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NATIONAL COOPERATIVE HIGHWAY RESEARCH PROGRAM

Systematic, well-designed research provides the most ef-
fective approach to the solution of many problems facing
highway administrators and engineers. Often, highway
problems are of local interest and can best be studied by
highway departments individually or in cooperation with
their state universities and others. However, the accelerat-
ing growth of highway transportation develops increasingly
complex problems of wide interest to highway authorities.
These problems are best studied through a coordinated
program of cooperative research.

In recognition of these needs, the highway administrators
of the American Association of State Highway and Trans-
portation Officials initiated in 1962 an objective national
highway research program employing modern scientific
techniques. This program is supported on a continuing
basis by funds from participating member states of the
Association and it receives the full cooperation and support
of the Federal Highway Administration, Umted States
Department of Transportation.

The Transportation Research Board of the National Re-
search Council was requested by the Association to admin-
ister the research program because of the Board’s recog-
nized objectivity and understanding of modern research
practices. The Board is uniquely suited for this purpose
as: it maintains an extensive committee structure from
which authorities on any highway transportation subject
may be drawn; it possesses avenues of communications and
cooperation with federal, state, and local governmental
agencies, universities, and industry; its relationship to its
parent organization, the National Academy of Sciences, a
private, nonprofit institution, is an insurance of objectivity;
it maintains a full-time research correlation staff of special-
ists in highway transportation matters to bring the findings
of research directly to those who are in a position to use
them.

The program is developed on the basis of research needs
identified by chief administrators of the highway and trans-
portation departments and by committees of AASHTO.
Each year, specific areas of research needs to be included
in the program are proposed to the Academy and the Board
by the American Association of State Highway and Trans-
portation Officials. Research projects to fulfill these needs
are defined by the Board, and qualified research agencies
are selected from those that have submitted proposals. Ad-
ministration and surveillance of research contracts are
responsibilities of the Academy and its Transportation
Research Board.

The needs for highway research are many, and the National
Cooperative Highway Research Program can make signifi-
cant contributions to the solution of highway transportation
problems of mutual concern to many responsible groups.
The program, however, is intended to complement rather
than to substitute for or duplicate other highway research
programs. '
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FOREWORD
By Staff

Transportation
Research Board

Highway designers, traffic planning analysts, and traffic engineers concerned with
freeway traffic operations will be interested in the research findings provided by this
report. The study investigations, carried out over a four-year period, have led to the
development of new procedures for analyzing and designing weaving sections by
means of analytic manipulations, nomograph solutions, or application of a computer
program. These procedures, including complete program documentation and sam-
ple problems, are presented in Appendices E and F of the report. Other parts of the
report present evaluations of the methodology offered in Chapters 7 and 8 of the
Highway Capacity Manual and describe the research that led to the development of
the recommended procedures.

This study was initiated because of the belief that existing design criteria for
weaving sections needed to be revised in order to take into account additional vari-
ables, such as geometrics, traffic composition, and proportion of weaving vehicles. ‘
The project was structured in two parts. The first phase had as its objective evalua-
tion of existing techniques using an existing data base compiled and provided by
the Federal Highway Administration, and development of an appropriate follow-up
research program. The second phase included collection of new data on weaving
area operations, further use of the existing data base, and developmental research
leading to the recommended procedures. -

Both phases of the project were conducted by the Polytechnic Institute of New
York, and this report combines the findings and conclusions from the entire study.
Because of their voluminousness, seven of the appendices that formed part of the
final report are not being published. They describe the various data bases, data
collection techniques, and detailed analyses of the Highway Capacity Manual pro-
cedures. However, these materials ‘are available on a loan basis to interested re-
searchers by request to the NCHRP Program Director.
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SUMMARY

WEAVING AREAS
DESIGN AND ANALYSIS

Over twenty years have passed since the original Highway Capacity Manual (HCM)

first appeared in print. In the interim the procedures then developed, as well as the.
modifications, extensions, and new methodologies presented in the 1965 edition of
the HCM, have become national guides for the design and analysis of highway sec-
tions. Their constant application has exposed them to detailed scrutiny by traffic

planning, design, and operations specialists. Exhaustive “on-the-job” evaluation has

exposed such problem areas as instructions that may be subject to misinterpretation,

procedures that are complex and difficult to apply, and results that sometimes

appear unreasonable.

The research was divided into two major undertakings: (1) evaluation of the
HCM procedures for weaving area design/analysis and (2) development of a new
procedure. In the first undertaking, the approach employed three prime elements.
They were (1) the analysis of the mechanisms and internal structure of the three
applicable HCM procedures, (2) an evaluation of the accuracy of each procedure
using both peak-hour and 6-min data available in 1969, and (3) an analysis of the
consistency of the three procedures in predicting performance. The available data
were from the 1963 BPR Urban Weaving Area Capacity Study, which was not used
in the 1965 HCM procedure development.

The analysis of mechanisms and internal structure indicated procedural flaws
in the HCM Chapter 7, “Weaving.” These included (1) difficulties and lack of
clarity in the use and/or interaction of quality of flow and level of service; (2) the
k-factors used for expansion of the minor weaving flow have neither the 1.0 to 3.0
range nor the systematic relation to weaving volume and length implied in the HCM;
(3) geometric considerations per se are not integral to the procedure, despite evi-
dence in the available data of its importance; (4) HCM Table 7.1—itself a com-
pensating device—is apparently not stated as the procedure writers intended.

There are two prime areas of accuracy analysis: (1) level-of-service accuracy
of the three HCM procedures (one in HCM Chapter 7 and two in HCM Chapter 8),
and (2) lane 1 volume prediction accuracy and other elements related to the
Chapter 8 procedures. ,

The following conclusions may be drawn on the first point:

1. The accuracy of level-of-service predictions by HCM Chapter 7 is highest
for basic weaving sections, followed by auxiliary lane cases and major weaves.*
Accuracy of the procedure is. generally poor. Although space mean speed was used
in level-of-service determination, the use of operating speed would have further
degraded the accuracy; '

2. The HCM recommends use of its Chapter 8 for auxiliary lane cases, al-
though Chapter 7 produces more accurate estimates of level of service; and

3. Level-of-service predictions for auxiliary lane cases by HCM Chapter 8

tend to be better than actual field conditions.
)

* A major weave is defind as a weaving section with two or more lanes on each of three or more legs.



The accuracy of HCM Chapter 8 regarding auxiliary lane cases was fur-
ther investigated. The two procedures of this chapter depend on the prediction of
lane 1 volumes in advance of ramps. Although HCM recommends the first pro-
cedure for cases of levels of service A, B, and C and the second for level D (com-
monly used for E also), it was found that the first yields more accurate prediction
across all levels of service. The accuracy of HCM Figure 8.22, which predicts the
percentage of trucks in lane 1, was also tested. Although the differences noted for
four- and six-lane freeways are not as drastic as for eight-lane freeways, the figure
does not appear to accurately represent the relationship between freeway volume
and the percentage of trucks in lane 1.

The consistency of the three procedures in specifying level of service was ex-
amined by both data and a range of constructed cases. The results indicate that
HCM Chapter 7 yields level-of-service estimates poorer than Chapter 8 for rela-
tively short or wide sections and better levels of service than Chapter 8 for longer,
narrower sections. i

Based on the résults of the analyses cited, a study program directed toward
the development of a new weaving design/analysis procedure, including a substan-
tial supplemental data collection effort, was recommended to NCHRP. The pro-
gram also included as an objective the better understanding of the mechanisms of
weaving. The implementation of this program constitutes the second major
undertaking.

From the beginning, it was intended that the procedures would evolve from
an interactive evaluation of macroscopic and microscopic data. The microscopic
analysis—Ilane changing, concentrations within sections, extent of segregation, some
analytic modeling—is important in understanding basic mechanisms and in guiding
the macroscopic development. The macroscopic data, on the other hand, allow for
a calibration using a range of facilities and conditions at acceptable cost and effort.
The calibration was done by regression analyses on models developed consistent
with the microscopic results. The resultant procedure was checked on cases with-
held from the data base for that purpose.

The procedure developed from this research and recommended for use is pre-
sented as a self-contained document in Appendix E of this report, for easy use. It
was circulated to five states as a pre-test (not necessarily endorsement) on its clarity
and ease of uses. Three responses were received. The procedure allows for both
analytic and nomographic solutions and should be used in lieu of the procedure of
HCM Chapters 7 and 8 for auxiliary lane and major weave cases. ,

The computer program detailed in Appendix F is recommended as a computa-
tional aid, particularly in analysis problems.

For multiple weaves, the procedure developed herein is also recommended. It
should be applied subject to the guidelines and cautions stated in Chapter Two and
also in Appendix I.

This report also contains information on a survey of current practices of weav-
ing section design/analysis, a methodology to decide priorities for data supplements
of ramp cases, experiences with photographic data collection and reduction, and
other insights acquired in the course of the research. The exposition on basic
mechanisms follows the points already cited—Ilane changing, concentrations within
sections, extent of presegregation, and some analytic modeling.



CHAPTER ONE

INTRODUCTION AND RESEARCH APPROACH

Over twenty years have passed since the original Highway
Capacity Manual (HCM) (1) first appeared in print. In
the interim the procedures then developed, as well as the
modifications, extensions, and new methodologies presented
in the 1965 edition of the manual (2), have become na-
tional guides for the design and analysis of highway sec-
tions. As such they have been exposed, through constant
application, to detailed scrutiny by traffic planning, design,
and operations specialists. Exhaustive “on-the-job” evalua-
tion has exposed such problem areas as instructions that
may be subject to misinterpretation, procedures that are
complex and difficult to apply, and results that sometimes
appear unreasonable.

In recent years, because urban freeway design and analy-
sis has been an area of much interest, that segment of the
manual dealing with problems of weaving and ramps has
had particularly heavy use. This has resulted in its being
the specific target of many of the comments and criticisms.

SCOPE AND, MISSION

In 1969, NCHRP authorized Project 3-15. The project
statement specified that “design criteria for weaving sec-
tions on multilane controlled-access highways require re-
vision and updating, taking into account such variables as
roadway geometrics, composition of traffic, volumes of
main-line vehicles, and volumes of weaving vehicles.” The
three main objectives of this study were specified as:

1. Analyze and evaluate the procedures recommended in
Chapters 7 and 8 of the 1965 HCM by using presently
available (i.e., 1969) field data.

2. Based on the findings of the first objective, develop a
study program that will lead to improved techniques for.the
analysis and design of weaving sections.

3. Within the constraints of time and funds, a limited
data collection and analysis program may be undertaken
toward the accomplishments of the second objective.

This report is the culmination of the defined mission and
includes the definition and execution of the study program
cited in the second item. The study program recommended:

1. The collection of a supplemental data base to aug-
ment the then-available data, and to fill gaps in the existing
data. Principal data needs were for levels of service B and
C and for data at all levels of service on weaving sections
of 1,500-ft length and longer;

2. Development of a new or revised weaving area de-
sign/analysis procedure using the upgraded or composite
data base;

3. The extensive investigation of underlying mechanisms

and relationships among parameters in weaving sections.
The study program was executed in a continuation of the
research beyond the original three objectives.

HISTORICAL CONTEXT

The original HCM was published in 1950. It was meant to
be a practical guide to the design and evaluation of streets
and highways in terms of their traffic-carrying capability.
A major purpose of the manual was to ensure consistency
of procedures in the national program of highway design
and construction. The manual’s procedures were largely
based on, and calibrated with, data collected before 1948.
In many instances the available data base was quite sparse.
Thus, it could not be expected to serve adequately in the
design of freeway- systems with their complexities of,
among other things, weaving sections and multiple on- and
off-ramp situations. The fact that the 1950 HCM worked
as well as it did says much for the engineering judgment
of the members of the Highway Capacity Committee who
developed it. '

In 1953, the Highway Capacity Committee was reacti-
vated to continue its study of highway capacity and ulti-
mately to prepare a new manual. The study was accom-
plished with the aid of a team from the U.S. Bureau of
Public Roads (BRP). The new HCM was published in
1965. 1It, like its predecessor, was to be a practical guide
in capacity analysis for design and evaluation. Reflecting
the changed needs of the practicing engineer, this new
manual devoted a significant amount of attention to free-
way design, and such components as weaving and ramps
had significantly expanded chapters devoted to them. As
before, the procedures developed were, insofar as possible,
based on the analysis of data collected by a variety of gov-
ernmental units in a number of states and over a span of
years. Where data were incomplete, it frequently became
necessary for members of the committee to apply their
collective engineering judgment toward the development
and explanation of rational procedures, It might have been
more desirable to delay publication of a new manual until
a complete data base was available, but this was not con-
sidered possible. The 1950 manual was out of date and
engineers throughout the country were regularly making
major “adjustments” to the procedures in developing their
designs. This was considered to be unacceptable. It was
believed that it was better to have a new manual that would
again ensure consistent design procedures—even though
there were reservations concerning some procedures—than
to have no manual at all. In such a light was the 1965
edition published. :

It is not surprising then that a few years heavy use of the



manual and its intense scrutiny in the field have given rise
to the need—as evidenced by this project—for analysis and
evaluation of certain recommended procedures.

RESEARCH APPROACH

The research was divided into two major undertakings:
(1) evaluation of the HCM procedures. for weaving area
design/analysis, and (2) development of a new procedure.
The second undertaking was defined by the results of the
first.

The approach employed in the first undertaking had
three prime elements: (1) analysis of the mechanisms and
internal structure of the three applicable HCM procedures,
(2) evaluation of the accuracy of each procedure using
both peak-hour and 6-min data available in 1969, and
(3) analysis of the consistency of the three procedures in
predicting performance. The available data were also used
for such elements of structural evaluation as k-factors,
quality of flow, lane 1 volumes, and truck presence in
lane 1. A limited amount of new data was collected.

The approach employed in the second undertaking cen-
tered on the development of a new weaving procedure
properly calibrated and on a better understanding of the
mechanisms of weaving. A rather extensive data base was
collected by time-lapse photography. From the beginning
it was intended that the procedure would evolve from an
interactive evaluation of macroscopic and microscopic data.
The microscopic analysis—lane changing, concentrations
within sections, extent of segregation, some analytic model-
ing—is important in understanding basic mechanisms and
in guiding the macroscopic development. The macroscopic
data, on the other hand, allow for a calibration using a
range of facilities and conditions at acceptable cost and
effort. The calibration was done by regression analysis on
models developed consistent with the microscopic results.
The resultant procedure was checked on cases withheld
from the data base for that purpose; it was also subjected
to a pre-test to aid in determining clarity and ease of use
by personnel in departments of transportation or public
works of three states.

The end result of research under NCHRP auspices
should be a product of direct use to the practicing engi-
neer. It must therefore be part of the research approach

to provide this product. To this end, the final recom- -

mended procedure is written as a self-contained document
and is contained herein as Appendix E. A computer pro-
gram implementing it is described in Appendix F.

As part of the research, one multiple weave site was
filmed. On the basis of this and other data, guidelines for
application of the recommended procedure to multiple
weaves were generated.

DATA AVAILABLE

It should be noted that the original data base used in de-
veloping the weaving procedure of HCM Chapter 7 was
not extant at the time of the present study. Much of this
data base would have dated to the original weaving design
curves of the 1950 HCM and the modifications reported

(3). As a consequence, it was not possible to exhibit the
distribution of data, nor to compute the confidence bounds
on the existing curves, nor to estimate the merit of increas-
ing the size of the data base. However, the levels A, B, and
C procedures of HCM Chapter 8 made such analyses pos-
sible. Aspects of these procedures are discussed in Appen-
dix XV, * including the statistical distinction of the cases of
that procedure. )

Two data bases were available. One data base was com-
prised of the data from the 1963 BPR Urban Weaving Area
Capacity Study and the other of the data collected for the
study program implemented in this research. These bases
are referred to as the BPR and project data bases, respec-
tively, and are described briefly. Details are given in
Appendices I and II.*

BPR Data Base

At about the time drafts of chapters for the 1965 HCM
were being developed, a nationwide program of data col-
lection was being undertaken by the BPR. The Urban
Weaving Area Capacity Study involved collection of weav-
ing movements by type for periods of 1 to 2 hr in 6-min
intervals at a number of locations in the East, Midwest, and
Far West. Samples of weaving and through-vehicle speeds
were collected, at the same time. The sites studied repre-
sented simple and multiple weave areas, one- and two-sided
weaving, simple and compound weaving. In addition, a
number of the locations could be considered as ramp con-
figurations. Although Appendix B of the 1965 HCM con-
tains selected observations from these studies, the data were
not used in developing the procedures of Chapters 7 and 8.

Most of the data base utilized in the regression analyses
of the levels-of-service A, B, and C procedures of HCM
Chapter 8 was also available.

The 1963 BPR package provided to the researchers con-
sisted of a total of fifty-eight experiments conducted at forty
different locations. Of these, forty-one experiments col-
lected information about various forms of simple weaving
sections (i.e., two entrance and two exit legs). The re-
maining seventeen experiments were of multiple weave con-
figurations (i.e., more than two entrance legs and/or more
than two exit legs). The BPR also provided data for an
additional seven experiments—all simple weaves—con-
ducted at four locations around Washington, D.C. These
latter data sets were pilot studies conducted to develop the
procedures that were subsequently used in the 1963 Urban
Weaving Area Capacity Study.

One simple weave experiment could not be used because
of highly questionable volume counts. Five of the seven
pilot study experiments were added to the original data giv-
ing a total of forty-five different experiments at thirty-four
different locations in the U.S. Eighteen experiments were
conducted in the AM peak and twenty-seven in the PM peak.
Of the seventeen multiple weave cases available, only four
were “clean” cases (i.e., without additional complicating
factors). Incomplete specification of data, segments of

* Not included in this publication. See Appendix J herein for additional
information.



complicated geometry, and other problems prevented use
of thirteen experiments and allowed only limited use of the
other four.

Project Data Base

Data were collected in the Northeast U.S. at seventeen sites,
one of which included a multiple weave section. Guidelines
that governed site selection and data collection specified
(1) both major weaves and auxiliary lane cases were to be
collected, (2) all levels of service were to be observed, and
(3) a range of lengths was to be so selected as to comple-
ment the BPR data base, if possible.

Time-lapse ground-based photography was selected as
the mode of data collection because (1) it avoided the
necessity for large field crews, (2) it was the only feasible
way to provide some microscopic data concerning internal
movements in weaving sections, and (3) aerial photogra-
phy was too costly. All photography was shot in color at
two frames per second in which a digital timer was in view
via a split-image lens.

The sections were filmed with one camera, sometimes
two—the fields of the two cameras did not overlap in those
cases. )

Data were reduced by trace or by input/output match
of every vehicle for all but two experiments. For the five
experiments (including the multiple weave) on which ve-
hicle traces were possible,* lane changes were recorded by
subsection and lane of occurrence for each vehicle.

RELEVANT LITERATURE

At the beginning of the research the literature was surveyed
for all articles and papers concerning weaving and/or ramp
operations, The Highway Research Information Service
(HRIS) was used, as well as independent reviews of major
publication sources, including HRB special reports and
records, NCHRP reports, Traffic Engineering, and Traffic
Engineering and Control.

Articles treating both macroscopic and microscopic as-
pects of weaving, merging, and diverging traffic movements
were inspected. A wide range of those having some ap-
plicability and relevance to the present research are de-
tailed in the annotated bibliography of Appendix A. The
most relevant of these is also addressed in Chapter Two.

DEFINITIONS AND TERMINOLOGY

Definitions and terminology used throughout this report are
discussed in this section.

A weaving area’s components (i.e., legs and movements)
are identified and shown in Figure 1. Other weaving area
terminology requiring definition includes:

® balanced—a section is said to be balanced when the
same level of service is delivered to both nonweavmg and
weaving traffic.

¢ BPR—Bureau of Public Roads.

® configuration constrained—a situation in which a lane

* Wherever only one camera was used.
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Figure 1. Diagram of legs and traffic flow movements for a
weaving area.

LEG B LEG Y

arrangement limits the weaving width W that can be de-
livered.

¢ FHWA—Federal Highway Administration (formerly
BPR).

® HCM—the Highway Capacity Manual (1965 edition
unless otherwise specified).

® leg—an input or output roadway.

® major weave—a weaving section in which three or
more legs each have two or more lanes; see Figure 2 (B),
(C), and (D).

® pcphpl—abbreviation for passenger car per hour per
lane, the unit in which service volumes are expressed.

® PHF—peak-hour factor, the hourly volume divided by
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Figure 2. Diagrams of various configurations of weaving areas.



the hourly rate during the peak 5 min of that hour; this is
as defined in the Highway Capacity Manual.

® ramp weave—a highway mainline with an on-ramp,
off-ramp sequence (both single lanes) connected by an
auxiliary lane; see Figure 2(A).

® SMS—space mean speed (mph).

® through lane—a lane on which at least one of two
weaving flows (see Fig. 2(C) or (D), legs A-Y or B-X)
can achieve its “weave” without a lane change; a lane may
be a through lane for either or both weaving flows; when
it is so for only one flow, it should be aligned with the
greater flow in order that the benefit of a through lane can
be realized. :

Nomenclature requiring definition includes the variables:

Figure 3. Diagram of volume parameters for a- weaving area.

V., = total weaving volume, in passenger cars per hour
(pcph)
Ve = total weaving volume (HCM notation), in pcph
V.2 = smaller weaving volume, in pcph
V 0 = total nonweaving volume, in pcph
V por = total volume, in pcph
V = total volume (HCM notation), in pcph
SV = service volume, in pcph or peph per lane (pcphpl)
S,, = speed of weaving volumes, in mph
Snw = speed of nonweaving volumes, in mph
AS = (S, — S,;) = difference in speeds, in mph
L = section length, in hundreds of feet *
N = section width, in total lanes
W = width for weaving, in lanes *
Ny, = width for nonweaving, in lanes *
VR = V,,/Vyor = ratio of weaving to total volumes
R = ratio of smaller weaving to total weaving volume

Additional volume parameters are shown in Figure 3.
Some volumes—particularly V,,, and ¥V as used in the
HCM~—will generally be measured in vehicles per hour
(vph); likewise, SV may be specified in pcph or in per lane
values and may be corrected for standard adjustments when
volumes are in vph. The proper course will be apparent in
any given case by the context.

Other terminology and practices not specifically defined
herein are consistent with the HCM.

* These may be fractional numbers.

CHAPTER TWO

FINDINGS

This chapter presents the prime findings and results of the
research project. The first four sections relate to the first
objective of the research—the evaluation of the existing
HCM procedures related to weaving. They discuss internal
structure of procedures and give an analysis of their ac-
curacy and consistency in specifying levels of service as
well as current practices. The findings are discussed in the
sections “Development of a Weaving Procedure,” “Mech-
nisms of Weaving: Results,” and “Mechanisms of Weav-
ing: Analysis.” The need to develop a new procedure was
based on the assessment of the HCM procedures.

The procedures of the HCM that relate to weaving are
defined as:

1. Procedure 1 is the procedure defined in HCM Chap-
ter 7, “Weaving.”

2. Procedure 2 is the regression-based procedure deﬁned
in the first part of HCM Chapter 8, “Ramps.”

3. Procedure 3 is the’ vehicle-distribution-profile proce-

dure defined in the latter part of HCM Chapter 8, “Ramps.”

The HCM recommends procedure 2 for ramp cases at
levels of service A, B, and C and procedure 3 for ramp
cases at level of service D. While not specifically recom-
mended, procedure 3 is often applied to level of service E
cases. ’

It should be noted that ramp-oriented procedures 2 and
3 were used only for auxiliary lane cases not only because
of the limitations of the BPR data base but also because of
the concurrence of the research agency and the advisory
panel that on-ramp, off-ramp pairs without auxiliary lanes
are characterized to a greater degree by merge and diverge
(i.e., individual ramp) problems than by weaving. Ac-
cordingly, single-lane ramp sequences without auxiliary
lanes were not collected in the project data base.

The thrust of the first-phase research was the analysis of
simple weaves for which 908 6-min samples were available
along with 11,000 travel-time measures. These were for-



matted for computer manipulation and punched on cards.

Two computer programs were already in existence at the
initiation of the project that weré of considerable use. They
are the weaving and ramp capacity programs developed at
the Institute of Transportation and Traffic Engineering (4,
5). Before being put into use, the programs were carefully
reviewed and, where applicable, modified and extended to
provide additional power in analysis. Some of these modi-
fications and extensions in the weaving capacity program
included (1) an option of using either the services volumes
contained in Tables 9.1 and 10.1 of the HCM or a set of
exogeneously entered values, (2) the use of Table 7.1 of
the HCM was altered, and (3) a test of “out-of-the-realm-
of-weaving” was added. The use of truck equivalency fac-
tors on ramp grades was incorporated into the ramp ca-
pacity program. The modifications are described in further
detail in Appendix XIV.*

INTERNAL STRUCTURE OF PROCEDURE 1

A number of analyses were undertaken to determine the
viability and rationality of procedure 1. These analyses in-

cluded an examination of the specified service criteria for

clarity, internal consistency, and an examination of the

development of the weaving chart with consideration of a’

recalibration thereof. The principal results of these analy-
ses were as follows:

® Adequate description of the operating characteristics
of a weaving section requires the specification of both a
level of service and a quality of flow.

® The relationships between speed and level of service
and quality of flow are not clearly specified by HCM, lead-
ing to confusion in interpretation.

® Quality of flow and level of service are not function-
ally dependent upon each other. The consistent relation-
ship suggested by HCM Table 7.3 does not exist.

® Separate level-of-service standards for weaving and
nonweaving vehicles would seem to produce a more accu-
rate description of weaving section service characteristics.

® It appears that geometric configuration is a vital de-
sign factor.

¢ The development of the weaving chart was based on
only sparse data. The k-values utilized as expansion factors
were rationalized and not supported by data.

® The range of k-values exceeds the HCM specification
of 1.0 to 3.0.

® The k-values do not relate to total weaving volume
Ve (Pcph) and section length L as depicted in the weaving
chart. Constant k-curves do not exist as suggested in HCM.

¢ Should a valid expansion exist, it appears to involve
several parameters and be more complex than that used in
the HCM, in which only the minor weaving volume V,,, is
expanded.

A brief discussion of each of these conclusions follows.
A more extensive discussion is contained in Appendix IV.*
It also contains aspects of the comparative structure of all
three HCM procedures.

* Not included in this publication. See Appendix J herein for additional
information.

Description of Service Characteristics

Although it is not clearly stated, the use of the HCM pro-
cedure requires the specification of both a level of service
and quality of flow. Consider the HCM equatlon for the
width of a weaving section:

Vo (k—1) Vo

N= SV (1)

in which
N = number of lanes in section;
V = total volume in section;
k = expansion factor;
V,,» = minor weaving volume; and
SV = service volume.

The length of the weaving section and the k-value used
in the width equation are determined by entering the weav-
ing chart with a specified weaving volume (in pcph) and
quality of flow. Service volume SV is selected from HCM
Table 9.1 (for freeways) and is dependent upon a specified
level of service.

Most properly, quality of flow relates to the speed of
weaving vehicles alone. Level of service describes the speed
of all vehicles combined. Neither of these can adequately
describe the operating characteristics of a weaving area. As
quality of flow relates only to weaving vehicles, it can not
be used alone to describe a section containing both weaving
and nonweaving vehicles. Level of service treats collec-
tively two flows with often widely differing characteristics
and effectlvely conceals such differences. Only when both
are specified is a complete picture drawn. Even this, how-
ever, produces an awkward, indistinct description, as sub-
sequently discussed.

Speed Criteria

There are several problem areas that create a degree of con-
fusion in the 'speed-service relationships detailed in the
HCM. The first of these involves the use of operating
speed as a criterion. Strictly defined, operating speed is
the maximum speed at which a car can travel under pre-
vailing traffic and roadway conditions without at any time
exceeding the design speed. This parameter is most prop-
erly measured using a test vehicle. For satisfactory sam-
ples, data generally must be taken by observing sample
vehicles. From a sample speed distribution such items as
85th percentile speed, median speed, and space mean speed
can be determined. None of these corresponds directly to
operating speed, although they may be used to estimate it.
Of greater importance is the fact that such sample data
were used to calibrate HCM procedures and were also col-
lected in the 1963 BPR study. It is of extreme importance
that sample data be accurately segregated into specified,
standard service categories. Some of the analyses reported
herein required such stratification by service categories. For
these analyses, space mean speed rather than operating
speed was used.

The stated speed criteria are ambiguous to a large de-
gree. The specifications of quality of flows I and II state
that speeds of 50 mph or more and 45 to 50 mph, respec-



tively, “are attainable.” Whether these speeds refer to all
vehicles, weaving vehicles, or nonweaving vehicles is not
clear. It is assumed that only weaving vehicles are included
as criteria because quality of flows IIL, IV, and V (40 to
45 mph, 30 to 35 mph, <30 mph, respectively) specifically
refer only to these.

Level of service criteria are similarly unclear, with HCM
suggesting that speeds in weaving sections for a given level
of service be 5 to 10 mph lower than on similar sections
with no weaving, or on the highway proper. Standards are
taken from HCM Table 9.1 (freeways) or corresponding
tables. Because these tables refer to the average speed of
all vehicles, it is assumed that all vehicles are likewise in-
cluded in the application of adjusted standards to weaving
areas.

Also of concern is the discontinuity in both level-of-
service and quality-of-flow criteria for speeds of 35 to
40 mph. As several of the analyses reported herein re-
quired determinations of level of service and quality of
flow, standards were adjusted to provide continuous
boundaries. For level of service in weaving areas, 10 mph
was deducted from standards for the highway proper. The
standards utilized are summarized in Table 1.

Quality of Flow—Level-of-Service Relationships

Table 7.3 of HCM details a relationship between level of
service and quality of flow that is presumed to be consistent.
However, consideration of the parameters that determine
.each when using the procedure in analysis shows that no
consistent dependence of one on the other exists. Ana-
Iytically, quality of flow as determined by the weaving chart
depends upon the weaving volume and the length of the
segment. Level of service depends upon the service volume,
which is found by dividing the total expanded volume by
the number of lanes. Although these parameters are loosely
related, it can be seen that specification of a quality of flow
does not automatically yield a level of service or vice versa.

The full range of quality of flow—level of service combina- -

tions is theoretically feasible, and conditions actually oc-
curring are not restricted to those combinations shown in
HCM Table 7.3.

TABLE 1

SERVICE CRITERIA FOR EVALUATION
OF THE INTERNAL STRUCTURE,
HCM PROCEDURE 1

SMS (MPH) OF

ALL VEHICLES SMS (MPH)

LEVEL QUAL- OF WEAV-
OF IN WEAVING ITY OF ING VEHI-
SERVICE ON FREEWAYS AREAS FLOW CLES

A 2> 60 > 50 I > 50

B 55t060 45to 50 II 45to 50
C 50to 55 40to 45 I 37.5t045
D 37.5t0 50 27.5 to 40 v 30to 37.5
E 30t037.5 20to0 27.5 \4 <30

F < 30 <20 — —

These observations are supported by data from the BPR
data base. If actual qualities of flow and levels of service
are identified by sample speeds, fifteen of forty-five experi-
ments reveal combinations not indicated in HCM Table 7.3.
Because the space mean speed (SMS) of all vehicles nu-
merically includes the SMS of weaving vehicles, even those
experiments which conform to HCM may be more indica-
tive of a computational dependence rather than a real inter-
relationship between flows.

The unrestricted nature of the level-of-service—quality of
flow relationship can be seen in both analysis and de-
sign. Consider, for example, a weaving configuration long
enough to be “out-of-the-realm-of-weaving.” Such a sec-
tion may conceivably operate at quality of flow I as ana-
lytically determined by V,,, and L, but will experience the
full range of levels of service based upon total volume
fluctuations. Due to the great length of such a section,
weaving volumes may never be high enough to deteriorate
the quality of flow. While analytic determinants may in-
dicate quality of flow I and level of service D, for example,
the high weaving speeds predicted for quality of flow I will
not be achieved because total volumes restrict the entire
operation to level of service D.

In design, a similar situation is encountered. When the
width equation (Eq. 1) N=[V + (k — 1) V,,,]/SV vyields
fractional results, additional length may be provided (this
lowers k) to reduce N to the nearest whole number. In this
way, a more economical design is achieved. However, as
the length is increased, a better quality of service is at-
tained. Level of service, on the other hand, remains
unchanged.

It can be seen that the analytic relationship between level
of service and quality of flow is unrestricted. In the use of
these measures in analysis, it is necessary to determine
which of the two measures gives a more realistic descrip-
tion of operations. In general, this will be the “worst case,”
as in the example above where quality of flow I could not
actually be achieved due to the low level of service. Be-
cause the general level-of-service design for a given facility
is of primary interest, the quality-of-flow design for weav-
ing areas should be as good as or better than the design
level of service.

A Recommended Descriptor of Service

In the previous item, it was pointed out that no functional
analytic relationship exists between quality of flow and level
of service. It was also stated that actually occurring values
do not conform to the relationship predicted by HCM. It
was further pointed out that the inclusion of all vehicle
speeds in the level-of-service description may mask signifi-
cant differences between weaving and nonweaving flows.
Such differences often occur, as is indicated by examination
of experiments of the BPR data base.

As substantial differenecs in the speed of weaving and
nonweaving often occur, it would appear that separate lev-
els of service for weaving and nonweaving vehicles would
be more descriptive of actual operating conditions.



Geometric Effects

Drastic differences in weaving and nonweaving speeds oc-
cur in some cases and not in others. Investigation indicates
that geometric configuration is a major factor. Table 2 data
show that speed differences occur most often on ramp-
weave sections and that the differences are generally larger
than those observed for other configurations. In the ramp-
weave configuration, weaving vehicles are more or less re-
stricted to two lanes—the auxiliary lane and the shoulder
lane. Additional lanes in ramp-weave sections will be used
primarily by nonweaving vehicles. Where total width is ex-
cessive, weaving vehicles may operate at low speeds in two
lanes while outer flows travel at considerably higher speeds
in other lanes. The geometry of the ramp weave restricts
weaving vehicles primarily to: two lanes, regardless of the
total number of lanes provided. Major weaves, which vary
widely as to configuration, are generally not as restrictive.
The subject of configuration is discussed in some detail in
the later section on “Development of a Weaving Proce-
dure.” It may be said, however, that the HCM approach of
computing total lane requirements may be misleading.
Lane requirements for weaving and nonweaving flows
should be separately computed so that a configuration
allowing an appropriate lane usage may be designed.

Development of the Weaving Chart

The original data and rationale used to produce the weav-
ing chart have not been documented and are no longer
available for study. However, certain facts concerning the
development of the chart are known and can be com-
mented on. ‘

The original weaving chart of the 1950 HCM involved
three plots on a V,,, versus L field. One plot was for maxi-
mum possible capacity, one for 30-mph operating speed,
and one for 40 mph. These three curves were based on
field data and were adjusted slightly in a 1957 article by
O. K. Normann (3). These three curves became curves 111,
IV, and V in the 1965 HCM. The original equation for
width was similar to the present one but contained a con-
stant expansion factor of 3.0 rather than a variable & based
on V,, and L. Conversations with principals involved with
its development indicated that the 3.0 expansion factor was

TABLE 2

rationalized on the basis of approximate gap size necessary
to execute a weaving maneuver and was not based on
observed data. By the time the 1965 HCM was being
formulated, limited amounts of data permitted estimation
of curve I for “out-of-the-realm-of-weaving.” For this
curve, the expansion factor was logically 1.0. This left the
problem of providing a smooth expansion transition from
1.0 below curve I to 3.0 above curve III. The intermediate
curves of the 1965 HCM are the results of a constructed
transition.

Therefore, while the length-weaving volume relation-
ships depicted by curves I, I11, IV, and V of the 1965 HCM
weaving chart are based on limited amounts of data, the
k-factor expansion mechanism has not been subjected to
calibration.

The Range of k-Values

Freeway experiments of the BPR data base were used to
calibrate and verify the constant k-curves of the weaving
chart. Using the width equation with all values known
except k, k can be computed as:

=N (1)

2
Ver Vn (2)

in which terms are as defined for Eq. 1. Service volume is
given in HCM Table 9.1 for each level of service as iden-
tified by the SMS of all vehicles (the speed criteria of
Table 1 are used).

A problem arises in that only integer values of N are
observed, whereas fractional values may be obtained in de-
sign. Thus a “round-off” error may exist that causes in-
flated values of k to appear. These errors arise, however,
because SV is treated as a step function with one value for
a range of speeds. In actuality, all lanes are used. If a
fractional part of a lane has been added to the design com-
putation, speeds slightly higher than the minimum for the
level of service used will result. Therefore, if the values of
speed given in Table 1 herein and the SV values of HCM
Table 9.1 are viewed as threshold values between which is
a straight-line interpolation, a SV based on the exact
observed speed can be selected and the round-off error
eliminated.

WEAVING AND NONWEAVING SPEEDS FROM THE 1963 BPR STUDY

SMS OF NONWEAVING VEHICLES IS —— THAT OF
WEAVING VEHICLES
MORE THAN 51010 10 T0 15
S MPH MPH MPH MORE THAN
TYPE OF LOWER WITHIN § HIGHER HIGHER 15 MPH
SECTION THAN MPH OF THAN THAN HIGHER THAN
Ramp weave 1 10 0 2 4
Major weave collector-
distributors 2 17 4 1 0
All 3 27 4 3 4
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If step-function SV values are used, it is possible to com-
pute the maximum round-off error for each experiment.
Accordingly, k-values were computed by this means. For
sixteen ramp-weave cases, k took on three values above 3.0
and four below 1.0. Of nineteen major weaves, eight values
were significantly above 3.0 and one was below 1.0.

Values below 1.0 are disturbing because it does not seem
feasible that a vehicle among V,,. is equivalent to less than
1.0 other vehicles and certainly does not occupy negative
space. Values below 1.0 may be the result of such unusual
geometric conditions as sharp loop ramps or extra wide
lanes. In this latter case, a 72-ft roadway was striped for
five lanes although vehicles had room to form six. Sam-
pling errors may have also influenced these values.

Despite this concern, the upper limit of 3.0 has most
certainly been shown to be false because eleven of twenty-
six computed k-factors are beyond this limit. The calibra-
tion, however, does not clearly indicate or suggest any other
upper limit on k. .

The Relationship of k to v, and t

The k-factors were plotted on the V,,, versus L field in an
attempt to reestablish the constant k-curves of the 1965
HCM weaving chart. This plot is shown in Figure 4. The
plot shows that no such constant k-curves exist and that the
relationship between %, V,,,, and L is not as is depicted in
the HCM.

The Expansion Concept

Before discarding the basic idea of an equivaleiice expan-
sion mechanism, a number of possible alternatives were
examined. Two additional sets of expansion factors kV
and ky were computed based on expansion of the entire
weavmg volume V. and the larger weaving volume V1.
These were plotted on the V,,, versus L field and, as in the
case of the k-factors, no constant value curves were formed.
However, all three expansion constants k, k,, o kym ex-
hibited promising correlations when plotted versus the ra-
tios V,,/Vy and V,,/V,,. While these results were not
conclusive, they suggest two things about the “true” expan-
sion mechanism—expansion of both V,,, and V.1, perhaps
individually in an additive fashion, should be considered;
and, the expansion value seems to depend on both the per-
centage of weaving vehicles in the traffic stream and the
split between V,,, and V,,,. A predictive mechanism for k,
therefore, should involve both parameters. It is concluded
that a valid expansion model would be far more complex
than that used in the 1965 HCM. The data at hand are not
sufficient to investigate possible forms. Because of the diffi-
culties involved in collecting such data to calibrate a model
of undetermined form as well as the difficulties involved in
formulating such a model, it appears that development of -
a design procedure that does not directly involve equiva-
lence expansion would be advisablq.
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Figure 4. Plot of computed X-factors on a weaving chart.



ANALYSIS OF THE ACCURACY OF HCM PROCEDURES

This discussion concerns the results of the accuracy analysis
of the HCM procedures. The two prime areas of analysis
are (1) level-of-service accuracy of the three procedures
and (2) lane 1 volume prediction accuracy. Other elements
related to procedures 2 and 3 are discussed. Additional
details of these analyses are given in Appendix V.*

The fact that the data base for procedure 2 was available
allowed some additional analysis. This work was done in
the context of the first phase of this project, when part of
the project effort might also have been devoted to restruc-
turing a ramp treatment in light of the (eventual) outcome
of the weaving studies of the present research. It was pri-
marily concerned with the question of whether a fewer
number of cases could have been used in procedure 2. The

results reaffirmed that the cases enumerated were indeed |

statistically distinct as formulated. Estimates of the rela-
tive effectiveness of adding new data points to the several
existing cases were made. Details are contained in Ap-
pendix XV.*

Level of Service Accuracy in the Three Procedures

It was decided, where possible, to test the accuracy of all
three procedures in predicting actual levels of service ob-
served in field experiments.

A problem immediately arises in that the speed-level-of-
service relationships that must be used to identify field lev-
els of service differ for the two HCM chapters. Procedures
2 and 3, from HCM Chapter 8, use the relationships of
HCM Table 9.1 directly; procedure 1, of HCM Chapter 7,
specifies a deduction of an ambiguous 5 to 10 mph from
these standards. In the internal analysis of the weaving
procedure 1, the researchers used the 10-mph deduction for
consistency. For accuracy, a number of alternatives were
tested, including one suggested by a principal in the devel-
opment of HCM Chapter 7. Results indicated that this
latter specification correlated best to predicted levels of
service, so that only results for this case are reported. The
speed-level-of-service relationships used in the accuracy
analysis are summarized in Table 3.

The problem with the HCM in that level of service C
means different standards depending upon the procedure
used must be kept in mind when considering the results of
the accuracy analyses.

The analysis considered basic weaving sections (in which
.all traffic weaves), ramp-weave cases, and major weave
cases separately. Only in the case of ramp weaves can all
three procedures be applied and compared. Only proce-
dure 1 is used in other cases. Data from the BPR data base
were utilized, both for peak-hour data and individual 6-min
periods. The results of the analysis are summarized in
Tables 4, 5, and 6.

The following conclusions may be drawn from these
results:

© The accuracy of level-of-service predictions by proce-
dure 1 is highest for basic weaving sections, followed by

* Not included in this publication. See Appendix J herein for additional
information.
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ramp weaves and major weaves. Accuracy of the procedure
is generally poor—less than one-third of all experiments
were accurately predicted. Use of operating speed would
have further degraded the accuracy.

® For basic weaves and ramp weaves, the majority of
errors are by a single level of service with no trend toward
being poorer or better than actual values for procedure 1.
When applied to major weaves, procedure 1 tends to predict
levels of service poorer than actually occurring values.

¢ While the HCM recommends the use of procedures 2
or 3 for ramp-weave cases, procedure 1 produces more
accurate estimates of level of service.

® Level-of-service predictions for ramp-weave cases by
procedures 2 and 3 tend to be better than actual field
conditions.

Lane 1 Volumes and Other Elements of
Procedures 2 and 3

The accuracy of procedures 2 and 3 as regards ramp-weave
cases was further investigated. These procedures depend
on the prediction of lane 1 volumes in advance of ramps.
Accordingly, lane 1 volumes were-computed by procedures
2 and 3 immediately in advance of the on-ramp and were
compared to actual volumes. While HCM recommends
procedure 2 for cases of levels of service A, B, and C and
procedure 3 for level of service D,* both methods were
applied to all experiments where possible.

The accuracy of procedure 2 for cases of levels of ser-
vice A, B, and C is shown in Figure 5. Differences be-
tween computed and observed lane 1 volumes ranged from
6 to 24 percent with an average difference of 15 percent.
The sample size, however, was only four and definitive
conclusions can not be reached.

Twenty experiments were determined to be in levels of
service D and E. When lane 1 volumes were computed by
procedure 3, the differences between observed and com-
puted values ranged from 1 to 70 percent with an average
of 25 percent. As shown in Figure 6, most errors involve
computed values lower than actual values, a serious condi-
tion that may result in inadequate designs.

Thirteen of the twenty levels of service D and E cases
were also examined by procedure 2, as shown in Figure 7.
Differences between observed and computed lane 1 vol-
umes ranged from 1 ‘to 43 percent with an average of
17 percent, a distinct improvement over procedure 3 re-
sults. Despite the HCM speciﬁcation of procedure 3 for
these cases, lane 1 volumes were more accurately predlcted
by procedure 2 in ten of thirteen cases.

It should be noted that procedure 3 most properly ap-
plies only to level of service D. In its prescribed use, it
is to check a given ramp-weave segment or ramp to see if
it meets the requirements for the high-volume threshold of
level D. The accuracy analyses referenced herein did in
fact do this. When the criteria for level D are not met,
level E was assumed. The method was extended to include
a check versus Table 8.1 level E checkpoint values to de-
termine whether a level F condition was indicated.

These results show that procedure 2 produces more ac-

* It is also commonly applied to level of service E.
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TABLE 3

SERVICE CRITERIA FOR ACCURACY ANALYSIS
OF HCM PROCEDURES

SMS (MPH) OF ALL VEHICLES FOR:

LEVEL OF PROCEDURES 2
SERVICE PROCEDURE 1 AND 3

A > 50 > 60

B 45to0 50 55 to 60

C 37.5to 45 50to 55

D 25t0 37.5 37.5t0 50

E 15to 25 30to 37.5

F <15 <30

curate levels-of-service predictions than procedure 3 for
ramp-weave cases with auxiliary lanes, even for cases of
levels of service D and E. To further examine the accu-
racy of procedure 2 for all levels of service, 6-min data
were used. An average difference between observed and
computed lane 1 volumes of 19 percent was obtained. A
general trend toward decreasing accuracy as length of the
section increases was noted. The angle of approach at on-
ramps was also investigated, but results indicated that it

TABLE 4

had little effect on the accuracy of lane 1 volume predic-
tions in the normal range of 1 to 6 degrees.

The accuracy of HCM Figure 8.22, which predicts the
percentage of trucks in lane 1, was also tested. Differences
between observed and actual values ranged from 1 to
37 percent with an average of 13 percent. Particularly in
the case of eight-lane freeways, the results predicted by
HCM are markedly different from a regression line fit to
the actual data. This is shown in Figure 8. While the dif-
ferences noted for four- and six-lane freeways are not as
drastic, HCM Figure 8.22 does not appear to accurately
represent the relationship between freeway volume and
percentage of trucks in lane 1.

CONSISTENCY OF THE HCM PROCEDURES IN
SPECIFYING LEVEL OF SERVICE

The consistency of the three procedures in specifying levels
of service was examined by comparing predictions for
ramp-weave cases of the BPR data base. To obtain a com-
parison over a wider range of levels of service, a range of
cases was also constructed and analyzed. The results of the
analysis indicate that procedure 1 yields level-of-service
estimates poorer than procedures 2 and 3 for relatively
short or wide sections and better levels of service than
procedures 2 and 3 for longer, narrower sections. These

ACCURACY OF PROCEDURE 1 IN PREDICTING LEVEL OF SERVICE

FOR BASIC WEAVING SECTIONS

- HCM COMPUTED LEVEL OF SERVICE IS:

MORE THAN
ONE ONE ONE LEVEL
LEVEL LEVEL -
SAME  BETTER POORER BETTER POORER
TYPE OF AS THAN THAN THAN THAN
DATA (%) (%) (%) (%) (%)
Actual level of service
based on SMS Peak hour * 50 16 — 16
of all vehicles 6 min 30 34 8 11
* Sample size only 6 experiments.
TABLE §
ACCURACY OF PROCEDURES IN PREDICTING LEVEL OF SERVICE
OF RAMP-WEAVE SECTIONS (PEAK-HOUR DATA*)
HCM COMPUTED LEVEL OF SERVICE IS:
MORE THAN
ONE ONE ONE LEVEL
HCM LEVEL LEVEL
PROCE-  SAME BETTER  POORER BETTER POORER
DURE AS THAN THAN THAN THAN
No. (%) (%) (%) (%) (%)
Actual level of service 1 35 23 35 7 —
determined by SMS 2 23 41 12 24 —
of all vehicles 3 20 40 — 40 —

* Similar results are obtained with 6-min data.
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ACCURACY OF PROCEDURE 1 IN PREDICTING LEVEL OF SERVICE
OF MAJOR WEAVES AND OTHER MISCELLANEOUS CONFIGURATIONS

HCM COMPUTED LEVEL OF SERVICE IS!

MORE THAN
ONE ONE ONE LEVEL
LEVEL  LEVEL -
SAME  BETTER POORER BETTER POORER
TYPE OF AS THAN THAN THAN  THAN
DATA (%) (%) (%) (%) (%)
Actual level of service Peak hour 27 _ 69 4 -
determined by SMS -
of all vehicles 6 min 21 7 43 4 25

general results, however, must be viewed in light of the fact

that level-of-service criteria for procedure 1 differ from

those for procedures 2 and 3. Because of this problem, the
results of the accuracy analyses must be viewed as the more
meaningful.

Details of these analyses are contained in Appendix V.*

CURRENT PRACTICES

The research agency sent questionnaires on current prac-
tices in design and analysis of weaving sections to the fifty
states and to thirty-five major consultants in December
1971. A total of fifty-one responses—thirty-eight states
and thirteen consultants—were received.

Several states and consultants responded with detailed
comments on the present HCM, as well as forwarding com-
pleted questionnaires. Several of them also offered com-
ments on the Summary Report of the first phase of NCHRP
Project 3-15 “Weaving Area Operations Study,” which was
attached to the questionnaires for information. Because
~ many of the consultant replies indicated that they follow

* Not included in this publication. See Appendix J herein for additional
information.
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Figure 5. Plot of peak-hour data showing computed
versus observed lane 1 volumes for levels of service A,
B, and C, procedure 2.

state practices, only a summary of responses from the
states is included herein. The major points are:

® There is a difference of opinion whether Chapter 7 or
Chapter 8 of the HCM should be applied to weaving areas
of the ramp-weave type. More use Chapter 7, despite the
fact that the HCM recommends Chapter 8.}

e The HCM is used more for analysis than for design.

® The HCM is used more than the AASHTO !'Blue
Book” for both analysis and design.

e Of the respondents, 81 percent were satisfied w1th the
HCM but a number offered specific comments and recom-
mendations.

® When using whatever standard procedure was cited,
most respondents (83 percent) applied some modification
or restriction. Of these, 54 percent (44 percent of the total)
involved minimum lengths. Also, 38 percent (32 percent of
the total) involved the level of service—quality of flow rela-
tionship. In both cases, “engineering judgment” was cited
a number of times as the criterion.

+ The HCM, however, has ramp-type problems in the examples of
Chapter 7.
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P.=0BS.—
1a00k COMP. = 08BS o
< 1200} . .
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1 1 1 1 1 1 L 1l 1 -
200 600 1000 1400 1800
OBSERVED (VPH)

Figure 6. Plot of peak-hour data showing computed versus ob-
served lane 1 volumes for levels of service D and E, pro-
cedure 3.
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Figure 7. Plot of peak-hour data showing computed versus
observed lane 1 volumes for levels of service D and E, pro-
cedure 2.

The results indicate that some uses contrary to HCM
recommendations exist and that specific additional design
items do exist. For instance, ten respondents cited specific
minimum length practices. At the same time, potential
ambiguities exist. For example, 32 percent of those re-
sponding to the question jndicated that a weaving section
is designed to a lower level of service than the through
roadway. However, this is already “built into” procedure 1,
so that it would be designed to operate poorer than intended.

This survey documents the wide utilization of the HCM
weaving procedures, while highlighting the fact that varia-
tions in its use do exist, and that problems are recognized.
Appendix B contains a detailed summary of the survey
responses.

DEVELOPMENT OF A WEAVING PROCEDURE

Based on the evaluation of the existing procedures, the
researchers recommended to NCHRP a study program.
The program centered on the generation of a new weaving
area design/analysis procedure and the requisite data col- -
lection associated with this objective. A concurrent effort
to better expose the basic mechanisms and elemental con-
siderations of weaving was also recommended:

This section presents the prime findings and results re-
lated to the development of that new procedure. The pro-
cedure is presented in a self-contained, user-oriented form
in Appendix E, which includes a number of examples, both
design and analysis.

Appendix E document was circulated to potential users
in five state organizations (i.e., Connecticut, Massachusetts,
New Jersey, New York, and Pennsylvania) in accordance
with the researchers’ approved program, for the purpose of
eliciting comments (not necessarily endorsements) on its
ease of use and clarity. Three reactions were received; they
were favorable.

Appendix C contains details of the configuration analysis
cited herein.

Appendix D contains details of the calibration of the
basic relationships, including the development of the form
.of these relationships. The development was supported and
substantiated by microscopic considerations to the maximal
extent possible.

Appendix F presents a computer program by which the
required computations may be done. The program is writ-
ten in FORTRAN 1IV. The appendix includes examples,
input format, and possible error and warning messages. :

General

The following are some of the general concepts or ideas
integral to the procedure:

70
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Figure 8. Plot to test accuracy of predicted data, suﬁplied by HCM Fig. 8.22, versus observed

data shows a marked discrepancy.



e Space mean speeds (SMS) rather than operating
speeds are used to define levels of operation.

® The service volume (SV) concepts of the HCM are
adapted and used for the nonweaving traffic.

® Volumes are considered in passenger car equivalents
(pce) in units of passenger cars per hour (pcph). Adjust-
ments of vehicles per hour (vph) to pcph is made in
accordance with the HCM.

® Levels of service are defined separately for weaving
and nonweaving flows.

® Although balanced design (comparable level -of ser-
vice) is sought, it is recognized that configuration may pre-
vent it from being realized.

© As far as basic relationships are concerned, there exist
two sets of equations—one for major weave sections and
one for ramp-weave sections.*

® The definitions of variables and terminology are con-
tained in Chapter One. '

Configuration

The explicit consideration and awareness of configuration
(section lane arrangement, including numbers of lanes on
each leg) is an important and essential element of the rec-
ommended weaving procedure. All else that is done should
be done in this context.

It is of prime importance in design that the configuration
be such that:

® The computed W can in fact be delivered.

® The lanes required for each outer flow (nonweaving
flow) can in fact be delivered.

® The lanes on each input/output leg can, in fact, han-
dle the volumes at the level of service desired.

One of the prime results of the research leading to the
recommended procedure was the determination that there
is a maximum width that can, in fact, be used by weaving
traffic. It was found that this depended upon configuration
type. The results are summarized for use in Table 7. The
various configurations cited are shown in Figure 2.

Since it is generally accepted that a “choice lane” should
be provided for a major weave-type configuration, most
designs will automatically incorporate a through lane (Fig-
ure 2 (C) or (D), which have choice lanes at the bifurca-
tion proper, as opposed to Figure 2 (B), which does not).
It does not follow that this will necessarily correspond to
the direction of the greater weaving flow at all times. The
benefit of W = 3.6 is only realized completely, however,
when it does correspond.

In analysis, knowledge of the configuration (lane ar-
rangement) and Table 7 dictates the maximum W. It also
provides information on the adequacy of the section for its
nonweaving (outer) flows.

Appendix C addresses the matter of configurational con-
straints in three ways:

® Rational development'of constraint numbers and con-
firmation from peak-hour data of the BPR data base.

* Recall that a major weave has three or more legs each having two or
more lanes. A ramp weave is a standard auxiliary lane arrangement with
one lane on and one lane off. The basic types are shown in Figure 2.

15

TABLE 7

MAXIMUM WEAVING WIDTH W VARIES
WITH CONFIGURATION *

WIDTH
CONFIGURATION (LANES)
Ramp weave 23
Major weave with a crown line 26t027°"
Major weave with through lane on direction

of greater weaving flow 3.6

4 See Figure 2. )
b An estimate. The data base was deficient in these cases.

® Further confirmation from the 18-min composite data
base (which includes the project data base).
® Support by a lane-changing model.

The lane-changing model verifies that the lane arrange-
ment (configuration) is important. This model, formu-
lated to check this one aspect, lacks an internal capacity
limit. Another formulation, presented in Appendix H, is
more realistic in this respect. It too confirms that there is
a configurational effect.

This appendix also addresses configuration/lane arrange-
ment from the aspect of lane balance, reinforcing the above
analyses.

Use of Space Mean Speed (SMS)

Operating speed is defined in the HCM as “the highest
over-all speed at which a driver can travel on a given high-
way under favorable weather conditions and under pre-
vailing traffic conditions without at any time exceeding the
safe speed as determined by the design speed on a section-
by-section basis.” It is the fastest reasonable speed. Space
mean speed, on the other hand, is “the average of the
speeds of vehicles within a given space or section of road-
way at a given instant,” or “the average speed of a specified
group of vehicles based on their average travel time over
a section of roadway.”

Space mean speed has the advantage of having an opera-
tional definition; that is, it can be measured unambiguously.
Moreover, most data are in fact collected in ways that yield
space mean speeds, not operating speeds. This includes
most speed—volume data that underlie curves of the ser-
vice volume-speed relation. In regard to weaving analysis,
the 1963 BPR data base could only meaningfully yield
space mean speeds.

Because of both the exigencies of the data base(s) avail-
able and the more basic judgment that operating speed is
unnecessarily ambiguous as to measurement, space mean
speed was adopted as the speed measure. The question was
raised of how the service volume-speed relation of the
HCM could have been calibrated with operating speeds.
For low speeds in the data at hand, the space mean speeds
approached the speeds expected in the HCM.

In the recommended procedure, space mean speeds were
the ones used. The calibration and use are consistent
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within the recommended procedure, and the procedure is
self-contained in this respect. Comparisons with the HCM
are done on the basis of (service) volumes in the examples
and not speeds alone.

Should the user wish to obtain operating speed estimates,
however, he can use the formula developed by Makigami,

etal. (6):
DS |4
OS_AS+-E-[1_<E>} (3)
in which

OS = operating speed (mph);

AS = average running speed or space mean speed;
(DS) = design speed or speed limit (mph); and
V/C = volume-to-capacity ratio.

With a 55-mph speed limit and V/C = 0.40, the increment
is 3.3 mph. This is at level of service A for a six-lane fa-
cility (three lanes per direction). At level of service B, the
increment would only be 2.3 mph.

Development of the Basic Relationships

Extensive analysis of both the macroscopic data (6-min or
greater flows and speeds) and the microscopic data and
models developed within this research project led to de-
velopment of the regression-based relationships that form
the core of the recommended procedure. A number of
macroscopic forms were considered. All were postulated
and/or reviewed with due consideration of the microscopic
aspects, data, and models. However, the final direction and
calibration emphasized the macroscopic in the interest of
acquiring a wide data base at practical cost.

Appendix D contains the details of the development of
the macroscopic forms and the final calibration. It also
includes an analysis, using the procedure developed, of
some data reserved from the project data base for that
purpose. Some characteristics of the calibration, beyond
those already noted, are:

TABLE 8
RELATIONSHIPS OF MAJOR AND RAMP WEAVES

¢ The distinction between ramp weaves and major weaves
was determined as necessary in the course of the calibration.

® The proper range of the calibration is found to be for
nonweaving speeds (S,,,,) of 30 mph or greater. This limit,
the common limit for level of service E, is found as a result
of the investigation, not as an a priori assumption.

¢ For major weaves, it is found that the weaving speed
(8,,) can go as low as 20 mph for S,,,, = 30 mph. This can
be, and is, used to define a lower limit for weaving level of
service E.

¢ The resulting relationships include S,,, and S,, explic-
itly (sometimes via AS = S,,, — §,,), so that a continuum
results rather than subcases for each of a set of levels of
service, which would be somehow defined. As a result,
levels of service can be, and are, specified exogenously.
The researchers selected definitions that consider existing
usages.

® Data aggregated in 18-min time periods yielded better
regularity than 6- or 12-min periods. Longer periods did
not improve the regularity but did reduce the number of
data point available. The calibration is based on 18-min
time periods.

The best relationships describing weaving traffic were de-
veloped starting from the assumption that W/N is propor-
tional (actually, functionally related) to ¥R. That is, that
the percentage of width required by weaving vehicles is di-
rectly related to the percentage of the total traffic that they
constitute.

Note that this one relationship—W/N dependent princi-
pally upon VR—involves both types of flow (weaving and
nonweaving) in the determination of W. This is reason-
able, for although the flows are significantly segregated as
they enter the section, there is a physical overlap and thus
interaction in the space they occupy.

The basic relationships for both major weaves and ramp
weaves are summarized in Table 8. Each configuration
type (major weave or ramp weave) is subject to two
governing equations:

EQUATION EST. OF
TYPE EQUATION DETAILS CORR. COEFF,
(a) MAJOR WEAVE
Primary Iog%: —1.1640.660 VR p=0.812 -
—3.10 R(log VR)e*
+0.372log S
Secondary (holds only if AS=483—-274logS.—0.146 L p=0.637
W not constrained) ’
(b) RAMP WEAVE
. 104.8
Primary AS=—109.54+——-—450.7 log Snw p=0.787
VL3
Secondary (holds only if log—;‘/iz —0.615+0.606VVR o757
W not constrained ) =y

—0.00365 (AS)




1. A “primary relationship” that holds under all condi-
tions and was calibrated with all available data. Note that
the sample correlation coefficient is in the order of 0.8 in
both cases.

2. A “secondary relationship” that holds only when W
is not configuration constrained and that was calibrated
with only those data that did not border on configuration-
constrained.

The ramp-weave secondary relationship in particular
would be significantly weaker if an attempt were made to
fit it with all available data.

The importance of the secondary relationship is in re-
moving an indeterminacy that superficially seemed to exist.
Without them, analysis of a section could not yield a spe-
cific, most probable description of operations unless W was
at its maximum. They are secondary only in that they do
not always hold.

The fact that the relationship defining AS is of greater
importance for ramp weaves than for major weaves is logi-
cal. In a ramp-weave situation, even one in which W is
constrained, AS is dependent upon the runway provided to
the weaving vehicles (this is determined by L), and—for
a given L—the weaving flow is carried along to a certain
extent by the motion, speed, and opportunities of the main-
line. Whenever possible, W will readjust to suit the situa-
tion at hand, as is reflected in the secondary equation for
ramp weaves.

It is interesting that the length L is a significant determi-
nant of section operation but that its significance dissipates
quickly as L is increased. In both major weaves and ramp
weaves, by far the greatest part of the advantage of length
is achieved by 2,000 ft.

It should be noted that there were no ramp weaves above
2,000 ft used in the calibrations, nor are they often built.
The utility of such added length is not related directly to
weaving section performance; perhaps a ramp weave is
merited that needs only be 1,500 ft long, but external con-
siderations dictate ramp locations that cause a 2,500-ft
length.

In the case of the major weave, there is still benefit above
2,000 ft in increasing length, although most of the benefit
would have already been realized. While the calibration
data base contains lengths up to 4,600 ft, only 10 percent
of the base is above 2,000 ft. One should expect less pre-
cision in the results for rather long sections.

It is possible to show that as the major weave section is
made very long the level of operation does not generally
reach the level defined by SV = Vyop/N (effective non-
weaving). Although this may be due to the limitations of
the calibration, it must be remembered that (1) the merge
and diverge turbulence will always exist regardless of
length, and (2) there is intensive lane changing at the
beginning of the section.because of intensive presegrega-
tion, which adds to/causes the turbulence.

In regard to which set of equations should be used for
which design problems, it must be recognized that the flows
and the VR value will generally give insight into which con-
figuration type should be used in a particular design prob-
lem. In analysis, inspection of the configuration will gen-
erally determine the relations to use.
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Levels of Service; Service Volumes

In accordance with the above-cited results, a set of level-
of-service definitions were established. Consistent with the
thoughts underlying the calibration, separate standards
were defined for weaving and nonweaving traffic.

The levels of service as defined in the HCM Table 9.1
were adapted for use with the nonweaving volumes. The
adaptations were that (1) space mean speeds rather than
operating speeds are used throughout, including the cali-
brations; (2) the service volume values were interpolated
between those commonly specified as necessary, the inter-
polation being linear with respect to travel times; and (3)
the boundary between levels D and E was taken as 38 mph.

The characteristics of the definitions are:

* The nonweaving level of service for both major weaves
and ramp weaves will be defined analogous to the HCM as
discussed above.

® The weaving level of service for ramp weaves will be
defined identical to the nonweaving level of service.

® The weaving level of service for major weaves will be
defined so that, at “balanced” or equilibrium operations,
both nonweaving and weaving traffic will have the same
level-of-service designation.

The last definition is achieved by observing the balance
that occurs between weaving and nonweaving flows when
W is not constrained by configuration. The speed differ-
ential that then exists is shown in Figure 9, which is based
on the calibration data base.

Although the speed difference AS.implied in Figure 9

_is dependent on length as well as S, it is not highly sensi-

tive to length. The curve for L = 12.5 is therefore used
rather than adding an unnecessary complexity.

The level-of-service definitions are contained in Table 9.
Note that level of service D is subdivided for major weaves

Snw (mph)
LN
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B L
— [ [use_FoR ANY LENGTH L | 4
c L
—] S50
D, [
DZ 40:
£ [
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R //
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10 20 30 40 50 Sy (mph)

Figure 9. Speed relationships for major weave, design case.
Note: Insensitivity to L exhibited in AS formula (Table 3)
generating this relationship. Curve shown for L=12.5. This
does not imply insensitivity to L in a major weave. See Table
E-3.
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TABLE 9
LEVEL-OF-SERVICE DEFINITIONS

so that either AS = 5 mph or AS = 2 mph can be specified
in design.

Note that one level of service characterizes both non-
weaving flows. For a given design, the practitioner may
observe that one is not accurately portrayed. For instance,

MAJOR WEAVE
(WEAVING TRAFFIC

NONWEAVING (ALL)
AND RAMP-WEAVE

WEAVING ONLY) a small ramp-to-ramp flow on a ramp weave is controlled
LEVEL DESIGN DESIGN by the weaving level of service. Other than this case (which
OF RANGE SPEED RANGE SPEED will not significantly affect the computations), this refine-
SERVICE  (MPH) (MPH) (MPH) (MPH) ment is not generally recommended as what is desired is
60 and up 60 60 and up —n a descriptor of the over-all section in relatively simple terms
55 to 60 55 55 to 60 55 consistent with accuracy.*.
50to 55 0 50to 55 0 The service volumes associated with the nonweaving lev-
38 t0 50 o 331050 o els of service are summarized in Figure 10. As noted, they
30to 38 30 20to 33 20 . . . . .
30 and under — 20 and under — are based on HCM values with linear interpolation (with

THOOW >

respect to travel times) used to find values between those
specified.

The service volume characterizing a section is to be
based on the entrance leg with the greater number of in-
put lanes. This is the approach used in handling the cali-
bration data. In addition to determining N,,, the service

* Improbable; no such case observed in the calibration data base; use
procedure with this awareness.
® For ramp-weave: 38 mph
For major weave:
D2 AS=5: Snw=38 and Sw«=33
Di: AS=2: Suw==44 and S«w=42

* Moreover, one would frequently become enmeshed in considerations of
“how much” of the W is on “which side” of the section, which requires
- a sophistication inappropriate to the purpose of the procedure. Insights
can be gained, however, by the more sophisticated user.
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Figure 10. Service volumes accommodated for various specified values of Snew.



volume is to be used in checking the input/output lanes
required, or the adequacy of those provided.

Note that service volume is in pcphpl. All computations
assume that the volumes have been adjusted for grade,
trucks, lane width, and lateral clearance. The peak-hour
factor (PHF) is built into the service-volume curves. It is
as defined in the HCM.

The Structured Procedure

Appendix E is written as a self-contained document in-
tended for the day-to-day user. It includes detailed specifi-
cation of the use of the above results in both design and
analysis. Examples of both are included.

The procedure is presented in both analytic and nomo-
graphic forms in Appendix E.. The key nomographs are
those affecting the equations in Table 8. These are shown
in Figure 11. There are also some computational aids
based on Figure 10.

A Package Program for the Procedure

Appendix F contains detailed information on a package
program developed by the researchers to effect the compu-
tations involved. The appendix includes a listing of the
FORTRAN 1V source.

The program handles both design and analysis problems,
ramp weave, and major weave. It includes a feature by
which consecutive analysis problems can be done without
intermediate headings, so that comparison is simplified.
Another feature allows one to step through a range of
weaving volumes, designing for an appropriate length for
each. In this way, one can plot and/or note required
length as a function of weaving volume, all other parame-
ters being fixed.

Discussion of Design and Operation

A number of points of concern to the designer that should
be considered in the context of the recommended proce-
dures and techniques are discussed.

Differences in speed exist between the two weaving flows.
The speed S,, found or specified is the composite of the
two. The heavier volume weaving flow is the faster of the
two. This pattern is much more pronounced for ramp
weaves than for major weaves.

It must be remembered that true weaving sections—in
the sense of both physical weaving configuration and two
significant weaving movements—are not as common as is
often thought. Frequently only one weaving flow exists and
the problem is really one of merge and diverge. This is
handled by the procedures of HCM Chapter 8. For those
true weaving sections of the ramp-weave type, it is ques-
tionable practice to make them longer than 2,000 ft. For
true major weaves, the equations can be used under caution
that they are not so precise in this region.

The nomographs can be used for the longer situations by
simply extending the L scale for major weaves, which is
linear. A nomograph extension is shown in Figure 11 (B)
(dashed line).

The question of when a weaving section appears to be a
normal freeway section has been of recurring interest to
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designers. Intuitively, one might expect that this would
tend to occur as the section was made longer. The HCM
considered such an out-of-the-realm-of-weaving regime. In
the present work, it was found that such a regime existed
only under certain conditions. It is referred to herein as
effective nonweaving.

Two ways of viewing the problem are from (1) com-
parable speeds, or (2) comparable service volumes. The
former can frequently be resolved, as indicated in the il-
lustrative problems and the equations. The latter—as deter-
mined by a net service volume approaching SV = Vy4p/N
—cannot be achieved in ramp weaves and cannot generally
be attained in major weaves.

While one may question whether this result may be at-
tributed to the limitations of the calibration, it must be
remembered as cited earlier that (1) the merge and di-
verge turbulence will always exist, regardless of length, and
(2) there is intensive lane changing at the beginning of the
section because of the intensive presegregation, adding to/
causing the turbulence. In the case of ramp weaves, there
is the added fact that there is rarely the ramp-to-ramp vol-
ume to use much of the auxiliary lane space at the activity
level implied by such an SV.

It should be noted that a typical weaving section is sub-
jected to a range of flow conditions. Depending upon the
season, or even the time of day, the relative magnitudes of
flows may differ, sometimes significantly. The weaving sec-

" tion may have to be designed with several flow patterns in

mind. If it is not, the operation under some of these pat-
terns possibly may appear to be poor simply because the
section was designed for only one specific set of conditions.

It may also happen that the type of driver using a given
weaving section is sometimes radically different from the
drivers using the sections on which the calibration data for
this procedure were collected. The composite data base
generally reflects peak-period drivers for certain levels (the
poorer levels of service were generally recorded then) and
weekdays off-peak drivers at others (the better levels). The
impacts of recreational driving populations, to the extent
that they differ from these populations, have not been as-
certained. Proper advance signing and other practices can
aid in avoiding pathological problems that could arise by
substantial lack of the presegregation that has been ob-
served as characteristic of weaving sections.

On the subject of shifting flow patterns, it may happen
that a design pattern has shifted significantly and somewhat
permanently. It may be possible to modify the section lane
arrangement—including number of lanes on each leg—
with markings rather than with physical reconstruction.

It should be noted that two-sided weaves (sections in
which one of the weaving flows is the largest flow and/or
virtually the mainline flow) are routinely handled by the
major weave classification. Two-sided weaves are just a
special flow pattern with a high VR.

Multiple weaves are more complex, and guidelines and
discussion are given in Appendix I.

A last point: the lanes required for each nonweaving
(outer) flow can be computed individually. One may then
ensure that sufficient width exists on the two respective
sides of the weaving activity. This, as a rule, is handled by
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checking the adequacy of the lanes on each leg. In situa-
tions where the design is marginal or the designer desires
reinforcement or further insight, he may wish to compute
the nonweaving lane allocation on each side of the section.

APPLICATIONS OF THE RECOMMENDED PROCEDURE

This report contains a number of examples, both actual and
postulated cases, worked by means of the recommended
procedure. Appendices E and F contain examples illustrat-
ing the detailed procedural steps and the computer pro-
gram, respectively. Appendix D contains analyses of data
from the project data base that were withheld from the cali-
bration either because of special features or expressly for
this data check. Appendix D also contains an analysis of
the data collected on the Gowanus Expressway earlier in
the project.*

Appendix G contains an analysis of the Ward-Fairmount
weaving section (7). Although the HCM procedure was
not able to properly assess the problem existing at this site,
the recommended procedure was able to do so.

In the course of the review of the user-oriented docu-
ment (Appendix E), the Massachusetts Department of
Public Works applied the procedure for the analysis of an
existing situation (Central Artery Bridge over the Charles
River, Boston) and were well satisfied with the results.

MECHANISMS OF WEAVING: RESULTS

The project data base was used for a wide range of micro-
scopic studies, and a number of microscopic models for
various purposes were formulated. These investigations
served two purposes: (1) they were a guide and a control
in the macroscopic investigations, and (2) they provide in
and of themselves a better understanding of the basic
mechanisms of weaving section operation.

This section summarizes the results of these investiga-
tions. Further details are contained in appendices when
appropriate.

In regard to the weaving mechanism and procedure,
these studies affirm and/or reaffirm several points.

® There is very substantial presegregation of the weaving
and nonweaving traffic as it enters the weaving section. The
degree of presegregation lessens as section length increases,
but the sensitivity is significant (under 2,000 ft) for ramp
weaves. '

This result supports the macroscopic formulation, which
identifies lane use as a later sequence of nonweaving-
weaving-nonweaving allocations, with interaction built into
the procedure via the weaving percentage VR. It also indi-
cates one of the basic mechanisms wherein length does
have an effect—the input distribution is not as acute for
longer sections, particularly in the ramp-weave situation.

This result also implies that there is a substantial up-
stream (and downstream) influence of the weaving section
because drivers must pre-sort and then unsort themselves.
Lacking specific data for those regions, this effect may be

* These data were collected in the first part of the project by aerial
photography both to obtain data on a long (4,080 ft) section and to assess
the collection technique itself. As a matter of record, this effort is sum-
marized in Appendix XVI (not included in this publication; see Appen-
dix J herein for additional information).
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estimated using lane-changing matrices with selected val-
ues (8).

® Configuration is indeed an important factor. The im-
portance of configuration is shown in the lane-changing
model of Appendix C and in the linear programming model
of Appendix H.

® The benefit of increasing length dissipates rapidly.
This is also demonstrated in the two models cited, although
the illustration in Appendix H is somewhat extreme be-
cause of the specific values employed in the example.

® Weaving sections are often controlled (as regards level
of service provided) by specific concentrations of vehicles
or “hot spots” within the weaving section. Conversely,
some areas within the weaving section are underutilized.

This characteristic is found throughout the investigations.
The lane-changing model (App. C) implies this because the
highly skewed input distributions *—combined with lane-
changing probabilities are invariant with longitudinal dis-
stance—lead to a concentration of lane changes at the be-
ginning of the section. The linear programming model
(App. H) very- graphically shows that a number of inter-
nal points frequently become saturated before the length
limitation, as such, comes into effect. The net effect, as
regards macroscopic models based on field data that have
this characteristic intrinsically, is that the importance of
length is less than it would be otherwise. The Gowanus
Expressway data (Appendix XVI t) show the cited charac-
teristic in an actual field situation, as does the project data
base.

® As far as can be discerned, the lane-changing proba-
bilities are not dependent on volume, longitudinal position
within the weaving section, or section length. They do vary
according to essential or nonessential lane changing, and—
for nonessential changes—according to the direction of
movement.

These results confirm the assumptions essential to lane
changing and linear programming models, which are
presented.

® A weaving section may be, and frequently is, subjected
to a wide range of conditions as regards flow levels and
combinations thereof. This range can occur within a typi-
cal day, a few hours, or over seasons.

Table 10 gives the range of flow conditions for one ex-
periment from the project data base for which the levels of
service as computed from the recommended procedure are
also indicated. It is of importance that the designer appre-
ciate that such ranges exist and that more than one set of
values may have to be.considered in doing his evaluation.

¢ In addition to very substantial presegregation, the mul-
tiple weave site in the project data base also gave evidence
that the proportional allocation of weaving recommended
in the HCM (weaving allocated in proportion to subsection
lengths) does not hold.

This finding, based on the microscopic data of this one
experiment, is detailed in Appendix I. A discussion on the

* The skew is accentuated by the presegregation on each leg, but is not
due solely to it When vehicles enter the section, they are limited initially
to those internal lanes that correspond to the lanes on their input leg.

1 Not included in this publication. See Appendix J herein for additional
information. .
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TABLE 10

RANGE OF FLOW CONDITIONS
IN PROJECT EXPERIMENT 12; CROSS-WESTCHESTER
EXPRESSWAY, WHITE PLAINS, NY

LEVEL OF SERVICE
(ANALYSIS OUT-

PUT, RECOM-
RANGE OF FLOW (PCPH) MENDED PROCE-
FOR MOVEMENT " DURE)
NON-
TIME ° 1 2 3 4 WEAVING WEAVING
2:02pM 1506 123 642 284 B D
08 1670 140 440 310 B D
14 1530 170 500 390 B D
20 1750 80 400 280 B D
26 1840 130 340 340 B D
3:41 pMm 1960 91 747 485 B D
47 1818 232 717 444 B D
53 2731 269 634 516 C D
4:14 pMm 2443 247 691 454 C D
20 2660 190 870 530 C D
26 2828 333 980 808 D E
32 3350 310 1070 630 E E

8 6-min periods.
b As delineated in Fig. 1.

extension of the recommended procedure to multiple
weaves, including an analysis of this and the four BPR
data base multiple weaves, is also contained therein.

In addition to these findings and analyses, the researchers
also established that:

® The difference in speed between the two weaving move-
ments is such that the heavier volume is almost always the
faster. This pattern is more pronounced for ramp weaves
than for major weaves.

® While the accident rate is greater in weaving sections
than on open freeway sections, it is not possible to attribute
this rate specifically to length, weaving volume, or any
other factor with the data at hand. In addition to the
limited quantity of data, the researchers believe that other
factors—signing, approach roadway, etc.—can be predomi-
nant and that an investigation should take all of these into
account,

The following section presents details of these findings
where appropriate.

MECHANISMS OF WEAVING: ANALYSIS

This section does not address certain developments that are
treated extensively elsewhere in the report and that are
already placed in context, such as the lane-changing and
linear programming models.

Presegregation

One phenomenon noted in reviewing the project data base
was the high degree of presegregation of vehicles entering
the weaving section. That is, drivers on leg A destined for
leg Y, in the main, had moved over to the curb lane of the

mainline at some point in advance of the weaving section.
This active presegregation on the part of users simplifies to
the maximum extent possible the weaving process they must
undertake.

Eleven experiments from the project data base were used
to examine the magnitude of presegregation. These in-
cluded both ramp-weave and major weave configurations
and encompassed a range of section lengths from slightly
over 500 to 2,000 ft. Of particular interest was how leg A
traffic destined for leg X or leg Y aligned itself at the en-
trance to the weaving section. Table 11 presents the per-
centage distribution of the leg A traffic exiting leg Y (i.e.,
weaving traffic) and the traffic continuing on leg X (i.e.,
nonweaving traffic).

Weaving Traffic

Regardless of the number of leg A lanes or their section
lengths, more than half of the exiting traffic is already in
the curb lane of leg A at the entrance to the weaving sec-
tion. If only ramp-weave configurations are considered, the
data show that of the exiting traffic 69 to almost 98 percent
has already moved into the curb lane prior to entering the
weaving section. As one might expect, the shorter the sec-
tion the greater the percentage of exiting traffic placing it-
self in the best possible position to make its necessary
weave. -

A similar pattern is observed in the major weave sections
as well. Here, however, a greater percentage of vehicles is
found to remain in the lane next to the curb lane than
occurs in the ramp-weave sections. This may be due to the
fact that, for most of the major weaves, leg Y had two
lanes, which allowed relatively free movement for exiting
vehicles from both the curb lane and the lane adjacent to it. -

Through Traffic

Those vehicles entering the section and which desire to
continue on along the main line tend to presegregate them-
selves in a manner opposite to that of exiting traffic. That
is, the majority of through traffic is found to be in lanes
other than the curb lane. In the case of ramp-weave sec-
tions, 60 to 85 percent of through traffic has already posi-
tioned itself such that it will not be involved with weaving
traffic.

A similar pattern is observed in the major weave sections.
Here again, the configurational conditions of the multiple
weaving sections affect the behavior of the users in different
ways.

Summary Comments

In considering all the available data, users do align them-
selves prior to entering the weaving section in such a man-
ner as to maximize the ease with which they traverse the
section. Exiting motorists “move over” in large numbers to
the curb lane, while through traffic tends to do just the
opposite. Thus, the collective decisions of weaving section
users result in significant presegregation.



TABLE 11

PERCENTAGE DISTRIBUTION OF LEG A WEAVING AND NONWEAVING
TRAFFIC ENTERING THE WEAVING SECTION

DISTRIBUTION (%) BY DESTINATION OF TRAFFIC ARRIVING ON LEG A

NO. OF 1* 2 3 4
LEG A
(EN- SECTION CON- CON- CON- CON-
TRANCE) LENGTH EXIT, TINUE EXIT TINUE EXIT TINUE EXIT TINUE
LANES (FT) LEGY LEGX LEGY LEGX LEGY LEGX LEGY LEGX
(a) RAMP WEAVE
2 750 2.6 79.0 97.4 21.0 —_ — — —
1200 7.5 60.2 92.5 39.8 — — — —
1467 22.5 77.4 76.6 22.6 — — — —_
; 3 750 0 41.8 2.5 43.3 97.5 14.9 — —_—
968 1.3 41.3 17.1 38.7 81.6 20.0 — —
2000 5.9 40.5 252 44.6 68.9 15.6 — —_
"(b) MAJOR WEAVE
2 527 6.6 56.6 93.4 434 — — — —_
950 5.1 57.7 94.9 42.3 — — —_ —
1481 18.7 73.5 81.3 26.5 — — — _—
3 900 6.1 57.8 40.8 394 53.1 2.7 —_ —_
4 1355 0.1 20.2 2.6 49.4 26.1 29.1 71.2 1.3

» Entrance lane 1 is the median lane.

Upstream and Downstream Effects

Neither the BPR nor the project data base includes in-
formation on movements outside of the weaving section
proper. The extent of weaving segregation indicates, how-
ever, that significant upstream and downstream effects must
exist as a result of the vehicles presorting and unsorting.

In order to illustrate the possible magnitude of these
effects, a typical role of project experiment 5§ (Cross-Bronx
Expressway eastbound over the Alexander Hamilton Bridge,
New York City, N.Y.) was selected and is shown in Fig-
ure 12. Transition probabilities were chosen from (1) sam-
ple lane-changing probabilities extracted from Reference 8,
and (2) probabilities comparable to the nonessential * lane

* That is, a lane change made by a weaving vehicle within the section
proper but not essential to complete the vehicle’s weave.

change rates observed within the weaving section. The
values are shown in Table 12.

Figures 13 and 14 show a summary of the effects for
Reference 8 values and intense values, respectively. For
the former values, there is a very mild shifting to and from
the weaving segregation pattern such that the effect has im-
pact—albeit mild—at least a mile away in both directions.

For the latter values, the effects are more localized, being
felt no more than 500 ft in either direction in terms. of lane
distributions and 1,000 ft in terms of sorting among lanes
(e.g., Fig. 14 (B)). This, however, triples the area of in-
fluence of the 950-ft weaving section.

One may argue that upstream sorting is relevant but
downstream unsorting by movement is not. Vehicles ap-
proaching the section are indistinguishably intermingled but

VPH LANE* LANE VPH

|T0 X|To Y | // __|FROM AFROM 8
AXH 286 9| 1 : 1 |a38 | 77 [T

238|195 _2 e 2__35_4 f“._.)(
/ 3] 4 |531 [
B/// \\\\

/ 7/

~

*MATRICES IN TABLE 12 FOR
"UPSTREAM"' START AT GIVEN VALUES
AND WORK BACKWARD.

Figure 12. Estimation of probable effects upstream and downstream of a weaving section.
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must presort according to purpose; having completed their
purpose, it is only the total lane volumes that must redis-
tribute to a balanced condition because the vehicles no
longer have a distinguishing purpose. If so, the (b) parts
of Figures 13 and 14 are not relevant. The magnitude of
such effects would hold, however, for three-lane approaches.

The subject of upstream and downstream effects is dis-
cussed further in Chapter Four in the context of “Sugges-
tions for Future Research.”

Concentrations Within Weaving Sections

Figure 15 illustrates the concentrations within sections
found in the project data base. Vehicles are counted twice
when they change lanes—in the lane they change from and
in the lane they change to, in the quadrant of the change.
This highlights the impact of the change but does not dis-
tort the patterns unduly for the point now being made.

Concentrations such as these, observed in the actual data,
are also predicted in the linear programming model of Ap-
pendix H. In that context, they are results of the drivers
optimizing the volume-handling capability of the section
within certain confines. The prime confine is invariant
lane-changing probabilities, which account and/or allow for
the propensity of drivers to concentrate lane changes at the
beginning of the section.

Lane-Changing Probabilities

A lane-changing probability p;;(r) is computed by taking
the number of lane changes from lane i to lane j in quad-
rant r and dividing by the total volume within the quadrant
in lane i. Probabilities are computed separately for move-
ments 1, 2, 3, and 4. To reduce the variability induced by
consideration of short-term 6-min flows, consecutive 6-min
data periods were aggregated to form 12-min flows. Fur-

TABLE 12

ESTIMATES OF UPSTREAM
AND DOWNSTREAM EFFECTS

TO
FROM 1 2 3
(a) Upstream, some Ref. 8 values
1 0.9532 0.0468 —
2 0.0103 0.9897 —
(b) Downstream, some Ref. 8 values
1 0.9866 0.0134 0.0
2 0.0075 0.9860 0.0065
3 0.0 0.0290 0.9710
(c) Upstream, intense values
1 0.55 045 —
2 0.15 0.85 —_
(d) Downstream, intense values
1 0.6004 0.3996 0.0
2 0.2509 0.5233 0.2258
3 0.0 0.3237 0.6763

ther, periods with total lane flows (in the lane from which
the lane change is made) of less than 20 were eliminated.

A distinction was found to exist as to essential versus
nonessential lane changes. Note that for movement 2 of
project experiment 5 (Fig. 16 (A)) lane changes from
lanes 1 and 2 are essential if a vehicle in either of those
lanes is to complete a weaving maneuver. Beyond that,
however, a weaving vehicle may make a further change
from lane 3 to lane 4. This lane change is not required to
complete a weaving maneuver.

Data were analyzed for project experiments 2, 5, and 7.
Values of P;;(r) were computed and plotted against several
volume variables to investigate relationships between vol-
ume factors and p;;(r). Data were stratified by quadrants
and examined. The relationships exhibited all lead to an
invariant value for p. This lack of trend is shown for proj-
ect experiment 5 in Figure 16 (B). This particular experi-
ment is especially interesting for investigating the values of
pi; because the segment length (L = 950 ft/4) is quite close
to the unit length of 250 ft adopted by Worrall.

Analysis of the three experiments cited revealed that
(1) no trend with volume or quadrant could be discerned,;
(2) there is a difference between essential and nonessential
lane-changing probabilities; (3) there is no discernible dif-
ference for essential lane-changing probabilities between
the two weaving movements; * (4) there is a difference
between nonessential probabilities for the two weaving
movements; (S) there are no discernible differences with
length for the two lengths available (either 750 or 950 ft),
considering probability per unit length. Analysis of vari-
ance or regression analysis was used, as appropriate; con-
clusions were drawn at a significance level of 0.05. The
results are indicative but not neecssarily conclusive (e.g.,
the length invariance). A summary of some of the re-
sultant probabilities is given in Table 13.

Multiple Weave Mechanisms

Multiple weave sections are generally treated in the HCM
as a sequence of subsections or segments for the purposes
of analysis and/or design. Each segment is considered

* The variance of the data was sufficiently high that the limited sample
may have precluded resolving a difference that seems to exist. Refer to
Table 13.

TABLE 13
LANE-CHANGE PROBABILITIES *

ESSENTIAL NONESSENTIAL
PROJECT
EXP. NO. MV =2 MV=3 MV=2 MV=3
2 0.57 0.46 — —
5 0.64 0.40 0.29 0.16
7 — 0.46 — —
All three 0.59" 0.43" ¢ 0.29 0.16
Final aggregation 0.521 0.29 0.16

o Probabilities based on 10 points or fewer not shown.

" The difference of 0.16 (0.59-0.43) for essential lane changes is not
significant due, perhaps, to large variance of data.

© 0.46, if normalized to ~ 250-ft section.

1 0.53, if normalized to ~ 250-ft section.
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separately in terms of its length and width requirements.
The major problem in the HCM multiple weave design
analysis is how to consider those weaving vehicles that
traverse more than one segment. The position at which
these vehicles execute their weaving maneuvers will affect
the over-all design analysis results. The HCM recommends
allocation of the weaving in proportion to the segment
lengths.

One multiple weave section was collected as part of the
project data base, the multiple weaves in the BPR data base
not being amenable to a study of section-by-section mecha-
nisms. Appendix I details the analysis of the data on two
levels, that is (1) evaluation of the allocation hypothesis,
and (2) guidelines for using the recommended procedure
on multiple weaves.
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Figure 15. Examples of vehicle concentrations within weaving
sections from project data base information.

Figure 17 shows the placement of slightly more than
3,900 vehicles entering the section during one roll of film-
ing. The figure indicates the lane placement of vehicles at
the end of segment 1 and at the middle and end of seg-
ment 2 by leg and lane of entry. Percentage distributions
are also shown. In this case, at least, there was absolutely
no “proportional allocation” of weaving between the two
weaving segments. All the weaving maneuvers associated
with the second exit were undertaken in the second segment.

Although the data are very limited, the fact remains that
the practicing engineer will have to cope with the design
and analysis of multiple weave sections. It is therefore
necessary that guidelines be developed out of the existing
knowledge to the maximal extent possible and that the engi-
neer be advised to use them with appropriate caution.

After consideration of these points and investigation of
the available experiments, the following guidelines are
recommended:

1. Sketch the movements with consideration for pre-
segregation and necessity to weave so that the location of
weaves (and thus nonweaving and weaving volumes per
subsection) are identified.

2. Classify the subsections as major weave or ramp-
weave type.

3. Execute design or analysis as appropriate, subsection
by subsection.

4. Review the over-all situation to determine if there are
any limiting conditions. For analysis, poor performance in
a downstream subsection may control an upstream subsec-
tion. In design, lengths may have to be varied or width may
have to be changed. In design, the subsection widths must

be compatible and should provide lane continuity (Appen-
dix C).

The available project and BPR multiple weaves are re-
viewed in Appendix I according to these guidelines. Some
insight and command of the recommended procedure is
necessary.

Note that the guidelines recommend allocating each
weaving flow to a single subsection, to be determined as
previously discussed. Pending further research, this is the
most appropriate recommendation.

Speed Differences Between Weaving Flows

A tendency of the greater weaving volume to also be the
faster was observed in the course of the research. This is
quite reasonable because the smaller volume must compete
with the larger. Table 14 summarizes an analysis of the
project data base in contingency table form. It was de-
termined that there is a definite interaction at a statistically
significant level of 0.05.

Inspection of these data indicates that the tendency is
much stronger for major weaves than for ramp weaves.
Again, this is logical because the configuration of a ramp
weave is more of an equalizer in the data base than that of
the major weave, which generally favors one movement by
lane arrangement.
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Figure 16. Diagram of lane-changing probabilities.

Safety Studies of Weaving Areas

A number of studies have attempted to relate the accident
characteristics of weaving areas to both the intensity of
weaving and the length of weaving area. The most notable
of these, by Cirillo (9), included over 700 weaving sections
and concluded that accident rates per 100 million weaving
vehicles decreased as the length of the weaving section in-
creased. The decrease was especially significant where
weaving volumes. were high. ' _

As part of the data collection effort, the research agency
also collected accident data for twelve of the study sites,
each for twelve consecutive months between 1969 and
1970. '

A total of 111 accidents occurred in the twelve study
sites over a 12-month period, 77 percent of which were
rear-end and sideswipe collisions. This is reasonable to

expect because merging, diverging, and deceleration move-
ments predominate in weaving areas. The majority of the
remaining accidents were with fixed objects, predominantly
in gore areas. Table 15 summarizes the accident data for
the experiments considered. :

Due to the relatively small number of accidents, accident
rates per million vehicle-miles (MVM) and per million
weaving vehicles for both total and sideswipe/rear-end ac-
cidents were related to weaving characteristics. Severity
rates and other measures were not deemed appropriate.
because of the sample size. Weaving characteristics were
investigated in terms of the percent of total volume which
weaves (V,,/Vypor) and the number of weaving vehicles
per 1,000 ft of weaving section length (V,/1,000 ft).
Figures 18 and 19 show two relationships typical of those
examined.

As the percent of weaving vehicles increases for ramp
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TABLE 14

DIFFERENCES IN SPEED * BETWEEN WEAVING FLOWS

Va > Vg Ve < Vy TOTAL DIFFERENCE
MAJOR RAMP  MAJOR RAMP MAJOR RAMP MAJOR RAMP
S§:> 8 7 102 2 70 9 172 X*0.05=3.84 - X*0.05=3.84
S < 82 0 27 91 43 91 70 X*=17.77 X*=64.6
Total 7 1_2~§ E E . E ;2 — —_

2§, is speed of movement i; V, is volume of movement /.

weaves, the accident rate also rises. For other types of
weaving sections, the relationship shows no strong trend.
The relationship of accident rates to weaving intensity is
similarly not strongly trended. This latter result does not
confirm the trend observed in previous studies that longer
weaving sections produce lower accident rates.

SEGMENT SEGMENT
f—1 e 2 —»|
989(100) 988(999)  839(84.8) 738(74.6)
- 1(0.1 134(3.5) 115 (1.6
- 0 1606) 6 {0.6)

2 }

(A) MEDIAN L ANE

9.
%@, em

- 55(4.8) 55(4.8)
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Figure 17. Placement of vehicles in multiple weave section
according to their entrance lane positions.

The small size of the data base utilized herein makes any
definitive statement concerning these results impossible.
The number of operational and physical factors that can
affect the safety of a weaving area would require research
involving massive data collection and extensive modeling
techniques.

RELATIONSHIP TO OTHER WORK

There have been no other studies on the immediate topic
that have used a broad data base. However, several inter-
esting studies have centered on related issues of concern in
the operation of weaving areas. .
Of particular utility herein were the work of Worrall,
et al. (8 10) on lane-changing matrices and the Ward-
Fairmount study (7) of Systems Development Corpora-
tion. Both of these served to illustrate and substantiate the
ideas on the effect of configuration developed herein. Later
work on analytic models (11, 12) was also of interest.
Other studies dealing with related areas of merging, ramp
flows, lane changing, and gap acceptance have also been
conducted in recent years. One major study, conducted at
UCLA (13), examined lane-changing characteristics in ad-
vance of a freeway ramp. A major portion of the project

TABLE 15
ACCIDENT RATES IN WEAVING AREAS

"ACCIDENTS/MVM *

SIDESWIPE  ACCIDENTS/
AND MILLION
PROJECT ACCIDENTS/ REAR-END WEAVING
EXP. NO. YEAR TOTAL ONLY VEHICLES
2 15 4.3 34 3.0
3 3 1.5 1.5 1.0
4 13 3.0 23 1.1
5 10 2.1 1.9 0.8
6 10 1.8 1.8 0.9
7 16 9.6 42 33
8 11 3.0 2.2 2.6
10 3 2.1 0.7 1.0
11 8 6.9 6.9 4.8
12 2 0.7 0.7 0.7
13 20 5.5 33 42
15 25 4.6 4.4 7.1

* Million vehicle-miles.
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Figure 18. Plot of accident rate (per MVM) versus percent of
weaving vehicles (V) to total volume (Vrar).

was also devoted to the development of a complex data
collection and reduction scheme that permits direct com-
puter analysis and storage of individual vehicle trajectories.
Although initially considered as a possible data collection
mode for this project, its high cost eliminated it as a feasible
method.

Gap acceptance and merging characteristics have been
treated in the Worrall papers (8, 10) and others (14, 15,
16). These works are of interest but have only secondary
bearing on this project.

The work of Cirillo (9) on weaving area safety provided
background for a similar small-scale investigation of the
same subject in conjunction with this project. Another
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study (17) of weaving safety was very microscopic but also
very limited and had no ready applicability to the present
undertaking.

Other work of peripheral interest includes the BioTech-
nology investigation of erratic movements in response to
signing configurations (18). This data project did not have
any applicability to the Weaving Area Operations Study in
the context of the present study. Other papers of interest
include a development of a work sheet for a three-segment
multiple weave (19), a study of a restriping of a gore area
on a California freeway (20), and the two relevant com-
puter programs developed at ITTE (4, 5).

CHAPTER THREE

APPLICATIONS

This chapter summarizes the researchers’ recommendations
on the use of the project results and related considerations.

THE RECOMMENDED PROCEDURE

The procedure developed in this research and presented in
Appendix E as a self-contained document is recommended
for all major weave and ramp-weave design and analysis
problems.

The recommeénded procedure should be used in lieu of
the procedure of HCM Chapters 7 and 8 for the cases cited.

The computer program detailed in Appendix F is recom-
mended as a computational aid, particularly in analysis
problems.

For multiple weaves, the procedure developed herein is
also recommended. It should be applied subject to the
guidelines and cautions stated in Chapter Two and also in
Appendix I.

AN OBSERVATION

Although the available data were limited to auxiliary lane
cases, it was noted that lane 1 volume predictions were
more accurate using HCM procedure 2 rather than HCM
procedure 3, regardless of the level of service. Although
data do not exist to generalize volumes for all ramp types,
one becomes more cautious in the choice of which pro-
cedure to use for these other types in spite of the more
appealing structure of HCM procedure 3.

SPECIAL APPLICATIONS

The HCM defines two special situations that are covered
routinely in the recommended procedure. A two-sided .
weave, characterized by one of the weaving flows being
the main flow of the section—usually with an appropriate
configuration, is simply defined by a high VR =V ./ V5o
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A compound weave, said to exist when multiple lane
changes are required by weaving vehicles, is characterized
by a decreasing efficiency in volume-handling capability.
This is reflected in the decreasing incremental benefits of
added weaving width W in the recommended procedure.

Because the research did not extend to the analysis of
metered inputs, which are coming into more common use,
the following observation is appropriate. Note that two of
the prime benefits of ramp metering are limitation of ‘the
input volume and introduction of greater uniformities in
the entries. The recommended procedure can be used to
assess the impact of various input volumes on section per-
formance so that a decision can be made on what input
volume should ‘be permitted. In the case of very concen-
trated loads (such as arrive from a very nearby signal), the
effective volume may be rather high for short periods;
metering can alleviate this.

EXISTING PRACTICES

The researchers conducted a survey of current practices,
which are summarized below and detailed in Appendix B.
The AASHTO policies are also reviewed. Together they
set the importance and context of a new procedure.

Current Practices

The researchers sent questionnaires on current practices in
design and analysis of weaving sections to the fifty states
and to thirty-five major consultants in December 1971. A
total of fifty-one responses—thirty-eight states and thirteen
consultants—was received. There are three major points to
be made: :

1. A difference of opinion exists regarding whether
Chapter 7 or Chapter 8 of the HCM should be applied
to weaving areas of the ramp-weave type. More use
Chapter 7, despite the fact that the HCM recommends
Chapter 8.

2. The HCM is used more for analysis than for design.
3. The HCM is used more than the AASHTO “Blue
Book” for both analysis and design. (Note, however, that
the HCM procedures herein were found to not be suffi-
ciently accurate and/or well structured. Therefore the -
evaluation is important.)

AASHTO Policies

The AASHTO design policies have always utilized the
HCM as a source for capacity determinations and have
used the procedures therein for computation. Except for
specifying design capacity at a given level of service, pro-
cedures are analogous to the HCM treatments.

Where weaving areas are concerned, however, an ele-
ment is added. AASHTO, in the 1965 AASHO Policy on
Geometric Design of Rural Highways, cited speed stan-
dards in terms of average running speed rather than oper-
ating speed as in the HCM. The numeric standards are the
same. Average running speed, as defined by AASHTO, is
equivalent to space mean speed used to develop the pro-
cedure presented herein. In recent drafts for a revised
policy, however, AASHTO is apparently adapting its stan-
dards to operating speed to conform with the HCM.

Relating to The Recommended Procedure

The new procedure has been developed entirely with re-
spect to space mean speed because this statistic is both a
more precise and obtainable measure than operating speed.
At lower levels of service the difference between the two is
negligible and rarely exceeds 5 to 6 mph under any cir-
cumstances. Therefore, little difficulty should exist in re-
lating the recommended methodology to AASHTQ design
standards. Because speed is an explicit factor in the pro-
cedure developed herein, new AASHTO design standards
can be easily converted to speeds that can be used to enter
the new procedure, if necessary. :

CHAPTER FOUR

CONCLUSIONS AND SUGGESTIONS FOR FUTURE RESEARCH

The conclusions of this research were best summarized in
the recommendations of Chapter Three and the end prod-
uct is that a new procedure for weaving section design and
analysis has been developed and is recommended for use.
In the case of multiple weaves, it is recognized that the
guidelines presented are based on limited data.

Specific suggestions for future research and comments
that may be of use to other researchers are as follows:

1. Data collection and reduction—The researchers have

had considerable experience with ground-based time-lapse
photographic data collection. Although this is an extremely -
effective mode of collection, allowing both fine detail in the
data extracted and an opportunity for later review not
otherwise possible, several problem areas exist, which in-
clude (1) equipment, (2) vantage points and film details,
and (3) cost of data reduction. The potential for equip-
ment problems should not be underestimated. Time-lapse
cameras apparently are not designed for the intensive use



typified by 5 hr of filming at two frames per second; the
analyzers (projectors adapted for frame-by-frame sequenc-
ing) must be carefully chosen, for some may literally burn
up because of such concentrated use; the analyzers may
also be subjected to a lifetime’s use in only a few months
at that rated use. The researchers found substantial pre-
ventive maintenance essential for both cameras and ana-
lyzers, and the assistance of an in-house skilled technician
was invaluable. .

With regard to vantage points, the researchers found
both agencies and owners of private properties to be ex-
tremely helpful. In spite of this, problems of camera
angle, potential parallax, and sun position still had to be
resolved. Film type had to be selected according to avail-

able light; angles had tq be watched for glare and color

wash-out; filters had to be considered.

Above all, the cost of reduction must be properly an-
ticipated. The costs of reducing the data are greater than
those of collection. Moreover, the reduction teams may
have only 60 to 70 percent efficiency because they take
regular periodic breaks which are essential to relieve them
of the strain of the work. Experience has shown that the
efficiency figure can rarely be bettered. Dead time due to
equipment problems also contributes to reduced efficiency.

2. Multiple weaves—The guidelines developed for mul-
tiple weaves were not based solely on the one experiment
in the project data base. The general results on segrega-
tion of flows supported the observations on the multiple
weave, and the two reinforced each other. Still, it would
be valuable and informative to obtain results on other mul-
tiple weave section(s). Should such data be collected in
the future, it should include speed by subsection for each
movement as well as volumes identified by input lane and
subsequent lanes at each subsection end (for each input
lane). In principle, this can be achieved by license plate
identification.

3. Methodology for improving precision of cases—In
the course of this research, a methodology was developed
to determine which cases of HCM procedure 2 would bene-
fit most from additional data. The methodology is pre-
sented in Appendix XV.* Although such ramp data were
not collected in the current research, the results of the
methodology may be useful to others. The methodology it-
self is recommended for application to other such situations.

4. Transition model of freeways—The lane-changing
transition matrix formulation was of value in the work of
Worrall, et al. (4), and in the present research. The linear
programming formulation yielded practical concentration
patterns while maximizing section productivity (i.e., vol-
ume) within the confines of a lane-changing structure. In

* Not included in this publication. See Appendix J herein for additional
information.
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principle, such a model can be structured for a general
freeway section including on-ramps, off-ramps, and weav-
ing sections. It is recommended that such a model be con-
sidered in a basic research effort, with emphasis on the data
required to use it and the potential benefits of the under-
standing such an exploration could bring. The model should
yield results comparable to observed empirical conditions,
such as HCM procedure 2 lane 1 volumes, in appropriate
test cases.

5. Safety characteristics of weaving sections—The re-
sults of the accident analyses conducted in this research did
not lead to a definitive dependence of accident rate on
volume, section length, or other factors. Although the sam-
ple was rather small, which might be considered the reason
for inconclusive results, there were more substantial reasons
in the opinion of the researchers. First, accident rates are
functionally dependent on volume rates existing at the time
of occurrence, but the best volume data available—and this
is generally true—are ADT figures. Second, the accident
rates on file (yearly) may not correspond to such (V,/
Vyor) values as observed in the field samples. Third, the
effects of signing, geometrics, and delineation may well
control. These impacts could not be considered systemati-
cally in the data at hand.

On the basis of this experience, the researchers recom-
mend further research on weaving section safety charac-
teristics that obtains data on accident occurrences, and vol-
umes and (estimated) movement breakdown at the time of
occurrence, and also support data such as ADT. A number
of test sites should be selected so that length and signing
effects (advance signing) can be isolated. In addition, re-
lationships to required lane shifts (Appendix C) and to
erratic movements (via microscopic modeling) may be
considered.

6. Adapting configuration—In the course of the re-
search, it was observed that the demand on a section may

_vary seasonally, and even within a given date. Certainly,

the demand patterns on a section can grow and shift over
a long period of time. Some applications—such as proxim-
ity to a road network improvement—can almost guarantee
such changes.

Some localities use markings and lane striping to define
and or redefine section configurations: lanes are dropped
and added, lane continuity is established, and lanes per leg
are adapted, all to suit current needs. Within the same
physical area, the arrangements can be adjusted to suit
different needs without major construction costs.

It is recommended that the advantages and operational
experience with such techniques for flexibly adapting the
physical plant be investigated, and recommendations and
guidelines developed. Problems, such as abuses of de-
lineated areas and (perhaps resultant) safety aspects,
should be given special attention.
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APPENDIX A

LITERATURE REVIEW AND ANNOTATED BIBLIOGRAPHY

LITERATURE REVIEW

Early in the project, the literature was surveyed for all
articles and papers concerning weaving and/or ramp op-
erations. HRIS was utilized as well as independent reviews
of major publication sources, including HRB special reports
and records, NCHRP reports, and the journals Traffic En-

gineering and Traffic Engineering and Control. Some up-
dates were done later in the project.

Articles treating both macroscopic and microscopic as-
pects of weaving, merging, and diverging traffic movements
were inspected. Those articles of greatest applicability and
relevance to the current effort are noted in the annotated
bibliography.



ANNOTATED BIBLIOGRAPHY

1.

10.

AMERICAN ASSOCIATION OF STATE HIGHWAY OFFI-
cIALS, A Policy on Geometric Design of Rural High-
ways (1965).

A design manual for highways, including
sections on weaving and ramps. The procedure
utilized is comparable to that contained in the
Highway Capacity Manual, although there are
differences.

“Traffic Behavior and Freeway Design.” ASCE J.
Highway Design, Vol. 86, No. HW3 (Sept. 1960)
pp. 41-48.

Describes the operational characteristics of
freeway ramp traffic and presents requirements
for correlating ramp design with traffic behavior.
AHLBORN, G., WoobIig, W. L., and May, Jr., A. D.,
“A Computer Program for Ramp Capacity.” Traffic
Eng. (Dec. 1968) pp. 38-44.

A program that does the computations for the
1965 Highway Capacity Manual’s Chapter 8.
ATHANS, M., “A Unified Approach to the Vehicle
Merging Problem.” Transportation Research, Vol. 3
(1969) pp. 123-133.

An approach to the problem of merging two or
more streams of high-speed vehicles into a single
guided way or lane.

BERRY, F. R., “Derivation of Three-Segment Multiple
Weaving Worksheets.” Traffic Eng. (Oct. 1969) pp.
22-27. '

Extends and sets up worksheet for manual

analysis of three-segment weave.
BuHR, J. H., DREw, D. R., WATTLEWORTH, J. A., and
WirLiams, T. G., “A Nationwide Study of Freeway
Merging Operations.” Texas Transportation Inst.
(1967); also, Hwy. Res. Record No. 202 (1967)
pp. 76-122.

Initial volume of research report entitled “Gap
Acceptance and Traffic Interaction in the Free-
way Merging Process.” Details data collection
procedures utilized. Geometric factors are quali-
tatively evaluated for their effect on merging.
CriLLO, J. A., “The Relationship of Accidents to
Length of Speed-Change Lanes and Weaving Areas of
Interstate Highways.” Hwy. Res. Record No. 312
(1970) pp. 17-26.

A study of accidents in weaving sections formed
by a cloverleaf.

CHARLES, S. E., ET AL., “Exit Ramp Effects on Free-
way System Operation and Control.” Prepared for
FHWA by UCLA (Aug. 1971).

The application of aerial photographic tech-
niques to the analysis of discrete vehicle trajecto-
ries of vehicles transversing freeway segments.

An analysis of lane changing due to ramps.
Drew, D. R., “Applications of the Markov Process in
Traffic.” Traffic Eng. (March 1966) pp. 50-51.

Short and clear description of the Markov
Process and an example of its use in the weav-
ing situation.

Drew, D. R., BUHR, J. H., and WHiTsoN, R. H., “De-

11.

13.

14.

15.

16.

17.
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termination of Merging Capacity and Its Applications
to Freeway Design and Control.” Hwy. Res. Record
No. 244 (1968) pp. 47-68.

A new approach to the determination of merg-

ing capacities and service volumes based on con-
sideration of the ramp terminal as a queuing sys-
tem. Operation of ramp terminals depends upon
the gap-acceptance characteristics of ramp vehi-
cles and the availability of gaps in the lane ad-
jacent to the ramp. Level of service is defined in
terms of the probability of a ramp vehicle finding
an acceptable gap and delay to ramp vehicles.
Critical gap size is measured.
Drew, D. R., and KeEesg, C. J., Freeway Level of
Service as Influenced by Volume and Capacity Char-
acteristics. Prepared for the Texas Highway Dept. by
the Texas Transportation Inst.,, Texas A&M Univ.
(Jan. 1965).

Freeway volume and capacity are discussed
with respect to design. Peaking considerations
are stressed. Lane distribution and the effect of
ramp sequences are investigated.

Drew, D. R.,, MEeseroLE, T. C.,, and BuHR, J. H.,
“Digital Simulation of Freeway Merging Operation.”
Rept. No. 430-6, Texas Transportation Inst. (1967).

A two-part report which includes a simulation

of the ramp-freeway merging area.
Epwarps, H. M., and VArpoN, J. L., “Some Factors
Affecting Merging on the Outer Ramps of Highway
Interchanges.” Ontario Dept. of Highways/Queens
Univ. (Jan. 1968).

Merging on outer ramps of grade-separated
interchanges in Ontario was studied. Gap accept-
ance was found to be highly variable, but limit-
ing acceptance curves were developed as a func-
tion of the speed difference between the merging
and through vehicle.

FIsHER, R. L., “Accident and Operating Experience at
Interchanges.” HRB Bull. 291 (1961) pp. 124-138.

Accident study as related to ramp elements and
geometrics.

FukuToME, 1., and Moskowirz, K., “Traffic Behavior
and On-ramp Design.” HRB Bull. 235 (1960) pp.
38-72.

Early study of merging process involving three
painted designs at each of two ramp locations.
GAFARIN, A. V., “Ward-Fairmount Weaving Study.”
Final Rept. HPR-1(5)C-3-1, California Div. of High-
ways (May 1968).

The principal objective of this study was to eval-
uate the quality of peak-hour traffic flow on East-
bound Interstate 8 in San Diego between Ward
Road and Fairmount Avenue for different exit
and entrance ramp widths at three stages of a
construction program.

GAVER, Jr., D. P., “Time-Dependent Delays of Traffic
Merges.” Operations Res., Vol. 14, No. 5 (1966)
pp. 812-821.

The expected wait of a side road driver at an

unsignalized intersection or merge point is investi-
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18.

19.

20.

21.

22.

23.

24.

25.

' 26.

gated. The effect of various operational factors is
considered.

GLICKSTEIN, A., FiNDLEY, L. D, and LEevy, S. L.,
“Application of Computer Simulation Techniques to

" Interchange Design Problems.” HRB Bull. 291 (1961)

pp. 139-162.

Gap acceptance modeling, simulation of merge,
and diverge weave maneuvers.

HaiwHT, F. A, BisBEE, E. F., and WoJcik, C., “Some
Mathematical Aspects of the Problem of Merging.”
HRB Bull. 356 (1962) pp. 1-14.

Attempts to point out and solve some of the
problems in the formation of a merging model.
Comments on the control of mainstream traffic
by the driver on the acceleration lane.

Heap, __, “Traffic Control and Behavior of Ramp
Terminals.” Inst. of Traffic Engineers Proc. (1961).

Operational characteristics of taper vs. parallel

lane ramp terminals are investigated.
HEss, J. W., “Ramp-Freeway Terminal Operation as
Related to Freeway Lane Volume Distribution and
Adjacent Ramp Influence.” Hwy. Res. Record No. 99
(1965) pp. 81-116.

Adds to the work done in Highway Research
Record No. 27 and goes somewhat beyond what
is in the 1965 HCM.

Hess, J. W., “Capacities and Characteristics of Ramp-
Freeway Connections.” Hwy. Res. Record No. 27
(1963) pp. 69-115.

This report presents some of the initial findings
of the Nationwide Freeway Ramp Capacity
Study, sponsored jointly by the HRB and the
USBPR, for which data were gathered in 1960
and 1961.

Hong, H., “Some Aspects of Interchange Design.”
Traffic Eng. (July 1966) pp. 26-30.

Empirical observations on operations through
a complex interchange including ramps and weav-
ing section. Suggests interchanges and ramps be
designed not as an isolated subsystem but as an
integral part of the entire freeway system.

HiGHWAY RESEARCH Boarp, “Highway Capacity Man-
ual.” HRB Spec. Rept. 87 (1965) pp. 397.

The subject of highway capaeity is studied and
formalized, from definitions and theoretical de-
velopment to applications and design usage. Meth-
odologies for both analysis and design are pre-
sented for various types of facilities, including
freeways, weaving sections, ramps, intersections,
arterials, downtown streets, multilane highways,
and two-lane highways.

JEWELL, W. S., “Forced Merging in Traffic.” Opera-
tions Res., Vol. 12, No. 6 (1964) pp. 858-869.

Examines the disturbance of main streams
caused by forced merging, the length of the dis-
turbance period, and the number of vehicles af-
fected. Measures of accident potential for the
merging maneuver are discussed.

Jonnson, R. T., and NEwMAN, L., “East Los Angeles

27.

28.

29.

30.

31.

32.

33.

34.

35.

Interchange Operation Study.” Hwy. Res. Rec-
ord No. 244 (1968) pp. 27-46.

An operational study involving alternate strip-
ing designs at merging areas in the East Los An-
geles Interchange. _

KEeEsg, C. J.,, PINNELL; C., and McCasLAND, W. R.,
“A Study of Freeway Traffic Operation.” HRB Bull.
235 (1960) pp. 73-132. '

A photographic study of nine freeway sections,
involving evaluation of several traffic parameters.
Results indicated that ramp terminals and inter-
changes were critical elements having greatest
effect on freeway operation.

KocuHaNowskl, R., “Banksville Weaving Area Study.”
Traffic Eng. (May 1963).

The study, design, method of analysis (HRB
Bull. 167), and recommendations on a specific
weaving section.

KoLsrup, G. S., “Diagrammatic Guide Signs for Use
on Controlled Access Highways.” Prepared for FHWA
by BioTechnology (1972).

Reviewed for insight into exit-area effects. No
direct applicability to weaving section perform-
ance.

LEeiscy, J. F., “Lane Determination Techniques for
Freeway Facilities.” Canadian Good Roads Assoc.,
Proc. (Sept. 1965) pp. 314-331. :

Discussion of freeway design to offer maxi-
mum flexibility to accommodate peak-hour, week-
end, and holiday traffic as well as other special
conditions. Design controls such as volume/ca-
pacity relationships, lane balance, basic number
of lanes and auxiliary lanes are discussed with
respect to merging, weaving, and diverging sec-
tions. Includes design recommendations and
latest practices.

LEssiEu, __, “Operational Characteristics of High-
Volume On-ramps.” " Inst. of Traffic Engineers Proc.
(1957).

Discusses ramp operation, lane distribution un-
der high-volume conditions.

Moskowirz, K., and NEwMaN, L., “Notes on Free-
way Capacity.” Hwy. Res. Record No. 27 (1963)
pp. 44-68.

Preliminary study of freeway and ramp ca-
pacity prior to 1965 Highway Capacity Manual.
MunJsaL, P., “Analytic Models of Multilane Traffic
Flow, Final Report FH-11-7628. Prepared for FHWA

- by Systems Development Corp. (1972).

Studies of multilane traffic models.

NorMANN, O. K., “Operation of Weaving Areas.”
HRB Bull. 167 (1957) pp. 38-41.

New data are analyzed, producing an updated
version of the weaving chart appearing in the
1950 Highway Capacity Manual. These new
curves formed the basis for the 1965 HCM weav
ing chart (Fig. 7.4). )
Suitability of Left-Hand Entrance and Exit Ramps for
Freeways and Expressways. Prepared for FHWA by
Northwestern Univ. (Aug. 1969).
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37.

38.

39.

40.

41.

42.

Comprehensive study of left-hand ramp opera-
tion, resulting in a recommendation that these be
avoided where possible, due to sight restrictions
imposed by vehicle design and driver capabilities.
Design of proper merge areas is severely restricted
due to above limitations.

PaHL, J., “Lane-Change Frequencies in Freeway Traf-
fic Flow.” Hwy. Res. Record No. 409 (1972) pp.
17-23. :

Exit-ramp-induced lane changes: study using
data from an aerial photography data base.
PearsoN, R. H., and Ferreri, M. G., “Operational
Study—Schuykill Expressway.” HRB Bull. 291 (1961)
pp. 104-123.

Study of ramp capacity of ramps with no ac-
celeration lanes, also a gap acceptance model.
PERCHONOK, P. A., and Levy, S. L., “Application of
Digital Simulation Techniques to Freeway On-Ramp
Operations.” Proc. Highway Research Board, Vol. 39
(1960) pp. 506-523.

This paper reports a study on a dlgltal com-
puter application to the problem of freeway on-
ramp operations. With the techniques described
it is possible to determine the effects of changes in
traffic volume, velocity, geometric design, etc.
Has not yet been compared to the actual traffic
process.

PiNNELL, __, “Freeway Entrance Ramp Design.”
Inst. Traffic Engineers Proc. (1961).

Factors such as angle of entry, width of junc-
tion, and striping are studied. The discussion is
general.

Roess, R. P., “Configurations and the Design and
Analysis of Weaving Sections.” Ph.D. Dissertation,
Polytechnic Inst. of Brooklyn, Brooklyn, N.Y. (1972).
- A study of the effects of lane-configuration on
utilization of weaving sections.

TAKEBE, P., “Effect of Ramp Alignments on Opera-
tional Characteristics.” Traffic Eng. Control (Sept.
1968) pp. 240-244.

Study of the effect of ramp alignment on traffic

flow, safety, and drivers.
TASHJIAN, Z. C., and CHARLES, S. E., “Weaving Safety
Study.” Rept. UCLA-ENG-7121. Prepared for Cali-
fornia Div. of Highways by UCLA (May 1971).

An evaluation of the changes made on a spe-

43,

44.

45.

46.

47.
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cific weaving section, using aerial photography
(time-lapse) and microscopic turbulence mea-
sures.
WATTLEWORTH, J. A., BUHR, J. H,, Dm:w D. R, and
GERIG, F. A., “Operational Effects of Some Entrance
Ramp Geometrics on Freeway Merging.” Vol. III,
Texas Transportation Inst. (1967); also, Hwy. Res.
Record No. 208 (1967) pp. 79-113.

Acceleration lane length, angle of convergence
and ramp grade are examined for their effect on
speed of ramp vehicles at the ramp nose and at
the merge point, relative speed, gap acceptance,
and auxiliary lane use.
Woobie, W. L., AHLBORN, G., and May, Jr., A. D
“A Computer Program for Weaving Capacity.” Traf-
fic Eng. (Jan, 1969) pp. 12-17.

A program which does the computations for
the 1965 Highway Capacity Manual’s Chapter 7.
WORRALL, R. D., BULLEN, A. G., and GUR, Y., “Lane-
changing in Multilane Freeway Traffic.” Hwy. Res.
Record No. 279 (1969) p. 160.

An abridgment wherein lane-changing is shown
to be a random process conforming to a Marko-
vian model. Average lane-changing is shown to
systematically vary with both traffic speed and
volume, as well as with the proximity of ramps.
WoRrraLL, R. D., Coutts, D. W., ECHTERHOFF-
HaMmMERscHMID, H., and Berry, D. S., “Merging
Behavior at Freeway Entrance Ramps.” Northwestern
Univ. (Sept. 1965).

A two-part report. Part I describes the con-
ceptual framework for a gap acceptance analysis
of merging. Part II summarizes empirical studies,
including critical gap determination and compari-
sons between right- and left-hand ramps.
WOoRRALL, R. D., Coutrts, D. W., ECHTERHOFF-
HaMMERScHMID, H., and BErry. D. S., “Merging
Behavior at Freeway Entrance Ramps: Some Ele-
mentary Empirical Considerations.” Hwy. Res. Rec-
ord No. 157 (1967) pp. 77-107.

This paper discusses an elementary empirical
analysis of merging behavior, and in particular of
gap acceptance and rejection behavior at a free-
way entrance ramp. No attempt is made to de-
velop a theory of merging, nor to validate any
existing analytical or simulation model of the
merging process.
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APPENDIX B

DETAILED RESPONSES TO CURRENT PRACTICES SURVEY

In December 1971, the research agency sent a questionnaire
on practices currently used in design and analysis of weav-
ing sections to the fifty states and thirty-five major con-
sultants. A total of fifty-one responses—from thirty-eight
states and thirteen consultants—was received. Because
many of the consultants’ replies indicated that they follow
state practices, and there were few to the contrary, only
those responses from the states are reported in detail.

This appendix contains a copy of the distributed ques-
tionnaire (Fig. B-1) and a compilation of the relevant
responses.

COMPILATION OF RESPONSES TO QUESTIONNAIRE:

The responses are keyed by number to the items of the
questionnaire. The figures in the compilation represent per-
cent of responses unless otherwise indicated.

1(a-1) 70
(a-2) 24
(a-3) 6—Most frequent response considered them cases
of merging and diverging

(b-1) 43

(b-2) 35

(b-3) 22—Most frequent response considered them cases
of merging and diverging

2(a) HCM Chap. 7 32 24 52
Chap. 8 26 37 9

(b) AASHO Design Manual 21 17 12
(c) Own manual 9 7 9
(d) Others — — —

(e) Comb. AASHO + HCM 12 15 18
Total 100 100 100

3(a) HCM Chap. 7 38 27 62
Chap. 8 34 44 10
(b) AASHO Design Manual 13 12 3
(c) Own manual 4 5 6
(d) Others — — —
(e) Comb. AASHO + HCM 11 12 19
Total 100 100 100
4(a) 0
(b) 32
(c) 68
Total 100

5(a) 17yes 83no
(b) 54yes 46 no
: NO. OF
RESPONSES
(c) Engineering judgment 5
1000 £t desirable 4
500 to 600 ft min 2
700 ft min 1
1600 ft min desired 1
‘Depend on design speed 1
Max. k limit = 2.95 1
(d) 38yes 62no
NO. OF
RESPONSES
(¢) Engineering judgments 6
Table 7.3 as a minimum 1
Lower k-values used for two-
sided weaving

Limit k-value ] 1

6. Of 38 states responding, California, Massachusetts,
Pennsylvania, Texas, and Utah use own manual.

7(a) 81 satisfactory
(b) 19 unsatisfactory. Reasons:

NO. OF
(7 and 8) Configuration and ranges of RESPONSES
application are limited. 1
(7 and 8) More detailed user’s instructions
are desirable. 2
Not satisfactory for arterial and un-
divided highway, c-d roads. 2
Procedures are cumbersome and
difficult to apply. 2
9(a) 1
(b) +25yes 75no
© |
Other General Comments on HCM:
NO. OF
Users have no basis on which to confirm RESPONSES
accuracy of the HCM. 7
Many HCM factors and criteria seem
unrealistic. 8
Effect of number of lanes to be crossed
should be considered in weaving,. 1
"More details on multiple weaving are desired. 4

Organization of the HCM seems poor. 3



NCHRP 3-15 "WEAVING AREA OPERATIONS STUDY"

QUESTIONNAIRE ON PRACTICES IN DESIGN & ANALYSIS OF WEAVING SECTIONS

Organization:

Person Completing Form:

Date:

1} Consideration of Weaving Configurations
8) (7 Freeway ramp configurations (on-ramp followed by off-ramp),
with auxilfary lane, are considered as a standard weave
configuration.
{7 Freeway ramp configurations {on-ramp followed by off-ramp),
with auxiliary lane, are considered as distinctly different
from other weave configurations.

17 Other (Please specify):

b) [:7 Freeway ramp configurations (on-ramp followed by off-ramp),
without auxiliary lane, are considered as a standard weave
confiquration.

/7 Freeway ramp configurations (on-ramp followed by off-ramp),
without auxiliary lane. are considered as distinctly dif-

ferent from other weave configurations.

~,
~l

Other (Please specify):

5) Whichever of the above is used for design of weaving configurations,
do you apply it without any modification or restriction?
7 Yes IV No
If modifications or restrictions are imposed, do they include:
. Minimum length of a weaving section . (T Yes [T Wo

If YES, please explain-and give minimum length:

[ Relationship between Levels of Service and Quality of flow
given in Tsble 7-3 of the Capacity Manual /7 Yes [T No
If YES, please explain:

6)" If you use your own manual, we may obtatn a copy by:
{7 Enclosed with this response
[J Requisition to

at a price of §

(T Unavaileble

Figure B-1. Current practices survey questionnaire.

2) wnich do ym; normally use in design of weaving configurations?

Freeway Ram; Other
. Highway Capacity Manual M Weave
Chapter 7 (Weaving) 1 i) I
Chapter 8 (Ramps) o a o
LN T Z 7
e Own Manual I} T I
. Others {Please specify) fuj T 17
. Combination of and

3) Which do you normally use in analysis of weaving configurations?

_Freeway Ram Other
[] Highway Capacity Manual V[Ex. EZ! ﬁ:. Weave

Chapter 7 (Weaving) 7 7 a

Chapter 8 (Ramps) ) o o
[] MSHO Destgn Manual

(Blue ;og: orngd Book) o o a
o Owm Manual 7 a o
o Others (Please specify) o a [

] Combinatfon of and

4) For what level of service is a weaving section designed?
Higher than thru section 7
Lower than thru section =

Same as thru section i)

7) Experience with the HCM has been:
[T satisfactory

[ unsatisfactory. Reason:

8) iiperunce with existing procedures (if not HCM) have been:
{7 satisfactory
(T shown the following weaknesses:
1.

2.
3.

9) 0o you use the ITTE capacity computer programs?

Ys Mo
Razps a g
Weaving g 7 ’
Freeway 7 7

10) Whom do you suggest us to contact {f we have sny questions regarding
this survey?
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APPENDIX C

THE IMPORTANCE OF CONFIGURATION AND OF LANE BALANCE

Lane configuration is a factor that is not explicitly consid-
ered in the HCM weaving procedure. In the HCM com-
putation for N, the total number of lanes required in the
weaving section, no distinction is made between lanes re-
quired by weaving flows and lanes required by each outer
‘flow. Yet, it is apparent that these lanes must be placed
properly in respect to one another to adequately serve the
traffic demand.

Lane configuration is a factor that has significant opera-
tional effects. This research shows that variations in lane
configuration could influence the number of lane changes
made in the act of weaving. The potential of lane con-
figuration to limit component flows to the use of certain
portions of the roadway would need to be treated specifi-
cally in a design/analysis methodology.

This appendix addresses the matter of configurational
constraints in three ways:

*® Rational development and confirmation from peak-
hour data of the BPR data base. )

® Further confirmation from the 18-min composite data
base (which includes the project data base).

® Support by a lane-changing model.

The lane-changing model verifies that the lane arrange-
ment (configuration) is important. This model, formulated
to check this one aspect, lacks an internal capacity limit.
Another formulation, presented in Appendix H, is more
realistic in this respect. It too confirms that there is a
configurational effect.

This appendix also addresses configuration/lane arrange-

- ment from the aspect of lane balance, which reinforces the
previous analyses.

THE BASIC CONCEPT OF CONFIGURATION

Note from Figure C-1 (A) that all weaving movements in
a ramp-weave section must take place in shoulder and
auxiliary lanes. Secondary lane-changing movements are
possible from the center lane. The extent to which the
center lane may be utilized for secondary lane changing is
primarily related to the length provided. With these con-
siderations, it is seen that weaving vehicles could at best
occupy in the order of two full lanes, assuming that the
partial occupation of the center lane would be more than
offset by the number of through vehicles using the shoulder
lane as well as the inefficient use of the auxiliary lane itself.

It should be noted that the HCM' Chapter 8 procedures
indicate that even under heavy flows significant numbers
of through vehicles will remain in the shoulder lane. There-
fore, while it seems possible to have weaving vehicles oc-
cupy two full lanes, a reasonable maximum of one full lane
plus a substantial proportion of a second might be a more
appropriate assumption.

The major weave shown in Figure C-1 (B) is in many
ways quite similar to a ramp-weave section. Weaving move-
ments are again primarily restricted to two lanes, although
secondary lane movements may take place from either of
two outside lanes. Once again, it appears feasible for weav-
ing vehicles to occupy two full lanes or somewhat more,
depending on the extent of the outer flows. This geometry,
however, can be slightly altered to produce a notable effect
on possible lane utilization, as shown in Figure C-1 (C).

In this configuration, one weaving movement may take
place without making a lane change. Weaving movements
may be made with a single lane change (as is usually the
case) from an additional two lanes. In the configuration
of Figure C-1 (C), therefore, it is feasible to have weaving
vehicles occupy three full lanes and possibly part of an-
other. In addition, it would be expected that the weaving
lane that requires no lane changes would serve weaving
vehicles more efficiently than cases in which a weave
requires a lane change. )

Figure C-1 (D) presents a variation on (C) in that the
“through weaving lane” may be available to either weaving
flow. This might be of use when the section is subjected to
different patterns, perhaps during AM and PM peaks.

These sketches indicate the potential power of lane con-
figuration relative to the effective utilization of weaving
section lanes and from the central concept of configuration.

The mere provision of the proper total number of lanes
is not sufficient to guarantee the predicted operating char-
acteristics. If one is not careful, lane arrangement may be
such that the use of the lanes by weaving and nonweaving
flows may not be in proportion to the relative flows, result-
ing in part of the roadway being underutilized while an-
other portion is subject to breakdowns and forced flows.

Because lane arrangement depends on the design of entry
and exit legs, it is important that any design procedure con-
sider this element an integral part of the weaving area. In
some cases it might be feasible to add lanes to exit or entry
roadways, thus altering the over-all configuration rather
than completely reconstructing a poorly operating weaving
area.

USE OF THE BPR DATA BASE PEAK-HOUR DATA

The BPR data base can be used to substantiate the hy-
pothesis of the effects of lane configuration on weaving area
performance. Table C-1 gives the comparison between
speeds of weaving and nonweaving vehicles for these data
(peak hour). In most cases the speed of weaving vehicles

‘and the speed of nonweaving vehicles are within 5 mph of

each other. This is to be reasonably expected, as in many
weaving situations weaving and nonweaving vehicles must



TABLE C-1

COMPARISON OF WEAVING AND NONWEAVING
SPEEDS, VEHICLES IN BPR DATA BASE

NO. OF OBSERVATIONS

MAJOR
SMS OF NONWEAVING WEAVE
VEHICLES COMPARED TO SMS  RAMP COLLECTOR-
OF WEAVING VEHICLES WEAVE DISTRIBUTOR  ALL
>S5 mph below 1 2 3
—5to +5mph 10 17 27
+5to 410 mph 0 4 4
+10to +15 mph 2 1 3
>15 mph above 4 0 4

share the same lanes and would have the effect of creating
more or less uniform speeds throughout the section.

In some cases, however, there is enough roadway width
to allow weaving and nonweaving flows to effectively be
separated from each other. In such instances, the effect of
weaving flows on nonweaving flows would be minimal, and
large differences in speed might well be observed. As indi-
cated in Table C-1, such differences most often occur on
ramp-weave facilities with auxiliary lanes, where nonweav-
ing vehicles may use the outer lanes. The geometry and
lane configuration of a ramp-weave site restricts weaving
vehicles to the shoulder and auxiliary lanes. On major
weave facilities, weaving flows tend to be the dominant
flows, and, with the provision of multilane entry and exit
legs, weaving vehicles may occupy the major portion of the
roadway. The higher speeds obtained by nonweaving ve-
hicles in the ramp-weave case indicate that weaving flows
might have expanded into the outer lanes had the lane con-
figuration in the given length permitted it. In terms of
balanced roadway space, such situations indicate an under-
utilization of outer lanes while congestion persists in weav-
ing lanes.

In cases of wide speed differentials, elements other than
segment length and volumes are restricting vehicles to cer-
tain portions of the roadway. The observable difference in
speed characteristics for major weaves and ramp weaves
suggests that configuration is the major restrictive element.

It is further possible to compute and estimate the number
of lanes occupied by weaving vehicles by subtracting the
number of lanes utilized by outer flows from the total num-
ber of lanes. The number of lanes (N) occupied by non-
weaving vehicles (V,, V,.) is taken as:

V01 + Voa

NOI 02 — SV

in which the nonweaving service volume (SV) is generated
by a straight-line interpolation between the speed and vol-
ume values given in HCM Table 9.1, based on the aver-
age speed of nonweaving vehicles. The results are given in
" Table C-2.

The results of Table C-2 bear out the hypothesns on lane
configuration outlined and shown in Figure C-1. In no case
do weaving vehicles occupy more than 2.0 lanes for ramp-
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WHICH MAY BE USED BY EITHER FLOW

Figure C-1. Diagrams of ramp-weave and major weave sections.

weave sections (1.75 is the maximum observed). For major
weaves, all but one case have weaving vehicles occupying
more than 2.0 lanes; one case has weaving vehicles occupy-
ing 3.43 lanes. It should be noted that all of the major
weaves in the data base are of the type depicted in Figure
C-1 (C). The sample does not include any cases of the type
shown in Figure C-1 (D).

Although it is true that the major weaving sections had
higher weaving volumes which would be expected to oc-
cupy more roadway space, the data of Table C-2 give posi-
tive indication of the effect of configuration. The wide
speed differentials observed for ramp-weave cases are a
clear indication of unbalanced roadway utilization by the
various component flows.

The BPR data and the analysis of lane configuration to
this point permit a formulation of maximum lane utiliza-
tion standards. These are given in Table C-3. This formu-
lation is refined in the next section.

USE OF THE CALIBRATION DATA BASE

It was decided to use the calibration data base (composite
data base, 18-min periods) to reaffirm the above analysis.
This was done because the 18-min data base (1) would
offer a greater range of cases (flow combinations) than the
peak-hour BPR data alone, (2) was developed with a
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TABLE C-2

NUMBER OF LANES OCCUPIED BY WEAVING AND NONWEAVING VEHICLES

(FREEWAY CASES ONLY)

COL. 5= COL. 6=
coL. 1/ COL. 4~
coL. 1 coL. 2 coL. 3 coL. 4 coL. 3 CoL. §
EXPERIMENT NONWEAVING WEAVING NONWEAVING TOTAL NONWEAVING. WEAVING
NO. VOLUME VOLUME SV LANES LANES LANES
Ramp
weaves:

3 3986 1098 1765 4 2.25 1.75

7 3374 1666 1460 4 2.30 1.70

8 3157 1775 1265 4 2.49 1.51

9 4572 1526 1804 4 2.53 1.47
11 5008 1354 1485 5 3.54 0.55
12 5918 638 8 5 — —_
14 6222 627 a s — —
16 5719 940 n 5 — —_
17 3897 1112 1302 4 2.97 1.03
18 2487 951 1085 4 245 1.55
21 4220 539 1582 4 2.65 1.35
28 5096 1366 1455 5 3.50 1.50
29 1806 1434 1480 3 1.33 1.67
30 2030 1108 ® 3 — —
32 3902 1300 a 4 —_ —
33 6133 1252 1582 S 3.92 1.08
34 2706 1131 980 4 2.76 1.24
Major
weaves:

4 4649 2486 1840 4 2.53 1.47
13 4555 2974 . * b — —
23 3478 2502 1570 5 2.20 2.80
24 3019 2293 1420 5 2.12 2.88
49 2933 2166 e 4 — —
50 2814 2238 e 4 — —
51 1913 1678 1470 4 1.30 2.70
52 2182 2453 1508 4 1.45 2.55
53 792 1823 1400 4 0.57 3.43
54 631 1767 1425 3 0.44 2.56
60 2384 2859 1718 h — —
61 2170 1869 ° 4 — —
63 1598 2564 1620 3 0.97 2.03
64 3100 3014 s b —

65 2465 1651 1440 b — —

o Level of service F prevails, service volume variable.

b Not available.

TABLE C-3

MAXIMUM UTILIZATION FACTORS FROM

ANALYSIS OF PEAK-HOUR DATA

MAXIMUM NUMBER OF
LANES OCCUPIED BY
WEAVING VEHICLES

POSTULATED
FROM OBSERVED
CONFIGU- FROM
CONFIGURATION RATION BPR DATA
Ramp weave 2.00 1.75
Major weave with no weaving
movements possible without
a lane change 2.00+ —
Major weave with at least one
weaving movement possible
without a lane change 3.004 3.43

slightly different SV interpolation than above,* and (3) in-
corporated more experiments and treated other than the
peak hour. The 18-min data period was used rather than
the 6- or 12-min period because it exhibited a better Sys-
tematic relation, as evidenced in the calibration analyses of
Appendix D. The 6-min data particularly might have con-
tained transient values that would have been misleading.

An analysis similar to that of the previous section was
conducted. The results are summarized in Table C-4.

It is interesting that somewhat higher values do result,
particularly for ramp weaves. As is the case for the peak-
hour data, there is no discernible trend with section length.

The fact that higher values do occur is attributed pri-
marily to the greater range of flow combinations contained
in the 18-min data. Table C-4 is the formulation of maxi-

* It interpolated travel times rather than speeds. This difference was a
minor refinement.



mum lane utilization standards incorporated into the rec-
ommended procedure (Appendix E).

An observation to make is that, although the maximum
weaving width for ramp weaves is properly taken as 2.3, it
is generally not realized. The recommended procedure as
presented in Appendix E was run on a wide range of cases
as part of the research activity. These cases used both
actual and fabricated but reasonable design-hour flows, or
peak conditions, for analysis. The weaving widths that re-
sulted had a maximum of the order of 1.7, consistent with
the peak-hour observations. Only with less common (for
hourly rates) flow combinations was the maximum of 2.3
realized. ’ .

This result indicates that the maximum should be as
shown in Table C-4 for it can in fact be realized and at. the
same time demonstrated that (1) the fact that such values.
did not appear in the BPR data base is not unsettling and
(2) values of weaving width above 1.7to 2.0 will not com-
monly result from the recommended procedure.

A LANE-CHANGING MODEL

The effects of lane configuration on weaving area perform-
ance can be demonstrated by utilizing lane-changing prob-
ability matrices of the type used by Drew and by Worrall.
As noted, this model does not include an internal capacity
limit nor is it essential to the points being made herein.
Another formulation, presented in Appendix H, is more
realistic in this respect. :

Framework

Consider a weaving section that can be divided into sub-
sections of length I so that N subsections comprise the total
length L. If one defines p;;(r) as the probability of chang-
ing from lane i to lane j commencing in subsection 1 (as-
sumed to be commenced and completed in subsection r for
simplicity), then one may establish a transition matrix M(r)

[ p11(1) P1a(r) Pim(T) T
p1(r)
M) =] .
[ P (1) Pom(1)
(C-1)

Figure C-2 shows the interpretation of py;(1).
The output distribution of vehicles 8 may be related to
the input distribution a by

N
B::a.H M(r) (C-2)
in which B=I[B1B: - Bul
a:[alaz e (lm]

and the subscripts are lane numbers.
A matrix M(r) can be defined for each movement within
a weaving section for the elements p;;(r) are determined by

41

TABLE C-4

MAXIMUM WEAVING WIDTH W VARIES
WITH CONFIGURATION )

WIDTH
CONFIGURATION (LANES)
Ramp weave . 2.3
Major weave with a crown line . 2.6t02.7"°
Major weave with through lane on direction

.of: greater weaving flow 3.6

A An estimate. The data base was deficient in these cases.

what the drivers wish to do, whether to weave, continue
through, etc. Only the matrices associated with weaving
vehicles are considered herein. It is assumed that these
vehicles will continually move in the direction of their de-
sired weave. That is, there will be no trajectories such as
lane 3 to lane 4 and then over to lane 1 in Figure C-2.
It is also assumed that (1) there is a single lane-changing
probability p for weaving-vehicle lane changes, and (2) no
double lane changes (lane 3 to lane 1, for example) occur
in any single subsection. The first assumption implies that
there is no variation in p from subsection to subsection.
For the configuration of Figure C-2, the lane-changing
matrices for movements BX and AY are given by

1 0 0 0
p (1—p) 0 0
Mpx = (C-3)
0 p (1—p) O
L0 0 p (1—0p) ]
[1—p) » 0 0]
0 (l—=p) »p Y
M,y = (C-4)
0 0 (1—p) »p
LO 0 0 1]
With the vectors « and 8 as defined, note that
ayx = [0 0 oy aﬂl
oy =[a, a 0 0] (C-5)
B=I[B. B: B mJ
R e fee—-====-=N
\
S ~
I S - B
P I ot stk e ::':_—_‘<
~1 4 ~ -
7 ~

(R)
P23 ILLUSTRATED

Figure C-2. Diagram of lane-changing probabilities.
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where o, = a, = 0 for movement BX because entrance leg
B does not impinge. upon lanes 1 and 2. Similarly, a, =
a, = 0 for movement AY. :

The vector B includes the possibility of unsuccessful
weaving movements. For example, for movement BX,
(8, + B.) represents the “successful” weaves; that is, those
which have completed lane changes into one of the lanes of
their desired exit leg. (8, + B,) represents the “unsuccess-
ful” weaves; that is, those which have not completed lane
changes into their desired exit leg. The so-called “un-
successful” weave will most likely force its way into the
proper lane at the last moment, creating a serious traffic
disturbance. It may be argued, therefore, that the number
or percentage “successful” or “unforced” weaves is a good
indicator of the quality of service being provided by a
configuration.

The presentations herein illustrate the percentage of suc-
cessful weaves as an indicator of quality. Appendix H
contains a discussion of whether percentage or number is
the more appropriate indicator. Percentage, however, is
adequate for the points made herein.

A Case Study: Specification

The lane-changing matrices for the configuration of Figure
- C-3 (A) are now developed in detail, and those for the
-other configurations of Figure C-3 are also given herein.
The distribution of vehicles at the output of each section is
determined by the input distribution and by the probabili-

3 ~—~
(D) \
Figure C-3. Diagram showing alternative weaving configura-
tions for a four-lane highway. .

ties py;(r) that are assumed equal throughout the section.

The four different configurations of Figure C-3 are com-
pared for various: probabilities p. Movement BX is taken
to be of prime importance. Based on the various configura-
tions and probabilities, only a certain number of vehicles
have “successful” merges; that is, only a certain percentage
is predicted to be in the proper exit lanes at the end of the
section. This percentage Ppy is taken as an indicator of the
quality of the section. Weaving vehicles not in the proper
lanes would have to force their weave, thus degrading the
section.

The following assumptions are made for simplicity in the
illustration:

¢ Weaving vehicles entering on a given leg will be evenly
distributed among the several lanes of that leg.

® The length is 1,500 ft; this is a typical length for such
configurations.

The value of p is varied and comparisons are made.
In general for any of these configurations, the matrix
MP¥3¢ may be computed, and

[8:8:8:8,]= (o, 500500,]

1 0 0 0

1—(1—p)¥ (1—p)¥ 0 Y

R, R, (1—p)*¥ 0

Ry, R, Np(l —p)¥ (1 —p)¥
(C-6)

in which
R, ={1 — (1 —p)¥ — Np(1 — p)¥
R, =Np(l —p)¥

R3={1+ (N—])(l—p)*"—N(l_p)N—l

- [(N*—Zl)—lepg(l — p)N-z}

e

Having assumed for simplicity that entering vehicles are
uniformly distributed across the available entering lanes,
and defined Pyx as the probability of a successful weave,
note that

For configuration A:

ayx ={0 0 0.5 0.5]
Bex =1[8 B: B: B,]
Pyx = (B +B.)orl — (Bs + By)

For configuration B:

apx =[0 0 0.5 0.5]

Bsx =B, B Bs B,]

Pyx = (B8, + B5) or 1 — B,
For configuration C:

axx = [0 0.33 0.33 0.33]

Bex =18 B: B: Bi]
Ppx=(Bi+B.)orl — (B: + B,)

For configuration D: ‘
’ apx = [0 0.33 0.33 0.33]



Bex = [Bi B: B;s Bil
Pgx=(B + B+ By)orl—4,

For the purpose of illustration, it has been assumed that
movement BX is the major one, the one to be considered.
Equation C-5 may be used with the above information to
generate Table C-5. A weaving section length of 1,500 ft
is assumed in generating Table C-5.

Results of the Case Study

Refer to Figure C-4, which summarizes Py for the range
of p. For a given value of p, it is apparent that the most
efficient configuration for movement BX is D, followed by
B, C, and A in that order. This is not unexpected. Note
that configuration D provides two lanes in which weaving
movements may take place without a lane change, thus pro-
viding two “through” lanes for weaving vehicles. Both B
and C provide one “through” lane for weaving vehicles,
B by splitting a lane at the diverge, C by combining two
into one at the merge. As the merging maneuver entails
greater friction than the diverge maneuver, B would be ex-
pected to be more efficient. Because the analysis does not
take this factor into account, the results are therefore a
coincidence. Configuration A, which requires a lane change
to be made for every weaving movement, is expectedly the
least efficient.

These results reinforce the hypothesis on lane utilization
presented previously. Configuration D will allow a larger

" portion of its width to be used by weaving vehicles than
each of the other configurations, with B and C allowing
greater utilization than A.

It should be noted that the four cases shown were se-
lected to illustrate the effect of configuration. In terms of
modern or recommended design, some of these are de-
ficient. The analysis above indicates one of the prime
reasons for this.

Sensitivity of Case Study Results

As both the length of the section and the lane distribution
of entering vehicles were assumed, the results were also
tested for their sensitivity to changes in these factors. The
results of these sensitivity analyses are shown in Figures
C-5 through C-7.

The sensitivity of Pgy to length is considerable, with
longer lengths producing higher probabilities for successful
weaves. The relative advantage of configuration D (the
best) over configuration A (the worst) is greatest for the
shortest length, an understandable indication that where
lengths are more restrictive; configuration becomes a more
vital design factor to consider. Conversely, shorter lengths
may be possible in some weaving cases if the configuration
is improved.

The sensitivity of Py to the lane distribution of entering
vehicles is low for configuration A, a good deal higher for
configuration D. This too is understandable, as in configu-
ration A all weaving vehicles must execute at least one
lane change, regardless of their lane of entry. A shift in the
lane distribution in configuration D may substantially in-
crease the number of weaving vehicles which do not have
to make a lané change.
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TABLE C-5

SOLUTION FOR Pix FOR FOUR ALTERNATE
WEAVING CONFIGURATIONS OF 1500 FT (N=6)

CONFIGURATION Pyx

A 1—(1-p)°*—0.5 [6p (1-p)°]

B 1—-0.5 (1-p)°

C 1—0.66 (1-p)°*—0.33 [6p (1-p)7]
D 1—0.33 (1-p)°

1004
961
921
.88 1
.84
.80 1
.76 4
724
.68
64

CONFIGURATION

.60
.56
.82 4§
.48 4

0 .10 .20 30 40 .50 .60 .70 .80 .90 100 P

Figure C-4. Comparison of configuration efficiencies for various
values of p for the weaving movement BX.

A Note on the Assumptions

The above analysis assumed (1) equal distribution of weav-
ing vehicles on input legs, (2) lane-changing probability p
invariant with position (longitudinal) in the weaving sec-
tion, and (3) lane-changing probability p invariant with
volumes. :

It is shown in Chapter 2 of the report text that (1) the
weaving traffic is strongly presegregated as it enters the
section, (2) the probability p is dependent on neither length
nor volume to any discernible degree, and (3) there is a
difference between probability p, of essential lane changes



—— CONFIGURATION A
~— CONFIGURATION D

Exomple:

For o P of 0.4, configuraiion A shows volues
of P 8 of 0.7, 0.86 and 0.94 for lengths of
1000, )§500 and 2000 ft, respectively. For
similar lengths, configuration D shows volues
of P of 0.96, 0.98 ond 0.99. The sensi~-
tivity tS length is greatest for configuration

A. Further, the difference between configura-
tion A ond D is greatest ot 1000 ft., and de-
creases at longer lengths.

¥ T L} T T T ) 4 T 1 p
2 4 6 8 10 _
Figure C-5. Sensitivity of Pax to iength as a function of p.
Pex
1.0
6. a,=[0 033 0.33 0.33]
«.=[0 045 0.35 0,20 ]
«y= [0 0.50 040 0.10 ] -
6 -
4 -
.24
T 1 T T R T T L P

o) 2 4 6 8 10

F igure C-7. Sensitivity of Psx to lane distribution for configura-
tion D.

a:=[0 0 05 05 ]
a,=[0 0 06 04 ]
ay=[{0 0 07 03 ]

T

P

T T | T 1 T 1 I 4

I
o .2 4 6 8 1.0

Figure C-6. Sensitivity of Pex to lane distribution for cohﬁgura-
tion A. ’

and probability p,. of nonessential lane changes.* The re-
sults are based on detailed analysis of experiments 2, 5,
and 7 of the project data base.

These results have no negative effects on the above
analyses because (1) the sensitivity analysis above ad-
dresses the impact of strong presegregation, as is in fact
the true field condition, (2) the invariance of p with re-
spect to length and volume is an important basic support
of both the above analyses and the Appendix I work, and

(3) the distinction between p, and p,, is not important

above because p,, influences only the distribution among
“success” lanes.

A Note on Number of Lane Changes

It is a fact that substantial numbers of weaving vehicles
choose to make their lane changes at the beginning of a
weaving section. This is not at all inconsistent with the
“invariant lane changing probability” result. Indeed, ‘it is
a natural outgrowth of such a statement.
 Consider a lane with 100 vehicles and p = 0.70. In the
first section seventy vehicles make the desired lane change.
In the second section only thirty vehicles remain so that
30 (0.7) =21 lane changes from the subject lane occur.
Thus the number of lane changes is greater at the beginning
of the section.

In Appendix E, the proclivity of drivers to effect sub-

* An essential lane change is one the driver must make to effect his
weave; a nonessential lane change is one he may make.



stantial numbers of lane changes at the beginning of the
section (a natural outgrowth of presegregation and in-
variant p) is cited as a probable cause for (1) the limited
benefit of added section length after some initial increment,
and (2) the lack of a steady convergence to an “out-of-the-
realm-of-weaving” situation. Given the imbalance due to
presegregation and the cited proclivity of drivers, there is
always a certain turbulence at the beginning of the section.

LANE BALANCE AND LANE CONTINUITY

This section treats section configuration and lane arrange-
ment from a different point of view. It emphasizes design
to include a “choice” lane at the bifurcation and over-all
design to minimize the number of lane shifts required of
the weaving traffic. The analysis reinforces the concepts
previously discussed and the weaving design and analysis
procedure developed in this work.

Lane Balance

Lane balance is the arrangement of lanes at entrances and
exits to provide for orderly, smooth, and efficient operation
of traffic. It may be expressed by two simple statements: *

1. Entrances should be designed so that the number of
lanes on the combined roadway beyond the merge should
be not less than the sum of all the traffic lanes preceding the
merge minus one; and not more than the sum of all the
traffic lanes preceding the merge.

* Although expressed somewhat differently, it is essentially the same con-
cept as presented on p. 489 of AASHO’s A Policy on Arterial Highways
in Urban Areas (1957).

45

2. Exits should be designed so that the number of lanes
on the combined roadway in advance of the diverge should
be equal to the sum of all the traffic lanes following the
bifurcation minus one. In special cases with a single-lane
exit (i.e., the common ramp weave) the number of lanes in
advance of the diverge may be equal to the sum of all the
traffic lanes following the bifurcation. In modern design,
however, it has frequently been recommended that this
form be avoided on full freeways.

The six basic cases of isolated entrances and exits in
Figure C-8 comply with the lane balance principles out-
lined. One evident feature is that, with a two-lane entrance,
a lane must always be added on the facility beyond the
entrance. Also, with a two-lane exit, an extra lane on the
freeway must always precede the ramp exit, and the same
lane must be dropped on the freeway beyond the bifurca-
tion. A further indication of the lane balance principle is
that a traveled way having an exit should not be reduced
by more than one traffic lane at a time. Another significant
feature, excluding the special case under point 2, is that
the lane balance principle applied to exits provides “one
more lane going away” (i.e., the number of lanes on the
individual roadways is one more than the number on the
freeway before the bifurcation).

The one case not covered in Figure C-8 is a special situa-
tion of a two-lane entrance joining the freeway on two
exclusive lanes. This form of entrance complies with the
lane balance principle noted in the latter part of point 1.

By complying with the six cases of isolated ramps in
Figure C-8, lane balance features are automatically pro-
vided for. The same features apply to weaving sections.

ISOLATED ISOLATED SUCCESSIVE
ENTRANCE RAMPS EXIT RAMPS RAMPS
N — N N i —

=7

SINGLE-LANE ENTRANCE
EN (1)

—

~ = =

SUCCESSIVE ENTRANCES
EN - EN

SINGLE-LANE EXITS
EX (1)

N N+ N+l N SUCCESSIVE EXITS
/ \
| SINGLE-LANE EXITS | EX - EX
ON EXCLUSIVE LANE -
SINGLE-LANE ENTRANCE EX (1 + a) - NS
a ENTRANCE FOLLOWED
ON EXCLUSIVE (ADDED) LANE (special cose--should be S exir
EN (1+ a) avoided on full freeways)
EN - EX
f—) —lp. et
N // N+ N+ \\N NN P
2-LANE EXIT
2 2-LANE ENTRANCE EX (2) e EXIT FOLLOWED
EN (2) - N = Basic number of lanes on Freeway.

BY ENTRANCE

+ | = Added auxiliary lane.

EX - EN

Figure C-8. Ramp cases for determining service volumes and capacities on freeway facilities.
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The numerous combinations of entrance and exit terminals
that can be utilized within a weaving section, coupled with
different numbers of basic lanes on the freeway, produce a
large variety of possible lane arrangements. Some of these
are illustrated in Figure C-9. It is obvious that a weaving
section of a given number of lanes can yield considerably
different amounts of potential lane shifts. Arrangements
that do not fully provide lane balance, particularly where
the feature of “one more lane going away” is not present,
may produce two and even three times the number of
potential lane changes that occur on fully lane-balanced
weaving sections. It can be seen that five of the basic iso-
lated ramp cases (excluding EX 1) in Figure C-8 can be
combined in various ways to produce weaving section de-
signs with only two potential lane shifts. Figure C-9 shows
examples in the three lower arrangements on the left and
the two lower arrangements on the right.

It would appear that weaving sections with the larger
number of lane shifts, even though the number of lanes
within the section is the same and the weaving volume is
identical, are apt to operate at a poorer level.

Lane Continuity

Lane continuity is another feature on freeways with ramps,-

particularly within weaving sections, which may have a
significant effect on operation. Lane continuity refers to

maintaining the basic number of lanes and keeping them
continuous along a “designated” route. The designation
may be by route number or name. Lane lines must con-
form accordingly and auxiliary lanes when added and re-
moved likewise should be governed by the designated route.
In studying weaving section operations and in establishing
relationships and analysis procedures, this feature must be
identified.

The two upper four-lane weaving sections in Figure C-9
apparently have the designated route running horizontally
from leg A to leg X, in which case lane continuity is pro-
vided. On the other hand, if the designated route were to
proceed from leg A to leg Y through each weaving section,
there would be no route continuity. In the latter case less
favorable operating characteristics would be evidenced
where all through traffic must change lanes. However,
should the route be designated from leg A to leg Y, the
lane lines should be realigned to provide continuous move-
ment. The entering and exiting traffic would then be sub-
ordinated to the through movement. Another example of
poor lane continuity is where lanes, at exits and entrances,
are dropped on one side and picked up on the other side of
a through facility.

Lane arrangements with respect to lane continuity and
lane balance, therefore, are significant features affecting
operations with weaving sections,

2 -
LANE SHIFTS ABOVE INCL. TWO LANES ONLY
ON FREEWAY APPROACH
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Figure C-9. Diagrams showing lane balance that provides operational flexibility and reduces lane changing.



Other Considerations

The above covers primarily right-hand entrance and exit
situations. The right-hand ingress-egress arrangement is
most prcvalent and highly favored. It is anticipated that
left-hand ramps will be gradually phased out on primary
highways. However, at this time there is little information
available for properly evaluating capacities and levels of
service on left-hand ramps, and none to cause it to be dis-
cernible as a distinct case. There is a definite place for
the left-hand ramp in conjunction with distribution-type
facilities.

To illustrate the existence of such cases, the Dan Ryan
Expressway (southern section) in Chicago and -Highway
401 (freeway) in Toronto are examples with high-type
continuous collector-distributor 'roads on which the trans-
fer roads form left-hand ramps on the collector-distributor
roads. Along these roads a variety of successive ramp ar-
rangements present themselves with ramp junctions both
on the left and on the right. Parallel to the four cases of
successive ramps for right-hand situations covered in Fig-
ure C-8, the arrangements for various combinations of
left-hand ramps are shown in Figure C-10.
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Figure C-10. Successive ramp arrangements with left-hand-
ramps.
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APPENDIX D

CALIBRATION OF THE RECOMMENDED PROCEDURE

The equations that underlie the recommended procedure
were developed from the macroscopic data, with the micro-
scopic analyses serving as a guide and as a control in this
effort. This appendix presents the results of the macro-
scopic analyses.

GUIDELINES

Early in the project, the following guidelines for the de-
velopment of the procedure were developed with consid-
eration for both data acquisition costs and probable return:

1. The procedure should be macroscopic in its approach,
containing only that level of detail and sophistication neces-
sary to properly specify the level of interest. :

2. It should be as simple as practicable so that its prin-
ciples are easily understood, but the drive for simplicity
should not be at the sacrifice of significant-accuracy.

3. It should be easily manipulated in both design and
analysis and should present solutions so that ranges of
acceptable values and alternates are clear.

MAJOR ISSUES

In the course of the research, several major questions were

posed:

1. What are meaningful forms of the macroscopic rela-
tionship? .

2. Should there be subcases according to configurational
type?

3. Can equations be developed that cover the entire
range of the data base (perhaps by subcase)? Must certain
data be eliminated? Must level-of-service relationships be
developed from the data?
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4. What is the most meaningful period on which to ag-
gregate macroscopic data? Should it be 6 min? * Hourly?
These questions and their resolutions are addressed in the
sections that follow.

FORM OF THE RELATIONSHIPS

The relationships that were to be developed for the mac-
roscopic analyses not only had to take into account the
microscopic observations and well-known macroscopic phe-
nomena t but also had to mesh with the configurational
emphasis early because both microscopic and macroscopic
analyses within the research had shown the importance of
this consideration. Moreover, the relationships had to con-
sider explicitly a number of weaving-related variables (i.e.,
weaving volume V., section length L, and weaving width
W) and the relationship to the nonweaving traffic occupy-
ing the roadway along with this weaving activity. Other
weaving-related variables, such as the mix of the two weav-
ing flows, were also candidates for inclusion.

Several mathematical forms were postulated, centering
on the following ideas:

"1. The basic dependent variable is the weaving volume
V., and the relationship should be so expressed.

2. The weaving width W itself should be thought of as
the thing determined by the demand V,, in concert with the
nonweaving traffic and other parameters.

3. The weaving service volume SW is a key concept al-
though it is functionally dependent on several parameters.
4. The percentage of roadway occupied by the weaving
traffic is functionally related to the percentage of the weav-
. ing traffic to the total traffic with this relationship modified
by section length and other parameters.

Each of these is discussed in the following and specific
forms developed consistent with these ideas and the micro-
scopic results are analyzed via the macroscopic data base
in the context of the major issues enumerated.

It should be noted that one of the major issues particu-
larly affects the forms put forth: If there is no a priori
or experimental specification of level-of-service categories,
speed performance measures must be included in the forms
developed for final evaluation.

Weaving Volume, V,

The explicit dependence of V,, on other variables and cer-
tain parameters is both straightforward and appealing. It
was observed that (1) there is a power relationship between
V., and section length L in which V,, is generally propor-
tional to L7, 0 <y < 1; (2) as length L increases, weaving
width W can decrease; (3) for fixed length L, weaving
width W must increase as weaving volume V,, increases.
These statements assume that neither weaving speed nor
nonweaving volume and speed vary.

One may also note the effect of the mix of weaving vol-

* One would usually consider 5 rather than 6 min, but the BPR data
base was not amenable to this in terms of aggregating adjacent periods.
t For instance, the fact that increased length is beneficial.

umes as reflected in the ratio of the smaller to the total
weaving volumes (i.e., the parameter R): as R increases,
the width W increases if all else is fixed.
These observations may be summarized in
V,=pWaBR Ly (D-1)
where 8 < 0 and 0 <y < 1 should result from a calibra-
tion. Eq. D-1 was taken as the best form in early analyses
in the research and was used in early attempts to develop a
procedure.
Actually, in order to use linear regression as a tool,

logV,,=A+BlogW + C (Rlog W) +DlogL (D-2)

is more appropriate because of the nonlinearity of Eq. D-1.
Moreover, the equal variance that must be associated with
the dependent variable over the range of the independent
variables is unlikely when considering V,,.

The form of Eq. D-2 is also amenable to addition of a
term for speed relationships when one attempts to fit across
the full range of the data. For instance, the fact that V,,
must be smaller if S, is larger and all else is unchanged
leads to

IOg Vw = (Eq D'Z) + E IOg Sw (D'3)

where E < 0 should result from a calibration.

It is bothersome that Eq. D-3 is so independent of the
nonweaving activity. The two activities—weaving and non-
weaving—not only occur next to each other but actually
overlap because the segregation of the two flow types is
strong but not complete. Variations such as using AS or
log AS for the speed term in Eq. D-3 can address this.

Weaving Width, W

The foregoing assumes that, given all other conditions, one
wishes to determine how much weaving volume V,, can be
accommodated. One could generate plots of the form of
HCM Figure 7.4, which can be “worked backwards” or the
equation can be so manipulated as to enable one to deter-
mine the section length L that must exist to handle a spe-
cific volume V.

One may argue that in the real world the demand vol-
umes appear and—for a given length L—the required width
W is provided or the levels of service readjust so that a
proper W is provided. The result of this action—and, thus,
the true dependent variable—is the weaving width W. The
relationship

W=A+4+BlogV,+ClogL+DlogR (D-4)

realizes this. Variations on this form that produce a more
meaningful and/or better fit to the data include (1) in-
clusion of speed-related terms involving S,, or AS; (2) re-
placement of some terms with their logarithms, antiloga-
rithms, inverses, or powers; and (3) use of log W rather
than W. Some of these represent nothing more than re-
finements of a specific fit within the range of the data avail-
able. As always, it would be hazardous and inappropriate
to extend such refinements beyond the range of the data.



Weaving Service Volume, SW
The weaving service volume is defined by

SW AV, /W (D-5)

and relationships such as Egs. D-1 or D-2 can be used to
develop expressions for the weaving service volume. For
instance, if 8=0 and &« = 1 in Eq. D-1, SW = pLY. How-
ever, it is more likely that this is not true and that there is
an inefficiency as W is increased such that SW decreases.
Note that as W increases the compound weaving situations
(more than one lane change needed to weave) become
more significant. This SW does decrease due to inefficiency.

Although weaving service volume is an interesting de-
rived measure, it shows no distinct advantage over the other
approaches if it does not reduce the number of variables
involved.

Percentage of Roadway

One may rationally argue that (1) the percentage of road-
way W/N is proportional to the percentage VR that the
weaving volume is of the total volume, all else being fixed;
(2) as the section length L increases, this roadway per-
centage W/N decreases—rapidly at first—asymptotically to
the same percentage as the volumes (i.e., VR); and (3) as
the mix of weaving traffic (as measured by R) approaches
equal competing flows, more roadway is required. This
may be formalized as

:V—V = (o, +a, VR)(1 + a, R) (1 — ael) (D-6)
or
% = (t + &, VR)[1 — ay(1 — ay R)es2]  (D-7)

Eq. D-7 reflects the statements more accurately.

Figure D-1 shows the form of Eq. D-7. The equation
has the flaw that the relationship between W/N and VR,
all else fixed, is strictly linear. This may be overcome by
forms involving powers and/or logarithms. The form

=a, V R (1+a, R+, R (1-a e~ L)

(D-8)

accomplishes vthis, with the added refinement that with the -

R? added, it should describe the width effect better.

The logarithm of this last form (Eq. D-8) is more linear
but requires both redefinition of variables and specification
of a,, as do Egs. D-6 and D-7, in order to be suitable for
linear regression analysis.

Similar to the observations made in discussing the weav-
ing 'width form, speed terms and refinements may be
considered.

USE OF DATA

The mathematical forms developed were reviewed for con-
sistency with microscopic and macroscopic observations
and analyses, for acceptable rationale, and for properties
suitable for regression analyses. Although it was possible
to rank them accordingly, some of the judgments were sub-
jective. The final resolution must have been, therefore, in
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Figure D-1, Form of Equation D-7.

the quality of fit to the actual data; this resolution con-
firmed the evaluations. The data used were those com-
prising the composite date base described in Appendices I
and IL.*

Where strong relationships between variables were ex-
pected weak relationships resulted with some formulations.
Second and third variables had to be considered simul-
taneously to relieve this. In other cases, some significant
correlations existed between variables that one would have
wished to be independent variables in a regression. These
effects caused elimination of some forms because of the
poor quality of the resultant fits. Some of the considera-
tions of manipulating the data are presented.

Computation of W

The width, W, available to weaving vehicles was computed
from

W=N— Vmu/SV (D'9)

in which SV was determined from the adopted service
volume relationships (refer to Chapter Two or Appendix E
for the definition) for the observed nonweaving space mean
speed S,

Service Volume in a Weaving Section

The service volume definitions used in this report are
adaptations of the HCM treatment and can be used in the
same way as the HCM service volumes are.

In the course of the regression analyses, a side effort
developed a relationship of the form

W= 0y — a’l\/ Vnw -, S'nw + a3 log Suw (D'IO)

that was highly correlated and involves only nonweaving
variables. Of course, one would expect W to be highly
dependent on V,,, and S,,, as may be seen from Eq. D-9.
Indeed, one may argue that the two can be equated and the
service volume thus be revised. ‘
Following this, or rather motivated by it, a regression
analysis was done in which the total width N was con-
sidered as a variable dependent on two components, as
N1‘. = an, i + Wi where va, i= f(me Smir, 1) and W1‘. =

* Not included in this publication. See Appendix J herein for additional
information.
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g (previous variables) and the function minimized in the
regression was

total

F= Z (Nactual - Ni)z

i=1

(D-11)

It was believed at one point that this would result simul-
taneously in a weaving width descriptor and a (nonweav-
ing) service volume revision (via N,,, = f(V 4, Spey) ). The
results, however, were not as good as other alternates in
which the adopted SV’s were used. Likewise, the relation-
ship specified in Eq. D-10—although it added an apparent
refinement—could be questioned as being simply a second
analytic form that is different because it did not quite cap-
ture the full expression because of the limited terms avail-
able. The possible refinement did not aid in a more precise
formulation and did not merit adoption.

Computation of SW

The weaving service volume SW is computed from SW =
V../W, with W._being computed as specified previously.

ANALYSIS TECHNIQUE

The prime tool in this macroscopic analysis was step-wise
multiple linear regression executed by means of a standard

~ computer package. The multiple correlation coefficient, in-
dicating the reduction in the variation about the regression
plane, was used as the index of the quality of the fit. Care
was taken to add only terms that were statistically and
physically meaningful. Appropriate standard statistical tests
were performed.

SUBCASES AND RANGE

In the course of the analysis, it was determined that there
“should be two subcases classified by the configurations of
major weave and ramp weave.

Attempts were made to (1) characterize the entire speed
range within each of these subcases by common relations,
(2) devise level-of-service relations as an outcome of the
calibrations, and (3) characterlze a lesser speed range by
common relations.

NUMBER OF DATA POINTS

400 F
MULTIPLE
CORR.COEF.
o9f MAJOR WEAVE SO
o8}
o7r 200 |
06}
05} o 100 b
oat
" M A e 'S 1
6 12 18 24 TIME 6 12 18 24 _TIME
PERIOD (MIN) PERIOD (MIN)

(AYMULTIPLE CORRELATION COEFFICIENT (B )NUMBER OF DATA POINTS

Figure D-2. Data required for the selection of a basic time
period.

The determination of natural groupings of the data into
levels of service was attempted by (1) grouping the data
into small clusters of 75 points each ordered by §,, or L,
(2) executing regression fits on consecutive cumulative ag-
gregations of these groups (i.e., the first group, the first two
groups, etc.), and (3) observing the behavior of the multi-
ple correlation coefficient for this sequence. It was antici-
pated that the coefficient would increase as more data were
added within an underlying natural grouping but would de-
crease as the natural grouping was exceeded and data were
included from the next grouping. In this way, the con-
secutive natural groupings could be determined.

Unfortunately, this approach was contaminated by cor-
relations with the small groupings among the candidate in-
dependent variables to some extent and did not conclusively
establish distinct levels as was anticipated.

The attempts to fit relationships to all data were signifi-
cantly poorer than those attempts to eliminate data for
which §,,, < 30 mph. As a result (rather than as an as-
sumption motivated by the HCM practices), the lower
boundary of nonweaving level of service E can be identi-
fied as 30 mph. Likewise, the data for major weaves for
which §,,, = 30 cause §,, = 20, so that the lower boundary
for weaving level of service (major weaves) is 20 mph.

It is found that significant relationships can be developed
by restricting the data only to the extent that S,,, = 30 mph.
This explains the result cited previously that consecutive
groupings did not conclusively establish distinct levels of
service.

EVALUATION, TIME PERIODS, AND CALIBRATION

The several mathematical forms and considerations out-
lined in the foregoing were evaluated by use of the macro-
scopic composite data base (BPR and project data bases
combined, with some data reserved for data checks or be-
cause of peculiar features). The results may be summarized
in two sets. The first set is:

1. Of the four basic forms—weaving volume, weaving
width, weaving service volume, and roadway percentage—
the best is the roadway percentage concept by a substantial
margin. The next closest has a multiple correlation co-
efficient in the order of 0.2 lower. The specific relations
are refinements on the logarithm form of Eq. D-8.

2. The issue of the appropriate time period is resolved
by observing the multiple correlation coefficient as a func-
tion of the time period. At the same time, it must be recog-
nized that the number of data points decreases as the basic
time period is increased. Both aspects are illustrated in
Figure D-2. The selection of a basic period of 18 min for
the calibration is made from this information.

3. The relationships developed for the roadway percent-
age formulation have the following functional forms:

. W
Major weaves: log = f(VR, S, L, R)

Ramp weaves: log 7\/— =g(VR, AS)

It may be observed that (1) the major weave relationship



appears to be completely independent of nonweaving traffic
performance,* and (2) the ramp-weave relationship does
not involve section length L at all. It would appear that, so
to speak, there is one degree of freedom not yet controlled.

The second set of results in this effort comes from an
investigation intended to resolve this difficulty. For the
major weaves, an attempt was made to find a relationship
tying together the two speeds S, and S,,,,. For ramp weaves,
an attempt was made to relate AS to L, there being no other
reason to specify a AS in item 3 of the foregoing set.

The matrix of correlation coefficients for the 18-min data
base was reviewed for major weaves and for ramp weaves.
The relationships of interest did in fact exist therein. In-
deed, for ramp weaves, the relationship (found by sub-
sequent regression) specifying AS in terms of L and S,,,
was stronger than the one found for log W/N.

Upon review, the importance of the AS relationship for
ramp weaves is rational: the slippage between the two
traffic streams (i.e., AS) is determined both by the “run-
way” length the weaving vehicles have and the speed of the
main movement.

It is especially important that the relationships are di-
vided, in effect, into a primary and a secondary equation for
each configuration type. The primary equations are charac-
terized by good multiple correlation coefficients across the
entire S,,, = 30 mph data range. The coefficients of the
secondary relationships can be improved by a very relevant
observation: although the secondary relationships are im-
portant so that a given situation is completely specified, a
configurational limit also provides such specificity. There-
fore, the data points with configurational limits may be
removed from the calibration of the secondary relation-
ships. The secondary relationships should be and are, in
fact, thereby improved.

The final results of this effort are summarized in Table
D-1. The ramp-weave primary equation includes the term
mminly present via VR but there is no speed relationship

included. It appears, from information developed to this point, that there

may be a number of consistent §, - and §,..

TABLE D-1
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1/VL + 3 rather than the more apparent forms log L or

1/ VL because, although the last had the best correlation of
the common forms, review showed AS to be climbing too

- quickly to its asymptote with 1/ VL. The term incorporated

had a slightly better correlation.

Table D-2 summarizes the basic statistics of the four key
equations. These include estimates of standard deviation of
the dependent variable, the deviations associated with each
coefficient, and the multiple correlation coefficients. The
significance of each coefficient is tested under the hypothe-
sis that it is indistinguishable from zero, and the signifi-
cance of the over-all fit is also tested. The results are
summarized in Table D-2. All coefficients are statistically
different from zero and each over-all fit is acceptable.

Appendix E presents an integrated methodology using
the results cited herein, the configuration results detailed
in Appendix C, and level-of-service definitions made with
the knowledge that they are neither forced because of a
calibration nor imposed in a fashion so as to restrict a
calibration. Consistent with the HCM and the probable
level and interests of the user, the statistics of Table D-2
are not explicit in that procedure.

In the course of the final calibrations and analyses, the
issue was raised as to whether the 18-min data established
a regression plane that truly represented the underlying
plane describing the situation most commonly of interest;
namely, design/analysis for the peak within the hour. It
was considered that a correction factor may have been re-
quired because of differences in 6- (really 5) and 18-min
peaking. Regression planes were established using only
peak 6-min data. It was found that they were statistically
indistinguishable from the 18-min-based planes; therefore,
no factor was necessary.

APPLICATION TO OTHER DATA; VALIDATION

_ Certain data were not used in the calibration data base used

to establish the foregoing relationships. Although some of

RELATIONSHIPS OF MAJOR AND RAMP WEAVES

EQUATION EST. OF
TYPE EQUATION DETAILS CORR. COEFF.
(a) MAJOR WEAVE
Primary 1og—z,i= L1.16+0.660 VR p=0.812
—3.10 R(log VR)e L
+0.372log Sw
Secondary (holds only if A5=483—-27.4logS.—0.146 L p=0.637
W not constrained)
(b) RAMP WEAVE
Primacy AS=—109.5+—%8_ | 50710 Sue p=0.787
VI3
. W —=
Secondary (holds only if logTV-_ —0.6154-0.606 VVR p=0.757

W not constrained)

—0.00365 (AS)




TABLE D-2

SUMMARY OF STATISTICS FOR KEY EQUATIONS

SIGNIF. OF COEFF.

FIT OF LINEAR FORM

STATISTICS ON

(T-TEST, .=0.05) (F-STATISTIC, 2 =0.05) VARIABLES
STD
NO.  ERROR SIGNIF.
DEPEN- OF STD MUL- SUM OF (NON—
DENT ES'I:I- ERROR ON TIPLE SQUARES FROM ZERO FROM SIGNIF.
EQUATION EQUATION NO.OF VARI- MATE  COEFF. CORR. REDUCED FROM STD OR  FROM  STD (GOOD FIT  STD.
TYPE DETAILS POINTS ABLES Sy Sos COEFF. (%) DATA TABLE NOT) DATA  TABLE ORNOT) ' DEV. AVG.
Major
weave:
primary log%:—l.m 122 3 0.067 —_— 0.812 66.5 — — 78.12 155 Good —0.141 0.113
4-0.660 VR — — — 0.0438 —_— — 1504 198 S —_ — — 0.525 0.174
—3.10 R(log VR)e*™* — — — 0.317 — —_ —976 198 S — — —_ —0.0306 0.0223
+0.372log S — — — 0.0718 — — 5.18 198 S — — — 1.55 0.0928
secondary AS= 448.3 81 2 3.94 —_ 0.637 41.4 — — - 2751 1.63 Good 430 5.05
—27.41logSe — — — 5.22 — — —524 1995 S — — — 1.54 0.0854
—0.146 L — — —_ 0.0346 — — —~423 1995 S — — — 13.5 129
Ramp
weave: :
primary AS= —109.5 121 2 4.62 — 0.787 62.2 — — - 97.28 1.55 Good 828 742
+104.8/VL+43 — — — 100 — —_ 1044 198 S — — — 0.321 0.0418
+50.7 108 Suw — — — 5.70 — — 890 198 S — - — 1.66  0.0737
secondary log% =—0.615 92 2 0.083 — 0.757 57.8 — — 6098 1.60 Good —0.317 0.125
+0.606 VVR -— = — 0.0644 — — 942 199 S — — — 0.542 0.139
—0.00365 (AS) — — — 0.00119 — _ —306 199 S — —_ — 8.38 7.50
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these data have flaws (such as experiment 3, as noted later),
they were generally useful to check and to comment on the
recommended procedure. The computer program described
in Appendix F is used to execute the computations of the
recommended procedure.

Gowanus Expressway

The Gowanus Expressway site is a 4,090-ft major weave on
which data were collected by aerial photography early in
the research. Details of this effort and the data are con-
tained in Appendix XVL.* For the present purposes, the
information summarized in Figure D-3 is sufficient.

Figure D-4 summarizes the results of the recommended
procedure. Note that the weaving speed is quite accurately
depicted, but that the nonweaving speed is actually poorer
than one would expect via the recommended procedure
(29 mph actual versus 36 mph estimated). This result is
quite satisfactory, considering that the length involved
(4,090 ft) is at the extreme of the calibration range. One
may estimate that if AS =~ —1.5 mph were imposed, the
procedure would have predicted S, =~ 34.5 mph, a 4-mph
overestimate. -

Project Experiment 6

Project experiment 6 was a 900-ft major weave, as shown
in Figure D-5 (A). Table D-3 summarizes both the ob-
served flows (6-min periods, shown as hourly rates) and
the results of the analysis by the recommended procedure.
Figure D-5 compares the actual and estimated speeds: the
results are quite satisfactory.

It may be observed from Table D-3 that none of the sec-
tion legs was inadequate nor was the section constrained by
configuration.

* Not included in thjs publication. See Appendix J herein for additional
information.
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Figure D-4. Results of data analysis by recommended pro-
cedures of the Gowanus Expressway.
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Figure D-3. Diagram of traffic movements, volumes, and
speeds on the Gowanus Expressway.
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Figure D-5. Diagram of project experiment 6 and compari-
sons of the actual and estimated speeds.
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Project Experiment 12

Project experiment 12 was a 750-ft ramp weave, as shown
in Figure D-6 (A). Table D-4 summarizes both the ob-
served flows (6-min periods, shown as hourly rates) and the
results of the analysis by the recommended procedure. Fig-
ure D-6 (B) compares the actual and estimated speeds.
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] 4 5 | 2 3 | 2 3 4 (6 MIN)

3
ROLL | ROLL 4 ROLL 5
(B) SPEED ANALYSIS, PROJECT EXPERIMENT 12

Figure D-6. Diagram of project experiment 12 and comparisons
of the actual and estimated speeds.

SPEED
(MPH)
60} -
OF om— 0 o-—=0
~o o.—-——'o
S
50 | Snw Saw NW
O\o/o o0 O—0
WOF O———O—ee O———0
‘0} o——-0
S S
Lye.... et [OW S w
- w
Y-S\ -
| S—o—o0 6—-\2
O—0
25L
ACTUAL  =eeemee- ESTIMATED, GIVEN
—~—— ESTIMATED ACTUAL S
PERIOD
y . o ! ) y ) (18 MIN)

PA P8 PC PA PB PA P8

{B)} SPEED ANALYSIS, PROJECT EXPERIMENT |

Figure D-7. Diagram of project experiment 1 and comparisons
of the actual and estimated speeds.

Although the results were within reason, it must be ob-
served that (1) the predictions of S,,, near 60 mph were
not achieved and (2) the predicted rapid decay of speed in
roll 5 was not realized. In the first case, the posted speed
limit of 55 mph might have had an effect. In the second
case, the fact that the rapid decay did not occur can be
likened to the ‘“supersaturation” effect in a liquid during
the transition, but more data would be required to deter-
mine if and when the actual decay did occur. Unfortu-
nately, the data shown are at the end of the available
record.

One may also observe from Table D-4 that only leg B
occasionally has a service limitation (requiring 1.1 lanes,
with only 1.0 available) and that there is no configurational
constraint. This is not too significant a disruption because
it implies only that the entering ramp traffic functions at a
slightly poorer level.

Because movement 4 is so substantial a part of V,,, (see
Table D- -4) and is so influenced by the weaving movements,
one may wish to consider the speed of movement 1 only
when investigating the actual data. Movement 1 is gen-
erally 2 -mph or so higher than the actual §,,, shown in
Figure D-6 (B).

Project Experiment 1

The preceding evaluations (project experiments 6 and 12)
were done with 6-min field data. Some evaluations were
also done with 18-min data. The problems that arise in
these evaluations are not attnbutable to the use of 18-min
rather than 6-min data.

Project experiment 1 was a 460-ft ramp weave, as shown
in Figure D-7 (A). -Table D-5 summarizes both the ob-
served flows (18-min periods, shown as hourly rates) and
the results of the analysis by the recommended procedure.
Figure D-7 (B) compares actual and estimated speeds.

The results of this analysis were, at first inspection, rather
poor. The actual S,,, and §,, were both substantially lower

" than expected. However, this site had a posted speed limit

of 45 mph. Note that the §,,, was limited to this range *
and that the possible S,,, was not achieved. When the ac-
tual S§,,, was used, a significant improvement in the esti-
mated §,, was achieved, as is also indicated in Figure D-7.

If the speed limit is assumed, so that a field-measured
S, need not be obtained, an §,, of 33 mph is estimated.
This is also significantly better than originally estimated,
and highlights the fact that the speed limit may control
although speeds well above it could exist.

Project Experiment 3

Project experiment 3 was a 420-ft ramp weave, as shown
in Figure D-8 (A). Table D-6 summarizes both the ob-
served flows (18-min periods, shown as hourly rates) and
the results of the analysis by the recommended procedure.
Figure D-8 (B) compares the actual and estimated speeds.

The results of this analysis were quite dissatisfying but,
in retrospect, have a rational explanation. This site was in
the midst of a work area and had a posted advisory limit of

* Actually, the mainline vehicles are going 1 to 2 mph faster than indi-
cated by the S, because movement 4 is included in the computation of

nw’
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30 mph. Preliminary checks at the site indicated that the
traffic was flowing at reasonable volume and speeds, and the
adverse or limiting effects of the improvements under way
or signing along that road were judged to be negligible. The
results tended to contradict this judgment, particularly be-
cause the other ramp-weave analysis exhibited no such
problems.

Summary

The foregoing cases illustrate the utility of the recom-
mended procedure. None of these cases was included in
the calibration data base.

The validation results can be summarized as follows:

DURA-
NUM- TION/
BER OF POINT
CASE POINTS (MIN) RESULTS

1. Gowanus Expressway

(major weave) 1 3 Quite satisfactory

2. Project experiment 6

(major weave) 4 6 Quite satisfactory

3. Project experiment 12
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ROJECT EXPERIMENT 1

TABLE D-5

to

P

error to collect.

It should be noted that the validation cases emphasize les-
sons in the application of the procedure: posted speed lim-
its may control, and individual leg overloads may cause
disruptions.

Project experiment 17, a 2,600-ft major weave, was not
included in the validation because its data can be grouped
into three classes: (1) heavy'volume with backup into the
section from downstream construction, (2) light volume
with one of the weaving volumes not present, and (3) light
volume with speeds of weaving and nonweaving flows com-
parable (as they should be at the higher speeds, according
to the recommended procedure). Data in the last category ;
are very limited, again reflecting the variability of condi-
tions at a site. This was recognized as a particular hazard
at this site, and field data were taken on several days. De-
tailed analysis of the data from this apparently good col-
lection effort revealed the limitations.
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Figure D-8. Diagram of project experiment 3 and comparisons
of the actual and estimated speeds.
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APPENDIX E

THE RECOMMENDED WEAVING PROCEDURE

The procedure presented herein is the product of work con-
ducted under National Cooperative Highway Research Pro-
gram (NCHRP) Project 3-15.

The procedure is suitable for use in both design and anal-
ysis. In addition to relating the various parameters of the
weaving section to the traffic characteristics and perform-
ance, it incorporates explicit consideration of the section
_ configuration. In design, this means consideration of
whether the required weaving space can actually be de-
livered: with the proposed lane arrangement. In analysis,
this means consideration of the limit imposed on weaving
space availability by the lane arrangement.

This appendix presents the actual computational steps
and procedures to be followed in design and analysis. Ex-
amples are included. A computer program is also available
to use as an alternate means of solution; it is described in
Appendix F.

The following are some of the general concepts or ideas
integral to the procedure:

® Space mean speeds rather than operating speeds are

used to define levels of operation.

® The service volume concepts of the HCM are adapted
and used for the nonweaving traffic.

® Volumes are considered in passenger car equivalents
(pce), in units of passenger cars per hour (pcph). Adjust-
ments of vehicles per hour (vph) to pcph is made in
accordance with the HCM.

® Levels of service are defined separately for weaving
and nonweaving flows.

® Although balanced design (comparable levels of ser-
vice) is sought, it is recognized that configuration may
prevent it from being realized.

® As far as basic relationships are concerned, there are
two sets of equations—one for major weave sections and
one for ramp-weave sections.®

DEFINITIONS AND TERMINOLOGY OF VARIABLES
Weaving area terminology requiring definition includes:

® balanced—a section is said to be balanced when the
same level of service is delivered to both nonweaving and
weaving traffic.

® BPR—Bureau of Public Roads.

® configuration constrained—a situation in which a lane
arrangement limits the weaving width W that can’ be
delivered.

® FHWA—Federal Highway Administration (formerly
BPR). ' '

¢ HCM-—the Highway Capacity Manual (1965 edition"

unless otherwise specified).

* A major weave has three or more legs each having two or more lanes.
A ramp weave is a standard auxiliary lane arangement with one lane on
and one lane off. The basic types are illustrated in Figure E-1.

® leg—an input or output roadway.

® major weave—a weaving section in which three or
more legs each have two or more lanes; see Figure E-1
(B), (C), and (D). :

® pcphpl—abbreviation for passenger car per hour per
lane, the unit in which service volumes are expressed.

® PHF—peak-hour factor, the hourly volume divided by
the hourly rate during the peak 5 min of that hour; this is
as defined in the Highway Capacity Manual.

® ramp weave—a highway mainline with an on-ramp,
off-ramp sequence (both single lanes) connected by an
auxiliary lane; see Figure E-1 (A).

® SMS—space mean speed (mph).

¢ through lane—a lane on which at least one of two
weaving flows (see Fig. E-1 (C) or (D), legs A-Y or B-X)
can achieve its “weave” without a lane change; a lane may
be a through lane for either or both weaving flows; when it
is so for only one flow, it should be aligned with the greater
flow in order that the benefit of a through lane can be
realized.

All terminology and practfces not specifically otherwise
defined in this procedure are consistent with the HCM.

Note that when a PHF is used, the design (both levels
of service and speeds) is being done for the busiest 5 min
of the peak hour, and not for the entire hour.
Nomenclature requiring definition includes the variables:

V,, = total weaving volume, in passenger cars per hour
(pcph)
V..c = total weaving volume (HCM notation), in pcph
V.. = smaller weaving volume, in pcph
V ..o = total nonweaving volume, in pcph
V pop = total volume, in pcph
V = total volume (HCM notation), in pcph
SV = service volume, in pcph or pcph per lane (pcphpl)
S,; = speed of weaving volumes, in mph
S0 = speed of nonweaving volumes, in mph
AS = (S,., — §..) = difference in speeds, in mph
L = section length, in hundreds of feet *
N = section width, in total lanes
W = width for weaving, in lanes *
N,,, = width for nonweaving, in lanes *
VR = V,./Vpop =ratio of weaving to total volumes
R = ratio of smaller weaving to total weaving volume

Additional volume parameters are shown in Figure E-2.
Some volumes—particularly V,., and V as used in the
HCM—will generally be measured in vehicles per hour
(vph); likewise, SV may be specified in pcph or in per lane
values and may be corrected for standard adjustments when
volumes are in vph. The proper course will be apparent in
any given case by the context.

* These may be fractional numbers.



CONFIGURATION

The explicit consideration and awareness of configuration
(section lane arrangement, including numbers of lanes on
each leg) is an important and essential element of the
recommended weaving procedure. All else that is done
should be done in this context.

It is of prime importance in design that the configuration
be such that:

1. The computed W can in fact be delivered.

2. The lanes required for each outer flow (nonweaving
flow) can in fact be delivered.

.3. The lanes on each input/output leg can in fact handle
the volumes at the level of service desired.

One of the prime results of the research leading to the
recommended procedure was the determination of the
maximum width that can actually be used by weaving traf-
fic. It was found that this depended upon configuration
type. The summary of results is given in Table E-1. The
various configurations cited are shown in Figure E-1.

Since it is generally accepted that a “choice lane” should
be provided for a major weave type of configuration, most
designs will automatically incorporate a through lane (Fig-
ure E-1 (C) or (D), which have ‘“choice” lanes at the
bifurcation proper, as opposed to Figure E-1 (B), which
does not). It does not follow, however, that this will neces-
sarily always correspond to the direction of the greater
weaving flow. The benefit of W = 3.6 is realized com-
pletely, however, only when it does correspond.

In analysis, knowledge of the configuration (lane ar-
rangement) and Table E-1 dictates the maximum W. It
also provides information on the adequacy of the section
for its nonweaving (outer) flows.

LEVELS OF SERVICE; SERVICE VOLUMES

Separate levels of service for weaving and nonweaving
flows were defined in accordance with the observations of
the data base.

The levels of service as defined in HCM Table 9.1 were
adapted for use with the nonweaving volumes. The adapta-
tions were that (1) space mean speeds rather than operat-
ing speeds were used throughout, including the calibrations;
(2) the service volume values were interpolated between
those commonly specified as necessary, the interpolation

TABLE E-1

MAXIMUM WEAVING WIDTH W VARIES
WITH CONFIGURATION

WIDTH
CONFIGURATION (LANES)
Ramp weave 23
Major weave with a crown line 2.6t02.7"°
Major weave with through lane on direction

of greater weaving flow 3.6

2 An estimatc. The data base was deficient in these cases.
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Figure E-1. Diagrams of various configurations of weaving

areas.

being linear with respect to travel times; and (3) the bound- .
ary between levels D and E was taken as 38 mph.

Operating speed is defined in the HCM as “the highest
over-all speed at which a driver can travel on a given high-
way under favorable weather conditions and under prevail-
ing traffic conditions without at any time exceeding the safe
speed as determined by the design speed on a section-by-
section basis.” It is the fastest reasonable speed. Space
mean speed, on the other hand, is “the average of the
speeds of vehicles within a given space or section of road-
way at a given instant,” or “the average speed of a specified

Vi

Y/ > \V
A Va2 . X

V3

VB > ' Vy
Va

Figure E-2. Diagram of volume parameters for a weaving area.
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group of vehicles based on their average travel time over a
section of roadway.”

Space mean speed has the advantage of having an op-
erational definition—it can be measured unambiguously.
Moreover, most data are collected in ways that yield space
mean speeds, not operating speeds. This includes most
speed-volume data that underlie curves of the service
volume-speed relationship. In regard to weaving analysis,
the 1963 BPR data base could meaningfully yield only
space mean speeds.

Because of both the exigencies of the data base(s) avail-
able and the more basic judgment that operating speed is
unnecessarily ambiguous as to measurement, space mean
speed was adopted as the speed measure. The question was
raised of how the service volume-speed relationship of the
HCM could have been calibrated with operating speeds.
For low volumes in the data at hand, the space mean speeds
approached the speeds expected in the HCM.

In the recommended procedure, space mean speeds were
the ones used. The calibration and use are consistent within
the recommended procedure, and the procedure is self-
contained in this respect. Comparisons with the HCM are
done on the basis of (service) volumes in the examples, not
speeds alone.

Should the user wish to obtain operating speed estlmates,
however, he can use the equation developed by Makigami,
etal. (6):

oS = AS+E[1—%] (E-1)
in which

OS = operating speed (mph);
AS = average running speed or space mean speed
(mph);

Snw (mph)
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Figure E-3. Speed relationships for major weave, design case.
Note: Insensitivity to L exhibited in AS formula (Table E-3)
generating this relationship. Curve shown for L=12.5. This
does not imply insensitivity to L in a major weave. See
Table E-3.
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DS = design speed or speed limit (mph); and
V/C = volume-to-capacity ratio.

With a 55-mph speed limit and ¥/C = 0.40, the increment
is 3.3 mph. This is at level of service A for a six-lane fa-
cility (three lanes per direction). At level of service B, the
increment would only be 2.3 mph.

Returning to the definitions adopted for the weaving
procedure:

‘1. The nonweaving level of service for both major
weaves and ramp weaves will be defined analogous to the
HCM, as discussed above.

2. The weaving level of service for ramp weaves will be
defined identical to the nonweaving level of service.

3. The weaving level of service for major weaves will be
defined so that, at “balanced” or equilibrium operation,
both nonweaving and weaving traffic will have the same
level-of-service designation.

The last definition is achieved by observing the balance
that occurs between weaving and nonweaving flows when
W is not constrained by configuration. The speed differen-
tial that then exists is shown in Fxgure E-2; this is based
on the calibration data base.

Although the speed difference AS implied in Figure E-3
is dependent on length as well as S,,, it is not highly sensi-
tive to length. The curve for L = 12.5 is therefore used
rather than adding an unnecessary complexity.

The level-of-service definitions are contained in Table
E-2. Note that level of service D is subdivided for major
weaves, so that either AS =5 mph or AS =2 mph can be
specified in design.

Note that one level of service characterizes both non-
weaving flows. For a given design, the practitioner may
observe that one is not accurately portrayed. For instance,
a small ramp-to-ramp flow on a ramp weave is controlled
by the weaving level of service. Other than this case (which

TABLE E-2
LEVEL-OF-SERVICE DEFINITIONS

NONWEAVING (ALL) MAJOR WEAVE
AND RAMP-WEAVE ( WEAVING TRAFFIC
WEAVING ONLY)
LEVEL DESIGN DESIGN
OF RANGE SPEED RANGE SPEED
SERVICE (MPH) (MPH) {MPH). (MPH)
A 60 and up 60 60 and up —*
B 55 to 60 55 55to 60 55
C 50to 55 50 50to 55 50
D 38 to 50 —° 33 to 50 —P
E 30to 38 30 20 to 33 20
F 30 and under — 20 and under —

o Improbable; no such case observed in the calibration data base; use
procedure with this awareness.
b For ramp-weave: 38 mph
For major weave:
Da2: AS=5: Snw=38 and Sw=33
Di1: AS=2: Snw=44 and S w=42



will not significantly affect the computations), this refine-
ment is not generally recommended, as what is desired is
a -descriptor of the over-all section in relatively simple
terms, consistcnt with accuracy.*

The service volumes associated with the nonweaving lev-
els of service are summarized in Figure E-4. As noted, they
are based on HCM values, with linear interpolation (with
‘respect to travel times) used to find values between those
specified.

The service volume characterizing a section is to be based
on the entrance leg with the greater number of input
lanes. This is the approach used in handling the calibration
data. In addition to determining N,,,,, the service volume is
to be used in checking the input/output lanes required, or
the adequacy of those provided.

Note that service volume is given in passenger cars per

hour per lane. All computations assume that the volumes
have been adjusted for grade, trucks, lane width, and lat-
eral clearance. The peak-hour factor (PHF) is built into
the service volume curves. It is as defined in the HCM.

* Moreover, one would frequently become enmeshed in considerations of
“how much” of the W is on “which side” of the section that requires a
sophistication inappropriate to the purpose of the procedure. Insights can
be gained, however, by the more sophisticated user.
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THE BASIC RELATIONSHIPS

This section presents the equations describing weaving sec-
tion operation. It also presents some discussion of these
relationships and the physical variables involved.

The best relationships describing weaving traffic were de-
veloped starting from the assumption that W/N is propor-
tional (actually, functionally related) to VR. That is, that
the percentage of width required by weaving vehicles is
directly related to the percentage of the total traffic that
they constitute.

Note that this one relationship—W/ N dependent princi-
pally upon VR—involves both types of flow (weaving and
nonweaving) in the determination of W. -This is reasonable
because although the flows are significantly segregated as
they enter the section there is a physical overlap and, thus,
interaction in the space they occupy.

A summary of the basic relationships for major weaves
and ramp weaves is given in Table E-3. For each con-
figuration type (major weave or ramp weave), there are
two governing equations:

1. A “primary” relationship that holds under all condi-
tions and that was calibrated with all available data. Note
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TABLE E-3
RELATIONSHIPS OF MAJOR AND RAMP WEAVES

EQUATION EST. OF
TYPE EQUATION DETAILS CORR. COEFF.
(a) MAJOR WEAVE
Primary log%_—_ —1.1640.660 VR =0.812
) —3.10 R(log VR)e ™~
+0.372log Sw
Secondary (holds only if AS=483-—-27.41l0og S©w—0.146 L p=0.637
W not constrained)
(b) RAMP WEAVE
. 104.8
Primary AS=—109.54 V_+ 50.7 log Su p=0.787
Secondary (holds only if log—ﬁ—: —0.615+0.606\/ VR p=0.757

W not constrained) —0.00365 (AS)

that the sample correlation coefficient exceeds 0.8 in both
cases.

2. A “secondary” relationship that holds only when W i is
not configuration constrained and that was calibrated with
only those data that did not border on configuration
constrained.

The ramp-weave secondary relationship in particular
would be significantly weaker if an attempt were made to
fit it with all available data.

The importance of the ‘“secondary” relationships is in
removing an indeterminacy that superficially seemed to
exist. Without them, analysis of a section could not yield
a specific, most probable description of operations unless
W was at its maximum. They are “secondary” only in that
they do not always hold.

The fact that the relatlonshlp defining AS is of greater
importance for ramp weaves than for major weaves is logi-
cal. In a ramp-weave situation, even one in which W is
“constrained, AS is dependent on the “runway” provided
to the weaving vehicles (this is determined by L), and—
for a given L—the weaving flow is “carried along” to a
certain extent by the motion, speed, and opportunities of
the mainline. Whenever possible, W will readjust to suit
the situation at hand, as is reflected in the “secondary”
equation for ramp weaves.

It is interesting that length L is a significant determinant
of section operation, but L’s significance dissipates quickly
as it is increased. In both major weaves and ramp weaves,
by far the greatest part of the advantage of length is
achieved by 2,000 ft.

It should be noted that no ramp weaves above 2,000 ft
were used in the calibrations, nor are they-often built. The
utility of such added length is not related directly to weav-
ing section performance; that is, perhaps a ramp weave that

need be only 1,500 ft long is merited, but external consid-
erations dictate the ramp location such that a 2,500-ft
length is created.

In the case of the major weave, benefit still accrues above
2,000 ft in increasing length although most of the benefit
would have already been realized. Although the calibration
data base contains lengths up to 4,600 ft, only 10 percent
of the base is above 2,000 ft. One should expect less pre-
cision in the results for rather long sections.

It is possible to show that as the major weave section is
made very long the level of operation does not generally
reach the level defined by SV = Vyoo/N (effective non-
weaving). While this may be due to the limitations of the
calibration, it must be remembered that (1) the merge and
diverge turbulence will always exist, regardless of length,
and (2) intensive lane changing exists at the beginning of
the section due to just the intensive presegregation, adding
to the turbulence.

In regard to which set of equations should be used for
which design problems, it must be recognized that the flows
and the VR value will generally give insight into which con-
figuration type should be used in particular design prob-
lems. In general, if VR is less than 0.4, use the ramp-weave
set; otherwise, use the major weave set. In analysis, inspec-
tion of the configuration will aid in determining the proper
equation to use.

Figure E-5 illustrates the range of VR values for the two
configuration types that were exhibited in the data base
from which the calibration was made.

DESIGN

The basic design problem is the design of a section to a
specified level of service for given volumes. Some varia-
tions on this (testing different lengths, for instance) are, in



fact, analysis problems. Others (maximum V,, for specified
conditions, for instance) are modifications of the basic
approach. Both can be treated as analysis problems.

The first step is always adjustment of the measure of
volume to passenger cars per hour.

The configuration type (major weave or ramp weave)
may generally be selected by inspection of the flows and the
probable or desired input/output lanes per leg. The design
computations may then be done for the appropriate con-
figuration type.

Major Weave

Given a level of service to which to design, one may solve
the problem in one of two ways: analytically or graphi-
cally. Steps of the analytic solution (with some graphic
steps) are presented first, with an explanation of the pro-
cedure.

1. From the definitions of level of service (Table E-2),
determine the speeds involved.

2. From Figure E-4, knowing PHF if appropriate and
assuming a value for the greater number of input lanes
based on input flows, find a service volume (SV) for the
Sp. Divide this into V,,, to obtain N, the lanes for non-
‘weaving flow.

3. For a given N of interest, compute W. If W is not
unreasonable (Table E-1), go to step 5.

4. If the computed W is unreasonable, set W to the
maximum (Table E-1). Then N,,=N — W. Compute
SV = V,/ N, Using Figure E-4, determine S,,,, and thus
the nonweaving level of service.

5. With whichever W is appropriate, compute W/N. Re-

call that S, was determined in step 1. From the “primary”
equation of Table E-3, determine L. If it happens that
€L equals a negative value in this determination, there
.is no feasible L.

6. If there is no feasible L, modify the N assumed (step
3) or the level of service desired, or simply report the fact.
Even if L is feasible, one may wish to compute the L for
several values of N. .

The graphic technique is based on Figures E-6, E-7, and
E-8, which incorporate all of the above steps. Given a
desired level of service and judging the greater number of
input lanes, execute the following construction:

1. Enter Figure E-6 with §,,., determining SV by reflect-
ing from the proper “inputs” curve. Continue the line
through SV to the proper V., reflecting down to the N,
value.

2. Draw a line from the N, thus found through the N
of interest, thus determining W. If the W is not unreason-
able (Table E-1, or W = 3.6), go to step 4.

3. If the W thus found is unreasonable, fix W at the ap-

propriate maximum. Work backward through N to find -

N, With N, reflect off V,,, to determine SV and then
off the appropriate “inputs” curve to determine S,,, and
thus nonweaving level of service.

4. With whichever W is appropriate, find W/N. Proceed
to nomograph in Figure E-7.

5. Draw line 1 from W/N to VR on Nomograph 1
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Figure E-5. Comparison of the range of VR values for the
ramp-weave and major weave configurations.

(Fig. E-7). Extend this line to T,. A point on T, is thus
defined. Draw line 2 from this point to S,,. Ignore the S,
values—they are there for analysis.

6. Extension of line 2 defines a value h. Enter Nomo-

.graph 2 in Figure E-8 with this value. Draw line 3 from

R to VR. This defines a point on T,. Draw line 4 from
this point to h. Extend this line to L. This defines the
specific length L required.

Given the value of L from either approach, one may then
proceed (knowing SV for the nonweaving level of service)
to compute the number of lanes desired on each leg. Know-
ing this and the W required (perhaps the maximum), one
may design the final configuration.

Ramp Weave

It will be necessary to specify only one level of service in
the ramp-weave design; it should be the through (non-
weaving) level of service. Again, there are two approaches
to the solution—analytical and graphical.

It will be observed that it is not generally possible to
attain a “balanced design” (comparable levels of service for
weaving and nonweaving). This can only be achieved by
specifying balance as the objective, rather than a specific
level of service. This is discussed within the basic design
approach.

The analytic approach (with some graphical steps) is
presented first, with an explanation of the procedure. The
all-graphic technique is then presented.

1. From the definitions of level of service (Table E-2),
determine the S,,,, desired.

2. From Figure E-4, knowing the PHF if appropriate
and noting a probable mainline number of lanes from the
given information, find a service volume SV for the S,,,.
Divide this into V,, to obtain N,,, the lanes for non-
weaving flow.

3. For the N of interest, compute W. If W does not
exceed 2.3 (see Table E-1), go to step 6.
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Figure E-6. This figure shows the relationships among Suw, SV, Nuw, and W for ramp weaves. It is a part, along with the nomographs in Figures E-7 and E-8, of the graphic technique for
computing configuration paramelters for a major weave section to a specified level of service for given volumes.
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4. If the computed W does exceed 2.3, set W to this
maximum. Compute N,,=N—W. Compute SV =
Vuw!/ N Using Figure E-4, determine S, and thus the
nonweaving level of service.

5. Continuing with the maximum W being used, the
length L may now be chosen. It will determine AS, as evi-
denced in the primary ramp-weave equation of Table E-3.
It is recommended that L be chosen so that AS = 0, which
constitutes a “balanced” design. If the length required for
AS = 0 cannot be provided, the same equation will deter-
mine AS for the length that can be provided. For informa-
tion, this equation is plotted as Figure E-9. If W exceeds
2.3, the design problem is completed.

6. If the computed W does not exceed 2.3, the secondary
ramp-weave equation of Table E-3 will determine AS. The
primary ramp-weave equation will then determine the reg-

uisite length L. If more length than is minimally neces--

sary is in fact provided, §,, will increase at the expense of
S.w. There will be a readjustment of W. Study of this
situation is described in the “analysis” section.

The designer must be cautioned that one may ‘“protect”
the nonweaving traffic at the expense of the weaving traffic.
It is an easy trap to fall into when (1) a high level of ser-

AS (mph)
18

1 1 L
20 (HUNDREDS
OF FEET)

0 A 1 451 "
5 10 \a0 \5
30 \35

-4 -

Figure E-9. Plot of the “primary” equation for ramp weaves.

vice is specified for nonweaving traffic, (2) this high level
implies a large AS, or (3) the AS is realized by a short
length. The design is met but the operation is undesirable—
the two levels of service are disparate, and even the non-
weaving vehicles near the ramps are severely affected; the
high S, is probably due to median lane traffic being
effectively isolated. ,

The designer should, therefore, exercise caution. If he
sees a large AS, he should redesign with a lower nonweav-
ing level of service.

The graphic technique is based on Figure E-10 * and
Nomograph 3 shown in Figure E-11, which incorporate all
of the above steps. Given a desired nonweaving level of
service and judging the number of mainline lanes, execute
the following constructions:

1. Enter with S,,, determining SV by reflecting from the
proper “inputs” curve. Continue the line through SV to
the proper V,,, reflecting down to the N,,, value.

2. Draw a line from the N,,, thus found through the N
of interest, thus determining W. If W is less than 2.3, go
to step 5.

3. If W exceeds 2.3, work backward- from W =2.3
through N to find N,,,. With N, reflect off V,,, to deter-
mine SV and then off §,, and thus determine the non-
weaving level of service.

4. Taking advantage of this W constraint, draw line 2 on
the nomograph (Fig. E-11) from AS =0 to the S,,, value
determined. The length L is thus determined. If this L
cannot be provided, pivot line 2 through the permissible L
for the S,,, specified. This determines AS and thus weaving
level of service. For W-constrained cases, this completes
the design. :

5. For W less than 2.3, draw line 1 on Nomograph 3
(Fig. E-11) from W/N to VR. Extend this line to deter-
mine AS. Draw line 2 from AS to §,,,., thus determining L.
From AS, one determines S,, and, thus, the weaving level
of service (Table E-2). If AS is large, the designer should
consider designing to a lower nonweaving level of service.

Given the SV from either approach, one may then pro-
ceed to compute (verify) the number of lanes required on
each leg.

The designer should be cautioned that in some ramp-
weave designs, it may be advantageous to attempt an alter-
nate major weave design. This may occur because of ramp
volumes (on or off), because of permissible length L caus-
ing an undesirable AS, or because of a significant ramp-to-
ramp flow being controlled by the weaving flows.

The designer should also be reminded that there are
situations in which weaving sections are not the appropriate
solution. Given constraints on L and N, and/or very sub-
stantial volumes, it may happen that no permissible sec-
tion will operate acceptably. Some alternate solution—re-
arrangement of ramps, elimination of the section by other
redesign, etc.—would then have to be sought.

* The only difference between Figures E-é'} and E-10 is the maximum W

indicated on the axis.
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DESIGN EXAMPLES
Example 1

Two highways are to intersect as shown in Figure E-12,
with the flows indicated. The volumes are shown in pas-
senger cars per hour. It is desired to have this section op-
erate at level of service B. Due to other considerations,
the lanes (input/output) should be as illustrated, if at all
possible.

Immediately one may note that (1) the input/output
arrangement dictates N =4 and (2) the appropriate ap-
proach is certainly one of major weave.

The problem first will be solved according to the “ana-
lytic”” procedure specified previously:

1. From Table E-2 for level of service B, S,,, =S, =
55 mph. .

2. For “Input: 2 lanes” on Figure E-4, SV = 1,000
pcphpl. Thus N,,, = (800 4 1,400)/1,000 = 2.20.

3. W= (4—12.20) =1.80. This is a reasonable value.
Go to step 5.

4. Does not apply in this case.

5. W/N = 0.45. From primary major weave equation of
Table E-3, ’

log (0.45) = —1.16 + 0.660 (0.333)
—3.10 (0.364) (log 0.33) e=01%
+ 0.372 log (55)

so that —0.347 = —1.16 + 0.220 + 0.538e~%1Z 4 0.647 or
e%1L = —(.100, which cannot be.

It must be recalled (if one is solving this analytically)
that e~~ is always positive.

One concludes that a design to level of service B is not
possible. Consider a design to level of service C. Lacking
information, assume a peak-hour factor (PHF) of 0.91.
The same procedural steps are again taken.

1. From Table E-2, §,,,, = S,, = 50 mph.

~—~——_ | 7 2100

1800 :: //V'
— .
> >
1500 1200
/[l:' T . )J]\

(A) SECTION OF INTEREST, VOLUMES IN PCPH

1400
o
400
700
800 -—

(B) VOLUMES BY MOVEMENT

Figure E-12. Illustration of a section as the first step in solving
an example major weave design problem.

2. For Input: 2 lanes and PHF =0.91, SV =1,370
pcphpl. Thus N,,,, = (1,400 + 800)/1,370 = 1.61.

3. W=(4—1.61) =2.39. This is a reasonable value.
Go to step 5.

4. Does not apply in this case.

5. W/N=0.59. From primary major weave equation
of Table E-3,

log (0.59) =—1.16 + 0.660 (0.333)
~3.10 (0.364) (log 0.333) e0-1L
+ 0.372 log (50)

so that —0.229 = ~1.16 4 0.220 + 0.538e-%-*~ + 0.632 or
e %1L=0.147. Thus, L =19.2 (i.e., 1,920 ft).

Knowing SV = 1,370, one may estimate the input/out-
put lanes required:

D D
1.31 LANES 1.52 LANES
k& LANES 0.88 LANES

s N

With the input/output lanes desired, there is no problem on
the section boundaries. The design

N— e o o e o _///
e Y
D e — <

realizes this and is recommended.

The same problem is solved graphically in Figures E-13
and E-14. The construction parallels that are outlined in
the description:

® As illustrated in Figure E-13 (A), an §,, =155 re-
flected off the “Input: 2 lanes” curve yields SV = 1,000
pcphpl.  Continuing to V,,, = 2,200 pcph and reflecting
down, N,,, = 2.2. Pivoting through N = 4, W = 1.8. Drop-
ping down to N =4, W/N = 0.45.

® In Figure E-13 (B), a line drawn from W/N through
VR (both known) is extended to T,. A line from S, =
55 through this T, value would intercept i at a negative
value. However, h must be positive. Therefore, the as-
sumption (S,,, = 55) yields an impossible situation. Aban-
don it.

® Try again for level of service C. Figure E-14 (A)
yields W/N = 0.59. The first part of Figure E-14 (B)
yields A = 0.085. In the second part, draw a line from R
to VR. This intercepts T,. Draw a line from k= 0.085
through T, to intercept L, and find L =~ 19.2 (i.e., 1,920 ft).

This problem was adapted from Example 7.1 of the
HCM. For the length determined herein, the HCM would
have predicted a good (high) level of service B with a



service volume of 945 pcphpl (equivalent). The equiva-

lent service volume averaged for the recommended pro-
cedure may be computed from

Schuiv = (1 - VR) N4 + VR [Vw/ W(PHF)]

and is 1,082 pcphpl (equivalent). This is a useful index in
comparing the two procedures.* Note that the HCM would
have been more optimistic about the service being delivered,
and would thus underdesign.

Example 2

A section is to be designed so that it may function at level
of service B with the volumes as indicated in Figure E-15.
There are 5 percent trucks, negligible grade. One may
select both N and L.

An attempt will be made to handle this as an auxiliary
lane design. Based on the mainline output volume (2,480
vph, or 2,480 X 1.05 = 2,605 pcph), a three-lane mainline
is desired.

The problem will be first solved according to the analytic
procedure specified previously. '

1. From Table E-2, §,,, = 55 mph.

2. From Figure E-4, for “Input: 3 lanes,” SV = 1,167
pcphpl. Thus N,,,, = (1,765 + 210) /1,167 = 1.69.

3. For N=4, W=2.31. This is essentially the maxi-
mum shown in Table E-1. It will be taken that the maxi-
mum is violated. Go to step 4.

4. Set W =2.3. Thus N,,,, = 1.70, resulting in a negligi-
ble difference in §,,. This is found by SV = (1,765 +
210)/1.70 =1,162. From Figure E-4, S,,, = 55 mph.

5. Note that with W at its maximum, added length af-
fects only AS without influencing S,,,. From the primary
ramp-weave equation of Table E-3, desiring AS = 0 implies
L =21.3. This is outside the calibrated and feasible range.
Note that for L =20, AS = 0.6. One concludes that for
L =20, the nonweaving traffic will operate at level of ser-
vice B, while the weaving traffic will operate closer to
mid-C.

6. Does not apply in this case.

The same problem is solved graphically in Figure E-16.
The construction parallels that outlined in the description.

In the graphical solution, it appears that W is just at its
limit of 2.3. If the designer proceeded to the nomograph
with this in mind, AS = 7 mph with L = 1,070 ft. The de-
signer should realize that if L is increased (dashed line in
Fig. E-16), the W thus implied could not be delivered—
thus N,,, remains constant, S,,, does not change, and the
left side of the nomograph does not apply. L =20, AS =~
0.5 from the nomograph. One may verify at SV = 1,070 ft
that the following lanes are required:

2.01 LANES

2.23 LANES

0.90 LANES »~ ™~ 0.67 LANES

* Caution must be used. In the HCM, quality of flow and not the com-
puted SV determines level of service when k=3.
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At this point, a cautious designer might attempt a design
for a two-lane mainline. He would find that the output
mainline would operate at level of service C. This will have
to be considered in conjunction with the internal service
provided.

The example as first stated is an adaptation of Example
7.3 of the HCM. The approach used therein (on/off pair
without auxiliary lane) would not be handled by the pro-
cedure developed herein. Rather, Chapter 8 (“Ramps”) of
the HCM would be recommended for that approach.

For the solution as stated herein (L = 20), Chapter 7 of
the HCM would predict £ = 2.7, quality of flow II, SV =
1,093 pcph. This implies level of service B.

Example 3

Consider Example 2 with 500 vph (5 percent trucks) added
to the mainline traffic. Design for level of service B, if
possible.

This changes the mainline flow to 2,289 pcph. Based
on input/output volumes, a three-lane mainline is still
recommended. Note that VR = (V,,/V zor) = 0.36.

This problem can be solved by graphic techniques.

As shown in Figure E-17 (A), level of service B (non-
weaving) leads to W =~ 1.88 or W/N = 0.475. From Fig-
ure E-17 (B), the AS and the L thus implied are ridiculous.
Physically, the section is being kept short to contain the
weaving vehicles, to the benefit of the through traffic.
Operationally, this is poor design.

The dashed lines 1 and 2 on the same figure show the
design for level of service C (nonweaving). A PHF = 0.91
is assumed. It happens that W = 2.3 exactly, so that the
left portion of the nomograph need not apply. If it did,
AS =~ 0 mph with L =~ 1,630 ft. Line 3 shows another
possibility.

For either case, SV = 1,450 pcphpl. The lanes required
are, therefore,

1.98 LANES T 2.16 LANES
— -
0.72 LANES 7 ~ 0.54 LANES

The problem is completed.

Note that, in accordance with HCM practices, the design
level (speed and service volume) is realized only during the
peak 5 min of the hour under consideration. At other times,
the level(s) of service is (are) better.

ANALYSIS

Analysis problems are those problems in which N, L, con-
figuration, and volumes are known, and it is desired to
assess the operation of the section. All evaluations of exist-
ing sections fall into this classification.

In addition, it is sometimes most effective to do design by
evaluating a range of feasible lengths and widths. In this
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Figure E-13. Attempt to solve by the graphic technique the major weave design problem posed in Example 1 at levels of service B and C.
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way, one may assess the impact of an additional 500 ft or
an additional lane. This is, in fact, handled as a set of
analysis problems.

The analysis approach is best handled by the graphic
solution or the computer program. The analytic solution is
as straightforward as the graphic, but is more burdensome
computationally. .

The essence of the analysis procedure is:

e Assume an S,,, and determine the W/N thus implied
from Figure E-6 for major weaves and Figure E-11 for
ramp weaves.

® For the W/N, determine the S,, as computed from
Figure E-8 for major weaves * and Figure E-10 for ramp
weaves.

e If the §,, determined in the second step is not the
same as that assumed, adjust the assumed one in the direc-
tion of the actual one and solve again. Continue until a
solution is reached.

In practice, two or three iterations will determine the
solution once the analyst has some experience.

The procedure is illustrated in the section immediately
following.

* The “A” in Figure E-8 nomograph is found from Figure E-7 nomo-
graph once (at the beginning of the problem).
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ANALYSIS PROBLEMS
Example 1

This is to'be a design problem in that configuration is not
fully specified. Configuration is to be designed so as to be
adequate for the solution reached. '

Consider the flows shown in Figure E-18, already con-
verted to pcph. The PHF is 1.00. Assess the level(s) of
service provided for combinations of N and L where N =
3,4,5 and L=235, 10, 15, 20. Specify W-values for each
case so that adequate configurations can be laid out. Note
that the volumes indicate the configuration to be a major
weave.

Before beginning, note that inspection of Figure E-18
and N leads one to assume certain line drawings of con-
figuration as illustrated in Figure E-19. These will be used
in the analysis only to determine “Input Lanes (Greater)”
as used in Figure E-6. .

Note that R =0.33, VR=1045, and V,,,=2,750. To
illustrate the analysis procedure, a complete solution will be
done for L = 10 and N = 4, which is representative of the
analysis situations commonly encountered.

® Note that for a major weave, Figﬁres E-6, E-7, and
E-8 are to be used. The first task is to find # from Nomo-
graph 2 in Figure E-8. The solution is shown in Figure

SPEEDS _
WEAVING  NON-WEAVING

60 :g ‘B‘: 60
25l cE>°
1
30| (P-4
= 44
407 41
402 P2} 39
. 38
30—: + 36

. — 35
] — 34
. — 33
1e E—32
20 30

Syfmeh) Syw (mph)

{DO NOT USE
WHEN W 1S
CONSTRAINED BY
T, CONFIGURATION

(B) At level of service C

Figure E-13. Continued.
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Figure E-14. Attempt to solve by the graphic technique the major weave design problem posed in Example 1 at level of service C.
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Figure E-14. Continued.
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1680

550

200

—
(A) SECTION OF INTEREST, VOLUMES IN VPH

1765

2342 2605

1050 210 787

(B) EXPANSION, PCPH

Figure E-15. Illustration of a ramp-weave section design
problem (see Example 2).

E-20. The line marked “first this” is drawn from R to VR,
thus intercepting T,. “Then this” is drawn from L through
this T, point and extended to find A = 0.133.

® Assume S,,, =50 and begin analysis as indicated in
Figure E-21. W/N is found in (A); the S,,, that results in
(B) via the two lines shown (“first this” from W/N through
VR to T,, “then this” from A through T, to §,,) indicates
the original assumption was very poor. The assumption of
Snw = 40 is not much better, as indicated in (C) and (D).
An assumption of S,,, = 35 results in S,,,= 34 [see (E)
and (F)]. On the same figures, S,, = 34%.

One may conclude that S,,, =~ 34 mph with §,, =~ 26 to
27 mph. These imply levels of service E for both flows.
The W required is 2.5 lanes. One must always return to the
actual configuration to make sure that the W can be han-
dled, particularly if there is no through lane or if the heavier
weaving flow does not have a through lane.

Note that if a person were doing several analysis prob-
lems with these volumes, he would have made a much bet-
ter estimate of the starting point. For instance, when he
went to L = 15 and N = 4, he would not assume S,,,, = 50.

The results are summarized in Table E-4 for the several -

cases of interest in this example. Table E-5 is a blank copy
of this form, which may be of use to the reader.

Table E-4 also indicates the “ideal” that would exist if
there were no weaving with the total volume as given. This
is based on SV = V,y;/N and level of service as read from
‘the ramp-weave portion of Table E-3 in conjunction with
Figure E-5. (The right-hand portion of Figure E-6 can be
used to replace these two.)

Note from item 4 of Table E-4 that N =3 would be a
poor choice, and only N =5 and L = 20 is really accept-

able. Further, to achieve the same level that L = 10 and
N =5 yields, it is necessary to have L = 15 when N = 4.

Example 2

Consider the ramp-weave situation shown in Figure E-22.
Evaluate the operation.

This analysis requires use of Figures E-10 and E-11.

Note that VR = 0.427 and V,,, = 1,410 pcph.

The solution is given in Figure E-23 (A) and (B). In
(A), the assumption is made that S,,, = 50 mph. Pursuing
this in (B), the S,,, implied is 54 mph or so. Assuming
S, = 54 mph in the second attempt [dashed in (A)], the
S, implied as found in (B)—dashed also—is about 54
mph. Note that, for ramp weaves, one may effectively use
the §,,,, value implied (or slightly more) as the new assumed
Snw-

The solution is therefore that S,,, = 54 mph and S, ~
382 mph. These imply levels of service C (almost B) and
D for the nonweaving and weaving traffic, respectively. The
70 pcph ramp-to-ramp flow will be controlled by the weav-
ing service provided. The lanes required for a SV = 1,020
pcph are

2.13 LANES — — ~— —— — —— —— |.53 LANES

= <
0.28 LANES / \ 0.88 LANES

so that the input mainline will be slightly constrained.

Note that neither of the two analysis problems required
consideration of a constrained W. If they had, the analysis
actually would have been simpler.

Example 3

Consider the ramp-weave situation shown in Figure E-24.
Evaluate the operation.

This analysis requires use of Figures E-10 and E-11
(Nomograph 3).

Note that VR = 0.423 and V,,, = 1,500 pcph.

The solution is given in Figure E-25. It is assumed that
S = 50. The fact that the W/N thus implied cannot be
found in Figure E-10 is a clear indication that the W that
would result exceeds the configurational limit of 2.3. There-
fore, W is taken as 2.3 and the S, is found to be 58 mph
[Fig. E-25 (B)]. From (A) of the same figure (dashed
line), AS = 5%4 mph so that §,, = 52% mph. This yields
levels of service B (almost A) and C for nonweaving and
weaving traffic, respectively. The weaving width W is
constrained.

The lanes required for SV = 880 pcph are

227LANES _ __ ___ _ __ ____ __ _ 2.39LANES

- - =~

0.67 LANES 7 N 0.57 LANES

which are adequate in all cases.
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(A) Using Fig. E-10.
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(B) Using Nomograph 3 (Fig. E-11).

Figure E-16. Attempt to solve by the graphic technique the ramp-weave design problem posed in Example 2 at.level of service B.
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(B) Using Nomograph 3 (Fig. E-11).

Figure E-17. Attempt to solve by the graphic technique the ramp -weave design problem posed in Example 3 at level of service B.
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Figure E-18. IHlustration of weaving section flows to determine
area configuration for Example 1 analysis problem.
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Figure E-19. Line drawings of assumed configurations that are used in solving the Example 1
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Figure E-20. Use of Nomograph 2 to solve Example 1 analysis problem.
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Figure E-21. Steps toward solving Example 1 analysis problem.
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Figure E-21. Continued.



80

4 | SV (pcphpl)

2000

INPUT 7
4 LANES

L B I

1400

1200

1000 “INPUT®REFERS TO GREATER

OF TWO INPUT LEGS.

800 THIS FIGURE IS ALSO USED TO
CHARACTERIZE ADEQUACY OF
INPUT 7/ OUTPUT LANES (KUMBER)
FOR INTERNAL LEVEL PROVIDED,

€00

LI M B S S

v (19 L sl as i Al T INPUT » 4 LAKES [ .
rov-weAvING LANES Niw 5 35 30 P 2.0 .0 [ ° i ' % S0 DNW
) ) INPUT 3 LANES L = L5t itge— Snw  NON-WEAVING SHEDS
T . . . JS SO V.
voraL tanes N 6 ) a 3 INPUT S BLANES (it =35 w5 Sww
MON-WEAVING
- sl i ata Al A J
ULAWNGI.ANESW';J 0 ra— EEE—— ° S Erve e e e LEVEL OF
* ' SERVICE
o °'+ os 07 0.6 0.3 sk‘u 03 02 ou Q ne3
oo db b G e e T T = SPEEDS TO WHICH
(W/N) 68 0T " 06 a3 04 63 02  Oa [] 30 38 44 80 55 60 TO DESIGN
D S TSI X R * mar v e ety SR (€) (D) (0 (C) (8) (A) (NON -WEAVING)
Laa s a o 2l FIFEN NS ST YT SRS B +d N+ B
X3 0.5 LX) 0.3 02 o

(E) Begin again, assuming S,,,=35 (solid line) and S,,,=34 (broken line), determine corresponding
values for W/N.

W (WEAVING LANES) SPEEDS
N " (TOTAL LANES) WEAVING  NON-WEAVING
0.3 .
5 N
o3 60 :g g 60
. = ¢l [cE>°
50 33— =50
40| |Dif—a6
= 44
0.2 403
pu — 41
3% |P2l-39
0 0.15 . 8
— 0.2 -
= — 30—_: L——36
-.—AA___-—- O.l \\\\:-.‘_ —__35
— 0.8 - 34
- 0.8 0.05 . — 33
1.0 Lo | - 1l |E —2(2)
W/N VRe Y ° Swimeh) S (mph)
Vror h o ~
DO NOT USE
WHEN W 1S _
CONSTRAINED BY [~

T CONFIGURATION
| :

(F) Determine S, values that correspond to the W/N values obtained in (E).

Figure E-21. Continued.
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SUMMARY OF ANALYSIS RESULTS FOR EXAMPLE 1
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(A) Assume, for the first trial, S,,,=50 (solid line), and, for the second trial, S,.=54 (broken line);
determine corresponding values for W/N.
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(B) Determine S, values that correspond to the W/N values obtained in (A).

Figure E-23. Solution to the ramp-weave section analysis problem in Example 2.
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Figure E-24. Analysis of the ramp-
weave problem posed in Example 3.

(A) Determine W/N by assuming S, =50 (solid line). Refer to W/N in (B). Determine AS when W is
constrained and S, =58 (dashed line).
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‘ (B) With W constrained, determine S,.. Reenter (A) with S,,=58.

Figure E-25. Solution to the ramp-weave section analysis problem posed in Example 3.
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Example 4

This problem is a variation on the analysis problem as
specified and solved previously. It is, in effect, a sensitivity
analysis.

Consider the problem previously specified in “Example
1,” and let N =4 and L = 10. The situation is summarized
in Figure E-26.

Let R vary from 0.20 to 0.45. What lengths must exist
in order to maintain the same level of operation?

As may be seen from Figure E-24 (C), A must remain
unchanged in Nomograph 1 of Figure E-7 at a value of
0.133 in order to maintain the level of operation unchanged.
Nomograph 2 in Figure E-8 can then be used to solve for
various values of R, yielding the corresponding L. This is
shown in Figure E-27 for the extreme values of R. The
solution is shown graphically in Figure E-28.

The result implies that the split of weaving traffic as de-
termined by R is an important factor in major weave opera-
tions. It is not so significant in ramp weaves—it enters in

000
2 -
L=10 2250
N=4
750 A
—
NOTES : VOLUMES IN PCPH
Snw =34mph | FROM ANALYSIS PHF =1.00
Sy =27mph EXAMPLE | R =0.333

Figure E-26. Analysis of the weaving section problem posed
in Example 4.

only insofar as the input/output volumes are shifted by a
change in R.

DISCUSSION OF DESIGN AND OPERATION

This section presents a number of points that are of con-
cern to the designer and that should be considered in the
context of the procedures and techniques of this appendix.

There are differences in speed between the two weaving
flows. The speed §,, found or specified is the composite of
the two. The heavier volume weaving flow is the faster of
the two. This pattern is much more pronounced for ramp
weaves than for major weaves.

It must be remembered that true weaving sections—both
in the sense of physical weaving configuration and two sig-
nificant weaving movements—are not as common as is of-
ten thought. Frequently, only one weaving flow exists and
the problem is really one of merge and diverge. These are
handled by the procedures of Chapter 8 of the HCM. For
those true weaving sections. of the ramp-weave type, it is
questionable practice to make them longer than 2,000 ft.
For true major weaves, the equations may be used with a
caution that they are not as precise in this region.

The nomographs may be used for the longer situations by
simply extending the L scale for major weaves, which is
linear. An extension is shown in the nomograph of Figure
E-8 (dashed).

The concept of out-of-the-realm of weaving or effective
nonweaving is of recurring interest to designers. Under
what conditions (length, etc.) is a weaving section indistin-
guishable from a normal freeway section? There are two
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Figure E-27. Use of Nomograph 2 to solve Example 4 analysis problem.



ways of viewing the problem: (1) comparable speeds, and
(2) comparable service volumes. The former can frequently
be achieved, as indicated in the illustrative problems and
the equations. The latter—as determined by a net service
volume approaching SV = V y,yp/ N—cannot be achieved in
ramp weaves and cannot generally be attained in major
weaves.

While one may question whether this result can be at-
tributed to the limitations of the calibration, it must be
remembered as cited earlier that (1) the merge and diverge
turbulence will always exist, regardless of length, and (2)
there is intensive lane changing at the beginning of the sec-
tion just due to the intensive presegregation, adding to/
causing the turbulence. In the case of ramp weaves, there
is the added fact that there is rarely the ramp-to-ramp vol-
ume to use much of the auxiliary lane space at the activity
level implied by such an SV.

It should be noted that a typical section is subjected to
a range of conditions. Depending upon the time of day or
the season, the relative flows will differ, sometimes signifi-
cantly. The section may have to be designed with several
flow conditions in mind. The operation under some of these
may appear rather poor just because the section was de-
signed for only one specific set of conditions.

It may also happen that the driver population at some
times is radically different from that from which the data
were collected. The composite data base generally reflects
peak-period drivers at the poorer levels of service, and
weekday off-peak drivers at the better levels. The impacts
of recreational driving populations, to the extent that they
differ from these populations, has not been ascertained.
Proper advance signing and other practices can aid in
avoiding pathological problems that could arise by sub-
stantial lack of the presegregation that has been observed
as characteristic of weaving sections.

On the subject of shifting flow patterns, it may happen
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Figure E-28. Solution of Example 4 analysis problem.

that the design pattern has shifted significantly and some-
what permanently. It may be possible to modify the sec-
tion lane arrangement—including number of lanes on each
leg—with markings rather than with physical reconstruc-
tion.

It should be noted that two-sided weaves (sections in
which one of the weaving flows is the largest flow and/or
virtually the mainline flow) are routinely handled by the
major weave classification. Two-sided weaves are just a
special flow pattern, with a high VR.

Multiple weaves are more complex, and guidelines are
given in a separate appendix.

A last point: the lanes required for each nonweaving
(outer) flow can be computed separately to assure that they
too are delivered. This is, as a rule, handled by checking
the adequacy of the lanes on each leg. In situations where
the design is marginal or the designer desires reinforcement
or further insight, he may wish to compute the nonweaving
lane allocation required on each side of the section.

APPENDIX F

THE COMPUTER PROGRAM FOR THE RECOMMENDED PROCEDURE

The procedure developed and recommended under this
project has been implemented in FORTRAN 1V for the
convenience of the user. The features of the program, in-
cluding input structure, are detailed in this appendix.

A copy of the program listing is included herein.

There are eight problem types that can be solved:

TYPE TYPE
NUMBER NAME

1 Ramp-weave design

2 Major weave design

3 Ramp-weave analysis

4 Major weave analysis

5 Ramp-weave analysis (continue list)
6 Major weave analysis (continue list)
7 Ramp weave, maximum V,, vs. L

8 Major weave, maximum V,, vs. L
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Types 5 and 6 are simply continuations of the sort of analy-
sis done in types 3 and 4, respectively, but without repeated
headings. This allows easy comparison of a sequence of
problems.

In types 7 and 8, the intent is to investigate how V,,
increases as a function of length, given a level of service
specification.

THE INPUT DATA

Each problem is specified on one card. This section pre-
sents some commentary on the input items. Except where
specifically noted, all numeric values are entered without
decimal points. Figure F-1 presents the input format.

Problem Title (A)

'Eight columns are reserved for a descriptive title that is
used in the output for identification.

Problem Type (B)

The problem type is identified by a one-digit code as given
in the enumeration above.

The problem type must be specified. Any problem with-
out a proper type number is skipped with an appropriate
message printed.

PROBLEM TYPE

Volumes (C)
The four volumes must be secified in order according to the
following pattern:

(D
-O———=

—

Any volume not specified will be taken to be zero. All
volumes must be entered such that they are justified to the
right-hand side of their input columns (“right-justified”).

Only in types 7 and 8 are the volumes not taken exactly
as they appear. In these cases, the purpose is to investigate
how much V,, can be handled at various lengths L for a
specified level of service. However, two “dummy” volumes
must be specified for the weaving volumes. These must be
in the same proportion as the proportion to be investigated,
so that R can be fixed.

Units of Volume (D)
The units of volume are specified in one column as follows:

P passenger cars per hour (pcph)

® LOFS—
® PHF ——

©® PCPH OR VPH

® TITLE © VOLUMES
, v v
f\/\_/'\ v e N — ——
[ 8 10 12 17 22 27 32 34 37
2A4 BT F4.0 F4.0 F4.0 F4.0 Al F22 A2
INPUT SPECIAL
@ LANES LANE @ FACTOR
: ® wiotH
"~ © LENGTH ® N @ w © PERCENT @ GRADE
N ™ MAX
MIN MAX  INCR' MIN  MAX ~ TRUK BUS %  LENGTH
40 45 50 52 54 56 58 63 66 69 72 74 79
| | EEREN | HNEN |

F40 FIO FIO FIO FILO

F42 F20 F20

F2.0 FIO F4.0 Fa22

NOTE : FORTRAN FORMAT SHOWN
FOR INFORMATION ONLY ; NOT
OF INTEREST TO MOST USERS.

Figure F-1. Input format for weave program.



4 vehicles per hour (vph)

When nothing, or any other code, is specified, pcph is as-
sumed and an appropriate caution message is printed.

Only when “V” is specified does the program do anything
with the following factors: lane width, truck percentage,
bus percentage, grade, and “special” factor.

Peak-Hour Factor (E)

The peak-hour factor (PHF) is specified in two columns.
For example, a PHF of 0.85 is entered as 85 in columns 34
and 35 of the input card. When nothing is specified, a
PHF of 1.00 is assumed.

Level of Service (F)

The level of service (LS) is used only in design problems
(types 1, 2, 7, and 8). It is ignored if an analysis problem
is specified.

The level of service may be any of those used in the pro-
cedure: A, B, C, D (for ramp-weaves), D1 and D2 (for
major weaves), or E. It must be right-justified. When none
is specified, the solution steps through all levels of service.

It is recommended that level of service always be speci-
fied in types 7 and 8. The output is more orderly (for easy
reading) when one problem (one card) is specified for each
level; the levels are kept together.

Range of Lengths (G)

The range of lengths should be input in the following
order: minimum, maximum, and increment. The incre-
ment is specified according to the following code:

1 250-ft increment
2 1,000-ft increment

The default (blank, zero, or anything else) is a 500-ft
increment.

The minimum and maximum should be specified in hun-
dreds of feet, right-justified. If the user forgets and inputs
length in feet, the program will correct it.

If only one length is to be specified, it may be placed in
either the “minimum” or “maximum” position, or both.

When no values are specified for “minimum” and “maxi-
mum,” the program will assume 5 and 20, respectively.

The length range is used only in analysis (types 3, 4, 5, 6).

Range of Widths (H)

The width referred to is the internal width, denoted N, and
is used in both analysis and design. If only one width is
to be specified, it may be placed in either the “minimum”
or “maximum” position, or both. When no values are
specified for either, the program will assume 3 and 5,
respectively.

For both length and width, when two non-zero values are
specified, the greater of the two must be in the “maximum”
position. If this order is violated, the problem will be
solved for only the minimum value.

It is recommended that only one value of N be used in
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problem types 7 and 8, for ease in reading the numbers for
one case in sequence.

Input Lanes (l)

This item refers to the greater of the number of lanes on
the two input lanes. If no number is specified, it is as-
sumed that the number is one less than the number of
internal lanes, N. If N =2, two-lane input is assumed.

Maximum W (J)

The maximum W is determined by configuration consid-
erations. If no value is specified, the values of 2.30 for
ramp weaves and 3.60 for major weaves hold.

Lane Width (K)

The lane width may be specified from 9 to 12 ft and must
be right-justified. When no value is specified, a lane width
of 12 ft is assumed.

Table 9.2 of the HCM is used for this adjustment (6-ft
lateral clearance). The adjustment is made as if N=2
when “Input Lanes” is specified as 2, and is made as if
N =3 or 4 in all other cases. °

Percent Trucks and Buses (L)

Truck and bus percentages are rounded to the nearest
whole percent for entry _oh the data card. For example, a
S-percent truck percentage is entered as 5 in column 67.

These two péercentages must be right-justified. When
nothing is specified, zero.is assumed. The user may include
buses with trucks if he wishes, but the correction factors for .
the two are slightly different.

Tables 9.4 and 9.5 of the HCM are used for these
adjustments.

Grade (M)

The grade percentage is specified as a single digit. When
nothing is specified, zero is assumed. Adjustment for grades
greater than 3 percent must be made before using this pro-
gram and “pcph” must be specified. Attempts to specify a
higher grade will cause the problem to be skipped with an
appropriate message printed.

The grade length is specified in four columns, and may
be up to 4 miles. The decimal points should be included for
a user’s check on himself. If no length is specified, ¥4 mile
is assumed. If a length over 4 miles is specified, the prob-
lem is skipped.

Special Factor (N)

As the HCM indicates, correction for lateral clearance must
be handled judiciously, with due engineering judgment of
the regularity of the obstruction and of the driver popula-
tion. Therefore, the program does not automate this.

. If there is a 2-ft lateral clearance on a road with 11-ft
lanes and 3 input lanes, the HCM (Table 9.2) indicates a
factor of 0.93. The program would have used the factor of
0.96, acting as if there were no lateral obstruction. If the
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engineer judges the additional correction appropriate, he
must use a “special” factor of (0.93/0.96) = 0.97. This is
entered as 97 in columns 79 and 80 of the data card. The
special factor is specified in two columns. When nothing is
specified, a special factor of 1.00 is assumed.

DATA CHECKS

As indicated in the previous section, there are several mes-
sages that can occur in the course of processing the input
data:

® “PCPH or VPH not specified. . . . PCPH assumed”
(Problem continues).
® “Grade of (over 3) percent specified. . . . Please

convert to PCPH before input” (Problem terminated).

¢ “Grade length of (more than 4 mi) specified. . . .
Problem skipped” (Problem terminated).

® “Special factor (lateral clearance, etc.) of __ is used.
. . . This is not same as HCM Table 9.2 in that lane width
is corrected for independently” (Problem continued).

® “Type specified as (not 1 ro 8) . .. Problem skipped”
(Problem terminated).

e “**Reminder** The user has set W maximum at __”
(Problem continues).

e “**This major weave has W max at __. Can con-
figuration provide it?**” (Problem continues). (This mes-
sage not used for type 6.)

® “Greater of input lanes not specified. . . . One less
than internal N is assumed for any value of N except
N =2" (Problem continues).

For all problem types except types 5 and 6, a detailed sum-
mary of the input data is printed. The two forms (one for
PCPH and one for VPH) are shown in Figure F-2.

In some cases, the program uses a special subroutine to
assure convergence of the iteration inherent in analysis.
When this is invoked, the message “Routine HELP called.
Diff of __ mph results. Accept answer below only if diff
less than 0.50. Otherwise do by hand.” is printed. Even
when the difference exceeds 0.50 mph, the difference (be-
tween assumed and resultant S,,,) rarely requires solving
by hand.

OUTPUT DATA

There are three basic output headings, as shown in Figure
F-3. They correspond to ramp-weave design, major weave
design, and both analyses (Problem types 1 through 4).
Types 5 and 6 continue under the output heading of types 3
and 4, respectively. Types 7 and 8 use the headings from
types 1 and 2, respectively, with an added line specifying
V. at each step.

There are several special features in the output that
deserve commentary.

PROBLEM TITLE: EXPLPERL

At REcA - UATERSE

EUBEFEXACT AT XN

s~ = [NPUT DATA*=x=x

EEEN IrRET RIS AT S

MOVEMENT : i 2 3
VOLUMES (PCPH) 1063. 313. 636.
PMF= 1.00
/
EXP3PER!

© FOR INDEPENDENTLY

PROBLEN TITLE:

RO AP EER IR

EXP3PER]

CRTATXTE XX XCETa R

*= % [NPUT DATAss =

AZIEUNAEL XV QORISR &

MOVEMENT : 1 2 3
VOLUMES (VPH) 4143, 226, 4317,
VOLUMES (PCPH) 4503, 246, 415,

PHF= 1.00

0. PCPH SPECIFIED...USER ASSUMED TO DO

(A) PCPH SPECIFIED

SPECIAL FACTDRILATERAL CLEARANCE ETC) DF 0,92
NOT SAME AS HCM TABLE 9.2 IN THAT LANE WIOTH 1S CORRECTED

(B) VPH SPECIFIED

PROBLEM TYPE:
csassennRe

RAMP WEAVE,ANALYSIS

4

ALL CORRECTIONS EXGEPT PHF,

IS USED.e..THIS IS

PROBLEM TYPE:
I SAT RS S R 2SS 3]

RAMP WEAVE ANALYSIS

4 PERCENY TRUCKS: 0.
PERCENT BUSES: 0.

27.

29. GRADE: 0. PERCENT

0.25 MILES LONG

SPECIAL FACTOR: 0.92

Figure F-2. Two input summary forms.
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Design Possible?

Configuration Constrained?

It may happen that there is just too much traffic for the

If so, the answer “YES” is printed. In design, a message

dered. If so, a message to this

ing consi

level of service be

will adjust as shown be-

low” follows. The modification is shown on the next line.

to the effect that “but S,,, of

effect will be printed in conjunction with a “NO” answer.

For ramp weaves, three values of AS are listed and solutions

given.
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Design Recommended?

If a ramp-weave design yields a length under 400 ft or over
2,500 ft, or if a major weave design yields a length under
500 ft or over 4,600 ft, the emphatic “*NO*” recommen-
dation is printed. ‘

If AS exceeds —5.0 or +10 mph, the simple “NO” rec-
ommendation is printed.

Level of Service F

As appropriate, messages of impossible service volumes
and/or speeds are printed.

Lanes Required

For simplicity, the lanes required for each outer flow and
for the weaving flow are printed in each problem. The
lanes required on each leg in order-to provide comparable
service on the legs (comparable to the internal service vol-
ume) are also computed. If it is an analysis problem, the
user may compare these to the number(s) actually available.

A NOTE ON TYPES 5 AND 6

Problem types 5 and 6 are intended to make it easier to
look at a set of ramp-weave or major weave analyses (types
3 and 4). For instance, if one wishes to look at an analysis
of estimated level-of-service variation by 6-min periods for
2 hr, it would be preferable not to have it spread over
20 - pages with intermediate headings.

TABLE F-1
IMAGES OF INPUT CARDS FOR SAMPLE PROBLEMS

It is recommended that each set of such analyses be
begun with a type 3 or 4 specification (as appropriate) so
as to put the headings on the page, followed by type 5 or 6
specification for all the remaining items.

Major weave and ramp-weave analyses may be inter-
mingled if desired, for the output format is identical.

SAMPLE PROBLEMS

Table F-1 presents the actual images of the input cards used
for the sample problems of this section. Most of the prob-
lems correspond to the design and analysis examples dis-
cussed in Appendix E or to variations of them.

Problem 1

This problem was intended to be a computer version of
“Design Problem 1” and is so entitled. The output is shown
as Table F-2; the results do not correspond to the Appen-
dix E findings. :

Closer inspection of the output reveals that the (greater)
number of input lanes is not specified so that the number is
taken to be one less than the number of internal lanes. A
message in the output clearly states this. Thus the number
was taken as 3, rather than the 2 specified in Appendix E.

The purpose of including this discrepancy is one of em-
phasis: the user must take care that the problem is speci-
fied exactly as he wishes it solved.

Colummnsg 11308618 unus AN DU A AN NN M IR OB G AAY RIUS SISO RIROUOAN DRI RN RSN ;_’;;:km
Problem (Col, 10)
1 DES EX 1 2 1400 400‘ 700 800 P 91 4 2 1
2 DES EX 2 1 1680 550 800 200 V 91 4 5 1
3 DES EX 3 1 2180 550 800 200 V 91 4 5 1
4 AN EX1 4 éooo 750 1500 750 P 00 s 2 3 2 4
5 ANA EX1A 4 2000 750 1500 750 P 00 S 2 453 4
6 aNA EX 2 3 1340 830 220 70 P 91 500 3 2 3
7 ANA EX 3 3 1500 500 600 P 91 1400 3 2 3
8 HEAY YOL 3 3500 500 600 P91 1400 3 2 3
9 EXTYPESR 8 1000 200 300 500 P 00 1000 4+ 2 8




Aside from this, the problem indicates a typical solution
for problem type 2 (major weave design) when the design
level of service is not specified: all levels are solved for.

Observe that the (minimal) lane requirements by leg are
output routinely so that the user can determinc whether
difficulties exist and/or how to avoid them.

Problem 2

This problem corresponds to “Design Problem 2” of Ap-
pendix E. The output is shown as Table F-3. Note that
this is a configuration-constrained case, and the output is
appropriate to it. One may interpolate between the points
given if different AS or L are desired; if one sketches a
curve through the three points, it should be remembered
that the shape may be close to—but is not—linear.

Problem 3

This problem corresponds to “Design Problem 3" of Ap-
pendix E. The output is shown as Table F-4.

Problems 4 and 5

These two problems together correspond to “Analysis Prob-
lem 1” of Appendix E. The output is shown as Table F-5.

TABLE F-2
SAMPLE PROBLEM 1
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It was handled as two problems because of the specification
of (greater) number of input lanes. For N = 3, it is 2; and
for N=4and N =5, it is 3.

Note that these sample problems step over a range of
lengths and/or widths. The output is a typical one for
problem type 4 (major weave analysis). As was indicated
in Appendix E, solutions of this type are useful in design
evaluations, for the incremental improvements may be.
easily seen.

Problems 6, 7, and 8

These three problems are examples of problem type 3-
(ramp-weave analysis). The outputs are shown in Table
F-6. The first two correspond to “Analysis Example 2”
and “Analysis Example 3” of Appendix E, respectively.
The third has high volumes just to illustrate the output
when level of service F must result.

Problem 9

This problem is an illustration of problem type 8 (major
weave, maximum ¥V, versus L). For given outer flows, one
computes—in problem types 7 and 8—the length required

PROBLEM TITLE:
seossesssnans

NES Fx 1

AL A 2 AT TT ET T Y 2

Se2INPUT DATA®ess
e ssse Rt benn

MOVEMENT : 1 2 .3 4

VOLUMES(PCPH) 1400, 400. T00. 800.

PHF= 0.91
LRI 2D P T Ty

*=2NTPYT DATAS=a
SudssstassERBIRESE

S8THIS MAJOR WEAVE HAS W MAX AT
CAN CONFIGURATION PROVIDE [T2ee

DES EX 1

DES EX 1
TWO ASSUMED IF N=2,FOUR IF N=6
2¢=DESIGN TN FOLLOW IS FGR N bF 4 LANES==»

NW LVLSSR® CONFIG * DESIGN & WE LVLSERSLENGTH ® DESIGN =
LS SNW * CONSTR * PNSSIBLE* LS SW » ¢ HECOMM =

.PROBLEM TYPE:

3.60

ssa® [NT LANESS®sse o
OUTERL WEAV QUYER2 = & A R X Y s

MAJOR NEAVE'DéSIGN
ssssssnssees

PCPH SPECIFIED...USER ASSUMED TO 00 ALL CORRECTIONS EXCEPT PHF.

GREATER OF INPUT LANES NOT SPECIFIED...ONE LESS
THAN INTERNAL N 1S ASSUMED .FOR ANY VALUE OF N©3,4,5

sseseANES BY LEGesssss

had b dd bt el L L T L T Ty L e L T P T T T

A 60. ‘-

A 60. * A NO L . * * -
* - . - L] - - *
A 55, » NO . YES * B 55. * 35.3 « YES = 1.2 2.1 0.7 =» +.1.5 1.3 1.8 1.0
- * . ] . . . .
C 50. * NO b YES - C 50, * 16.6 * YES 1.0 2.5 0.5 * * 1,2 1.0 le4 0.8%
* » . * - - ‘. -
Dl 44, » NO - YES * Dl 42, = 13.2 = YES * 0.9 2.6 0.5 * & 1,2 1.0 1.4 0.8+
* - - . . . = *
D2 38. ¢ NO hd YES *= D2 33, *= 10.0 = YES 0.9 2.7 0.5 * * 1.1 0.9 1.3 0.7e
. - .- - n . »* .
E 30. = NO » YES L E 20. = 5.3 = YES 0.7 2.9 Q.6 * = 0.9 0.8 L.0 0.6*
. . - - - ‘. .- .




TABLE F-3
SAMPLE PROBLEM 2

TABLE F-4
SAMPLE PROBLEM 3

PROBLEM TITLET O0ES Ex 3
. sseee

eseeesassevacanse

MOVEMENT:
VYOLUMESIVPH)

VOLUMES(PCPH)

oHFe 0.%1

*eeaDESIGN 1D FOLLDU 1S FOR N OF

MM LVLSER® COMFIG ® DESIGN

1680,

1764,

2 3
550, 800,
ST, 840,

4 LANESese

200.

210.

PRAOKLFY TYPE:
ss ..

* DEL S""' LENG'N‘ ME LVLSER® DESIGN® eseslNT LANESSseese
LS

RANP WEAVE,DESIGN

PERCENT TRUCKS: 5.
PERCENT HUSES: 0.

GRADE: 0. PERCENT
0.25 MILES LO%G

SPECIAL FACTIR: 1.00

onoouuss ny “cnun
-

LS SNd © CONSTR ® POSSIMLES® SW « PFCOMMS QUTERL WEAV OUTER2e o Y e
A 60. ® YFS  emegquT SNw OF 60, WILL ADJUST A4S SHOWN RFLUW
. .. . . - . . . e .
8 55. - - . 0.0 * 21,4 A 55, = YFS » 1.5 2.3 0.2 ® *2.0 0.9 2.2 J.1 ®
. . . . . . . . .
8 55.¢ - . L4 $.0 ¢ 13.0 ¢ € 50, ¢ YES ® 1.5 2.) 0.2 * *2.0 0.9 2.2 0.7
- - . . .
R S5S. - . * 1J.0 ¢ 8.3 ¢ D 65, @ YES ® 1.5 2.3 0.2 ¢ *2,0 0.9 2.2 0.7 &
- . . . . . .. .
L1 YES eeeRUT SNw NF 5%, NILL ANJUST AS SHDWW RELON
. . . - . . ..
L] - . g 0.0 * 214 A 35, ¢ YES o 1.% 2.3 0.2 & 02.0 0.9 2.2 O.7
. . . . .
L] - . . 5.0 * 13,0 e L %0, e YES 1.8 2.3 0.2 ® 22,0 0.9 2.2 0.7 ®
. . . . . . . .
8 55.» - * 13,0 & A3 D 45, ¢ VES e 1.5 2.3 0.2 % €2.7 0.9 2.2 0.7
. . . . . . e .
C 50, ¢ YES eoe8UT Sk OF 50. WEILL 40JUST AS SHNWN RELIW
. . . . . . . .
8 SS.e - . . 0.0 ¢ 21,40 A 55, YES o 1.5 2.3 0.2 » 2,0 0.9 2.2 [ 2% L
. . . . . . . .. .
" S5, - . . 5.0 * 130 ¢ C 50. * YES o 1.9 2.3 0.2 ® 02,0 0.9 2.2 CuT »
. . . . . . . .o .
8 55, - o * 10,0 * 8.3 % N 45, ¢ VES e 15 2.3 0.2 ¢ 02,0 0.9 2.2 0.7
. . . . . . . .e .
0 38, YES ©eoRUT SNw OF 38. WILL ADJUST AS SHOWN AFLOW
L. . . . . . - .o .
LI L N R * 0.0 * 21,40 A S5, % VES e 1.5 2.3 0.2 ° *2,0 0.9 2.2 0.7
. . . . . . .o .
A 55.0 ~- o * 5.0 ¢ 13.,0* C 50, % YES O 1.5 2.3 9.2 ° 92,0 0.9 2.2 0.7
. . . . . .
B S5, <-- o ® 10,0 * 8.3 ¢ D 45, ¢ YES 13 2.3 0,2 ¢ 22,0 0.9 2.2 0.7 ¢
. . . . . . . LI .
€ 30, ¢  VES «eBUT SNw NF 30, WILL ADJUST AS SMOMN BELOW
. . . . . . .. .
B 55.0 - S 0.0 ' 2l.4 % 4 S5, e VES e 1.5 2.3 0.2 02,0 0.9 2.2 0.7 ¢
. . . . - . . . .
LI D * %0 % 13,0 C S0. % VES® 1.5 2.3 0.2 % 2,0 0.9 2.2 0.7
. . . . . - . ..
8 55,6 - o * 10,0 * 8,3 D 4%, ¢ VES e 1o 2.3 0.2 @ 02,0 0.9 2.2 0.7 e
. . . . . . . . .

OVEVENT : 1 z 3 .
VILINES (VIME 2180, ss0. 470, 200,
VILISES(PCOH) 2299, ST, 840, 210.
Prrs Q.91
AsSNESIGY TO FOLIOW 1S F0P N OF & LANESese
NW LVLSEQS [INEI; © ODESIGN e DEL SPNT LENGTHS W LVLSE2S NESICNS veerIKT LANFSeeaese
LS SN ® CINSTQ o ONSSIALES Sw * PECONMe
.
A a0, e ves Q3T SNM TE 0N, NILL ADJUST A4S SHOWN PFLUW
» . - . . o
L R * 0.0 = 16,2 % D a9, = ¥ES
. . . . . .
. - . * 5.0 & 10.2* 7 44, ¢ ¥ES
. .. . . .
- . ¢ W0 b.0 ¢ no39, ¢ YES
. . . . .
YES  SesRUT SNw JF 55, wilL 8NJUST AS SHOWN RFLOW
. . . - -
- - . 2.0 * (5,2 ¢ 0 49, = YEs
. . . .
0 49, - - . 5.0 ¢ 0.2 n . ves
. . . . -
N 49,¢ - . ¢ 10.0 * 0.0 * n 39, VES
. - . . ~
YIS essaquY SNa NF 59, Wi ST 4S SHCwN PELU4
. . . . .
- . . 3.0 ¢ 16,2 ¢ 9 49, ¢ YES
. . . . .
[ I R ® 5.0 s 10,20 D ae. * YES
. . . - -
- . * DO - G.0 * LS L P vES
. . . . .
YES I WA, witL ADJUST AS SHOWN BELOW
. . . . .
.- . . 0.0 * 16.2 * 0 49, ¢ YES
. . . . .
- . . 9.0 ¢ 10.2 ¢ LI Y T YES
. .
.- * 1.0 * 6.6 ® n 39, . YES
. - . . .
E 30. * YES AUT SMw N 30, WILL ANJUST AS SHOWN RELNY
. . . .
N 49, - . .0 ¢ 12 ¢ n a9, ves
. - . .
0 43, .- L4 5.0 ¢ 10.2 = LU L PR YES
. . . .
0 ea,e oo WD e sb e B 39, e ¥IS
. . . . . .

cecsmu e

RAMD 4FAVE,NESTCH

PEKCENT tAauCkS: S,
PFRCENT HUSES: 0.

GPanF: 0.
0.2% #ILES LING

PEPCENT

SPERTAL FAMTIR: 1.00

QuTf ey

MEAY DUTFO2e @

€senalANES AY |EGeocass
a " x ¥ e

.

et 2.3 Jel * *2.) 0.7
..

1.6 2.3 Dl * 22,0 0.7

D

1.6 2.3 0.1 ® 22,0 0.7
.
..

1.6 2.3 Ol ® 22,0 J.7

t.e 2.3 0.1 & 2,0 0.7
o

Leo 2.3 0.1 ¢ *2.0 0.7
.o
.

o6 2.3 Vel ® 2,0 0.7
.o

1o 2.9 N.1 & *2,0 0.7
..

1.6 2.3 0.1 * 2,0 0.7
.o

1.6 2,9

leo 2.8

teto 2.3
..

1.6 2.3 0.1 % 22,0 0.7
.

Led 2.3 0.1 ¢ #2,0 0.7
e

1.6 2.3 J.1 ¢ *2.0) 0.7
.o

2.1
2.1

2.1

2.1
2.1
2.1

2.1
2.1

J.5
2.3

0.5

d.3
0.5

0.5

2.5

V.5

3.5

0.3

a8

.8

0.5

n.5

@600 eceevese Bessees assesen

ssvssee




for several V,, values at a specified level of service or set
thereof. *

For problem types 7 and 8, the ratio R (= smaller to total
weaving volumes) must be specified. This is done by speci-
fying two “dummy” weaving volumes in the proper ratio.

Table F-7 gives a segment of the output for sample prob-
lem 9, and Figure F-4 shows the results. The dashed seg-
ments shown in Figure F-4 depict the artificially derived
results discussed in the footnote. Clearly, these curves indi-

* In some computations, the V_, V, ") pair will be inconsistent with the
level of service specified. For instance, ,0_167 peph, V,,,=1,500 pcph,
and level of service D1 when N =4 must require a very short length so as
to force such a terrible performance with only 1,667 pcph. These artificial
combinations will make a simple plot of the output appear to bend un-

reasonably.

TABLE F-5
SAMPLE PROBLEMS 4 AND 5
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cate that only the worst lengths can cause this section to
perform very poorly. To look at it another way: If V,,, =
1500, V,, = 1000, and N =4, who would want to even
consider level of service E?

Note that Figure F-4 allows one to appreciate the varia-

‘tion of level of service with varying weaving volume and

the incremental benefits of length. The representation is
like HCM Figure 7.4 in appearance and function, but has
a dependence on the V,, which affects shape—unlike
HCM Figure 7.4.

LISTING OF FORTRAN SOURCE
Table F-8 presents a listing of the FORTRAN program.

aNs EXL

TITLE:
“see
erescasecscncans

ses |NPUT DATAGee
trevesseancasess

PRNOALFN TYPE: MAJUR WEAVE (ANALYSIS

essessscesse

MIVEMENT 3 1 2 3 4
VOLUMESTIPCPN) 2030, 753 13%0. 750. PCOH SPECIFIED...USER ASSUMEN TO O0 ALL CORRECTIONS EXCEPT PHF.
PHFe 1.00 ’
sssecsessssessene
*+eQUTPUT DATASSS
escssssescrssanes
AN EXI SSTHIS MAJNR wEAVE HAS w MAX 4T 3.e0
. CAN CONFIGURATION PRNVINE 1770
PROBLEN ¢ N o L *LVL OF SER® SPEENS OCONFIGe 4 ® nEl S ""“"‘VOLU'ES"C’Nl"""""'LANE REQUIRENENTSensses
TITLE | . E WEA ® NWE WEA *CONSTR® 1 * A-X MEA R-Y ¢ LGA LGA LGX LGYe
rsese . . L]
ANA EXL & 3, ¢ S,0% € £ e 30, 10, * w0 ® 1.68 19, = 2000. 760. 1300. 750.% 1.0 1.6 0.¢ * l.¢ 1.1 1.8 0.0¢
. . . . . . . . . . .
ANA EXL * 4. * 10,0 f F e U0, 16. = W * l.6% 12. ° 2000, 750. 1503, 750.% 1.0 1.5 0.6 ® 1.4 1.1 1.8 2.8¢
- . . . . . . . . .
ANA EXL ® 3. ¢ 15,0° € E ® 32, 23, » NO ® l.o* 9. © 2000. 750. 1500. 7T50.% 1.0 1.6 0.4 © 1.4 1.2 1.8 0.8¢
. . . . . . . . . .
ANA EX1 * 3, ¢ 20.)° £ E ® 34, 26, ¢ NO * 1.5 8. ® 2000. 750, 1500. 750.¢ L.1 1.5 Q.6 ¢ 1.5 1.2 1.9 0.8¢
. . . . . . . . . .
ANA EX]1 * 3. ® 25.0% f € ® 35, 28. * NU . 1.5 Te © 2070. 797, 1500. 750.° 1.1 1.5 0.4 @ 1.5 1.2 1.9 0.8¢
. . . . . . . . . .
- —_
PROBLEN TITLE: ANA EX1A PROBLEM TYPE: WAJOR WEAVE ,ANALYSIS
AALL LI LT . sessess e
.
v
seseee
WAVEMENT: 1 2 3 .
VOLUNESEIONPH) 2010, 750. 1500. 750. OCPH SPECIFIED...USER ASSUNED TO 00 ALL CORRECTIONS EXCEPT PHF,
PHF= | ,00 N
secsessserscesecs
0JTOUT CaTae
sssessesscensense
ANA EXIA  SoTMIS #AJ0Q WEAVE MAS W ®AK AT 3.60

CAN CONFIGURATION PRAVIDE (T7es

PROBLEN & & o L sLvL OF sEQe SPEENS SCONFIGe w @ DEL S .".““"ﬂlUNFSlFC'Nl“""."“LAN( REQUIREMENTSessoss
TITLE ° ® Nuf WEA ® NWF wEs SCONSTRe 1} 2 4 ® A-X WEA B-Y % LGA LGS LGX LCY®
.
ANA EX1a® &, ¢ S,)* F ® 30, 1. * N0 ® 2.6 12. * 2000, 750. 1500. 750.¢ 1.0 2.6 0.4 ® 1.4 1.1 1.8 0.0°
. . . . . . . . . ) .
AMA EXLA® &, * 1J,0* f € & 34, 27. * NN * 2.5 T. © 2030, 750. 1300. 750.*% l1.& 2.5 0.4 ¢ 1.5 1.2 1.9 0.8°
. . . . . - . . . . .
ANA EX146 4, = 15.0¢ N2 D2 ® 39, 34, *» N 2.5 4. © 2000, 750. 1500. 750.% l.1 2.5 0.4 ¢ 1.5 1.3 2.0 0.8¢
. . . . . . . - . . .
ANA EX1A® 4, * 20,9° D2 N2 * 42, 39, * w0 . 2,40 3. ® 2023. 730. 15)0. 750.% [.2 2.4 0.4 ® 1.6 1.3 2.0 0.9
. . . . . . . . . . .
ANA EX1A® 4, * 25,0° Ol DL * 44, 43, = ~O * 2,40 2. * 2000, 750. 1500, 750.% 1.2 2.4 0.4 * 1.6 1.3 2.1 0.9¢
. . . . . . . . . . .
ANA EXlA® S5, ¢ 5.9% E * 32, 22. * NO * 3.6° 10. * 2090, 750, 1500. 7%50.® 1.0 3.6 0.4 ¢ 1.4 1.2 1.0 0.8°
. . . . . . . . . . . .
ANA EX1A® S, * 1D.0* N2 02 * 19. 3¢. ¢ NO * 3.5 4. * 2000, T750. 1500. 750.% 1.l 3.5 0.6 * 1.5 lo3 2.0 0.8°
. . . . . . . . . . .
AMA EX1A¢ S, » 15.0° 01 Dl @ 45, 43, = N * Jabe 2. ® 2070, 783, 15%0. 750.% 1.2 3.4 0.8 © .6 1.3 2.1 0.9¢
- . . . . . . . . . .
ANA EXtA® S, ¢ 20.0¢ DL 01 * 50. S0, * NO * 3.3* 0. * 2090, 750, §500. 750.% 1.2 3.3 0.5 © 1.7 1.6 2.2 0.9
. . . . . . . . . . .
V.4 EXQA® S, ¢ 25,9 C * 5L, Sle @ N0 3,2¢ 0, * 2000. 750. 1500, 750.® 1.3 3.2 0.3 ® 1.8 1.3 2.3 1.0°
. . . . . . . . . . .
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TABLE F-6
SAMPLE PROBLEMS 6, 7, AND 8 : .

PUNALEM TITLE: ANA F¥ 2
evceess crcoee

VAMP WEAVE,ANALYSIS

ssecsee
*es[NPUT DATAsee
seessssarsese

WCVEMFNT S 1 2 3 .
VRUNFSIRAPM) 134D, 8. 220, 1. PCON SOLCIFIED.. .USER ASSUED TO NO aLL CORPECTIONS EXCEPT PHF,
. oufs €,

1tour ratas

PEOALE™ * N L eLVL OF SEH® SPEFNS  SCONFIGe
v . . o N4F WEA ® NWL WEA @
.

. SLANE REQUIGERENTS®
6 & A-X MEA R-¥ ®» {GA LGA LGX LGYS
B Y T T T LT T YT TP TR TR PP Y LR R AL L R R P T R 2 L)

W * DEL § wee VOLUSE SLPLON)
- . 2 3

ANA EX 2% 3. ' 5.0 8 N 85, 39, % NJ . Ll.A* o, * 1340, 9)0. 220, 70.9 1.3 1.6 0.1 ® 2.2 9.3 1.6 0.9°
. . . - - . - . . . .

POORLEM FITLF: ara FX 3}
acssessccance

TYPF 1 WAMP WEAVE,ANALYSIS
-

1NPUT DATA!

MOYCVENT ] 2 3 -
VILUNESERCPM) 153D, $0J. 699, 2. oro4 SOECIFLEN.. LUSEP ASSHMEN TO AN ALL CURRECTIONS EXCEPT PNF.
PHFe (.91

esesscenenns .
oo TOYF PATANCS
escessacecerntens

SVNLYMESIPLPNH Y@
MEA * Nwf wFA OrNSTRe . . ) 3 -
[ L L T T TR T TY LY PRIV

ANE REUIISREMENTSwew
A-¥ & LGA LGA LGX
ssssccsssecsse

PROALE™ ¢ N © L sLVL OF SCPe SPEENS  wL(NFIRe W DEL S
TITLE . . .
eonen

ANA £X 3s 3, e 14,0 C £Lo» 52, 49, ¢ NO * 1.9 3. * 1500. 500. 8%, De® 102 19 0.0 * 1a7 0.5 Lo7 0.4
. . . . . s . . . . . .
PROALEW TITLE: FFAV VAL . PROALEM TYPFI HAMP WEAVE ANALYSIS
sesacecssecce e .

sesINPHT
ssascsne

WIVEVFNT @ [} 2 3 .
VOLUMESLPEDOHY 3500, 592, 633, 0. PCPH SPECIFIER., ISER ASSUMED TO RN ALL CORRECTIONS EXCEPT PHE,
OMFs r,Q}

JUTONT DATACss
sasecnsacsce

PROALEM ¢ n o L *LVL ¥ SEPe SPLFNS  ACONF IG» W
TITLE . - * Naf wEA ¢ Nmf wEA CCINSTPS
asseseses

e eyLUNESIPCPIt)e
2 . .
seseessesssecesseenee

SLANE REQUIPENENTSS
=X WEA B-Y * LGA LGA LGX LGY*

S¥s 2146, THMPLIFY AY VMW GIVEN...THIS STEP NOODIFIED NR TERNIMATED

SVe 2424, IMPLIEN AY VNW GIVEN...TMIS STEP MADIFIED NR TERWINATED

HEAY VCI® 3. ® 14,0 F LSS THAN 30,0 wiTe Sva 2424, NSFOED
. . - . . . . .




TABLE F-7
SAMPLE PROBLEM 9

PROBLEM TITLE: ‘ EXTYPESA
LR R Ty e

B T

62 INPUT DATAwAs
R

MOVIMENT : 1
VILUY4ES(PCPH) 1000,
PHF= 1,00

B ERKABGANAE N
cex(Q)TPYT NATAr*~
nketxRpekIvaEi CN

ZXTYPFBA

“*THIS MAJOP WEAVE HAS W MAX AT

PRO3LEM TYPE:
BEEF BRI RARERS

MAJOR WEAVE,MAXIMUM VW

2 3 4

200, 300. 500, PCPH SPECIFIED,,.USER ASSUMED TO DO ALL CD&RECTIONS EXCEPT PHF.

3.60

CAN CONFIGURATION PROVIDFE 1T72¢»

NOTE THAT R=

=#=NISIGN T FOLLOW IS FN° N QF

NW LVLSERx CINFI6G =
LS SNW * CONSTR &

DESIAN
PoSSIALI™ LS

* WE LVLSER®LENGTH »

0.40 IN THIS PROBLEM
4 LANES»n=
DESIGN » *e#aINT LANES*kéns # *“"LANES BY LEGesxusg®
SW o~ * RECOMM = OUTERL WEAV QUTER2 & = 2 Y *

FURR YRS L AN R A S R TR S P E TN A SRS AT K I IR AP A RREAIA CX P C AN IS F MO ZR AN R AR E R LN AR R R RN AR R R AR R AR LSS SRR AN RN R RS SR

WEAVF VOLUMF OF 79, PCPH YIELNS THE FOLLIWING: ///:///
4 60. 4 NO = YES % A 60. % 25.0 &  YES 14 1.9 '/ /// //////
L 3 -~ - = yd /
// /5. » NU 3 233 - qQ 55, = 17,7 = /// * 0.8 0.6 0.9 0. 5‘ /
O/ : ; ‘ / 3.3 0.3 % 507 0.5 0.8 O.ee //
4 g4 // // / : . /.
ELDS THF FOLLOWING:
& 60, ¢ - « 60. . . - . *
= * * x = g * *® *
B 55. %« ND = YES = 8 55, & 36,2 %  VES 1.0 2.5 0.5 * 1.5 1.2 1.7 1.0%
- * = - - - - L d
€ 50. ¢ NO - v YES & £ 50, * 16,0 % YES = 0.7 3.0 0.3 * % 1,0 0.8 1.2 0.7¢
« * * * - * * *
DL 44, # NO = YES < DL 42. = 10.8 ¢  YES # 0.6 3.1 0.3 * * 0.9 0.8 1.1 0.6%
. * - * = - " . ow
n2 38. %= ND o+ ¥es o+ N2 33. ¢ 7.8 * YES * 0.6 3.2 0.3 * * 0,8 0.7 1.0 0.6%
- > . * * » - s *
€ 30, % ND v YES x £ 20. » 4.0 & sNO* # 0.5 3.3 0.3 * & 0.7 0.6 0.9 0.5%
* * - - L] L *
WEAVE VGLU“E CF 1500. PCPH YIELNS THE FOLLOWING:
A’ 60, * * NO t A 60, ¥ * * - .
. * « « - « » - -
R 55, * « NS x B 55, - » . .
» » « x * * » =
€ S0. % NG ¥ YES ¥ C 50. & 16.3 YES * 0.7 3.0 0.3 % * 1.1 0.9 1.3 0.7%
Vy (PCPH)
MAJOR WEAVE
N=4
3000 |-
(Vp/V3) = (2/3)
= —
1000
E : > == <
[ — 500 ———%
—
~ D2 N
2000 DI ) LEVEL OF SERVICE
’ EQUAL FOR WEAVING
| ¢ AND NON— WEAVING
1000 | \ B
\ \ /
\ \ v ! : A —
ANEEA N NN |
o 1 1 Il L 1 1 1 1 L
o 10 20 30 40 (100 FT)

Figure F-4. Plot of results of the output for sample problem 9.
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TABLE F-8

LISTING OF FORTRAN PROBLEM

o001
0002

0003
0034
0005

0006
0007
0008
2009
0010
Joll

ool2
0013

0014
J01L5
0016
o017
3018
0o9
0020
0021
0022
2023
0024
0025

0026
0027
0023
0029
0030
0031
0032
0033
0034
0035

0036
0037
no38
0039
0042
0041
0042
0043
0044
0045
0046
0047
0048
0049
0050
0051
0052
0353
0054
0055
9756
0057
0058
0059
0060
0061
0062
0063
0064
0065
0066

(e S Nal

132

230
ca

2290

24)

260

299
3N

THIS PROGRAM S RECNMMENNED WEAVING SECTION PROCENURE PINYOO1D
OEVELOPEN  UYNDER NCHRP 3-15 AT THE POLYTFCHNIC INSTITUTE PINY0OOL1S
UF N&w YORK,DEPT, OF TRANSPORTATION OLANNING AND R PINY0020
ENGINEERING PINY0025
CUAMONZ ALK A/NINP YT yNySVTYP o PHF o VNW, SV PINYO0030
REAL TITLEC2)4VEL{4) oPCVPH, LS LMIN, LMAX L INCR,NMIN, NMAX , PINY0035
*INLANE,WTOP s LANEW, TRKPER yBUSPER, GRDPTRyGRDLEN +SPECFC ,PURV(2), PINY0040
*RUS e VPCPH{4 ) yWADJUS (44 2) oPHF yMAPR(3) PINY0045
JIMLE PRECISINN HEAD(3,6) PINYQ0S50
INTEGFR TYPE,MAP(16),MAPA(27)¢TRKFACIB,8y3) NLOWSNHIG,LLOW,LHIG PINY0055
DATA HEAN/3HRAMP WEA,BHVE,DESIG,8HN ¢+ BHMAJNR WE,BHAVE,DESI, PINYN06D
*3HGN ¢ BHR AMD WFA,BHVF ANALY,8HSIS 2+ BHMAJNP. WE , BHAVE y ANAL , PINY D065
*8HYSIS + BHRAMP WEA,GHVE, MAX M, BHUM VW +3HMAJIR WE, BHAVE MAXI,PINY0QTO
*BHAMUM Vi / PINYQOT?5
NATA WANJUS/De8L9049L970970140292.7840.89,3.9641.39/ PINY0089D
GATA BUS/L1.6/ PINYO08S
NATA PIPV/LIHP, LHV/ PINY0090
NATA MAP/1421304959516060696973TeT47,7,7/ PINYO09S
DATA MAPA/LoLlols203949%95+506460697¢T¢747,7+8,8,87 PINYO100

NATA YQKFAC/65'2'515'4'4.313'5o5".41303;706.“‘51‘15'7'61“5'6'5v PINYD105
‘7.7'b'bo7vT'b‘6v6‘7-6‘ﬂ.“7"'3v1019v3v7360515'3'l019v3079675o4'6.P|NV0113
‘10'9'8'1v6v6151571019v80811!6'5v6vl°v9v9v9v8'7v7v1vl°l10v9'q'6‘8' PINYOLLS

“12%10,4*11/ PINYOL20
DATA MAPR/2,5,10.045.0/ PINY0125
REAL Hﬂﬂx,dUPPEQIZ)yVNN'VHyR)Vﬁ,HolONUNNM'SNA'SN'NNU'XN'N' PINYO130

* SVySPORWIS) ¢SPNMW{6) ,LARRW(S) 4LABMWI 7) ,WORDS(S),0UT(9), PINYOL 35

€ VLEGL4) sOUTSE) W XLOUT(7),0UTMWIB) , SWMW(6) PINY0140
INTEGER MaPC(3) NINPUT,N,SVTYP PINYOLl45
DATA SAMu/6).39550095340942.0433.0,20.0/ ’ PINYOL150
DATA SPDRW/60e095500450.0438.0,30.0/ PINYO155
DATA SPDMW/6040955.0950.004440433.0,30.0/ PINY0160
OATA LARRW/2H Ay2H Ry2H Cy2H Ny2H E42H F/ PINYO165
DATA LAMMW/2H Ay2H R, 2H Cy2HOL,2HD2,2H E42H F/ PINYOLTO
PATA WNRNS/4H YES,4H NO ,4H —- , Q4=ND=*,4H 7 PINYOL7S
DATA MAPC/1424192904240427 PINYOL180
DATA WUPPER/2.3,3.6/ PINYOL8S5
KM= | PINYO190
N3 5000 KINNEX=1,1000 PINYO195
REANIS+100y END=6000) TITLE,TYPE,VOL ,PCVPH,PHF LS, LMIN,LMAX,LINCR, PINY0200

'NH[N'NMAXvlNLANE.HTOPyLANEﬂ'TRKDE"oRUS°FF.GKDPEF.GQDLFN-SDECF( PINYQ20S

LF(TYPELLE.4.DR.TYPE.GELT) WRITE(6,10) PINYD210
IF(TYPE,GE. 1. AND.TYPEL.LE.B8) GN TO 1J2 PINY0215
WRITE(6,710) TITLE,TYPE PINY0220

Gu T0O 5¢00 PINY022S
CINTINYE . PINYD230
TF(PHF.EQ.D,0) PHF=1.Nn0 PINY0235
IF{PCVPH.EV.PORV(2}) GO TN 200 PINY0240
I {PCVPH.NE.PORPVIL1)) WRITE(6,110) TITLE PINYO245
GJ TO 500 PINY0250
CONTINUE PINY0255

RRECTIONS Fi)R VPH ARE NOW TN RE DUNE PINY0260

PINY0265
PINY0O27)
IF(GROPER,GF.0+0.AND.GRDPERLLEL3.0) GO TO 220 PINYO2TS

WRITF(6,210) TITLE,GRDPER PINYO0280
G0 T0 S0NO PINY0285
IF(GRNDLENGGE «0e0«ANDGRNLENLLECSLD) GO TN 249 PINY0O292
WRITE(6,4230) TITLE,GROLEN PINY0295
GO TO 500¢C PINYO300
IF{GROLENLEN.J.0) GROLEN = 2.25 PINYO305
NY = GROLEN/0.25 PINY0310
NY = MAP(NY) PINYO315
NX = GRDPER PINYO320
IF(NX.EQ.0) NX=1 PINY0325
Nl = TRKPER ' PINY0330
IFI(NZ.EQ.O) NI=] PINY0335
1F(NZ.GT.20) NZ=20 PINY0340
NZ = MAPA(NZ) PINY0345
X = TRKFAC{NZ,NY,NX) . PINY0350
FAC = 1.00 ¢ TRKPER®{X-1.,0)1/100.0 ¢ RUSPER=*{BUS-1.0)/100.0 PINY0355
N0 267 I=14+4 PINY0360
VPCPHIT) =vAL(1)*FAC PINYO0365
IF(SPECFC.EQ.D.0) GN TO 300 PINYO370
WRITE(6,27)) TITLE,SPECFC PINYO3 75
nD 290 T=1,4 PINY0380
VPLPH(T) = VPLPH{T)/SPECFC PINYO385
NX=2 PINY0390
TFCINLANELEQ.2.0) NX = ] PINY0395
IF (SPECFCL.EN.D.0) SPECFC = 1.0 PINY040)
NY = LANEW - 8.0 PINY0405
IF(NY.LE«OsMRNY GE,4) NY = & PINY0410
LANEW = 4 ¢ NY . PINY0415
N 320 1= 1.4 PINY0420
VPCPHIL) = VPCPH(I)/WADJUSINY,NX)} PINYO425




TABLE F-8 (Continued)

97

2067
0063
0069
0070

0071
0072
0073
T4
0075
Cor6
Q7
0078
0079

0080
0081
dos2
0083
0084
0085
2036
0087
0038
2089
0090
0091
0092
0093
0094
0095
0036
0097
0098
J099
2190

o101
0102
0103
0104
015
0lL06

0107
0108
0109
otlo
o111
o112

oLl
o114
o115
oile
o117
ol18
o119
9129
012t
0122
0123
0124
0125
0126
0127
o128
o129
o13n
o131
0132
0133
0134
0135
0136
0137
0138
0139

[a X3 Kal

BEaXa)

[$¥s)

IF{YYPELFN.5.,UR, TYPELEN,6) GO TN 679
NX= TYPE .
TFINXEQ.TLORNXLFN.B) NX=NX~-2
WRITE(H,340) TITLE, (HEADCI NX}el=143)001sl=1y4),TRKPER,RYSPER,
=YL, VPCPH,GRDPFR ,GROLEN,PHF, SPECFC
60 11 60)
530 CONTINUE
N) 550 I=ly%
53) vPCOH{T)= VOL(T)
NX = TYPE
TFINX.FO.5.0R.NX.EQL6) GO TO 600
TFINXLEQeTNR.NX,FI.8) NX= NX - 2
WRITE(64570) TITLEGUHEAD(T oNX) o 1=19305(TsT1,4)yVPLPH,PHF
6J)0 CINTINUE
PCOH NIW ESTARLISHEN AND INPUT DATA SUMMARY WRITTEN IF APPREPRIATE
LIMITS ON N AND wWILL NUW RE CHECKE?D

IF(NMAX, LE.NMIN) NMAX=NMIN
TFINVMINLEQ.0.0) NMIN=NMAX
TFILMAXJLELLMIN) LMAX=LYIN
IF(L4INLSQ.0.0) LMIN=LMAX
IF(LMINGGT . 99,9) LMIN=LMIN/L10D.0
TFILMAX.GTL,99.9) LMAX =LMAX/190.0
[FILMINLGELZ2.5) GG T 620
LMIN = 5.0
LMAX = 29.0 .

627 TFINMIN.GF.2,3) GO TN 540

NYIN= 3.0
NMAX= 5.0 .
640 NLIW = NVMIN
NHIG = NMAX
ND = NHIG =NLOwW

TF(NDLGEL4) NHIG = NLJW ¢ 3
TFLLINCP (NS, 1.0 AND L INCR,NEL2.0) LINCR= 3,0

NY= LINCER
LINCP = MAPT(ND)
LL A 1

LHIA = 1.0 ¢ (LMAX-LMIN)/LINCA
LIMITS ON N ANO L HAVE AFEN CHFCKFD...MAX WIDTH NOW TD BF SET
1

700 NN = MAPC(TYPE)
NMAX = WYPPER(NN)
1€ (WTOP,£9,0,0) GO TU 730
WAMAX = WTNP
WRITELA,T2)) wWuaX
730 TFUWTOP . FNDeNANDNDEQe2  AND.TYPELNEL6) ARPTITE(6,T40) TITLE,WMAX

A AAX N SET...NCW ADDPESS NINPUT LANFS

NINPUT = [INLANE
IFININPUT.NELN) GN TO 731
NF I X=MOINLTYPE,2)
IFINFIX.FR,L.CR.TYPELGFL.A) GN TN 731
WRITEto,750) TITLE

731 CONTINOE

NIW THE REAL WURK BEGINS
VNw = VPCPH{L)e VPCPH(G)
VW = VPCPH(2) ¢ VPCPH(3)
VR = V4/tVWeVNW)
R=  VPCPH{2)/VW
FACTOR = R
IF(TYPELLT.7) G TN 733
VPEOH(2)=0,.)
VPLPH(3) =)0

733 CUNTINUE
IF(2.GFe%¢5) R= 1.I-R
IF(R,6F.0.5) = 1.0-%

VLFALUL) = VPCOH(L) + VPCPHI2)
VLEG12) = VPCLPH{3) ¢ VPCPHI4)
VLEG(3) = VPCPH{L) ¢ VPCPH(3)
VLEG(64) = VPCPH{2) + VPCPHI4)

SIRVR = SORT(VR)
XLGVR = ALIGLO(VR)
IF(TYPE.EQ, 7.0, TYPELEQ.B) WRITE(6,770IR
G T (800, 1500+200042500+3308+350144030,4502),TYPE
830 CINTINUF
NLNOP = NLOW - ]
H)S5 NLIOP = NLGAP ¢ )
M= MLACP
XN = FLOAT(N) )
[F(TYPE. TR L.NPKM,EQ.1) WRITE(6,827) N
IFUTYPELFQ.T) YRITF(4,4020)VW
D1 A06  1TUM=1,5

PINY043D
PINYD435
PINY044D
PINYO044S
PINY0450
PINYD455
PINY0460
PINY0&55
PINYO470
PINYO04TS
PINY04RO
PINY0485
P INY0490
PINY0495
PINY0500
PINY0505
PINYOS51)
PINYO515
PINY0520
PINY0S525
PINY0530
PINYOS53S
PINY0540
PINY0545
PINY0550
PINYD555
PINY0560
PINY0565
PINYJIST)
PINYOSTS
PINY0580
PINYOS585
PINYNS90
PINY0595
PINY0600
PINY0605
PINYD61)
PINYO615
PINY0620
PINY0625
PINY0630
PINY06 35
PINY0642
PINYO64S
PINY0650
PINY0655
PINY0660
PINY0665
PINY0670
PINY067S
PINY068D
PINY068S5
P INY0690
PINYO695
PINYO700
PINYOT05
PINYOTLO
PINYOT15
PINYOT20
PINYOT25
PINYO730
PINYOT35
PINYOT40
PINYOT4S
PINYOT75)
PINYOTSS
PINYO760
PINYO765
PINYOT70
PINYOTTS
PINYO780
PINYOT85
PINYDT79)
PINYO795
PINY0800
PINYOBOS
PINY081)
PINYOB15
PINY0820
PINY0825
PINY0830
PINY0835
PINY084O
PINY0B4S
PINY0850
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TABLE F-8 (Continued)

140
0141
0l42
J143
0144
0145
0l46
ole7

0149
0150
0151
o152
0153
0154
0155
0156
0157
0158
0159
0160
olé6l
9162
0le3
0164
165
0166

o168
0169
o172
o171
o172
73
- 0174

J176
oL77
o178
o179
0180
01R1
o182
0183
o184
o185
o186
o187
0188
o189
0190
a9l
0192
0193
0194
0195
0196
0197
0198
0199
0200
0201
© 0222
0203
0204
0205
0206
0207
0208
0209
0219
o211
0212
2213
0214
0215
0216
o2r7
0218
0219
0220
0221
0222
0223

oles8:

o167

0175

8ne

808

89
a1l

930

Q%0

945

950

955

5715

1009

1019
1227

1300

157%

IFILS.EQ.LARRW{INUM))IGO TO 808
CINTINIF

ISTARY = @

IFIN = 5

GO TC 859

ISTART = [nNym - 1t
IFIN a2 IDUM

1= [svaey

I=lel

SNW= SPURW(I)
QUT(1d= LARRWLI)
OUT(2)= SNW-
SVTYP = 2 .
CALL SERVOL (NNW,SNW,NFLAG)
IFINFLAG.EQ.1) GO TO 1300
IF(NNW.LT.XN) GO TN 90n

OUT(3) = WORDS(2)

0UT(4) = WORNS(2)

WOLTE(6,850) (OUT(J) J=l,4)

67 TD 1300

IF(W.LT,wMAX) GO TO 1000

ouUTS(1) = OUTIL)

0uTS(2) = OUTL2)

DUTS(3) = WORrNS(Y)

WRITE(6,910) OQUTS,NUTS(2)

W o= WMAX

NNW=XN-W

SVTYP = |

CALL SERVOL{NNW,SNW,NFLAG)
IF{NFLAG.EQ.1) GO TN 1300

XLGSNW = ALNDGLO( SNW)

NI 975 K= 5,15,5

DELS =  FLOAT(K) - 5,0
L=(OELS#109.5-50.7T*XLGSNW)/7104.8
L=((1.0/L)*¢2)-3,0

SW = SNW - DELS

DN 940 KA = 1,5

IF{SW.GELSPNRWIKA)) GN TO 945

CONT INUE

KA = 6

QUT(T) = LABPWIKA)

OUT(2) = SNW

D) 950 KA = 1,5

IF(SNW.GE.SPORW(KA}) GD TG 955
CINTINUE

K4 = 6

OUT(L) = LABRW (KA)

0UT(4) = WORNS(3)

ouUT(6) =t

0uT(5) = DELS

oUT(8) .= SwW

OUTL9) = WORNS(L)
IF{LeLTo4.0.0P . LoGT425.0) OUT(9) = WORDS(4)
CALL  LANAUT(XLOUT,VPCPH W, VLEG,SV)
WRITE(645ST0) OUTIL)40UT(2)y(OUT(J)13=26,9),XLIUT
CONTINUE

GO 1D 1309 '

XLGWN = ALOGLO{W/XN)

NELS = (XLGUN ¢ 0,615 ¢0,606%SQRVR)/(=D.00365)
XLGSNW = AL IGIO(SNW)
L3l(104.8/(0ELS*109.5-50.T¢XLGSNW)})**2}-3,0
oUT(3) = WN]DSL2)

09T (4) = WIRNS(3)

aQuUTL6) = L

0UT(S) = DELS

SW = SNW - DELS

D0 1010 KXA=1,5

IF{SW.AE.SPNAW(KA)) GO TO 1020

CONT INUF

KA = 6

QUT(T) = LARRWIKA)

oUT(8)=SW _

NUT(9)=WORNS (1)

IFLOELS et To4=5.0)40P.DELS.GT.10.0) OUT(9)=WDRDS(2)
IFlLelT.4.0.N0,L,GT.25.0) OUT(9)=WORDS (&)
CALL LANOUTUXLOUT VOCPH My VLEG,SV)
WRITE(641050) QUT,XLOUT

CONTINUE

IF(I.LTLIFINY GO TO 81D
IF{NLCIP LT NHIG) 6I TO 805
IFETYPELEQ.T) GO TO 4050

GO TO 5200

CUNTINUE

NLOOP=NL NW -1

PINYOQ855
PINYO860
PINY0865
PINYO08T0

" PINYO8TS

PINY0882
PINYO0885
PINY0890
PINY0895
PINY0900
PINY0905
PINYO910
PINYO0915
PINY0920

‘PINY0925

PINYQ930
PINY0935
PINV0940
PINYQ945
PINY0950
PINY0955
PINY0960
PINY0965
PINYOQ970
PINY09T7S
PINYO0980
PINY0985
PINY099)
PINY099S
PINY1000
PINY1005
PINY1010
PINYLOLS
PINY1O020
PINYL1025
PINYL103)
PINY1035
PINY 1040
PINY1045
PINYL1050
PINY105S
PINY1060
PINY1065
PINY1070
PINYL0TS
PINY1080
PINY1085
PINY1090
PINY1095
PINY1100
PINY1105
PINYLL10
PINY1115
PINYL12)
PINYLL2S
PINY1130
PINY1135
PINY1140
PINY1145
PINY1LS0
PINYI1SS
PINY1160
PINY1165
PINY1170
PINYLLTS
PINY1180
PINY1185
PINYL190
PINY1195
PINY1200
PINYL1205
PINY1210
PINY1215
PINY1220
PINY1225
PINY1230
PINYL235
PINY1240
PINY1245
PINY1250
PINY1255
PINY1260
PINYL265
PINY127)




TABLE F-8 (Continued)

99

0224
0225
0226
o221
0228
0229
0230
0231
0232
0233
0234
0235
3236
0237
0238
0239
0240
0241
0242
0243
3244
0245
0246
0247
0248
0249
0250
0251
0252
0253
0254
0255
0256
0257
0258
0259
0260
0261
0262
0263
0264
0265
3266
0267
0268
269
0270
0271

0273
0274
0275
0276
0217
0278
0279
0280
0281
0282
0283
02084
0285
0286
0287
0288
0289
0290
0291
0292
0293
0294

0295
0296
0297
02986
0299
0390
0301
0302
0373
0304

272 .

g Ea NS

1595

1506

15J8

1539
1510

1540

1591

1595

16920

1950

2070

2051

NLGIP=NLCOP L

N=NLOOP

XN=FLOAT (N)

IFITYPE.FQ.2.0R. KM EQ. L) WRITE(6,1507) N
IF{TYPELEQ.B) WRITE(6,4520)VW

00 1596 INUM=1,4

IF{LS.EQ.LABMW(IDUMY) GO TO 1508
CINTINUE

ISTART=)

IFIN=6

GU TN 1509

ISTART=10UM-1

IFIN=1DUM

I1=1START

I=1¢1

SNW=SPOMWIT)

SVTYP=2

CALL SERVOL(NNW,SNW,NFLAG)
IF(NFLAG.EQ.1) GO TO 1950
QUTMALL)=LARMYLT)

OUTMW(2) =SNW

OUTMW(5)=LABMWIT)

OUTMWI6) =SWMWLT)

IFINNWL.LT.XN) GO TO 1540

WRITE(6,1520) OUTHW(1),0UTHW(2)

GD TN 1950

CONT INUE

W= XN—NNW

XLGSH=ALNGLI(SWHW(T))

XLGWNSALOGLO(W/XN)
H=XLGWN+1.16-0.660*VR-0, 3726 XLGSW
IF(W.LT.WMAX) GO TO 1595

OUTMW(3) =WORDS (1)

WRITE(6,1560) (OUTMW(J) 4J=L,3)

W=WMAX

NNW=XN-W

SVTYP=1

CALL SERVOL (NNW, SNW,NFLAG) :
IFINFLAGLEQ.1) GO TN 1950 '
XLGSW=ALOGLO(SWMWL(T) )
XLGIN=ALOGLO(W/XN)

H=XLOWNe 11 6-0.660#VR-0, 372 XLGSW

D0 157) KA=1,6

[F{SNW.GE.SPDMW{KA)) GO TO 1575

CINTINUE

Ka=7

VUTMW( L) =LABMW{KA')

NUYMWE2) =SNW

IFIH.GT.0.0) GO TO 1600

0UTMW(4) =WORDS(2)

WRITE(6,1590) CUTMHLL) ,NUTHHI2) , (NUTHH(I) 4J=4,6)
GO T0 1950

OUTMW(3) =wNRDS(2)

IF{H.LELDLI) GO TO 1591

DUTMKL4) =WORDS (L)

L=H/ (-3, 10#R*XLGVRY

L=ALCGILY/{~0.1)

IF{L.LE.N.0) GO TO 1591

OUTHW(T) =L

OUTMW{8)=WORDS(1}

DELS=NUTYH(2)-0UTMW(6) .
IF{NELSeLT.{~-5.0).0R.DELS.GT.E0.2) ODUTMW(B)=WORDS(2)
TF{LoelTe5e0eNRLoGT46.0) OUTMWIBI=WNRDS(4)
CALL LANCUT({XLOUT,VPCPH, W, VLEG,SV)
IFLOUTMW(3) . EO.WORDS(1)) OUTMMWE3)aWIRDS{S)
ARITEL6,162)). NUTMM, XLOUT

CONTINUE

IFCTLLTLIFINY 60 T3 1510
ITFINLENPLLT.NHIG) GO TO 1505
IF(TYPE.FQ.8) GC TD 4550

GO TH 5000

'NE'NASIC NESIGN FEATURES ARE NOW COMPLETED...ANALYSIS FOLLOWS

CNT INUF

ITFITYPELEQ.3) ARITE(6,42010)

DO 2453 NLOOP=NLOW,NHIG

DO 2450 NLEN=LLOW,LHIG

NaNLNOP

XN=N

LaLMINeLINCR® (NLEN-1)

SNWIN=60.0 .
NELS=-109.5¢104,8/S0RT{L#3,3)¢5)0,7*ALOGLO(SNWIN)
W=XN*10,0%*(=0,615¢0,606¢S0RVR-0,00365¢NELS)

PINYL275
PINY1280
PINY1285
PINY1290
PINYL295
PINYL1300
PINY1305
PINY1310
PINY1315
PINY1320
PINYL1325
PINY1330
PINY1335
PINY1340
PINY1345
PINY1350
PINY1355
PINY1360Q
PINY1365
PINYL13TD
PINYL3TS
PINYL1380
PINY1385
PINY1390
PINY1395
PINY1400
PINY1405
PINY1410
PINY1415
PINY1420
PINYL425
PINY1430
PINY1435
PINYL1440
PINY1445
PINY1450
PINY1455
PINYL460
PINY1465
PINY1470
PINY14T5
PINY 1480
PINY1485
PINYL490
PINY1495
PINY1500
PINY1505
PINYLS51D
PINY1515
PINY1520
PINYL1S525
PINY1530

PINYL1535

PINYL1540
PINY1545
PINY1550
PINYL555
PINY1560
PINY1565
PINYLISTO
PINYL5TS
PINY15830
PINY1585
PINY1590
PINY1595
PINY1630
PINY1605
PINYL610
PINY1615
PINY1620
PINY1625
PINY1630
PINY1635
PINY1640
PINYL645
PINY1650
PINY1655
PINYL1660
PINY1665
PINY1670
PINY16TS
PINY1680
PINY1685
PINY1690
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0305
0306
0307
0308
939
310
0311
0312
0313
2314
0315
0316
M7
0313
0319
0322
0321
0322
0323
0324
0325
0326
0327
J328
0329
0330
9331
0332
0333
0334
0335
3336
0337

0333
9339
0340
9341
2342
0343

0344

0345
0346
0347
0348
0349
3350
0351
0352
0353
0354
0355
0356
0357
0358
2359
0350
0361
0362
0363
0364
0365
0366
d367
0368
0369
379
0371
2372
03713
0374
9375
0376
0377
0378
0379
0330
v3sl
0382
0383
0384
0385
0386
0387
0388
0389
0390

20139

219

2210

2229

2225

2249

2245

2450

25900

TF(A.GEJWMAX) WaWMAX

NNW=XN~-W

SVTYP=]

CALL SERVOL INNW,SNW,NFLAG)
IFINFLAGLEN.0) GO TO 2100
IFISNWINGENL3N.0) GO TO 2080
SNWIN=30,)

G TG 2050

WRITE(652090) TITLE ,XNyL LARRW(6) SNWIN,SV
G) T 2450

SNWINT=SNW

NIFF=SAWIN=-SNWNIIT

IF(NIEF LT, ).53.AND.NIFFL.GT.1=-7.52)) Gi) TC 2200
SNWIN=SNWIN-0, TO=NIFF

IF(SAWINLGT .60.0) 69 TO 2082
IF(SNWIN.LT.37.0) SNWI[N=30.0

G T 2050

Sw=SNW-DFLS

CALL LANTHTIXLOUT ,VPCPHWyVLEG,SV)}
D) 222D XA=1,5
IF(SNW.CELSPNPA(KALY GN TO 2225
CONTINUF

Kd=6h

NUTCL1)=LARRA(KA)

NN 2249 KA=1,5

IF(SW.GELSPNRWIKA)) GO TN 2245
CONT INVIE

KA=6

IMTL2)=LARRW(KA)

MT(3) = WORDS(2)

[FAW.GELMAX) NUT(3)=WOROS ()

CALL LANNUT[XLOUT ,VPCPH, Wy VLES,SV)
WRITE(642300) TITLEoXNyLoOUT (L) ¢IIT (204 SNW,SW,GUTE3) W ¢DELS,

*Y2( 0N, XLNUT

CONTINYE

GJ 11 5330

CINTINYE

IFITYPE.SQ.4) WRITE(6,2010)
N1 2967 NLOJOP=ALOW,NHIG

D) 2959 NLEN=LLOW,LHIG
NSAVE =0

—-£p=20.7

2539

2504

263)

2620

279)

272)

N=NLOCP

XN=NLGOP

L=LMINeLINCPe{NLEN-1)
H==13,1082%XLAVREXP (=N, 1%L)
CINST==-1,1640.650%VR ¢H
SNwlh=60,0

SVTYP=2

NSAVE=NSAVE+]

IFINSAVE.5T.100) GO TO 2952
SMNW=SMWIN .

CALL SERVIL(NNW,SNWyNFLAG)
IFINNW.LT.XN) GO TO 2600
TFISNAIN.GT.30,0) GD TN 2560
WRITF{642555) TITLE 4XNyL,VPCPH
GO Th 2950

SNWIN=SNWIN=5,0
IF{SNWIN.LT.30,0) SNWIN=30,0
60 TD 2550

4= XN=\NNW

TFIWLHEWMAX) W=WMAX

NNW=XN-W

TF{W.LT.WMAX) G TOU 2620
SVTYP=1

CALL SERVNOLUNNW,SNW,NFLAR)
SNWIN=SHNW

XLGWN=ALNGLO(W/XN)

Sd=10.0¢%({ XLGWN—CONST)/0.372)
NELS=648.3-27,4*AL0OGLO(SW)~0.146%(12.5)
IFINELS.LT.0,0) DELS=0,0
SNWIAUT =SWeNELS

IFIW.LT.WMAX) GO TD 2700
IF(SNWUIIT.GE.60.0) SNWOUT=60.2
1€ (SNWIUT.LE.SNWIN) GO TN 2800
SNWIM=SNWING EO™(SNWOUT-SNWIN)
IF{NSAVE AT .10) EP=0.4
IF(NSAVF,.GT,20) EP=0.3

G0 TO 2550

DIFF=SNWIN=-SNWAUT .
IFINIFFLLT.0.50.AND.NIFF,.GT.1-0.50)) GO TC 2800
IF(SW.GE.20.0) GO TO 2720
IFISNWINGFQ.33.0) GO TO 2800

SNWIN=30,0

Gy TN 2550

SNWIN=SNWINe CP=(SNWOUT-SNWIN)
IF(NSAVE.GT.10) EP=0.4 ) ’

PINY1695
PINY1700
PINYL1T70S
PINYLTL)
PINYL1TLS
PINYLT20
PINYLT2S
PINYLT30
PINY1735
PINYLT740
PINY1T4S5
PINYLTS50
PINYLT55
PINYLT60
PINYLTES
PINYLTTO
PINYLTTS
PINYLTH)
PINYL1T7aS
PINY1790
PINY1795
PINY 1800
PINY1805
PINYL1810
PINY1815
PINY1820
PINYL1825
PiINY1830
PINY1835
PINY1 840
PINY1845
PINY185)
PINY1855
PINY1860
PINY1865
PINY1870
PINYLBTS
PINY1880
PINY188S
PINY1890
PINYL895
PINY1900
PINY1905
PINY191D
PINYLQLS5
PINY1920
PINY1925
PINY1930
PINY1935
PINY1940
PINY1945
PINY1950
PINY1955
PINYL1960
PINY1965
PINY1970

‘PINY1975

PINY1982
PINYL98S
PINY199)
PINY1995
PINY2000
PINY2005
PINY2010
PINY2015
PINY202)
PINY2025
PINY2030
PINY2035
PINY2040
PINY2045
PINY2050
PINY2055
PINY2060
PINY2065
PINY20TO
PINY2075
PINY2080
PINY2085
PINY2090
PINY2095
PINY2100
PINY2105
PINY2110
PINY2115
PINY2120
PINY2125




TABLE F-8 (Continued)
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0391
0392
3393
3194
0395
3396
0397
J39R
0399
0400
J421
0402
0403
Jede
0405
0406
2407

0404
0409
0410
vell
0412
04lY

Jele
0elsS
0416
J4e17
ne1s
0419
06290
0421
0422
0423
0424
425
0626
0627
628
0429
0431
0431
0432
0433
0434
0435
0436
0437
0438
2439
Je4d
0441
0442
V1443
0444
0645
2446
0467
0448
0449

0450
0451

0652

0453

0454

0455

0e56

(A X2 Eal

IF(NSAVE .GT 200 EP=0.3 PINY2130

G T 2580 PINY2135

29)) DUT(3)=WCRISE2) PINY2140

IF (4,65, WMAX) GUTE3)=4CRDS(L) PINY2145

SNAzSNMIN . PINY215)

Y 2K2) Xasl.6 PINY215S

[E(SVW.GF . SPOYWIKA)) GN T 2825 PINY2150

2873 CONTINHE PINY2165

Kas7 PINY2170

2425 DIT(11=LARMWIXA) PINY21TS

1) 2F4) KAz=1,hA PINY218)

JEUSW.GESHRIKA)) GO TO 2845 PINY2185

2840 CONTIV)F PINY2190

xas? PINY2195

2645 VITE2)aLARMMIKA) . PINY2200

CALL LANPUTIXLOUT VPCPH, W, VLE G, SV) PINY2235

4AR1TMto,2300) TITLE o XNoL oNUT L) s T L2) 4 SNW, Sy 1UT(1).~.HEL§. PINY2210

SVPCPM, XLIUT PINY2215

G TC 295) PINY222)

2992 CALL HELP(WMAX CNNST o SNW,SH,DIFW} PINY2225

SNAIN=SNw PINY2230

WRITE(5,29%3ITITLELNIFW " TINY2235

2957 CINTINUE PINY2240

60 T 5000 PINY2245

PINY2250

ALL QASILS FOR NESIGN/AMALYSTS NIW WRITTFN PINY2255

PINY226)

33)) CINTINUE PINY2265

G T 20N0) PINY2270

357) CONTINUF PINY2275

GO TN 2509 PINY2280

4007 CONTINIE PINY22R5

Kb =) PINY2290

Q01D KMaKMe] PINY2295

w015 VRA=D,05¢FLIATIKM} PINY2300

SYIVR=SNOTIVE) PINY235

XL5V2=ALIGLO(VR) . PINY231)

VASVIWSVR/(]1.0-VR} PINY2315

VPCPH{2) =FACTIRO VW PINY2320

VOO PH( 3) =VA-VPCPH({2) PINY2325

VLEGULI=VPCPH(L) +VPCPHLZ) PINY233)

VLEG(2)=VPCOHI3) eVPCPHIL) PINY2335

VLIS(3)=VPCPH{1) +VPCPHI3) : PINY2349

VLG4 )=VPCPH{2) +VPCPHIG) PINY2345

[S(TYPELEN.3) GO TO 4516 PINY2350

61 T 3en PINY 2355

4359 CONTINUE PINY236)

[FIKM. LT 15) 63 TO 4010 PINY2365

G TS S0CO PINY2370

45)) CANTINUE PINY23T75

KMz ) PINY2380

4510 KM=KM+1 PINY2385

VR=),75¢FLOAT(K®) ). 15 PINY2390

G TG 4115 PINY2395

4516 CINTINUE PINY2400

GJ TD 1500 PINY2405

455) CINTINIE PINY2410

TFIKMLT 14} GO TO 4510 . PINY2415

G TY 5100 PINY2420

5333 CONTINUE PINY2425

60N0 WRITE(6,6100) PINY2430

10 €IMAT(LHL//) ) PINY2435

190 FURMAT(2840 10X, T1o6 01X Fa.0) s 1XoALo1XsF2.201K0A20 201X F4.0), - PINY2440
€40 1XeFlaCloIXoFea2e301XF2.0) o LXeFLlo0pIXgFle241XsF2,2) PINY2445. -

LED FORMAT (2)X, 28442X,42HPCPH NR VPH NUT SPECIFIED...PCPH SPECIFLED/ /) PINY245D
210 FORMAT(29K 4284 ¢2XsBHGRADE OFF5.0,57TH PERCENT SPECIFIED...PLEASE PINY2455

*CONVECT TO PCPH REFNRE INPUT//) PINY2460
23) FURMLT(2)X92A442Xs LSHGRADD LENGTH JF 4F5.2,29H  SPECIFIED...PROBLEMPINY2465
= SK1PPFN//) PINY2470
270 FIORMAT(2)X,28642X,40HSPECIAL FACTIR({LATERAL CLEARANCE ETC) OF, PINY24T5
#FS5,2,19H IS USED...THIS 1S/30X,STHNOT SAMF AS HCM TABLE 9.2 IN THPINY2440
*AT LANE WwINTH IS COPRECTED/30X, LTHFNR INDEPENNENTLY//) PINY2485
369 FIRMAT (13X, LOHPINRLEM TITLE:,2X, 244, 36X, 13HPROALEM TYPE 3,2X¢3A8710P[NY249)
X, 13 PINY2495

®(1HE) ,eTX L201H*) /715X L6TLH®) /15X, LoHE®2 [NPUT DATAS*#&/15X, 16{ LH®)PINY2500
®//25Ke INMNVEMENT 24 1693184 11X, ISHPERCENT TRUCKS: 4F4o0/75X, L4HPERCENPINY2505
*T BUSES:, FSa0/21Xs 12HVOLUMES(VPH) 4 4F8.0//21Xy 1 3HVOLUMES (PCPH) o PINY2510
®FT.0y3F3.0, 10Xy OGHARANE: 4F5.0,8H PERCENT/BIX+sF5.2,11H MILES LONG//PINY25LS
25X, 4HPHF= o F5.2¢41X, LSHSPECTAL FACTOR: \FB.27/715X LT(1H®)/ 15X, LTH*PINY2520

=exYTPUT DATAC*e /15X, 1TL1IH*)//) PINY2525
5T1) FORMAT{L1OX, 14HPRORLFYM TITLF:42Xy244430X,13HPO2CALEM TVPE..ZlylABIIOPINVISSO
*Xel3 PINY2535

LN ) eTX L20UH® D//7 15X, 1611H®) /15X, LoHR®& INPIIT DATASS2/15X,16(LH®)PINY2540
®/725%¢ THVOVENTNT: 169318//721%Xy 1 3HVOLUMESLPCPH) ¢FT7.0¢3F8.)45Xy, PINY2545
*63HPCPH SPECIFIFN.. USFR ASSUMED TO DO ALL CORRECTIONS EXCEPT PHF.PINY2550
/725X 4HPHF3 s F5.2// 15X LTULH® )/ 15Xe L THE®SOUTPUT DATAS®S/L5X, 1T (LHSPINY2555
"7 PINY256)
TLO FOPMATI20X,284,42X,1THTYPE SPECIFLED AS,15,17TH PRORLEM SKIPPED/) PINY2565
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TABLE F-8 (Continued)

0457
0458

0459

0460
0461

0462

0463

0464

0465

0466

0467

046R

0469

0470

0471

0472

0473

0alé

0475

0476
0417

0478
0479
0480
0001
0002
0003
0004
0005

0006
0007
0008
0009
2010
ooll
0012
J013

00L+4

120 FIRMAT (20X 43He=eREMINDERS®®THE USER HAS SET W MAXIMUM AT,F8.2/) PINY2570
7649 FORMAY (20X, 2A442X,3LH*eTHIS MAJIR WEAVF HAS W MAX AT ,F8,2/732X,31HCPINY25T75
*AN CONFIGIRATION PROVINE [T7ee/) PINY2580
TS50 FURMAT(20Xs 2A442X,4THGREATER OF - INPUT LANES NOT SPECIFIED...ONE LEPINY2585
5SS/ 39X, SIHTHAN INTERNAL N IS ASSUMED FNR ANY VALUE OF N=3,4,5/30X,PINY2590
*30HTWN ASSUMED [F N=2,FOUR IF N=6/) PINY2595
770 FORMAT{GIX, L2HNUTF THAT R=,F6,2,16H IN THIS PROALEM/) PINY269)
807 FORMAY(15X,31HeeeDESIGN TO FOLLOW 1S FOR N DF,14,9H LANES*%e//4X, PINY2605
*SUHNW LVLSER® CONFIG & OESIGN * DEL SPUS LENGTH® WE LVLSERS, PINY2610

*52H NESIGN® 28&s[NT LANFESessses “"‘LANES RY LEGesss2s/5%, PINY2615
®S5THLS SNw » CONSTR & POSSIBLES * LS SW &, PINY2620
*52H RECOMM® NUTER]L HEAV NUTER2s = A E X Y */764X, 110{1LH*PINY 2625
«)) PINY2630

850 ORNAT(SX.AZ'75.D'£N 5 JAG 3IH  2,3X, A4 1X,40HEEETOD MUCH VNW,...CAPINY2635
ONNODT EVEN HANDLE VNW / L13Xe LH®,9X, 1H2, 10X, 1H®, 10X, H®, IX,1H®,9X, PINY264)
SLIME 23X, LH* 24X, LHs) PINY2645

910 FORMATISX,A24F5.004H &  LA&,2X,1 IH**#RUT SNW OF ,F5.0,27H wWiILL ADJUPINY2650
ST AS SHOWN RELOW/LIX,LH® 48Xy LH® 10Xy LH*, Xy LH® , TX1H®, 10Xy LH®, PINY2655

BTN LHE LKy LH*y 1X g LH®, 21X, 1H®) PINY266)
910 FORMATIOXIA2+FS.0elH®, 2X AL 2K IH®,BX 22X LHE 1N yFS, 19 2Xs LHE, PINY2665
S2X1Fa. 1o 2H ®32X9A2,F5.002H *42XsA4y2H =, 3IF6.102H *,2H *,F3,1,PINY2670
"F50102F60L92H /713X, IH®, B LHE® L LIX LH® BX, LH*, TX LHe, LOXy LH®PINY20T5
Sy TXoLHE, LIX, IHS ®, 21X, LHe) PINY2680
1050 FORMAT(SXsA24F5.002H ®¢2X0A%02Xo1H® 9o XoAby2X o LH® 4 IX,F5, 142X, 1He, PINY2685
W2X o Fho 19 2H $92X A2, FS5.002H *42XyA4,42H =, 3F6.142H %42H *,F3,1,PINY2690
SFSe192F00092H #/713X, LHO  AX  LH®, 10X LH® , BX 4 2H8 , TX o LH®, 10Xy LH®P [NY2695
®oTXyLHE, LIXy 3HE &,21X, LHe) PINY270)

1507 FORMAT(15X, 31He®eDESIGN YO FOLLOW IS FOR N OF,14,9H LANES®*®e//4X, PINY2705
®10HNW LVLSER®,1X,BHCONFIG #,2X, JHDESIGN #,1X,1AHWE LVLSER®LENGTHPINY2710
* ¢, 22X BHTESIGN ¢, 4X, 20Hs®as [NT LANES#eses »,0x,23Hesses ANES BY LEPINY2T1S
SGEREBeO /4Ny LIOH LS SNW *,1X,8HCONSTR &,2X,9HPCSSTIALE®, 1X,18H LS PINY2720
*SW * ®,2X, BHRECIMY #,4X,20HOUTFRL WEAV OUTER2 *,2X,23H® A PINY2725
* R X ¥ ®/4X,108(1H®)/ /) PINY2T730

1520 FIAMAT(SX,A2,F5.0,4H & A4 3H #,3X,A8,1X,40H*40T00 MUCH VNW...CAPINY2735
SNNOT EVEN HANDLE VNW /7 13X, LH®, 3%, LH®, LOX, LH®, 18X, 1H*, 7X, 1H*,9X, PINY274)D
#LHE 23Ky LHE, 24X, LHe )’ PINY2745

1560 FNRMAT(SXoA2,F5.002H ®,2X,44,2X,3TH®esAYT SN WILL ADJUST AS SHOWNPINY2750
* AELOW/ LX) LH= BXy IHS 10X, LH® , LOXo LH® s TX, LH® ,9X, LH*, 23X, 1HE, 24X, IHPINY2T55
o) PINY2760

L1530 FORMAT(5X,424F5.002H ®,3X o kM% 33X A4 IX1HE®,2X(82,F6,0¢2Xs1H®, 7K,y LHPINY2765
TE NG IHP 423X LHT 3 24Xy LHE/1IX o AHE,BXy LHE, 1 OXy LH®, 10X, LH®, X, I1H®,9X,PINY2770
®1He , 23K, [H®, 24X, LHe) PINY27T5

1620 FURMATISX424F5.002H ®92Xo84 42X LH®  IX A%, 3X  LH® 42X, A2,F4.0,2XsLH*PINY278)
CaFO L 2H X AL 2R IHT  SX e F e 1o 2F0, 142X IH® 2K LH® F&.14F5,1,2F6.PINY278S
ELy LM/ 13X LH®, B8Ry LH®  LOK o LH® (LOX g IH® s TX o LH® , OX LHE, 23K, LHE, 24K, LHSP INY2790
)

PINY2795

2010 FORMAT{LIX,43+FPRORLEY = N ¢ L &LVl OF SFRe SPEFNS *CONFIGe, PINY2800
*394 W ¢ DEL S AsesessssVNLUMES(PCPH)esen, T(]IH*),1 THLANE REQUIREPINY280S
SMENTS, 6(1H?)I/1Xy &IMNTITLF - . * NWF WEA ® NWE WEA ®, PINY2810
S60HCONSTRY . * L 2 3 4 = A-X wWEA A-Y &, PINY281S
*LTH LGA LGR LGX LGY#/1X,118(14=)//) PINY282)
209) FORMAT (1Y ¢28441H*,F3,002H ®4 k53,1414, 1X,A2,9Xy IHLESS THAN,FS.1, PINY2B25
* 94 WITH SV=,FR,0, 7H NEEDED 147Xy 1H® /99X, LHe, PINY2830
SOy LHS 4 SNy LH ) LOXK LHE, OX g LH® o TX o LH® o 4Xy LH® , TX o LH®, 24X, 1HS, 13X, LH®,PINYV2835
*16Xy L1He) PINY2840

2300 FURMATILYX42484 ¢ 1H® F3,0,2H * o FS. 1o lHo ) IX,82,4X,82,2H *,2F4.0,3H = ,PINYV28645
®A4y 22Xy LHE, Fa L, L He, ‘5.3.2th“' 4F6. 00 IH®  3F 4, 192H %, 4F4,.1,1H*/9X, PINY28S)

1, PINY2855
PNy LH®ySXy LH® LOX ) IH® ) X g LHO y TX g LH® X o LH® s TX ) LH® 424Ky LH®, 13X, 1H*,PINY2860
*loX, lHe) PINY2865
2555 FORMAT(1X 92464 14*,F3,042H *4F5.1+11%,2X,31HNTT ENNUGH N TO HANNLE PINY2870
SEVEN VNWBXK ) IH® ,4F6 .00 LH® 13X, LH*, 16X, 1H® /9X, IH®, PINY28TS5

WX g LM S X LH® LOX o LH® 9N s LH®, TXp LHE, Xy LH®, TX, LH®, 26X, LH®, 13X, IH*,P[NY2880
216Xy LH) PINY2885
2953 FORMATILIXs2A440H®, 10X, 27THROUTINE HELP CALLEDLDIFF NF,F5.2, PINY2890
*14H MPH RESULTS./20X,48HACCEPT ANSWER AFELOW ONLY IF NIFF LESS THAPINY2895

N 0.50.,72CXy20HOTHERPWISE DO AY HAND/) P INY2900
4023 FORMAT{1IX,1SHWEAVE VOLUME NF ,F6,.)427H PCPH YIELDS THE FOLLOWING:/PINY290S
) PINY2910
4520 FORMATI27X, LSHWEAVE VOLUME 0F ,F6.0,27H PCPH YIELDS THE FOLLOWING:/PINY291S
) PINY2920
61)) FORMAT{IH/ 50K 25He =L AST CARN PROCESSED®e*) PINY2925
STCP PINY2930

END . PINY2935
SURROUT INE SERVUL (NNW,SNW,NFLAG) . PINY2949
COMIN/ALKA/NINPUT 4Ny SYTYP PHF , VNN, SV PINY2945
REAL NNW,PHF ,VNW , SNW, SV, ARRA (5,3}, AROPR{5),SPIS) PINY2950
INTEGFR NINPUT N,SVTYP PINY2955
NATA ARPA/T700404100040¢1539.041870.002030.0,802.041167.0+,1632.0, PINY2960
*14300.0¢2000,0+85%.0,1250.041600.0,1800.0,2000.0/ PINY2965
DATA SPN/6J.0955.0950.0438.0,30.0/ PINY29T0
NFLAG=D PINY2975
1FININPUT.NELO} GO TO SO ' PINY2980
1=N-2 PINY2985
IFL1.FQ.9) =] PINY2990
IFI1.GT.3) 1=3 P INY2995

G 10 60 PINY3000

50 =2 . PINY3005

IFININPUT,LEL2) Iw] PINY3010




TABLE F-8 (Continned)
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0015
o016
ool7
ooli8
0019
0020

9021
0022
0023
0324
0025
0026

0027
0028
0029
0030
0031
0032
0033
0034
0035
0036
2037
0038
0039
0040
0041

0042
0043
00464
0065
0046
0047
0048
0049
0050
0051
0052
2321
0002
0023
3034
0005
0026
3037
0008
0009
0019
J001
0002
0003
0004
0005
0006
0007
ouus
2009
0010
001l
0012
0013
Q0lLs
0015
oole
ool7
o018
o019
0020
0921
0022
2023
0024
0025
0026
2027
2028
0029
0030
02031
0032
0033
0034
0035
0036
0037
0038

o

IF{NINPUT .GE .4} 1=3

PINY301S

60 CONTINUE PINY3020
00 100 J=1,5 PINY3025

139 ARRR(J)IoARRALJ, 1) PINY3030
ARRR(3)=ARRA (3 )¢ PHF PINY3035
ARRA (4) =ARRA (&) =PHF PINY304)
SVTYP =1 IS GIVEN NNW FIND SV AND SNw PINY3045

2 GIVEN SNW FIND SV AND NNW PINY3050
LF(SVIYP.EQ.1) GO TO 579 PINY3055
STEMP=SNW PINY3060
TF(SNW.GELSPDIL)} STEYP=60.0 PINY3065
TE(SNW,GELSPDLS)) GN TO 200 PINY30T0
WRITE(6,150) SNW . . PINYIOTS

150 FORMAT(SOXo4hSNW=,F6.0,45H SPFCIFIEN. .o THIS STEP MNDIFIED NP TERMIPINY3080
SNATED/} PINY3085

RE TURN PINY3090

200 CONTINUE PINY3095
0 250 22,5 PINY3100
IF{SNW.GEL.SPDLT}) GO TN 260 PINY3105

250 CONTINUE PINY3LLD
260 CONTINUE PINYILLS
. DEL=(1.0/SPNL11-1.0/SNW}/(1.0/75PDL1)=-1.0/5PD(1-1)) PINY3120
SV=ARRAL [)-NFLE(ARKR(] )-ARRA(1-11) PINY3125
NNREVNW/SY PINY3130
RETURN PINY3135

5)9 SV=VNW/NNW PINY3140
IF{SVL.LE.ARRR(1)) SV=ARRA(L) PINY3IL4S
IF(SV.LE.ARRP(5)) GO TD 600 PINY3150
MRITE(6,525) SV ) PINY3155

625 FNRMAT(S50X, 3INSV=,F6.0,56H [MPLIED AY VNW GIVEN...THIS STEP MODIF IEPINY3160
N DR TERMINATEN/) PINY3165
NFLAGSL PINY3170

RE TUeN PINY3L75

©3) CONT INUF PINY318)
PO 640 132,5 PINY3185
IF{SV.LE.ARRR{I}) GO TN 650 PINY3190

640 CONTINUF PINY3195
650 DEL=(ARRI(II-SVI/{ARRB([)-ARRR{[-1)} PINY3200
NELA=-NEL®{1.3/SPDI1)=1.0/SPD(I=1))+1.0/SPDLI) PINY3205
SNW=1.0/0ELA PINY321)
RETURN PINY3215

END . PINY3220
SUARNUTINE LANDUTIXLOUT ,VPCPH Wy VLEG«SV) PINY 3225
REAL XLOUT(T7),VPCPHIS) JWVLEG(4),SV PINY3230
XLIUT{ 1) =VOCPHEL)/SY PINY3235
XLIUT (20 =W PINY3240

XL IUT(3)aVPCPHI&)/SY PINY 3245,

071 170 [=4,7 PINY3250,
J=1-3 PINY3255

190 XLOUTIT}=VLEGUJI/SY PINY 3260
PETHRN PINY3265

£ND PINY3270
SURKDUTINE HFL® (WMAX,CONSTSNW,SWNI1FW) PINY32TS
REAL PHF ,VNw SV NNW PINY3280
INTEGFR NINPUT N, SVTYP PINY3285
COMMON/RLKA/NINPUT ¢ Ny SVTYP (PHF, VAW, SV PINY3290
NDIFF=1003.9 PINV3295

XN =N PINY3300

77 500 =16l PINY3305
SYTYP=2 PINY3310
SNW= 63.)-0.5%11-1) PINY33L5
CALL SERVOLINNW,SNW,NFLAG) PINY3329
1FINNW.GELXN) GO TN 500 PINY3325

W= XN-NNW PINY3330
IF(W.LT.WMAX) 6O TN 200 PINY3335

W o= WMAX PINY33&)

NN = XN~W PINY334S
SVTYP=1 PINY3350
CALL SFRVOL(NNW,SNW,NFLAG) PINY33S5S
XLGWN=ALCGLOIW/XN) PINY3360
SW2l0.00®(( XLGWN-CONST)/0.372) PINY3365
NIFW=0.0 . PINY3I3T0

6N TO 400 PINY33TS

200  XLGAN=ALIGLO(W/XN) PINY338)
Sds10.0%¢(( XLGHN-CONST1/0.372) PINY3385
NELS248. 3-27.4*ALOGLO(SWI-0.146%(12.5) PINY3390
SNWOUT=NELS +SW PINY3395
DIFA=ARSTSNAUUT-SNW) PINY 3400

430 IF(NIFW.GT.DIFF) GN TN 500 PINY 3405
NIFFNIFW PINY34L0
SNWSTR=SNW PINY341S
SUSTP=SW PINY3420

533 CONTINUE PINY3425
DIFWaNIFE PINY3430
SNwW= SNWS TR . PINY3435
SwaSWSTR PINY 3440
SVIvP=2 PINY3445
CALL SEQVOL INNW,SNW,NFLAG) PINY3450

QE TURN PINY34S5S

END P INY3460
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APPENDIX G
AN ANALYSIS OF THE WARD-FAIRMOUNT

The Ward-Fairmount evaluation (7) is particularly interest-
ing because the improvements could not be properly an-
ticipated by HCM procedures. One would expect that the
recommended procedure should have more utility in this
case, particularly as it is configuration-conscious, and this
appendix addresses the question. _ )

DEFINITION OF THE SITE

The Ward-Fairmount study graphically illustrates the effect
of lane configuration on weaving area operations. The sec-
tion of I-8 in San Diego between Ward and Fairmount Ave-

2642’

WEAVING SECTION

nues habitually experienced breakdown in level-of-service
F flow. Improvements in flow were accomplished by means
of two successive improvements:

1. Adding a lane to the off-ramp at Fairmount Avenue
thereby creating a “through” lane for one weaving flow.

2. Breaking up the on-ramp into two successive on-
ramps.

Although the total length of the weaving section was also
increased, a major part of the improvement in conditions
can be shown to be attributable to the configuration changes
made.

1080" o

. 1040’

880’

B IDIN] -

FAIRMOUNT

o .

< INTERMEDIATE CONFIGURATION

3 7 CREATED BY ADDITION OF LANE

NUMBER 7 N N
SCHEMATIC DRAWING OF INITIAL AND INTERMEODIATE CONFIGURATIONS
2642" |
| 1720"
| 1480’

g 3 K - - .
2
) 3
. | 2
3 ) &
s — b

V/ARD

SCHEMATIC DRAWING OF FINAL CONFIGURATION

Figure G-1. Configurations of the “before,” “intermediate” and “after” stages o, improvements to the Ward-Fairmount weaving
g g !

section of I-8 in San Diego.

i
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Figure G-2. Flow data for the three stages of the Ward-Fairmount study.

The configurations, as well as flows, for the “before,”
“intermediate” and “after” conditions are shown in Figures
G-1 and G-2. Travel times, delays, and level of service are
also included. The diagram shown in Figure G-1 was ob-
tained from Reference 7; the data shown in Figure G-2
were obtained from Mr. K. Moskowitz of the California
Division of Highways.

ANALYSIS
Two decisions were made in preparing the analysis:

1. Because of the speed data available, the two outer
lanes were not included, either in terms of volume or lanes
contributing to N.

2. Because of the VR=1V,/Vpop, each of the three
stages is considered a major weave.

Inspection of Figure G-1 yields lengths of 880 and
1,080 ft for the “before” and “intermediate” conditions,
respectively. Consideration of the multiple weave guide-
lines—for that is what the “final” conditions may be con-
sidered—assigns all weaving to the 1,480-ft section. A
summary of the results of the analyses is given in Table
G-1. The speeds are compared in Table G-2.

It is possible that the “final” condition would be better,
but this would require knowledge of the split of the on-
ramp flows. .

It is interesting that, if one considered the “before” con-
dition as a ramp-weave, substantially better performance
would have to be predicted, that is, S,, =51 mph and
S, =43 mph. Leg Y, however, would require 1.3 lanes
to cope with this. As it has only one lane, some backlog
and related desegregation of the section would have to be
expected. In fact, the field condition was characterized by

heavy auxiliary lane queuing and the solution (“inter-
mediate”) was the addition of a lane to Leg Y. Such
queuing is also implied in the speeds of the major weave
analysis, particularly since the ramp-to-ramp flow is “locked
in.”

The section may also be analyzed with the full volumes
and widths. This, however, requires separate manipulation
of the speeds to be comparable to Table G-2; it also re-
quires consideration of the VR in determining the ap-
plicable type. In fact, however, the concentration of vehi-
cles is well accounted for in the above deletions in that
lanes and their exact contents are deleted.

EVALUATION

The application of the recommended procedure reflects the
observed conditions, but not exactly. Certainly, greater
precision would be possible in the “after” condition if the
on-ramp split were known. Still, an understanding of the
recommended procedure causes one to look for and ob-
serve: (1) leg overloads, which lead one to increase lanes
if necessary; (2) ramp-to-ramp flows being “locked in” by
weaving flows; and (3) queueing resulting from low speeds
and/or the previous two items. The pattern of the enhance-
ment—some added length with an additional output lane,
then added width with more additional length—yields
analysis results that are comparable to the actual condition.

As noted, the HCM methodology, when applied to the
same problem, fails to reflect the actual results, as it is in-
sensitive to the critical element of lane configuration which
is developed throughout this report. HCM Chapter 7 pre-
dicts level of service E operation for all three cases, with no
further information.
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A LINEAR PROGRAMMING FORMULATION OF WEAVING SECTION PERFORMANCE

In Chapter 2, basic statistics on lane changing were re-
ported using data from three of the sites filmed as part of
this project. Considering the lane-change probabilities
pi(r), it was established for this site that

® There is no detectable trend of these probabilities with
volume.

® There is no detectable change of the probabilities from
segment to segment within the section.

® There is a distinction among probabilities depending
upon whether the lane change was essential or nonessential
to accomplish the weaving desired; this causes two prob-
abilities p, and p,, to be defined for the section. '

The first two results are consistent with results of a study
conducted at Northwestern (8).

This linear programming formulation serves to demon-
strate configurational effects in weaving sections as well as
the importance of internal volume concentrations or “hot
spots” in controlling the performance of a weaving section.
These basic mechanisms are often the cause of the limita-
tions which are properly built into the recommended
macroscopic procedure.

The linear programming formulation assumes that the
probabilities p, and p,, are not dependent on length, con-
figuration, or volume. This is consistent with the micro-
scopic data analysis reported in Chapter 2. The examples
presented herein assume that p, is not dependent upon di-
rection of movement (movement AY versus movement
BX). This is also consistent with the Chapter 2 results,
although it is indicated therein that p,. is dependent upon
direction of movement.

Data are neither sufficient nor appropriate to indicate the
“net effect” of a vehicle as it changes lanes, in terms of a
vehicle equivalence factor. It is assumed herein that a lane-
changing vehicle is counted in both “cell positions” (de-
fined below) while lane changing. The model (i.e., the
computer program) is now capable of changing this value
so that parametric studies can be made, but this extension
was not deemed merited. The model, even with this double-
counting (which cannot be disproven microscopically, given
the data available) and a moderately high p,, reinforces the
concepts of the macroscopic model and illustrates impor-
tant basic mechanisms. The form but not the essence of the
results herein would be modified somewhat by these re-
finements. Attention was turned to the macroscopic model.

CONFIGURATION DEFINES TRANSITIONS

Depending upon configuration, a specific lane change may
be either essential (e) or nonessential (ne). A transition
matrix is defined for a given configuration and for a given
pair of legs. The transition matrix for the BX movement
of Figure H-1 (A) is given by

1 0 0
PBX =1\ Pne (1 - pne) 0 (H-l)
1 Pe — Pe) .

whereas for the configuration.of Figure H-1 (B) it is

1 0 0
Ppx = [Pe (1—pe) 0 :] (H-2) .
0 Pae (1 - pne)

with the matrices for the AY movement also different.

Define o = [a, &, &;] as the initial distribution of BX
weaving vehicles and 8[8; 8. 8] as the final distribution.
Note that

B=a Ppx¥ (H-3)

and B, is the flow that does not make a successful weave in
the first case.

In an actual case, 8, will force itself to make its desired
move. The turbulence caused by this, however, is un-
desired. Thus, 8, can be used as a figure of merit in de-
signing the section: one may specify, for instance, that
Bs < 1 percent of the entering volume.

For the second case, the figure of merit would be (8. +
B:). The two configurations are thus different both in the
transition matrices and in the defined figure of merit.

THE DESIGN CONSTRAINTS

Let the figure of merit (the measure of forced vehicles) be
denoted F. Note that F is dependent not only upon p, and
Pye» but also upon the input distribution (defined by a, and

X

e

~N

Y

!
A 1 X
N [ 4
— — f— ——'___——_'—_Y
8”7 '

(B) CONFIGURATION 2

Figure H-1. Configurations studied in linear programming
formulation.
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oy since a, = 0 by definition of the BX movement) and
the number of subsections.

For a given distribution (say a, = 0.4 and a; = 0.6) and
value of F (say 1 percent), one may compute the requisite
number of subsection N to satisfy the figure of merit. This
specifies length L since each subsection is to be 250 ft.

Note, however, that if the input value were doubled, the
number of vehicles represented by B, (in the first case)
would also double, but the percentage would not change.
This is due to the linearity of the equations. It implies,
however, that N need not change for increasing volume
Vg = (&, + a5). This is contrary to observations, as noted
in Figure H-2. -

The percentage as a figure of merit is therefore un-
acceptable.

If one thinks of the absolute number of vehicles that miss
a smooth weave (i.e., they are leftover), this defines the
number of disturbances to occur at the end of the section.
If one were to expect that the section could sustain no more
than 1 or 2 such disturbances per minute, this defines the
acceptable volume B8;. ‘

F = ;=60 or 120 vph

Note that for a given ¥ = V,, a length L, is defined as
before, say for F = 60 vph. For V =2V, and this L = L,
B; = 120 vph. Thus, L must be increased to decrease Bs so
that 8; = F = 60 vph. Thus, the trend of Figure H-2 can
be achieved.

A second consideration is that it is not permissible that
the section break down internally. For a given level of
. service and input volumes, this means that in no lane in any
subsection may the volume exceed the service volume (or
some other critical value) for that level, as illustrated in
Figure H-3. )

Note that the volumes involved in Figure H-3 are not

Vw

L
Figure H-2. Observed volumie-length trend.
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VIOLATION OF L.OFS.E
Figure H-3. Violation of internal volumes at level of service E.

simply contributions from leg B weaving traffic. There are
two weaving and two nonweaving flows and each con-
tributes.

&

—9

The problem is to find an appropriate length L for given
input volumes such as to (1) satisfy the figure of merit F
and (2) satisfy the constraints on lane volume.

In regard to lane volume, note that there are five com-
ponénts to this volume:

\V/i

(\
g

That 1is, there is (1) the traffic passing through the cell,
(2) the traffic leaving it for other cells, (3) the traffic enter-
ing this cell.” This implies that certain volumes will be
counted in two cells within the same subsection. This is
appropriate in a sense because vehicles do occupy two
spaces while making their weaves:

Actually, one can argue that a vehicle should be counted
75 peicent in each cell—or 1.5 vehicle equivalents—as it
makes a weaving motion. This refinement can be incor-
porated, but is not included, in the examples herein.

THE LINEAR PROGRAM STATEMENT

Note that the weaving traffic in any cell (number of weaves
as well as total weaving volume) may in principle be found
for any input lane by use of the various transition paths and



their associated probabilities. Refer to Figure H-4. For the
second case defined above, the vehicles entering in lane 3
on the BX weave distribute as indicated.

Observe that in lane 2 of subsection 2 there is a volume
count of (21 + 49 4 21) =91 percent of input lane B2’s
weaving traffic. If the weaves were only counted fraction-
ally, this would be ([34]121 + [34]49 + 21) = 73.5 per-
cent.

Define v;, to be the effective volume in lane i within sub-
section r. Then v.,=0.91a,+ 030a,+ ....in which
o, refers to the BX weaving traffic entering from lane B2,
a. to the BX weaving traffic entering from lane Bl, and
where there are add-on terms related to the AY weaving
and the AX and BY through traffic. The basic point, how-
ever, is that v;, linearly related to the input volumes and the
coefficients may be systematically determined.

A program has been written to generate the set of co-
efficients for all volumes v;, for any specified configuration
and basic probabilities. This program requires a minimal
input. The output is suitable for input to a standard linear
programming package (IBM MPS).

The actual linear programming problem is to:

e Maximize the total weaving volume subject to the
constraints of:

e Effective volume in every cell less than or equal to
some specified service volume.

e Figure of merit on each of the weaving movements
satisfied and perhaps to additional constraints.

e One weaving flow fixed, or the ratio of weaving flows
fixed.

e Through vehicle flows specified, perhaps by lane.

e Distribution of vehicles by lane or within movements
constrained; for example, a, = a;.

All of these constraints are linear, so that a standard linear °

programming problem exists.

The mechanism by which maximum volume is effected
is a distribution by lane of each of the four section flows,
subject to special constraints; a distribution result which
yields maximum weaving volume and—as a byproduct—
concentration patterns within the section. This distribution
need not be unique: others may yield the same maximum
weaving volume.

In any given problem, the number of subsections N is
specified, as is the level of service being considered. By
solving a set of such problems, one may observe the varia-
tion of weaving volume with length. One may thus gen-
erate information by which to evaluate any proposed
configuration.

AN ILLUSTRATION

The two configurations of Figure H-1 were evaluated for
p.= 0.7 and p,,, = 0.3 over a range of lengths, with 60 vph
used as the figure of merit on both weaving movements.
The service volume constraints were obtained from HCM
Table 9.1 for PHF = 1.00. For simplicity, zero outer flows
were assumed. No constraint was placed on the ratio of
weaving volumes.

It was observed in these particular cases that (1) the
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Figure H-4. Distribution of lane 3 vehicles in the BX weave.

internal volume constraints rather than the “excess ve-
hicles” figure of merit generally limited the capability of the
section, (2) the critical points within the sections are the
merge area and the center lane nearby, and (3) configura-
tion did affect the capacity in all cases. As a consequence
of the first item, the sections quickly became limited so that
additional length did not improve capacity. ‘

Refer to Figure H-5, which illustrates the second case
[Fig. H-1 (B)]. The volumes shown are maximum weaving
volumes for the specified length and level of service; they
may be decreased by certain minor-to-major weaving ratios.

Table H-1 summarizes the maximum weaving volumes
for the two cases for a length of 1,500 ft. The first case,
the more symmetnc one, reaches its final levels (the pla-
teaus of Figure H-5) virtually immediately.

Table H-1 also contains weaving volumes in this re-
search, based on the HCM Chapter 7 procedure. The weav-
ing ratio used in this is the one output in the linear pro-
gramming solution for the second case [Fig. H-1 (B)L

3000 ~1oTAL
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(VPH) E
/ :
2000 |- ; c
> ==
—
8
—
1000 | LEVEL OF SERVICE A
] ] ‘ 1
0 500 ~ 1000 1500

LENGTH IN FEET
Figure H-5. Case study of weaving volumes.
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Figure H-6. Internal effective volumes for the first case under discussion.

Note: Volumes shown within the sections are effective volumes. Totals among subsections do not match because vehicles are

counted in two cells at the place they weave.

TABLE H-1

MAXIMUM WEAVING VOLUMES FOR A LENGTH
OF 1,500 FEET

VOLUME (PCPH)

LEVEL PER HCM "
OF FIRST CASE, SECOND CASE,  CHAP. 7
SERVICE FIG. H-1 () FIG. H-1 (B) PROC.”

A 850 910 708

B 1,214 1,300 1,125

C 1,821 1,950 1,125

D 2,186 2,340 2,125

E 2,429 2,600 3,250

2 Weaving Volume Ratio from “Second Case.”
b Volumes for HCM procedures are for better quality of flow in each
case where a range exists (HCM Table 7.3).

It is interesting that the linear programming approach
predicts substantially lower capacity (level of service E)
than the HCM procedure. Of course, the configurations
considered would normally carry outer flows. This would
both complicate the analysis and make it more realistic.

Figure H-6 illustrates the internal effective volumes for
the first case at level of service E and 1,500 ft. Note that
this section has critical points in the merge area and in the
X-leg exit. The particular weaving volumes are not sym-
metric, but the section lane arrangement is. It happens in
this case that a symmetric distribution of flows would also
yield maximum weaving volume. This emphasizes that
there may be a range of acceptable ratios of weaving vol-
umes which yield maximum total volume, and only one
value from this range is illustrated in the program output.

DISCUSSION

The results of this formulation do support the argument
that configuration is a significant factor in weaving design.
Evidence is -given in Table H-1 and is shown in the little-
used section segments in Figure H-6.

APPENDIX |
MULTIPLE WEAVE ANALYSIS

The weaving section that has occupied the major attention
in this work is one in which two and only two traffic flows
come together into one common roadway and then sub-
sequently split apart into two and only two exit roadways.
More complex weaving sections occur when more than two
traffic flows come together and/or more than two exit road-
way choices are available. This multiple weaving section
can be seen in urban areas where, for example, two on-
ramps enter an expressway upstream of an off-ramp. Some
common types of multiple weaving section configurations
are shown in Figure I-1.

THE HCM MULTIPLE WEAVE PROCEDURE

Multiple weaving sections are generally treated in the HCM
as a sequence of subsections or segments for the purposes
of analysis/design. Bach segment is considered separately -
in terms of its length/width requirements. In design, the
results of these individual treatments must, of course, be
considered within the over-all context of lane arrangement
and over-all design requirements.

The major problem in the HCM multiple weave design/
analysis is in how to consider those weaving vehicles that



traverse more than one segment. The position at which
these vehicles execute their weaving maneuvers affects the
over-all design/analysis results. The HCM has this to say
about the problem of determining where weaving occurs:
The manner in which weaving traffic divides itself be-
tween the various segments of a multiple weaving section
can only be estimated. Considerable variation occurs,
depending on geometrics, truck traffic, signing, and other
factors. For purposes of analysis, it is considered rea-
sonable to assume that weaving along the longer sections
is proportional to the lengths of segments within these
sections and thus allocate the weaving on that basis.

DATA AVAILABLE

BPR Data Base

Seventeen multiple weave experiments were provided by
FHWA to the research agency at the initiation of the
contract. .

Use of the seventeen multiple weave experiments was
hampered by several factors. Many of these experiments
did not completely specify geometrics. In particular, many
lengths were not included. Several of the experiments were
of odd-type geometrics that did not conform to the multiple
weave methodology as specified in HCM Chapter 7. These
included overlapping simple weave sections consisting of an
on-ramp followed by an off-ramp, another on-ramp, and
another off-ramp, sections with three legs at one of the
junctions, and sections with three or more segments, for
which a methodology is not specified in HCM.

Only 4 of the 17 experiments, at two locations, include
complete geometric data and conformed to the two-segment
multiple weave analysis procedure of HCM Chapter 7. The
locations were the southbound (Exp 55-56) and north-
bound (Exp 57-58) sections of the Schuylkill Expressway
in Philadelphia, Pennsylvania, between City Line Avenue
and Roosevelt Boulevard. Figure I-2 presents the geo-
metric configurations for these two sites.

Even in these cases, the manner in which data were col-
lected precluded as thorough an analysis as had been hoped
for. Volumes and speeds were collected by movement
through the entire weaving section and were not broken
down by segment of the multiple weave.

Those weaving movements that could take place in more
than one segment were not recorded so as to identify where
they did take place. Thus it was impossible to evaluate the
HCM assumption of weaving movements being propor-
tional to segment length.

Project Data Base

In an effort to fill the gap in data, and particularly to
enable evaluation of the “proportional allocation of weav-
ing” hypothesis, attention was given in the project data col-
lection to acquiring additional multiple weave site data. In-
formation was to be required in sufficient detail to determine
where weaving vehicles were executing their maneuvers. It
was judged that a data collection procedure which enabled
examination of individual vehicle trajectories through an
entire multiple weave section was required. In terms of
photographic data collection techniques, this meant that the
total multiple weave section had to be visible in one frame
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Figure 1-1. Examples of multiple weave section configurations.
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EXPERIMENTS 57,58
Figure 1-2. Geometrics of usable multiple weave experiments.

of a single-camera setup or within two frames of a two-
camera setup. Two-camera setups of the type most often
used to collect much of the project data base would not
have been acceptable in that they frequently did not pro-
vide complete section coverage.

With these constraints, the problems of acquiring added
multiple weave section data were great.

Use of helicopter-borne filming procedures was investi-
gated in an effort to broaden the multiple weave data base.
In terms of cost effectiveness ($12,000 to collect and re-
duce 30 min of data), this procedure was not considered
to be feasible.

Comparatively few candidate multiple weave sections
were available. Of those which were available, problems of
vantage points for filming became critical. One site on the
Fitzgerald Expressway in Boston was found that offered a
sufficiently high adjacent vantage point to show the multi-
ple weave section in one frame. The geometric configura-

‘tion of this site is shown in Figure I-3 (A), with the move-

ment definitions shown in (B) of the same figure.
As was originally planned, one multiple weave site was
added to the (rather limited) available data base.
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Figure I-3. The geometric configuration and movement defini-
tions of a multiple weave section.

CHARACTERISTICS OF THE PROJECT
MULTIPLE WEAVE DATA

The two-segment multiple weave site shown in Figure I-3 is
part of a three-segment multiple weave configuration of the
two on-ramp/two off-ramp type. Although the entire three-
segment weaving section did just fit into the picture, it was
not possible to identify the position of vehicles at the entry
point into the first segment.

Some three and one half hours of traffic movement
through the multiple weaving section was filmed. In this
time, slightly over 14,000 vehicle trajectories were recorded.

For each vehicle, data extracted from the film record
included lane/leg of entry, lane/leg of exit, time at entry
to segment 1, time of entry to segment 2, time at exit and
lane changes (from lane x to lane y in quarter z).

Statistics were accumulated by 6-min periods for each
movement [see Figure I-3 (B) for movement definition].
These statistics included numbers of vehicles both in actual
vehicles and in passenger cars equivalent to movement,
travel time (and thus speed) by movement within each seg-
ment. In addition, the lane placement of vehicles at the end
of segment 1, at the mid-point of segment 2, and at the end
of segment 2 is provided separately for each lane of entry.
This lane placement information is precisely that required
to enable evaluation of the “proportional weave” hypothesis.

Over the four-roll filming period at the multiple weave
site, the section was observed to exhibit a broad range of
operations, ranging from average speeds as low as 9 mph
to as high as 40 mph. Figure I-4 presents the 6-min vol-
umes and average speeds by segment for the entire film
record. The speed decay experienced in the early portion
of the filming was attributable to efforts downstream of the
area of interest and outside of camera range.

ON THE PROPORTIONAL WEAVE HYPOTHESIS

If the assumption of the HCM is correct, it should be pos-
sible, given detailed data of the kind available, to observe

vehicles making the “long weave” (movements 2 and 4) in
both segment 1 and segment 2. Further, the number of
such vehicles should be in proportion to the segment
lengths.

Data from the first half of the experiment were consid-
ered unreliable for such an analysis in that the effects of
shock waves moving back through the section might alter
the desired behavior patterns of the users.

The 60 min of data defined as roll 4 in Figure I-4 was
used as it presented a generally stable speed-volume picture
with average speeds in the 35- to 40-mph range.

Before one can determine where weaving occurs, it is
necessary to know how vehicles traverse the section. Fig-
ure I-5 shows the placement of the slightly more than 3,900
vehicles entering the section during the filming period de-
fined as roll 4. The figure indicates the lane placement of
vehicles at the end of segment 1 and at the middle and end
of segment 2 by leg/lane of entry. Percentage distributions
are also shown.

The most striking item of note is the small amount of
lane changing that occurred in segment 1. Nearly all of the
mainline vehicles entering the section in the median or cen-
ter lanes were still in the same lane at the end of the first
segment. Only the mainline curb lane had a substantial
number of vehicles change lane by the end of segment 1,
and this was the essential shift into the auxiliary lane in
preparation for exiting the roadway.

Thus, in this case at least, there was absolutely no pro-
portional allocation of weaving between the two weaving
segments. All the weaving maneuvers associated with the
second exit were undertaken in the second segment.

All the data for this site were examined to determine
whether or not this almost total lack of lane changing was
generally observed. Table I-1 indicates the percentage dis-
tribution of vehicles at the end of segment 1 by entrance
lane for the slightly more than 14,000 vehicles filmed. One
sees that the pattern of “staying in lane” occurs throughout
the data and, therefore, that the proportional allocation
hypothesis never holds. Under these conditions, the situa-
tion that in fact occurs is shown schematically in Figure I-6.

It is recognized that the total absence of proportional
allocation of weaving in one case does not in itself invali-
date the concept as presented in the HCM, this being only
one experiment. The results are so extreme, however, that
it is important to consider the ramifications of this in con-
junction with the large amounts of presegregation ob-
served,* not only in this experiment, but in all the filmed
data collected by the researchers. The next section ad-
dresses an attempt to use the procedure developed in this
research for multiple weave sections, based on the above-
noted patterns.

GUIDELINES AND EXAMPLES FOR USE OF THE
PROCEDURE ON MULTIPLE WEAVES

Although the data are very limited, the fact remains that
the practicing engineer must cope with the design and
analysis of multiple weave sections. It is therefore neces-

* The extent of presegregation—the proclivity of drivers to presort them-
selves—is truly remarkable. It is illustrated for the multiple weave in
Figure I-5 and Table I-1.
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Figure 1-4. Speed—vblume characteristics of a multiple weave section.

sary that guidelines be developed out of the existing knowl-
edge to the maximal extent possible and that the engineer
be advised to use them with appropriate caution.

Three essential points exist:

1. A procedure has been developed, and it can be used
effectively for the cases for which it was intended, as illus-
trated in Appendix D.

2. Intense presegregation holds for major weaves, ramp-
weaves, and multiple weaves.

3. At least for the project multiple weave (Project Ex-
periment 4), weaving movements are not proportional to
subsection lengths in any sense, but rather are concentrated
in subsections; the identification of the appropriate sub-
section can be done by consideration of presegregation and
necessity.

To clarify this last point, consider movement 2 as shown
in Figure I-6: By presegregation, movement 2 isolates it-
self from movement 3, and of necessity, it weaves in the
second subsection. Presegregation holds by subsection.

After consideration of these points and investigation of

the available experlments, the following guidelines are
recommended:

1. Sketch the movements with consideration of presegre-
gation and necessity to weave, so that the locations of
weaves (and thus nonweaving and weaving volumes per
subsection) are identified.

TABLE I-1

DISTRIBUTION BY PERCENT AT END
OF SEGMENT 1
(entire experiment)

NO. (% ) IN EACH LANE

ENTRANCE

LANE 1 2 3 AUX.
1 99.9 0.1 — —
2 — 97.6 — 2.4
3 — — 69.0 31.0

On-ramp —_ — 87.0 13.0
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Figure I-6. Schematic of actual weaving maneuvers in a multiple weave section.

2. Classify the subsections as major weave or ramp-
weave type.

3. Execute design or analysis as appropriate, subsecnon
by subsection.

4. Review the over-all situation to determine whether
there are any limiting conditions. For analysis, poor per-
formance in a downstream subsection may control an up-
stream subsection. In design, lengths may have to be varied
or width may have to be changed. In design, the subsection
widths must be compatible and should provide lane con-
tinuity (Appendix C).

The available project and BPR multiple weaves are re-
"viewed below according to these guidelines. Some insight
and command of the procedure (Appendix E) is necessary.

Note that the guidelines recommend allocating each
weaving flow to a single subsection, to be determined as
above. Pending further research, this is the most appro-
priate recommendation.

Project Experiment 4

This experiment has been described in detail. Based on
microscopic data, the movements are determined to weave
as indicated in Figure I-6 and repeated in Figure I-7 (A).
This, coupled with general presegregation patterns, is the
basis for guideline 1.

The movements for each subsection are also 1dent1ﬁed in
Figure I-7. On the basis of geometry and VR =V ./ Vyor,
the subsections are identified as a ramp-weave type and a
major weave type, respectively. The lengths are given in
Appendix II * as 564 ft for each.

The computer program of Appendix F is used to exe-
cute the computations for each subsection, for each 6-min
period available. The speed data from the field work are
manipulated so as to obtain weaving and nonweaving
speeds per subsection according to the definitions of Fig-
ures I-7 (B) and I-7 (C). The results are shown in Figure
I-8.

* Not included in this publication. See Appendix J herein for additional
information.

The results indicated must be assessed with care:

1. It has already been noted that there was a downstream
disruption that affected the early part of the data record
(e.g.,roll 2).

2. The analysis predicts an exceptionally poor S,, in sub-
section 2 during the roll 3 volume conditions. Since the
range is so low (often 11 to 12 mph), one must expect level
of service F to prevail for the entire flow. This is indeed
what happens.

3. While the subsection 2 estimates are good for the
roll 4 range (and less so for the roll 5 range), it must be
noted that the last ramp is frequently overloaded in terms
of internal (noriweaving) level of service. Twice, it would

| >
{__—_‘\3 \2
‘ 4 — ~. —
5 -\
Z2nm NN
& =
(A) SKETCH MOVEMENTS
+2 - A | o
3 2
4
4+5
6 . 5

~ (B) MOVEMENTS, - {C) MOVEMENTS,
SUBSECTION | SUBSECTION 2

Figure I-7. Analysis of the weave movements
shown in Figure I-6.
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Figure 1-8. Analysis to obtain weaving and nonweaving speeds per subsections (B) and (C) as shown in Figure I-7.

Notes:
1. In all sets, the S, curve is higher than the S. curve.

2. The encircled period numbers indicate insufficient lanes on exist lane leg Y.

. require 1.3 lanes. Some disruption can be expected, but not
excessive. |

4. It is estimated that subsection 1 will perform substan-
tially better than subsection 2. The disruptions caused by
vehicles continuing from subsection 1 to subsection 2 will
adversely affect the performance of the former. If the Snw
therein limits the S,,,, in subsection 1 to approximately 37
to 38 mph (e.g., rolls 4 and 5), the S,, therein would be
31 to 32 mph. (Actually, the observed S,, is somewhat
poorer.)

With such care, it appears that the guidelines can be used
effectively.

BPR Experiments 55 to 58

Four BPR experiments were identified as clearly multiple
weaves as considered in the HCM. These are now con-
sidered.

Figure I-9 shows the movements and the division by sub-

section according to the recommended guidelines. These,
in conjunction with the data given in Table I-2, allow esti-
mation of the levels of service for each subsection via the
procedure developed in this research. The two subsections
for BPR experiments 55 and 56 are taken to be major
weaves; the two for BPR experiments 57 and 58 are also
taken to be major weaves. The first subsection of BPR
experiments 57 and 58, geometrically a ramp weave, has
a VR=V,/Vr5er sufficiently high that treatment as a
major weave is more appropriate.

Figure I-10 summarizes the results of the speed analysis.
For BPR experiments 55 and 56, the over-all speeds per
subsection do not differ too significantly from the predicted
values. The expected AS’s are not realized, however. BPR
experiment 57 operates significantly better than expected.
BPR experiment 58 has quite comparable volumes to BPR
experiment 57 and, thus, comparable estimates of perform-
ance, but it actually performs much poorer than either the
estimate or the actual levels of BPR experiment.57. One
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Figure 1-9. Weaving movements of BPR multiple weave experiments 55 through 58.

TABLE I-2
DATA (HOURLY) FOR BPR EXPERIMENTS NO. 55-58

VOLUME {(VPH)
No. 55 NO. 56 No. 57 . No. 58

SPEED (MPH)

MOVE- NO. NO. NO. No.
MENT PASS. COMM. PASS. COMM. PASS. COMM. PASS. COMM. 55 56 57 58
1 792" 85 825 65 337 14 344 20 30 24 34 227
2 1900 144 1986 155 1962 132 1962 82 29 25 37 21
3 783 2 753 8 703 29 507 21 20 17 37 —
4 158 8 239 15 570 11 481 13 20 18 34 19
5 52 3 63 8 . 625 51 740 53 — — 38 27
6 985 7 872 35 3 0 24 2 36 36 — —
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(C) BPR EXPERIMENT 57

Figure I-10. Speed analysis for the BPR experiments 55 through 58.

can only deduce there were external factors—perhaps a
downstream disruption—that controlled during this period.
As with the other three BPR experiments, information is
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(D) BPR EXPERIMENT 58

not available to investigate such insights. Considering the
available data, BPR experiment 58 is discounted and the
guidelines are judged to have reasonable utility.

APPENDIX J
UNPUBLISHED MATERIAL

Several appendices contained in the report as submitted by
the research agency are not published herein. Their titles
are listed here for the convenience of those interested in the
subject area. Qualified researchers may obtain loan copies
of any or all of the items by written request to the Program
Director, NCHRP, Transportation Research Board, 2101
Constitution Avenue, Washington, D.C. 20418.

The titles are:

1. Appendix I—The Urban Weaving Area Capacity
Study and the Ramps Data Base.
2. Appendix II—Project Data Base.
3. Appendix IV—Analyses Related to the Structure of
" the HCM Procedures.



4, Appendix V—Accuracy and Consistency of the HCM
Procedures. )

5. Appendix XIV—Extensions to the Weave and Ramp
Computer Programs Developed by ITTE.

6. Appendix XV—Aspects of the Regression Procedure
Data Base.

7. Appendix XVI—Gowanus Expressway Aerial Data
Collection. ‘
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Appendix III and Appendices VI through XIII of the

original report have been published herein as Appendices
A through 1.
. The unpublished appendices have not been edited; thus,
none of the roman numeral references to them within the
published text have been altered in the editorial process so
that accuracy of cross references can be retained.
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Vehicles in Motion (Proj. 7-3), 63 p., $2.80
Theory and Practice in Inverse Condemnation for
Five Representative States (Proj. 11-2), 44 p.,
$2.20

Improved Criteria for Traffic Signal Systems on
Urban Arterials (Proj. 3-5/1), 55 p., $2.80
Protective Coatings for Highway Structural Steel
(Proj. 4-6), 64 p., $2.80

Protective Coatings for Highway Structural Steel—
Literature Survey (Proj. 4-6), 275 p., $8.00
Protective Coatings for Highway Structural Steel—
Current Highway Practices (Proj. 4-6), 102 p.,
$4.00

Effect of Highway Landscape Development on
Nearby Property (Proj. 2-9), 82 p., $3.60

Rep.
No.
76
77
78
79
80
81

82

83

84

85
86

87

88

89
90
91

92

93

94

95
926

97

98
99

100

101
102
103

104

Title

Detecting Seasonal Changes in Load-Carrying Ca-
pabilities of Flexible Pavements (Proj. 1-5(2)),
37 p., $2.00

Development of Design Criteria for Safer Luminaire

Supports (Proj. 15-6), 82p., $3.80
Highway Noise—Measurement, Simulation, and
Mixed Reactions (Proj. 3-7), 78 p., $3.20

Development of Improved Methods for Reduction of
Traffic Accidents (Proj. 17-1), 163 p., $6.40
Oversize-Overweight Permit Operation on State High-
ways (Proj. 2-10), 120 p., $5.20

Moving Behavior and Residential Choice—A Na-
tional Survey (Proj. 8-6), 129 p,, $5.60
National Survey of Transportation Attitudes and
Behavior—Phase II Analysis Report (Proj. 20-4),
89 p., $4.00

Distribution of Wheel Loads on Highway Bridges
(Proj. 12-2), 56 p., $2.80

Analysis and Projection of Research on Traffic
Surveillance, Communication, and Control (Proj.
3-9), 48 p., $2.40

Development of Formed-in-Place Wet Reflective
Markers (Proj. 5-5), 28 p., $1.80

Tentative Service Requirements for Bridge Rail Sys-
tems (Proj. 12-8), 62 p., $3.20

Rules of Discovery and Disclosure in Highway Con-
demnation Proceedings (Proj. 11-1(5)), - 28 p,
$2.00

Recognition of Benefits to Remainder Property in
Highway Valuation Cases (Proj. 11-1(2)), 24 p,,
$2.00

Factors, Trends, and Guidelines Related to Trip
Length (Proj. 7-4), 59 p., $3.20

Protection of Steel in Prestressed Concrete Bridges
(Proj. 12-5), 86 p.,  $4.00

Effects of Deicing Salts on Water Quality and Biota
—Literature Review and Recommended Research
(Proj. 16-1), 70 p., $3.20

Valuation and Condemnation of Special Purpose
Properties (Proj. 11-1(6)), 47 p, $2.60
Guidelines for Medial and Marginal Access Control
on Major Roadways (Proj. 3-13), 147 p.,
$6.20 .

Valuation and Condemnation Problems Involving
Trade Fixtures (Proj. 11-1(9)), 22 p., $1.80
Highway Fog (Proj. 5-6), 48 p., $2.40
Strategies for the Evaluation of Alternative Trans-
portation Plans (Proj. 8-4), 111 p, $5.40
Analysis of Structural Behavior of AASHO Road
Test Rigid Pavements (Proj. 1-4(1)A), 35 p,
$2.60

Tests for Evaluating Degradation of Base Course
Aggregates (Proj. 4-2), 98 p. $5.00

Visual Requirements in Night Driving (Proj. 5-3),
38 p., $2.60

Research Needs Relating to Performance of Aggre-
gates in Highway Construction (Proj. 4-8), 68 p.,
$3.40

Effect of Stress on Freeze-Thaw Durability of Con-
crete Bridge Decks (Proj. 6-9), 70 p., $3.60
Effect of Weldments on the Fatigue Strength of Steel
Beams (Proj. 12-7), 114 p., $5.40

Rapid Test Methods for Field Control of Highway
Construction (Proj. 10-4), 89 p., $5.00
Rules of Compensability and Valuation Evidence
for Highway Land Acquisition (Proj. 11-1),
77 p., $4.40



Rep.

No.
105

106
107
108
109
110

111

112

113
114
115
116

117

118

119

120

121

122

123

124

125

126
127

128

129

130
131

132

Title

Dynamic Pavement Loads of Heavy Highway Vehi-
cles (Proj. 15-5), 94 p., $5.00

Revibration of Retarded Concrete for Continuous
Bridge Decks (Proj. 18-1), 67 p., $3.40
Mew Approachcs to Compensation for Residential
Takings (Proj. 11-1(10)), 27 p., $2.40
Tentative Design Procedure for Riprap-Lined Chan-
nels (Proj. 15-2), 75 p., $4.00
Elastomeric Bearing Research (Proj. 12-9),
$3.00

Optimizing Street Operations Through Traffic Regu-
lations and Control (Proj. 3-11), 100 p., $4.40
Running Costs of Motor Vehicles as Affected by
Road Design and Traffic (Proj. 2-5A and 2-7),
97 p., $5.20

Junkyard Valuation—Salvage Industry Appraisal
Principles Applicable to Highway Beautification
(Proj. 11-3(2)), 41 p, $2.60

Optimizing Flow on Existing Street Networks (Proj.
3-14), 414 p., $15.60

Effects of Proposed Highway Improvements on Prop-
erty Values (Proj. 11-1(1)), 42 p., $2.60
Guardrail Performance and Design (Proj. 15-1(2)),

53 p.,

70 p., $3.60
Structural Analysis and Design of Pipe Culverts
(Proj. 15-3), 155 p., $6.40

Highway Noise—A Design Guide for Highway En-
gineers (Proj. 3-7), 79 p., $4.60

Location, Selection, and Maintenance of Highway
Traffic Barriers (Proj. 15-1(2)), 96 p., $5.20
Control of Highway Advertising Signs—Some Legal
Problems (Proj. 11-3(1)), 72 p., $3.60

Data Requirements for Metropolitan Transportation
Planning (Proj. 8-7), 90 p., $4.80
Protection of Highway Utility (Proj. 8-5),
$5.60

Summary and Evaluation of Economic Consequences
of Highway Improvements (Proj. 2-11), 324 p,,
$13.60

Development of Information Requirements and
Transmission Techniques for Highway Users (Proj.
3-12), 239 p., $9.60

Improved Criteria for Traffic Signal Systems in
Urban Networks (Proj. 3-5), 86 p., $4.80
Optimization of Density and Moisture Content Mea-

115 p.,

surements by Nuclear Methods (Proj. 10-5A),
86 p., $4.40

Divergencies in Right-of-Way Valuation (Proj. 11-
4), 57p., $3.00

Snow Removal and Ice Control Techniques at Inter-
changes (Proj. 6-10), 90 p., $5.20
Evaluation of AASHO Interim Guides for Design
of Pavement Structures (Proj. 1-11), 111 p,
$5.60

Guardrail Crash Test Evaluation—New Concepts

and End Designs (Proj. 15-1(2)), 89 p.,
$4.80
Roadway Delineation Systems (Proj. 5-7), 349 p.,

$14.00

Performance Budgeting System for Highway Main-
tenance Management (Proj. 19-2(4)), 213 p.,
$8.40
Relationships
Highway Design Factors (Proj. 1-3(1)),
$7.20

Between Physiographic Units and
161 p.,

Rep.

No.
133

134
135
136
137

138

139

140

141

142
143
144
145

146

147

148

149
150
151

152

153

154

155

156

157
158

159

Title

Procedures for Estimating Highway User Costs, Air
Pollution, and Noise Effects (Proj. 7-8), 127 p.,
$5.60

Damages Due to Drainage, Runoff, Blasting, and
Slides (Proj. 11-1(8)), 23 p., $2.80
Promising Replacements for Conventional Aggregates
for Highway Use (Proj. 4-10), 53 p, $3.60
Estimating Peak Runoff Rates from Ungaged Smali
Rural Watersheds (Proj. 15-4), 85 p., $4.60
Roadside Development—Evaluation of Research
(Proj. 16-2), 78 p.,- $4.20

Instrumentation for Measurement of Moisture—
Literature Review and Recommended Research
(Proj. 21-1), 60 p., $4.00

Flexible Pavement Design and Management—Sys-
tems Formulation (Proj. 1-10), 64 p., $4.40
Flexible Pavement Design and Management—Ma-
terials Characterization (Proj. 1-10), 118 p,
$5.60

Changes in Legal Vehicle Weights and Dimensions—
Some Economic Effects on Highways (Proj. 19-3),
184 p., $8.40

Valuation of Air Space (Proj. 11-5), 48 p.,
$4.00

Bus Use of Highways—State of the Art (Proj. 8-10),
406 p., $16.00

Highway Noise—A Field Evaluation of Traffic Noise
Reduction Measures (Proj. 3-7), 80 p,, $4.40
Improving Traffic Operations and Safety at Exit Gore
Areas (Proj. 3-17) 120 p., $6.00

Alternative Multimodal Passenger Transportation
Systems—Comparative Economic Analysis (Proj.
8-9), 68 p., $4.00

Fatigue Strength of Steel Beams with Welded Stiff-
eners and Attachments (Proj. 12-7), 85 p,
$4.80

Roadside Safety Improvement Programs on Freeways
—A Cost-Effectiveness Priority Approach (Proj. 20-
7), 64 p., $4.00

Bridge Rail Design—Factors, Trends, and Guidelines
(Proj. 12-8), 49 p., $4.00

Effect of Curb Geometry and Location on Vehicle
Behavior (Proj. 20-7), 88 p., $4.80
Locked-Wheel Pavement Skid Tester Correlation and

Calibration Techniques (Proj. 1-12(2)), 100 p.,
$6.00 .
Warrants for Highway Lighting (Proj. 5-8), 117

p., $6.40

Recommended Procedures for Vehicle Crash Testing
of Highway Appurtenances (Proj. 22-2), 19 p.,
$3.20

Determining Pavement Skid-Resistance Requirements
at Intersections and Braking Sites (Proj. 1-12), 64
p- $4.40

Bus Use of Highways—Planning and Design Guide-
lines (Proj. 8-10), 161 p., $7.60
Transportation Decision-Making—A Guide to Social
and Environmental Considerations (Proj. 8-8(3)),

135 p., $7.20

Crash Cushions of Waste Materials (Proj. 20-7),
73 p., $4.80 ’

Selection of Safe Roadside Cross Sections (Proj.
20-7), 57 p., $4.40

Weaving Areas—Design and Analysis (Proj. 3-15),
119p.,  $6.40
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No.
1

2

10

11
12
13

14

15

16
17

18
19

- 20

21

22

23
24
25
26
27
28

29

Title

Traffic Control for Freeway Maintenance (Proj. 20-5,
Topic 1), 47 p., $2.20

Bridge Approach Design and Construction Practices
(Proj. 20-5, Topic 2), 30 p,, $2.00
Traffic-Safe and' Hydraulically Efficient Drainage
Practice (Proj. 20-5, Topic 4), 38 p., $2.20
Concrete Bridge Deck Durability (Proj. 20-5, Topic
3), 28 p., $2.20

Scour’ at Bridge Waterways (Proj. 20-5, Topic 5),
37 p, $2.40

Principles of Project Scheduling and Monitoring
(Proj. 20-5, Topic 6), 43 p.,, $2.40

Motorist Aid Systems (Proj. 20-5, Topic 3-01),

28 p., $2.40
Construction of Embankments (Proj. 20-5, Topic 9),
38 p., $2.40

Pavement Rehabilitation—Materials and Techniques
(Proj. 20-5, Topic 8), 41 p., $2.80
Recruiting, Training, and Retaining Maintenance and
Equipment Personnel (Proj. 20-5, Topic 10), 35 p.,
$2.80

Development of Management Capability (Proj. 20-5,
Topic 12), 50p., $3.20
Telecommunications Systems for Highway Admin-
istration and Operations (Proj. 20-5, Topic 3-03),
29 p., $2.80

Radio Spectrum Frequency Management (Proj. 20-5,
Topic 3-03), 32p, $2.80

Skid Resistance (Proj. 20-5, Topic 7),

"$4.00

Statewide Transportation Planning—Needs and Re-
quirements (Proj. 20-5, Topic 3-02), 41 p,
$3.60

Continuously Reinforced Concrete Pavement (Proj.
20-5, Topic 3-08), 23 p, $2.80

Pavement Traffic Marking—Materials and Applica-
tion Affecting Serviceability (Proj. 20-S, Topic 3-
05), 44 p,, $3.60

Erosion Control on Highway Construction (Pro;j.
20-5, Topic 4-01), 52 p, $4.00

Design, Construction, and Maintenance of PCC

Pavement Joints (Proj. 20-5, Topic 3-04), 40 p.,
$3.60
Rest Areas (Proj. 20-5, Topic 4-04), 38 p.,

$3.60
Highway Location Reference Methods (Proj. 20-5,
Topic 4-06), 30 p., $3.20

Maintenance Management of Traffic Signal Equip-
ment and Systems (Proj. 20-5, Topic 4-03) 41 p,,
$4.00

Getting Research Findings into Practice (Proj. 20-5,
Topic 11) 24 p., $3.20

Minimizing Deicing Chemical Use (Proj. 20-5,
Topic 4-02), 58 p., $4.00

Reconditioning High-Volume Freeways in Urban
Areas (Proj. 20-5, Topic 5-01), 56 p., $4.00
Roadway Design in Seasonal Frost Areas (Proj. 20-5,
Topic 3-07), 104 p., $6.00

PCC Pavements for Low-Volume Roads and City
Streets (Proj. 20-5, Topic 5-06), 31 p, $3.60
Partial-Lane Pavement Widening (Proj. 20-5, Topic
5-05), 30 p, $3.20

Treatment of Soft Foundations for Highway Em-
bankments (Proj. 20-5, Topic 4-09), 25 p.,
$3.20 '

66 p., -

No.

30

31

Title

Bituminous Emulsions for Highway Pavements (Proj.
20-5, Topic 6-10), 76 p., $4.80

Highway Tunnel Operations (Proj. 20-5, Topic 5-08),
29 p., $3.20



THE TRANSPORTATION RESEARCH BOARD is an agency of the National - -
Research Council, which serves the National Academy of Sciences and the National
Academy of Engineering. The Board’s purpose ‘is to stimulate research concerning the
nature and performance of transportation systems, to disseminate information that the
research . produces, and to encourage the application. of appropriate research findings.
The "Board’s program is carried out byAmore than 150 committees and task forces
composed of more than 1,800 administrators, engineers, social scientists, and educators
who serve without compensation. The p’iogram is supported by state transportation and
highway departments, the U.S. Department of Transportation, -and other orgamzatlons‘ .
interested in the development of transportatlon

The Transportation Research Board operates w1th1n the Commnssnon on Socwtech-
nical Systems of the National Research Council. The Council was organlzed in 1916~
at the request of President Woodrow Wilson as an agency of the National Academy of

Sciences to enable the broad community of scientists and engir')eers to associate their :

efforts with those of the Academy membeérship. Members of the Council are appointed
by the president of the Academy and are drawn from academic, industrial, and govern-
mental organizations throughout the United States.

The National Academy .of Sciences was established by a congressional act of incorpo-
ration signed by President Abraham Lincoln on March. 3, 1863, 'to further science and
its use for the general welfare by bringing together the most quallﬁed mdmduals to deal -
with scientific and technological problems of broad significance. It is a pnvate, honorary

- organization of more than 1,000 scientists elected on the basis of outstanding contribu-
tions to knowledge and is supported by private and public funds. Under the terms of its
congressional charfer, ‘the Academy is called upon to act as an official—yet indepen-
dent—advisor to the federal government in any matter of science and 'technology
although it is not a government agency and its actxvmes are not llmtted to those on
behalf of the government.

To share in the tasks of furthering science and engineering and of advising the federal
government, the National Academy of Engineering was established on December. S,
.1964, under the authority of the act of incorporation of ‘the National Academy of
Sciences. Its advisory activities are closely ‘coordinated with those of ‘the National
Academy of Sciences, but it is independent  and autonomous in its. orgamzatlon and
election of members
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