest 5 mi/h, and no interpolation is permitted.

Exhibit 12-37
Maximurn 5ervice Flow Rates
for BaslcFreeway 5egments
Under BaseConditions

".mi h
75
70
65
60
55

Maximum 5erv;ce Flow Ratesfor Taraet LOS (pc/h/lnl
A BCD E
820 1,310 1,750 2,110 2,400
770 1,250 1,690 2,080 2,400
710 1,170 1,630 2,030 2,350
660 1,080 1,560 2,010 2,300
600 990 1,430 1,900 2,250
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FFS
mi/h
60
ss
50
45

Maximum 5ervice Elow Rj'ltes tor Target LOS (pc/hllnl
A B e o E
660 1,080 1,550 1,980 2,200
600 990 1,430 1,850 2,100
550 900 1,300 1,710 2,000
290 810 1,170 1,550 1,900

Exhibit 12-38
Maximum 5ervice Flow Rates
for Multilj'lne Highway
5egments Under Base
Conditions

Next, the number of hmes required to deliver the target LOScan be found
from Equation 12-22:

v
N=--

MSF¡

where N is the number of lanes required (ln) and MSF¡ is the maximum service
flow rate for LOS j (pc/h/1n) from Exhibit 12-37or Exhibit 12-38.

Equation 12-21and Equation 12-22can be conveniently combined as
Equation 12-23:

V
N=------

MSF¡ x PHF x fHV
where all variables are as previously defined.

The value of N resulting from Equation 12-22or Equation 12-23will 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 eHect, the minimum numbcr of lanes
needcd to provide the target LOS. If the result were rounded to 3, a poorer LOS
than the target value wuuld result.

The rounding-up process will occasionally produce an interesting result: a
target LOS (for example, LOSC) may not be achievable for a given demand
volume. If 2.1lanes are required to produce LOSC, providing 21anes would
drop the LOS, most likely to D. However, if three lanes are provided, the LOS
might improve to B.Sorne judgment may be requircd to interpret the results. In
this case, two lanes might be provided even though they would result in a
borderline LOSD. Economic considerations might lead a decision maker to
accept a lower operating condition than that originally targeted.

SERVICE FlOW RATES, SERVICE VOLUMES, ANO OAll Y SERVICE
VOlUMES

This chapter's methodology can be casily manipulated to produce service
flow rates, service volumes, and daily service volumes for basic frccway
segments and multilane highways.

Exhibit 12-37gave values of the maximum hourly scrvice flow rates MSF¡ for
each LOS for freeways of varying FFS.These values are given in terrns of
passenger cars per hour per lane under equivalent base conditions. A service
£low rate SF, is the maximum rate of £low that can exist while LOS i is maintained
during the 15-min analysis period undcr prevailing conditions. lt can be
computed from the maximum service flow rate by using Equation 12-24:

SF¡ = MSF¡ x N x fHV

where all variables are as prcviously dcfined.

Chapter 12/Basic Freeway and Multilane Highway 5egments
Version 6.0

Equation 12-22

Equation 12-23

Al! fraetioro! vafues of N must
be rounded up.

Because onfy whofe fanes can
be bUlIt, the target LOS for a
given demand vofume may not
be adlievable.

Equj'ltion 12-24

Applications
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A service flow rate can be converted ta a service volume SV¡ by applying a
PHF, as shawn in Equation 12.25.A service volume is the maximum hourly
valume that can exist while LOS i is maintained during thc worst lS-min period
of the analysis haur.

Equation 12-25

Equation 12-26

Applicatioos
Page 12-52

SV¡ = SF¡ x PHF

where all variables are as previously defined.

A daily service volume DSV¡ is the maximum AADT that can be
accornmodated by the facility under prevailing conditions while LOS j is
maintained during the warst lS-min period of the analysis day. It is estimated
from Equation 12-26:

SV¡ MSF¡ x N x fHV x PHF
DSV¡ = K x D = K x D

wherc aHvariables are as previously defined.

Service flaw rates SF and service volumes SV are stated far a single direction.
Daily service valumes DSV are stated as total volumes in bofh directions of the
freeway or multilane highway.

This method can also be used to develop daily service volume tables far
basic managed lane segments by using regional assumptions about the various
input parameters.

Generalized Daily 5ervice Volumes tor Basic Freeway Segments
Exhibit 12-39and Exhibit 12-40show generalized daily service volume tables

for urban and rural basic freeway segments, respectively. They are based on the
following set of typical conditions:

• Percent heavy vehides = S% (urban), 12%(rural);
• FFS = 70 mi/h; and
• PHF = 0.94.

Values of rural and urban daily service valumes are provided far faur-Iane,
six-Iane, and eight-Iane freeways in level and rolling terrain. A range of K- and
D-factors is provided. Users should enter Exhibit 12-39and Exhibit 12-40with
local or regional values of these factors for the appropriate size of freeway in the
appropriate terrain.

Chapter 12JBasic Freeway and Multilane Highway Segments
Version 6.0
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K

---lJf~QU~~~La~n~'UF~••~.~w;;;:ay~s¡:-TJS~iX~-~La~n~.Uf~••~.w;;;:a",~s¡:-TJE~i.~h~t~-La~n~.~f~••~.~w~.~y~s:-
LOS LOS LOS LOS LOS LOS LOS LOS LOS lOS lOS LOS

D8CDE8CDE8CDE
Level Terrain

0.50 56.4 77.6 94.6 107.4 84.6 116.4 141.8 161.1 112.7 155.2 189.1 214.9
008 0.55 51.2 70.6 86.0 97.7 76.9 105.9 129.0 146.5 102.5 141.1 171.9 195.3
. 0.60 47.0 64.7 78.8 89.5 70.5 97.0 118.2 134.3 93.9 129.4 157.6 179.0

0.65 43.4 59.7 72.7 82.6 65.0 89.6 109.1 124.0 86.7 119.4 145.5 165.3
0.50 50.1 69.0 84.1 95.5 75.2 103.5 126.1 143.2 100.2 1]8.0 168.1 191.0

009 0.55 45.5 62.7 76.4 86.8 68.] 94.1 114.6 130.2 91.1 125.5 152.8 173.6
. 0.60 41.8 57.5 70.0 79.6 62.6 86.2 105.1 119.4 83.5 115.0 140.1 159.2

0.65 ]8.5 5].1 64.7 7].5 57.8 79.6 97.0 110.2 77.1 106.2 129.3 146.9
0.50 45.1 62.1 75.7 85.9 67.6 9].1 11].5 128.9 90.2 124.2 151.3 171.9

0.10 0.55 41.0 56.5 68.8 78.1 61.5 84.7 10].2 117.2 82.0 112.9 137.5 156.3
0.60 ]7.6 51.7 6].0 71.6 56.4 77.6 94.6 107.4 75.2 10].5 126.1 143.2
0.65 ]4.7 47.8 58.2 66.1 52.0 71.7 87.3 99.2 69.4 95.5 116.4 132.2
0.50 41.0 56.5 68.8 78.1 61.5 84.7 10].2 117.2 82.0 112.9 137.5 156.3

0.11 0.55 37.3 51.3 62.5 71.0 55.9 77.0 9].8 106.5 74.5 102.6 125.0 142.1
0.60 ]4.2 47.0 57.] 65.1 51.2 70.6 86.0 97.7 68.3 94.1 114.6 130.2
0.65 ]1.5 4].4 52.9 60.1 47.3 65.1 79.4 90.1 63.1 86.9 105.8 120.2
0.50 ]7.6 51.7 6].0 71.6 56.4 77.6 94.6 107.4 75.2 10].5 126.1 14].2

012 0.55 ]4.2 47.0 57.] 65.1 51.2 70.6 86.0 97.7 68.3 94.1 114.6 1]0.2
. 0.60 ]1.3 4].1 52.5 59.7 47.0 64.7 78.8 89.5 62.6 86.2 105.1 119.4

0.65 28.9 ]9.8 48.5 55.1 4].4 59.7 72.7 82.6 57.8 79.6 97.0 110.2
Ro/finQ Terrain

0.50 5].8 74.1 90.3 102.5 80.7 111.1 135.4 153.8 107.6 148.2 180.5 205.1

0.08 0.55 48.9 67.4 82.1 9].2 7].4 101.0 123.1 139.8 97.8 134.7 164.1 186.4
0.60 44.8 61.7 75.2 85.5 67.] 92.6 112.8 128.2 89.7 12].5 150.4 170.9
0.65 41.4 57.0 69.4 78.9 62.1 85.5 104.2 118.] 82.8 114.0 1]8.9 157.8
0.50 47.8 65.9 80.2 91.2 71.7 98.8 120.4 136.7 95.7 131.7 160.5 182.]

0.09 0.55 43.5 59.9 72.9 82.9 65.2 89.8 109.4 124.3 87.0 119.7 145.9 165.7
0.60 ]9.9 54.9 66.9 76.0 59.8 82.] 100.] 11].9 79.7 109.8 13].7 151.9
0.65 ]6.8 50.7 61.7 70.1 55.2 76.0 92.6 105.2 7].6 101.3 123.4 140.2
0.50 4].0 59.] 72.2 82.0 64.6 88.9 108.3 12].1 86.1 118.6 144.4 164.1

0.10 0.55 ]9.1 5].9 65.6 74.6 58.7 80.8 98.5 111.9 78.3 107.8 1]1.3 149.2
0.60 35.9 49.4 60.2 68.4 53.8 74.1 90.3 102.5 71.7 98.8 120.4 136.7
0.65 ]].1 45.6 55.5 6].1 49.7 68.4 8].] 94.7 66.2 91.2 111.1 126.2
0.50 ]9.1 53.9 65.6 74.6 58.7 80.8 98.5 111.9 78.3 107.8 131.3 149.2

0.11 0.55 35.6 49.0 59.7 67.8 53.4 7].5 89.5 101.7 7l.1 98.0 119.4 135.6
0.60 ]2.6 44.9 54.7 62.1 48.9 67.4 82.1 93.2 65.2 89.8 109.4 124.]
0.65 ]0.1 41.5 50.5 57.4 45.2 62.2 75.7 86.1 60.2 82.9 101.0 114.7
0.50 ]5.9 49.4 60.2 68.4 5].8 74.1 90.3 102.5 71.7 98.8 120.4 136.7

0.12
0.55 ]2.6 44.9 54.7 62.1 48.9 67.4 82.1 93.2 65.2 89.8 109.4 124.]
0.60 29.9 41.2 50.1 57.0 44.8 61.7 75.2 85.5 59.8 82.3 100.] 113.9
0.65 27.6 ]8.0 46.] 52.6 41.4 57.0 69.4 78.9 55.2 76.0 92.6 105.2

Note: Key assumptions: 5% 1JUCi<s,PHF '" 0.94, FFS " 70 mi/h.

Chapter 12jBasic Freeway and Multilane Highway 5egments
Version 6.0

Exhibit12-39
Daily 5ervice Volume Table for
Urban Basic Freeway
5egments (1,000 vehjday)
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% (urban), 12% (rural);

Six-yne Freeways Eight-Lane freeways
LOS LOS LOS LOS LOS LOS LOS LOS
O e o E O e o E
Level Terrain
79.3 109.2 133.0 151.1 105.7 145.5 177.3 201.4
72.1 99.2 120.9 137.3 96.1 132.3 161.2 183.1
66.1 91.0 110.8 125.9 88.1 121.3 147.8 167.9
61.0 84.0 102.3 116.2 81.3 112.0 136.4 154.9
70.5 97.0 118.2 134.3 93.9 129.4 157.6 179.0
64.1 88.2 107.5 122.1 85.4 117.6 143.3 162.8
58.7 80.9 98.5 111.9 78.3 107.8 131.3 149.2
54.2 74.6 90.9 103.3 72.3 99.5 121.2 137.7
63.4 87.3 106.4 120.9 84.6 116.4 141.8 161.1
57.6 79.4 96.7 109.9 76.9 105.9 129.0 146.5
52.8 72.8 88.7 100.7 70.5 97.0 118.2 134.3
48.8 67.2 81.8 93.0 65.0 89.6 109.1 124.0
57.6 79.4 96.7 109.9 76.9 105.9 129.0 146.5
52.4 72.2 87.9 99.9 69.9 96.2 117.2 133.2
48.0 66.2 80.6 91.6 64.1 88.2 107.5 122.1
44.3 61.1 74.4 84.5 59.1 81.4 99.2 112.7
52.8 72.8 88.7 100.7 70.5 97.0 118.2 134.3
48.0 66.2 80.6 91.6 64.1 88.2 107.5 122.1
44.0 60.6 73.9 83.9 58.7 80.9 98.5 111.9
40.6 56.0 68.2 77.5 54.2 74.6 90.9 103.3
Ro/!i Tfm"ain
71.6 98.6 120.1 136.5 95.5 131.5 160.1 181.9
65.1 89.6 109.2 124.0 86.8 119.5 145.6 165.4
59.7 82.2 100.1 113.7 79.6 109.5 133.5 151.6
55.1 75.8 92.4 105.0 73.4 101.1 123.2 140.0
63.6 87.6 106.8 121.3 84.9 116.9 142.4 161.7
57.9 79.7 97.1 110.3 77.1 106.2 129.4 147.0
53.0 73.0 89.0 101.1 70.7 97.4 118.6 134.8
49.0 67.4 82.1 93.3 65.3 89.9 109.5 124.4
57.3 78.9 96.1 109.2 76.4 105.2 128.1 145.5
52.1 71.7 87.4 99.2 69.4 95.6 116.5 132.3
47.7 65.7 80.1 91.0 63.6 87.6 106.8 121.3
44.1 60.7 73.9 84.0 58.7 80.9 98.6 112.0
52.1 71.7 87.4 99.2 69.4 95.6 116.5 132.3
47.3 65.2 79.4 90.2 63.1 86.9 105.9 120.3
43.4 59.8 72.8 82.7 57.9 79.7 97.1 110.3
40.1 55.2 67.2 76.3 53.4 73.5 89.6 101.8
47.7 65.7 80.1 91.0 63.6 87.6 106.8 121.3
43.4 59.8 72.8 82.7 57.9 79.7 97.1 110.3
39.8 54.8 66.7 75.8 53.0 73.0 89.0 101.1
36.7 50.6 61.6 70.0 49.0 67.4 82.1 93.3

urnes for Multilane Highways
42 are generalized daily service volume tables

hways, respectively. They are based on the

"

0.94, FFS = 70 mi/h.

rural) .

ovided for four-, six-, and eight-lane highways

ge of K- and D-factors is provided. Users should

2-42 with local or regional values of these factors

ane highway in the appropriate terrain.

bility AnalysisHighway Capacity Manual: A Guide ter Multimodal Me

Exhibit 12.40 four-lane Freeways
Daity Service Volume Table for LOS LOS LOS LOS
Rural Basic Freeway K O O e o E
5egments (1,000 vehjday)

0.50 52.8 72.8 88.7 100.7
008 0.55 48.0 66.2 80.6 91.6
. 0.60 44.0 60.6 73.9 83.9

0.65 40.6 56.0 68.2 77.5
0.5{) 47.0 64.7 78.8 89.5

0.09 g:~42.7 58.8 71.6 81.4
39.1 53.9 65.7 74.6

0.65 36.1 49.8 60.6 68.9
0.50 42.3 58.2 70.9 80.6

0.10 0.55 38.4 52.9 64.5 73.2
0.60 35.2 48.5 59.1 67.1
0.65 32.5 44.8 54.6 62.0
0.50 38.4 52.9 64.5 73.2

0.11
0.55 34.9 48.1 58.6 66.6
0.60 32.0 44.1 53.7 61.0
0.65 29.6 40.7 49.6 56.3
0.50 35.2 48.5 59.1 67.1

0.12 0.55 32.0 44.1 53.7 61.0
0.60 29.4 40.4 49.3 56.0
0.65 27.1 37.3 45.5 51.6

0.50 47.7 65.7 80.1 91.0
008 0.55 43.4 59.8 72.8 82.7
. 0.60 39.8 54.8 66.7 75.8

0.65 36.7 50.6 61.6 70.0
0.50 42.4 58.4 71.2 80.9

009 0.55 38.6 53.1 64.7 73.5
. 0.60 35.4 48.7 59.3 67.4

0.65 32.6 44.9 54.8 62.2
0.50 38.2 52.6 64.1 72.8

010 0.55 34.7 47.8 58.2 66.2
. 0.60 31.8 43.8 53.4 60.6

0.65 29.4 40.4 49.3 56.0
0.50 34.7 47.8 58.2 66.2

0.11 0.55 31.6 43.5 52.9 60.1
0.60 28.9 39.8 48.5 55.1
0.65 26.7 36.8 44.8 50.9
0.50 31.8 43.8 53.4 60.6

o 12 0.55 28.9 39.8 48.5 55.1
. 0.60 26.5 36.5 44.5 50.5

0.65 24.5 33.7 41.1 46.7
Note: Keyassumptiolls: 12% trucks, PHF=

Generalized Daily Service Vol
Exhibit 12-41 and Exhibit 12-

for urban and rural multilane hig

following set of typical condition

• Percent heavy vehicles '" 8

• FFS '" 60 mi/h; and

• PHF '" 0.95 (urban), 0.88 (

Daily service volumes are pr

in level and rolling terrain. Aran
enter Exhibit 12-41 and Exhibit 1

for the appropriate size oí multil

Applícations
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Exhibit 12-41
Generalized Daily 5ervice
Volumes for Urban Multilane
Highways (1,000 veh/day)

oK

---lJF~Q"~'~.~La~"~.[jH~;~.~h~w~,~ys¡:-TJs~;x~-~La~"~.[jH~i~.~h;W~,~y'¡:-TJEªiq~h~t~."'~"~'~H~i~.¡;hw~av~,¡:-
LOS LOS lOS LOS LOS LOS LOS lOS lOS lOS LOS LOS
8 e o E B e o E B e o E

Leve/ Terrain
0.50 47.5 68.2 84.9 96.8 71.3 102.2 127.3 145.1 95.0 136.3 169.7 193.5

0.08 0.55 43.2 62.0 77.2 88.0 64.8 93.0 115.7 131.9 86.4 123.9 154.3 175.9
0.60 39.6 56.8 70.7 80.6 59.4 85.2 106.1 120.9 79.2 113.6 141.4 161.3
0.65 ]6.5 52.4 65.] 74.4 54.8 78.7 97.9 111.6 7].1 104.9 130.6 148.9
0.50 42.2 60.6 75.4 86.0 6].] 90.9 113.2 129.0 84.4 121.2 150.9 172.0

0.09 0.55 ]8.4 55.1 68.6 78.2 57.6 82.6 102.9 117.3 76.8 110.2 137.2 156.4
0.60 ]5.2 50.5 62.9 71.7 52.8 75.7 94.3 107.5 70.4 101.0 125.7 14].]
0.65 ]2.5 46.6 58.0 66.2 48.7 69.9 87.0 99.2 65.0 93.2 116.1 132.]
0.50 ]8.0 54.5 67.9 77.4 57.0 81.8 101.8 116.1 76.0 109.1 135.8 154.8

0.10 0.55 ]4.5 49.6 61.7 70.4 51.8 74.4 92.6 105.6 69.1 99.1 12].4 140.7
0.60 ]1.7 45.4 56.6 64.S 47.5 68.2 84.9 96.8 63.3 90.9 11].2 129.0
0.65 29.2 41.9 52.2 59.5 4].8 62.9 78.] 89.] 58.5 8].9 104.5 119.1
0.50 ]4.5 49.6 61.7 70.4 51.8 74.4 92.6 105.6 69.1 99.1 123.4 140.7

0.11 0.55 ]1.4 45.1 56.1 64.0 47.1 67.6 84.2 96.0 62.8 90.1 112.2 127.9
0.60 28.8 41.3 51.4 58.6 4].2 62.0 77.2 88.0 57.6 82.6 102.9 117.3
0.65 26.6 ]8.1 47.5 54.1 39.9 57.2 71.2 81.2 53.1 76.3 95.0 108.]
0.50 31.7 45.4 56.6 64.S 47.5 68.2 84.9 96.8 6].3 90.9 113.2 129.0

0.12 0.55 28.8 41.3 51.4 58.6 4].2 62.0 77.2 88.0 57.6 82.6 102.9 117.]
0.60 26.4 37.9 47.1 53.8 39.6 56.8 70.7 80.6 52.8 75.7 94.3 107.5
0.65 24.4 ]5.0 4].5 49.6 ]6.5 52.4 65.] 74.4 48.7 69.9 87.0 99.2

RoI/¡flQ Terrain
0.50 44.2 6].5 79.0 90.1 66.3 95.2 118.5 1]5.1 88.4 126.9 158.0 180.2

0.08 0.55 40.2 57.7 71.8 81.9 60.] 86.5 107.7 122.8 80.4 115.4 14].7 16].8
0.60 ]6.9 52.9 65.8 75.1 55.3 79.3 98.8 112.6 7].7 105.8 131.7 150.1
0.65 34.0 48.8 60.8 69.3 51.0 7].2 91.2 10].9 68.0 97.6 121.6 1]8.6
0.50 ]9.] 56.4 70.2 80.1 59.0 84.6 105.4 120.1 78.6 112.8 140.5 160.2

0.09
0.55 ]5.7 51.3 63.8 72.8 5].6 76.9 95.8 109.2 71.5 102.6 127.7 145.6
0.60 ]2.8 47.0 58.5 66.7 49.1 70.5 87.8 100.1 65.5 94.0 117.1 1]].5
0.65 ]0.2 4].4 54.0 61.6 45.4 65.1 81.0 92.4 60.5 86.8 108.1 123.2
0.50 ]5.4 50.8 6].2 72.1 5].1 76.2 94.8 108.1 70.8 101.5 126.4 144.1

0.10 0.55 ]2.2 46.2 57.5 65.5 48.2 69.2 86.2 98.] 64.3 92.] 114.9 1]1.0
0.60 29.5 42.] 52.7 60.1 44.2 63.5 79.0 90.1 59.0 84.6 105.4 120.1
0.65 27.2 ]9.1 48.6 55.4 40.8 58.6 72.9 8].2 54.4 78.1 97.2 110.9
0.50 ]2.2 46.2 57.5 65.5 48.2 69.2 86.2 98.] 64.3 92.3 114.9 131.0

0.11 0.55 29.2 42.0 52.2 59.6 4].9 62.9 78.4 89.] 58.5 8].9 104.5 119.1
0.60 26.8 ]8.5 47.9 54.6 40.2 57.7 71.8 81.9 5].6 76.9 95.8 109.2
0.65 24.7 35.5 44.2 50.4 37.1 53.3 66.] 75.6 49.5 71.0 88.4 100.8
0.50 29.5 42.] 52.7 60.1 44.2 6].5 79.0 90.1 59.0 84.6 105.4 120.1

0.12 0.55 26.8 38.5 47.9 54.6 40.2 57.7 71.8 81.9 53.6 76.9 95.8 109.2
0.60 24.6 35.3 43.9 50.0 ]6.9 52.9 65.8 75.1 49.1 70.5 87.8 100.1
0.65 22.7 ]2.5 40.5 46.2 ]4.0 48.8 60.8 69.3 45.4 65.1 81.0 92.4

Note: Key ilSSumplions: 8% truc:ks, PHF = 0.95, FFS = 60 mi/h.

Chapter 12/Basic Freeway and Multilane Highway 5egments
Vf'fSion 6.O
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Exhibit 12-42
Generalized Daily $ervice
Volumes for Rural Multilane
Highways (1,000 veh/day)

---lJFO~"~~~La~n~e;jH~;~,~hw;;o,y~'¡:-TJs~;,~-•.•~n~e;jH~;~,~hw~,y~'¡:-T]E~i9~hiil~-L~.~n~e~H~i9~h~w¥.ay~,¡-
lOS LOS LOS LOS LOS LOS lOS LOS lOS LOS lOS lOS

D8CDEBCDEBCDE
Level TefTain

01'

0.50 42.4 OO., 75.8 86.4 63.6 91.3 113.7 129.6 84.9 121.8 151.6 172.9

0.08 g:~38.6 55.4 68.9 78.6 57.9 83.0 103.4 117.9 77.1 110.7 137.8 157.1
35.4 50.7 63.2 72.0 53.0 76.1 94.8 108.0 70.7 101.5 126.3 144.0

0.65 32.6 46.8 58.3 66.5 49.0 70.3 87.5 99.7 65.3 93.7 116.6 133.0
0.50 37.7 54.1 67.4 76.8 56.6 81.2 101.1 115.2 75.4 108.2 134.8 153.7

009 0.55 34.3 49.2 61.3 69.8 51.4 73.8 91.9 104.8 68.6 98.4 122.5 139.7
. 0.60 31.4 45.1 56.2 64.0 47.1 67.7 84.2 96.0 62.9 90.2 112.3 128.0

0.65 29.0 41.6 51.8 59.1 43.5 62.4 77.7 88.6 58.0 83.3 103.7 118.2
I 0.50 33.9 48.7 60.6 69.1 50.9 73.1 91.0 103.7 67.9 97.4 121.3 138.3

0.10 g:~30.9 44.3 55.1 62.9 46.3 66.4 82.7 94.3 61.7 88.6 110.3 125.7
28.3 40.6 50.5 57.6 42.4 OO., 75.8 86.4 56.6 81.2 101.1 115.2

0.65 26.1 37.5 46.6 53.2 39.2 56.2 70.0 79.8 52.2 74.9 93.3 106.4
0.50 30.9 44.3 55.1 62.9 46.3 66.4 82.7 94.3 61.7 88.6 110.3 125.7

0.11 0.55 28.1 40.3 50.1 57.1 42.1 60.4 75.2 85.7 56.1 80.5 100.2 114.3
0.60 25.7 36.9 45.9 52.4 38.6 55.4 68.' 78.6 51.4 73.8 91.9 104.8
0.65 23.7 34.1 42.4 48.4 35.6 51.1 63.6 72.5 47.5 68.1 84.8 96.7
0.50 28.3 40.6 50.5 57.6 42.4 OO., 75.8 86.4 56.6 81.2 101.1 115.2

0.12 0.55 25.7 36.9 45.9 52.4 38.6 55.4 68.' 78.6 51.4 73.8 91.9 104.8
0.60 23.6 33.8 42.1 48.0 35.4 50.7 63.2 72.0 47.1 67.7 84.2 96.0
0.65 21.8 31.2 38.9 44.3 32.6 46.8 58.3 66.5 43.5 62.4 77.7 88.6

R i TefTain
0.50 38.3 55.0 68.5 78.1 57.5 82.5 102.7 117.1 76.6 110.0 136.9 156.1

0.08 g:~34.8 50.0 62.2 71.0 52.3 75.0 93.4 106.5 69.7 100.0 124.5 141.9
31.9 45.8 57.1 65.1 47.9 68.7 85.6 97.6 63.9 91.7 114.1 130.1

0.65 29.5 42.3 52.7 60.0 44.2 63.5 79.0 90.1 59.0 84.6 105.3 120.1
0.50 34.1 48.9 60.9 69.4 51.1 73.3 91.3 104.1 68.1 97.8 121.7 138.8

0.09 0.55 31.0 44.4 55.3 63.1 46.5 66.7 83.0 94.6 61.9 88.9 110.7 126.2
0.60 28.4 40.7 50.7 57.8 42.6 61.1 76.1 86.7 56.8 81.5 101.4 115.7
0.65 26.2 37.6 46.8 53.4 39.3 56.4 70.2 80.1 52.4 75.2 93.6 106.8
0.50 30.7 44.0 54.8 62.5 46.0 66.0 82.2 93.7 61.3 88.0 109.6 124.9

0.10
0.55 27.9 40.0 49.8 56.8 41.8 60.0 74.7 85.2 55.7 80.0 99.6 113.5
0.60 25.5 36.7 45.6 52.0 38.3 55.0 68.5 78.1 51.1 73.3 91.3 104.1
0.65 23.6 33.8 42.1 48.0 35.4 50.8 63.2 72.1 47.2 67.7 84.3 96.1
0.50 27.9 4<).0 49.8 56.8 41.8 60.0 74.7 85.2 55.7 80.0 99.6 113.5

0.11 0.55 25.3 36.4 45.3 51.6 38.0 54.5 67.9 77.4 50.7 72.7 90.5 103.2
0.60 23.2 33.3 41.5 47.3 34.8 50.0 62.2 71.0 46.5 66.7 83.0 94.6
0.65 21.4 30.8 38.3 43.7 32.2 46.1 57.5 65.5 42.9 61.5 76.6 87.3
0.50 25.5 36.7 45.6 52.0 38.3 55.0 68.5 78.1 51.1 73.3 91.3 104.1

0.12 g:~23.2 33.3 41.5 47.3 34.8 50.0 62.2 71.0 46.5 66.7 83.0 94.6
21.3 30.6 38.0 43.4 31.9 45.8 57.1 65.1 42.6 61.1 76.1 86.7

0.65 19.7 28.2 35.1 40.0 29.5 42.3 52.7 60.0 39.3 56.4 70.2 80.1
Note: Key assumptions: 12% trucks, PHF'" 0.88, FfS '" 60 ml{h.

Appropriate Use of Service Volume Tables

The preceding service volume tables must be used with careoBecause the
characteristics of any given ffeeway Of multilane highway may or may not be
typical, the values should not be used to evaluate a specific freeway Ofmultilane
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 Offacilities that might faUlo 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 wilh eaeh segment's site-
speeific characteristics. These service volurne tables should not be used to make
final decisions on which segments or facilities to improve or on specific designs
fOfsueh improvements.
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USE OF ALTERNATIVE TOOLS

General guidanee for the use of alternative traffie analysis tools for capacity
and LOS analysis is provided in Chapter 6, HCM and Alternative Analysis Tools.
This section eontains specific guidanee for the application of alternative tools to
thc analysis of basie freeway and multilane highway segments.

Exhibit 12-43tabulatcs the HCM Iimitations for basic freeway and multilane
highway segments along with the potential for improved trcatmcnt by
alternative tools.

Limitation

Speciallanes reserved for a single vehicle type,
sucn as truck, and climbing lanes, or specific
lane control treatments to restrict lane
changing

Extended bridge and tunnel segments

5egments near a toIl plaza

Facilities with FFS less than SS mi/h or more
than 75 mi/h for basic freeway segments, or
less than 45 mi/h or more than 70 mi/h for
multilane highways

Oversaturated conditions (refer to Chapters 10
and 26 for further discussion)

Influence of downstream blockages or queuing
on a segment

Posted speed limit and extent of police
enforcement

Presence of ITS features related to vehide or
driver guidance, and active traffic and demand
management strategies, including ramp
metering

Evaluatian of transition zones where a
multilane highway transitions to a two-Iane
highway or is interrupted by a trafflc signal or
roundabout intersection

The negative impacts of IXlOr weather
conditions, traffic accidents or incidents,
railroad crossings, or construction operations
on multilane highways

Differences between types of median barriers
and difference between ímpacts of a median
barrier and a TWLTL on multilane highways

Significant presence of on-street parking, bus
stops, and pedestrians on multilane highways

Potential for Improved Treatment by
Alternative Tool5

Modeled explicitly by simulabon

can be approximated by using assumptions
related to desired speed and number of lanes
along each segment

can be approximated by using assumptions
related to discharge at tol1 plaza

Modeled explicitly by simulation

Modeled explicitly by simulation

Modeled explicitly by simulation

can be approximated by using assumpbons
related to desired speed along a segment

Several features modeled explicitly by
simulation; others may be approximated by
using assumptions (for example, by modifying
origin-destination demands by time interval)

Modeled explicitly by simulabon

Limited guidance for modeling adverse
conditions on multilane highways in simulation

Limited guidance available for modeling in
simulation

Can be estimated in sorne simulation tools

Exhibit 12.43
Limitations of HCM 60sic
Freeway and MultJlane
Highway 5egments Procedure

As with most other proeedural ehapters in the HCM, simulation outputs,
especially graphics-based presentations, can provide details on point problems
that might otherwise go unnoticed with a macroscopic anal)'sis that yields only
segment-level measures. The eHect of downstream conditions on lane utilization

Chapter 12J6osic Freeway and Muttilane Highway 5egments
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and baekup beyond the segment boundary is a good example of an analysis that
can benefit from the increased insight offered by a rnicroscopic model.

Development of HCM-Compatible Performance Measures Using
Alternative Tools

The LOS for basic freeway and rnultilane highway segrnents is based on
traffie density expressed in passenger cars per mUeper lane. The HCM
methodology estimates density by dividing the flow rate by the average
passenger ear speed. Simulation models typically estimate density by dividing
the average number of vehides in the segment by the area of the segment (in lane
miles). The result is vehides per lane mile. This measurement corresponds to
density based on space mean specd. The HCM-reported density is also based on
space mean specd. Generally, increased speed variability in driver behavior
(whieh simulators usually indude) results in lm'ler average space mean speed
and higher density. In obtaining density from alternative models, thc following
are important to take into aceount:

• The vehides induded in the density estimation (for example, whether
only the vehides that have exited the link are considered);

• The manner in which auxiliary lanes are considered;

• The units used for density, since a simulation package would typically
provide density in units of vehides rather than passcnger ears; eonverting
the simulation outputs to passenger cars with the HCM PCE values is
typically not appropriate, given that the simulation should already
aecount for the effeets of heavy vehides on a microscopic basir-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 valucs) and
conditioos are assumcd to be homogeneous for the entire segment; and

• The driver variability assumed in the simulation package, sinee inereased
driver variability will generally inerease 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 estirnates from
a simulation package, the following should be eonsidered:

• The rnanner in which a simulation package provides the number of
vehicles exiliog a segment; in sorne cases it may be neeessary to provide
virtual detedors at a spedfic 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 vehides rather than passenger ears;
converting vehicles to passenger cars by using the HCM PCE values is
typieally nol appropriate, since differences between automobile and
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heavy vehide performance should already be accounted for
rnicroscopically within a simulation; and

• The incorporation of other simulation inputs, such as the "minimum
separation of vehieles," that aifeet the eapacity resulto

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 frS. One fundamental potential diiference between the
IICM and other models is this relationship. For cxamplc, 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. Furtherrnore, in sorne simulation paekages, that
rclationship can changc when certain parameters (for example, in a car following
model) are modified. Therefore, compatibility of performance measures between
the HCM and an alternative model for a given set oí flows does not necessarily
guarantee compatibility for all other scts of flows.

Adjustment of Simulation Parameters to HCM Results
The most important elements to be adjustcd when a basic freeway or

multilane highway segment is analyzed are the speed-flow eelationship, the
capaeity, or both. Thc spccd-flow rclationship should be examincd as a function
of the given FFS.That FFSshould match the Held. or HCM-cstimated value.

Step-by-Step Recommendations for Applying Alternative Tools
This section provides eecommendations specifically foc frccway and

multilane highway scgments (general guidance on seleeting and applying
simulation packages is provided in Chaptee 6, HCM and Alternanve Analysis
Tools). To apply an alternative tool to the analysis of basic freeway and multilane
highway segments, the following stcps should be takcn:

1. Determine whether the chosen tool can provide density and eapacity for a
basic freeway or multilane highway scgmcnt and the approach used to
obtain those values. Once the analyst is satisfied that dcnsity and eapacity
can be obtained and that values compatible with those of the HCM can
also be obtained, proceed with thc analysis.

2. Determine the FFSof the study site, either from Held data or by
estimating it according to this chaptcr's methodology.

3. Entcr all available gcometric and traffie characteristics into the simulation
package and instal1 virtual detcetors along the study segment, if
neccssary, to obtain spccds and flows.

4. By loading the study network over capacity, obtain thc maximum
throughput and compare it with the HCM estimate. Calibra te the
simulation package by modifying parameters related to the minimum
time headway so that the capacity obtained by the simulator dosely
matehes the HCM cstimate. Estimate the number of runs rcquircd for a
statistically valid comparison.

O1apter 12/Basic Freeway aOOMultilane Highway 5egments
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5. If the analysis requires evaluating various dcmand 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 rclationship may not be possible. In that case, the results
should be viewed with caulion in terms of their compatibility with the
HCM methods.

Sample Calculations IlIustrating Alternative Tool Applications
Chapter 26, Freeway and Highway Segments: Supplemental, in Volume 4 of

the HCM, provides two supplcmental problcms that examine situations beyond
the scope of this chapter's methodology by using a typical microsimulation-
based tool. 80th problems analyze a six-lane freeway segmcnt in a growing
urban area. The first supplemental problem evaluates the facility when an HOV
lane is added, and the second problem analyzes opcrations with an incident
within the segment.
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1. INTRODUCTlON

OVERVIEW

Weaving is generally defined as the crossing of two or more traffie streams
traveling in the same direction along a significant length of highway without the
aid of trafiic control devices (exeept for guide signs). 111us,weaving segments are
formed when merge segments are dosely 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 eharacteristics affect a weaving segment's operating
characteristics: length, width, and configuration. All have an impact on the
critieallane-changing aetivity, which is the unique opcrating feature of a
weaving segment. This ehapter 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 flm••..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 effeets of weather and incidents on weaving segment computations,
and it ineludes an extension to apply concepts to weaving segments on managed
lanes. Example problems are included in Chapter 27, Freeway Weaving:
Supplemental.

CHAPTER ORGANIZATlON

Chapter 13 presents methodologies for analyzing frceway 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
on managed lanes.

Section 2 of this chapter prescnts the following aspects of weaving segments:
length and width of a weaving segment, configurations ol weaving segments,
dcfinitions of key terms used in the methodology, and discussion of special
cases.

Seetion 3 presents the core method for evaluating automobile operations on
weaving segments. This method generates the following performance measures:

• Weaving scgment capacity;

• Average speed of weaving vehieles, nonweaving vehicles, and .111
vehicles;

• Average density in the weaving segment; and

• Level oí sen'ice (LOS)of the weaving segment.

$cction 4 extends the core method presented in Section 3 to incorporate
considerations for multiple weaving segments, colleetor-distributor (C-O) roads,
and weaving on multilane highways. This section also discusses operational
impacts of weaving maneuvers on managed lane facilities.

Chapter 13jFreeway Weaving 5egments
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Section 5 prescnts guidance on using the results of a freeway weaving
segment analysis, ineluding example results from the methods, ¡nformation on
the sensitivity of results to various inputs, and a discussion of service volume
tables for weaving segmcnts.

RELATED HCM CONTENT

Other Highway Capacify Manual (HCM) content related to this chapter
ineludes the following:

• Chapter 3, Modal Characteristics, discusses general characteristics of the
motorized vehicle made on freeway facilities.

• Chapter 4, Traffic Operations and Capacity Concepts, providcs
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, providcs a mcthod for
evaluating weaving segments within an extended freeway facility and
their interactian with basic, merge, and diverge segments .

• Chapter 11. Freeway Reliability Analysis, provides a mcthod 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, 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.

• 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 Applicatiol1s Cuide in
Volume 4, demonstrates how this chapter's methods can be applied to the
evaluation of an actual freeway facility.

• $ection H, Freeway Analyses, in the Planning and Pre/iminary Engineeri"g
Applications Cuide fo the HCM, found in Volume 4, describes how to
incorporate this chapter's methods and performance measures into a
planning effort.

Introduction
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2. CONCEPTS

OVERVIEW

Exhibit 13.1 illustrates a freeway weaving segment with four principal entr)'
and exit points: A, left entering flow; B, right entering tIow; C, left exiting flow;
and O, right exiting flow. In man)' cases, one entry and one exit raadway are
ramps, which may be on the right or leHside of the frt..'Cwaymainline. Sorne
weaving segments, however, involve major merge or diverge points at which
neither roadway can clearly be labeled a rampo

On entry and exit roadways, or legs, vehicles traveling fram Leg A to Leg D
must cross the path of vehicles travcling from Leg B to Leg C. Therefore, Flows
A-O and B-e are rcfcrred to as weaving 1II0vemellts. Flows A-C and S-D are not
required to erass the path of any other flow and are referred to as uOJlU't.'al.'illg

IlIOVt'mcnts.

A • e
~:::::;::=====-~==~-~==~~~::::
B D

Weaving segments rcquire intcnsc lane-changing maneuvers because drivers
must aceess lanes apprapriate to their desired exit legoThercfore, traffie in a
weaving segment is subject to lane-ehanging turbulencc in excess of that
normally present on basic freeway segments. The added turbulence presents
operational problems and design requirements that are addressed by this
chapter' s methodology.

Three geometric characteristics affect a weaving segment's operating
characleristies:

• Length,

• Width, and

• Configuration.

ul/gtll is the distance between the merge and diverge that form the weaving
segmentoWidth refers to the number oi lanes within the weaving segment.
COlljiguration is defined by the way entry and exit lanes are aligned. AHhave an
impact on the criticallane-changing activity, which is the unique operating
feature of a weaving segment.

LENGTH OF A WEAVING SEGMENT

The two measures of weaving scgment length that are relevant to this
chapter's methodology are illustrated in Exhibit 13-2.
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Exhibit 13-1
Formation of a Wea ••.ing
5egment

Traffic in a weaving segment
experiences more lane-
changing turbu/ence than fs
norma/Iy present on baSiC
ITeeway segments.

A weaving segments geometry
affects fts operating
characteristiCS.
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ramp) can be made without making a lane changc. Again, lane-changing
turbulence is focused on the right side of the frccway.

Exhibit 13-4contains two examples of two-sided weaving segmcnts.

Exhibít 13-4
Two-Sided Weaving 5egments
Illustrated

(a) Two-Sided Weaving Segment
with Single-lane Ramps

----~--------------------- ---------------~-

~
(b) Two-Sided Weaving Segment

with Three lane Changes

One-sided configuratiOnS
wirhout a contifluous auxrliary
!ane connecting afl on-ramp to
a doseIy foflowing off-ramp are
treated as iSOIatedramp
junctions (Chapter 14) and not
as weaving segments,

Concepts
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Exhibit 13~4(a)is the most common form of a two-sided weave. A one-Iane,
right-side on-ramp is closely fo11owedby a one-Iane, left.side off-ramp (or vice
versa). Although the ramp-to-ramp weaving movement requires only two lane
changes, this movemcnt 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 frceway.

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 dassified as a two-sided weaving segment.

Ramp-Weave and Majar Weave Segments
Exhibit 13-3can 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 £ol1ows:

• A ramp wt'ave is formed by a one-Iane on-ramp dosely followed by a
one-Iane off-ramp, connected by a continuous freeway auxiliary
lane.

• The unique feature of the ramp-wt'ave configuration is that all
weaving drivers must execute a lane changc across the lane !ine
separating the freeway auxiliary lane from the right lane of the
frccway mainline.

Thc case of a one-Iane on-ramp closely followed by a one-Iane off-ramp (on
thc samc side of the frecway), but not connected by a continuous freeway
auxiliary lane, is not considered to be a weaving configuration. 5uch cases are
treated as isolated mergc and diverge segments and are analyzed with the
mcthodology described in Chapter 14.The distance betwcen the on.ramp and
the off-ramp is not a factor in this determination.

Exhibit 13-3(b)shows a typical major weaving seglllmt, which is formcd when
three or more entry or exit legs have multiple lanes. A major weaving segmcnt is
distinguished from a major merge or diverge segmcnt in the sense that thc latter
segments do not feature an auxiliary lane movement between an on-ramp and a
downstream off-rampo A major weave can arise because of a system interchange
and connection with anothcr freeway or because of an interchange with an
arterial street with multiple lanes on the on-ramp, the off-ramp, or both.

Olapter 13jFreeway Weaving Segments
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Numerical Measures of Configuration
Three numerical descriptors of a weaving segment characterize its

configuraban:

LCRf = mínimum number of lane changes that a ramp-to-freeway weaving
vehicle must make to complete thc ramp-to-freeway movement
succcssfully.

LCrR minimum numbcr of lane changes that a freeway-to-ramp wcaving
vehicle must make to complete the freeway~to-ramp movement
successfully.

NWL number of lanes fram which a weaving maneuver may be completed
with one lomechange or no lanc changes.

These definitions apply directly to one.sided weaving segments in which the
ramp-to-freeway and freeway-to-ramp movcments are the weaving movements.
Differcnt definitions apply to two-sidcd weaving segments.

Configuration of One-Sided Weaving Segments

Exhibit 13-5 illustrates how these values are determined for one-sided
weaving segments. The values of LCRf and LCfR are found by assuming that
every weaving vehicle enters the segment in the lane c10sest to its desired exit Icg
and leaves the scgmcnt in the lane c10sest to its entry lego

(a) Five-Lane Ramp-Weave Segment

(b) Four-lane Majar Weave Segment Without lane Balance

------------------------------- --------
~..:==="O---~------~:;
~..:.::..:.:.::.::,~z.-..-----------:-~

~;::-....-""'- ---
::~,~~ -----

(e) 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 thc off-ramp), the driver must make a single lane change
to enter the freeway auxiliary lane and leave via the off-rampoThus, for this case,

Chapter 13/Freeway Weaving Segments
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"Minimum number of {afie
changes'" assumes vehides
posJtion themsefves when
enten'ng and exia'ng ro make
rhe least number of /afie
changes poss1ble.

Exhibit 13-5
Configuration Parameters
lIIustrated
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lane balance within a weaving
segment provides operational
f/exibifity.
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LCfR"= 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
Jane change from the freeway auxiliary lane to the rightmost lane of the freeway
(the lane c10sest to the entry leg). 111us,LCRf = 1 as well.

Exhibit 13-5(b)and Exhibit 13-5(c) are both majar weaving configurations
consisting of four lanes. They differ only in the configura non of their entry and
exit gore areas. One has Jane 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 majar weaving segmentoPive 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. Secause of this configuration, vehicles approaching the
exit gore must already be in <lnappropriate lane foc 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 c10sest to the desired exit) and make a single lane change to
exit on the rightmost lane of the continuing freeway. LCRf for this case is 1. The
freeway-to-ramp weaving rnovernent can be made without any lane changes. A
vehicle can entee on the rightrnost lane of the freeway and leave on the leftmost
lane of the ramp without executing a lane change. For this case, LCFR = O.

The exit juncnon in Exhibit 13-5(c) has lane balance: four tanes approach the
exit from thc segment and five lanes leave it. This is a desirable feature that
provides sorne operational f1exibility.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 traHic varies over a typical day. The capacity
provided by the splitting Jane can be used as needed by vehicles desnned 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, LCRF = O and LCFR = 1. Ramp-to-free\\.ay 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,
NWL = 3.

In Exhibit 13-5(a), there are only two Janes 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 thc
rightmost freeway lane (frccway-to-ramp vehicles) and may execute a wcaving
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-rampoThU5,for thi5 case, NVt'L = 2.

Chapter 13/Freeway Weaving $egments
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lo Exhibit 13-5(b),weaving vehicles entering the segment in the leítmost lane
of the on-ramp or the rightmost lane of the freeway are forced to mergc ioto a
single lanc. 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.
6ecause 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 laoe change (as shown) to execute their
desired mancuvcr. Thus, for this case, Nlv!. is once again 2.

In al! 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 N\\'l. = 3 generally exist in majar
weaving segments with lane balance at the exit gore.

Configuration of Two-Sided Weaving Segments

The parameters defining the impact of configuration apply only to one-sided
weaving segments. In a two-sided weaving segment, neither the ramp-to-
freeway nor the freeway-to-ramp movcmcots weave. While the through free\','ay
movement in a two-sided weaving segment might be functionally thought of as
weaving, it is the dominant movement in the segmcnt and does not behavc as a
weaving movement. Thus, in two-sided weaving segments, only the ramp-to-
ramp movement is considered to be a weaving £low. This introduces two specific
changes to thc methodology:

1. Instcad of LCRrandLCfRbeing nceded to characterize wcaving behavior, a
value of LCRR (the minimum number of lane changes that must be made
by a ramp-to-ramp vehicle) is needed. In Exhibit 13-4(a),LCRR = 2, while in
Exhibit 13-4(b),LCRR = 3.

2. In al1cases of two-sided wcaving, the value of NI"L is set to Oby dcfinition.

For cases in which "ramps" cannot be clearly defined, LCRR is the weaving
movement requiring three or more lane changes. With these two modifications,
the methodology outlincd for nne-sided weaving segments may be applied to
twn-sided weaving segments as well.

LOS CRITERIA
The LOS in a weaving segment, as in al! freeway analysis, is rclated to the

density in the segmento Exhibit 13-6 provides LOS critcria for weaving segments
on freeways, e-o roads, and multilane highways. This methodology was
developcd for [reeway weaving segments, although an isolated e-o roadway
was induded in its development. The methodology may be applied to weaviog
segments on uninterrupted segments of multilane surfare facilities, although its
use in such cases is approximatc.

O1apter 13jFreeway Weaving Segmenls
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ments

Exhibit 13-6
lOS for Weaving Segments

LOS
A
B
e
o
E
F

Freewa Weavin
<HO
>10--20
>20--28
>28-35
>35-43

>43 or demand exceeds ca

Density (pe/millo)
Weaving 5egments on Multilane

Hi hwa s or e-o Roads
0-12
>12-24
>24-32
>32-36
>36-40

>40 or demand exceeds ca ci

eoorep\S
Page 13-10

The boundary between stable and unstable flow-the boundary betwccn
LOS E and F -occurs whcn the demand flow rate exeeeds the capacity of the
segmcnt, whcn density exceeds 43 pe/mi/In on freeway weaving segments, or
when density exceeds 40 pc/mi/ln for weaving segments on multilane highways
or e-o roads. The threshold densities for other levcls of service were set relative
to the eritcria for basie freeway segments (ar multilane highways). In general,
density thresholds in weaving segments are somewhat higher than those far
similar basic freeway segments (ar multilane highways). Drivers are belicved to
toleratc higher dcnsities in areas where lane-changing turbulence is expected
than on basic segments.

Qlapter 13fFreeway Weaving 5egments
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3. eDRE METHDDDLDGY

The methodology presented in this chapter was developed as part oi
National Cooperative Highway Research Program (NCHRP) Project 03-75,
Analysis of Freeway Weaving Sections (1). Elements of this methodology have
also been adapted irom earHer studies and earlier editions oi 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

intcrval within thc analysis hour. The analysis hour is most often the peak hour,
but the method can be applied to any hour of thc day. As in most capaaty
analysis methodologies, demand flow rates are expressed as hourly equivalcnt
flow rates in vehieles per hour, and not as 15.min volume counts.

The output of thc analysis describes operations in alllanes within the
deiined weaving segment. The influence area oi a weaving scgment includes the
base length of the segment L¡¡, plus 5DO ft upstream and downstream. Research
on the operational performance oi weaving segments has found that the weave
turbulencc and associated spced reductions extend beyond the physical (gore-to-
gore) boundaries oi the weaving segments. This eHect is accounted ior in the
expanded influence area, extending 500 ft on either side oi the gore-to-gore
distance.

Performance Measures
1l1eprocedures described in this chapter result in estimates of the average

speed of weaving vehicles S,,"~ the average speed of nonweaving vehicles Sn,,"" the
average speed of all vehicles S, 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 tools will
not include the level of detail present in this methodology concerning the
weaving configuration and balance of weaving demand flows.

Specific strengths oi the HCM procedure inelude

• Providing capacity estimates for speciiic weaving configurations as a
function oi various input parameters, which current alternative tools do
not provide directly (and in sorne cases may require as an input);

• Considering gl.'Ometriccharacteristics (such as lane widths) in more detail
than most simulaban tools;

• Producing a single deterministic estimate oi LOS,which is important ior
sorne purposes, such as development impact reviews;

Chapter 13{Freeway Weaving Segments
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• Generating reproducible results with a small commitment of resources
(including calibration) from a predsely documented methodology; and

• Evaluating the performance of managed lane (ML) access segments, as
well as cross-weaving effccts on general purposc lanes due to nearby
managcd lane access points.

Multiple weaving segments
mus( be divided into merge,
diverge, ami Simple weaVlflg
segments for anafysis.

Core Methodology
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Limitations of the Methodology
The methodology of this chapter does not spedfically address thc following

subjects (without modifications by the analyst):

• Ramp metering on entrance ramps forming part of the weaving segment;

• Segment speed and other performance mcasure estimation during
oversahtrated conditions; howevcr, thesc are addrcssed in Chapter 10,
Freeway Facility Core Methodology;

• Effectsof 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;

• 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 00 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 cxtent of congestion when there are faHures within thc simulated
fadlity range and when interaction with other freeway segmcnts and other
facilities is presento

REQUIRED DATA ANO SDURCES

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.

Chapter 13{Freeway Weaving 5egments
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Data can be colleeted specifieally for this purpose. Where deteetors exist on
entry <lndexit legs, thcy m<lYbe used to gather volume or flow rate data. Aeri<ll
photos can be used to assist in defining the segment geornetry.

Exhibit 13-7lists the information neeessary to apply the freeway weaving
methodology and suggests potential sources for obtaining these data. It also
suggests default values for use when segment-speeifie information is not
<lvailable.The uscr is eautioncd that ('very use of a default value instead of <l
field-measured, segment-specific value may make the analysis results more
<lpproximate and l('ss related to the spccifie eonditions that describe the highway.
IICM defaults should only be used when (a) field data eannot be eolleeted and
(b) loeall}'derived defaults do not exist.

Exhibit 13-7
Required Input Data, Potential
Data Sources, and Default
Values for Freeway Weaving
Analysis

l'

Speed limit + 5 mijh

Must be provided

O'

"Urban: O.Sjmi
Rural: DA/mi

Must be provided

Must be provided
Must be provided
Must be provided

Suggested
Detault Value

Design plans, analyst judgment

Direct speed measurements, estimate
from design speed or speed limit
Estímated from free-f1ow speed and
Chapter 12

DemandData

Potential Data Source(s)
Geometric Data

Road inventory, aenal photo
Road invento'J¡ aerial photo
Road inventory, aerial photo

Road inventory, aerial photo

Road inventory, aeria! photo

Road inventory, aeria1 photo

Field data, aeria1 photo

Number of lanes
One-Sided versus two-sided weave
Short 1ength of weavin9 segment
Number of lane change~
ramp lo freeway

Number of lane changes, Road inventory, aerial photo l'free2!~yJpr~1!.'p. _
Number of lane changes,
ramp ro ramp'
Number ofweaving lanes
Interchange density
(interchangesjmi)
Terrain type
(level, rolling, specific grade)

Free-f1ow speed (mi/h)

Equivalent capacity of basic
freeway segment

Required Data and Units

1.0

15 min (0.25 h)
0.94 urban and rural

Must be provided°

Must be provided°

Must be provided°

Must be provided°

Field data, mooelíng

Field data

Field data, modeling

5et by analyst
Fleld data

Field data, modeling

Field data, modeling

Hourly demand volume,
freeway 10 freeway (veh/h)
Hourly demand volume,
freeway 10 ramp (vehjh)
Hourly demand volume,
ramp to freeway (veh/h)
Hourly demand volume,
ramp to ramp (vehjh)
AnalySis penoo len9th (min)
Peak hour fador (decimal)

Speed and capacity adjustment Field data 1.0
factors for driver_PEP~_,._ti_.o_n_' _
Speed and capacity adjustment
fadors for weather and
incidentf
Hea, vehicle percentage (OJo) Field data 50J0 urban, 12% rural'
Notes: Bo/d itilliclMicates high sensibvity (>20% change) 01 service Tneasure to the choice of default value.

Bold indicates mOOerate sensibvity (10%-20% change) of service measure lo the choi<:e of defilult value.
, Applicable fer weaves wittl a single-Iane on-ramp and sing~lane off.ramp. bottl on right side of road .
• A proportional distribution can be a'>Sumed trom segment entering aOO e~iting volumes.
'Moderate lo high sensitivity of setvice measures for very low PHF values. See the discussion in the texto
PHF is not required when peak lS-min demaM volumes are provided.
~See Qlapter 26 in Volume 4 for default adjustment factol"s for driver population .
• See Chapter 11 for delault capadty and speed adjustrnent factor¡; lor weatller and incklents.
'See O1apter 26 in Volume 4 lar stilte-specific default heavy vehicle perl;entages.
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The exhibit distinguishes between urban and rural conditions for eertain
defaults. The dassifieation of a fadlity into urban and rural is made on the basis
of the Federal Highway Administration smoothed or adjusted urbanized
boundary dcfinition (10), which in turn is derived from Census data.

Care should be taken in using default values. The service measure results are
sensitive to sorne 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 ehange the serviee measure result by
more than 20% when these inputs are varied over their normal range. In
addition, the free-fIow specd resu1ts in a 100/0-20% ehange in service rneasure
when it is varied over its normal range. A very low PHF value (0.60) results in a
greater than 20% ehangc, compared with the results obtained for the default
value for PHF; more typieal PHFs vary the servicc measure results by less than
10%. Other inputs change the service measure result by less than 10% whcn they
are varied over thcir 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 whieh are bascd on a mix of
theoretical and regression models. These models indude the following:

• Models that predict the total rate of lane changing taking place in the
weaving segment. This is a direet measure of turbulenee in the traffie
stream eaused by the presence of weaving movements.

• Models to predict the average speed of weaving and nonweaving vehicles
in a weaving segment under stable operating eonditions, that is, not
operating at LOS F, induding adjustments to aeeount for the impaets of
weather and ineidcnts.

• Models to predict the eapacity of a weaving segment under both ideal and
prevailing eonditions, including adjustments to aeeount for the impaets of
weather and incidents.

• A model to estimate the maximum length over whieh weaving operations
can be said to exist.

Parameters Describing a Weaving Segment
Several paramcters describing weaving segrnents have already bcen

introdueed and defined. Exhibit 13-9 iIIustrates aHvariables that must be
specified as input variables and defines those that wiII be used within or as
outputs of the rnethodology. Sorne of them apply only to one-sided weaving
scgrnents. Exhibit 13-10 lists the variables that are different in applieations to
twÜ""sidedweaving segments.

Core Met:h<xlology
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Step 1: Input
5pedfy geometry, weaving and nonweaving voIumes, and ttJe segment's free-fIow speed.

~
Step 2: Volume Adjustment
Adjusldemand volumes to retlect ttJe peak hour factor (PHF) and heavy vehicle presence
(Equation 13-1).

1
Step 3: Determine Configuration Characteristics
Determine ttJe lane-d1ange charaderistics that define ttJe effects of conHguratlon.

!
Step 4: Determine the Maximum Weaving length
Estimate the maxlmum Iength for weaving operations under the specifled conditions
(Equatlon 13-4).

length exceeds the maximum 1
length less than I Go to Chapter 14the maximum

Step S: Determine the Weaving Section Capacity
EstimatettJe weaving sectlon capodty and ttJe v/e ratio for the existing or projected demand
flow rates (Equations 13-5 through 13-10). Oleck input and output capadtles. Adjust segrnent
capadties for driver populatlon, weather, and irx:idents as applicable by using Equatlon 13-9.

v/e> 1.00 !
v/e .:S1.00 I lOS = F: Go to Chapter 10

Step 6: Determine Lane-Changing Rates
Estlmate the rate at which weaving and nonweaving vehk:1es make lane changes
(Equatlons 13-11 through 13-17).

1
Step 7: Determine the Average Speed of Weaving and
Nonweaving Vehicles
Estlmate the average speed of weaving and nonweaving vehicles in the weaving segrnent;
compute the space mean speed of all vehldes In the weaving segment (Equatlons 13-18
through 13-22). Adjust free-f1ow speeds for weaving and nonweaving vehldes to account for
weather and Inddeflts as applicable by using Equatlons 13-19 and 13-21.

1
Step 8: Determine the Level of Service
Convert the space mean speed tothe weaving segment density. Compare ttJe results tottJe
lOS alterla and assign ttJe approprtate level of servlce (Equatlon 13-23 and Exhibit 13-6).

Chapter 13/Freeway Weaving 5egments
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Exhibit 13-8
Weaving Methodology
Flowchart

LOS F exists in a weaving
segment when dem<1nd
exceecJs copacity.
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Exhibit 13-9
Weaving Variables for One-
Sided Weaving Segments

Freeway Freeway

~ mp
------------) VfF

== :::::=--=::::::::::::=::~:
------------) VRR

Vff freeway-to-frecway dcmand flow rate in the weaving scgment in
passenger cars per hour (pc/h);

vRf ramp-to-freeway demand flow rate in the weaving segment (pc/h);

vrR freeway-to-ramp demand flow rate in the weaving segment (pc/h);

VRR ramp-to-ramp demand flow rate in the weaving segment (pc/h);

VI'.' weaving demand flow rate in the weaving segment (pc/h), VI'.' = vRr+

Vflli

v¡.,w nonweaving demand flow rate in the weaving segmcnt (pc/h),

Core Methodology
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v =

VR
N
N~

S
FFS

D

W

L,

LC~

total demand flow rate in the weaving segment (pc/h), v = vw+ v,""w;

volume ratio (decimal), vwlv;
numbcr of lanes within the weaving scgment (In);
number of lanes from which a weaving mancuver may be made with
one or no lane changes (Sl.'e Exhibit 13-5) (In);
average speed of weaving vchicles within the weaving segmcnt (mi/h);

average speed of nonweaving vehides within the weaving segment
(mi/h);
average speed of all vehicles within the weaving segment (mi/h);
free-flow spccd of the weaving segment (mi/h);
average density of all vehicles within the weaving segment in
passenger cars per mile pcr lane (pdmi/ln);
weaving intensity factor;
length of the weaving segment (ft), based on the short length definition
of Exhibit 13-2;
minimum number of lane changes (le) that must be made by a single
weaving vehicle moving fcom the on-camp to the freeway (see Exhibit
13-5);

minimum number of lane changcs that must be marle by a single
weaving vehide moving from the fcccway to the off-ramp (le);
minimum rate of lane changing that must exist foc all weaving vehides
to complete their weaving maneuvcrs successfully, in lane changes per
hour (lc/h), LCM1,v = (LCR• x VRf) + (LCfR x VfR);
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total rate nf lanc changing by \••..caving vehicles within the weaving
segment (Ic/h);
total rate oi lane changing by nonweaving vehicles within the weaving
segment (lc/h);
total rate of lane changing of all vehicles within the weaving segment
(lc/h), LCALL '" LCw + LCN\\,;

interchangc density, the number of interchanges within 3 mi upstream
and downstream of the center oi the subject wcaving segment divided
by 6, in interchanges per mile (int/mi); and
lane-changing intensity, LCllu)L,v in lane changes per ioot (lc/ft).

freeway
~----------
freeway

~.:--_-_--------~) VRF
- - _ b """= _ _ , VR'

--~ V__________ ~••• RR

,. v",
AIIvariables are defined as in Exhibit 13-9,cxcept ior the iollowing variables

relating to flow designations and lane-changing variables:

VI\" '" total weaving demand flow rate within the weaving segment (pc/h),

Exhibit 13-10
Weaving Variables for a Two-
Sided Weaving 5egment

!he through freeway
movement iS not consfdered to
be weaving in a two-Sided
weaving segmento

V.\iW

LCM1N

total nonweaving demand flow rate within the weaving segment
(pc/h), v,\'w'" vrR + vRP+ t'pp;

minimum number oi lane changes that must be made by nne ramp-to-
ramp vehicle to complete a weaving maneuver; and

minimum rate of lane changing that must exist for all weaving vehicles
to complete their \veaving maneuvers successfully (lc/h), LCM1N '" LCRR

X VRR'

The principal differencc between one-sided and two-sided weaving
segments is the relativc positioning oi the movements within the segment. In a
two-sided 'weaving segment, the ramp-to-ireeway and ireeway-to-ramp vehicles
do not weave. In a onc-sided segment, they exccute the weaving movements. In
a two-sided weaving scgment, the ramp-to-ramp vehicles must cross the path oi
ireeway-to-ireeway vehicles. 80th could be taken to be weaving movements. In
reality, the through freeway movement is not wcaving in that vehicles do not
need to changc ¡anes and generally do not shift ¡ane position in response to a
desired exit leg.

Chapter 13/Freeway Weaving 5egments
Version 6.0
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Tñe methodology uses demand
flow rates for the peak 15min
in passenger cors 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 ¡ane changing
that weaving vehides must maintain to complete aHdesired weaving maneuvers
successfully is also related only to the ramp-to-ramp movement.

The definitions for flow aHrefer to dema"d j10w rateoThis means that for
existing cases, the demand should be based on arrival flows. For future cases,
forecasting techniques will generaHy produce a demand volume or dema"d j10w
rateoAHof the methodology's algorithms use demand expressed as flow rates in
the peak 15min 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 usagc, 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 thc location of interchangcs 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 ¡anes within the segmento
Changing the configuration usually involves adding a ¡ane to one of the entry or
exit legs, or both, to create different linkages.

For analysis, the geometry of the weaving segment must be fuUy defincd.
This indudes the number of lanes, lane widths, shoulder dearances, the details of
entry and exit gore area designs (induding markings), the existence and extent of
barrier Jines, and the length of the segmentoA sketch of the weaving segment
should be drawn with aHappropriate dimensions shown.

5tep 2: Adjust Volume
AIIequations 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
Vi = PHF X fHV

where

Core Methodology
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v,

V,

flow rate iunder ideal conditions (pc/h),

hourly volume for flow iunder prevailing conditions in vehides per
hour (veh/h),

Chaprer 13jFreeway Weaving 5egments
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PHF peak hour factor (decimal), and

fHV adjustment factor for heavy vehide presence (decimal).

The subscript for the type of fIow ¡can take on the following values:

rr freeway to freeway, rR = freeway to ramp,

Rr ramp to freeway, RR = ramp to ramp,

W weaving, and NW = nonweaving.

The heavy vehicle adjustment factor fHV is taken from Chapter 12,Basic
Freeway and Multilane Highway Segments.

lf fIow rates far a lS-min period have been provided as inputs, the PHF is
taken to be 1.00 in this computation, and the lS-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 iIIustrated in Exhibit 13.9 (far 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 segmento

They are descriptive of the segment and will be used as variables in subsequent
steps of the methodology:

LCM1N = minimum rate at which weaving vehicles must change lanes to
complete aHweaving maneuvers successfully (lc/h), and

NM numbcr 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 segmento

One-Sided Weaving Segments

The determination of key variables in one-sidcd weaving segments is
illustrated in Exhibit 13-9.In one-sided segments, the two weaving movemcnts
are the ramp-to-freeway and freeway.to-ramp flows. As shown in Exhibit 13-9,
the following values are established:

LCRr = minimum numbcr of lane changes that must be made by one ramp-to-
freeway vehicle to execute the dcsircd mancu\'er successfully (lc), and

LCrR = minimum number of lane changes that must be made by one freeway-
to-ramp vehide to execute the desired maneuver successfully (le).

LCM1N for one-sided weaving segments is given by Equation 13-2:

LCM/N = (LCRF x VRF) + (LCFR x VFR)

For one-sided weaving segments, the value of N",'Lis either 2 or 3. The
determination is made by a review of the geometric design and the configuration
of the scgment, as iIlustrated in Exhibit 13-5.

O1apter 13/Freeway Weaving 5egments
Version 6.0
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Equation 13-3

The maximum length of a
weaving segment, ~ is
based on the distance tJeyond
which additionallength does
no( add ro capacity.

Equation 13.4

Core Methodology
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Two-Sided Weaving Segments
The determina non 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:

LCRR = minimum number of lane changes that must be made by one ramp-to-
ramp vehicle to execute the desired maneuver successfully (le).

LCMIN for two-sided weaving segments is given by Eguation 13-3:

LCM1N = LCRR X VRR

For two-sided weaving segments, the value oí NWL is always ° by definition.
5tep 4: Determine Maximum Weaving Length

The concept oí maximum length of a weaving segment is critical to the
methodology. 5trict1y defined, maximum length is the length at which weaving
turbulence no longer has an impact on opcrations within the segment, or
altematively, on the capacity of the weaving segmento

Unfortunately, depending on the sele<:ted definition, these measures can
differ significant1y. Weaving turbulence will affect operations (i.e., weaving and
nonweaving vehicle speeds) far beyond the paint where the segment's capacity
is no longer affected by weaving.

This methodology uses the second definition (based on the eguivalence 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 fcet) is
computed from Eguation 13-4:

LMAX = [5,728(1 + VR)Ló]_ (l,566Nw,)
where LM•.••X is the maximum weaving segment length in fcet (using the short
length definition) and other variables are as previously defined.

As VR increases, the influence oí weaving turbulence is expected to extend
for longer distances. AlI values oí N .•.••'L are either °(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 tum reduces
the distance over which such turbulence affects segment capacity.

Exhibit 13-11 illustrates the sensitivity of maximum Iength to both VR and
NWL• As expected, VR has a significant impact on maximum length, as does the
configuration, as indicated by NWL• While the maximum lengths shown can
compute to very high numbers, the highest results are weH outside the
calibranon range oí the eguation (limited to about 2,800 ft), and many of the
situations are improbable. Values of VR on segments with NWL "" 2.0 lanes rarely
rise aboye the range of 0.40 to 0.50. Values of VR aboye 0.70 are technically
feasible on segments with NWI. = 3.0 lanes, but they are rareo

While the extreme values in Exhibit 13-11 are not practical, the maximum
length oí weaving segments can clearly risc to 6,000 ft or more. Furthermore, the

Chapter 13/Freeway Weaving 5egments
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maximum length can vary over time, since VRis not a constant throughout cvcry
demand period of the day.

VR
0.1
0.2
0.3
0.4
0.5
O.,
0.7
0.8

Maximum Weaving Lenath (ft)

NWl=2 NWl=3
3,540 1,974
4,536 2,970
5,584 4,018
6,681 5,115
7,826 6,260
9,019 7,453
10,256 8,690
11 538 9972

Exhibit 13.11
Variation of Weavíng Length
Versus Volume Ratio and
Number of Weavíng Lanes (ft)

The value of Lw,x is used to determine whether continued analysis of the
eonfiguration as a weaving segment is justificd:

• If Ls < Ll,1AX' continue to Step 5; or

• If Ls;?: L~,A.x,analyze the mergc and divergc junctions as scparate segmcnts
by using the methodology in Chapter 14.

If the segment is too long to be considered a weaving segmcnt, the merge
and diverge areas are treated separately. In these cases, Chaptcr 14performs
ramp capacity cheeks for those segments; hm\'ever, merge and diverge segments
with a continuous lane add oc lane drop are eventually analyzed operationally as
a basic frecway segment with the procedures in Chapter 12.Any distanee falling
outside the influence areas of the merge and diverge segments would be
eonsidered to be a basic freeway segment and analyzcd accordingly.

Step 5: Determine Weaving Segment Capacity
The capacity of a weaving segment is controlled by one of two conditions:

1. Brcakdown of a weaving segment is expected to occur when the average
density of all vehicles in thc segment reaches 43 pc/mi/ln; or

2. Breakdown of a weaving segment is expected to oerur when the total
weaving dcmand flow rate exceeds

o 2,400pe/h for cases in which NWL =o 21anes, or

o 3,500 pc/h for cases in which N\YL =o 3 lanes.

The first condition is based on the criteria listed in Chapter 12,Basic Freeway
and Multilane Highway Segments, which state that brcakdowns occur at a
dcnsity of 45 pe/milln. Given the additional turbulence in a weaving segment,
breakdown is expected to oerur at slightly lower densities.

Thc second condition recognizes that there is a practicallimit to how many
vehieles can cross each other's path without causing serious operational faHures.
The existence of a third lane from which weaving mancuvers can be made with
t\\'o oc fewer lane changes in eHect 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 scgments resulting in an inerease in segment capacit}'oHowcver, if

Chapter 13/Freeway Weavín9 5egments
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Jf the length of the segment is
greater tIlan l..,.u.,,:, it should be
arliJfyzed as se¡Jaf"iltemerge
and diverge f"ilmp junctions by
USing the methodology in
Chapter 14. Any portion falling
outside the influence of the
rnerge and diverge segmenls is
treated as a basic freeway
segmento In these cases,
Chapter 14performs ramp
capacity checks for !hose
segmenls; !Jowever, merge
and diverge segments with a
continuous Janeadd or Jane
drop are eventwlly al7iJlyzed
operationalfy as a baSíC
freeway segment with the
procedures in Chapter J2.

A weaving segment's capacity
is controlfed by eithff (a) the
average vehide density
reachlng 4] pcjmi/ln or (o) the
weaving demand flow rate
exceeding a vafue tIlat
depends on the number of
weaving lanes.
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capadty is control1ed by the weave configuration (Le., 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 capadty and the weaving configuration will
need to be changed instead.

For two-sided weaving segments (NWL = Olanes), no limiting value on
weaving flow rate is given. The analysis of two-sided weaving segments is
approximated by this methodology, and a density suffident 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 capadty,
since weaving maneuvers are spread over a longer distance.

Equation 13-5

Equation 13.6

Core Methodology
Page 13-22

Weavíng Segment Capacíty Determíned by Densíty
The capacity of a weaving segment, based on reaching a density of 43

pc/milln, is estimated by using Eguanon 13.5:

C1WL= C1Ft - [438.2(1 + VR)1.6] + (O.0765Ls) + (119.8NwL)
where

CIWL capacity (per lane) of the weaving segment under eguivalent ideal
conditions (pc/hlln), and

cln capacity (per lane) of a basic freeway segment with the same FFS as the
weaving segment under eguivaIent ideal conditions (pc/hlln).

AH other variables are as previously defined.

The model describes the capacity of a weaving segment in terms of the
difference between the capacity oí a basic freeway segment and the capacity of a
wcaving segment with the same FFS. Capacity decreases with VR, which is
logical. It increases as length and number of weaving lanes NWLincrease. These
are also logical trends, since both increasing length and a larger number oí
weaving Ianes reduce the intensity oí turbulence.

Arithmetically, a result in which clWLisgreater than c,n is possible.ln
practice, this wilI never occor. The maximum length algorithm of Step 4 was
found by setting the two values egual. Thus, weaving analyses would only be
undertaken in cases in which CIWL is less than cIFt•

The value of clWL must now be converted to a total capacity under prevailing
conditions by using Eguation 13-6:

Cw = C'WL X N X fHV

where Cw is the capacity of the weaving segment under prevailing conditions in
vehicles per hour. It is stated as a flow rate far a 15-min analysis period, as are al!
capacities.

Weavíng Segment Capacíty Determíned by Weavíng Demand Flows
The capacity oí a weaving segment, as controlled by the maximum weaving

flow rates noted previously, is found írom Eguation 13-7:

Chapter 13/Freeway Weaving 5egments
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{

2AOO
VR

e -
/w - 3,500

VR

for NWL = 2 lanes

for NWL = 3 lanes

Equation 13-7

where C¡W is the eapacity of alllanes in the weaving segment under ideal
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 = C/W XfHV

Determination of Capacity

The final capacity is the smaller of the two estimates of Equation 13-6and
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 eonditions or
incidents.

Adjustment to Capaóty for Adverse Weathe~ Incidents; ar Driver Population

The eapacity of the weaving segrnent may be further adjusted to aecount for
the impacts of adverse weather, driver population, occurrence of traffie 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

c"'" adjusted eapacity of weaving area (veh/h),

c'" unadjusted eapacity of weaving area (veh/h), and

CAF eapacity 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, eapacity can be further adjusted to aecount 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 12provides additional guidance on capacity definitions, and
Chapter 26 provides guidance on estimating freeway segment capacity,
induding weaving segment capacity, from field data.

Vo/ume-to-Capacity Ratio

With the final eapacity determined, the volume-to-capacity ratio (vle ratio)
foc the weaving segment may be computed from Equation 13-10.The total
volumc v in this case rcprcsents the sum of weaving and nonweaving flows.

O1aprer 13/Freeway Weaving 5egments
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Equation 13-9
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Equation 13-10

LOSF ocrufS when demand
exceeds capacity. !he
methodologies in Chapter 10
CQnbe used to evaluate
oversaturated weaving
segments.
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VXfHVv/c=---
Cw'

The heavy vehicle adjustment factors are used because the total demand flow
rate v is stated for equivalent ideal conditions, while e"", is stated for prevailing

conditions.

Leve! of Serv/ce F
lf vle is greater than 1.00, demand exceeds capacity, and the segment is

expectcd 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 proeedure for capacity of the weaving
segment gl/aral/fees that the result will be less than the capacity of a basic freeway
segment with the same number of ¡anes. 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
f10wson 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 Scgments. Ramp capacities should be ehecked by using
the methodology of Chapter 14, Freeway Merge and Diverge Scgments.

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 spceds 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 chal/ges. Heavy vehicle lanc changes are assumed to create more turbulence
than passenger car lane changes.

Three types of laoe changes can be made within a weaving segment:

• Required tane chal/ges made by weavil/g vehicles: These lane changes must be
made to complete a weaving maneuver and are restricted to the physical

Chapter 13/Freeway Weaving Segments
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area of the weaving segmento In Step 3, the rate at which such lane
changes are made by weaving vehicles, LCM1N, was determined.

• Optionallalle changes made by wcavillg vehicles: These lane changes are not
necessary to weave suecessfully. 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 rcquired by their weaving
maneuver.

• 0I,fiollallane changes made by lIonwcavillg 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 ehanges. Lane changes by nonweaving vehicles are always made
because the driver ehooses that option.

\t\fhileLCM1N can be eomputed from the weaving configuration and the
demand flow rates, additional optionallane changes made by both weaving and
nonweaving vehicles add to turbulence and must be estimated by using
regression-based models.

N

ID

Le.

Estimating the Total Lane-Changing Rate for Weavlf1g Vehicles
The mode! for predicting the totallane-changing rate for weaving vehicles is

of the form LCM1N plus an algorithm that predicts the additional optionallane-
ehanging rate. These are eombined so that the totallane-changing rate for
weaving vehicles, including both required and optionallane changes, is as
shown in Equation 13-11:

LCw = LCM/N + 0.39[(Ls - 300)o.sN2(1 + lD)O.8J

where

equivalent hourly rate at which weaving vehicles make lane changes
within the weaving segment (Ic/h);

minimum equivalent hourly rate at which weaving vehicles must
make lane changes within the weaving segment to complete all
weaving maneuvers suceessEulIy(le/h);

length oE the weaving segment, using the short length definition (Et)

(300 ft is the minimum value);

number oE lanes within the weaving segment (In); and

interchange density, the number oE interchanges within 3 mi upstream
and downstream of the center of the subject weaving segment divided
by 6, in intcrchanges per mile (intlmi).

Equation 13~1lhas several interesting charaeteristies. The tcrm Ls- 300
implies that for weaving segments of 300 ft (or shortcr), weaving vehicles only
make necessary lane ehangcs, that is, Le •••.'" LC.\u.v'While shorter weaving
segments would be an aberration, they do oceasionally oecor. However, in

Chapter 13{Freeway Weaving 5egments
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applying the equation to short weaving segments, a length of 300 ft is used for aH
lengths less than or equal to 300 f1.

This model is also unique in that it uses the concept of interchange density,
as opposed to total ramp density. The FFS for frccway segments is partially
based on total ramp density rather than interehange density. The two measures
are, of eourse, related to the type of interehange involved. A full cloverleaf
interehange has four ramps, while a diamond interchange has two ramps. Care
must be taken in determining the value of total ramp density aod interchange
density, since they are distine1.

The algorithm uses the terro 1 + ID because the value of ID may be more than
or less than 1.00, and the power terro would not act consistently 00 the resul1. In
determining interehange density for a weaving segment, a distanee oí 3 mi
upstream and 3 mi downstream oí the midpoint of the weaving segment is used.
The number of interchanges within the 6-mi range defincd aboye is counted and
divided by 6 to determine the interchange density. 1£two closely spaeed ramps
from different cross-streets effectively fuoction as ooe, they ean be eounted as a
single interchange in the determination of interehaoge 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
ehanging inereases as the length and width of the weaving segment inerease. A
longer, wider weaving segment simply provides more opportunities for weaving
vehicles to cxecute lane ehangcs. Lane changing also inereases as interehange
density inereases. Higher interehange densities mean that there are more reasons
for drivers to make optionallane ehanges 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 segmcnt. AII nonweaving vehicle lane changes are, therefore, optiona!.
They are more difficult to prediet than weaving lane ehanges, since the
motivation for nonweaving ¡ane changes varies widely and may oot always be
ohvious. 5uch lane ehanges may be marle to avoid turbulenee, to be bctter
positioned for a subsequent maneuver, or simply to achieve a higher average
'peed.

The research leading to this methodology (1) revealed several diseontinuities
in the lane.changing behavior of nonweaving vehicles within weaving segments.
To identify the areas of discontinuity and to develop an estimation model for
these areas, it was necessary to define a "nonweaving vehicle index," lNw, as
given in Equation 13-12:

Equation 13.12

Co<e M<thodoIogy
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LSx1DXVNWI ------
NW - 10,000

This index is a measure of the tendency of eonditions to induce unusually
large nonweaving vehicle Iane.changing rates. Large nonweaving f10w rates,
high interehange densities, and long weaving Iengths 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 vehiclcs
chaoge laoes io weaving segments. The firsí, Eguation ]3-]3, covers the majority
of cases, that ¡s, cases for which normallane-changing characteristics are
expected. This is the case when INW is less than or egual to 1,300:

LCNW' ~ (O.206vNW) + (0.542Ls) - (192.6N)

where LCNW1 is the rate of lane changing per houe. The eguation shows logical
trends in that nonweaving lane changes increase with both nonweaving tlow rate
and segment length. Less expectcd 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, Eguation 13-13 can produce a negative resultoThus, the
minimum value must be externally set at O.

The second model applies to a small number of cases in which the
combination of high nonweaving demand f1ow,high interchange density, and
long segrnent length produces extraordinarily high nonweaving lane-changing
rates. Equation 13-14 is used in cases for which l¡.,w is greater than or equal to
1,950:

LCNW2 = 2,135 + 0.223(VNW - 2,000)

where LCNW2 is the lane-changing rate per hour and all other variables are as
previously defined.

Unfortunately, Eguation 13-13 and Equation 13-14 are discontinuous and
cover discontinuous ranges of l,..rw.If the nonweaving index is between 1,300 and
1,950,a straight interpolation between the values of LC,\'\'I1 and LCNW2 is used as
shown in Eguation 13.15:

(
INW -1,300)

LCNW3 = LCNW1 + (LCNW2 - LCNW1) 650

where LCNW3 is the lane-changing rate per hour and all other variables are as
previously defined. Equation 13-15only works for cases in which LCNWl is less
than LCNW2• In the vast majority of cases, this will be true (unless the weaving
length is longer than the rnaxirnum length estimated in 5tep 4). In the rare case
when it is not true, LCNW2 is used.

Eguation 13.16 summarizes this in a more precise way:
If INw :::;1.300: LCNW = LCNW1
If INW ~ 1,950: LCNW = LCNW2

If 1,300 < INw < ],950: LCNW = LCNW3

If LCNW1 2: LCNW2: LCNW = LCNW2

Total Lane-Changing Rate
The totallane-changing rate LCAllof all vehides in the weaving segment, in

lane changes per hour, is computed from Equation 13-17:
LCAH = LCw + LCNW

Chapt:er 13/Freeway Weaving 5egments
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Equation 13-14

Equation 13-15
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Step 7: Determine Average Speeds of Weaving and Nonweaving
Vehicles in Weaving Segment

The heart oi this methodology is the estimation of the average speeds oi
weaving and nonweaving vehicles in the weaving segment. These speeds are
estimated separately because they are affccted 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 aH vehicles in the segment. This will then be converted to a
density, which will determine the LOS.

Equation 13-18

Equation 13.19

Equation 13.20

Core Methodology
Page 13.28

Average Speed of Weaving Vehicles
The algorithm for predicHng the average speed of weaving vehic1es in a

weaving segment may be generally stated as shown in Equation 13-18:

(
SUAX - SU/N)

Sw = SUIN + 1+ W
where

Sw average speed of 'weaving vehicles within the weaving segment (mi/h),

SMIN minimum average speed of weaving vehic1es expectcd in a weaving
segment (mi/h),

SMAX '= maximum average speed of weaving vehicles expected in a weaving
segmcnt (mi/h), and

W '= weaving intcnsity factor (unitless).

The form of the model is logical and constrains the results to a rcasonable
range defined by the minimum and maximum speed expectations. The term
1 + Waccommodates a weaving intensity factor that can be more or ¡ess 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 tú account
for the impacts of indement weather. At this time, there are no recommended
procedures for adjusting the FFS to reflect incidents. As with aH analyses, the FFS
is best observed in the fieId, either on the subject facility or a similar facility.
When it is measured, the FFS should be observed within the weaving segmento

In situations that require thc FFS to be estimated, the model described in
Chapter 12, Basic Freeway and Multilane Highway Segments, is used. The
average spccd of weaving vehides within thc weaving segrnent is estimated by
using Equation 13.19 and Equation 13-20:

"(FFS x SAF -15)
Sw = 15+ 1+W

Le 0.789W=0.226( L:LL)
where SAF is the speed adjustment factor (unitless). The specd adjustment factor
can represent a combinatian of factors, induding weather and work zone effects.
Default speed adjustment factors and guidance far haw to apply them are found
in Chapter 11.

Chapter 13/Freeway Weaving 5egments
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Note that weaving intensity is bascd on the totallane-changing rate within
the weaving segment. More spccifically, it is bascd on the hourly rate of lane
changes per foot of weaving length. This might be thought of as a measure oí the
density oí lane changes. In addition, the lane-changing rate itself depends on
many demand and physical factors related to the design of the segmento

Average Speed of Nonweaving Vehie/es
The average speed of nonweaving vehides in a weaving segment is

estimated by using Equation 13-21:

SNW= FFS X SAF - (O.0072LCM1N) - (0.0048 ~)

Equation 13-21 treats nonweaving speed as a reduction fmm FFS. As wauld
be expected, the spccd is reduced as v/N increases. More interesting is the
appearancc of LC""I'" in the equation. L( ••ml; is a measure of minimal weaving
hIrbulence, assuming that weaving vehicles make only nec€'ssary lane changes. It
depends on both the configuration of the weaving segment and weaving
demand flow rates. Thus, nomveaving speeds decrease as weaving turbulence
increases.

Average Speed of Al! Vehicles
The space mean speed of all vehides in the weaving segmcnt is computed by

using Equation 13-22:
Vw + VNWS=----

(~:) + (~Z:)
Step 8: Determine LOS

The average speed of all vehides, computed in Step 7, must be converted to
density by using Equation 13-23.

(v/N)
D=--

S
where D is density in passenger cars per mile pcr lane and all other variables are
as previous!y defined. The density value obtained can thcn be used with Exhibit
13-6 to assign a LOS leHer to the weaving segmento

Chapter 13jFreeway Weaving 5egments
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Equation 13-22

Equation 13-23

LOSmn be determined for
weaving segments on
treewa}'S, multilane highways,
and e.o roads.
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4. EXTENSIONS TO THE METHODOLOGY

MUL TIPLE WEAVING SEGMENTS

When a series of c10sely spaced merge and divcrge areas creates ovcrlapping
weaving movements (between different merge-diverge pairs) that share the
same segment of a roadway. a multiple weaving segment is created. In earHer
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 overIapped, nor was it weIl supported by field data.

Multiple weaving segments should be segregated into separa te 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 Oiverge Segments. Chapter 12, Basic Freeway and Multilane
Highway Segments, contains information relative to the process of identifying
appropriate segments for analysis.

C-O ROAOS
T1IemethodoIogy iJpplies
iJpproximate(y ro C.D roMs,
but its use may produce an
averIy negative \Iiew of
operations.

MultilJne highway weaving
segment5 may be anafyzed
witfltflismethodology,except
in tfIe vicin;ty of signafized
intersections.

A common design practice often results in weaving movements that occur on
C-O roads that are part of a freeway interchange. The methodology of this
chapter may be approximately applied to such segments. The FFS uscd must be
appropriate to the C.O road. It would have to be measured on an existing or
similar C-O road, since the predictive methodology of FFS given in Chapter 12
does not apply to such roads. Whether the LOS criteria of ExhibH 13-6 are
appropriate is Iess c1ear. Many C.O roads operate at Iower speeds and higher
densities than do basic segments, and the crHeria of ExhibH 13-6 may produce an
inappropriately negative view of operations on a C-O road.

If the measured FFS of a C-O road is high (greater than or equaI to 50 mi/h),
reasonably accurate analysis resuIts can be expected. At lower FFS values, results
would be more approximate.

MULTILANE HIGHWAYS

Weaving segments may occur on multilane highways. As long as such
segments are a sufficient distance away from signalized intersections-so that
platoon movements are not an issue-the methodology of this chapter may be
approximatelyapplied.

ML ACCESS SEGMENTS

Where managed lanes have defined intennittent access segments. two types
of weaving movements may be created. Exhibit 13-12 iIlustrates the two types oC
sHuations.

Extensions 10 the MethodoIogy
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Exhibit 13-12
Weaving Movements
Assoclated wittl Managed
Lane Access and Egress

(
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Note: ML = m<lnaged I<lne<1MGP = genef<ll P'¥POse.

)',

Exhibit 13-12 illustrates a managed lane with three general purpose freeway
¡anes. Where an on-ramp is near the ML access segment, on-ramp vehicles
destined for the managed lane must cross aHof the general purpose freeway
lanes in the distance Lcw-miw The crass-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 whcn an off-ramp is near the ML access segment,
with the distance L<"I<>-minmeasured fram the end of the access segment to the off-
ramp ¡unction poinl.

The second type of weaving occurs within the ML access segment, as
vehicles entering and exiting from the managed lane crass each other within the
distance Lcw-mtrr - L<u~m,n. Lcw-min is defined as the distance between the on.ramp gore
area and the beginning of the ML access segment, while L<w-m,,. is the distance
fram the gore to the end of the ML access segmenl.

Cross-Weaving Between Ramps and the ML AccessSegment
The impact of crass-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~ l-CRF
CRF = -0.0897 + 0.0252In(CW) - 0.00001453Lcw_min + 0.002967Ncp

where

Equation 13-24

CRF

CAF

CW

capacity reduction factor (decimal),

capacity adjustment factor (decimal),

cross-weave demand flow rate (pc/h),

cross-weave length (ft), and

number of general purpose lanes (In).

The capacity of the general purpose lanes is then computed as

'CPA = 'CP x CAF
where

CCPA adjusted capacity of the general purpose lanes (veh/h) and

CGP unadjusted capacity of the general purpose lanes, estimated by using
basic freeway pracedures in Chapter 12 (veh/h).

Equation 13.25

Chapter 13/Freeway Weaving 5egments
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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 trcatcd as a left-side ramp.weave segment
with a length of Lco.~=- L<u>-",w

The interaction and weave turbulence effect is assumed to apply to the entire
ML access segment, induding aH general purpose lanes. Consequently, the
methodology is identical to the evaluabon of a weaving segment on the left side
of a freeway. When an ML acccss segment is evaluated as part of an extended
freeway facility with managed lanes with the procedures in Chapter 10, the ML
access segmcnt represents the one exception where the general purpose and
managed lanes are not treated as two separate lane groups. Instead, the
calculated performance mcasures are applied across alllanes.In applying the
weaving method, the basic scgmcnt capacity from Chapter 12, Basic Freeway and
Multilane Highway Segments, should be used across alllanes 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 managcd and general purpose lanes requires
considcring the adjacent friction effect, as describcd in Chapter 12. In those cases,
the freeway facility methodology in Chapter 10 offers additional adjustments to
thc ML access segment for consisteney 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 segmento An ML weave segment is limited to managed lane facilities with
nontraversable separation from the general porpose lanes. Thc 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 Accessand
Weave 5egments

Me

G'

======- --::'-:'-":-=-':-::'-':'::-:X..:..:.::, ..: ..7..: ..:.:.~. - - - --------------------------------------------------------------------
(a) Ml Access5egment

=-.....::::::: - - -- ,.:.:-==:c:;.'''c_~:.:.:.~_:,- -- - ~
~ --------------------------------
--------------------------------G'

(b) Ml Weave 5egment

Note: ML = manil9fd lane aOOGP = general PUrpo5e.
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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 thc 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 10offers additional adjustments to
thc MLweave segment for consistency with upstream or downstream ML basic
segments.

Chapter 13/freeway Weaving 5egments
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5. APPLICATION5

This chapter's methodology is most often used to cstimate the capadty and
LOS of freeway weaving segments. The steps are most easily applied in the
operational analysis mode, that is, aH traffic and roadway conditions are
spedfied, 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: Supplcmental, contains seven detailed
sample problems addressing the following scenarios:

1. LOS of a major weaving segment,

2. LOS of a ramp-weaving segment,

3. LOS of a two-sided weaving segment,

4. Oesign of a major weaving segmcnt,

5. Construction of a sen'ice volume table for a weaving segment,

6. LOS of an ML access segment with cross weaving, and

7. ML access segment with a downstream off-rampo

RELATED CONTENT IN THE HCMAG

The Highway Capacity Manual Applications Cuide (HCMAG), accessible
through the online HCM Volume 4, provides guidaoce on applying the HCM on
freeway weaving segments. Case Study 4 goes through the proccss of identifying
the goals, objectives, and analysis tools for investigating LOS on New York State
Route 7, a 3-mi route oorth of Albany. The case study applies the analysis tools to
assess the performance of the route, to ideotify areas that are defident, and to
investigate alternatives for correcting the defidencies.

This case study ineludes the following problems related to freeway weaving
segments:

1. Problem 2: Analysis of a complex interchaoge 00 the westero end of the
route

a. Subproblem 2b: Weaving section LOS in the I-87/Alternate Route 7

2. Problem 3: Weaving and ramp analysis

a. 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-O road

Other problems in the case study evaluate the operatioos of a freeway
weaving segment as part of a greater freeway facility as discussed in the
methodology in Chapter 10, Freeway Facilities Core Methodology.

Applícations
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Although the HCMAG was bascd on the HCM2()(XJ'sprocedures 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 scction 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 13-14presents illustrative results of the eHect 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 LCR[= 1, LCfR '" L and NWL '" 2.
The analysis was performed by using a fixcd total volume in the weaving
segment and varying the proportion of weaving versus nonweaving traffic.

lt can be seen that an increase in the volume ratio results in a reduction in
weaving speed, due to increased turbulence in the segmentoIn addition, the
scgment capacity steadily decreases with an increase in volume ratio. The
general trends in Exhibit 13-14are expccted to be similar for weaving segments
with diHerent geometric configurations.
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-----;---!-- Exhibit 13-14
lIIustrative effect of Volume
Ratio on Weaving Speed and
capacity
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(a) Weaving 5egment Speed (b) Weaving 5egment capacity

Note: calaJlated by using this chapter's method, assuming short length L5 = 3,000 ft, Le,., = LeR, = 1, LC"" = 0,
N••• = 2, FF5 = 65 mi/h, interchange density = 0.8 inte.changes/mi, PHF = 0.91, 3 lanes, fIN = 1, aOO V".
.¡. VR,.¡. V"".¡. V", = 5,200 vehjh,

Sensitivity of Results to Segment Short Length
Exhibit 13-15presents ilIustrative results of the eHect 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 LeR[ = 1, LCrR = L
and NWL = 2. The analysis used a fixed total volume and volume ratio.

The results show a linear increase in weave segment capacity 'with an
incrcaS('in the segment short length. The results on weaving speed show lowest

O1apter 13jFreeway Weaving Segments
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speed estima tes for very short weaving segments, which increase as the short
length increases. This increasing speed effcct flattens for longer segment lengths.
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Exhibit 13.15
lIIustrative Effect of Short
Length on Weaving Speed
and capacity

(a) Weaving 5egment Speed (b) Weaving 5egment capacity

Note: Calculated by using this chapter's method, ass.uming le,., = lCu = 1, lCm.= O, N••= 2, FFS= 65 mi/h,
interchange density = 0.8Interchanges/ml, PffF= 0.91, 3 lanes, fw" 1, VI'l''' 3,500 vetl/h, v..••= v'" =
800 veh/h, and V"" = 100 veh/h.

Sensitivity of Results to Weaving Segment Demand
Exhibit 13.16 presents ilIustrative results for an increase in weaving scgmcnt

demand on the estimated segment speed. Results are given for a standard ramp
weave with LCr<r= L LCFI~.= L and NWL = 2. Results are generated for a fixcd
proportion of weaving to nonweaving traffic by implementing a demand
adjustment factor that proportionally increases aHflows in the weaving segment.

Results suggcst that an increase in demand wiII result in a steady decrease in
the estimated spccd in the weaving segmento Note that the capacity of the
weaving segment is not affected in this experiment and is therefore fixed across
the rangc of dcmands shown. An increase in demand therefore a150corresponds
to an increase in thc demand-to.capacity ratio for the segment.

Exhibit 13-16 70
lIIustrative Effect of 5egment ~~
Demand on Weaving Speed - 60
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Note:
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Weave 5egment Traffie Demand Level (veh/h)
CalaJlated by using tt1is chapter's method, ass.uming short Iength (ls) •• 3,000 ft, le,." = lCIlF""l, lCM = O,
N••• = 2, FFS = 65 ml/h, interchange density = 0.8 interchanges/mi, PHF= 0.91, 3 lanes, and fw = 1.
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TYPES OF ANAL YSIS

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 easUy 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 expcctcd LOSand
the capacity of the segment. Sccondary outputs inelude the average speed of
component f1ows,the O\'erall dcnsity in the segment, and measures of lane-
changing activity.

Design Analysis
In design applications, the dcsired output is the length, width, and

configuration of a weaving segment that will sustain a target LOS for given
demand f1ows.This application is best accomplished by iterative operational
analyscs on a small number of candidate designs.

Generally, there is not a great deal of f1exibUityin establishing the length and
width of a segment, and there is only limited flcxibility in potential
coofigurations. The location of intersecting facilities places logicallimitations 00

the length of the weaving segment. The number of entry and exit lanes on ramps
and the freeway itself limits the numhcr 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 eotry oc 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 dcmand f1ows.In addition,
system performance monitoring applications may require planning-Ievel
applications of methodologies with simplified inputs. Further details aod
discussion on planning applications can be found in the Plmlllillg alld Prdimillary
Ellgilleering ApplicafíOIlS Guide lo fhe 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 haur volumes befare this methodology is applied. Other
planning applications use peak hour £lowrates, which can be used directly in the
methods in this chapter. A number of variables may be unknowo (e.g., PHF and
percentage of heavy vehicles), which may be replaced by default valucs.

Service Volumes and Service Flow Rates
Service vo/lwle is the maximum hourly volume that can be accommodated

without excccding the limits of the various levels oi scrvice during the worst 15
min of the analysis hour. Service valumes can be iound for LOSA-E. LOS F,
which represcnts unstable £low,does not have a service volume.

Chapter 13/Freeway Weaving 5egments
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Equation 13-26
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Seroice flow rates are the maximum rates of £low (within a 15-min period) that
can be accommodated without exceeding the limits of the yarious levels of
service. As is the case for service yolumes, service flow rates can be found for
LOSA-E, but none is defined for LOSF. The relationship between a service
volume and a servicc £low rate is as follows:

SV¡ = SF¡ x PHF

where

SV,. service volume for LOS i (pc/h),

SF¡ service £low rate for LOS i (pc/h), and

PHF peak hour factor.

The methodology uses demand volumes in vehicles per hour converted to
demand £low rates in passenger cars per hour. Therefore, service £Iowrates and
service volumes would originally be estimated in terms of £Iowrates in
passenger cars per hour. They would then be converted back to demand volumes
in vehicles per hour.

Service volumes and serviee flow rates for weaving segments are stated in
terms of the maximum volume (or flow) levels that can be aecommodated
without violating the definition of the LOS. The yolume ratio, the proportion of
total traffie that weaves, is held constant. Any change in the volume ratio would
cause a change in aHservice volumes or service £low rates.

A large number of characteristics wiII influence service volumes and service
£low 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 virtuaJly impossible. Eaeh 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 altemative traffic analysis tools for capacity
and LOS analysis is provided in Chapter 6, HCM and Altemative Analysis Tools.
This section contains specific guidance for the application of altemative tools to
the analysis of freeway weaving segments. Additional information on this topic,
induding supplemental example problems, may be found in Chapter 27,
Freeway Weaving: Supplemental, located in Volume 4.

The limitations stated earHer in this chapter may be addressed by using
available simulation tools. In sorne cases, the limitations are addressed by the
Chapter 10 and 11methodologies. The foHowing conditions, which are beyond
the scope of this chapter, are treated explicitIy by simulation tools:

• Rnmp meterillg 011 elltrallce ramps formillg part o/ the weavillg segmellt. These
features are modeled explicitly by many tools.

• Specific 0l,eratillg conditiolls when oversatllrated cOllditiolls exisf. In this case,
it is necessary to ensure that both the spatial and the temporal boundaries
of the analysis extend beyond the congested operation.
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• Mullip/e weavillg segments. Multiple weaving segments were removed
from this edition of the manual. They may be addressed to sorne extent by
the procedures given in Chapters 10and 11 for freeway facilities.
Complex combinations of weaving segments may be analyzed more
effectively by simulation tools, although such analyses rnight require
extensive calibration of origin-destination characteristics.

Because of the interactions betwl."Cnadjacent freeway segments, altemative
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 chapter provides a methodology for estimating the speed and density in
a weaving segment given traffic demands from both the weaving and the
nonweaving movements. Capacity estimates and maximum weaving lengths are
.lIso produced. Aiternative tools offer additional performance measures
ineluding delay, stops, queue lengths, fuel consumption, pollution, and
operating costs.

As with most other procedural chapters in this manual, sirnulation outputs,
especially graphics-based presentations, can provide details on point problems
that might otherwise go unnoticed with a macroscopic analysis that yields only
segment-Ievcl measures. The effeet of queuing eaused by eapacity constraints on
the exit ramp oí a we.lving segment, induding difficulty in making the required
l.lne 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 oí exit ramp
queue b.lckup is presented in Chapter 27, Freeway Weaving: Supplemental.

Development of HCM.Compatible Performance Measures Using
Alternative Tools

When aiternative tonls are used, the analyst must be carerol 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 difficuit 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 rnodels
make direct comparison difficult for weaving segments. The HCM uses a set of
deterministic equations developed and calibrated with field data. Simulation
rnodels treat each vehiele as a scparate object to be propagated through the
system. The physical and behavioral characteristics of drivers and vehieles in the
HCM are represented in deterministic equations that compute passcnger car
equivalences, lane-changing rates, maximum weaving lengths, capacity, speed,

Chapter 13{Freeway Weavillg 5egments
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and density. Simulation modcls 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 segmento

One good example of the diffcrence 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 dcal with trucks explicitly by assigning more sluggish
characteristics to each of them. The rcsult is that HCM capacities, densities, and
so forth are expressed in equivalent passenger car units, whereas thc
corresponding simulation values are represented by actual vehicles.

The HCM methodology estimates the spt.>cdsof weaving and nonweaving
traffic streams, and on the basis of these estima tes it determines the density
within the weaving segment. Simulators that provide outputs on a Iink-by-link
basis do not differentiate between weaving and nonweaving movements within
a given link; thus, comparing thcsc (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
rcconcilable through calibration and identification of point problems within a
segment, precise numcrical agrt..>cment is not generally a reasonable expectation.

Suppfemental computational
examples illustrating (he use of
altemiltive tools are induded in
Chapler 27 of VoIume 4.
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Sample Calculations IlIustrating Alternative Tool Applications
Chapter 27, Freeway Weaving: Supplemental, contains three examples that

illustratc the application of altcmative tools to frecway weaving segments. AH of
the problems are based on Example Problem 1 presented in that chapter. Three
questions are addressed by using a typical simu1ation too1:

1. Can the weaving segment capacity be estimated realisticalIy by
simulation by varying the demand volumes up to and beyand capacity?

2. How does the demand affect the performance in terms of speed and
density in the weaving segment when the default madel parametcrs are
uscd for vehicle and behavioral characteristics?

3. How would the queue backup from a signal at the end of thc off-ramp
affcct the weaving operatian?

Qlapter 13/Freeway Weaving 5e9ments
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1. INTRODUCTION

OVERVIEW

Frccway merge and divcrge segments occur primadl)' at on-ramp and off-
ramp junctions with the freeway mainline. They can also occur at majar merge or
divcrgc points whcre mainlinc roadwa)'s join or separa te.

A ramp is a dedicated roadway providing a connection bctween two
high\\'ay facilities. On freewa)'s, all movements anta and off of thc freeway are
made at ramp junctions, which are designed to permit relatively high-speed
merging and diverging maneuvcrs while limiting the disruption to the main
traffic stream. Some ramps on frcewa)'s connect to colleclor-distributor (C-O)
roadways, which in toro provide a junction with thc freewa)' mainline. Ramps
may appear on multilane highways, two-Iane highways, arterials, and urban
strccts, but such facilities ma)' also use signalizcd and unsignalized intersections at
such junctions.

The procedures in this chapter focus on ramp-freeway junctions, but
guidancc is also provided to allow approximate use of such procedures on
multilane highways and on C-O roadwa)'s.

CHAPTER ORGANlZATION

Chapter 14 presents methodologics for analyzing merge and divergc
segment operations in uninterrupted-flaw conditions. The chapter prescnts a
methodology far evaluating isolated freeway merge and diverge segments, as
well as several extensions to the core method, including analysis of two-Iane
ramps, Icft-hand ramps, and major merge and diverge segments.

Section 2 of this chapter presents the following concepts related to merge and
diverge segments: o\'erview and ramp components, c\assification of ramps, ramp
and ramp junction analysis boundaries, ramp-freeway junction operatians, base
conditions, and level of service (LOS)crHeria for merge and diverge segments.

Section 3 presents a method for evaluating automobile operations on rnergc
and divcrge segments. The method gcnerates the following performance
measures:

• Average speed of vchicles in the ramp influence arca,

• Average dcnsit)' in the ramp influence area and in the aggregatc across
the entire scgment, and

• LOSof the mergc or diverge segmento

Section 4 extends the core method prescntcd in $ection 3 to incorporate
considerations far single-Iane ramp additions and lane drops, two-Iane on-ramps
and off-ramps, left-hand on-ramps and off-ramps, and ramp-freeway junctions
on lO-lane freeways. The section also discusses extension of thc method to major
merge and diverge segments.

Section 5 presents guidance on using the results of a fTl..'t'waymerge or
diverge segment analysis, including example results from the methods,

Olapter 14jFreeway Merge and Diverge 5egments
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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.

RELATE O HCM CONTENT

Other Highway Capacity Manual (HCM) content rclated to this chapter
ineludes the following:

• Chapter 3, Modal Characteristics, where general characteristics of the
motorized vehiele 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;

• Chaptee 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 scgmcnts and weaving
segments;

• 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;

• Case Study 4, New York State Route 7, in the HCM Applicatio/ls Cuide 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 Plmmi/lg alld Prelimillary ElIgilleerillg
Applicatio/ls Guide to the HCM, found in Volume 4, which describes how to
incorporate this chaptee' s methods and performance measures into a
planning effort.

Introduction
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2. CONCEPTS

OVERVIEW ANO 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 categorics:

• Ramp-freeway junctions (or a junction with a e-o roadway or multilane
highway segment), or

• Ramp-strcet 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 e-D roadway that is designed for
high-spced merging or diverging without control may be cJassified 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 thc ramp-freeway junction and even mainline freeway conditions.
Chapter 23 indudes a methodology for estimating the 'lucue storage ratio for the
off-ramp approach; thc 'lueue is expected to spill back anta the freeway when
this ratio exceeds 1.0.Mainline operations can also be affected by platoon entries
created by ramp-street intersection control.

The geomctric characteristics of ramp-freeway junctions vary. The length
and type (parallel, taper) of accelcration or deceleration lane(s), the free-flow
spced (FFS)of both the ramp and the frecway in the vicinity of the ramp, the
proximity of other ramps, and other elements all affect merging and diverging
opcrations.

CLASSIFICATION OF RAMP SEGMENTS

Ramps and ramp-freeway junctions may occur in a wide variety of
configurations. Sorne of the key characteristics of ramps and ramp junctions are
summarized below:

• Ramp-frceway junctions that accommodate merging maneuvers are
dassified as oll-ramps. Those that accommodate diverging maneuvers are
c1assifiedas off-ramps. Where the junctions accommodate the merging of
two major facilities, they are c1assifiedas major merge junctions. Where
they accommodate the divergence of two major roadways, they are
c1assifiedas major diverge junctions.

• The majority of ramps are right-hand ramps. However, sorne ¡oin with thc
left lane(s) of the frecway and are c1assifiedas left-hand rarnps.

Chapter 14/Freeway Merge and Díverge 5e9ments
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Merge and diverge segments
with two lanes at !he point of
merge or diverge are
conSidered as spedal cases in
section 4 of this chapter.

Wlth ufldersaturated
COfl(/itions, !he operational
impads of ramp-freeway
junctions occur wi!hin a 1,500-
ft-Iong influence area.

Tñe influence area indudes !he
a«eIeration/deceferation lane
and !he right two /anes of !he
freeway (Ieft two lanes for /eft-
han<! ramps).

• Ramp roadways may have one or two lanes. At on-ramp freeway
junctions, most two-lane ramp roadways merge into a single lane before
merging with the freeway. In this case, the junction is c1assifiedas a one-
lane ramp-freeway junction on thc basis of the methodology of this
chapter. In other cases, a two-Iane ramp-freeway merge exists, and a
spedal analysis model is used (see this chapter's Extensions to the
Methodology section).

• 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 c1assifiedas one-Iane ramp-freeway
junctions on the basis of this chapter's methodology. However, two-Iane
off-ramp roadways often have two lanes at the diverge point as well.
Thcse are treated by using a spcdal model (s(''C this chapter's Extcnsions
to the Methodology section).

• Ramp-freeway merge and diverge operations are affected by the number
of lanes on the freeway segment (in one dircction).

• Ramp-freeway merge and divergc opcrations may be affected by the
proximity of adjacent ramps and thc demand flow rates on those ramps.

The number of combinations of these charactenstics that can occur is large.
For any analysis, all of these (and othcr) characteristics must be spedficd if
meaningful resuIts are to be obtained.

RAMP ANO RAMP JUNCTION ANALYSIS BOUNOARIES

Ramps and ramp junctions do not operate independently of the roadways
they connecl. Thus, operating conditions on the main roadways can affed
operations on the ramp and ramp junctions, and vice versa. In particular, a
breakdown (LOS F) at a ramp-frceway junction may have serious effects on the
freeway upstream or downstream of the junction. Freeway operations can be
affeded for miles in the worst cases.

However, for most stable operations, studies (1) have shown that thc
opcrational impacts of ramp-freeway junctions are more localized. Thus, the
mcthodology presented in this chapter predicts the operating characteristics
within a defined ramp ¡nfluence area. For right-hand on-ramps, the ramp
influcncc arca indudes the acceleration lane(s) and Lanes 1 and 2 of the frceway
mainline (rightmost and second rightmost) for a distance of 1,500ft downstream
of the mergc poinl. For right.hand off-ramps, the ramp influence area ineludes
thc decelcration lane(s) and Lanes 1 and 2 of the freeway for a distance of 1,500ft
upstrcam of the diverge poinl. Exhibit 14-1illustrates the definition of ramp
influence arcas. For left-hand ramps, the two leftmost Janes of the fn.'Cwayare
affectcd.

Exhibit 14-1
Ramp Influence Areas
II1ustrated

Concepts
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(b) Diverge Influence Area
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In many cases, the influence areas of adjacent ramps may overlap one
another. In such cases, each influcnce area is analyzed scparately with the
mcthodology of this chaptee. For the overlap area, the analysis resulting in the
worse operating characteristics or LOSis applied. This general approach also
applies to merge or diverge influencc arcas that overlap wcaving segments.

RAMP-FREEWAY JUNCTION OPERATIONAL CONOITIONS

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 vehides entering the Lane 1 traffic stream
creates turbulencc in the vicinity of the rampoApproaching freeway vehides
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
portians 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 portioos of freeway.

Vehide interactions are dynamic in ramp influence areas. Approaching
freeway through vehides 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 frecway congestion can also Iimit ramp flow and cause
diversion to other interchanges or routes.

Exhibit 14-1and the accompanying discussion relate to single-lane right-
hand ramps. For two-Iane right-hand ramps, the characteristics are basically the
same, except that two acceleration or deceleration lanes may be presento For left.
hand ramps, merging and diverging obviously takc place on the left side of the
freeway. This chapter's methodology is bascd 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 CONOITIONS

The base conditions for the methodology presented in this chapter are the
same as for other types of frceway segments:

• No heavy vehicles,

• 12-ft lanes,

• Adequate lateral clearanccs (2:6ft), and

• Motorists who are familiar with the facility.

CAPACITY OF MERGE ANO OIVERGE SEGMENTS

The base capacity of merge and divcrge segments is the same as the
corresponding capacity of a basic segment, which in turo is initially a function of

Chapter 14jFreeway Merge and Diverge Segments
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the segmcnt FFS as deseribed in Chapter 12, Basic Freeway and Multilane
Highway Scgments. These base capacities reflect ideal conditions on a facility
before eonsideration of any eapacity-reducing effects. For example, the base
capacities assume no heavy vehieles; no grades; and no additional fricHon effeets
due to poor pavement eonditions, narrow lanes, or lighting conditions. The base
capacities further do not inelude the effeets of nonrecurring sources of eongestion,
sueh as scvere weather, incidents, or work zones. Therefore, calibration of the
base eapacity to reflect local conditions may be necessary, especially when a
segment is evaluated in the context of an extended freeway faeility.

In the ease of merge areas (and to a lesser extent diverge areas), sorne
researeh has pointed out that the capadty can be redueed 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 traffie (and thus liule
resulting merge turbulence) is expceted to have a capacity similar to that of a
basie segment, but sorne merge segments that function as active boUleneeks may
have capacities below that of a basic segment.

While no national model exists for estimating the capacity of a merge or
divergc scgment as a funetion of on-ramp demand, mainline demand, lane
configuration, acceleration/deceleration lane length, and so forth, several sources
in the literature suggest that the resulting eapacities can be less than those of a
basie 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 eapacity 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 eonverted to passenger cars per hour per ¡ane on the basis of truck
presenee. Chapter 12 offers additional discussion of prcbreakdown capacity and
the queue diseharge flow rate.

Queue Discharge
Flow

1,644 (96)
1,741 (146)
1,865 (124)
1,563 (142)
1,567(115)
1,665 (85)
1635 66

Average (Standard DeviatiQn)
Maximum

Prebreakdown
Flow

2,181 (163)
2,238 (161)
2,330 (162)
2,174 (107)
2,018 (108)
2,075 (113)
1928 70

Breakdown
Flow

1,876 (218)
2,010 (246)
2,090 (247)
1,943 (199)
1,750 (256)
1,868 (160)
1774 160

No.of
Lanes

2
2
3
3
4
4
5

Location
Minneapolis,Minn.
Portland,Ore.
Toronto,(anada
sacramento,Calif.
sacramento,(alif.
san Diego,(alif.
san Di ° (alif.
Source: Elefteriadou (2).

Exhibit 14-2
(apacityEstimatesat Merge
Bottlenecklocations
(vehJhJln)

Thc analyst should consider these valucs in estimating the merge scgmcnt
capacity in the prescnce of high on-ramp and freeway flows and should validatc
through local data whenever possible. A correet ealibration of the merge and
diverge segment capacity is espedally important in the eontext of a frceway
facilities analysis in Chapter 10, Freeway Facilities Core Methodology. Reduced
eapaeity values can be implementcd in the merge/diverge methodology through
thc use of a capacity adjustmcnt factor (CAF), as described in Section 3 of the
chapter.

COncepts
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LOS CRITERIA FOR MERGE ANO OIVERGE SEGMENTS

Merge/diverge segment LOS is defined in terms of density for aH cases of
stable operation (LOS A-E). LOS F exists when the freeway demand exceeds the
capadty of the upstream (diverges) or downstream (mergcs) freewa)' segment or
when the on- or off4ramp 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 mini mal turbulence occurs. At LOS C, speed within the ramp
influence area begins to decline as turbulence levels become much more
noticeable. Both ramp and freeway vehic1cs begin to adjust their speeds to
accomplish smooth transitions. At LOS O, turbulence Icvcls in the influence area
become intrusive, and virtually al! vehicles slow to accommodate merging or
diverging maneuvers. Sorne ramp queues may form at heavily used on-ramps,
but freeway operation remains stable. LOS E represents operating conditions
approaching or at capadty. Small changes in demand or disruptions within the
traffic stream can cause both ramp and freeway queues to formo

LOS F defines operating conditions within queues that form on both the
ramp and the freewa)' mainline when capacity is exeeeded by demando For on-
ramps, LOS F exists when the total demand flow rate from the upstream freeway
segment and the on4ramp exceeds thc capadty of the downstream freeway
segment. For off-ramps, LOS F exists when the total demand flow rate on the
approaching upstream fft..'eway segment exceeds the capacity of the upstream
freeway segment. LOS Falso occurs when the off-ramp demand exceeds the
capacity of the off-rampo When on-ramp demand exceeds on-ramp capadty, the
ramp demand reaching the merge area is limited to the capadty 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 majar merges and diverges; high-speed, uncontrolled merge or
diverge ramps on multilane highway sections; and merges and diverges on
freeway C-O roadways. LOS is not defined for ramp roadways, while the LOS o£
a ramp-strect junction is defined in Chapter 23, Ramp Terminals and A1ternative
Interscctions.

LOS A-.-£ are defined In terms
of density; LOS F exists when
demand exceeds capadty.

LOS
A
B
e
D
E
F

Oensity (pe/mil In)
~10

>10-20
>20-28
>28-35
>35

Demand exceeds capaCity

Exhibit 14-]
LOS Cfiteria for Freeway
Merge and Diverge 5egments

Chapter 14{Freeway Merge and Diverge 5egments
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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-Iane highways, and freeway C.D raadways that are part of
interchanges.

This chapter's procedures can be used to identify Iikely 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, induding 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).
Sorne spedal applications resulted frarn adaptations of procedures developed in
the 1970s(4). American Assodation of State Highway and Transportation
Offidals polides (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 ¡nfluente
area is generally Iirnited to the two righhnost freeway lanes and any acceleration
or deceleration lanes present, for a distance of 1,500ft downstream of the merge
point or upstream of the diverge point. Where LOSF is experienced, queues can
extend this influence for much greater distances. 5uch cases must be analyzed by
using the procedures of Chapters 10and 11on freeway facilities.

Peñormance Measures
The rnethodology of this chapter results in predictions of the average speed

and density of vehides within the ramp influence area. It also provides estimates
of the speeds and densities of lanes not induded in the ramp influence arca
(which apply along the 1,5OO-ftlength of the influence area) and estirnates of
average speeds and densities for alllanes of the freeway.

Strengths of the Methodology
This chapter's procedures were devcloped 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 geornetric 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:

• Thc methodology providcs capaaty estimates. Simulators do not provide
capacit)' estima tes directly; they can be obtained by devising a data
collection scheme in the simulator. Furthermore, the user can modify
those simulated capacities by modif)'ing specific input values, such as the
minimum acceptable headway.

• The methodolog)' explicitly considcrs the impacts of the presence of
upstream and downstream ramps, as well as their respective demands.

• lt produces a single deterministic estimate of density, which is important
for sorne 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 thc analyst), cases involving

• Speciallancs, such as high-occupaney vehicle (HOV) lanes, as ramp entry
lanes;

• Ramp metering; or

• Intelligent transportation system features.

The methodology does not explicitly take into account posted speed limits or
level of police enforcement. In sorne 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 segrnents can be analyzed with a variety of stochastic

and deterministic simulation tools that address freeways. These tools can be
uscful 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 presento

REQUlRED DATA AND SOURCES

The analysis of a ramp-freeway ¡unction requires details concerning the
junction under analysis and adjacent upstream and downstrearn ramps, in
addition to the data requircd for a typical freeway analysis.

Exhibit 14-4lists the information nccessary for applying thc frceway merge
and diverge segment methodology and suggests potential sources for obtaining
thcsc data. lt suggests default values for use when segment-specific informalion
is not availablc. The user is cautioned that every use of a default value instead of
a ficld-measured, segment-specific value may make the analysis results more
approximatc and less related to the conditions that describe the highway. HCM
defaults should onl)' be used when (a) ficld data cannot be collected and (b)
locall)' derived dcfaults do not exist.

Chapter 14jFreeway Merge and Diverge Segments
Version 6.0
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Exhibit 14-4
Required Input Data, Potential
Data Sources, and Default
Valuesfor FreewayMergeand
Diverge5egment Analysis

Required Data and Units

Numberof lanes
Ramptype
Numberof lanes en ramp
Ramp location(right, left)
len th of acceleration lane
Lengthof deceleration lane
Presence of upstream and
downstream ramps
Terraintype
(Ievel,rolling,speciflCgrade)

Free-f1ow speed (mi/h)

Rampfree--f1owspeed (mVh)

Potential Data Source(s)
Geometric Data

Roadlnvenh!y,aenalphoto
Road inventory,aerial photo
Road inventory,aenal photo
Road Inventot)j aerial photo
Road invento aerial hoto
Road invenh!y, aerial photo

Road inventotY,aerial photo

Designplans, analyst judgrnent

Directspeed measurements, estímate
fromdesign speed or speed limit
Directspeed measurements, estímate
fromdesign speed or speed limit

DemandData

Sugge5ted
Default Value

Mustbe provided
Mustbe providOO
1
Rightslde
SOO.
400'

None, iso/atoo ramp

Mustbe providOO

Speed límít+ 5 mi/h

35 mVh

Mustbe províded

Mustbe providOO

None, isolatOOramp

1.0

15 min (0.25 h)
0.94 urban and rural

1.0

Fielddata, modeling

Fielddata, modehng

Fielddata, modeling

Fielddata

Set by analyst
Fielddata

Hour/y demand va/ume on
freeway(veh¡h)
Haurly demand vo/ume on
ramp(vehjh)
HOUrtydemand volurneon
upstream or downstream ramp
(veh/h)
Analysísperlod length (min)
Peak hour facto~ (decimal)
Speed and capacity
adju5tment factors for driver Fíelddata
populationb
Speed and capacity
adjustment factors for
weather and inciden~
Heavy vehiele percentage (%) Fielddata 5% urban, 12% rurald
Notes: Bold italicindic.ates high sen5itivity (>20% change) of service measure 10 the choice of default value.

Bold indic.ates moderate sensitivity (10%-20% change) of service rneasure to!he thoke of default value.
I Moderate 10 high sensitivity of servk:e rneasures for very Iow PHF values. See !he discussion in !he text
PHF is oot required when peak lS-min demand VQlumes are provided.
b See Olapter 26 in VoIurne 4 for default adJustment factors for driver population.
, See Olapter 11 for del'ault capacity and speed adjustment faetors for we.ather and intident5.
d See O1apter 26 in VoIurne 4 for stale-specifl(: default heaVV vet1ic:le percentilges.

The exhibit distinguishes between urban and rural eonditions for certain
defaults. The classification of a facility as urban or rural is made on the basis oí
the Federal Highway Administration smoothcd or adjusted urbanized boundary
definition (6), which in tum is derivcd fram Census data.

Care should be taken in using default valucs. The service measures are
sensitive to sorne of the input data listed in Exhibit 14-4. For example, the FFS
and the length of thc acceleration Jane can resuIt in a 10%-20% change in the
scrvice 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 defauIt value for PHF; more typical
PHFs vary the service measurc results by less than 10%. Traffie demand volumes
on mainline and ramp can change the output by more than 20%, and changes in
heavy vehic1c percentages can rcsult in a 10%-20% change in the service
measure. Other inputs change thc service measure result by less than 10% when
they are varied over their normal range.

CoreMethodology
Page 14-10

Olapter 14/FreewayMergeand Diverge5egrnents
V~6.0



Highway Capacity Manual: A Guide for Multimodal Mobility Analysis

Data Describing the Freeway
The following information concerning the freeway mainline is needed to

conduct an analysis:

1. FFS:55--75mi/h;

2. Numbcr of mainline freeway lanes: 2-5;

3. Terrain: level or rolling, or pcrcent grade and length;

4. Heavy vehicle presencc: percent trucks and buses;

5. Demand £lowrate immediately upstream of the ramp-frccway junction;

6. PHF: up to 1.00;and

7. Driver population spced and capacity adjustment factors: defaults to 1.00
(see Chapter 26 for additional guidance)

The freeway FFSis best measured in the field. If a field measurement is not
available, FFSmay be estimated by using the methodology far basic freeway
segments presented in Chapter 12,Basic Freeway and Muhilane Highway
Segments. To use this methodology, information on lane widths, lateral
c1earances,number of lanes, and total ramp density is required. If the ramp
junction is located on a multilane highway or C-D roadway, the FFSrange 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 FFS.Its use with multilane highways or C-O
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 1.00unless 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 thc location under study or at similar nearby locations.
Additional guidance on thesc factors is provided in Chapter 26.

Data Describing the Ramp-Freeway Junction
The following informatian concerning the ramp-fr('('way junction is nceded

to conduct an analysis:

1. Typc of ramp-frccway junction: merge, diverge, major merge, major
diverge;

2. Side oí junctian: right-hand, left-hand;

3. Number of lanes on ramp roadway: 1 lane, 21ancs;

4. Number of ramp lanes at ramp-freeway junction: 1 lane, 2 lanes;

5. Lcngth oí acceleration/decelcration lane(s);

6. FFSof the ramp roadway: 20-50 mi/h;

7. Ramp terrain: level, rolling. or mountainous; or percent grade, length;

8. Oem.md flow rate on ramp;

Qlapter 14/Freeway Merge and Diverge 5egments
Version 6.0

FF5 is best measured in the
fiefd but can be estimated by
using [he methodology for
basic fTeeway segments or
multilane highways, as
applicable.
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The length of the acceJeration
or deceleration fane indudes
(he tapered portian of!he
rampo

9. Heavy vehiclc presence: percent trucks and buses;

10. PHF: up to 1.0;

11. Driver population speed and capadty adjustment factors: up to 1.0;and

12. For adjacent upstream or downstream ramps,

a. Upstream or downstream distance to the mcrge or diverge under
study,

b. Demand flow rate on the upstream or downstream ramp, and

c. PHF and heavy vehicle percentages for the upstream or downstream
rampo

The length of the acceleration or deceleration lane ineludes the tapered
portion of the rampo Exhibit 14-SiIlustrates lengths for both parallel and tapered
ramp designs.

Exhibit 14-5
Measuring the Length of
Acceleration and Deceleration,-,,,,

(a) Parallel Acceleration lane

(e) Parallel Deceleration Lane

Source; Roess et al. (3).

(b) Tapered Acceleration lane

(d) Tapered Deceleration Lane

Core Methodology
Page 14-12

Length of Analysi5 Period

The analysis period for any freeway analysis, ineluding ramp junctions, is
generally the peak lS-min period within the peak hour. Any lS-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 capadty. The methodology estimates the density and speed in the ramp
influence area, as well as capacities, speeds, and densities for the entire segment
across alllanes.

The computational process illustrated in Exhibit 14-6may be categorized into
five primary steps:

1. Spedfying input variables and converting demand volumcs to demand
flow rates in passenger cars per hour under equivalent base conditions;

O1apter 14jFreeway Merge and Diverge 5egments
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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 (Le., 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, cstimating the average speed of vehic1es within the ramp
influence area.

Each step is discusscd in detail in the scctions that follow.

STEP 1

Input Data
Geomemc D.t~
FFSFrH'M)'
FFSRam~

l)('~ndFloNS

lJoonwndI~ Adju5o-nts
f>@~.Hoor f'lIacr, Pt1F

He""YVende Ad¡u.tmenl, F",

cc.oputeAdjusted flow Rates
E<l""bOO1+1

Exhibit 14-6
Flowchart for Analysis of
Ramp-Freeway Junctions

STEP 3

Compute DenoarKI 'Iow bte w.
unes I .md 2 Im.-r",tefyo upst""''''

01 [he Merge IllI1uence Ama:
EqualJon 14-2 lIIIdexl"bIt 14-8

Ched: Re~5OIIo'blene$
M)IIS! ~sNeeded

c-.pute Cilpadty of Merge A •••••and
Conop;ore with Oftnoond no-:

Exhtl~ 14-10, Exl"M 14-11, and bMl<t 1+12
Merge Atea Q1~aty (EaSICFreeoMlVQ1~)

R."'ImpRoadway Q1paoty
Ma>imum Flow Enterin¡ Me<ge Influence ~rM
Ad]ustCop_ forFr_y 9_.-n.

W"'lIIef, •••.\nCidefIt Effeds

~ dmMnd gruter rm,nupdOty?

Off-Rllmp(dMi!r~)

Compute 0-...00 flow Il.atesln
l.<>nes 1.",><12 L........rliltefyo Upst •••••m

01 the Dive"J<! Int1l>enol! A ••••• :
Eqllll!lOn1+8 ~nd Em¡b~ 14-9

Cheó P.e~"Ol\llblelle'l'
Ad)IISI~S~

Compute capacitv of 0Nen}e Anta aOO
Compare with DenoaOO no •••,"

E>:t"M 14-10, Exhib~ 14-11, and Em,brt 14-12
1)rve'9'! Ate~ Q1paaty (8)lSICFr'-"""ftVQ1p3<Jl'f)

R."'ImpRo3dw~y OIp3Oty
~mum F10wEntonng DM'll" Influence ""'"
A<Jju>4C<o¡><fU¡;",r", F<_y eouh<,.,u.,.,

We~ltIer, ;Ir !t>odef1tEffeds

~ dmMnd 'T8MN ti"", api1d/f'

STEP4

C"",I''' l" Deo lOoiI.Y
EquabonI4-22

Estnate Speeds
ExhiM 14-13

••••)11>(~peed5 ~5--o

LOS:f

~"
o.apt~r
U

lO'> '" F
~ro

cn..pter
U

Estioaate SpeeIIs
Exh<b<t 14-14

MJust Speeds IIIS--o
Chapter 14/Freeway Merge and Diverge 5egments
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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 ¡neludes only Lanes 1 and 2 of the freeway, an
important part of the methodology involves predicting the number of
approaching freeway vehieles 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
leveIs 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.

Exhibit14.'
KeyRampJunctionVariables

The variables illustrated in Exhibit 14.7 are defined as follows:

VF = f10w rate on freeway immediately upstream of the ramp influence area
under study (pclh),

V12 f10w rate in freeway Lanes 1 and 2 immediately upstream of the ramp
influence area (pc/h),

Vw flow rate on the freeway immediately downstream of the merge or
diverge area (pc/h),

VIl flow rate on the on-ramp or off.ramp (pc!h),

V¡¡12 sum of the flow rates in Lanes 1 and 2 and the ramp flow rate (on-
ramps only) (pc!h),

D¡¡ density in the ramp influence area (pe/mi/ln), and

SR average speed in the ramp influence area (mi/h).

CoreMethodology Chapter14/FreewayMergeand Diverge5egments
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COMPUTATlONAL STEPS

The methodology described in this section was calibrated for one-lane, right-
side ramp-freeway junctions. AlI other cases-two-lane ramp junctions, left-side
ramps, and major merge and diverge configurations-are analyzed with the
modified procedures detailed in $ection 4, Extensions to the Methodology.

Step 1: Specify Inputs and Convert Demand Volumes to Demand Flow
Rates

Al! 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 1S-min flow rates (in passenger cars per hour) under
equivalent ideal conditions (Equation 14-1):

Vi
V¡=PHFxfHV

where

Vi demand flow rate for movement i (pc/h),

V, demand volume for movement i(veh/h),

PHF peak hour factor (decimal), and

fHV adjustment factor for heavy vehicle presence (decimal).

If demand data or forecasts are already stated as 1S-min flow rates, PHF is
set at 1.00. Adjustment factors are the same as those used in Chapter 12, Basic
Frccway and Multilane Highway Segments. These can also be used when the
primary facility is a multilane highway or a C-O 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 ineludes 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 arca.

The distribution of freeway vehides approaching a ramp influence area is
affected by a numbcr of variables:

• Total freeway flow approaching the Tamp influence arca llr (pc/h),

• Total on- or off-ramp flow vR (pc/h),

• Totallength of the acceleration lane LA or deceleration lane Lv (ft), and

• FFS of the ramp at the junction point 5rR (mi/h).

The lane distribution of approaching freeway vehidC's may also be affectC'd
by adjacent upstream or downstream ramps. Nearby ramps can influence lane
distribution as drivers execute lane changes to position themselves for ramp
movemcnts at adjacent ramps. For example, an on-ramp located only a few
hundred ft..'t"tupstream of a subject ramp may result in additional vehieles in

Chapter 14jFreeway Merge and Oiverge 5egments
Version 6.0
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calibrate(} for one-lane, right-
side ramp-freeway]unctions.
Other situations are addressed
in the Extensions to the
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Lanes 1 and 2 at the subject rampo A downstream off-ramp near a subject ramp
may contain additional vehieles in Lanes 1 and 2 destined for the downstream
rampo

Theoretically, the influenee of adjacent upstream and downstream ramps
does not depend on the cross section of the freeway. In practical terms, however,
this methodology only aecounts for such influences 00 six-Iane freeways (three
lanes in one directioo). On four-Iane freeways (two lanes in one direetion), the
determination of Vil is egual to the total enteríng volume on the freeway; sinee
only Lanes 1 and 2 exist, aHapproaching freeway vehieles are, by definition, in
Lanes 1 and 2 regardless of the proximítr of adjacent ramps. On eight-Iane (four
lanes in one direction) or larger freeways, the data are insuffident to determine
the impact of adjacent ramps on lane distribution.

In addition, two-Iane ramps are never ineluded in the consideration of
"adjacent" ramps under these procedures. Similarly, ramps that form part of an
adjacent weaving segmcnt, or ramps that constitute lane additions or lane drops,
should not be considered.

For six-Iane freeways, thc methodology ineludes a process for determining
whether adjaceot upstream and downstream ramps are elose enough to
¡nfluence lane distribution at a subject ramp jundion. Whcn such ramps are c10se
enough, the following additional variables mar be involved:

• Flow rate on the adjacent upstream ramp Vu (pc/h),

• Distance between the subject ramp junetion and the adjacent upstream
ramp junction Lul' (ft),

• Flow rate on the adjacent downstream ramp VD (pc/h), and

• Distance between the subject ramp junetion and the adjacent downstream
ramp junction LoowN(ft).

The distance to adjacent ramps is measured between the points at which the
left edge of the leftmost ramp lane meets the right-Iane edge of the freeway.

In practical terros, the influence oí adjacent ramps rarely extends more than
approximately 8,000 fl. Nevertheless, whether an adjacent ramp 00 a six-Iane
freeway has influence should be determined by using the algorithms spedfied in
this mcthodology.

Of aH 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 laoes lessen turbulence as ramp vehicles enter or leave the freeway.
This leads to lower densities and higher speeds in the ramp influence area. Whcn
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, thcrc arc distinct differences
between thc lane distribution impacts of on-ramps aod off-ramps. Scparate
models are presented for each case in the sections that follow.

Core Methodology
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Estimating Flow in Lanes 1and 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:

V12 = VF X PFM
whcrc

V12 flow rate in Lanes 1 and 2 (pc/h),

vr =o total flow rate on freeway immediately upstream of the on-ramp
(merge) influencc area (pc/h), and

PH! proportion of frccway vehicles rcmaining in Lanes 1 and 2
immcdiatcly upstream of the on-ramp influcnce area (decimal).

Exhibit 14-8 shows the algorithms used to determine PrM for on-ramps or
mcrge areas. Al! variables in Exhibit 14-8 are as previously defined.

Three equations arc provided for six-Iane freeways. Equation 14-3 is thc 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 upstrcam
adjacent off-ramp, and Eguation 14-5 addresses cases with a downstream
adjacent off-rampo Adjaccnt on-ramps (cither upstrcam or downstrcam) have not
becn lound to have a statistically significant impact on operations and are
therelore ignored; Eguation 14-3 is applied in such cases.

Equation 14-2

No.of
Freeway
unes-

4

6

8

Model(s) for Determining PFH

P"M = 1.000

PFM = 0.5775 + 0.000028L",

P"M "" 0.7289 - 0.OOOOI35(vF + VR) - 0.003296SFR + O.000063Lup
Pf'M = 0.5487 + 0.2628(VD/LooWN)

For VF/SFR:S 72: PFM = 0.2178 - 0.000125vR + 0.01115(L",ISFR)

For VF/SFR > 72: PFM = 0.2178 - O.00012SvR

5electing Equations for P"" ter Six-Lane Freeways

Exhibit 14-8
Modelsfor PredictingPF!o/ at
On-Rampsor MergeAreas

Equation 14-3

Equation 14-4

Equation 14-5

Adjacent
Upstream Subject Adjacent
Ramp Ramp Downstream Ramp Eguation(s) Used
Nene On None Equation14-3
None On On Equation14-3
None On Off Equation14-5or 14-3
On On None Equation14-3
Off On None Equation14-4or 14-3
On On On Equation14-3
On On Off Equation14-5or 14-3
Off On On Equation14-4or 14-3
Off On Off Equation14-5or 14-4or 14-3

Notes: If an ildjacent diverge on a slx-Iane freeway is not a one-iane, right-side off-ramp, use Equation 14-3,
• 4 lanes = two lanes in each direction; 61anes = three lanes in each directkln; Blanes = four laroes in
each direction.

Adjacent upstream or downstream ramps do not affect the prediction of V)2
lor two-Iane (one dircction) freeway segments, since all vehides are in Lancs 1
and 2. There are insufficient data to determine whether adjacent ramps influcncc

Chapter14/freewayMergeandDiverge5egments
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Equation 14-6

Equation 14-7

When both adjacent upstreiJm
and downstream off-ramps are
present. the larger resulting
value of p,.. is used.

When an adjacent off-ramp to
a merge area on a six-'ane
treeway 15 not a one-1ane,
right-side off-ramp, apply
Equation 14.J.

Equation 14-8

lane distribution on four-Iane (one direction) freeway segments, and thus no
such impact is incorporated into this methodology.

Where an upstream or downstream adjacent off-ramp exists 00 a six-Iane
freeway, a determination as to whether the ramp is close enough to the subject
merge area to influence the area's operation is nccessary. The determination is
made by finding the equilibrium separation distance LEQ• If the actual distance is
larger than or equal to LclJ' Equation 14-3 should be used. If the actual distance is
shorter than LclJ' Eguation 14.4 or Equation 14-5 should be used as appropriate.
The eguilibrium distance is obtained by finding the distance at which Equation
14.3 would yield the same value of PfM as Equation 14-4 or Eguation 14-5 as
appropriate. This results in the following:

For adjacent upstream off-ramps, use Equation 14-6:

LEQ = O.214(vF + VR)+ O.444LA + 52.32SFR - 2,403

For adjacent downstream off-ramps, use Equation 14-7:
VD

LEQ = 0.1096 + 0.000107L,
where aH terms are as previously defined.

A spedal case exists when both an upstream and a downstream adjacent off-
ramp are present. In such cases, two different values of PHl could arise: one from
consideration of the upstream ramp and the other from consideranon of the
downstream ramp (they carmot be considered simultaneously). In such cases, the
analysis resulting in the larger value of PrMis used.

In addition, the algorithms used to include the impact of an upstream or
downstream off-ramp on a six-Iane freeway are only valid for single-Iane, right-
side adjacent ramps. Where adjacent off-ramps consist of two-Iane junctions or
major diverge configurations, where ramps are part of a lane add or weaving
segment, or where they are 00 the left side of the freeway, Equation 14-3 is
always applied, together with other modifications described in the Extensians to
the Methodology sectian of this chapter.

Estimating Flow in Lanes 1and 2 for Of(-Ramps (Diverge Areas)
AHoff-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 aff-ramp
"ehicles and a proportion of freeway through vehicles, as in Eguatian 14-8:

VI2 = VR + (VF - VR)PFD

where

Core Methodology
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v"

v,

flow rate in Lanes 1 and 2 of the freeway irnmediately upstream of the
deceleration lane (pclh),

f10w rate on the off-ramp (pclh),

f10w rate on freeway immediately upstream of the ramp influence area
under study (pclh), and

proportion of through frceway traffic remaining in Lanes 1 and 2
immediately upstream of the deceleration lane (decimal).

Chapter 14jFreeway Merge and Diverge Segments
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Foc off-ramps, the point at which flows are defined is the begiJUlingoí the
deceleration 1ane(s),regardless oí whether this point is within oc outside thc
ramp influence area.

Exhibit 14-9contains the equations used to estimate PfD at off-ramp diverge
areas. As was the case for on-ramps (merge areas), the value of PfD for four-Iane
freeways is fixed at 1.0, since only Lanes 1 and 2 existo

Equation14-9

Equation14-10

Equation14-11

Exhibit 14-9
Modelsfor PredictingPfD at
Off-Rampsor DivergeAreas

when vu/Lup:S: O.2b6

4

8

No.of
Freeway
Lanes" Model(s)for Detennining Pro

PFD = 1.000

PFD = 0.760 - 0.oOo025vF - O.000046vR

PFO = 0.717 - 0.000039vF + 0.604(vu/Lup)
PFD = 0.616 - 0.OOo021vF + O.124(vD/LDowN)

PPD = 0.436

5electing Equations for PfD for Six-Lane Freeways
Adjacent Adjacent
Upstream Subject Downstream
Ramp Ramp Ramp Eguation(s)Used
None Off None Equation14-9
None Off On Equation14-9
None Off Off Equaban14-11or Equation14-9
On Off None Equation14-10or Equation14-9
Off Off None Equation14-9
On Off On Equation14-10or Equation14-9
On Off Off Equation14-11,Equation14-10or Equabon14.9
Off Off On Equation14-9
Off Off Off Equation14-11or Eguation14-9

Notes: If an iKljacent ramp on a six-lane freeway is not a one-lane, right-side off.ramp, use Equation 14.9 .
• 4 lanes = two lanes in each direction; 6lanes = three lar.es in each direction; 8 lanes = tour lanes in
each directioo.
'When v<llcf. > 0.2, use Equation 14-9.

For six-lane freeways, three equations are presented. Equation 14-9is the base
case foc isolated ramps or for cases in which the impact of adjacent ramps can be
ignored. Equation 14-10addresses cases in which there is an adjacent upstream
on-ramp, and Equation 14-11addresses cases in which there is an adjacent
downstream off-rampoAdjacent upstream off-ramps and downstream on-ramps
have not bl't'n found to have a statistically significant impact on divergc operations
and may be ignored. Al! variables in Exhibit 14-9are as previously defined.

Insufficient information is available to establish an impact of adjacent ramps
on eight-Iane freeways (four lanes in each direction). This methodology does not
indude such an impact.

Where an adjacent upstream on-ramp or downstream off-ramp on a six-Iane
frecway exists, a determination as to whcther thc 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 cquilibrium distance LEQ• This distance is
determined whcn Equation 14-9yiclds the same value of Pm as Equation 14-10
(for adjacent upstream on-ramps) or Equation 14-11(adjacent downstream off-
ramps). When thc actual distance betwecn ramps is greater than or equal to LrO'

Equation 14-9is used. \Vhen the actual distance between ramps is less than LrO'

Equation 14.10 or Equation 14-11is used as appropriate.

Olapter 14jFreewayMergeandDiverge5egments
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For adjacent upstream on-ramps, use Equation 14.12 to find the equilibrium
distance:

Equation 14--12

Equation 14.13

When both an adftJCef1t
upstream on.ramp and an
adjacent doWfl5tream off-ramp
are present, the farger
resufting va/ve ofPf\) is used.

When an adjacent ramp lo a
diverge area on a six.fane
treeway is not a one-fane,
right-skfe ramp, apply Equation
14-9.

Reasonableness checks on the
vafue ofy 12.

Core Methodology
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Vv
L --------~------
EQ - 0.071 + 0.000023vF - 0.000076vR

For adjacent downstream off-ramps, use Equation 14.13:
VDL - ------~------

EQ - 1.15 - 0.000032VF - 0.000369vR

where aH terms are as previously defined.

In cases where Equation 14-12 indicates that Equation 14-10 should be used
to determine Pn:.-but v¡JLup > 0.20, Equation 14-9 must be used as a defauIt. This
is due to the valid calibration range of Equation ]4-10 and the fad that it will
yield unreasonabIe resuIts when vulLup exceeds 0.20. This willlead to step-
function changes in PfD for vaIues just below or aboye vulLup = 0.20.

In the special case that both an adjacent upstream on-ramp and an adjacent
downstrcam off-ramp are present, two solutions for PfD may arisc, depending on
which adjacent ramp is considered (both ramps cannot be considered
simuItaneously). In such cases, the larger vaIue of PfD is used.

As was the case for merge areas, the algorithms used to inelude the impact of
an upstream or downstream ramp on a six-Iane freeway are onIy valid for single-
Iane, right-side adjaccnt ramps. Where adjacent ramps consist of two-Iane
junctions, majar merge configurations, or major diverge configurations; where
ramps are part of a Iane 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 developcd through

regression anaIysis of a large database. Unfartunately, regression-based models
may yield unreasonabIe or unexpected resuIts when they are applied outside the
strict Iimits of the calibration database, and they may have inconsistencies at
their boundaries.

Therefore, limits must be applicd to predicted values of fIow in Lanes 1 and
2 (v12). The foIlowing Iimitations apply to aH such predictions:

1. The average fIow per lane in the outer lanes of the freeway (Ianes other
than 1 and 2) should not be higher than 2,700 pc/h/In.

2. The average fIow 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 vn implies
an unreasonably high flow rate in outer Ianes of the freeway. When eithcr of
these Iimits is violated, an adjusted vaIue of Vl2 must be computed and used in
the remainder of the methodoIogy. These applications are discussed in thc next
two subsections.

Chapter 14/Freeway Merge and Diverge 5egments
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App/ication to Six-Lane Freeways

On a six-Iane [reeway (three lanes in one direction), there is onlv one outer
lane to consider. The flow rate in this outer lane (Lane 3) is given by Equation
14-14,

where

V3 flo\\' rate in Lane 3 of the freeway (pc/h/ln),

t'r flo\\' rate on freeway immediately upstream of the ramp infIuence area
(pc/h), and

vl2 =; flow rate in Lanes 1 and 2 immediately upstream of the ramp infIuence
area (pc/h).

Then, if VJ is greater than 2,700 pc/hllo, use Equation 14-15:

v12a := VF - 2,700
If VJ is greatcr than 1.5)( (vJ2/'2), use Equation 14-16:

vI2a = (1~;5)
where v¡z.. equals the adjusted flow rate in Lanes 1 and 2 immediately upstrcam
of the ramp influence area (pc/h) and aHother variables arc as previously
defined.

In cases where both limitations on outer lane flow rate are violated, the result
yielding the highest value of V¡z.. is used. The adjusted value replaces the original
value of Vl2 and the analysis continues.

Equation 14-14

Equation 14.15

Equation 14-16

App/ication to Eight-Lane Freeways

On eight-Iane 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
lam:,s.The average flow in these lanes is computed from Equation 14.17:

VF - V12
Vav34 = 2

Equation 14-17

where v"":¡.¡ equals the flow rate in outer lanes (pc/hlln) and al! othcr variables are
as previously defined.

Then, if v"":¡.¡ is greater than 2,700, use Equation 14-18:

vI2a = VF - 5,400
If v",,34 is greater than 1.5 " (v12I2), use Equation 14.19:

Vl2a = (2~;0)
where aJl terms are as previously defined.

In cases where both Iimitations on outer lane flow rate are violated, the resuIt
yielding the highest valuc of v¡z.. is used. The adjusted value replaces the original
value of Vu and thc analysis continues.

Qlapter 14/Freeway Merge and Diverge 5egments
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Summary of Step 2
At this point, an appropriate value of Vl2 has been camputed and adjusted as

necessary.

Locations for c/lec*ing the
capaCity of a ramp-freeway
junction.

Freeway capadty immedJatefy
downstream of an on-ramp or
upstreiJm of an o{f-ramp is
IJSwfly the controlfing factor.

FaiJure of a diverge junction is
usually caused by a capacity
defidency at the ramp-stTeet
termiflJf or on !he off-ramp
roadway.

Equation 14-20

Core Methodology
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Step 3: Estimate the capacity of the Ramp-Freeway Junction and
Compare with Demand Flow Rates

There are three major checkpoints for the capadty of a ramp-frccway
jllnction:

1. The capadty af the freeway immediatcly downstream of an on~ramp or
irnmediately upstream of an off-ramp,

2. The capacity of the ramp roadway, and

3. The maximum flow rate entering the ramp inflllence area.

In most cases, the frceway capacity is the controlling factor. 5tudies (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. Howcver,
other studies (2) have pointed to some merge and diverge segments having
significantly lower capacitics, with those segments acting as major bottlenecks
along freeway facilities. With increasing htrbulence in thc merge area (and to a
lesser extent, the diverge area), the segmcnt capacity can be reduccd, resulting in
a breakdawn of the segment and the overall freeway fadlity.

No national model exists far estimating the capacity of a rnerge or diverge
segment as a function of on-ramp demand, rnainline demand, lane configuration,
or acceleration/deceleration lane length, althaugh sorne estimates from the
literature (2) were provided in Exhibit 14-2. In the absence of a national model,
the analyst is encollraged to gather local data or rely on state or regional
gllidance to estima te the capacity of merge or diverge segments. The base
capacity in this chapter can then be adjllsted 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
playa major role at off-ramp (diverge) junctions. Failllre of a diverge junction is
most often caused by a capacity defidency 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 daes not cause a failure
. when other capacity values are not exeeeded. Instcad, it means that operations
may be less desirable than indieated by the methodology. At off-ramps, the total
f10w rate entering the ramp influence arca is merely the estimated value of VI2'
However, at on-ramps, the on-ramp f10walso enters the ramp influence area.
Therefore, the total flow entering the ramp influence area at an on-ramp is given
by Equation 14-20:

VR12 = VI2 + VR

where V/m is the total flaw rate enlering the ramp influence area at an on-ramp
(pc/h) and all other variables are as previously defined.

Chapter 14jFreeway Merge and Díverge 5egments
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Exhibit 14-12
capadty of RampRoadways
(p<Jh)

Exhibit 14-11
capadty of High-5peedRamp
Junctions on Multilane
Highwaysand e-o Roadways
(p<Jh)

Exhibit 14-10
capacity of Ramp-Freeway
Junctions (PC/h)

y y
is provided here.

Exhibit 14-10 shows capacity values for ramp-freeway junctions. These are
the same as the capacity of a basic freeway scgmcnt (Chapter 12) with the
number of lanes entcring or leaving the ramp junction. They are includcd here
for convenience of use.

Exhibit 14-11 shows similar values for high-speed ramps on multilane
highways and C-O roadways within freeway interchanges. Exhibit 14-12 shows
the capacity of ramp roadways.

Capadty of Upstream or Maximum Desirable Maximum Desirable
Oownstream Freewav 5enment" Flow Rate (VRl2) Flow Rate (V12)

FFS Number of Lanes in Qne Oirectlon Entering Merge Entering Oiverge
(mi/h) 2 3 • >. Influence AreaD Influence AreaD
2:70 4,800 7,200 9,600 2,400/ln 4,600 4,400
65 4,700 7,050 9,400 2,350/ln 4,600 4,400
60 4,600 6,900 9,200 2,300/ln 4,600 4,400
SS 4,500 6,750 9,000 2,250/1n 4,600 4,400

Notes: 6DemandinexcessofI:tlesecapacitiesresullSinLOSF.
bDemandinexcessoflt1esevaluesalor>edoesI10tresultinLOSF;operationsmaybeworsethan
predicteclbythismethodology.

Capacity of Upstream or
Oownstream Highway or Maximum Desirable Maximum Desirable

C-O 5eoment6 Flow Rate (VR12) Flow Rate (V12)
FFS Number of Lanes in Qne Oirection Entering Merge Entering Diverge

fmi/hl 2 3 >3 Influence AreaD Influence AreaD

'60 4,400 6,600 2,200/ln 4,600 4,400
SS 4,200 6,300 2,lOO/1n 4,600 4,400
50 4,000 6,000 2,000/ln 4,600 4,400
45 3,800 5,700 1,9OO/ln 4,600 4,400

Notes: 6Demandinexcessoflt1esecapacltiesresullSinLOSF.
bDemaodioexcessof!hesevaluesalooedoesnot resultiolOSF;operaMosmaybeworse!han
predicteclbythismethodology.

Ram FFS SFR mi h Sin Ie-Lane Ram s Two-Lane Ram 5
>50 2,200 4,400

>40-50 2,100 4,200
>3CH<l 2,000 4,000
2:20-30 1,900 3,800
<20 1 800 3600

Notes: capacityot a ramproadwaydoesnotensureanequalcapacityat itsfreewayorothernigh-spe€djunction.
Jurd:ioncapacitymustbecheckedagainsteriteMainExhiblt14-10andExhiblt14-11.

The two-Iane ramp capacity in Exhibit 14-12 is based on limited data and
thus may require local calibration. Iiowever, as noted aboye, the capacity of the
actual merge or diverge junction typically controls the segment capaaty, not the
capacity of the ramp roadway itself.

Adjustments to Capacity for Bottlenecks, Inclement Weather, or Incident5

The capaaty 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 thc 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 coromonly applied in the context of a
reliabilit anal sis as described in that chapter. For convenience, a brief summary

Chapter 14/FreewayMergeand Oiverge5egmeots
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Equation 14-21

At afane drop or fane addition
focatiorl, capadty of the
freeway must be checked both
u¡JStreamancJdownstTeam of
the ramp jlNlction.

Faifure of any ramp-freeway
junction capadty check resvfts
in LOS F.

Core Methodology
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The capadty of a merge or diverge segment is adjusted as follows:

Cmda = Cmd X CAF

where

Cm.. adjusted capacity of merge/diverge area (veh/h);

C •• d unadjusted capacity of merge/diverge area (veh/h); and

CAF capacity adjustment factor, from Chapter 11 (unitless).

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 inddent effects are found in Chapter 11, along with
additianal discussion on how to apply them. If dcsired, 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.

Chapter 12 provides additional guidance on capacity definitions, while
Chapter 26 provides guidance on estimating freeway segment capacity,
including weaving segment capacity, Erom field data.

Ram¡rFreeway Jundion Capacity Checkpoint

As noted previously, the capacity af the upstream or downstream freeway
segment generalIy limits fIow through a merge or diverge area, jf the numbcr of
freeway lanes entering and leaving the ramp junction is the same. In such cases,
the critical checkpoint for freeway capacity is

• Immediately downstream of an on-ramp infIuence area (Vro), ar

• Immediately upstream of an off-ramp infIuence area (VF)'

Thcse 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 laoe drops at the junction, freeway capacity must be checked both
immediately upstream and immediately downstream of the ramp infIuence area.
Failure of any ramp-freeway junction capacity check (Le., demand exceeds
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. lEthe queue storage ratio exceeds 1.0, the queue may spill back
onto the freeway.

Qlapter 14/Freeway Merge and Diverge Segments
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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 rampo 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 itsclf, create problems on
the freeway. Rather, it would result in queuing at the streetside terminal oi the
ramp (or in the case oi a ireeway-to-freeway ramp, on the entering freeway).

At off-ramps or diverge arcas, the most frequent cause of failure is
insuffiaent 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 capadty. 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 vR exceeds the capadty of the off-ramp,
LOSF prevails. If appropriate analysis results in a finding that the ramp-street
terminal is operating at a vle ratio greater than 1.00on the ramp approach leg, a
queuing analysis should be conducted to evaluate (a) the extent oi the queue that
is likely to exist on the ramp roadway and (b) whether the queue is dose enough
to the ramp-freeway junction to afiect its operation negatively.

Maximum Desirable Flow Entering the Ramp Influence Area

While a checkpoint for Vl2 (off.ramps) or VR12 (on-ramps) is conducted, failure
does not result in assignment of LOSF unless another iailure occurs on a ramp
roadway or ireeway 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 Iikely higher than those that will
actually ocrue.

Step 4: Estimate Density in the Ramp Influence Area and Determine
the Prevailing LOS

Once the flow rate in Lanes 1and 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:

DR = 5.5475 + O.00734vR + O.0078vt2 - 0.00627LA

where DR 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 influencc arca, its density is expected to inerease. As the length of the
acceleration lane increases, there is more space in the ramp influenee arca, and
operating speeds of merging vehicles are expected to increase-both tending to
reduce densitics.

Chapter 14{Freeway Merge and Diverge Segments
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Fa¡Jure of the check for flow
enten'ng the ramp influence
area (vIl" VRJV does not
automiJtiCally result in LOS F
but does IndiCate the need for
adcfJtional interpretation of the
results.

Equation 14-22
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Density in Off-Ramp (Diverge) Influence Areas
The density in off.ramp infIuence areas is estimated with Equation 14-23:

DR = 4.252 + O.0086v12 - O.009Lv
whcre all variables are as previously defined.

There is no separatc term for vR because it is induded in v12 for off-ramps. As
the number of vehides entering the rarnp infIucnce area increases, density
increases. As the length of the deceleration lane increases, the additional space
provided and the resulting higher speeds of merging vehides both act to reduce
density.

Determining LOS
LOS in ramp infIuence 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 critena for this determination. Note again that density definitions of
LOS apply only to stable fIow (Le., LOS A-E). LOS F exists only when the
capacity of the ramp junction is insufficient to accornrnodate the existing or
projected dcmand flow rateo

If a merge or diverge segment is determined (or expected) to operate at LOS
F, thc analyst should go to Chapters 10 and 11. reJating to freeway facilities, and
conduct a facility analysis that will estimate the spatial and time impacts of
queuing resulting from the breakdown.

Step 5: Estímate Speeds in the Vicinity of Ramp-Freeway Junctions
While an estimation of average vehide 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:

• Average speed of vehides within the ramp influence area (mi/h), and

• Average speed of vehides across alllanes (induding outer lanes) within
the 1,500-ft length of the ramp influence area (mi/h).

80th 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 rncasure to density within the ramp influence area in aH cases.

Exhibit 14-13 and Exhibit 14-14 provide equations for estimating the average
speed of vehides (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-Ianc frccways (thrcc
lanes in cach 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).

Exhibit 14-13
Estimating Speed at On-Ramp
(Metge) Jullctions

Cote Methodology
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Average
Soeed in
Ramp

influence area

Outer Ianes
offteeway

Eauation
SR - FFS x SAF (FFS x SAF 42)Ms
Ms = 0.321 + 0.003ge(VRU/1,OOO) - 0.002(LA x SFR x SAF /1,000)

So FFS x SAF vO;! < 500 pc/h
So = FFS x SAF - 0.0036(vo;! - 500) 500 S VOA S 2,300 pc/h
So = FFS x SAF - 6.53 - 0.006(VOA - 2,300) VOA > 2,300 pc/h
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Average
Soeed"in

Ramp
influence area

Outer lanes of
freeway

Eouation
SR FFS X SAF (FF5 x 5AF - 42)Ds
Ds = 0.883 + 0.00009VR - 0.0 13SFR x SAF
50 1.097 x FFS x SAF
50 = 1.097 x FFS x SAF - 0.0039(vOA - 1.000)

VOA < 1.000 pc/h
VOA > 1,000 pc/h

Exhibit 14414
Estimating Speed at Qff-Ramp
(Diverge) Junctions

Note that Exhibit 14413 and Exhibit 14-14indude the impact of a speed
adjustment factor (SAF).The SAF can represent the effects of a combination of
different sources, induding wcather, work zone effects, or driver population.
Dcfault SAFs and guidance on applying them are found in Chapter 11.

Exhibit 14-15provides equations to determine the average speed of aH
vehides (ramp plus aH freeway vehicles) within the 1,500-ftlength of the ramp
influencio'area.

=~~;~V~.~'"~e~;~~========~~E~"~,,~;o~n~~=======:Average f10win outer lanes VF V12v"v",(PC/h) No

Average speed fOf on-ramp 5 = -;:;v~,~,,:-+_V~oF,_N~o-,
(merg~~/~~ctions (Vi;2) + (VOSoNO)

Average speed for off-ramp S = .,;;=v~"c-:-+~V~o~,~N~o:;c
(diVe1~i)~~iOnS (~) + (VQg:Q)

While many (but not all) of the variables in Exhibit 14-13through Exhibit14-
15have been defined previous]y, aHare redefined here for convenience:

SR = average speed of vehides within the ramp influence area (mi/h); for
merge arcas, this ¡ncludes all ramp and freeway vehides in Lancs 1
and 2; for diverge areas, this indudes all vehicles in Lanes 1 and 2;

So average spccd of vehicles in outer lanes of the freeway adjacent to thc
1,500-ft ramp influencio'afca (mi/h);

S average speed of aHvehicles in alllanes within the 1,500-ft length
covered by the ramp influence area (milh);

FFS free-flow speed of the freeway (milh);

SrR free-flow speed of the ramp (milh);

LA length of acceleration lane (ft);

Lv I('ngth of dcceleration lane (ft);

vR demand flo\\' rate on ramp (pc/h);

v12 dcmand flow rate in Lancs 1 and 2 of the frL'ewayimmediately
upstream of the ramp ¡nfluence arca (pc/h);

VR12 total demand flo\\' rate entering the on-ramp influence area, including
VI2 and vR (pclh);

VOA average demand flow per lane in outer ¡anes adjaccnt tu the ramp
influence area (not including flow in Lanes 1 and 2) (pc/h/ln);

Chapter 14/Freeway Merge aJld Diverge 5egments
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Estimating AverageSpeedof
AII Vehiclesat Ramp-Freeway
Junctions
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4. EXTENSIONS TO THE METHODOLOGY

SPECIAL CASES
As nated previously, the computational procedure for ramp-frecway

junctions was ealibrated for single-Iane, right-side ramps. Many other merge and
diverge eonfigurations may be encountered, hawever. In these cases, the eore
methodology is modified to aecount for spedal 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 inelude 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 defincd as merge and diverge segments with
acceleration and deceleration lane lengths, respectively, exceeding 1,500ft.

Analysis of single-Iane additions and lane drops is relatively
straightforward. The frceway segment downstream of the on-ramp or upstream
oE the off-ramp is simply considered to be a basic frecway segment with an
additionallane. The procedures in Chapter 12, BasicFreeway and Multilane
Highway Segments, should be applied in this case.

The case of an on-ramp lane addition followcd by an off-ramp lane drop may
be a weaving segment and should be evaluated with thc proccdurcs oE Chapter
13,Freeway Weaving Segments. This configuration may be either a weaving
segment or a basie segment, depending on the distance between the ramps. Note
that sorne segments may be classificd 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
sorne or a1lof the ramp lanes. Thesc cases are covered in the following sections.

Two-Lane On-Ramps
Exhibit 14-16iIlustrates the geometry of a typical two.lane ramp---freeway

junction. It is eharacterized by two separate aceeleration lanes, each suceessively
forcing merging maneuvers to the left.

.J-~\~::::::::::::::::::::~:::::::::::::::::'S- ;:;:--;:--- - - - - - -7
~ 4¡- L" -,--1.,0 -.,

Exhibit 14-16
Typical Geometry of a Two-
lane Ramp-Freeway Junction

-----1,500 ft "

Two-Iane on-ramps entail two modifications to the basic methodolagy: the
flow remaining in Lanes 1 and 2 immediately upstream oE the on-ramp influence
area is general1y somewhat higher than it is for one-Iane on-ramps in similar
situations, and densities in the merge influence area are lower than those far
similar one-Iane on-ramp situations. The lower density is primarily due to the
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cxistcnce of two accelcration lanes and the generally longer distance over which
thcsc lanes extend. Thus, two-lane on-ramps handle highcr ramp flows more
smoothly and at a bcttcr LOS than if the same flows were carried on a one-Iane
ramp-frceway junction.

Howevcr, two-Ianc 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 desirablc number of vehidcs
entering thc ramp influencc arca is not changcd.

There are three computational modifications to the general methodology for
two-Iane on-ramps.

First, while v12 is still estimated as Vf" PHI' thc values of PF.\l are modified as
follows:

• For four-lane freeways, PHI = 1.000;

• For six-lanc frccways, PrM = 0.555;and

• For eight-lane freeways, Pr,\! == 0.209.

Second, in all cquations using the Icngth of the acceleration lane LA! that
length is replaced by the effective length of both acceleration lanes L..•.tfj from
Equation 14-25:

LAeft = 2LA1 + LA2
A two-lane ramp is always considercd to be isolated (i.e., no adjacent ramp

condilions affect the computation).

Component lengths are as illustrated in Exhibit 14-16.Sorne two-Iane on-
ramps may have acceleration lanes that are longer than the 1,500 ft specified in
Exhibit 14-16. In these cases, thc acccleration 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 typcs of diverge gcometries are in use with two-lane off-

ramps, as shown in Exhibit 14-17. In thc first, two successive deceleration lanes
are introduced. In the sccond, a single decelcration lane is used. The left-hand
ramp lane splits from Lane 1 of the freeway at thc gore area, without a
deccleration lane.

As is thc case for two-lanc on-ramps, there are three computational step
modifications. Whilc VI2 is still computed as VR + (vr- vR) " PfD; thc values of PfD
are modified as follows:

• For four-Iane freeways, PfD = 1.000;

• For six-lane freeways, Pro = 0.450;and

• For cight-lane freeways, PfD = 0.260.

Chapter 14/Freeway Merge and Diverge 5egments
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Exhibit 14-17
Common Geometries for Two-
lane Off-Ramp-rreeway
Junctions

---1,500 ft----

l' 1,500 ft ----'1

The capacity of a two-lane off-
ramp is essentially eqlJi1l to
tilat of a similar one-lane off-
rampo

~{~ I_-~--------------~----~-lv.-~~rt~------------------~-f ~. =--~~~
Where a single deceleration lane is used, therc is no modification to the length

of the dereleration lane Lp; where two deccleration Janes exist, the length is
replaced by the effective length LDoffinall equations, obtained from Equation 14-26:

LDe!f = 2LD1 + LD2

A two-Iane ramp is always considered to be isolated (i.e., no adjaccnt ramp
conditions affect the computation).

Component lengths are as illustrated in Exhibit 14-17. Sorne two-Iane off-
ramps may have deceleration lanes that are longer than the 1,500 ft spccified in
Exhibit 14-17. In these cases, the aeceleration lane length used for calculation
should be set to 1,500 {t, sinee the methodology is not calibrated for greater Jengths.

The capacity of a two-Iane off-ramp---freeway jundion is essentially equal to
that of a similar one-Jane off-ramp; that is, the total flow capacity through the
diverge is unchanged. It is limited by the upstream freeway, the downstrcam
freeway, or the off-ramp capacity. While the capacity is not affccted by the
prescnce of two-Iane junctions, the Jane distribution of vehides is more flexible
than in a similar one-Iane case. The two-lane junction may aJso be able to
aeeommodate a higher off-ramp flow than can a single-Iane off-rampo

left-Hand On- and Off~Ramps
While they are not normally reeommended, left-hand ramp--freeway

junctions do exist on sorne freeways, and they occur frequently on e-o
roadways. The left-hand ramp influence area covers the same 1,500-ft Jength 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 oí the
freeway. For Jeft-hand ramps, the ramp ¡nfluenee area involves the two leftmost
lanes of the freeway. For four-Iane freeways (two lanes in each direction), this
does not involve any ehanges, sinee only Lanes 1 and 2 exist. For six-Iane
freeways (three lanes in each direction), the flow in Lanes 2 and 3 (vn) is
involved. For eight-Iane freeways (four lanes in each direction), the flow in Lanes
3 and 4 (V3-\) is involved.
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While there is no direct methodology for the analysis of left-hand ramps,
sorne rational modifications can be applied to the right-hand ramp methodology
to produce reasonable rcsults (4).

It is suggested that analysts compute D12 as if the ramp were on the right. An
estimate of the appropriate flow rate in the two leftmost lanes is then obtaincd by
multiplying the result by the adjustment factors shown in Exhibit 14-18.

:==!F'~"~W~.~s~;,~e===1===~o;n~-R~.~m;¡e;=======O¡¡ff~-R~.~m;¡e;,===
Four-Iane 1.00 1.00
Síx-Iane 1.12 LOS
El ht-Iane 1.20 1.10

The remaining computations for density and speed conHnue by using the
value of V23 (six-Iane freeways) or DJ.I (eight-Iane freeways), as appropriate. All
capacity values remain unchanged.

Ramp-Freeway Junctions on 10-Lane Freeways (Five Lanes in Each
Direction)
Freeway segments with f¡ve continuous lanes in a single direction are

becoming more common in North America. A procedure is therefore needed to
analyze a single-Iane, right-hand on4 or off-ramp on such a segment.

The approach taken is relatively simple: estimate the f10win Lane 5 of such a
segment and deduct it from the approaching frecway flow Dr' With the Lane 5
flow deducted, thc segment can no\\' be treated as if it were an eight-Iane
freeway (5). Exhibit 14-19sho\\'s the recommended values for flo\\' rate in Lane 5
of these segments.

Exhibit 14-18
Adjustment Factors for Left.
Hand Ramp-Freeway
Junctions

On-Ramps
Approaching Approaching
Freeway Flow lane 5 Flow
v,h Vsh
~8,500 2,500

7,50O--S,499 0.285 v,
6,500-7,499 0.270 v,
5,50CHi,499 0.240 v,
<5,500 0.220 v,

Off-Ramps
Approaching Approaching
Freeway Flow lane 5 Flow
v,h Vsh

~7,000 0.200 v,
5,50CHi,999 0.150 v,
4,000-5,499 0.100 v,
<4,000 O

Exhibit 14-19
Expected Flow in Lane 5 of a
lO-Lane Freeway Immedíately
Upstream of a Ramp-Freeway
Junction

Once thc cxpectcd flo\\' in Lane 5 is detcrmined, the effectivc total free\\'ay
flow rate in the rcmaining four lanes is computed from Equation 14-27:

vF4eff = VF - Vs

where

Dr44f effective approaching freeway flow in four lanes (pc/h),

vr total approaching freeway now in five lanes (pc/h), and

Vs cstimated approaching frccway flow in Lane 5 (pc/h).

Thc remainder of the analysis uses the adjusted approaching frecway flow
rate and treats the gcometry as if it were a single-Iane, right-hand ramp juncHon
on an eight-lane freeway (four lanes in each direction).

There is no calibrated proccdure foe adapting the methodology of this
chaptee to freeways with more than five lanes in one dircction. However, the
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approach of Equation 14-27 is coneeptually adaptable to such situations. A local
calibranon of the amount of traffie using Lanes 5+ would be needed. The
remaining fIow could then be modeled as if it were taking place on a four-lane
(one direction) segmento

Majar Merge Areas
A major merge area is one in which two primary roadways, each having

multiple lanes, merge to fonn a single freeway segmento Sueh junctions occur
when two freeways ¡oin to form a single freeway or when a majar multilane
high-speed ramp ¡oins with a freeway. Major merges are different from one- and
h'lo-Iane on-ramps in that each of the merging roadways is generally at ar near
freeway design standards and no clear ramp or acceleranon lane is involved in
the merge.

Sueh merge areas come in a varicty of geometries, aH of which faH into one of
two eategories. 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.

Exhibit 14-20
Majar Merge Areas IIIustrated

(a) Major Merge with One Lane Dropped (b) Major Merge with No Lane Dropped

LOS cannot be detemllned for
majar merge areas.

There are no effective models of performance for a majar merge area.
Therefore, analysis is IimHed to ehecking capadties on the approaching legs and
the downstream freeway segmento A merge failure would be indicated by a v/e
ratio in excess of 1.00.

LOS eannot be determined spedfically for majar merge areas. Problems in
majar merge areas usuaIly result from insuffident eapadty of the downstream
freeway basic, merge/diverge, or weaving segmento A rough estimate of LOS in a
major merge area could be obtained by applying the basic freeway segmeot
crHeria to the segment immediately downstream of the merge. However, this
wouId oot accouot for the effect of turbulenee in the segment, and operating
conditions would likely be worse than predicted.

Majar Diverge Areas
A major diverge area is one io which two primary roadways, each having

multiple Ianes, diverge from a single freeway segmento Such junctions ocrur
when a freeway splits to become two separate freeways or when a major
multilane high-speed ramp diverges from the freeway. Major divergcs are
different from one- and two-lane off-ramps in that each of the diverging
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roadways is generally al or near freeway design standards and no c1ear ramp or
deceleration lane is involved in the merge.

The two common geometries íor major diverge areas are illustrated in
Exhibit 14-21. In the first case, the number oí lanes leaving the diverge area is the
same as the number entering it. In the second, the number oí lanes leaving the
diverge area is one more than the number entcring it.

The principal analysis oí a major diverge area involves checking the capacity
oí entering and departing roadways, aHof which are generally built to mainline
standards. A failure results when any of the demand flow rates cxceeds the
capacity of the segment.

(a) Major m.•.erge Afea with No Lane Addition

----~---------------------~-----------------•-----,----------- .....••.•.••••.
"'-"'-"'- ••.

(b) Major Di..••erge Area with Lane Addition

Exhibit 14-21
Majar Di..••erge Areas
lIIustrated

For major diverge areas, a model exists for computing the average density
across al1approaching freeway lanes within 1,500ft of the diverge, as given in
Equation 14-28:

DMD = 0.0175(~)

where

O,',m density in the major diverge influence area (which ineludes aH
approaching free\Vay lanes) (pc/milln),

vr demand flow rate immediately upstream of the major diverge
influcnce area (pclll), and

N = number oí lanes approaching the major divergc (In).

The result can be compared with the criteria of Exhibit 14.3 to determine a
LOS for the major divergc influence area. Note that the density and LOS
estima tes are only val id for stable cases (Le., not in cases in which LOSF exists
becauS(' of a capacity deficiency 00 the approaching or departing legs oí the
diverge).

MANAGED LANE ACCESS PDINTS

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 divcrge segments onto a one-Iane managed lane facility may
be treated as isolated merge and diverge areas onto a one-lane mainline and
cvaluated by using an adaptation of the methods in this chapter. This accounts
for thc fact that there is no inleraction between general purpose lanes and the
managed ¡ane in the vicinity of the rampoSince the procedures of this chapter
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have been calibrated to segments with two or more lanes on a mainline segment,
a modification to the inputs is needed.

Exhibit 14-22
Dírect Ramp Access te
Managed lanes

2?'-.-.ó-.-..-.-..-..-.-..-<.--~--~~--
=-J _

~------------------------------
(a) Merge

--e~.u-....-...-...-...-..-z-.-~--~ ~ ~~J _

~------------------------------
(b) Diverge

Managed kme segrnent types
were defined in Chapter 10.

The operations of a managed lane (ML) merge or ML diverge scgment with a
single mainline lane can be approximated by doubling the managed lane
mainJine 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 scgment. For the on-ramp case, the capacity of the ramp
roadway and the downstream maoaged laoe 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 aoy
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
platooo characteristics of the arriving ramp vehicles. Ramp meters facilitate
uniform gaps betwecn entering ramp vehicles and may reduce the probability of
a breakdown on the associated freeway mainline.

Extensions to the Methodology
Page 14-36

Chapter 14jFreeway Merge and Diverge 5egments
Version 6.0



Highway Capacify Manual: A Guide for MultimodaJ Mobilify Analysis

5. APPLICATION5

The methodology of this chapter is most often used to estimate the capacity
and LOSof ramp-fret'way junctions. The steps are most easUy applied in the
operational analysis mode (i.e., .111traffic and roadway canditions are specified),
and the capacity (and vlc ratio) and expected LOSare found. Other types of
analysis are .lIso possible.

EXAMPLE PROBLEMS

The following example problems iIlustrating the application of the
methodology of this chapter are faund in Chapter 28, Freeway Merge and
Diverge Scgments: Supplemental:

• lsolated, single-Iane, right-hand on-ramp to a four-Iane freeway;

• Two adjacent single-tane, right-haod off-ramps 00 a six-Iane freeway;

• Single-Iane on-ramp followed by a one-Iane off-ramp on an eight-Iane
fret'way;

• Single-lane leH-hand on-ramp on a six-Iane freeway; anó

• Service flow rates and service volumes far .ln isolated on-ramp on a six-
lane freeway.

RELATE O CONTENT IN THE HCMAG

The Highway Capacity Mallual Applicafiolls Guide (HCMAG), accessible
through the onlioe 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 LOSon Ne\\'
York State Route 7, a 3-mi mute 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 ineludes the following problems related to freeway merge
and diverge segments:

1. Problem 2: Analysis uf a complex interchange on the \\-'esternend of the
route.

a. Subproblem 2e Ramp and ramp junction LOS for the on-ramp
from Alternate Route 7 to 1-87nurthbound

b. Subproblem 2d: Mitigatian techniques for the on-ramp fram
Alternate Routc 7 to 1-87nurthbound

2. Problem 3:Weaving and ramp analysis

a. Subprablem 3b: Freeway ramp analysis

b. Subprablem 3c: Nonstandard ramp and wcave analysis in the
southwestern quadrant

Other prabJems in the case study evaluate the operations of fret'way merge
and diverge segments as part of a greater freeway facility as discussed in the
methodology in Chapter 10, Freeway Facilities Core MethodoJagy.
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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 oi the HCM.

EXAMPLE RESULTS

This section presents the results oi 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 wcll
as to help evaluate whcther their analysis results are reasonable. The exhibits in
this section are not intended to substitute far an actual analysis and are
deliberately provided in a format large enough to depict general trends in the
results, bul 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 eHect of acceleration lane

length on the ovcrall speed in a merge segmento Results are shown far five values
of FFS from 55 mi/h to 75 mi/h.
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Exhibit 14-23
Illustrative Effect of
Acceleratioo Lane Length on
Merge 5egment Speed

Note:

Length o, Acceleriltion LlIoe (ft)

P¡:S;-i5 ml{h - - FFS• 70 mi/ti FfS • 65ml{h -FFS. 60 mí{h ~ ~ FFS. 55mi/h I
Calcul<lted by using this chapter's method, assuming 3 l<lnes per direction, on-ramp FFS = 40 mVh,
maioline demand '" 5,000 vet1/h, and ramp vOlume •• 1,000 veh/h.

The re5ults illustrate that an increase in the acceleration lane lcngth increases
the overall spccd oí thc merge segment slightly. This is explaincd 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 totallane miles in the segmento Higher free-flow speeds result in higher
segment speeds uniformly across the range oí acceJeration lane length.

Sensitivity of Merge Results to Traffic Demand Level
Exhibit 14~24presents illustrative resuIts of the eHect of increasing traffic

demand on the overall speed in a merge segment. The on~ramp demand was
assumed at a fixed ratio oi 10% of mainline flow. Rcsults are shown for iive
values of FFS from 55 mi/h to 75 mi/h.
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Exhibit 14-24
IIIustrative effect of Traffic
Demand level 011Merge
Segment Speed

Traffic Demand level (veh/h)

I-FFS " 7S mi/h - - FFS •• 70 mifh _h_O'_ FFS " 65 mi/Il -FFS •• 60 m;/Il •• FFS •• SSmi/1l1

Note: Cak:ul.3ted by using tllis ctlapter's method, assuming 3 laoes per direction, oo-ramp FFS " 45 mi/t1,
acceleration lane Iength = 300 1"(, and on-ramp demand set to 10% 01mainline demando

The results illustrate that an increase in traffic demand level decreases the
overall speed of the merge segmento Higher traffie demand (at a fixed segment
capacity) results in a greater density of vehicles and decreascd headways
bctween vehicles. At greater densities, drivers respond by reducing their travel
speed, Higher FFSvalues shift the entire speed-flow relationship upward.

Sensitivity of Diverge Results to Deceleration Lane Length
Exhibit 14-25 prescnts il1ustrative results of the effect of the Icngth of the

deceleration lane on the overall speed in a diverge segmentoResults are shown
for five values of FFS fram 55 mi/h to 75 mi/h.

Exhibit 14-25
IIIustrative Effect of
Deceleration Lane length on
Diverge Segment Speed

1,<001,200200
o
o 400 600 600 1,000

Deceleration une length (n)

:-FFS " 7S mi/Il- - FFS" 70 mifh ,._,_.FFS " 65 mifll-FFS " 60 mi/Il- - FFS = SSm;fIl'

Note: Cak:ol.3ted bVusing tllis cllapter's method, assuming" lanes per directkm, off-ramp FFS = 40 mi/h,
mainline demilnd = 8,000 veh/h, i1ndoff.rilmp demilnd = 800 veh/Il.

Thc resu1ts 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 uscd only to estimate segment density but does not
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appear in the equation for average segment speed. Higher free~flowspeeds result
in higher segment speeds uniformly across the range of acceleration lane length.

Sensitivity of Diverge Results to Traffie Demand Leve!
Exhibit 14-26prcscnts ilIustrative results of the effect of increasing traffic

demand on the overall spt.->edin 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~flowspeed from 55mi/h to 75 mi/h.

The results iIlustrate that an increase in traffjc demand level decreases the
overall spccd of the diverge segmentoHigher traffic demand (at a fixed segment
capadty) resuIts in a greater density oí vehic1esand decreascd headways
between vehides. At greater densities, drivers respond by redudng their travel
speed. Higher FFSva!ues shift the entire speed-flow relationship upward,

80Exhibit 14-26
IIIustrative Effect of T raffic
Demand Leve! en Dlverge
Segment Speed

o
o

-~-~---_._~---~---~----~_._-_.-~----~-_._~_.

-,
+-
I

1,000 2,000 3,000 4,000 5,000 6,000 1,000 8,000 9,000 10,000

Applicatlons
Page 14-40

Malnllnf!l)e"",nd Level (veh/h)

I-FFS • 15mi/h -~ FFS-10mlfh ...•...FFS. 65mifh -FFS. 60mi/h ~~ FFS. SSmlftll

Note: Calculatedby using this chapter"smelhod, assuming4 lanes per directiDn, off-ramp FFS= 40 mí/h,
deceleration lane length '" 500 ft, aOOoff-ramp demaOO= 20% of mainline demaOO.

1YPES OF ANALYSIS

The methodology of this chaptcr 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 isolatcd. However, foc the purposes

of this methodology, many may operate as if they were. In the analysis of ramp-
freeway junctions, establishing the segment of frecway 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 inelude different demand scenarios related to
the time of the day or to different development scenarios that produce different
demand flow rates.
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Any application oí 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, al! traffic and gcornetric characteristics of the analysis
segment must be specified, including

• Analysis hour demand volumes for the subject ramp, adjacent ramps, and
freeway (vch/h);

• Hcavy vehicle pcrcentages for aHcomponent demand volumes (ramps,
adjacent ramps, freeway);

• PHF for all component demand volumes (ramp, adjacent ramp:>,freeway);

• Freeway tcrrain (leve!, rolling, rnountainous, specific grade);

• FFSoí the freeway and ramp (mi/h);

• Ramp geometrics: number of lanes, terrain, length oí acceleration lane(s)
or deceleration lane(s); and

• Distance to upstream and downstream adjacent ramps (ft).

The outputs oí an operational analysis will be estimatc5 oí density, LOS,and
speed for the ramp influence area. The capacity of the ramp-freeway junction
will also be established.

The steps oí the methodology, described in the Methodology section, are to
be followed directly without modification.

Design Analysis
In design analysis, a targct LOS is set and all relevant demand volumes are

specified. The analysis seeks to determine the geometric characteristics oí the
ramp that are nceded to deliver the target LOS.These characteristics inelude

• FFSof the ramp SrR (mi/h),

• Length of accelcration LA or deceleration lane LD (ft), and

• Numher of lanes on the rampo

In sorne 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 thc optimal value of any one
variable without specifying aHof the others. Even then, the computational
rnethodology does not easily create the desired resulto

Therefore, most design analysis hecomes a trial-and-error application of the
operational analysis proccdure. Individual characteristics can be incrementally
changed, as can groups of characteristics, to íind scenarios that produce the
desired LOS.

In many cases, sorne oí 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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A spreadsheet can be programmed to complete such an analysis. Scenario
results are provided by simply changing sorne of the input variables under
consideration. HCM.implernenting software can also be used to sirnplify the
cornputational process.

Planning and prefiminary
engineering analysis also seeks
to determine the geometric
c/laractenstics of the ramp that
are needed ro defiver a target
LOS, but it relfes on more
genera! input data.

11Ie method c.m be applíed ro
detenmne serviee voIumes far
LOS A-E for a specified set of
conditions.

Equation 14-29
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Planning and Preliminary Engineering Analysis

Thc desired outputs of planning and prelirninary cngineering analysis are
virtually the same as those for design analysis. The prirnary difference is that
planning and preliminary engineering analysis occurs very early in the process
of project consideration.

Thc 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 Segmcnts; Chapter 13, Freeway
Weaving Segments; and this chapter would be applied; a1ternatively, local
default values can be substituted. Demand volumes might be specified only as
expeeted values of annual average daily traffic (AADT) for a target yeal.
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 thc D-factor (thc proportion of peak hour traffic traveling in the peak
direction). Guidance on thcse values is given in Chapter 3, Modal Characteristics.

On the basis of these default and estirnated valucs, the analysis is conducted
in the same manner as a design analysis.

Service Volumes and Service Flow Rates

Seroice vO/lIme is the maximum hourly volurne that can be accommodated
without exceeding the Iimits of the various levels of sen'ice during the worst 15
min of the analysis hour. Scrvice volumes can be found for LOS A-E. LOS F,
which represcnts unstable f1ow,does not havc a service volume.

Service j10w raies are the maximum rates of flow (within a 15-min pcriod) that
can be accommodated without excl.>cdingthe limits of the various levels of
service. As is the case for service volumes, service f10wrates can be found for
LOSA-E, but none is defincd for LOS F. The relationship bctween a service
volume and a service flow rate is as follows:

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.

For ramp-freeway junctions, service flow rate or service volume could be
defined in several ways. It might be argucd that sinee ramp-freeway junction
capacities are usually limited by the upstream or downstrearn freeway scgment,
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 dcscriptors for ramps.
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Levels of service for ramp-freeway junctions are defincd 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 £lowson the
freeway, ramp, and adjacent ramps; ramp geometrics; and distances to adjacent
ramps. The methodology uses demand volumes in vehieles per hour converted
to demand flow rates in passenger cars pcr hour. Therefore, servicc £lowrates
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 vehieles pcr haur.

Because thc balance of ramp and frecway demands has a significant impact
on densitics, there are several ways to consider service flow rates and volumes:

• The Jimiting total upstream demand volume that produces a given LOS
within the ramp influence area. The split between arriving frccway
volume and ramp volume would have to be specified.

• The limiting volume entering the ramp influence area that produces a
given LOSwithin the ramp influence area. Since this rches on the
approaching freeway volume, the split between freeway and ramp
demand would stilJ havc to be specified.

• The ¡¡miting ramp volume that produces a given LOSwithin the ramp
influence area, based 00 a fixed upstream freeway demando

AlI of these concepts are viable for estabhshing 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 ¡nfluence the result, ineluding the
PHF, percentage of heavy vehieles, length of acceleration or deceleration lane(s),
ramp FFS,and any relevant data for adjaccnt ramps. Therefore, defining a
representative "typical" case with broadly applicable results is virtuany
impossible. Each case must be individually considered. Chapter 28, Freeway
Mcrges and Diverges: SupplementaL ineludes an examplc of how ramp junction
service flow rates and volumes can be computed.

USE OF ALTERNATlVE TOOLS

General guidance for the use of altemative traffic analysis tools for capacity
and LOSanalysis 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 topie ma}'
be found in the Volume 4 Technical Reference Library.

The HCM methodology for analyzing merge and diverge scgments estimates
the densit}' of the ramp influence area (whieh ineludes the two rightmost lanes of
the freewa)' and the acceleration or deceleration lane) and provides the
respective LOS.As an intermediate step, the methodology estima tes the capacity
at various points through the section, and if the capacity is exceeded, the LOS is
determined to be F without further calculabon of density. The methodology is
primarily based on the estimation of the demand into the influence aTeaV12•
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Since the HCM methodology for analysis of merge and diverge segments has
been calibrated on the basis of exlensive field data, the method serves as a good
comparison and calibration aid for a!temative 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.

Exhibit 14-27
Umitations of the HCM Ramps
and Ramp Junctions
Procedure

Limitation
Managed lanes, such as HOV lanes, as ramp
entrance Janes
Ramp metering
Oversaturated conditions
(Refer to Chapters 10 and 11 for furt!ler discussion)

Posted speed limit and extent of police enforcement

Presence of intelligent transportation system
features

Freeway operational analysis beyond the 1,500-1\
area ot influence

capacity-enhancing effects of ramp metering

Potentia! for Improved Treatment
by Alternative Tools

Modeled explidtly by simulation

Modeled explidtly by simulation

Modeled explicitly by simuJation

can be approximated by using
assumptions related to the desired
speed along a given segment
Several features modeled explidtly by
simulation; others may be approximated
by using assumptions (for example, by
modifying origin-destination demands
by time interval)

Modeled explidtly by simulation

can be approximated by using
assumptions related lo car-following,
lane-changing, and gap-acceptance
behavior

Applications
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Ramp junctions can also be analyzed with a variety of stochastic and
deterministic simulation packages that address frccways. 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. Altemative too1s olfer additional performance measures
induding delay, stops, queue lengths, fuel consumption, pollution, and
operating costs. In addition, altemative 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
othet ••.:ise go unnoticed with a macroscopic analysis that yields only segment-
level measures. The eHect of downstream conditions on lane utilization and
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backup beyond the segmcnt boundary is a gaod example of a situatian that can
benefit from thc increascd insight offered by a mieroscopic 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 topies that apply specifieally 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 oí effcctiveness for
ramps and ramp junctions is the density of the ramp influencc area. Howcver,
most simulators do not providc density cstimatcs scparately for the two
rightmost lanes within a link. This is a potentially signifieant obstade in
obtaining the service measures for ramp junctions from a simulator (unless the
freeway has only 1'wolanes per direction). Furthermorc, in a simulator, there are
lane changes along the entire segmentoThercfore, ho\\' a simulator should
address the partial presence of vehides in thc link to ensure compatibility with
the HCM is not dear. AIso, as is generally thc case for basie freeway segments,
incrcascd spL'Cdvariability in driver behavior (which simulators usually indude)
results in lower average space mean speed and higher density.

In obtaining density from alternative models, the following should be
considcred:

• The ability of the simulator to provide density for the two rightmost lancs
of thc freeway;

• The vchicles includcd in the density cstimation and how partial prcsence
oE vehiclcs 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 measurc density [most use vehicles
rather than passenger cars; converting vehides 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
vchicle performance vary widely];

• The units used in the reporting of density (i.e., whethcr density is
reported per lanc 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 segmcnt, in which case the scgment length is used to estimate
the PCE valucs); and

• The trcatment of driver variability by the simulator, sincc incrcascd driver
variability in thc 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 FFS for thc locations approaching and departing the merge
junction.ln comparing the IKM estimates with capacity cstimates from a
simulator, the following should be considcred:
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• The manner in which a simulator provides the number oí vehieles exiting
a segrnent may require the provision oí virtual detectors at spedfic points
on the simulated segment in sorne cases so that the maximum throughput
can be obtained.

• The simulator provides the maximum throughput at a particular location
in units oí vehieles 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 willlikely ¡nelude inputs such as the "minimum separation
of vehieles," which greatly affects the maximum throughput.

Ramp jundion densi(y does
not ch¡mge with FFS in the
HCM metha:J, but densi(y ÍSa
fundion of FFS in most
simulation package;.
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Conceptual Differences Between the HCM and Simulatian Modeling
That Preclude Direct Comparison of Results

In the HCM, the density at a ramp junction does not change with FFS,
a1though density drops as a function of FFSon basic freeway segments. In
simulators, the density typically changes as a function of FFS (or the desired
speed). Thereíore, calibration of a site using a specific FFSdoes not necessarily
ensure that the site will be calibrated for a different FFS.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
influente area. This demand is estimated as a functíon of the presence of and
demands on the upstream and downstream ramps. Traffic simulators do not
typically allow the user to input the spedfic percentages of traffic on each ¡ane at
the beginning of a link. Their internal rules relative to the lane chosen by a
vehiele in a given link vary widely and can be modified by changing various
default values within the simulator.ln sorne simulators, virtual vehieles 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 oí a simulator, the
analyst should, as an intermediate check, compare the flow approaching the two
rightmost lanes oí the junction.

Adjustment of Simulation Parameters to the HCM Results
The most important elements to be adjusted in analyzing a ramp junction are

as fo11ows:

• The flow approaching the two rightmost ¡anes (this is an intermediate
step but would ensure that the influence of upstream and downstream
ramps is considered in a manner compatible wHh the HCM), and

• The capacity of the junction at the criticallocations indicated in the HCM
(i.e., downstream oí the junction and approaching the influence area).

Step-by-Step Recammendations far Applying Alternative Tools
The following steps are recommended when an alternative tool is applied to

the analysis oí ramps and ramp junctions:
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1. Determine whether the chosen tool can provide density for the two
rightrnost lanes of the freeway and what approach is used to obtain it
(including the treatment of the partial presence oí vehicles on the link).

2. Determine the FFSof the study site either from field data oc by estimating
it according to the Chapter 12method {orbasic freeway segments.

3. Enter aHavailable input characteristics (both geornetric 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
¡nfluence. Install virtual detecturs within the area of influence and at the
downstream end of the srndy segment to obtain density, specds, and
f1ows.

4. Load the study network aboYecapadty to obtain the maximum
throughput, and compare the result with thc HCM estimatc. Calibratc thc
simulator by modifying parameters related to the minimum time
hcadway so that the simulated capadty matches the HCM estimate.
Estimate the number of simulation runs that will necd to be conducted to
produce a statistically valid comparison.

5. Compare the f10wapproaching the two rightmost lanes with thc HCM's
estimate. Adjust the simulation parameters related to driver awareness of
upcoming turos to match thc HCM-predicted Vn value.

Example Problems Illustrating Alternative Tool Applications
Chapter 28, Frecway Merges and Divergcs: Supplemental, ineludes two

example problems that examine situations beyond the scope of this chapter's
methodology by using a typical microsimulation-based too1.Both problems are
based on that chapter's Example Problem 3, which analyzes an eight-Ianc
frccway segment with an entrance and an exit rampoThe first problem evaluates
the cffects of the addition of ramp metering, and the second evaluates the
impacts uf converting the leftmost ¡ane of the mainline into an HOY lane.
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1. INTRODUCTION

OVERVIEW

Two-Iane highways have one lane for the use of traffie in each direetion. The
principal characteristic that distinguishcs two-Iane highway operation from that
of other uninterrupted-£low facilities is that passing maneuvers take place in the
opposing lane of traffic. Passing maneuvers are limited by the availability of gaps
in the opposing traffic stream and by the availability of sufficient sight distanee
for a driver to discern the approach of an opposing vehide safely. As demand
£lows and geometric restrictions increase, opportunities to pass decrease. This
creates platoons within the traffic stream, with trailing vehieles subject to
additional delay because of the inability to pass the Jead vehieles.

The relationship between passing demand and passing capacity on a two-
lane highway is complex. In any givcn direction, passing demand increases as
£lows increase. Passing capacit), decreases as opposing f10ws increase. This
creates a unique situation on two-lane highways. Operational quality
deteriorates at relatively low £lows in comparison with multilane facilities. This
is because of the compounded impact of generally increasing f10wson passing.
which affects percent time-spent-following (PTSF),a principal measure of service
quality on such highways.

CHAPTER ORGANIZATlON

Chapter 15 presents methodologies for analyzing two-Iane highway
operations under uninterrupted-£low conditions. Uninterrupted £lowexists
when there are no traffic control devices that interropt 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 signaJized intersection fits into this category. When
traffic signals are less than 2.0 mi apart, the faciJity should be elassificd 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 prescnts the following aspects of two-Iane highways:
typical functions in the highway system, the three dasses of highways used in
Highway Capacity Malilla! (HCM) rncthods, spced-f1ow relationships, and quality
of servicc conccpts for motorized vchicles and bicycles.

Section 3 presents a method for evaluating motorized vehielc operations on
two-lane highways without passing ¡anes. This rnethod genera tes the following
performance measures:

• Average travel speed (ATS);

• Ratio of ATS to free-flow speed (FFS);

• PTSF;

• Level of service (LOS) based on one or more of the aboye measures,
depending on the highway c1ass;

• Average travel time;

• Volume-to-capacity (v/c) ratio;

Chapter 15fTwo-Lane Highways
Version 6.0

VOLUME 2: UNINTERRUPTED FLOW
10. Freeway Facilities Core Methooology
11. Freeway Reliability Analysis
12. Basic Freeway and Multilane Highway

5egments
13. Freeway Weaving Segments
14. Freeway Merge and Diverge

5egments
15. Two-Lane Highways

Two-Iane highways have one
lane for the use of trafflC in
each directioll. Passing takes
place in the opposing lafle of
uafflC when Sight distance iS
appropriate and safe gaps in
the opposing uafflC stream are
avaifable.
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• Total vehiele miles traveled (VMl) during the analysis period; and

• Total vehiele hours of travel (VHT) during the analysis periodo

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 effecls 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 bicyele operations in a
shared lane, bicyele Jane, or shoulder bikeway. This method generates two
performance measures: (a) a bicyele LOS score reflecting bicyelist perceptions of
operating conditions and (b) a bicyele LOS Jetter based on the bicyele LOS score.
80th the bicyele LOS score and letter are comparable with similar scores and
letters produced for urban streets in HCM Chapters 16 and 17. Bicyele operations
on exelusive- or shared-use paths separate from the highway can be evaluated by
using the methods in Chapter 24, Off-Street Pedestrian and Bicyele Facilities.

Section 6 presents guidance 00 using the results of a two-lane highway
analysis, ineluding example results from the methods, informalion on the
sensitivity of results to various inputs, and a service volume table for two-lane
highways.

RELATED HCM CDNTENT

Other HCM content reJated to this chapter ineludes the following:

• Chapter 3, Modal Characteristics, where the Variations in Demand
subscction of the Motorized Vehiele Mode section describes typical travel
demand patterns for two-Jane 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, Frecway 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 Bpresenls a method for evaluating the
capacity of work zones on two-lane highways;

• Case Study 3, Krome Avenue, in the HCM Applicatiolls Cuide in Volume 4,
which demonstrates how this chapter's methods can be applied to the
evaluation of an actual two-Iane highway; and

• $cction J, Two-Lane Highways, in the Plallllillg alld Prelimillary Ellgilleerillg
Applicatiolls Cuide fo 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 sta les

and counties. They are located in many geographical areas and serve a variety of
traffic functions. Two-Iane highways also serve a number of bieycle trips,
particularly recreational trips. Any consideration of operating quality criteria
must account for thcse disparate functions.

Ejficicllf mobility is the principal function of majar two-Iane highways that
conneet majar trip gcncrators or serve as primary links in statc and national
highway nctworks. These routes tend to serve long-distance commercial and
recreational travelers, and long sections may pass through rural areas without
traffie control interruptions. Consistent high-speed operations and infrequent
passing delays are desirable for these types of facilities.

Other paved, two-Iane rural highways primarily provide acccssibilify to
remote or sparsely populated areas. Such highways provide reliable all-weather
aecess and often serve low traffic demands. Cost-effectivc access is a primary
concern. Ahhough high speed is beneficial, it is not the principal objective. Oelay,
as indicated by platoon formation, is a more relevant measure of service quality.

Two-lane roads also serve sccllic alld rccr('(ltional areas in which the vista and
environment are meant to be experieneed and enjoyed without traffic
interruption or deJay. High-speed operation is neither expected nor dcsired.
However, passing dclays significantly distract from the scenic enjoyment of trips
and should be minimized whenever possible.

Two-Iane roads may also pass through and serve smaIl tou.ms and
COllllllllllitícs. Such areas have higher-density development than would normally
be expected along a rural highway, and speed Iimits in these areas are often
lower. In these cases, drivers expcct to be able to maintain speeds c10seto the
posted limit. Sincc two-Ianc highway segments serving such developed areas are
usually of limited Icngth, passing delays are not a significant issue.

Two-lane highways serve a wide range of functions and a variety of rural
arcas, as well as more developed areas. Therefore, this chapter's mcthndology
and LOScriteda provide flexibility lo encompass thc resulting range of driver
expectations.

Classification of Two-Lane Highways
Because of the wide range of functinns scrvcd by two-Iane highways, the

core motorized vehicle methodology in Section 3 establishes three c1assesof
highways.

The first two c1assesaddress rural two-Iane highways. The methodology foc

them was developed as part of National Cooperative Highway Research
Program (NCHRP) Project 3-55(3)in 1999 (1) and revised as part of J\:CHRP
Project 20-7(160) in 2003 (2).

O1apter IS{Two-Lane Highways
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Ope-atiOniJl criteria for two-
lane highways must consider
the varying functions they
provide as well as the
corresponding driver
expedations.
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There are three dasses 01 two-
/ane highways:

Oass J, where motorists
exped to tTavel at
relatively high speeds;

Oass 11, where motorists
do not necessarily expect
to travel at high speeds;
and

• Class //1. whidl are
highways paSSing through
moderately developed
areas.
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The third dass addresses two-Iane highways in droeloped 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.lt is
presented here as an alternative procedure, since it is based entirely on Florida
data. For darity, the material is integrated into the overall method and is not
discussed separately as an alternative procedure.

The three dasses of two-Iane highways are defined as follows and ilIustrated
in Exhibit 15-1:

• Class 1 two.lane highways are highways where motorists expect to travel al
relatively high speeds. Two.lane highways that are major intercity routes,
primary connectors of major traffic generators, daily commuter routes, or
major links in state or national highway networks are generally assigned
to Class I. These facilities serve mostly long-distance trips or provide the
connections between facilities that serve long-distance trips.

• Class 11two-lalle highways are highways where O1otoosts do not necessarily
expect to travel at high speeds. Two-lane highways that are access routes
to Class 1facilities, 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 C1ass Il. 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.

• Class III two-lallc highways serve moderately developed areas. They may be
partions of a Class 1or Class Il highway that pass through small tow05 or
deveIoped reereationaI areas. Local traffic often mixes with through traffie
on these seg01ents, and the number of unsignalized. driveways and eross-
streets is notieeably higher than in a purely rural area. Class III highways
can indude longer roadway segments passing through more spread-out
recreational areas, also with mcreased roadside densities. Such seg01ents
are often accompanied by reduced speed limits that reflect the higher
aetivity leve!.

The two-Iane highway dasses are defined on the basis of their function. Most
rural two-Iane arterials and trunk roads would be considered to be C1ass 1
highways, while most two-Iane collectors and local roads wauld be co05idered lo
be CIass 11or Class III highways. However, the primary determinant of a
facility's dassification is the motorist's expectation, which might not agree with
the route's overall funclional eategory. Far example, a major intercity route
passing through a rugged mountainous area might be described as Class 11if
drivers recognize that high-speed operation is not feasible due to the terrain, but
the route cauld still be considered to be in Class I.

Chapter IS/Two-Lane Highways
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(b) Examples of Oass 11Two-Lane Highways

(e) Examples of Oass III Two-Lane Highways

Base Conditions

The base conditions for two-lane highways are the abscnce of restrictive
geometric, traffie, or environmental factors. Base conditions are not the same as
typical or default eonditions, both of which may reflect common restrictions.
Base eonditions are doser to what may be considered as ideal conditions (Le., the
best conditions that can be expected given normal design and operational
practice). This chapter's methodology accounts for the effects of geometric,
traffie, and environmental factors that are more restrictive than the base
conditions. Thc base conditions for two-lane highways are as follows:

• Lane widths greater than or equal to 12 ft,

• Clear shoulders wider than or equal to 6 (t,

• No no-passing zones,

• All passenger cars (Le., no trucks) in the traffic stream,

Chapter 15{Two-Lane Highways
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Two-Lane Highway
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• Level terrain, and

• No impediments to through traffic (e.g., traffie 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 £lowmay be neeessary on a two-Ianc
highway.lt is the only way to fill gaps forming in front of slow-moving vehicles
in the traffie stream. Restrictions on the ability to pass significantly increase the
rate at which platoons forro in thc traffic stream, since motorists are unable to
pass slower vehicles in front of them.

PTSF iS the average
percentage 01 time that
vehicles mus! trave! in platoons
behind sIower vehicles due lo
!he inaf)¡{lty lo p<JSS-

Capacity of a two-lane highway
under base conditions iS 1-700
fXIh in one direr:tion, wilh a
maximum of ],2()(} pc¡ñ in the
two directions.

A1though capacity conditions
are rarefy observed in normal
operation, they are important
to conskfer for evaruation and
speciaf event planning.
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Basic Speed-Flow Relationships
Exhibit 15-2 shows the relationships among flow rate, ATS, and PTSFfor an

extended directional scgment of two-Iane 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 eritical characteristic of two-Iane highways.
Relatively low dire<:tionalvolumes create high PTSF values. With only 800 pc/h
in one direction, PTSF ranges from 60% (with 200 pc/h opposing £low) to almost
80% (with 1,600pc/h opposing £low). In contrast, typically aeeeptable speeds can
be maintained on uninterrupted-flow multilane highways at relatively high
proportions of capacity. However, on two-Iane highways, service quality begins
to deteriorate at relatively low demand flows.

CAPACITY ANO LOS

Capacity
A two-Iane highway's capacity under base conditions is 1,700pc/h in one

direetion, with a ¡¡mit of 3,200pe/h for the total of both directions. Because oi the
interactions between directional £lows,when a eapacity of 1,700pe/h is reaehed
in one direction, thc maximurn opposing £low is limited to 1,500pc/h.

Capacity eonditions are rarely observed except in short segments. Because
service quality deteriorates at relatively low demand flow rates, most two-Iane
highways are upgraded before demand approaches capacity. Nevertheless,
evaluating two-Iane highway operations at capacity is important for evacuation
planning. special event planning. and assessment of the downstream impacts of
incident bottlenecks once they are c1eared.

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.

Chapter 15[Two-lane Highways
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Capacity is nat defined far bicycle facilities on two-lane highways because of
a lack of data. Bicyclevolumes approaching capacity do not often occur on two-
lane highways except during spedal bicycle events, and \iule information is
available on which to base a definition.

Levels of Service

Motorized Vehiele Mode
Bccause of the wide range of functions of two-lane highways, three sen'ice

measures are uscd to describe motorizcd vehicle LOS,depending on the
highway class:

1. ATS reflects mobility on a two-Iane highway. It is defined as the highway
segment's length divided by the average travel time for vehicles to
traverse it during the analysis periodo

Chapter 15(Two-Lane Highways
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Exhibit 15-2
Speed--Flow and PTSF
Relationships for DirectiOllal
Segments with Base
Conditions
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2. PTSF represents the freedom to maneuver and the comfort and
converuence of travel. It is the average percentage of time that vehicles
must travel in platoons behind sIower vehicles due to the inability to pass.
Because this characteristic is difficuIt to measure in the field, a surrogate
measure is the perccntage of vehic1es traveling at headways of less than
3.0 s at a representative location within the highway segmento PTSF also
represents the approximate percentage of vehicles traveling in pIatooos.

3. Percent o/ free-flow speed (PFFS) represents the ability of vehic1es to travel
at or near the posted speed limito It is the ratio of ATS to FFS. The exact
relationship between FFS and speed limit depends heavi1y on local
polides on setting such limits and on enforcement practices.

On Class 1two-Iane 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 11highways, travel
speed is not a significant issue to drivers; therefore, LOS is defined in terms of
PTSF only. On Class 1lI highways, high speeds are not expected, and passing
restrictions are not a majar concem due to the relatively short lengths of Class III
segments. lnstead, motorists would like to make steady progress at or near the
speed limitoTherefore, PFFS is used to define LOS on Class III highways. Exhibit
15-3 prcsents the motorized vehic1e LOS cr¡teria for two-Iane highways.

Exhibit 15-3
Motorized Vehicle lOS for
Two-lane Highways
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Class JI Class JlI
; fr Class 1 HiqhwaYS

F
(e'o) Hjqhways Hjahwavs

LOS ATS mi h PTSF % PTSF 'lo) PFFSC%)
A >55 ~35 ~40 >91.7• >50-55 >35-50 >40-55 >83.3--91.7
e >45-50 >5D-65 >55-70 >75.Q-83.3
o >40-45 >6>-80 >7D-S5 >66.7-75.0
E <40 >80 >.5 <66.7
F Demand exceeds ca ;

Nob:!: For Oass 1 htgh .•••.ays. LOS lSdelernuned by the lYOf'5eof ATS-based lOS and PTSF-based LOS.

Because driver expectations and operating characteristics on the three dasses
of two-Iane highways are different, a single definition of operating conditions at
each LOS is difficult to pro vide.

Two characteristics, however, have a significant impact on actual operations
and driver perceptions of service:

• Passing capacity: Since passing maneuvers on two-Iane 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 in a
platoon behind a slow-moving vehicle, they wiII desire to make more
passing maneuvers.

80th 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.

Olapter IS/Two-LaneH~hways
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At LOS A. motorists experience high operating speeds on Class 1highways
and liule difficuIty in passing. Platoons of three or more vehides are rare. On
Class 11highways, speed is controUed primarily by roadway conditions, but a
small amount of platooning would be expccted. On Class III 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
1and Class II highways, the degree of platooning becomes noticeable. Sorne
speed reductions are present on Class 1highways. On Class III highways,
maintenance oí FFS operation becornes difficult, but the speed reduction is still
relatively srnall.

At LOS C, most vehides travel in platoons. Speeds are noticeably curtailed
on all thrcc classes of highway.

At LOS D, platooning increases significantly. Passing demand is high on
both Class I and Class 11facilities, but passing capacity approaches zero. A high
percentage oí vehides travels in platoons, and PTSF is noticeable. On Class III
highways, the faH-off írom FFS is significant.

At LOS E, demand is approaching capacity. Passing on Class I and 11
highways is virtually impossible, and PTSF is more than 80%. Speeds are
seriously curtailed. On Class III highways, spccd is Jess than two-thirds the FFS.
The lower limil 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 dasses oí two-Jane highway.

Bicycle Nade
Bieycle levels of service for two-lane highway segments are based on a

bieyde LOS (BLOS) score, which is in tum based on a traveler pcrccption model.
This score is based, in order of irnportance, on five variables:

• Average effective width of the outside through lanc,

• Motorized vehicle volumes,

• Motorized vehicle speeds,

• Heavy vehide (truck) voJumes, and

• Pavement condition.

The LOS ranges for bicydes on two-Iane and multilane highways are given
in Exhibit 15-4.

Bicyde LOS is based on a
traveler perception model.
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LOS
A
B
e
D
E
F

BlOS 5core
~1.5

>1.5-2.5
>2.5-3.5
>3.5-4.5
>4.5-5.5
>5.5

Exhibit 15-4
Bicycle lOS for Two-lane and
Multilane Highways
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3. eORE MOTORIZED VEHIeLE METHODOLOGY

SCOPE OF THE METHODOLOGY

This chapter's methodology addresses the analysis of directional two-Iane
highway segments in general terrain (Ievel or rolling) and directional segments
on specific grades. AHsegments 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 dimbing lanes on dircctional segments. $ection 4
also addresses specialized treatments for two-Iane 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-Iane highway by estimating the service measures that
define LOS (A1'5, PTSF, PFFS). Such an analysis can also be used to determine
the capacity of the directional segment or the scrvice flow rate that can be
accommodated at any given LOS.

Spatial and Temporal Limits
This chapter's methodology appUes to uniform directional segments of two-

lane highway. While the two directions of £low interact through passing
maneuvers (and limitations on passing maneuvers), each direction must be
analyzed separately. Directional segments should ha ve thc 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, fadlity ciassification, or
demand f10w rateo An analysis segment can contain no more than onc passing or
climbing lane in the study direction.

The recommended length of the analysis period is the HCM standard of 15
min (although looger periods can be examined).

Peñormance Measures
This method produces the following performance measures:

• ATS;

• Ratio of ATS to FFS;

• PTFS;

• LOS based on one or more of the above measures, depending on thc
highway dass;

• Average travel time;

• v/c ratio;

• Total VMT during the analysis period; and

• Total VHT during the analysis periodo

Core Motorized Vehide Methodology
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Strengths of the Methodology
The methodology provides a straightforward way to analyze uninterrupted-

f10wsegments of two-lane highways and produces several useful performance
measures as outputs. Extensions to the method in Section 4 aIlow the effects of
passing and c1imbinglanes on two-Iane highway operation to be evaluated.

limitations of the Methodology
The methodology does not address two-Iane highways with signalized

intersections or other types of intersections requiring traffic on the highway to
stop or yield. Isolated intersections on two-lane highv••ays may be evaluated with
the intersection methodologies given in Volume 3. Two-Iane highways in urban
and suburban areas with multiple signalized intcrsections spaced 2 mi or less
apart should be analyzed as urban streets or arterials by using Chapter 17,Drban
Street Segments. Operations of two-lane highways with signalized intersections
c10serthan 2 mi apart are dominated by issues of signal progression and other
arterial factors.

Even isolated intersections can have a significant eHect 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 foc two-lane highway

analysis. An objective of NCHRP Project 17-65,impcoved 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 \'I.'hichare now described in general terms
(e.g., percent no-passing zones) in this chapter. Netwock simulation tools can
also inelude traffic control devices at specific points.

Additional performance measures can be obtained £romsimulation results.
One example is ¡al/oUler dl'llsity, which is defined in terms of the number of
followers per mile per lane. This concept, which is diSClissedin more detail in
Chapter 36, Concepts: Supplemental, has attracted increasing international
interest. Sorne examples that ilIustrate potential uses of two-Iane highway
simulation afe presented elsewhere (5).

REQUlRED DATA ANO SOURCES

Exhibit 15-5lists the information necessary to apply the motorized vehiele
methodology and suggests potential sources foc 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 resu\ts mOfe
approximate and less related to the specific conditions that describe the highway.

Chapter 15/Two-lane Highways
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HCM defaults should onIy be used when (a) field data cannot be collected and
(b) locally derived defaults do not existo

Level:20%
RoIling:40%
Moreextreme: 80%
Base free-f1owspeed:
Speed limit+ 10 mi/h
(see diSCUSSiOnin text)
Mustbe provided

Suggested Oefault
Value

Mustbe provided

12.••Oass 1and Ir: 8/mi
Oass JII: 161ml

Mustbe provided

Potential Data Source(s)
Geometric Data

Determinefrom functiOnalclass, Iand
use, motoristexpectation
Road invento!y,aenal photo
Road Inventory,aerial photo

Fielddata, aenal photo

Oirectspeed rrteasurements, estimate
fromdeslgn speed or speed Iimit

Designp1ans,analyst judgment

Percent no-passing ZDn~ (%) Road inventory,aeriafphoto

pass/ng /ane /ength (mI)

Free-f1ow speed (mi/h)

Reguired Data and Units

Highwayclass (1,n, III)

Lanewidth (ft.)
5houlder wldth (ft)
Arxess point denslty (both sides)
(access pointsjmi)
Terrain type
(level, rolling,speciflCgrade)

Aelddata, road lnventory, aefial photo
DemandData

Hour1ydemand volume (veh/h) Fielddata, modeling Mustbe provided
OirectionalvoIumespllt (%) Relddata, madeling Mustbe provided
Analysispenad length (min) 5et by ana1yst 15min (0.25 h)
Peak hour facte¡rb (decimal) Ftelddata 0.88
Heavyvehiclepercentage (%) Flelddata 6%C
Notes: Bold it.Jfic indicares high sensilivity (> 20% change) of service measure lo the choice of defautt value.

Bold Indicares moderate seosllivity (10%-20% change) of service meil~re lo the choice of default value .
• Perceot llO-passiJ'lQ rolle may be differeot lo eadl directioo.
~ Moderate to high sensilivity of servil:e measures for very Iow PHF values. See !he discussioo io t:he text.
PHF is not required wheo peak. lS-mio demand voIumes are provided.
e see Chapter 26 io Volume 4 for state-spedfic default heavy vehide percentages.

Exhibit 15-5
Required Input Data, Potential
Data Sources, and Default
Valuesfor Two-LaneHighway
MotorizedVehicleAnalysis

Care should be taken in using default values. The service measure results are
sensitive to sorne of the input data listed in Exhibit 15-5. For example, passing
lane length and percentage of mrpassing 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 100/..-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%. AH 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--6iJIustrates the minimum steps required for the core motorized
vehide methodology. Because the three dasses of highways use different service
measures, not a11of the steps are required for computing LOS for a given
highway dass. In particular, the computationaI step for estimating ATS is only a
requirement for Class 1 and III highways, and the step for estimating PTSF is
onlya requirement for C1ass 1 and II highways. The step for estimating PFFS is
onlya requirement for C1ass III highways. However, an analyst may choose to

CoreMotorizedVehicleMethodology
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inelude the nonrequired steps whcnever the analysis would benefit from the
informatian provided by the additianal performance measures.

Step 1: Giltner Input natl
Gl!0I'Ile'lried••ta
Dem&nd velume
HiQhwaVd •••.s (1, Il, Ot' lll)
F¡eld-measured speed (S~, or
Bue ftee-fiow speed (8FFS¡

a.M r Dan II 1 Da~IIl

5tep 2: Estlmatll F~f1ow ~
F~ld-meosured ~d adju~nt:s: fIow rote, hea...,. vehides (Equation$lS-l and Eq~n 15...•), or
BFFS adjustments: bine and Vioulder widt:h, eo:ess point density (Equobon 15-2, Exhibit 15-7 ond Emi~ 15-8)

~ ~
5tep 3: Demand AdJu..tmentfor Step 3: Demand AdJuslmentfor
Average Tl'Clvel Speed (ATS) Average Travel Speed (AT5)
(Equations 15-3 te 15-5) (Equabons 15-3 te 1$-5)
Peak hour factor Peak hourfactcr
Heavy vehde adjustment Heavy vehide adjustment

Genero! ternlin (E~ibrt 15-11) Generol terroin (Exhibit 15-11)
Specifico;¡r8de (Exhlbít! 15-12 te 15-14) Specifco;¡rade (áhibít! 15-12 ro 15-1'l)

Grade odjul:tment Grode adjustment
Gl!nerlll terr8in (Exhibit 15-9) Generol tellllín (Exhibit 15-9)
Spedficgrode (Exhibit 15-10) 5peciñcgrade (EJlhibit 15-10)

~ ~
Step 4: Estlmat. ATS 5tep 4: Estlm ••teAT5
(Equabon 15-6) (Equation 15-6)
NO-plIs$ino;¡-:.onead;u5lm!!nt (Exhibit 1$-15) No-pusíng-zone adjustment (Exhibit 15-15)

1
5tep s: Demand AdJustmentfor Step s: Dem.ilnd Adjustmentfor
Perce<'1t Tlme-Spent-Followlng (PTSl1 PO!'f'QIlf1tTlme-Spent-Followlng(PTSF)
(Equabon 15-7 ••nd Equation 15-8) (Equation 15-7 ard Equation 15-8)
Peak nour flK.tor Pe••k hourfflctor
Heavy vehide adju$l;ment Hea...,.vehide ••dju~nt

Generlll terrllin (Exhíbit 15-18) General terroin (Exhibit 15-18)
SpeOfko;¡rade (Exhjbit 15.19) SpeciIk Qrade (Exhibit 15-19)

Grade ••djustment Grade odjustment
Gel'leT'll1telT8in (Exhibit 15-16) Generol telT8il'l (Exhibrt 15-16)
5pecifico;¡rade (Exhibrt 15-17) Specifiq¡r ••de (Exhibit 15-17)

1
5tep 6: Estlmate PT5F 5tep 6: Estlmate PTSf
(Equatiol'ls 15-9 and 15-10, Erllibit 15-20) (Equations 15-9 ••nd 15-10, Ext1ibit 15-20)
NO-pIlssing-zone ••djustment (Exhibit lS-21) No-pIlssÍflg-zone adjustrnent (Emibit 15-21)

5tep 7: Estlmate Peramt of
FI"Ml-F1ow Speed (PFFS)
(EqUlltion 15-11)

5tep 8: Determine level of Servlce 3nd C3padty
(Exhíbit 15-3)

Exhibit 15-6
Aowchart of the Core Two-
Lane Highway Metl1odology

O1apter 15(Two-Lane Highways
VetSlOrl 6.O
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COMPUTATIONAL STEPS

Step 1: Gather Input Data
Exhibit lS-5listed the information that must be available before a two-Iane

highway segment can be analyzed and potcntial sources for that information.
The exhibit suggested default values for use when neithcr site-specific data nor
local default values are available.

Demand volumes are generally stated in vehicIes per hour under prevailing
conditions. They are converted in the methodology to demand fIow rates in
passenger cars per hour under base conditions. The PHF, in particular, is used to
convert hourly volumes to flo\\' rates.

lf demand volumes are measured in IS-min increments, use oE a PHF to
convert volumes to flow rates is not necessary. The highest-volume lS-min
period is selected, and the flow rate is simply calculated as this 1S-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 aHect flows in a study segmento Insofar as is
possible, demand volumes and flo\\' rates should reflect the situation that would
exist \\'ith no upstream or do\\'nstream 1imiting factors.

There are three ways lo
estir1liJteFFS on two-fane
highways. FFSranges from 45
lo 70 mljh on Oass I ami II
highways.

Equation 15-1

Step 2: Estimate the FFS
A key step in the analysis oEa two-Iane highway is the determination of the

FFS for the segment. There are three ways to estimate FFS.

Oirect Field Measurement
Direct field measurement on the subjcct 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 bascd on a sample of at least 100 vehicIe
speeds. The FFS can be directly measured as the mean speed under low-demand
conditions (Le., thc two-way flow rate is less than or equal to 200 veh/h).

lf the analysis scgment cannot be directly obscrved, measurements from a.
similar facility (same highway c!ass, same speed limit, similar environment, etc.)
may be used.

Field Measurements at Higher Flow Rafes
Sometimes, observation of total flo\\' rates less than 200 veh/h may be difficult

or impossible. In such cases, a speed sample may be taken at higher fIow rates
and adjusted accordingly. The same sampling approach is taken; each direction
is separately observed, with each directionaI sample induding at least 100
observed speeds. The measurcd mean speed is then adjustcd with Equation 15-1:

FFS = SFM + 0.00776 (~)
JHV,ATS

Core Motofized Vehicle Metl10d0togy
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where

FFS free-flow speed (mi/h);

SfM mean speed of samplc (v > 200 veh/h) (mi/h);

v = total demand flow rate, both directions, during period of speed
measurements (vch/h); and

fHV,ATS heav)' vchicle adjustment factor for ATS, from Equation 15-4 or
Equation 15-5.

Estimating FFS
The FFScan 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. FFSon Class 1and 1Itwo-lane highways covers a significant range,
from as low as 45 mi/h to as high as 70 mi/h. To estimate the FFS, the analyst
must characterize the operating conditions of the facility in terms of a BFFSthat
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, Hule guidanee on estimating
the BFFScan be given.

Estimates of BFFScan be devcloped on the basis of speed data and local
knowledge of operating condUions on similar facilities. As wiII be seen, once the
BFFSis determined, adjustments for lane and shoulder widths and for the
density of unsignalized access points are applied to estimate the FFS. In concept,
the BFFSis the specd that would be expected on the basis of the facility's
horizontal and vertical alignment if standard lane and shoulder widths were
prcsent and therc were no roadsidc acccss points. Thus, the desigll speed of the
facility might be an acceptable estimator of BFFS,since it is bascd primarily on
horizontal and vertical alignment. Posted spccd limits may not reflect current
conditions or driver desires. A rough estimate of BFFSmight be taken as the
posted speed limit plus 10mifh.

Once a BFFSis determined, the FFSmay be estimated as fo11ow5:

FFS = BFFS - fes - fA
where

FFS free-flow speed (mi/h),

HFFS base free-flow speed (mi/h),

fl.S adjustment for lane and shoulder width (mi/h), and

fA 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 (aeecss point density).

When field measurements are used to estimate FFS, standard approaehes
and sampling techniques should be applied. Guidance on field speed studics is
provided in standard traffie enginecring texts and elscwhere (3).

Equation 15-2

Chapter 15{Two-lane Highways
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Exhibit 15-7
Adjustment Factor for lane
and Shoolder Width (fu)

lan~~idth

~9, <10
~10, <11
:'!:11,<12
>12

O!:O <2
6A
5.3
4.7
4.2

Shoulder Wjdth (ft)
:'!:2<4 >4 <6
4.8 3.5
3.7 2.4
3.0 1.7
2.6 1.3

>6
2.2
1.1
OA
0.0

Exhibit 15.8
Adjustment Factor for Access
Point Density (~

Access Points per Mile (80th Sldes)
O
10
20
30
40

Note: Interpotatlon ro the nearest 0.1 iSrerommeflded.

Reduction in FFS (mi/h)
0.0
2.5
5.0
7.5
10.0

Estimating FFS will result in the
same FFS in both diredions.
Fiefd.measured FFS coufd be
dlfferent in eadl diredion.

T1Ie analyst may ronsider
calcufating a weighted-average
FFS when the highway
segment cvntiJins sflarp
horizontal alfIleS wi(h design
speeds substantiafly beIow the
res( of the segmento

Equation 15-3

The aeeess 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 anaIyzing the two directions of
the highway and estimating the FFS by using Eguation 15-2, the FFS will be the
same in both direetions since the same aecess point density is being used.1f the
FFS is measured in the field, the value eould be different in eaeh direetion.

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 ehapter included both eommuter
and noneommuter traffie. There were no significant differenees between the two.
However, eommuters and others who travel on the facility regularly are expeeted
to use it more effidently than reereational and other oeeasional users. If the effeet
of driver population is a coneern, the FFS should be measured in the fieId.

Step 3: Demand Adjustment far ATS
This eomputational step is only required for Class I and C1ass III two.lane

highways. LOS on Class JI highways is not based on ATS; therefore, this step can
be skipped for those highways, unless ATS or average travel time are additionaI
desired performance measures from the analysis.

Dcmand volumes in both direetions (analysis direction and opposing
direction) must be eonvcrted to f10w rates under equivalent base conditions with
Equation 15-3:

Vi
Vj.ATS =

PHF X fg.ATS X fHV.ATS

where

V'.ATS = dcmand flow rate j for A1'5 estimation (pc/h);

j = "d" (analysis direetion) or "o" (opposing direetion);

Vi = demand volume for direction i (veh/h);

!g,ATS = grade adjustment factor, fram Exhibit 15-9 or Exhibit 15-10; and

!HV.ATS '" heavy vehicle adjustment factor, from Equation 15-4 or Equation 15.5.

Core Motorized Vehicle MethodoIogy
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PHF
The PHF represcnts the variation in traffic flow within the hour. Two-Iane

highway ana1ysis is based on the demand flow rates for a peak 15.min period
within the ana1ysis hour-usually (but not necessarily) the peak hour.

A TS Grade Adjustment Factor

The grade adjustment factor /g.ATS depends on the terrain. Factors are defined
for

• Extended segments (~2mi) of leve1terrain,

• Extended segments (~2mi) oC rolling terrain,

• Specific upgrades, and

• Specific downgrades.

Any grade that is 3%or steeper and 0.6 mi or 10ngermust be analyzed as a
specific upgrade or downgrade, depending 00 the analysis directioo 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 15-9shows grade adjustment factors for extended segments of 1evel
and rolling terrain, as well as for specific downgrades. Exhibit 15-9is entered
with the one-direction demand £lowrate vop/l' in vehicles per hour.

Ro1linQTelTain
0.67
0.75
0.83
0.90
0.95
0.97
0.98
0.99
1.00

-::-(o;;n~e~-o~'~,re~ct~;o~n~-l---:--'::-~A~d~iu;;stm¡;;;;en~I¡jF~.~ct~o;;r-------
Demand Flow Rate, v""" leve! Terrain and

(veh/h) Soedfic DownQrades
:5:100 1.00
200 1.00
300 1.00
400 1.00
500 1.00
600 1.00
700 1.00
800 1.00
>900 1.00

Note: lnterpoliltion to the nearest 0.01 ls reoommended.

If demand is expressed as an hourly volume, it must be divided by the PHF
(vop/l = VlPHF) to obtain the appropriate factor. Other adjustment factor tables
associated with Equation 15-3are cntered with this value as well.

Note that the adjustment factor for leve] terrain is 1.00,since levcl terrain is
one of the base conditions. For the purposes of grade adjustment, specific
downgrade segments are treated as level terrain.

Exhibit 15-10shows grade adjustment factors for specific upgrades. The
ncgative impact of upgrades on two-1anehighway speeds increases as both the
sevcrity 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
ATSGradeAdjustment Factor
(f¡vl13") for level Terrain,
Rolling Terrain, and 5pecific
Downgrades

Chapter 15fTwo-Lane Highways
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Exhibit 15-10
ATS Grade Adjustrnent Factor
(fa-AT5") for 5pecific Upgrades

Grade Directional Demand flow Rate, v-m(veh/h)
G~ftd\e ~~~~'% :S100 200 300 400 500 600 700 BOO ~900

0.25 0.78 0.84 0.87 0.91 LOO 1.00 LOO LOO LOO
0.50 0.75 0.83 0.86 0.90 LOO 1.00 tOO 1.00 1.00
0.75 0.73 0.81 0.85 0.89 1.00 1.00 tOO 1.00 1.00
1.00 0.73 0.79 0.83 0.88 tOO 1.00 1.00 tOO 1.00

<':3,<].5 1.50 0.73 0.79 0.83 0.87 0.99 0.99 1.00 LOO l.00
2.00 0.73 0.79 0.82 0.86 0.98 0.98 0.99 1.00 LOO
3.00 0.73 0.78 0.82 0.85 0.95 0.96 0.96 0.97 0.98
>4.00 0.73 0.78 0.81 0.85 0.94 0.94 0.95 0.95 0.96
0.25 0.75 0.8] 0.86 0.90 LOO tOO 1.00 1.00 LOO
0.50 0.72 0.80 0.84 0.88 1.00 1.00 tOO 1.00 1.00
0.75 0.67 0.77 0.81 0.86 1.00 1.00 tOO tOO 1.00
1.00 0.65 0.7] o.n 0.81 0.94 0.95 0.97 tOO 1.00

~].5, <4.5 1.50 0.63 0.72 0.76 0.80 0.9] 0.95 0.96 1.00 tOO
2.00 0.62 0.70 0.74 0.79 0.9] 0.94 0.96 1.00 LOO
3.00 0.61 0.69 0.74 0.78 0.92 0.9] 0.94 0.98 tOO

~.OO 0.61 0.69 0.73 0.78 0.91 0.91 0.92 0.96 tOO
0.25 0.71 0.79 0.8] 0.88 1.00 1.00 LOO tOO tOO
0.50 0.60 0.70 0.74 0.79 0.94 0.95 0.97 LOO tOO
0.75 0.55 0.65 0.70 0.7S 0.91 0.9] 0.95 1.00 tOO

~.5, <5.5 1.00 0.54 0.64 0.69 0.74 0.91 0.93 0.95 1.00 1.00
1.50 0.52 0.62 0.67 0.72 0.88 0.90 0.9] 1.00 1.00
2.00 0.51 0.61 0.66 0.71 0.87 0.89 0.92 0.99 1.00
3.00 0.51 0.61 0.65 0.70 0.86 0.88 0.91 0.98 0.99
~4.oo 0.51 0.60 0.65 0.69 0.84 0.86 0.88 0.95 0.97
0.25 0.57 0.68 0.72 0.77 0.93 0.94 0.96 tOO tOO
0.50 0.52 0.62 0.66 0.71 0.87 0.90 0.92 1.00 1.00
0.75 0.49 0.57 0.62 0.68 0.85 0.88 0.90 1.00 1.00

~5.5, <6.5 1.00 0.46 0.56 0.60 0.65 0.82 0.85 0.88 tOO 1.00
1.50 0.44 0.54 0.59 0.64 0.81 0.84 0.87 0.98 1.00
2.00 0.4] 0.5] 0.58 0.63 0.81 0.83 0.86 0.97 0.99
3.00 0.41 0.51 0.56 0.61 0.79 0.82 0.85 0.97 0.99
>4.00 0.40 0.50 0.55 0.61 0.79 0.82 0.85 0.97 0.99
0.25 0.54 0.64 0.68 0.7] 0.88 0.90 0.92 tOO tOO
0.50 0.4] 0.5] 0.57 0.62 0.79 0.82 0.85 0.98 tOO
0.75 0.39 0.49 0.54 0.59 o.n 0.80 0.83 0.96 1.00

>6.5 1.00 0.37 0.45 0.50 0.54 0.74 0.77 0.81 0.96 1.00
1.50 0.35 0.45 0.49 0.54 0.71 0.75 0.79 0.96 1.00
2.00 0.34 0.44 0.48 0.5] 0.71 0.74 0.78 0.94 0.99
3.00 0.34 0.44 0.48 0.5] 0.70 0.73 o.n 0.93 0.98
>4.00 0.33 0.4] 0.47 0.52 0.70 0.7] 0.77 0.91 0.95

Note: Stra'9ht-hne Interpolation of '••••¡sfor leflgttl of grade and demand f'Klwpennltted to the nearest 0.01.

ATS Heavy Vehiele Adjustment Fador

The base condinons for tw(}-lanehighways include 100%passenger ears in
the traffie stream. This is arare oecurrenee, and the presence of heavy vehicles in
the traffie stream reduces the ATS.

Determining the heavy vehicle adjustment factor is a two.step process:

1. Passenger car equivalents are found for trueks (Er) and reereanonal
vehicles (RVs) (ER) under prevailing eonditions.

2. A heavy vehicle adjustment factor is computed from the passenger car
equivalents with Equation 15-4:

1
fHV,ATS = 1+ Pr(Er - 1) + PR(ER - 1)

where

fHV.ATS

P,

Core Motolized Vehide Methodology
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PR proportion of RVs in the traffie stream (decimal),

Er passenger ear equivalent for trucks, and

ER passenger ear cquivalent far RVs.

The passenger ear equivalent is the number of passenger cars displaced from
the traffie stream by one truek or RV. Passenger car equivalents are defined far
scveral situations:

• Extended sections of generallevc1 or rolling terrain,

• Specifie upgrades, and

• Specific downgrades.

Exhibit 15-11 eontains passenger car equivalents far trucks and RVs in
general tcrrain segments and far spedfie dawngrades, which are treated as level
tcrrain in mast cases. A special procedure is providcd below to evaluate specific
downgrades on whieh significant numbers of trueks must reduce their spccd to
erawI speed ta maintain control.

Dire:tional Demand
VehicleT FlowRate v veh h

SIDO
200
300
400

Trucks,ET 500
600
700
800

2900
RVsE" AlIfIows

Note: lnterpolation to the nearest 0.1 is recommended.

LevelTerrain and
S iticDown rades

1.9
1.5
lA
1.3
1.2
1.1
1.1
1.1
1.0
1.0

Rollin Terrain
2.7
2.3
2.1
2.0
1.8
1.7
1.6
lA
1.3
1.1

Exhibit 15-11
ATSPassengercar
EquivalentsfofTrucks(ET)
andRVs(E,,) tor Level
Terrain,RollingTerrain,and
SpedficDowngrades

Exhibit 15-12 and Exhibit 15-13 show passenger car equivalents for trucks
and RVs, respectively, on specifie upgrades.
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Exhibit 15-12
ATS Pa5Seflger car
Equivalents for Trucks (Er) on
5pedfic upgrades

Grade Directional Demand Flow Rate, I'''I!' (veh/h)
~~~e L~~~~hS100 200 300 400 500 .00 700 800 >900

0.25 2.6 2.4 2.3 2.2 1.8 1.8 1.7 1.3 1.1
0.50 3.7 3.4 3.3 3.2 2.7 2.6 2.' 1.9 l.'
0.75 4.' 4.4 4.3 4.2 3.7 3.6 3.4 2.4 1.9

". 1.00 5.2 5.0 4.9 4.9 4.4 4.2 4.1 3.0 2.3
<3.5 1.50 '.2 '.0 5.9 5.8 5.3 5.0 4.8 3.6 2.9

2.00 7.3 '.9 '.7 6.5 5.7 5.5 5.3 4.1 3.5
3.00 8.4 8.0 7.7 7.5 6.5 6.2 '.0 4.6 3.9
>4.00 9.4 8.8 8.6 8.3 7.2 6.9 '.6 4.8 3.7
0.25 3.8 3.4 3.2 3.0 2.3 2.2 2.2 1.7 1.5
0.50 5.5 5.3 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 3.6 2.'

;::3.5, 1.00 7.9 7.6 7.4 7.3 6.7 ••• 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 9.4 9.1 8.9 7.4 6.7
3.00 11.4 11.3 11.2 11.2 10.7 10.3 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 4.4 4.0 3.7 3.5 2.7 2.7 2.7 2.6 2.5
0.50 6.0 6.0 6.0 '.0 5.9 5.7 S.• 4.6 4.2
0.75 7.5 7.5 7.5 7.5 7.5 7.5 7.5 7.5 7.5

;::4.5, 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 11.6 11.6 11.5 11.1 10.9
3.00 13.7 13.7 13.6 13.6 13.3 13.1 13.0 11.9 11.3
>4.00 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 3.8 3.2 2.9
0.50 7.2 7.2 7.2 7.2 7.2 7.2 7.2 7.2 7.2
0.75 9.1 9.1 9.1 9.1 9.1 9.1 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 11.9 11.9 11.9 11.8 11.8 11.8 11.7 11.6

2.00 12.8 12.8 12.8 12.8 12.7 12.7 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 7.8 7.8 7.8 7.8 7.8 7.8 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 10.4 10.4 10.4 10.4 10.4 10.4 10.3 10.2
1.50 12.0 12.0 12.0 12.0 11.9 11.9 11.9 11.8 11.7
2.00 12.9 12.9 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
>400 15.4 15.4 15.4 15.4 15.3 15.3 15.3 15.2 15.1

Note: lntef?'JlatiOll for length 01 grade and demand fIow rate to the nearest 0.11$ remmmended.

Exhibit 15-13
ATS Passenger car
Equivalents for RVs (ER) on
5peciflc Upgrades

Grade Grade Directlonal Demand Flow Rate, 1'''I!'(veh/h)

'%' Len"th (mi siOO 200 300 400 500 600 700 800 >900
$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, 5:1.25 1.3 1.2 1.2 1.1 1.0 1.0 1.0 1.0 1.0

> 1.25, $2.25 1.4 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

<>:3.5, :s0.75 1.3 1.2 1.2 1.1 1.0 1.0 1.0 1.0 1.0
<4.5

>0.75, s:3.s0 1.4 1.3 1.2 1.1 1.0 1.0 1.0 1.0 1.0
>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 l.' 1.5 1.4 1.2 1.0 1.0 1.0 1.0 1.0

<0.75 1.5 1.4 1.3 1.1 1.0 1.0 1.0 1.0 1.0
<>:5.5, >0.75, $2.50 1.6 1.5 1.4 1.2 1.0 1.0 1.0 1.0 1.0
<6.5 >2.50, $3.50 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
$2.50 1.6 1.5 1.4 1.2 1.0 1.0 1.0 1.0 1.0

>6.5 >2.50, $3.50 1.6 1.5 1.4 1.2 1.3 1.3 1.3 1.3 1.3
>3.50 1.6 1.6 1.6 1.5 1.5 1.5 1.4 1.4 1.4

Note: Interpolatlorl In thlSexhlbit ISnot reoommendecl.
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A TSPassenger Car Equivalents for Specific Downgrades Where Trucks Travel at
CrawlSpeed

As noted previously, any downgrade of 3% or more alld 0.6 mi or longer
must be analyzed as a specific downgrade. 1£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 totallength of grade and
expressing the result as a percentage.

Most specific downgrades will be treated as level terrain for ana[ysis
purposes. However, sorne downgrades are severe enough to force sorne trucks
into crawl speed. In such cases, the truck drivers are forced to operate in a low
gear to apply engine braking, sincc the norma! brake system would not be
sufficient to sIow or stop a heavy vehide 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
\'Chicleopcrations.

When this situation exists, the heavy vehicle adjustment factor fHV.A.TS is found
with Equation 15-5 instead of Equation 15.4:

1
fHV.ATS = 1 + PTC X PT(ETC - 1) + (1 - PTd x PT x (ET - 1) + PRCER - 1)

where

Prc proportion of trucks operating at craw! spl'cd (decimal); and

Erc passenger car equivalent for trucks operating at craw! speed, from
Exhibit 15.14.

AHother variables are as previously defined. Note that Prc is the tlow rate of
trucks traveling at craw! speed dividcd by the tlow rate of aHtrucks.

Equation 15.5

Difference Between
FFS..and",:~c~.~~wl

Soeed fmi/hl

<15
20
25
30
35
>40

s100
4.7
9.9
15.1
22.0
29.0
35.9

Dlrectional Demand Flow R.ate, v"",,(veh/h)

200 300 400 500 600 700 800
4.1 3.6 3.1 2.6 2.1 1.6 1.0
8.7 7.8 6.7 5.8 4.9 4.0 2.7
13.5 12.0 10.4 9.0 7.7 6.4 5.1
19.8 17.5 15.6 13.1 11.6 9.2 6.1
26.0 23.1 20.1 17.3 14.6 11.9 9.2
32.3 28.6 24.9 21.4 18.1 14.7 11.3

>900
1.0
1.0
3.8
4.1
6.5
7.9

Exhibit 15-14
ATS Passenger car
Equivalents (Ere) for Trucks
on Dowr19rades Traveling at
Crawl Speed

Note: Interpolation against both speed differenc:e and demand fIow rate to!he nearest 0.1 is recommended.

Step 4: Estimate the ATS
As was the case with 5tep 3, this step is only requircd for Class 1and Class 111

two-Iane highways. Class 11highways do not use A1'5 as a LOSmeasure, but this
step can be applied if ATS or average travel time is a dcsired outcome of the
analysis of a Class 11highway.

The ATS is estimated from thc FFS, the demand tlow rate, the opposing flow
rate, and the percentage of no-passing zoncs in the analysis direction. The ATS is
computed fram Equation 15-6:

ATSd = FFS - 0.00776(Vd.ATS + VO,ATS) - fnp,ATS Equation 15-6

Chapter 15{Two-Lane Highways
Version 6.0
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where

ATS4

FFS
V4.AT5

vo,AT5

/np.ATS =

average travel speed in the analysis direction (mi/h);

free-flow speed (mi/h);

demand flow rate for ATS determination in the analysis direction

(pc/h);

demand flow rate for A1$ determination in the opposing direction

(pc/h); and

adjustment factor for A1$ determination for the percentage of no-

passing zones in the analysis direction, fmm Exhibit 1,5.15.

Exhibit 15-15 Opposlng Demand F10w Rate, 1 Pen:ent No-Passlnq Zones
ATS Adjustment Factor for v~(pc(h) <20 40 60 .0 100
No-Passing ZOIleS «("""'15) FFS lt 65 mi 11

<100 1.1 2.2 2 .• 3.0 3.1
200 2.2 3.3 3.9 4.0 4.2
400 1.6 2.3 2.7 2.8 2.9
600 1.4 1.5 1.7 1.9 2.0
800 0.7 1.0 1.2 1.4 1.5

1,000 0.6 0.8 1.1 1.1 1.2
1,200 0.6 0.8 0.9 1.0 1.1
1,'100 0.6 0.7 0.9 0.9 0.9
;,1600 0.6 0.7 0.7 0.7 0.8

FFS=6(Jm'l1
<100 0.7 1.7 2.S 2.8 2.9
200 1.9 2.9 3.7 4.0 4.2
400 1.4 2.0 2.S 2.7 3.9
600 1.1 l.3 1.6 1.9 2.0
800 06 0.9 1.1 1.3 1.4

1,000 0.6 0.7 0.9 1.1 1.2
1,200 O.S 0.7 0.9 0.9 1.1
1,400 O.S 0.6 0.8 0.8 0.9
<l1,6OO O.S 0.6 0.7 0.7 0.7

FFS=55m'11
<100 O.S 1.2 2.2 2.6 2.7
200 1.S 2.4 3.5 3.9 4.1
400 1.3 1.9 2.4 2.7 2.8
600 0.9 1.1 1.6 1.8 1.9
800 O.S 0.7 1.1 1.2 1.4

1,000 O.S 0.6 0.8 0.9 1.1
1,200 O.S 0.6 0.7 0.9 1.0
1,400 O.S 0.6 0.7 0.7 0.9

" 600 O.S 0.6 0.6 0.6 0.7
FFS=50m 'h

<100 0.2 0.7 1.9 2.4 2.5
200 1.2 2.0 3.3 3.9 4.0
400 1.1 1.6 2.2 2.6 2.7
600 0.6 0.9 1.4 1.7 1.9
800 0.4 0.6 0.9 1.2 l.3

1,000 0.4 0.4 0.7 0.9 1.1
1,200 0.4 0.4 0.7 0.8 1.0
1,400 DA 0.4 0.6 0.7 0.8
;,1600 0.4 0.4 0.5 O.S O.S

FFSS4Sm-11
<100 0.1 0.4 1.7 2.2 2.4
200 0.9 1.6 3.1 3.8 4.0
400 0.9 O.S 2.0 2.5 2.7
600 0.4 0.3 l.3 1.7 1.8
800 0.3 0.3 0.8 1.1 1.2

1,000 0.3 0.3 0.6 O.• 1.1
1,200 0.3 0.3 0.6 0.7 1.0
1,400 0.3 0.3 0.6 0.6 0.7
;,1,600 0.3 0.3 0.4 0.4 0.6

Note: Interpolation of t"""l3"for pe<centno-passiog rolleS, demand fIow rate, aOOFFS tu the nearest 0.1 is
recommended.
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Exhibit 15.15 is entered with Vo in passenger cars per hour, not v,pI> in vehicles
per hour. Demand £low rates were determined by Equation 15.3 and are used in
the determination of ATS. 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 dccreases to zero, since passing and no-passing zones become
irrelevant when the opposing £Iowrate allows no opportunities to pass.

Step S: Demand Adjustment far PTSF
This computational step is applied on1y in cases of Class 1and C!ass 11two-

lane highways. LOSon C!ass 111highways is not based on PTSF,and therefore
this step can be skipped for those highways, unless PTSF is a desired output
performance measure.

The demand volume adjustment process for estimating rrSF is structurally
similar to that for ATS.The general approach is the same, but different
adjustment factors are used, and the resulting adjusted £low rates are differcnt
from those used in estimating ATS.Therefore, a detailed discussion of the
process is not provided, since it is the same as described aboye for ATS estimates.

Equation 15-7 and Equation 15-8 are used to determine demand flow rates
for the estimation of PTSF:

Vi
Vi PTSF = ----------

. PH F x fg.PTSF X fHV.PTSF

1
fHV.PTSF = 1 + PT(ET - 1) + PR(ER - 1)

whcre

V,.PTSF demand flow rate j for determination of PTSF (pcfh);

j = "d" (analysis direction) or "o" (opposing direction);

/g.PTSF grade adjustment factor for PTSFdetermination, from Exhibit 15.16 or
Exhibit 15-17; and

/1N.PTSf '" heavy vehicle adjustment factor for PTSFdetermination.

AIIother variables are as previousl)' defined.

PTSF Grade Adjustment Fador

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
tcrrain scgmcnts and specific downgrades (which are treated as level terrain).
Exhibit 15-17 shows adjustment factors for specific upgrades. Thcse adjustmcnts
are used to compute demand £lo\\' rates, and the exhibits are again entered with
v""" = V/PHF.

Equation 15.7

Equation 15.8

Chapter 15/Two-Lane Highways
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Exhibit 15-16
PTSF Grade Adjustment
Factor (f••l'TY") for Leve!
Terrain, RoIling Terrain, and
Specific Downgrades

Directional Demand Flow Level Terrain and
Rate ~ veh/h S itic Down rades

:S100 1.00
200 1.00
300 1.00
400 1.00
500 1.00
600 1.00
700 1.00
800 1.00
2:900 1.00

Note: Interpo/<Itionto the nearest:0.01 ts recommended.

Rollin Terrain
0.73
0.80
0.85
0.90
0.96
0.97
0.99
1.00
1.00

Exhibit 15-17
PT$F Grade Adjustment
Factor (f••l'TY") fer Specific
Upgrades

Grade Directional Demand Flow Rate, v,...{veh/h)
Gr~~e L~~9th
(°10 rriÍ' S100 200 300 400 500 '00 700 BOO >900

0.25 1.00 0.99 0.97 0.96 0.92 0.92 0.92 0.92 0.92
0.50 1.00 0.99 0.98 0.97 0.93 0.93 0.93 0.93 0.93
0.75 1.00 0.99 0.98 0.97 0.93 0.93 0.93 0.93 0.93

>J, 1.00 1.00 0.99 0.98 0.97 0.93 0.93 0.93 0.93 0.93
<3.5 1.50 1.00 0.99 0.98 0.97 0.94 0.94 0.94 0.94 0.94

2.00 1.00 0.99 0.98 0.98 0.95 0.95 0.95 0.95 0.95
3.00 1.00 1.00 0.99 0.99 0.97 0.97 0.97 0.96 0.96

>4.00 1.00 1.00 1.00 1.00 1.00 0.99 0.99 0.97 0.97
0.25 1.00 0.99 0.98 0.97 0.94 0.93 0.93 0.92 0.92
0.50 1.00 1.00 0.99 0.99 0.97 0.97 0.97 0.96 0.95
0.75 1.00 1.00 0.99 0.99 0.97 0.97 0.97 0.96 0.96

~3.5, 1.00 1.00 1.00 0.99 0.99 0.97 0.97 0.97 0.97 0.97
<4.5 1.50 1.00 1.00 0.99 0.99 0.97 0.97 0.97 0.97 0.97

2.00 1.00 1.00 0.99 0.99 0.98 0.98 0.98 0.98 0.98
3.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

>4.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
~.s, 0.25 1.00 1.00 1.00 1.00 1.00 0.99 0.99 0.97 0.97
<5.5 ~.50 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
~5.5 AII 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

Note: Interpolationfer IengttlOfgrade and demand flowrate to the nearest 0.01 ts recommended.

PTSFHeavy Vehicle Adjustment Factor
The pracess 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 faund for trucks (Er) and RVs (ER).

Equivalents for both trucks and RVs in general terrain scgments (level, rolling)
and on specific downgrades (\vhich are treated as level terrain) are faund in
Exhibit 15-18. In estimating PTSF, there is no special pracedure far trucks
traveling at crawl speed on specific downgrades. Equivalents for trucks and RVs
on specific upgrades are found in Exhibit 15-19.

Exhibit 15-18
PTSF Passenger Car
Equivalents for Trucks (Er)
and RVs (ER) for Leve!
Terrain, Roliing Terrain, and
Specific Downgrades

Directional Demand
Vehicle T Flow Rate v veh h

:SIDO
200
300
400

Trucks, Er 500
'00
700
BOO

>900
RVs, E" AlI

Note: Interpolationin tt1tsexhibit ts not recommended.

Level and Specific
Down rade

1.1
1.1
1.1
1.1
1.0
1.0
1.0
1.0
1.0
1.0

Rollin
1.9
1.B
1.7
1.6
1.4
1.2
1.0
1.0
1.0
1.0
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Grade Oirectional Demand Flow Rate. v,...(veh/h)
~~a~eL~~~~~100 200 300 .00 '00 600 700 800 >900

p, erCiJr uivalents for Trucks Er

~3, $2.00 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
<3.5 3.00 l.' 1.3 1.3 1.2 1.0 10 1.0 1.0 1.0~.OO 1.6 l.' 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
~3.5, 1.50 1.1 1.1 1.0 1.0 1.0 1.0 1.0 1.0 1.0
<4.5 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
~.OO 2.1 1.9 1.8 1.7 l.' l.' 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

~.5, 1.50 1.1 1.1 1.1 1.2 1.2 1.2 1.2 1.2 1.2
2.00 1.7 1.6 1.6 1.6 1.5 1.4 1.4 1.3 1.3<5.5 300 2.4 2.2 2.2 2.1 1.9 1.8 1.8 1.7 1.7
~4.00 3.S 3.1 2.9 2.7 2.1 2.0 2.0 1.8 1.8
$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 I.S I.S I.S 1.6 1.6 1.6 1.6 1.6 1.6
<6.5 2.00 1.9 1.9 1.9 1.9 1.9 1.9 1.9 1.8 1.8

3.00 3.4 3.2 3.0 2.9 2.4 2.3 2.3 1.9 1.9
>4.00 '.S '.1 3.9 37 2.9 2.7 2.6 2.0 2.0
sO.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 I.S l.' 1.4

~6.5 1.50 2.1 2.1 2.1 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 2.3
3.00 4.2 3.9 3.7 3.6 3.0 2.8 2.7 2.2 2.2

>4.00 S.O 4.6 4.4 4.2 3.3 3.1 2.9 2.7 2.S
p, ~Ú< uivalents for RVs E¡¡

~I 411 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Note: Interpolation fOl"~Itl 01 grade and demand flow rate to the nearest 0.1 Jsrecommended,

Step 6: Estimate the PTSF
This step is only requircd for C1ass1and Class n two-Iane highways. Class

1lIhighways do nat use PTSFto determine LOS, but users may apply this step if
PTSFis a desircd output of the analysis.

Once the demand flows lor estimating PTSFare computed, the PTSFis
estimated with Eguation 15-9:

PTSFd = BPTSFd + fnp.PTSF ( Vd.PTSF )
Vd,PTSF + vo.PTSF

where

PTSF,j percent time.spent-lollowing in the analysis direction (decimal);

BPTSF,¡ base perccnt time-spcnt-following in the analysis direction, from
Eguation 15-10;

fnp-PTSf adjustment to PTSF lar the percentage of no-passing zones in the
analysis segment;

V'¡,PTSf demand flow rate in the analysis directian for estimation of PTSF
(pc/h); and

vo,PTsr = demand flow rate in the opposing direction for estimatian uf PTSF
(pc/h).

The base pcrcent time-spent-following (BPTSF)applies to base conditions
and is estimated by Equation 15-10:

Exhibit 15-19
PTSF Passenger car
Equivalents for Trucks (Er)
and RVs (E¡¡) on Spedfic
Upgrades

Equation 15.9
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51.0 52.6
63.8 65.8
55.2 56.8
44.8 46.6
27.4 28.6
18.2 18.8
10.1 10.3
5.7 6.1

other terms are as

43.4 43.6
36.7 37.0
30.6 31.1
20.3 20.8
11.5 11.9

rilte, aOOdirectiooalsplit is

47.4 47.9
43.5 44.1
39.1 40.0
29.1 29.9
16.9 32.2
10.4 10.7

48.5 49.0
47.7 48.8
45.4 47.0
34.5 35.5
21.6 22.3
14.0 14.5

52.3 53.5
55.0 56.3
52.8 54.6
39.9 41.3
26.4 27.3
16.8 17.3
10.0 10.2

ustment factor

demand flow rates

ions (vo and Vd)'

er 15[Two-lane Highways
Vers.m 6.0

Zones
80 100

Coefficient b
0.973
0.923
0.870
0.833
0.829
0.825
0.821
0.817

001 is recommended.
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Equation 15-10 BPTSF. = 100[1- exp(av~)]
where a and b are constants drawn from Exhibit 15-20 and aH

previously defined.

Exhibit 15-21 provides values of the no-passing-zone adj

!"p,I'TSF' 80th Exhibit 15-20 and Exhibit 15-21 are cntered with

ful1y converted to passenger cars per hour under base condit

Exhibit 15-20 Opposing Demand flow
PTSF CoefflCients for Use in Rate, v" (pc/h) Coefficient a
Equation 15-10 for Estimating :$200 -0.0014
8PTSF 400 -0.0022

600 -0.0033
800 -0.0045

1,000 -0.0049
1,200 -0.0054
1,400 -0.0058

<!:I,6oo -0.0062
Note: Straight-lineinterpolabanof D to toe nearest 0.0001and bto the nearest O.

Exhiblt 15-21 Total Two-Way Flow Rate, Percent No-Passing
No-Passing-ZOOe Adjustment • Vd+ v,,(pc/h) O 20 40 60
Factor (fIp,PTSF) for DirediOnal S lit sa '50
Determination of PTSF

:$200 9.0 29.2 43.4 49.4
400 16.2 41.0 54.2 61.6
600 15.8 38.2 47.8 53.2
800 15.8 33.8 40.4 44.0

1,400 12.8 20.0 23.8 26.2
2,000 10.0 13.6 15.8 17.4
2,600 5.5 7.7 8.7 9.5
3200 3.3 4.7 5.1 5.5

Directional 1ft 60 'IIJ
:$200 11.0 30.6 41.0 51.2
400 14.6 36.1 44.8 53.4
600 14.8 36.9 44.0 51.1
800 13.6 28.2 33.4 38.6

1,400 11.8 18.9 22.1 25.4
2,000 9.1 13.5 15.6 16.0
2600 5.9 7.7 8.6 9.6

Directional S lit - la '30
:5200 9.9 28.1 38.0 47.8
400 10.6 30.3 38.6 46.7
600 10.9 30.9 37.5 43.9
800 10.3 23.6 28.4 33.3

1,400 8.0 14.6 17.7 20.8
2000 7.3 9.7 11.7 13.3

Oirectionaf SDlit 80/20
:5200 8.9 27.1 37.1 47.0
400 6.6 26.1 34.5 42.7
600 4.0 24.5 31.3 38.1
800 3.8 18.5 23.5 28.4

1,400 3.5 10.3 13.3 16.3
2000 3.5 7.0 8.5 10.1

Directional 1< 9{j1O
:$200 4.6 24.1 33.6 43.1
400 0.0 20.2 28.3 36.3
600 -3.1 16.8 23.5 30.1
800 -2.8 10.5 15.2 19.9

1400 -1.2 5.5 8.3 11.0
Note: Straight-lineInterpolationof f""F'rSFfcx percent no-passingzones, demaOOfIow

recommendedto!he nearest 0.1.
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Note that in Exhibit 15-21,the adjustment factor depends on the total two-
way demand £lowrate, cven though the factor is applied to a single dircctional
analysis. The factor re£lectsnot only the perccnt of no-passing zones in the
analysis segment but also the directional distribution of traHic. 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, aHother
variables being constant. However, Equation 15-9adjusts the factor lo rcflect Ihe
balance of £lowsin Ihe analysis and opposing direclions.

Step 7: Estimate the PFFS
This slep is only required for Ihe analysis of Class III two-Iane highways.

PFFSis nol used in Ihe determination of LOS tor Class 1or Class II facilities, but
this slep can be performed it PFFS is a desired outpul performance mcasure trom
Ihe analysis. The computation is slraightfor\\'ard, since both the FFSand the ATS
have already been delermined in previous stcps. PFFS is estimaled from
Eguation 15-11:

ATSd
PFFS = FFS

where aHterms are as previously dcfined.

Step 8: Determine LOS and capacity

LOS Determination

At this point in Ihe analysis, the values of any needed measure(s) have been
delermined. The LOS is tound by comparing Ihe appropriate measures with the
crileria uf Exhibit 15-3.The measure(s) used musl be appropriate to Ihe dass of
thc fadlily being studied:

• Class 1:ATSand PTSF,

• Class Il: PTSF,and

• Class 1lI:PFFS.

For Class I highways, two service measures are applied. When Exhibit 15.3 is
entered, therefore, two LOSdesignations can be oblained. The worse of the Iwo
is the prevailing LOS.For example, if ATS results in a LOSC designation and
PTSFresults in a LOSD designation, LOSD is assigned.

Capacity Determination

Capacily, which exisls at Ihe boundary betwecn LOSE and F, is not
dctermined by a service measure. Under base condilions, Ihe capadly of a two-
lane highway (in one direclion) is 1,700pc/h. To delermine the capaóty under
prevailing conditions, relevanl adjuslmenl factors musl be applied lo Eguation
15-3and Equation 15-7.In this case, however, the demand flo\\' rate of 1,700pc/h
under base conditions is known, and the demand flo\\' rate under prevailing
condilions is sought.

First, capadly is dcfined as a flnw rate, so Ihe PHF in Equation 15-3and
Equation 15-7 is sel at 1.00.Then, Equation 15-12or Eguation 15-13(or both) are
applied, as dcscribed bclow.

Equation 15-11

O1apter 15/Two-lane Highwavs
VersiOn 6.0
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A v/e 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:

Equation 15-18
Vd

v/e = 1 700•
where Vd is the direetional demand flow rate converted to equivalent base
conditions.

The difficulty is that there may be two values of Vd: one for estimating A1'5
and another for estimating PTSF (depending on the dass of highway). For Class l
highways, where both measures are used, the result yielding the highest vlc ratio
would be used. For Class II highways, only PTSF is used, and only one value
would exist. For Class III highways, only ATS is used, and only one value would
exist.

Core Motorlzed Vehicle Methodology
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4. EXTENSIONS TO THE MOTORIZED VEHICLE
METHODOLOGY

Adding an extra lane to a two-Iane 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 c1imbing lanes on two-Ianc highway performance. In addition, this
$Cctiondiscusses the potential for geometric and operational treatments for
improving traffic operations on two-Iane highways. Chapter 26, Freeway and
Highway Segments; Supplemental, provides a method for cstimating the
capacity of a work zone on a two-lane highway.

PASSING LANES

A passing 1alle is a ¡ane added within a portian of the two-lane highway
segment to improve passing opportunities in one direction of traveL For the
purposes of this prono'dure, passing lanes only exist in level and rolling terrain.
Added lanes on specific grades are considered to be climbil1g lalles and are
addressed later in this section.

An added lane on a specific
grade is considered ro be a
dimbing lane and not a
passing lane.

Exhibit 15-22illustrates the operational eHect of a passing lane on PTSF.It
shows that the passing lane provides operational bcnefits for sorne distance
downstream before PTSFreturns to its former level (without a passing lane).
Thus, a passing lane's effective length is greater than its actuallcngth.

The effedive length of a
passing lane is Ionger (han its
actual length.

lengl~ downstre~m 01 p~s~ing I~ne
tength upstream 01 passing lane (L) beyond efrectlve length (L,)

Exhibit 15-22
Operational Effect of a
Passing Lane on PTSF

109876

/Normal two.lane highw.y

543

l'

2

------1 _ --

I ..•..•,
I ..• Two-Iane h'ghway w,th passIllg lane, ,
\ I Actual ~ngth of pa •• lng lane (L~)
l. ~ -Z rwn~treilm length iI¡!••<:te<!~Tpassing Iilne (L ••)

Effectl.e len9th of pilsSlng lane Total segment length (L,)
'1

1

01100
o• 80•o•
"- 60o•••• 40
E;:
~20•
"•• O

O
Posltlon Along Hlghway (mi)

Source: Harwood aod Haban (l).

Exhibit 15-23gives the length of the downstream segment affected by the
passing lane for both ATSand rT$F. In the case of ATS, the effect is Iimited to 1.7
mi in aHcases. Where PTSFis concemed, the effect can be far longer than the
passing lane itself-up to 13mi for low demand flow rates.

The proccdure here is ¡ntended for the analysis of directional segmcnts in
¡evel or rolling terrain that encompass the entire passing lane. Segments of the
highway upstream and downstream of the passing lane may be included in the
analysis. Inclusion uf the fulllength of the passing lanc's downstrcam effect in
the analysis segment is recommended.

The analysis segment shoukf
indude !he entire length of the
passing fane's downstream
effed.

Chapter 15{Two--Lane Highways
Version 6.0
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Exhibit 15-23
Downstream length of
Roadway Affected by Passing
lanes on Directiooal
5egments in level and Rolling
Terrain

Care shouJd be taken in
considering the effect of
passing lanes on service f10w
rates; they are greatly affected
by !he length of the passing
lane relative lo the length of
the anafysis segmento

DirectionalDemand Downstreamlength of RoadwayAffeded, t.(mi}
FlowRate,v••.(pc/h} PTSF ATS

<200 13.0 1.7
300 11.6 1.7
400 8.1 1.7
500 7.3 1.7
600 6.5 1.7
700 5.7 1.7
800 5.0 1.7
900 4.3 1.7

~1000 3.6 1.7
Note: Interpolation to the nearest 0.1 is recommended.

Becausc of the downstream eHect on PTSF, the LOSon a two-Iane highway
segment that is determined by PTSF (C1assI and Class II)may be significantly
improved by the addiHon of a passing ¡ane. However, care must be taken in
eonsidering the impact of a passing lane on service volumes or service £low rates.
The result is highly dependent on the relative lengths of the analysis scgment
and the passing lane. If the analysis segment ineludes only the length of the
passing lane and its downstream effective length (on JYfSF),the passing lane may
appear to increase service £low rates dramatically at LOSA-D. (Capacity, and
therefore LOSE, would not be affected.) However, if additionallengths are
ineluded in the analysis segment, this impact is reduced, sometimes
considerably. Thus, apparent inereases in service volumes or service £low rates
must be earefully considered in the context of how they were obtained.

The steps in this special analysis procedure are as fo11ows.

Step 1: Conduet 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-Iane 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 di vided into four regions, as follows:

1. Length upstream of the passing lane Lu (alllengths are in miles),

2. Length of the passing ¡ane LpI>

3. Length downstream of the passing lane within its effective length Ld" and

4. Length downstream of the passing lane beyond its effective length Ld•

Some oí 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 ineluded. Regions
1 and 4 are optionaL and inclusion is at the discretion of the analyst.

The four lengths must add up to the totallength of the analysis segmentoThe
analysis regions and their lengths will differ for estimations of A1$ and PTSF,
since the downstream effects indicated in Exhibit 15-23diHer foc each.

Extensioos to the Motorized Vehide Methodology
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The Jength of the passing lane Lpl is either the Jength of the passing lane as
constructed Of the planned length. Jt should inelude the length of the lane
addition as well as the length of the entrance aod exit tapers. The procedure is
calibrated for passing lanes within the optimaJ lengths shown in Exhibit 15-24.
Passing lanes that are substantially shorter or longer than the optimums shown
may provide less opcrational benefit than predicted by this procedure.

Directional Demand Flow Rate, vd(pc/h)
:!>100

>100, :5400
>400, :5700

<!:700

Optimal Passing Lane Length (mi)
:!>0.50

>0.50, :!>0.75
>0.75, :51.00
> LOO, :52.00

Exhibit 15.24
Optimal Lengths of Passing
lanes on Two-Lane
Highways

The ¡ength of the conventionaJ two-Jane highway segment upstream uf the
passing lane Lu is determined by the actual or planned placement of the passing
laoe withio the analysis segmentoThc length of the downstream highway
segment within the effective Jength of the passing Jane L,u is determincd from
Exhibit 15-23.Any remaining length of the analysis segment downstream of the
passing lane is included in Ld, \vhich is computcd from Equation 15-19:

La = Le - (LIJ + Lpl + Lde)

where L, is the totallcngth of the analysis segment in miles and all other terms
are as previousJy defined.

Step 3: Determine the PTSF

PTSFwithin lengths Lo and Ld is assumed to be egual to the PTSFd as
predicted by thc core anaJysis procedure (without a passing lane). Within the
segment with the passing laoe LpI' PTSF is generally equal to 58% to 62%of its
upstream value. This eHect is a function of thc directional demand flow rate.
Within Ld<, the PTSFis assumcd to increase lineady from the passing lane value
to the normal upstream value. This distribution is illustrated in Exhibit 15-25.

Equation 15.19

(L_) (L••) I
I ,

I Position Along Hi9hway (mi) I

~
e
"

g
~ PTSF"-e•~~
••E
;=
~•~•~

Region 1

(L)

Region 2 ,,,,,,

Region 3 Regiorl -4

(L.)

Exhibit 15-25
Effect of a Passing Lane on
PTSF

On the basis of this model, the PTSF for the entire analysis segment, as
aHected by the passing lane, is given by Equation 15-20:

Chapter 15/Two-Lane Highways
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Equation 15-20
[ (

1+ fpIPTSF) 1PTSFa Lu + La + fpl,PTSFLpl + 2' Lae
PTSFpl = L

t

where
PTSF pi percent time-spent-following for segment as affected by the presence

of a passing Jane (decimal); and

¡, - adJ.ustment factor for the impact of a passing lane on percent time-pl.prSF -

spent-following, from Exhibit 15-26.

All other variables are as previously defined.

Exhibit 15-26
Adjustment Factor fof the
Impact of a PassingLane on
PTSF (fl'(l'19")

Directional Demand Flow Rate, vd(pe/h)
~tOO
200
300
400
500
600
700
800

=?:900
Note: Interpolation is not recommeoded; use dosest value.

f
et

_

0.58
0.59
0.60
0.61
0.61
0.61
0.62
0.62
0.62

Equation 15-21

lf the analysis segment cannot encompass the entire length LdL because it is
truncated by a town or major intersection within it, distance Ld is not used.
Therefore, the actual downstream length within the analysis segrnent L~,is less
than the value of Ldt tabulated in Exhibit 15-23. In this case, Equation 15-21
should be used instead of Equation 15-20:

PTSFa [Lu + fpl.PTSFLpl + fpl.PTSFL~e + e + fil.PTSF) (L¡ae 2)]
PTSF = ae

- L,
where L, is the totallength of the analysis segment in miles and all other terms
are as previously defined.

In general, the effective downstrearn distance of the passing lane should not
be truncated. A downstrearn boundary short of thc effective downstream
distance should be considered at the point where any of the following occur:

• The environment of the highway radicalIy changes, as in the case of
entering a small town or developed area frarn 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-Iane segment;

• The terrain changes significantly; or

• Lane or shoulder widths change significantly.

Extensionsto ttle Motofi2edVehicle Methodology
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Step 4: Determine the ATS

The ATS within lengths L. and Ld is assumed to be equal to ATSd, 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 now rateoWithin the effective downstream length, L¡u, ATS is
assurncd lo decrease Iinearly with the distance from the passing lane, from the
passing lane value to the normal value. Exhibit 15-27ilIustrates the impact of a
passing lane on ATS.

Region 1 Reglon 2~-e~
~ ATS ••••~~••>••~•~•••>~

(L.J

Region 3

(L_J I (L••),
IPosition Along Highway (mi)

Region 4

(L,)

Exhibit 15-27
Impact of a Passing lane 01"1

ATS

ATSpI

The ATS is computed with Equation 15-22;
ATSdLt

ATSpl = L 2L +L +(_p'_)+( Ld, )
u d fpl.ATS 1+ fpl.ATS

where

average travel speed in the analysis scgment as affected by a passing
lanc (mifh); and

/pI.ItTS : adjustmcnt factor for the eHect of a passing lane on ATS, from Exhibit
15-28.

Al! other variables are as previously defined.

Equation 15-22

Directional Demand Flow Rate, vd(pc/h)
:S100
200
300
400
SOO
600
700
800
>900

Note: Interpolation is not recommended; use closest valLJe.

'eiAr:5
1.08
1.09
1.10
1.10
1.10
1.11
1.11
1.11
1.11

Exhibit 15-28
Adjustment Factor for
Estimating the lmpact of a
Passing lane 01"1 AT$ (fp'~~)
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High aash frequencies may
afso justify a dimbing /ane.

In thc case where the analysis segment cannot inelude aH of the effective
dov.:nstream distance, Ldv because a lown or major intersections cause thc
segment to be truncated, distance L~.is less than the value of Ldt• In this case,
Equation 15-23 is used instead of Equation 15-22 to compute ATS.

ATSdLtATSpl = ,
Lu + Lpl + 2Lde ¡

-¡;;;:; [ ( ) (Ld< - Lg,)]
1+ fpl.ATS + fpl,ATS - 1 L

de

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 fram

determining the LOS for a normal segment, except that ATSpland PTSFp1 are used
as the service measures with the criteria of Exhibit 15-3.

As with a normal segment, LOS for Class 1highways is based on both PTSF
and ATS. LOS for Class II highways is based only on PTSF. Class 111highways
would not normally have passing lanes, but if such a situation arase, PFFS =
ATS/FFS would be used to determine LOS.

CUMBING LANES

A climbillg talle is a ¡ane added on an upgrade on a two-Iane highway to
aUow traffic to pass heavy vehieles whose speeds are reduced. Generally, the
lane is added to the right, and all slow-moving vehides should move to this lane,
aUowing faster vehicles to pass in the normallane.

The American Association of State Highway and Transportation Officials (8)
indicates that elimbing 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 foUowing conditions apply:

o A speed reduction of 10 mi/h or more exists for a typical truck;

o LOS E or F exists on the upgrade without a c1imbing lane; or

o Without a dimbing lane, the LOS is two or more Ievcls lower on the
upgrade than on the approach segment to the grade.

An operational analysis of the impact of a c1imbing lane on a two.lane
highway is performed by using the procedure for passing lanes given aboye,
with three major differences:

1. Adjustment factors far the existence of the c1imbing lane are taken from
Exhibit 15.29,

2. The analysis without a dimbing lane is conducted by using the specific
grade procedures, and

3. Distances L" and Lá are set to zero.

Extensions to the Motorized Vehicle Methodology
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The effective downstream distance L.k 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 15-23should be considered.

DirectionalO~ma~~flow Rate,
V4{PCfh¡
0-300

>30~OO
'60'

ATS
1.02
1.07
1.14

PTSF
0.20
0.21
0.23

Exhibit 15-29
Adjustment Factors (f~)for
Estimating ATS and PTSF
Within a Climbíng Lane

OESIGN ANO OPERATlONAL TREATMENTS

Two-lane highways make up approximately 80%of aHpaved rural highways
in the United States but carry only about 30% of all traffic. For the most part,
two.lane highways carry Iight volumes and experience few operational
problems. However, sorne two-Iane highways periodically experience significant
operational and safety problems brought about by a variety of traffic, geometric,
and environmental causes. 5uch highways may require design or operational
improvements to alleviate congestiono

When traffic operational problems ocrur on two-Iane 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 trave1or to provide climbing lanes on stt.-'Cpupgrades. Passing and
climbing lanes cannot increase the capacity of a two-Iane highway, but they can
improve its LOS.5hort sections of four-Iane highway can function as a pair of
passing lanes in opposite directions of travcl. Operational analysis procedures
for passing and climbing lanes were provided previously in this section.

A number of othcr design and operational treatmcnts are effective in
alleviating operational congestion on two-1ane highways, including

• Tumouts,

• Shoulder use,

• Wide cross sections,

• Intersection h1m lanes, and

• Two-way Icft-h1m lanes (TWLTLs).

No calrulation methodologies are provided in this section for these
treatments; however, the trcatments are discussed below to indicate their
potential for improving traffic operations on two-Iane highways.

Turnouts
A tumout is a widened, unobstrucied shouldcr arca on a two-Iane highway

that allows slow-moving vehicles to pull out of the through lane so that vehicles
following may pass. Tumouts are relatively short, generally less than 625 f1.At a
turnout, the driver of a slow-moving vehicle that is de1aying one or more
following vehicles is expectcd to pull out of the through ¡ane, allowing the
vehicles to pass. The driver of the slow-moving vehicle is expected to remain in
the h1mout only long enough to allow the following vehicles to pass befare
reh1rning to the travellane. When therc are only one or two followmg vehicles,

Chapter 15[Two-Lane Highways
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this maneuvcr can usually be completed smoothly, with no nccd for the vehicle
to stop in the turnout. When therc are three or more following vehicles, the
vehicle in the turnout wil! generally have to stop to aUow 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 vehide will develop sorne speed before reentering the Iane.
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-Iane highways. In the United States, turnouts have becn
used extensively in western states. Exhibit 15-30 i1Iustrates a typical turnout.

Exhibit 15.30
TVpical Tumout lIIustrated ---

Turnouts may be uscd on nearly any type of two-Iane 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-Iocated turnout can be expected to
accommodate 20% to 50% of the number of passes that wouId occur in a 1.0-mi
passing lane in leveI terrain (7, 9). Turnouts have been found to operate safely,
with experts (9-11) noting that turnout accidents occur at arate of onIy 1 per
80,000 to 400,000 users.

Shoulder Use

The primary purpose of the shoulder on two-Iane highways is to pravide a
stopping and re<:overy area for disabled or errant vehides. However, paved
shouIders also may be used to increase passing opportunities 00 two-lane
highways.

In sorne parts oi 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 fram the rear. The slower vehicle returns to
the travel Iane once the passing vehicle has cleared. The custom is regarded as a
courtesyand requires iiule or no sacrifice in speed by either motorist. A few
highway agencies eocourage drivers oi slow-moving vehicles to use the shoulder
in this way because it impraves 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 frcquent use by heavy vehicles.

One highway agency in the western United States gcnerally 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 fram 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 becn used

in several European eountries as a less expensive alternative to passing lanes.
Sweden, for example, built approximately 500 mi of roadways with two 18-ft
travellanes and relatively narrow (3.3-ft) shoulders. The wider lane permits
faster vehic1esto pass slower vehides while encroaching only slightly on the
opposing lane of traffie. Opposing vehicles must move toward the shoulder to
permit such maneuvers. Roadway segments with wider lanes can be provided at
intervals, \ike passing lanes, to increase passing opportunities on two-lane
highways.

Researeh has shown that speeds at low traffie volumes tend to inerease on
wider lanes, but the effect on spccds at highcr volumes varies (12).More than
70%of drivers indicated that they appreciate the inereased passing opportunities
available on the wider lanes. No safety problems have lx-cn associated with the
wider lanes.

Formal procedures have not yet been developed for evaluating the traffic
operational effectiveness of wider lanes in increasing thc passing opportunities
on a two.lane highway. The traffic operational performance on a direetional two-
lane highway segment eontaining 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 seleeted locations on two-Iane

highways to reduce dclays to through vehicles eaused by turning vehides and to
reduce turning accidents. Scparate right- and left-turn lanes may be provided, as
appropriate, to remove turning vehicles from the through travellanes. Left-turn
lanes, in particular, provide a proteeted lacation for turning vehicles to wait for
an acceptable gap in the opposing traffie stream. This reduces the potcntial for
collisions from the rear and may encourage drivers of left-turning vehic1es to
wait for an adequate gap in opposing traffic befare turning. Exhibit 15-31ShOW5
a typieal two-Ianc highway with lefHurn lanes at an interscction.

___ JII l _
's sSS;:;S;> ~ ~ ...<SSS s' ,

I1I r
Research recommends specific operational warrants for left-turn lanes at

interseetions on two-Iane highways based on the dircctional volumes and the
percentage of left turos (13).The HCM's interseetion analysis methodologies can
be uscd to quantify the effeets of interseetion turo lanes on signalizcd and
unsignalized interscctions. However, thcre is no methodology for estimating the
effect of tuen lanes on average highway speed. Modeling of interscction dclays
shows the relative magnitude of likely effects of turning delays on PTSF(14); the
results are shown in Exhibit 15-32.The tap \ine in the exhibit shows that turning

Exhibit 15-31
Typical Two-Lane Highway
Intersection with left-Tum

"'"'
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vehides can increase PTSFsubstantially over a short road segment. However,
when these effects are averaged over a Jonger road segment, the increase in PTSF
is greatly reduced, as indicated by the dashed ¡¡ne in the exhibit, The provision of
intersection tum lanes could minimize these effects,

1'l00m~llwo.l~ne,two.w~Vsegmenl
O.S'mlsectfon ••Il~ 20% lefllums ~l IwOIoc~lions

---- O,S.ml5&tfon ••II~20% lefl 1m", ~I one lo<:~lfon
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Exhibit 15.32
lIIustrative Effect of Tuming
Delaysat Intersections on
PT$F

Two.Way Flow Rale (~eh/h)

SOurre; Hoban (14).

Several agencies in the United States provide shoulder bypass lanes at three-
leg interscctions as a low-cost alternative to a left-turn lane, As shown in Exhibit
15-33,a portian of the paved shoulder may he marked as a ¡ane for through
traffic to bypass vehides that are slowing or stopped to make a ¡eh tumo Bypass
lanes may he appropriate for intersections that do not have volumes high cnough
to warrant a ¡eft-tum Jane.

The delay heneHts oE shoulder bypass lanes have not becn quantified, but
f¡eld studies have indicated that 97%of drivers who need to avoid deJay will
make use of an available shoulder bypass Ianc. Onc state has reported a marked
decrease in rear~end collisions at intcrsections where shoulder bypass lanes were
provided (15).

_ _J l _Exhibit 15~33
Typical Shoulder Bypasslane
at a Three-Leg Intersecbon on
a Two-lane Highway - - - - - - - - - - - - -~~~~ ~~~~-------------

,---------- .1.
Appro~ch
Taper

Appro/lch
lane

.1.
.1•......-------.1

Departure Dep"rture
lane Taper

Two-Way Left- Turn Lanes

A TWLTLis a paved area in the highway median that extends continuously
along a roadway segment and is marked to provide a deceIeration and storage
area for vehides travcling in either direction that are making Ieft tums at
intersections and driveways.

Extensionsto the Motorized Vehide MethocIology
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TWLTLshave been used far 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 uscd on two-Iane highways in rural
and urban fringe areas to obtain the same types of operational and safety
benefits-partieularly on Class III two.lane highways. Exhibit 15-34iIIustrates a
typieal T\\'LTL.

i' i' i'l' , ' , '----------- ,------- ,---- '---------- ---------------------- -----------=---._-------------~~--~---~-=--======"'-=====-_~J" jJ'_" _ .;1'_+ ~o======'-------~------------------~------------------------- ------------------------, ;-----~,,------~,------------, , ' , , ,

Exhiblt 15-34
Typical TWl non a Two-Lane
Highway

There is no formal methodology for evaluating the traffie operatiúnal
effeetiveness of a TWLTLon a two-lane highway. Researeh has found that delay
reduetion provided by a TWLTL depends on both the left-turo demand and the
opposing traffie volume (9).Without a TWLTLor other left-turn treatment,
vehicles that are slowing or stopped to make a left turo may ereate delays ior
iollowing through vehicles. A TWLTLminimizes thesc deJa)'s and makes the
roadway scgment operate more like two-way and direetional segments with
100%no-passing zones. Thesc research results apply to sites that do not have
paved shoulders available for following vehicles to bypass turning vehicles.
Paved shoulders may alleviate as mueh oi the deJay as a TWLTL.

Researeh has iound little delay reduction at rural TWLTLsegments with
trafiie volumes below 300 veh/h in one direetion (9). At severallow-voJume siles,
no reduetion was observed. The highest delay reduetion observcd was 3.4 s per
leH-turning vehicle. Therefore, at low-volume rural sites, TWLTLs should be
considered far reducing aecidents but should not be expected tú improvc the
operational performance of the highway.

At higher-volume urban fringe sites, greater dela)' reduction was iound with
TWLTLs on a two-lane highway. Exhibit 15-35shows the expeded delay redudion
per left-turning vehicle as a function of opposing volume. As the delay reduction
increases, a nVLTL can be justiiied for improving both safety and operations.

,

Uppe' Iimit

____--~Pi(al

Exhibit 15-35
Estimated Delay Reduction
with a TWl Tl on a Two-Lane
Highway Without Paved
Shoulders
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Source: Harwood and Sto Joho (9).
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5. BICYCLE METHODOLOGY

The ealculation of bieycle LOSon multilane and two-lane highways sharcs
the same methodology, since multilane and two-lane highways opcrate in
fundamentally the same manner for bieyc1ists.Cyclists travel mueh more slowly
than the prevailing traffie flow, staying as far to the right as possible and using
paved shoulders when available, whieh indieates the need for only one model.

The bieycle LOSmodel for two-lane and multilane highways uses a traveler
pereeption model ealibrated by using a linear regression (16).The model fits
independent variables associated with roadway eharaeteristies to the results of a
field-based user survey that rated the eomfort of various bieycle facilities. The
resulting bieyde LOS seore generally ranges from 0.5 to 6.5 and is stratified to
produce a LOSA-F result, on thc basis of Exhibit 15-4.

SCOPE OF THE METHODOLOGY

Spatial and Temporal Limits
The bieyde method applics to paved shoulders, bieycle lanes, and shared

lanes on two-lane highways. These facility types were illustrated in Exhibit 3-24
in Chapter 3, Modal Charaeteristics. Sidepaths are not addressed by the method,
but they eould be treated as an off-street facility, iE loeatcd sufficiently far away
from the highway, as deseribed in Seetion 1of Chapter 24, Off-Street Pedestrian
and Bieyc1eFacilities.

Segmcnt boundaries should be established at points where a ehange oeeurs
in any of the following: terrain, lane widths, shoulder width, faeility
c1assifieation,or demand flow rateolf both a bieycle and a motorized vehicle
analysis are being performed for the two-lane highway, the segments used for
the two analyses should be identieal. The reeommendcd length of the analysis
period is the HCM standard of 15min (although longer periods can be examined).

Performance Measures
This method produces the folIowing performance measures:

• BicycleLOS seore, and

• LOS based on the bicyc1eLOS seore.

Strengths of the Methodology
The bicycle LOS seore and letter produeed by this rncthod are sensitive to

bicyclist scparation from motor vehide traffie, motorized traffie volumes and
speed, heavy vehicle presenee, and pavement eondition. The bicycle LOS score
and lctter can be directly eompared with the modal LOS scores and letters
produced by other HCM traveler perception-based methods, such as those
found in many oE the urban strcet and intersection chapters in Volume 3.

Bicyele Methodology
Page 15-42

Chapter 15[Two-Lane Highways
VersiQn 6.0



Highway Capacify Manual: A Guide for Mu/timodal Mobility Ana/ysis

Limitations of the Methodology
This methadology was developed with data collected on urban and

suburban streets, including facilities that would be dcfincd as suburban two-Iane
highways. Although the methodology has been successfully applied to rural
two-lane highways in differen! parts of the United Sta tes, users should be aware
that conditions on many rural two-Iane highways will be outside the range of
values used to develop the bieycle LOS model. The ranges of values used in the
development of the bieycle LOS model (16) are shown below:

• Width of the outside through lane: 10 to 16 ft;

• Shoulder width: O to 6 ft;

• Motorized vehicle volumes: up to 36,000 annual average daily traffic
(AADT);

• Posted specd: 25 to 50 mi/h;

• Heavy vehicle percentage: 0% to 2%; and

• Pavement condition: 2 to S on the Federal Highway Administration
(FHWA) S-paint pavement rating scale (17).

The bicycle LOS methodology does not take differences in prevalent driver
bchavior into consideration, although driver behavior may 'lar)' considerably
both regionall)' and by facility. In particular, the likelihood of drivers slowing
down or providing additional horizontal c1earance while passing cyclists pla)'s a
significant role in the perceived quality of service of a facility.

REQUIRED DATA AND SOURCES

Exhibit 15-36 Iists the information necessary to apply the bicycle
methodology and suggests potential sources for obtaining these data. As can be
seen in the cxhibit, many of the input data required for a bic)'c1e analysis are also
rcquired for a motorized \'Chicle analysis.

Exhibit 15-36 also suggests dcfault 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 existo

Chapter 15/Two-Lane Highways
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0,00

Field data, road inventory

Field data, pavement condition
inventory
DemandData
Field data, past counts, mcdels
Field data, past counts, models
5et by analyst
Fleld data
Field data, past counts

Field data

Potential Data Source(s)
GeometríC Dato
Road inventory, aerial photo
Roadinventory, aenal photo
Fiekl data, road inventory

Required Data

Lane width (ft)*
Shoulder width (ft)*
Speed limit (mi/h)
Number of directionar through Ianes

Pavement condition4
(FHWA 5-point scale)

Hourly motor vehicJe demand (veh/h)*
Directional volume split (%)*
Analysis period length (min)*
Peak hour factor (decimal)*
Heavv vehide percentage (decimal)*
Percent of segment with occupied
on.highway parking (decimal(
Notes: BoId Itaf¡cindicates hígh sensitMty (*2 LOSletters) of LOSte the choice or default value.

Bold indicatesmoderate ser6itivity (*1 LOSletter) of LOSte tne c:ho<ceof defaurt value.
'AJso used by tne two-lane highway motorized vehicle method•
• Sensit:iVityref\ecl:spavement cooditions 2-5. Very poor P<lvement(i.e., 1) typically results in LOSF,
regardiessof other input vaIUe5.
~SeeChapter 26 in Volume 4 for state-speciflcdefault heavy \lehicle pen:entages.
~Moderate sensitivity en ClassnI two-lane highways.

Exhibit 15-36
Required Input Data, Potential
Data Soun:es, aOODefault
Values for Two-Lane and
Multilane Highway Bicycle
AnatySls

OVERVIEW OF THE METHODOLOGY

Exhibit 15-37 illustrates the steps involvcd in the bicyele methodology.

Exhibit 15-37
Flowchart of the Bicycle
Methodology for Two-Lane
and Multílane Highways

Step 1: Gather Input Data
lo!Ine and shoulder width
Numberof directionallllnes
Speedlimit
Po!IVementcondition
Automobl1e demo!Ind dat.!l
On-highway parking OCOJpartCY

Step 3: Calculate the Effectlve Wldth
(Equations 15-25 to 15.29)
lo!Ineand shoukler width
Automobile demand voIume
On-highway parking o<xupancy

!
Step 4: Calculate the fffective Speed factor
(EqUlltion 15-30)
Speedlimit

1
Step 5: Detefmine the lOS
(Equation 15-31 and Exhibit 15-4)
DirectioMI flow rate in the outside IlIne
Effective speed factor
HellV'f yehide percent!lge
~vement condition
Effective width

Bicycle Mcthodology
Page 1544

Chapter 15{Two-Lane Highways
Version 6.0



Highway Capacity Manual: A Guide for Mulfjmodal Mobilify Analysis

COMPUTATIONAL STEPS

5tep 1: Gather Input Data
Exhibit 15-36listed the information that must be available before a two-Iane

or multilane highway segment can be analyzcd and potential sources for that
inforrnation. The exhibit also suggested default values for use when neither site-
specific data nor local default values are available.

Pavcment rating is determined by using FHWA's 5-point present
scrviceability rating scale (17): I (very poar), 2 (poar), 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 directionallanes (one for basic two-Iane highways, two or moce for
passing lanes or multilane highways), calculate the directional demand flow cate
of motorized traffic in the outside lane with Equation 15-24:

V
v -----
OL - PHF x N

wherc

VOL directional demand flow rate in the outside lane (veM1),

V hourly directional volume (veh/h),

PHF peak hom factor, and

N number of directionallanes ("'1 for two-Iane highways).

5tep 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 thc shoulder width, since cyclists will be
able to travel in the shoulder where one is provided. Moreovec, striped shoulders
of 4 ft or greater provide more security to cycJists by giving cyclists a dedicated
place to ride outside of the rnotorized vehicle travclway. Thus, an ll-ft lane and
adjacent 5-ft paved shoulder cesults 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 arcas (C1assIII highways) and ncar entrances to recreational arcas
(Class TI and Class 1IIhighways) where afee is charged for off-highway parking
or where the off-highway parking is inadequate foc the parking demando On-
highway parking reduces thc effective width, because parked vehicles take up
shoulder space and bicyclists leave sorne shy distance between themselves and
the parked cars.

Equation 15.25 through Equation 15-29are used to calculate the effective
width W,on the basis of the paved shoulder width W,and the hourly directional
volume V:

Chapter 15fTwo-lane Highways
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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

6icycle Methodology
Page 15-46

If W. is greater than or equal to 8 ft:

l1'e = W" + VYs- (%OHP x 10 ft)

If W. is greater than or equal to 4 ft and ¡ess than 8 ft:

l1'e = Wv + VYs- 2 x [%OHP(2 ft + VYs)]
If W, is less than 4 ft:

We = Wv + [%OHP(2 ft + VYs)]
with, if Vis greater than 160veh/h:

Wv = WOL + VYs
Otherwise,

W, = (WOL+ W,) x (2 - 0.005V)
where

Wp effective width as a funetion of traffie volume (ft),

WOL outside lane width (ft),

W, paved shoulder width (ft),

V '" hourly directional volume per lane (veh/h),

W. '" average effcetive 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 vehide speed on bicyde quality of service is primarily

related to the differential between motor vehiele and bicyele travel specds. For
example, a typieal cyelist may travel in the range of 15 mi/h. An increase in
motor vehicle speeds from 20 to 25mi/h is more readily perceivcd than a speed
increase from 60 to 65 mi/h, since the speed differential ¡ncreases by 100%in the
first instance compared with only 11%in the ¡alter. Equation 15-30 shows the
calculation of the effective speed factor that aceounts for this diminishing eHect.

S, ~ 1.11991n(S, - 20) + 0.8103
where

S, effective speed factor, and

Sp posted speed limit (mi/h).

Step 5: Determine the lOS
With the results of Steps 1-4, the bicyde LOSscore can be ealculated from

Equation 15-31:

BLOS ~ 0.507In(voL) + 0.1999S,(1 + 10.38HV)' + 7.066(ljP)'-
0.005(W,)' + 0.760

Chapter 15fTwo-lane Híghways
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where

BLOS ::= bieycle level of service score;

VOL directional demand flow rate in the outside lane (veh/h);

S, effedive 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 SLOSscore value is used in Exhibit 15.4 to determine the bicycle
LOS for the segment.

O1apter 15(Two-Lane Highways
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6. APPLICATIONS

EXAMPLE PROBLEMS

Section 7 of Chapter 26, Frecway and Highway Segments: Supplemental,
provides five example problcms that go through each of the computational steps
involved in applying the motorized vehicle and bicycle methods:

1. Class 1highway LOS,

2. Class II highway LOS,

3. C1assIII highway LOS,

4. C1ass1highway LOSwith a passing lane, and

5. Two-lane highway bicycle LOS.

RELATE O CONTENT IN THE HCMAG

The Highway Capacity Manual Applicatiolls Cuide (HCMAG), acccssible
through the online HCM Volume 4, provides guidance on applying thc HCM on
two-Iane highways. Case Study 3 goes through the process of idcntifying the
goals, objectivcs, and analysis tools for investigating LOSon Krome Avenue, a
33-mile route that bypasses Miami, Florida, on its west side. The case study
applies the analysis tools to asscss the performance of the route, to identify areas
that are deficicnt, and to investigate altematives for correcting the deficiencies.

This case study ineludes the foIlowing problems related to two-lane
highways:

1. Detennination of facility types for analysis

a. At what point does Krome Avenue change from a two-Iane highway
to a signalized arterial?

b. What highway elass should be assigned to each of the segments?

c. What, if any, conditions exist at the control1ed intersections that
could affect the analyses?

2. Planning mcthodology or scrvice volume table application

a. North scction: Class l two-Iane highway

h. Center section: Class 1or 11two-lane highway

3. Application of HCM chapters to arterial and highway scgments

a. North scction: Class l two-Iane highway

b. Center section: Class 1or 11two-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 urhan street hecause of its l-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.

Applications
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EXAMPLE RESULTS

This section presents the results of applying this chapter's method in typical
situations. Analysts can use the iIlustrative results presented in this scction to
observe the sensitivity of output performance measures to various inputs, as weH
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
resu1ts,but not large enough to pull out specific results.

Motorized Vehicle Mode

Sensitivity of Results ta Shaulder Width

Exhibit 15-38presents ilIustrative results showing how ATSand ITSF vary
with increasing analysis direction volume and decreasing shoulder width. ATS is
relatively insensitive to shoulder width, and PTSFis not affected at all by
shaulder width. As directional volumes incrcasc, ATSdccreases, while ITSF
increases.

o lOO 400 600 800 1,0001,2001.4001.600
.•••~Iyo" Di'Mion VoIum.(wh/b)_11_ -.'"--111 '••-011

(a) AT5

o 200 400 600 80D 1.0001.2001.'1001.600
•••••~Iyol.DlrectionVoIume(••••hlh)

(b) PTSF

Exhibit 15-38
lIIustrative Effect of Volume
and 5houlder Width on ATS
and PTSF

Note: Calculated by using this chapter's methods, Fi~ed values irdude 12-ft lane widths, 8 access points per mile,
6(}-mi/h base free-fIow speed, Ievel terrain, 40% no-passing 200es, 60/40 direcbonal split, 6% truci<s, 0,88
PHF, no passing lanes, and 10.mi segment Iength. PTSF is not sensltive tu shoulder widlh.

SensitMty of Results to Percent No-Passing Zones

Exhibit 15-39prcsents iIIustrativc results showing hol,','ATSand PTSFvary
l,','ithincreasing analysis direction valume and increasing percentage of no-
passing zones. ATS is not very sensitive to percent no-passing zanes at lol,','
volumes and, for all practical purposes, is inscnsitive 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%.

PTSF is particularly sensitive to percentage oi no-passing zanes at lo\\' and
moderate valumes, but its scnsitivity declines as directional valumes increase. In
addition, the PTSF results ior the highest percentage oi no-passing-zone values
used in the exhibit (70%and 100%)are similar throughout the range oi directianal
volumes, indicating that a substantial number of passing oppartunities need ta
be provided to have an impact on PTSF.

Chapter 15{Two-Lane Highways
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(b) PTSF
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(a) ATS
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i"-"l~."l ~."i"- ". ,
< o

Exhibit 15-39
IIIustrative Effect of Volume
and Percent No-Passing ZOnes
on ATS and PTSF

Note: Calcutated by using tllis chapter's methods. Fixed val~ ¡!'dude 12.ft tane widths, 6-foot stx>ulders, 8
ac:cess points per mile, 6O-mi/h base free-f\ow speed, Ievel terrain, 60/40 directional split, 6% t:r\.IcXs, 0.88
PHF, no passing tafle, aOO 10-mi segment leogtll.
ATS val~ fOf 0% aOO200/0 no-passing zones are identicill.

Sensitivity of Results to General Terrain Type

Exhibit 15-40shows that the general terrain typc has liule impact on ATS and
PTSF. In addition, the directional capacity of the roadway is slightly lower in
rolling terrain than in level terrain. Note lhat the percentage of no-passing zones
is typically related to terrain and, on the basis oí Exhibit 15-39(b),has a more
substantial eHcct on PTSF than does the general terrain type.

Exhibit 15-40
IIIustrative Effect of Volume
and General Terrain Type on
ATS and PTSF

o 200 400 600 aoo 1.000 1,JOO1,4001.600
An.1ysIs Dl..alon Vol•••••••(•• hlhl

--. --.::J
(a) AT5

JOO 400 600 aoo 1,000 1,200 1,400 1,600
AnaIyo.i!_Dif«tion Vol•••••• {•••hlhl

~--=..~!"CJ
(b) PT5F

Note: Calculated by using this chapter's methods. AXed values indude 12-ft lane widths, 6-foot shoulders, 8
ac:cess points per mile, 40% no-passing zones, 6O-mi/h base free-1Iow speed, 60/40 directional spIit, 6%
trueks, 0.88 PHF, no passJng laoe, aOO ID-mi segmerrt leogtll.

Sensitivity of Results to Passing Lane Location

Exhibit 15-41 illustrates the ¡mpact on ATS and PTSFof the location of al-mi
passing lane along a lO-mi segment of nvo-Iane highway (e.g., a length of
highway bctw('('n two towns located 10 mi apart). The farther the passing lane is
located into thc scgment, the more likely lhat not aHof 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 pronounccd the eHect on PTSF.At high directional volumes, the
passing lane location has ¡css of an eHect 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 optimallength shown in Exhibit 15-24_In aH
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cases, though, the presence of <l passing ¡ane improyes PTSF-and often
substantially-compared with the case without thc passing ¡ane,

Exhibit 15-41
Illustrative Effect of Volume
and Passing lane Location
on AT$ aOO PT$F

..--

ZOO 400 600 800 1.0001.100 1,400 1,600
"'~Iylis Direction Vol••••••l_h/hl

:_po ••••.•II•••_1_lnto~ ..• ,s"'•••.-•••••••

¡:100.~
I:lEI ro."¡ 10

i O O100 400 600 SIlO 1,000 1,ZOO1,400 1,600
.•.•••..,...Di~ VoI••_I_h{h)

[=..op,oU<fIIl1•• _ ••••••••••]

,

(a) ATS (b) PT$F

Note: Calculated by usirog this chapter's methods. Fixed values inducle lHt lane widths, &-foot shouiders, 8
access points per mile. 40% f1O'p<lSSiroglOnes, 6O'mi/h base free.flow speed, level terrain, 6O{4O
directional spüt, 6% trucks, 0.88 PHF, l-mi passirog tane lerogth, and IO.mi segment length.

Sensitivity of Results to Passing Lane Length

Exhibit 15-42iIlustrates thc impact on ATS and PTSFof the length of <l

passing lane located 1 mi into a ID-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 longcr passing lane lengths result
in greater reductions in PTSFas directional volumes increase.

O 100 400 600 SIlO 1,000 1.l00 1,400 1,600
.•••••IVOisDirealonVolu_l_hfh)

~PO'''fII'''''.=o.s",;Iont.- 1""._.1.5""~Z~,

Exhibit 15.42
I1lustrative Effect of Volume
and Passing lane Length en
ATS and PTSF

(a) ATS (b) PTSF

Note: Cak:ulated by usirog this chapter's methods. Rxed values inducle 12-ft Iane widths, 6.foot shoolders, 8
access points pe!" mile, 40% no-passing lOnes, 6O.mifh base free-fIow speed. level terrain. 60/40
directional split, 6% trud<s. 0.88 PHF, passirog lane stilrtirog t mi into segment, aOO ID-mi segment length.

Other Observations

The selected highway dass 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 PTSFor the combination of PTSFand ATS.The LOS thresholds
for PTSFare 5 percentage points higher for Class TI highways than for Class 1
highways.

No comparisons wcrc presented aboye for PFFS,which is the service
measure for Class 1IIhighways. However, because PFFS is simply ATSdividcd
by the free-flaw speed, all the comparisons re¡ated to ATS given aboye also
apply to Class 1Ilhighways.
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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
re¡ative change in the BLOS score with either a reduced lane width or a reduccd
shouldcr width is the same at any volume. In addition, shoulder width has a
greater impact on the BLOS score than does the Jane 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 vch/h or less.
This eHect is a result of Equation 15-29, where the cffcctive width as a function of
traffic volume can be as much as twice the physical width.

Exhibit 15-43
I1lustrative Effect of Volume,
lane Width, and Shoulder
Width en BLOS SCore

,
o 200 .eo 600 800 1.000 1,200 1,«10

••••••1yoIsDlrectlon \/oIu"", (••••h/hl
[-=iI-ii~Úh--=-lOI't~

(a) lane Width

,
o 200 .eo 600 800 1,000 1,200 1,«10

••••••/y5l. Dlrmlon VoIu"", ¡velo"')
r....:..(,.I't-~ -l1't--=-=-.iI't---=C1lJ

(b) Shoulder Width

Applicatiens
Page 15-52

Note: Calcutated by using this chapter's mettlods. Fixed values inducle pavement condition = 4 (good), speed
limit = SO mi/h, PHF = 0.88, 6% heavy vehicles, aOO no on-highway paril:ing. In Exhibit 15-43(a}, shoolder
width = 4ft. In Exhib1t 15-43(b), lane width " 12 ft.

SensitMty of Results to Traffie Speed and Heavy Vehicles

Exhibit 15-44(a) shows that traffic speed has a rclatively small eHect on the
BLOS score, within the range of speed limits typically found on two-Iane
highways. On the other hand, Exhibit 15-44(b) shows that the heavy vehicle
percentage has a large eHect on the BLOS score. Whcn heavy vehicles form 14%
of the traffic volume, LOS F (Le., BLOS score > 5.5) conditions result at any traffic
volume over 160 veh/h, for the conditions shown in the note accompanying the
exhibit.

Chapter 15/Two-Lane Highways
Version 6.0



Highway Capacity Manual: A Guide for Mu/timodal Mobility Analysis

o 200 400 600 SOO 1,000 UOO 1,400
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Exhibit 15-44
IIIustrative Effect of Volume,
Speed limit, and Heavy
Vehicles on BlOS 5core

(a) Speed Umit (b) Heavy Vehicle Percentage

Note; CalaJlated by using this ehapter's methods. Fixed values inducle tHt lane width, 6.ft shoulder, pavement
ooodition = 4 (good), PHF = 0,88, no an.tlighway parking. In Exhi~t 15-43(a), the heavy vehicle
percentilge is 6%. In Exhibit 15-43(b), the speed limit is 50 mi/h.

5ensitivity of Results to Pavement Condition and On-Highway Parking
Exhibit 15-45(a)shows that thc BLOSseore is sensitive to the pavement

condition rating. Furthermore, when the pavement rating is 1 (very poor), thc
BLOSscore is off the graph, well into the LOS F range (e.g., BLOS -= 6.51with no
traffie volumc, for the eonditions shmvn with the exhibit).

Exhibit 15-45(b)shows that, within the range of occupied parking that might
be found along a Class II highway, on-highway parking has a small impaet on
the BLOSseore. However, at the higher percentages of on-highway parking that
might be found along a Class III highway, the impaet of parking is grcater.

•,
!••" '.,
L,

o 200 400 600 lOO 1,000 1,200 1,.00
"'nalyl.k Dlrectlon VoIu",",lveNh)

: -p••••••,.,••~S _. 00)-'=':::;
(a) Pavement Condition

•,
•~.9 1.,
L,, 200 -00 600 800 1.000 l.200 1.400

.•••.••Iy>lsDl~ VrIIume(vehfhl
-:II<~ •••••••-~ --IOti --15'li

(b) On-Highway Parking

Exhibit 15-45
IIIustrative Effect of Volume,
Pavement Condition, and On-
Highway Parking on BlOS
$eore

Note: Cak:lJlated by using this ehapter's methods. Fixed values include 12.ft lane width, 6-ft shoulóer, 6% heavy
vehicles, 50.mVh speed limit, and PHF = 0.88. In Exhi~t 15-45(a), there is no an-highway parking. In
Exhibit 15"45(b), the pavement eondition rating is 4 (good).
Wheo the pavemel1t condition is 1 (very peor), BLOS score > 5.5 (LOS F) acrass the /ull range af
directkmal volumes, far the ronditions Iisted above.

GENERALIZED DAILY SERVICE VOLUMES

Exhibit 15-46 shows generalized daily service volumes for use in planning
and preliminary designo Thc exhibit provides daily serviec volumc valucs for
three types of segments; (a) a Class 1highway in Icvd tcrrain, (b) a Class I
highway in rolling terrain, and (e) a Class II highway in ralling terrain.

Typical conditions assumed tor each are given below the table. Various
values of K. and D-factors are given. Since these values vary greatly fram region
to region, the analyst must select the values most apprapriate to the particular
application. Interpolation may be used, if desired, to obtain intermediate values.
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Exhibit 15-46
Generalized Daily 5erviCe
Volumes fOf Two-lane
Highways

!he C/ilss l-leve! case
iJSSumes higher speeds, with
significant passing
opportunities.

The C/ilss l-ro/ling case
iJSSumes more moderate
speeds and reduced passing
opportunities beciJuse of!:he
terrain.
The Oass II-ro/llng case is
Similar ro a sceniC or
recreational highway Wlth
Jower speeds and limired
paSSing opportunities.

Applications
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K. D- elauI Leyel elus I=R0lljng Class lI=Bolljng
Factor Factor LOSa Lose LOSo L05' LOSB Lose LOSO LOSE Losa Lose LOSO LOSE

50% 5.5 '.3 16.5 31.2 <.2 8.4 15.7 30.3 5.0 '.8 18.2 31.2

0.09 55% ,., 8.7 14.9 30.2 3.7 7.' 14.0 29.2 4.1 8.7 16.0 30.2
60% 9.4 8.1 13.9 27.6 3.7 6.2 12.8 26.8 3.7 7.' 14.6 27.6
65% 4.1 7.' 12.9 25.5 3.' S., 11.4 24.7 3.3 S., 13.2 25.5
50% 5.0 8.4 14.8 28.0 3.8 7.6 14.2 27.2 9.4 8.8 16.3 28.0

0.10 SS% 9.4 7.' 13.4 27.1 3.3 7.1 12.6 26.3 3.7 7.' 14.4 27.1
60% 4.0 7.3 12.5 24.9 3.3 5.6 11.5 2'1.1 3.3 7.1 13.1 24.9
65% 3.7 7.1 11.6 23.0 3.0 5.3 10.3 22.3 3.0 5.3 11.9 23.0
50% 4.1 7.0 12.'1 23.'1 3.1 6.3 11.8 22.7 3.7 7.4 13.6 23.'1

0.12
SS% 3.7 6.5 11.2 22.6 2.8 S., 10.5 21.9 3.1 6.5 12.0 22.6
60% 3.3 6.1 10.'1 20.7 2.7 4.7 '.6 20.1 2.7 S., 10.9 20.7
65% 3.1 S., '.6 19.1 2.5 9.4 8.5 18.5 2.4 9.4 " 19.1
SO% 3.5 6.0 10.6 20.0 2.7 5.4 10.1 19.'1 3.2 6.3 11.7 20.0

0.14 SS% 3.1 5.6 '.6 19.4 2.' 5.1 '.0 18.8 2.6 5.6 10.3 19.4
60% 2.8 5.2 8.' 17.7 2.3 4.0 8.2 17.2 2.3 5.1 '.4 17.7
65% 2.6 SI 82 16.'1 2.1 3.8 7.3 15.9 2.1 3.8 8.5 16.'1

Notes: Volumes ,!re thousands of vehides per day.
Assumed values for all entries: 10% trucks, PHF '" 0.88, 12-ft laoes, 60ft shoulders, 10 acx:ess poinlS/mi.
Assumed values for Oass I~: BFFS '" 65 mVtl, 20% no-passiDg rones.
Assumed values tor Oass l-rolling: BFFS '" 60 mi/h. 40% no-passiDg zooes.
Assumed values tor Oass II-rolling: 8FfS '" SOmI/ti, 60% no-passing rones.

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 £low 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/e ratios. Few two-lane highways are observed operating at or near
capadty (except for shart segments), because most will have becn
expanded before demand flows approaching capadty 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 c10ser scrutiny. If
anticipated AADTs on a given segment or facility appear to put the segment ar
facility into an undesirable LOS, more site-specific data should be obtained (or
forecast) and a foil operational analysis conducted befare any firm commitments
to reconstruct or improve the highway are made.

DESIGN ANALYSIS
In design analysis, demand charactcristics are generally known. The analysis

is ¡ntended to give insights into design parameters needed to provide a target
LOS for the demand characteristics as stated. Far two-lane highways, design
decisions are relatively Iimited. Lane and shoulder widths havc a moderate
impact on operations but generally do not result in a markedly diffcrent LOS.

Typical design projects inelude horizontal or vertical curve realignments,
which may affect percent no-passing zones and free-flow speeds.

The extensions to this chapter's motorized vehide methodology to consider
the impacts of passing lanes and dimbing lanes (Section 4) can be used to
provide critical design insight. However, the computations are pcrformed in the
operational analysis mode, lcading to a comparison of operations with or

O1apter IS[Two-lane Highways
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without the passing or elimbing lane. Section 4 also describes a number of design
treatments for two-Iane highways. How('ver, there is no methodology at this
point for estimating the impact of these design treatments on operating quality.

Given the relatively few design parameters involved in a two-Iane highway,
most design analysis is conducted as an itera tive series of operational analyses.

PLANNING ANO PRELlMINARY ENGINEERING ANALYSIS

Planning and preliminary enginccring analysis has the samc 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 p1anning and preliminary enginecring
analysis is that demands are generally described in terms of two-way AAOT.

This chapter ineludes gcneralized daily scrvice volume tables covering a
specific range of default vaIues. They can be used for a coarse and general
evaluation of the likely LOS for a two-Iane highway in various settings under an
expected AAOT demando These tables are useful onIy for the most preliminary
of analyses. For example, all two-Iane highway segments in a particular region
can be considered by using these crHeria. Any segments that appear to be
operating at an undesirable LOS should be subjected to site-specific study with a
more detailed operational analysis befare any major design, reconstruction, or
investment decisions are made.

The Plmming and Prelimillary E1'gineerillg Applicalions Cuide lo the HCM (18)
provides additional guidance on adapting this chapter's default va1ues,
performance measures, and methods to planning and preliminary engineering
analyses.

USE OF ALTERNATlVE TOOLS

As noted previously in Section 3, no alternative detcrministic tools are in
common use for two-Iane highway analysis (5).
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7. REFERENCES

Some of these references CiJn
be found in the TechnicQl
Reference Library in VoIume 4.
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VOLUME 2INDEX

The index to Volume 2lists 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 oi numbers indicates
the chapter, and the numbcr aftcr the hyphen indicates the page within the
chapter.

A
Acceleration lane. 14-4. 14~10.14-15, 14-25,
14-27,14-30 to14-32. 14-34. 14-38 to14-41

Aceess point, 10-71010-9,10-31, 10-47, 10-50,
12-9,12.18,12-21, 12-22, 12-25, 12-27, 12-28,
12-31,12-47,12-48,13-12,15-11,15-12,
15-15,15-16,15-49,15--50,15-51,15--54

Accuracy, 10-19, 10-48, 11-42
Aclive botllene'ck, 10-13, 10-29, 10-43, 14-ii
Aclive traffic and demand manageml.'nl
(ATD~1), 10-110 10-3, 10-21, 10-39, 10-51,
10-52, 11-11011-4,11-13,11-14,11-19,
11-23,11-26,11-30 to 11-38, 11-41, 12-8,
12-22,12-23,12-57

Adjaeent friction cH•.••;I, 10-51, 13-32, 13-33,
14-36

Adjuslml'nl faclor, 10-28, 10-30, 10-31, 10-44,
10-46, 11-12, 11-27 lo 11-29, 11-32, 11-34,
11-37,11-43,11-47,12-8,12-23, 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, 15-2110 15-24, 15-26
lo 15-28, 15-34 lo 15-36

Algorilhm, 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 to
14-18,14-20,14-43

All-way STOP-eonlrolkd (AWSC), 10-19
Allemalive 1001,10-32, 10-47, lO-57, 10-58,

10-60 lo 10-62,11-1,11-46,11-47,12-23,
12-24,12-57,12-59,13-11,13-38 lo 13-40,
14-431014-46

Analysis hour, 11-11, 12-52, 13-11, 13-37,
14-41,14-42,15-17

Analysis pl'riod, 10-6, 10-15, 10-17, 10-19,
10-21,10-23, 10-26, 10-29, 1O~39,10-40,
10-47,10-48,10-57,10-59,11-6,11-10 to
11-13,11-15 to 11-17, 11-19, 11-28, 11-29,
11-32 lo 11-34, 11-45 to 11-47, 12-22, 12-51,
13-13,13-22,13-24,14-10,14-12,15--2,15-7,
15-10,15-12,15-28,15--29,15-42,15-44

Analylical mudel, 10-21, 11-25
Annual average daily Iraffíc (AADT), 11-16,
11-20,11-21, 11-25, 12-44, 12-50, 12-52,
14-42,15-43,15-55

Area Iype, 10-15, 10-20, 10-40, 10-41, 11-21
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AUlomobile, 10-2, 12-1, 12-2, 12-15, 12-16,
12-25,12-35,12-38,12-45,12-58,13-1,14-1

Auxiliary lanc, 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 Iravel spo...•.-'d, 15-1, 15-22, 15-29, 15-35

B
Barricr, 10-38, 10-40, 10-41, 10-43 to 10-45,
10-47,10-49, lH2, 12-12 lo 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

Rase conditions, 10-10, 11-20, 11-21, 11-23,
11-45,12-1,12-7 lo 12-10, 12-34, 12-39,
12-51, 14-1, 14-5, 14-12, 15-5, 15-6, 15-]4,
15-16 to 15-18, 15-25 lo 15-27, 15-30

Bascdatasel, 11-15, 11-16, 11-18, 11-21, 11-45
Base free-flow sp""d, 10-20, 11-17, 11-43,
12-22,12-25,12-27, 12-28, 12-4610 ]2-48,
15-12,15-15,15-49,15.50,15-51

BaSl' lt.'nglh. 10-4, 10-26, 13-4, 13-11
Rasc;;cenario, 11-6, 11-9, 11-11, 11.16, 11-18_
11-20,11.21,11-23,11-25 to 11-29, 11-33

Basic freeway segmenl, 1O~2lo 10-5, 10-7,
10-10,10-141010-16,10-24,10-26,10-27,
10-30,10-41,10-44,10-45,10-47,10-53,10-56,
10-60,11-2, Chaplcr 12, 13-3, 13-10, 13-13,
13-20 to 13-22. 13-24_14-5, 14-8, 14-11,
14-23,14-28,14-30,14-34,14-451014-47

Bicycle, 12-1, 12-2, 12-21, 12-43 lo 12-45, 12-62,
15-1 to 15-3, 15-7, 15-9, 15-42 to 15-48,
15-52, 15-57

Bicycle facilit)', 12-44, 15-7, 15-42
Bicycle lanc, 15-2, 15-42
Bicyele level of service, 15-9, 15-47, 15-52,
15-53

Boltlenl'(:k, 10-3, 10-13, 10-14, 10-17 to 10-19,
10-30,10-32,10-33,10-351010-37,10-43,
10-47,10-58,10-59,11-13. 11-19, 11-21,
11-26,12-1, 12-5, 12..{í,12-18, 12-21, 12..{íl,
14-6,14-22,14-24,15-6,15-14

Breakdown, 10-2, 10-4, 10-11, 10-12, 10-14,
10-16,10-17,10-29,1O-43,11-31,12-4,12..{í,
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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Volume Z Illdex

Buffer 1 managed l,me segment, 12-4{)
Bus slop, 12-23, 12-57
Bypass lane, 15-40

e
Calibration, 10-6, 10-29 to 10-31, 10-39, 1048,
10.52, 10-58, 10-60, 11-26, 11-30, 11-36,
11-38,11-43, 12-8to 12.10, 12.16, 12-31 to
12.33, 12-41, 12-42, 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 lo
10-14, 10-18 to 10-21, 10-23, 10-29 to 10-33,
10-35 to 10.38,10-40 lo 10-57, 10-59, 10-60,
10-63,11-2 lo 11-4, 11-6, 11-7, 11-9, 11-11 to
11-13, 11~17to 11-20, 11-31 lo 11-34, 11-39,
11-41, 11-43, 11-44, 11-46 to 11-48, 12-1,
12-2,12-5 to 12-to. 12-12, 12-14, 12-16,
12-18,12-19,12-21 lo 12-25, 12-27, 12-32 lo
12-35,12-38 lo 12-43,12-45,12-47,12-48,
12-57 lo 12-59, 12-61, 12-62, 13-1, 13-2, 13-4,
13-8,13-10,13-11,13-13 to 13-15, 13-20 to
13-24,13-31 lO13-41, 14-2, 14-5 lo 14-7, 14-9
to 14-13, 14-22 to 14.26, 14-31 lo 14-37,
14.39 lo 14-48,15-1, 15-2, 15-6 to 15-11,
15-27,15-28,15-30 lo 15-32, 15.37, 15-48,
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,
11-43,11-47,12-2,12-9,12-10,12-16,12-27,
12-33,12-41,12-47,12-49,13-2,13-13,13-23,
13-31,14-2, 14-6, 14-10 to 14-12, 14-22,14-24

Cenlerline, 12-4, 15-6
ClilSS1two-lilne highway, 15-4, 15-8, 15-48
Class 11tv.m-lane híghwilY, 15-4, 15-23, 15.25
ClilSSIII two-lane highway, 15-4, 15-16, 15-21,
15-27,15-29,15-41, 15-44

Climbing lane, 12-57, 15-10, 15-11, 15-31,
15-36,15-37,15-54

Cloverleaf intcrchilnge, 12-47, 13-26
Composile 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

Congeslion, 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, 11-40, 11-46,12-7 lo 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 acccss managl-d lane sl.'gment,
12-49

Control condítion, 10-11, 10-13
Corridor, 10-62, 11-4, 12-4
Crawl Spl'l-d, 10-40, 10-46, 12-35, 15-19, 15-21,
15-24
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Critical dcnsity, 10-49
Critical segment, 10-11, 10-13, 10-14, 10-54
Cross weave, 10-8
Crossover, 10-42, 10-45

D
Daily servíce volume, 10-10, 12-51, 12-52,
12-54, 15-53, 15-55

Oect>leration lane, 10-20, 10-27, 13-4, 14-3 lo
14-6,14-8,14-10 lo 14-12, 14.15, 14-16,
14-18,14-19,14-22,14-26 to 14-28, 14-30 lo
14-32,14-35,14-39 lo 14-41, 14-43, 14-45

Oefault value, 10-20, 10-29 lo 10-31, 11-10,
1l-16, 11-18, 11-21, H.26, 11-27, 11-37,
11-42,11-44,11-45,12-7,12-24,12-25,12'27,
12-41,12-48 to 12-50, 13-4, 13-13, 13-14,
13-37,14-9,14-10,14-23,14-42,14-46,15-11,
15-12,15-14,15-43 to 15-45,15-55

Oelay, 10-18, 10-19, 10-38, 10-47, 10-56, 11.13,
11-45,12-24,13-39,14-44,15-1, 15-3, }5-8,
15-39 lo 15-41

Oemand adjuslment factor (OAF), 10-30,
10-31,10-52, H-17, 11-21, 11-26 to 11-29,
11-34,11-37,13-36

Oemand flow rate, 10-11 to 10-13,10-27,
10-32,10-34,11-4,12-4,12-9,12-19,12-22,
12-34,12-39,12-40,12-50,13-1,13-10,13-11,
13-16 lo 13-19,13-21, 13-24, 13-25, 13-29,
13-31, 13-38, 14-4, 14-7, 14-11 lo 14-13,
14-15,14-25 to 14.28, 14-35, 14-36, 14-40,
14-43,15-6,15-10,15-14 to 15-17,15-20 lo
15-28, 15-30, 15-31, 15-33 lo 15-35, 15-42,
15-45, 15-47, 15-54

Oemand multiplier, 11.H, H-16, 11-21, 11-25,
11.26,11-28,11-29,11-45

Oemand starvation, 10-33, 13-12
Demand volume, 10-7, 10-20, 10-31, 10-48,
12-21,12-22,12-25 lo 12-27,12-33,12-34,
12-39,12-50,12-51, 13-12, 13-13, 13-18,
13-38,13-40,14-10,14-12,14-15,14-41 lo
14-43,15-12,15.14,15-16,15-23,15-29

Demand-lO-Cilpadty ratio, 10-12, 10-13, 10-16,
10-19,10-31 to 10-33, 10-48, 10-5410 10-58,
11-39,12-1, 12-18, 13-36

Ocnsity, 10-8, 10.10, 10-14 lo 10-16,10-18,
10-29, 10-30, 10-34 lo 10-36, 10.38, 10-39,
10-41,10-44,10-49,10-51, 10-56 to 1(k,(),
11-6,11-7,12-2,12-6,12-8 lo 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 lo
12-49,12-58,12-59,13-1,13-2,13-4,13-5,
13-9 lo 13-11, 13-16, 13-21, 13-22, 13-24,
13-26,13-28 to 13-30, 13-37, 13-39, 13-40,
14-1,14-2, 14-7 to 14-9, 14-12 to 14-14,
14-16,14-25,14-26,14-28 lo 14-30, 14-33,
14.35,14-36,14-38 to }4-41, 14-43 to 1447,
15-3,15-4,15-12,15-15,15-16,1541
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Dt.'Signanalysis, 12-45, U-50, 13-37, 14-40 to
14-42, 15-54, 15-55

Design spt-'Cd,12-25, 12-28, 13-13, 14-10,
15-12,15-15,15-16

Oetl'ctor, 10-6, 12-58, 12-59, 13-13, 1446,
14-47

Deterministic model, 12-24
O-factor, 12-50, 12-52, 12-54, 14-42, 15-55
Diamond intcrchangl', 10-3, 12-47, 13-26
Directional de'Sign hour volume, 13-37
Dir•..'Ctional distribution, 12-50, 15-27, 15-28
Díre<:;líonalflow rale, 15-36
Directional splíl, 15-26, 15-4910 15-51
Divcrge, 10-110 10-5,10-7,10-9 lo 10-11,
10-14,10-15,10-17,10-20,10-231010-27,
10-30,10-37,10-45,10-47,10-49,10-56,
10-59,10-60,11-1,11-2,11-5,12-11012-4,
12-9,12-14,13-11013-4,13-6,13-8,13-12,
13-21,13-24,13-30, Chapler 14, 15-1

Di\'crge scgmenl, 10-2 1010-4, 10-7, 10-10,
lO-tI. 10-14, 10-15, 10-20, 10-23, 10-24,
10-26,10-30,10-45,10-47,10-49,10-56,
10-59,10-60,11-2,13-2, 13-6, 13-8, 13-21,
Chapler 14

Driver populJtion, 10-2, 10-20, 10-30, 10-31,
10-60,11-25,12-2,12-7,12-25,12-27,12.31
lo 12-33, 13-13, 13-23. 14-10 lo 14-12, 14-23,
14-24,14-27,15.16

E
EnvironmenlJl conditions, 10-31
Expected demand, 10-35
Exhml of congeslion, 10-57, 12-24, 13-12. 14-9,
14-14

External St-"Ction,10-4

F
Fadlity, Chapter 10, Chapter 11, 12-1, 12-2,
12-7 lo 12-9, 12-19, 12-231012-25,12-27,
12-31, 12-36, 12-41, 12-44, 12-52, 12.56,
12-60,13-1,13-2,13-9,13-12,13-14,13-28,
13-32,13-33,13-37,13-39,14.1,14-3,14-5,
14-6,14-8 lo 14-11, 14-15, 14-22, 14-26,
14-28,14-35, )4.36, 14-44, 15-1, 15-3, 15-4,
15-6,15-9,15-10,15-14 lo 15-16,15-2710
15.29,15-42,15-43,15-48,15-54

Flow rallo',10-10 lo 10-12, 10-14, 10-27, 10-29,
10-33,10-35,10-43,10-44,10-59 lo 10-61,
11-16,11-47,12-61012-9,12-12,12.14,
12-16 to 12-19, 12-22, 12-27, 12-33, 12-3-t,
12-41 lo 12-43,12-48,12-51, 12-58, 13-11 to
13-13,13-18,13-19,13-22,13-37,13-38,14-7,
14-141014-18,14-20 lo 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
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Frec-f!ow spel'd (FfS), 10.1, 10-5, 10-6, 10-10,
10-14,10-18,10-20,10-27, 10-30, 10-31,
10-40,10-41, 10-44 lo 10-49, 10-54, 10-56,
10-60, 10-61, 11-4 lo 11-6, 11-9, 11.13, 11.16,
11-17,11-20,11-34,11-39,11-431011-45,
11-47,12-6 lo 12.10, 12-12, 12-14, 12-15,
12-17,12-18,12-22 lo 12-25, 12-27 lo 12-32,
12-391012-42,12-46 lo 12-59, 12-61, 13-1,
13.13, 13-14,13-16, 13-22, 13-26, 13-2810
13-30, 13-35,13-36,14-3,14-6, 14-10,14-11,
14.15,14-16, }4.23, 14-27, 14-28, 14-3810
14-41,14-43,14-451014-47, 15-1, 15-810
15.10,15.12,15.14 to 15-16, 15.21, 15-22,
15-27,15-36.15-51,15-54

Frr'C-f1owlrave1 time, 10-58, 11-5, 11-7, 11-8
Freeway, Chaplers 10-14, 15-2, 15-31, 15-48
Freeway auxiliar)' lane, 13-510 13-8
Freeway facílity, Charler 10, ChJpter] 1,
12-2,12-8,12-16,12-18,12-19,12-23,12-45,
13-2,13-24,13-32 lo 13-34,13-37,13-39,14-2,
14-6,14-8,14-22, 14-26. 14-28, 14-36, 14-37

Freeway facility capadty, 10-11, 10-13
Freeway junction, 12.21, 14-3, 14-4. 14-8,
14-31,14-32,14-40,14-42

Freeway section, 10.3, 10-4, 10-6, ]0-21, 10-23.
10-26,11-46,14-8

Frr'l'way segml'nt capacíly, 10-14, 12-6, 13-23,
14-24

Freeway weaving segmenl, 10-2, 10-3, 11-2,
ChJp\er 13

G
Gap, 10-60, 10-61, 12-18, 14.31, 15-1, 15-6,
15-8,15-39

Gap acceplance, 10-60, 10-61
General purpose lanc, 10-1, 10-8, 10-24,10-31,
10-38, 10-46, 10-47 lo 10-51, 11-20, 12-1,
12-12,12-14,12-40 to 12-43, 12-49, 13-12,
13.31 to 13-33, 14-35, 14-36

General lerrain, 12-21, 12-34, 12-35, 15-10,
15-19,15-23,15-24,15-50

Gorearea, 10-7, 10-38, 13-4, 1J.K 13-18, 13-31,
14-31

Growlh faclor, 10-52

H
Hl'adwJy, 10-60, 11-47, 12-24, 12-33, 12-58,
12-59,14-9,14-39,14-40,14-47,15-8

Heavy vehic1e, 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,
12-4). 12-44, 12-47, 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 lo 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,
15.38,15-42 lo 15-44, 15-47, 15-52, 15-53
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Hidden botllem't:k, 10-13
High-occupancy vehicle (HOV), 10-1, 10-46,
11-33,12-1,12-12,12-60,14-9,14-44,14-47

1
Incidenl, 10-3, 10-18, 10-28, 10-30, 10-31,
10-36,10-49,10-57, 1O..(,(),11.1, 11-3, 11-4,
11-.6,11-8 to 11-13, 11-16,11-17,11-1910
11-22,11-251011-29,11-31, 11-32, 11-36,
11.37,11-39, 11-40, 11-41, 11-4410 11-48,
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

Incidenl c!earance time, 11-4, 11-32
Incidenl delay, 11-45
Inf1uence area, 10-3 to 10-5, 10-7, 10-9, 10.23
lo 10-26, 12-3, 12-4, 13-11, 13-21, 14-1, 14-4,
14-5,14-7,14-8,14-12 to 14-19, 14-21, 14-22,
14-24 lo 14-32, 14-35, 14-41 to 14-43,14-45,
14-46

Inpuls, 10-2, 10-20, 10-28, 10-29, 1(}..32,10-44,
10-48,10-54,11-.6,11-9,11-10,11-12,11-16,
11-20,11-21,11-26,11-28,11-32,11.3710
11-39,11-45,12-2,12-24,12-46,12-59,13-2,
13-14,13-19,13-35,13-37,13-40,14-2,14-10,
14-15,14-36,14-3.'1, 14-46, 15-2, 15-12, 15-49,
15-55

Inlelligent Iransportation syslem (ITS), 12-22,
12-57,13-12,14-9,14-44

Inlerchange, 10-4, 10-6, 10-10, 1(}..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, 1(}..3
Interst'clion delay, 15-39
Inlerval, 10-21, 10-23, 1(}..28,10-32 lo 10-39,
10-43, ID-59, 12-7, 12-35, 13-11, 15-37, 15-39

Isolaled inlersection, 15-11

]
Jam dcnsity, 10-20, 10-29, 11-26

K
K-factor, 12-50, 14-42

L
lanc 1,14-5,14-31
laneaddilion, 1(}..18,12-23, 14-16, 14-24,
14-30,15-33

Lane balance, 13-8, 13-9
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lanedislribution,.lü-61, 12-57, 14-15, 14-16,
14-18,14-32

Lane gmup, 10-8, 1(}..24,1(}..38,10-39, 10-47 lo
10-49, 13-32

Lane utilization, 14-44
Lomewidth, 10.7, 1(}..1O,10-20, 1(}..27,10-41,
10-48,10-49, 1O..(,(),12-1, 12-7, 12-9, 12.21,
12-24,12-25,12.27,12-28,12.32,13-11,
13-18,14-11,15-5,15-10,15-12,15-42,15-44,
15-46, 15-49 lo 15-53

Laleral c!earance, 10-7, 10-10, 10-20, 10-27,
10-43,10-45,10-46,10-48,12-1, 12-7, 12-9,
12.21,12-25,12-27 to 12-30, 12-32, 12-46 to
12-48,14-5,14-11

leve! of service (lOS), 1(}..1,10-3, 1(}"13lo
10-18,10-25,10-34, 1(}..39,10-51, 1(}"53,
10-561010-59,11-30,12-1,12-2,12.14,
12.16 lo 12-22, 12-26, 12-35, 12-39, 12-43 lo
12-45,12-50 lo 12-58, 12-.61,13-1, 13-9 to
13-11,13-14,13-15,13-18,13.24,13-28 to
13-30,13-34,13-37,13-38,14-1,14-4,14-5,
14-7,14-8,14-12 to 14-14, 14-2310 14-26,
14-28,14-31,14-34 to 14-37, 14-41 to 14-43,
15-1 to 15-3, 15-.61015-10,15-12,15-16,
15-21, 15-23, 15-25, 15-27, 15-29 lo 15-32,
15-36 lo 15-38, 15-42 lo 15-44, 15-46 lo
15-48,15-511015-55

level-of-service srore (lOS score), 12-43,
12-44,15-2,15-42,15-46,15-47

Levellerrain, 1(}..26,12-35, 15-.6,15-17, 15-19,
15-21,15-23,15-24,15-38,15-49 to 15-51,
15-53,15-54

Link, 1(}'57,12-58, 13-40, 14-45 to 14-47, 15-3,
15-4

M
Macrosropic mode!, 13-40
Mainline, 1(}.18,1(}.20,10-27, 10-28, 1(}.30,
10-341010-37,11-4,11-5,12-25,13-3,13-6,
14-1,14.3,14-4,14-.6,14-7,14-10,14-11,
14-22,14-35,14-36,14-38 lo 14-40, 14-47

Mainline oulpul, 10-36
Major divcrge arca, 14-34, 14-35
Major merge area, 14-34
Major weaving segment, 13-6, 13-8, 13-9,

13-34
Managl'd !ane, 1(}..1,10-3, 10-7 lo l(}'IO, 10-20
lo 10-22,10-24,10-31, 10-38, 10-4610 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 12-43, 12-45, 12-52, 13-1, 13-12,
13-30 to 13-33, 14-35, 14-36, 14-44

Maximum weaving !englh, 13-2,.13-39
Median,. 11-5, 11-7, 11-18, 12-4, 12-9, 12-23,
12-25,12-28 to 12-31, 12-35, 12-47, 12-48,
12-57,15-W

Meeting.. 10-63, 11-7, 11-48
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Merge, 10-2 lo 10-5, 10-7, 10-8 lo 10-11,10-14,
10-15,10-17,10-20,10-23 to 10-27, 10-30,
10-45,10-47,10-49,10-50,10-56,10-59,
10-60,11-2, 11-5, 11-32, 12-2 to 12-4, 12-9,
12-18,13-2 to 13-4,13-6,13-9,13-12,13-21,
13-24,13-30, Chapler 14

Merge segmenl, 10-3, 10-4,10-7,10-24,10-45,
13-1, Chapler 14

Mícroscopic 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.
15-2,15-7,15-9,15-49,15-52,15-54

Model, 10-16, 10-17, 10-19, 10-26, 10-28, 10-39,
10-40,10-43 to 10-46, 10-48, 10-51. 10-59,
10-60,11-30,11-38,11-39,11-47,12-9,12-16,
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,
13-40,14-4,14-6,14-16,14-17,14-19,14-20,
14-22, 14-34, 14-35, 14-45, 14-48, 15-11,
15-33,15-421015-44,15-57

Motorized \'ehíc1e mode, 13-2, 14-2
Mounlainous lerrain, 12-35, 15-10
Mu1tilane híghway, 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

Multip1e wea\'ing segment, 13-1, 13-12,13-30,
13-39

N
Node, 10-34 lo 10-37
Nonrecurring congestion, 10-49, 11-1, 11-3,
11-19,11-26,12-5

Non-scvere weather, 11-11, 11-43
Nonweavíng fiow, 10-60, 13-12, 13-23, 13-26,
13-27

Nonweaving movem\'nl, 13-3, 13-39, 13-40
No-passing LQne,15-5, 15-6, 15-11, 15-12,
15-21 lo 15-23, 15.25 lo 15-27, 15-41, 15-49
to 15-51, 15-54

o
Off-ramp, 10-3, 10-4, 10-7 to 10-10, 10-19,
10-20,10-23 lo 10-25,10-27,10-30,10-32,
10-34,10-36,10-37,10-48,10-50,12-4,12-23,
12-46,13-5 to U.8, 13-13, 13-16, 13-31,
13-32, 13-34, 13-39, 13-40, Chapler 14

Off-stn:c!, 15-42
One.síded weaving segment, 13-5, 13.7, 13-9,
13-14,13-19,13-20

On-ramp, 10-3, 10-4, 10.7 to 10-10, 10-20,
10-23 to 10-25, 10-27, 10-30 lo 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,
13-13,13-16,13-24,13-31,13-32,13-38,
Chapter 14

On-time arrival, 11-7

Volume 2¡Uninterrupted Flow
Versiofl 6.O

Operational analysis, 10-20, 10-48, lO-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 fiow rate, 15-8, 15-21, 15-23
Oulputs, 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

Oversaturated fiow, 10-30, ID-56, 10-58, 12-5,
14-8

p
Pas,;engercar, 10-10, 10-4ü, 10-46, 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 13-4ü, 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-ear equivalenl (PCE), 12-16, 12-34
lo 12-38, 12-58, 12-62, 14-45, 14-46

Passing lane, 12-23, 15-1, 15-2, 15-11, 15-12,
15-31 to 15-39, 15-45, 15-48 to 15-51, 15-54

I'assing sight dislance, 15-6
Pavement condilion rating.. 15-53
Peak hour, 10-1, 10-48, 11-46, 11-47, 12-22,
12-25,12-34,12-50,13-11 t013-13, 13-19,
13-37,13-38,14-10,14-12,14-15, t4-.t2,
15-12, 15-17, 15-29, 15-44, 15-45

Peak hourfaclor (PHF), 10-48, 11-47, 12-22,
12-25,12-27,12-34,12-52 to 12-56, 13-12 to
13-14,13-19,13-35 to 13-38, 14-10 lo 14-12,
14-15,14-411014-43,15-12, 15-14, 15-17,
15-23, 15-27, 15-29, 15-44, 15-45, 15-49 to
15-54

PC'destrian, 12-23, 12-57, 15-2, 15-42
Pl'fct'nl of fr\,~f1ow speed, 15-8
Perct'nt timl'-spenl-following.. 15-1, 15-25,
15-29,15-]4

I'ercentile Iravel time índex, 11-5, 11-46
I'erfonnance ml.'asurc, 10-2, 10-18, 10-33,
10-35,10-38,10-39,10-54,10-5710 lO-59,
11-1,11-2,11-4,11-7,11-8,11-14,11-15,
11-17to 11-19,11-29 to 11-31, 11-38, 11-39,
11-44,12-2,12-19,12-22,12-24,12-46,12-59,
13-1, 13-2, 13-12, 13-32, 13-35, 13-39, 13-4ü,
14-1,14-2,14-26,14-36,14-38, 14-44, 14-45,
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 pre1iminary \-nginlwing
analysis, 10-53, 11-39, 12-45, 12-50, 14-42,
15-54,15-55

I'lanníng time index, 11-7
I'latoon, 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 lo 10-9, 10-12, 10-13, 10-21, 10-24
to 10-27, 10-35, 10-37, 10-50, 10-56, 10-58,
lo-M, 11-4 to11-6, 11-8, 11-20, 11-21, 12-4,
12-17,12-18,12-21,12-23,12-25,12-31,
12-39,12-44,12-47,12-48,12-57,12-58,13-3,
13-4,13-20,13-31,13-39,13-40,14-1,14-4,
14-8,14-11,14-15,14-16,14-19,14-22, 14-24,
14-43,14-44,14-46,15-10 lo 15-12, 15-15,
15-16,15-27,15-34,15-42 lo 15-45, 15-47,
15-48, 15-51, 15-55

Poslbreakdown 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 lo 13-24, 15-14, 15-J8, 15-27, 15-28

Progression, 15-11

Q
Quality of servia', 11.3, 15-43, 15-46, 15-54
Queue, 10-5, 10-6, 10-1210 10-15, 10-1710
10-20,10-22,10-23,10-28 to 10-30, 10-35 lo
10-39, lQ-4J, 10-45 to 10-48, 10-54, 10-55,
10-58,10-59,10-63,11-18,11-26,11-39,12-5
lo 12-7, 12-18, 12-24, 13-24, 13-39, 13-40,
14-3,14-6 tu 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, 1043, 10-46,
11-39,12-5,12-7,14-6

Queue length, 10-38, lO-58, 12.24, 14-44
Queue spillback. 10-39, 12-1B
Queul' slorage ratio, 14-3, 14-24

R
Ramp, 10-3, 10-5, 10-7 lo 10-10, 10-18 tu 10-20,
10-24.10-25,10-27,10-30,10-32,10-3610
10-38,10-40,10-41,10-«,10-48,10-50 lo
10-52, 10-56, lo-M lo 10--62,11-3, 11-13,
11-31. 11-32, 11-33, 11-46, 12-1, 12-18, 12-21
lo 12-23, 12-25, 12-27, 12-28, 12-30, 12-46,
12-47,12.57,12-62, Chapler 13,Chapter 14

Ramp meter, 10-18, 10-51, 11-3, 11-32, 11-33,
11-46,12.22,12-57,13-12,13-38,14-9,14-36,
14-44,14-47

Ramp roadway, 10-30, 10-37, 10-38,10-52,14-3,
14-4,14-7,14-11,14-22,14-23,14-25,14-36

Ramp weave, 13-6, 13-35, 13-36
Ramp-fIl.'E'Way juncnon, 10-27, 14-1, 14-3 to
14-5,14-71014-9,14-11,14-12,14-14,14-15,
14-22 to 14.25, 14-30 lo 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
Recrealional vehide (RV), 10-61, 12-15, 12-34,
15-18 lo 15-20, 15-24, 15--25

Rerurring congestion, 11-32, 11-39, 12-18
Regression model, 12-44, 13-14
Reliability raling. 11-7, 11-19, 11-29

Page V2-6

Reliability reporting period, 11-1, 11-6, 11-18,
11--45

Righl-of-way, 12-4
Roadside obstruction, 12-29
Roadway characteristic, 12-44, 15--42
Rolling lerrain, 12-35, 12-52, 12-54, 15-17,
15-19,15-28,15-31, 15-50, 15-53

Roundaboul, 10-19, 12-21, 12-57
Rubbemecking. 12-5
Rural, 10-15, 10-16, 10-20, 1M1, 1M3, 10-63,
11-21, 11-27, 11-42, 12-3, 12-4, 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--3,15-4,
15-34,15-37,15-41,15--43

s
Saluration headway, 11-47
Scenario, 10-11, 10-12, 10-24, lQ-40, 10-42,
10-52,10-56,11-1, 11.2, 11-6, 11-8 to 11-18,
11-20,11-251011-29,11-321011-39,11-41,
11-46,11-47,13.34,14-40 lo 14-42

Scenario generatíon, 11-1, 11-2, 11-8 to 11-1],
11-13, 11-16 to 11.18, 11-20, 11-2510 11-28,
11-33,11-37

Section, 10.310 10-7, 10-10 to 10-12, 10-20,
10-21, 10-2310 10-25, 10-29, 10-39, 10-56,
10-57,11-46,12--41,12-42,14-7,14-8,14-43,
15-3,15-19,15-28,15-37,15-48

Seed file, 11-6, 11-9
Segmenl, 10-1 to 10-8, 10-10 lo 10-21, 10-23 to
10-39,10-41, 10-44 to 10-51, 10-54 lo 10-62,
11-1,11-2,11-41011-6,11-9,11-10,11-12,
11-13,11-16,11-19 to 11-22, 11-2710 11-29,
11-32, 11-39, 11-43, Chapters 12-15

Segmcnt initialization, 10-35
Sensitivíty analysis, 10-52
Service flow rate, 10-10, 12-50 lo 12-52, 13-38,
14.37,14-42,14-43,15-10,15-32

Service measure, 10-20, 10-25, 10-38, 12-19,
12.25,12-43,13-11,13-13,13-14,14-10,
14-45,15-7,15-10,15-12,15-27,15--36,15-51

Servicevolume, 10-2, 10-10, 10-56, 12-2, 12-47,
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 wealher, 11.3, 11-11, 11-32, 11-43, 12-8,
12-45,14-6

Shared t;Jnc, 15-2, 15--42
Shared-use path, 15--2
Shock wave, 10-33, 10-36 to 10-38
Short lenglh, 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, Il.10, 11.12, 11-13, 11-21,
11-22,11-28,11-29,11-32,11--41, 11-44,
12-22,12-41. 12-44, 12-46, 12-48, 13-18, 15--2,
15-5,15-6,15--10,15-12, 15-15, 15-16, 15-34,
15-371015-46,15-49 lo 15--54,15--57

VoIume 2jUninterrupted flow
VeFSiOn 6.0
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ShouldeT bypass lane, 15-4ú
Shy dislanl'e, 15-45
Simple weaving segml'nl, 13-12, 13-30
Simulation, 1(1..17,10-19, 10.57 lo 1lJ..62,11-19,
11-471011-49,12-24,12-38,12-571012-.60,
12-62,13-11,13-12,13-381013-4ú,14-8,
14-9,14-441014-47,15-11

Singlc-unit lruck, 10-27, 10-61, 12-15, 12-16,
12-34,12-36 to 12-38

Spaee, 10-1, 10-12, 10-13, 10-161010-19,10-21,
10-23,10-28,10-31 lo 10-34. 10-39, 10-57,
10-59,11.5,11.7,11-17,11-20,12-9,12-UI,
12-19,12-22,12-38, 12-4ú, 12-41, 12-58, 13-4,
13-5,13-28,13-29,14-25,14-26,14-38,14-45,
15-45

Space mean speffi, lO-U;, 10-34, 10-57, 11-7,
12-9,12-19,12-22,12-38,12-40,12-41,12-58,
13-28, l3-n 14-45

Spacing, 1(1..5,10-7, 12-4, 12-8, 15-48
Speeialevent.11-1, 11-3, 11-17, 11-19, 11-21,
11-22,11-26,11-27,11-39,11-45,15-6

Spt'eifie grade, 10-20, 10-27, 13-13, 14-10,
14-11,14-41, 15-10, 15-12, 15-17, 15-31,
15-36

Spt-'t'd, 1(1..10,10-14, 10-18, 10-20, 10-21, 10-29,
10-30,10-31, 10-34, 10-37, 10-38, 1040 lo
10-42, 1O-4.l,10-46, 10-48 to 10-52, 10-54,
10-56 lo 10-59, 10-61, 10-63, 11-3, 11-4, 11-7,
11-11,11-12,11-18,11-19,11-22,11-31 lo
11.34,11-43,11-451011-48,12-1,12-2,12-4
to 12-7, 12-9 lo 12-12, 12-14 to 12-22, 12-24,
12-25,12-27,12-28,12-31,12-33,12-35,
12-38 lo 12-44, 12-47 lo 12-50. 12- lo 12-62,
13-1, 13-2, 13-4, 13-11 to 13-1.!, 13-16, 13-20,
13-24.13-26,13-28 lo 13-30,13-35 lo 13-37,
13-39,13-40,14-11014-3,14-7 lo 14-14,
14-16,14-23,14-25 lo 14-29, 14-33. 14-34,
14-36,14-381014-41, 14-441014-47,15-1,
15-3,15-4,15-6 to 15-9, 15-12, 15-14, 15-15,
15-17,15.19,15-21,15-22,15-35,15-36,
15-38,15-39,15-421015-44,15-46,15-47,
15-521015.54

Spt-'l'd adjustment fa(lor (SAF), 10-30, 10-31,
10-44,10-45,10-50,10-52.11-11 lo 11-13,
11.17,11-261011-29,11-34,11-37,11-43,
12-9,12-10,12-16,12-22,12-31,12-41,12-47
lo 12-19, 13-13, 13-28, 14-10, 14-27

Spt->cdharmonization, 11-3, 11-31, 12-22
Split.. 10-26, 10-27, 10-49, 12-16, 13-8, 14-31,
14-34,14-43,15-12,15-26,15-27,15-44

Slilrt-up losl tim •.•, 11-47
Slochaslic model, 12-24
Study p...riod, 10.3, 10-21, 10-39, 10-52, 11-5,
11-6,11-8,11-11 1011-13, 11-17, 11-18,
11-21,11-22,11-45

Suburban street, 12-44, 15-41, 15-43
Syst •.•m, 10-1, 10-6, JO.-60,1O-{)1,11-4, 11-3110
11-33,11-36, lt--t6, 12-23, 12-25, 12-62, 13-6,
13-37,13.39,15-1.15.3,15-21,15-57

Volume 2/Uninterrupted Flow
V~iOn6.0

T
Targel speed, 11-29
Terrain, 10-7, 10-20, 10-26, 10-27, 10-46, 10-48.
10-61, 12-21. 12-25, 12-27, 12-34, 12-35,
12-52 to 12-56,13-13,14-10,14-11,14-41,
15-4,15-10,15-12,15-17,15-19,15-23,15-24,
15-32,15-34,15-42,15-50,15-53,15-54

Through vehi(\es, 14-5, 14-18, 15-39, 15-41
Throughpul, 10-30, 10-37, 10-.60,11-4, 12-6 lo
12-8,12-58,12-59,14-46,14-47

Time inler ..•.ill, 10-13, 10-14, 10-18 lo 10-21,
10-281010-30,10-32 lo 10-39, 10-52, 10-58,
10-59,11-6,12-7,12-57,14-44

Timl' interval scale faclor, 10-28, 10-29
Time mean Spt,t'd, lO-57
Time-space, 10-18, 10-19, 10-21, 10-23, 10-28,
10-29,10-31 to 10-33, 10-39, 10-52, 11-12

Too!. 10-17, 10-19, 10-29, 10-31, 10.32, 10-43,
10-53, 10-57 to 10-62. 11-26, 11-28, 11-31,
11-33,11-46,11-47,12-45,12-57,12-59,
12-.60,13-11, 13-12, 13-34, 13-38 lo 13-40,
14-9.14-37,14-44,14-45,14-47,15-11,15-48,
15-55

Tol,lllaleral t:1earan(e, 12-28 lo 12-30
Tolal ramp density, 10-10, 10-20, 10-41, 10-48,
12-21,12-25,12-28,12-30,12-46,12-47,
13-26,14-11

Traclortrailer, 12-15, 12-16, 12-34, 12-3610
12-38

Traffie analysis 1001,10-57, 11-46, 12-57,
13-28,14-43

TrafficwmpoSition, 12-34
Trafficmndition, 10-30, 11-5, 12-4, 12-21
Traffie conlrol deviee, 10-3, 12-1, 13-1, 15-1.
15-11

Traffíc delay, lO-58
Transilion, 10-7, 10-35, 12-6, 12-57
Travel mode, 11-31
Trawl speed, 14-39, 14-4ú, 15-8, 15-46
Travel time, 10-18, 10-23, 10-54 to 10-56,
10-58,11-1,11-3 to.11-9, 11.15, 11-17 to
11-21, 11-29,11-30,11-36,11-38,11-39,
11-41,11-44 lo 11-46,12-12,14-44,15-1,
15-7,15-10,15-16,15-21,15-28,15-29

Travel lime distribution, 11-1, 11-3, 11-5 to
11.-8,11.15,11-17,11-19,11-29,11-30,11-38,
11-41

Travd timeindex, 11.5, 11-6, 11-45, 11-46
Travel time reliability, Chapter 11
Traveler information syslcms, 12-22
Traveler p...lwplion model, 12.•B, 15.9, 15-42
Tru(k, 10-10, 10-27, 10-61, 11-33, 12-1, 12-2,
12-7,12-15,12-16,12-21,12-27,12-34 lo
12-36,12-38,12-43,12-45,12-53 lo 12-57,
1H2, 13-4ú, 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 15.51,15-54

Tum lane, 12-25, 15-37, 15-39, 14-40
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Tumout, 15-37, 15-38
Two-Iane highway, 12-23, 12-43, 12-44, 12-57,

14-$, Chapter 15
Two-sided weaving segmenl, 13-5 lo 13-7,

13-9, 13-14, 13-17 lo 13-20, 13-22, 13-34
Two-way lefl-Ium lane (T\'VLTL), 12-4, 12-23,

12-25, 12-30, 12-45, 12.57, 15-37, 15-40,

15-41
Two-way sTOr-eontrolled (TW5C), 10-19

u
Uncontrolled, 12-5, 14-3, 14.7, 14-8
Undersaturaled fiow, 10-23, 10-32, 12-5, 15-1
Undividl>d highway, 12-30
Uninlerrupted flow, 12-1, 12-4, 12.5, 12-9
Unsignalized inlersection, 12-31, 14-1, 14-25,

15-16,15-34,15-39
Ueban, 10-5, 10-15, 1CH6, 10-20, 10-41, 11-21,

11-27,11-42,12-3,12-19,12-23 lo 12-25,
12-34, 12-36, 12-44, 12-46, 12-50, 12-52 to
12-55, 12..(,(), 12.()1, 13-12 to 13-14,14-1,
14-10,15-1,15-2, 15-11, 15-41 lo 15-43,
15-48

Urban slfl'et, 13-12, 14-1, 15.1, 15-2, 15-11,

15-42,15-48

v
Validalion, 10'(), 10-30, 10-39, 11-38
Variability, 11-3, 11-7 lo 11-11, 11-17, 11-19,

11-25,11-26,11-33,11-42,12-24,12-58,

14-45
Volume, 10-2, 10-10 lo 10-12, 10-18, 10-20,

10-31, 10-37, 10-56, 11-21, 11-46, 12-2, 12-4,
12-9,12-16,12-18,12-22, 12-25, 12-31, 12-33,
12-34, 12-43, 12-44, 12-50, 12-52 lo 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, 13-40, 14-2,
14-10,14-15,14-16,14-22,14-30,14-36 lo
14-38,14-42,14-43,15-1, 15-2, 15-6, 15-7,
15-9,15-12,15-14,15-17,15-32, 15-37, 15-39
lo 15-46, 15-48 lo 15-53

Volume-to-capacity ratio, 10-18, 11-46, 12-19,
12-22, 12-47, 13-23, 13-34, 14-25, 14-34,
14-37,15.10,15-11,15-30,15-54

Page V2-8

w
Weaving, 10-3 to 10-5, 10-710 10-11, 10-14,

10-15,10-17,10-19, lO.:ro, 10-23 lo 10-27,
10-30,10-45,10-47 lo 10-51, 10-56, 10-59,
10..(,(), 11.5, 11-20, 12- 2 lo 12-5, 12-9, 12-18,
12-32, Chapler 13, 14-2, 14-5, 14-8, 14-16,
14-18,14-20,14-24,14-30,14-34,14.37,
14-42

Weaving(onfiguration, 10.25, 10-26.13-6,
13-8,13-11,13.22,13-25

Weaving f\ow, 10-8, 10-9, 13-9, 13-18, 13-21,

13-22
Weaving length, 13-26, 13-27, 13-29
Weaving movemenl, 10-8, 12-4, 13-3, 13-5 lo

13-9,13.12,13-14,13-17,13-19,13-30,13-31
Weighl-Io-power ratio, 12-15
Work zone, 10-1, 10-3, 10.18, 10-28, 10-30,

10-40 lo 10-46,10-52,10-53, ]0-57, 1O..(,(),
11-1,11-3, 11.(), 11-8 lo 11-13, 11-16, 11-17,
11-19 lo 11-22, 11-26, 11-28, 11-31, 11-32,
11-36,11-37,11-39,11-44,11-45,12-7,12-8,
12-22, 12-23, 12-27, 12-29, 12-31, 12-33,
12-41,13-23,13-28, 14.(), 14-24, 14-27, 15-2,

15-31

Vo/ume 2¡Uninterrupted F10w
Version 6.0
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