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I. [INTRODUCTION

Curves are a necessary and important element of nearly all highways, Their form
has evolved from what appeared to be reasonable to the buiider's eye to the more
modern geometrically designed form of a circular curve with superelevation,
cross-slope tfansitions, and sometimes spiral transitions,

Despite a reasonably well conceived design procedure, which considers a toler-
able level of lateral acceleration on the driver, highway curves continually
show a tendency to be high-accident Tocations. Several studies over the years
have indicated that highway curves exhibit higher accident rates than tangent
sections, and that accident rate increases as curve radius decreases. But,
curve radius may be just one element that is interdependent with other elements
that together contribute to accident rate. For example, the sharpest curves
tend to be located on lower quality highways; tho;e with narraw roadways, narrow
shoulders, marginal sight distance, hazardous roadsides, etc,

The highway curve is one of the most complex features on our highways. The
several elements or aspects of highway curves listed in Table 1 are all
potential candidates for study in relating highway design to safety,

A concern for highway safety requires that the elements in Table 1 be designed
and coordinated to accammodate the demands and limitations of both vehicle and
driver, Given these requirements, a series of questions arises concerning
design and operation of highway curves:

(1) Do drivers correctly perceive the radius of curvature and super-
elevation in managing the position and speed of their vehicles?

(2) Are curves designed for the true paths of vehicles?

(3} What levels of lateral acceleration represent an upper threshold
of demand imposed by the driver/vehicle system?

(4) Which types of vehicles present the most critical dynamics to be
considered in the design of each element?

(5) How do drivers perceive and respond to the build-up of lateral
acceleration?



(7)

(8)

(9)

(10)

Do spirals give the driver a safer transition into the circular
curve? If so, what is their proper length?

Do vertical sight restrictions on curves lead to a higher incidence of
accidents involving trucks?

Is there a safety trade-off between radius and length of curvature
for a given central angle?

Do run-off-rcad vehicles travel farther off the road on curves
than on tangents?

Are run-off-road vehicles more apt to roll over an curves than
on tangents?

All of the roadway elements listed in Table 1 together with the questions about
driver and vehicle interactions (these lists are presumably much larger) are
parts of the puzzle which describes the relationship of highway curve design to

highway safety.

Project Objectives and Scope

The primary objectives of this research were:

(1)

(2)

(3)

To establish relationships between highway operations and safety and
the geometric aspects of highway curves;

To investigate cost-effective combinations of elements for a variety
of operating conditions; and

To develop design criteria and quidelines for these elements and their
combinations for the design of new highways, reconstruction of exist-
ing highways, and spot improvement of existing highways.

The study was limited to two-lane rural highways carrying average daily traffic
(ADT) of at least 1500. Methods of research included:

(1)
(2)
(3)
(4)

Literature synthesis;
Accident studies;
Computer simulation of vehicle dynamics; and

On-site operational studies.



A.

TABLE 1
ELEMENTS OF HIGHWAY CURVES

Horizontal Alinement Elements

ie
2.
3.
4,
5.
6.

Radius of Curvature

Length of Curve

Superelevation Runoff Length

Distribution of Superelevation Runoff Between Tangent and Curve
Presence and Length of Tramsition

Stopping Sight Distance Around Curve

Cross-Sectional Elements

1.
2.
3.
4.
5.
b.

Superelevation Rate
Boadway Width
Shoulder Width
Shoulder Slope
Roadside Siope
Clear-zone Width

Vertical Alinement Elements

1.
2.
3.
4.

Coordination of Edge Profiles

Stopping Sight Distance on Approach

Presence and Length of Contigquous Grades

Presence and Length of Contiguous Vertical Curves

Qther Elements

1.
2.
3.
4,
5.
6.

Distance to Adjacent Highway Curves

Distance to Nearest Intersection

Presence and Width of Contiquous Bridges
Level of Pavement Frictign

Presence and Type of Traffic Control Devices
Type of Shoulder Material



[I. LITERATURE REVIEW AND RESEARCH PLAN

The initial research task involved an extensive search and review of literature
describing previous studies that attempted to relate accidents to roadway and
traffic elements. The search and review process was undertaken to fulfill

three basic functions:

(1) To provide a broad background of existing knowledge and gaps in the
existing knowledge on the accident causation effects of roadway
elements;

(2) to gain insights into problems encountered by researchers in
experimental design, data collection, and data analysis; and

{3) to assist the research team in deveioping efficient, reliable
experimental alternatives.

The literaturé search and review was not intended to be an exhaustive, time-
consuming search identifying all possible sources of information, as one had
been recently completed and published in National Cooperative Highway Research
Program (NCHRP) Report 197, “Cost and Safety Effectiveness of Highway Design
Elements" Roy Jorgensen Associates, 1978 (1). Instead, the literature search
was undertaken to provide a meaningful direct input to the formulation of the
research plan. Thus, titles were selected either for their significant findings
or for the methodologies (data collection, statistical procedures, analysis
interpretations) employed. In addition, relevant research published subsequent
to NCHRP 197 was reviewed to update that knowledge of accident research.

Literature Search Procedure

Four basic sources of titles were used in the literature search:

(1) Highway Research Information Service (HRIS) computer search of all
~recent titles dealing with accidents and rcadway elements

(2) Bibliographies and summaries listed in NCHRP Report 197

(3) Bibliographies from “Traffic Control and Roadway Elements--Their
Relationship to Highway Safety" published by the Highway Users
Federation for Safety and Mobility

(4) Transportation library and topical files in the offices of Jack E,
Leisch Associates



The large number of titles to be reviewed required a two-step process. The
first step was a cursory review of the publication to determine the following:

° Does the reference seem to have a relationship to the project?
(1f no, eliminate it from further consideration.)

° Does the reference report any important or specific conclusions?
(If no, eliminate it from further consideration,)

Annotations provided in NCHRP 197 and inc¢luded with the HRIS computer search
enabled a rapid initial review of most of the literature.

Each publication found relevant to the research was reviewed in detail. The
object at this second step was to document and evaluate the quality of study
results by analyzing the methodology employed, the data colilected, and the
interpretation of the results. The key to these in-depth annotations was the
critical review of each publication, The goal here was not to merely note the
author's quantitative results and/or conclusions, but to judge the validity of
these results, In judging each publication a number of important concepts were

applied:
(1) Were all relevant variables considered?
(2) Was sufficient control for data collection errors maintained?

(3) Was sufficient detail maintained in data collection?

(4) Was the data sample obtained large enough for establishing statisti-
cally reliable results?

(5) Were the assumptions necessary in the applying statistical procedures
actually met?

(6) Were tests of statistical significance applied?

(7) Were the results properly interpreted?

Following completion of all annotations, research findings were aggregated by
general topic area (e.g., roadway width, horizontal alinement, roadsides,
etc.). These findings were evaluated based on overall judgments of the nature



and quality of the research which was behind them, and on the validity of
interpretations which resulted from statistical tests. The following overall
findings relating accidents and each general topic formed the basis for
decisions regarding priorities for the research plan.

Findings
Horizontal Alinement
Most research studies dealing with curvature have come to the same basic con-
clusion, namely that curves are hazardous, Such conclusions, however, are
meaningless in themselves., What must be ultimately answered is how hazardous
are various curve radii, and under what condftions are horizontal curves

particularly hazardous. Findings from some studies give indications of the
answers to these questions. Kihlberg and Tharp (2) discovered that curves in
combination with intersections resulted in greater accident rates. Billion and
Stohner (3) found that overall poor alinement resulted in higher accident

rates. A number of authors examined curves in isolation to determine their
accident effects. Babkov (4) and Coburn (5) reported accident rates for various
degrees of curve, and found that curves sharper than 2° are 20 to 50 percent
more hazardous than tangents. Jorgensen (1) separated highway sections into
those with alinement sharper than and milder than 3° of curve. Jorgensen
reported approximately a 15 percent higher accident rate for alinement in excess
of 3°, Taylor and Foody (6), in 2 study of curve delineation found that length
of curve as well as its degree has an influence on accident rates. Raff's (7)
study of the effects of multiple curves found no significant results.

One constraint in much of the research was a lack of discrimination in the data
which was carried over to the analyses. Billion and Stohner defined "poor"
alinement merely in terms of curvature in excess of 5°, Jorgensen categorized

curvature using 3° as the breakpoint, Undoubtedly, discrimination of incre-

mental accident effects requires greater detail in the collection and analysis

of data descriding horizontal curvature.

Superelevation Rate and Curve Transition
Previous research shows 1ittle indication as to the accident effects of variable

superelevation practices, transition of superelevation on approaches to curves,

6



or the use of spirals. Dart and Mann (8) used pavement cross slope as an
independent variable in a multiple regression analysis of accident rates on
rural highways, and noted marginal interaction effects. Whatever accident
effects are present are undoubtedly small, and would thus require a large amount
of data to discern. When this consideration is coupled with the general
unavailability of such data and the difficulty of gathering it in the field, it
is not difficult to understand the lack of previous studies of superelevation
and/or spirals.

Roadway Width
A great number of studies of the relative safety of variable roadway widths have

been performed. A few authors, namely Stohner (9), Gupta and Jain (10) and
Sparks (11) observed no accident reduction effects of wider pavements, However,
Gupta and Jain and Sparks did not use a direct measure of pavement width as an
independent variable, thereby losing much of whatever sensitivity may have
existed. (Qther authors have reported an effectiveness of wider pavements with
respect to accidents. Among these, Raff (7), Dart and Mann (8), Jorgensen (1)
and Zegeer and Mayes {12) reported limited effectiveness of roadway or pavement
width, Raff showed increased roadway width on curves to be effective, but not
on tangents, Dart and Mann and Jorgensen discovered significant effectiveness
of 20 to 22-foot (6,1 to 6.7 m) widths, but little or no incremental
effectiveness at 24 feet (7.3 m).

Unfortunately, data problems preclude acceptance of these findings as accurate
indicators of the incremental effectiveness of pavemént or roadway widths, The
Jorgensen study utilized study sections of insufficient length to assure that
reasonable distributions of accidents were actually being sampled. The Dart and
Mann data sample was too small to significantly note incremental effects of
roadway width, '

In any case, the effectiveness of ropadway width in reducing accidents is un-
doubtedly interrelated with other roadway elements, such as shoulder width,
horizontal alinement and roadside character, and with traffic elements such as
volume and percent trucks, Zegeer and Mayes attempted to examine such inter-
actions between traffic volume and roadway width and between roadway width and



shoulder width. Their study design, however, was incapable of examining all
possible interactions, and results were not statistically reliable.

Shoulder Width and Type

One of the most widely studied roadway elements has been the shoulder. A great
number of authors have reported highly variable findings concerning the effects
of shoulder width on accident rates. Schoppert (13), Perkins (14),

Taragin (15,16) and Sparks (11) did not detect any significant effects of
variable shoulder widths. Stohner (9) and Jorgensen (1) noted that wider
shoulder widths resulted in lowered accident rates. The Jorgensen study in
particular indicated that shoulder width was more sensitive to accident rates
than roadway width. Shoulder type (paved vs. unpaved) was also noted as being
an important determinant to accident rates. Foody and Long (17), Raff (7} and
Billion and Stohner (3) noted only marginal effects, or effects discernable
under certain situations (e.g., Billion and Staohner concluded that wider
shoulders are most effective in reducing accidents on poor alinement).

A problem encountered by most researchers was the variability in both traffic
volume and facility type which accompanies variable shoulder widths, _Higher
voiume, primary-type facilities with a higher quality alinement and clear
roadsides tend to have wider shoulders. Many of the studies did not consider
these factors, hence any variation in accident rates could not necessarily be
attributed to shoulder width alone, As with roadway width, the interactions of
shoulder width with other elements, suggested by Raff and Foody and Long, may be
significant.

Vertical Alinement

The safety effects of vertical alinement, including variable grades, lengths of
grade and vertical curvature, are difficult to estimate given the available

‘Titerature. Most studies which include vertical alinement within the set of

independent variables have categorized vertical alinement very roughly {e.g.,
“good" alinément, with grades less than 5 percent vs, "poor" alinement, with
grades greater than 5 percent); or have treated it indirectly, by focusing on
variables such as sight distance restrictions. Examples of such studies include



Billion and Stohner's work (3), as well as Sparks (11), Cirillo (18), and Foody
and Long (17). Difficuities in data collection undoubtedly have hampered
efforts aimed at quantifying the effects of severe and/or long grades. Not
surprisingly, most authors have concluded that such effects cannot be discerned.

A number of publications are useful in estimating the possible effects aof verti-
cal alinement and in treating this variable in a multivariate analysis.

Cirillo (18), in a study of interstate accident rates, concluded that the total
geometric effects of all elements of the highway account only for marginal
accident impacts. On two-lane rural highways, with more variable alinement and
speeds, such effects may be higher. Nevertheless, the individual effect of
grades, or interaction of grade with other elements, is probably small.

Sight Distance

The presence of obstructions or poor alinement which result in restricted sight
distance can contribute to a potentially unsafe condition. A number of studies
have attempted to determine the degree to which such restrictions translate into
higher accident rates, Cirillo (18) and Foody and Long (17) developed regres-
sion equations that inciuded sight distance restrictions as an independent
variable. Schoppert (13) Jjudged sight distance to be relatively unimportant in
explaining variations in accident rates. Agent and Deen (19} noted that a
significant proportion of total accidents on two-lane rural highways are
rear-end collisions, which suggests that sight distance may play a role in
accident causation, However, it would seem that the hazardous effects

of poor sight distance would be most likely to be observed at or near intersec-
tions, where turning and crassing maneuvers conflict with traffic along the

highway.

The general tack of reliable study resuits on which to judge incremental effects
of variable sight distance restrictions is in large part due to difficulties in
collecting data which describe accurately the sight distance for large numbers
of highway sections. Efforts to date have generally categorized sight distance
or have found it necessary to utilize field studies to collect such data.
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Roadside Design

The character of the area adjacent to the highway can have a significant impact
on safety, Roadside design, which refers to the roadside slope, ditch sections
and presence and type of obstacles adjacent to the roadway, has been studied by
a number of authors. The relative hazard of steep roadside slopes has been
documented by Glennon (20), Foody and Long (17), and Deleys {21), among others.
Studies in Georgia (22) and Arizona (23) of single-vehicle fatal crashes on
rural highways have noted a preponderance of rollovers on highway curves. More
recently, Graham and Harwood (24) have evaluated clear-zone policies and found
that accident rates decrease as the clear zone is widened and roadside slopes
are flattened, Also, a Michigan study (25) found that, in general, both the
frequency and severity of roadside accidents were higher on highway curves than

on tangent sections.

Traffic Volume

‘Many studies have attempted to relate accident rates to traffic volume. Some

studies indicate that accident rates increase with ADT, others indicate the
reverse, and still others have concluded no effect. The reasons for these

contradictory findings are as follows:

(1) Most studies have not considered the interaction of traffic volume
with other elements., It has been highway development practice over the
years to upgrade highway design as traffic volume increases, The
greater the traffic volume on the road, the more likely that road will
have wider roadway and shoulder widths, and milder horizontal and
vertical alinement,

(2) There is an underlying dynamic relationship between accident rates and
traffic volume which has not been considered in many studies, Highways
with very low traffic volumes have a very high proportion of single-
vehicle accidents. As traffic volume increases, vehicle to vehicle
interaction increases, causing this proportion to decrease, What seems
apparent from NCHRP Report 47 (2) is that the single-vehicle accident
rate decreases with ADT and the multivehicle accident rate increases
with ADT. R

{3) Another dynamic effect related to the single to multivehicle accident
ratio is the traffic distribution throughout the day. Two highways
with equal ADT might have grossly different accident effects related to
ADT if one highway has a much higher peaking characteristic,
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As a result of ignoring these dynamic effects, most past studies have not truly
explained the accident rate/traffic volume relationship. In some cases they
have either combined urban and rural highways or attempted to predict the rela-
tionship with a straight line, Indications are that accident rates drop sharply
between ADT's of 50 and about 2000. Between about 2000 and 3000 ADT the acci-
dent rate bottoms out and is fairly constant, whereupon accident rate increases
gradually as volumes increase above 3000 ADT.

Summary of Literature on Accident
Effects of Geometrics

Despite many years of effort, the current knowledge about the accident effects
of incremental changes in roadway and traffic elements is gxtremely limited.
While it is generally recognized that wide pavements are "safer" than narrow
ones, and that sharp curves are "hazardous," the critical questions of just how
wide roadways and/or shoulders need be, and how sharp a curve can be tolerated,
remain unanswered. Research efforts to date have, in general, been unable to
sort out the accident effects of variable roadway widths, curvature, and other
roadway elements from the large number of other variables (traffic, geometric,
topographic, etc.) which both act directly and interact to affect accident

experience.

The reasons that true accident effects have yet to be discovered are basically
threefold.

(1) Because accidents are rare events, very large data samples are gener-
ally required to discern accident effects. This requirement not only
creates organizational and budget problems, but also conflicts with the
dynamic character of a route or system being studied. Thus, in
attempting to study the accident characteristics of a facility, re-
searchers often have been faced with changes in traffic volumes,
construction along the facility and even changes in local accident re-
porting practices. Such problems 1imit the amount and quality of data
available for analysis. :

(2) When sufficient data are available, the data are often not in a form to
enable determination of incremental effects., For example, a number of
authors utilized State highway department data to evaluate the effects
of vertical and horizontal alinement on accidents. Unfortunately, the
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data provided discrimination to only two or three levels, thus preclud-
ing any comparison of the effects of relatively small differences in
either variable, Other problems also occur when attempts are made to
combine data from two or more jurisdictions, Differences in quality of
data, actual information collected, and reporting levels have contri-
buted to inconclusive or contradictory findings.

The fact that accidents are not only rare events, but are also extreme-
ly complex, has also confounded many attempts to study their causes.
The highway itself contains a large number of individual elements
(cross-sectional, such as roadway widths and roadside slopes; and
Jongitudinal, including horizontal and vertical alinement) which all
act in concert on the driver and vehicle. The human element alone is
undoubtedly a major cause behind much of the variance in accidents that
aoccurs. These considerations contribute greatly to the difficulties
encountered by accident researchers.

The above discussion points to the need to design a study of incremental
accident effects with great care, Unfortunately, much of the research in the
field of accident causation has probleﬁs with either the plan, data collection
procedure, or analyses. Basic problems encountered reflect limited under-
standing of the above concepts, underestimation of their importance, or
difficulties with the data base itself,

Accident research problems that tend to recur include the following:

(1)

Failure to account for or control for variables not being studied.--

Examples of this major problem abound in studies of variable shoulder
widths and curvature, Most highways with wide shoulders also have
wider pavements, better roadside design and milder alinement, as well

as higher traffic volumes. Studies in the past have collected and
analyzed data which did not account for the effects these variables

might have had on accident rates. Similarly, studies of horizontal
curve effects have attributed higher accident rates to sharper curves,
while apparently ignoring width and traffic variability on the curves,

Insufficient Exposure Levels.--Many studies have utilized only one year

of data, or have used injuries or injury rates as the dependent vari-
able, 1In such cases, the distribution of accidents by section becomes
skewed towards “zero" and “one," i.e., very few sections with more than
one accident are found, Problems in the statistical reliability of
findings tend to result from multiple regression analyses based on such
data distributions. Exposure level problems can also occur if sec-
tion lengths are too short or traffic volume levels too Tow. These
problems occur when large numbers of sites are required. The re-
searchers typically shorten the section length to increase the number
of sites (and data points), but in so doing merely increase the number
of sections with zero accidents.
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(3) Failure to Recognize and Evaluate Interactions Among Variables.--
Studies employing muitiple regression techniques have encountered
difficulties in developing meaningful results because the relationships
investigated did not include interaction effects among the dependent
variables, What results is a relationship which describes accident
effects aver the wide range of dependent variables, but which may be
useless in predicting effects for a given set of conditions,

An understanding of these basfc problems is essential to the design of a re-
search plan and data collection procedure.

General Research Plan

The initial plan for this research was to study the incremental accident effects
of various roadway design elements. However, following the critical analysis of
11terature, it appeared that saole dependence on such a plan would yield limited
results. Therefore, decisions were made to limit the research effort to the
geometric design aspects of highway curves, and to pursue more than cne avenue
of research. This section of the report addresses: (1) the hypothesis of
safety problems on highway curves; (2) the identification of alternative re-
search methods; (3) the selection of feasibie research problem statements and
attendant research methods; and {(4) the develdpment of an integrated strategy
for data collection and analysis.

Hypothesized Safety Problems

Based on the critical review of literature and the experience of the research
staff, a list of general hypotheses associated with the safety of highway curve
geometrics was developed. This list, shown in Table 2 presumably covers the
major concerns of highway engineering professionals who design and maintain

highway curves.
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TABLE 2

PRELIMINARY GENERAL HYPOTHESES ON THE SAFETY
OF HIGHWAY CURVES

(1) Safety varies directly with curve radius,

(2) safety varies directly with roadway width,

(3) Safety varies directly with shoulder width,

{4) Curves with spiral transitions are safer than those without.

(5) Safety is decreased as the 85th percentile operating speed exceeds the
design speed.

{6) With respect to safety, there is an optimum distribution of superelevation
runoff,

(7) There is a safety trade-off between length and radius of curve for a given
central deflection angle, Stated differently, there is a net safety loss
as the length of curve increases for a given curve radius.

(8) Approach conditions to a curve are an important safety consideration.
Safety is dec¢reased as sight distance becomes restrictive, as the curve
becomes more isolated, and as approach alinement encourages higher

speeds.,

{9) Because of a tendency to produce a high proportion of single-vehicle
accidents, roadside hazards are an important eiement on highway curves.

{10) Roadside slopes that are generally acceptable for tangent sections may
" promote vehicle rollover on curve sections.,

(11) The safety of nominal shoulder encroachments varies inversely with the
amount of cross-slope break between the shoulder and the roadway.

(12) Pavement settlement and/or washboarding on highway curves may produce
unsafe conditions.

(13) A steep downgrade preceding a highway curve may produce unsafe conditions,

Research Methods ‘
Four basic research methods were selected to study the hypothesized problems.
Accident studies, computer simulation, field operational studies, and analytical
- studies were integrated in the research approach in order tc cover the broadest
range of specific research questions and in some cases to provide support or

verification for one another,
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Accident Studies.--These studies used the combination of a highway site
data base and a corrasponding accident data base to both study the direct incre-
mental accident effects of individual geometric elements and the relative safety
of various combinations of geometric elements. Specific techniques included:
accident characterization of site categories, analysis of covariance, and dis-
criminant analysis of high- and low-accident sites.

Computer Simulation.--The Highway Vehicle Object Simulation Model
(HVOSM) methodology was used to measure the dynamic responses of vehicles to
various highway curve geometrics using predetermined driver operating

characteristics.

Field Operational Studies.--These included measurements of speed, path,
and placement of vehicles on highway curves. The major intent was to provide
indirect measures of driver behavior as input to the HVOSM, These studies were
also intended to provide information on drivers' speed responses to various
approach conditions.

Analytical Studies.--This method used basic physical laws and certain
assumptions about vehicular operations and driver behavior in an attempt to gain
insights about those research questions that could not be addressed within
project constraints by one of the other methods.

Research Questions

From the hypothesized problems, a series of research questions about various
aspects of highway curves was developed, and the feasible research method or
methods were selected to address each question., For some of the questions, it
was determined that none of the research methods was feasible either because of
unavailability of data or because of the perceived cost-effectiveness within the
total project scope. The questions and their proposed research methods are

shown in Table 3.
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The research plan was conceived as a multifaceted attack on the objectives of
the research, This approach involved several stages of accident analysis, com-
puter simulation of vehicle dynamics, and field studies of vehicular speeds and
path-following on curves. These various techniques were integrated in an
attempt to achieve the maximum knowledge on the effects of highway curve geo-
metrics on highway safety. Site selection was integrated to provide information
for an Analysis of Covariance, an Accident Characterization, and a Discriminant
Analysis of high- and low-accident sites, and to provide a base of sites for
operational field studies.

Research Approach
The research approach is shown schematically in Figure 1 and will be discussed

more fully in later sections of this report. This figure illustrates the
several stages of accident analysis, HVOSM computer simulation studies of
vehicle dynamics, and traffic operations studies of vehicular speed and

path-following on highway curves,

Figure 1 shows how maximum knowledge about the safety and operations of highway
curves was obtained through an integrated approach that utilized project
linkages to connect these research methods. Of particular importance are the
stages of data collection and site selection which were designed to provide
inputs into the multivariate accident analysis using Analysis of Covariance, the
Discriminant Analysis of high- and low-accident sites, the selection of speed
study sites and traffic operations study sites,
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TABLE 3

RESEARCH QUESTIONS AND
ATTENDANT RESEARCH METHODS

/Proposed Research Methods/

RADIUS OF CURVE

Do accident rate increase with decreasing
radius of curve ?

Is the probability of a high - accident location sensitive to °
degree or radius of curve ?

What is the criticality of under - designed curves with
respect to driver control ?

ROADWAY WIDTH

Does accident rate increase with narrower roads ? ®

is the probability of a high - accident location ®
sensitive to roadway width ?

Under what circumstances is roadway widening ® °
on curves justified ?

SHOULDER WIDTH

"‘Does accident rate increase with narrower shoulders ? ®

Is the probability of a high - accident location sensitive to
shoulder width ?
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TABLE 3

RESEARCH QUESTIONS AND
ATTENDANT RESEARCH METHODS (continued)

SHOULDER TYPE

Is there a relationship between accident rate and
shoulder type ?

Is the probability of a high - accident location sensitive
to shoulder type ?

Does shoulder type affect the stability of traversal
onto the shoulder ?

LENGTH OF CURVE
Does accident rate increase with length of curve
{ for the same radius ) ?

Is the probability of a high - accident lacation sensitive to
length of curve ?

Is there a safety trade - off between length and radius
of curve for a given central angle ?

Do very short, sharp curves present significant,
unusual driver control problems ?

CURVE APPROACH CONDITIONS

Is there a reiation between approach conditions
and accident rate ?

Is the probability of a high - accident location sensitive
to approach conditions ?

Are there approach conditions that encourage significant
high speeds on the curve approach ?
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TABLE 3

RESEARCH QUESTIONS AND
ATTENDANT RESEARCH METHODS (continued)

SUPERELEVATION RUNOFF
{s accident rate sensitive to the length and distribution

of superelevatian runoff ?

Is the probability of a high - accident location sensitive to
the length and distribution of superelevation runoff ?

Are vehicle operations and control sensitive to
the superelevation runoff design ?

SPIRAL CURVES

Is there a relationship between the presence of
spirals and accident rate ?

is the probability of a high - accident location
related to the absence of spirals ?

What is the sensitivity of vehicle control to spiral
presence for various speeds and curve radii ?

|s vehicle operation sensitive to
the length of spiral ?

ROADSIDE FEATURES
.. Is there a relationship between the degree of .
roadside hazard and accident rate ?

Is the probability of a high - accident location
sensitive to the degree of roadside hazard ?

Do normally acceptable roadside slopes contribute to a
high incidence of rollovers for encroaching vehicles ?

What is the relationship between lateral and
longitudinal displacement of roadside
encroachments and degree of curve ?
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TABLE 3

RESEARCH QUESTIONS AND
ATTENDANT RESEARCH METHODS (continued)

SKID RESISTANCE
Is there a relationship between skid resistance
and accident rate ?

Is the probability of a high - accident location
sensitive to skid resitance ?

Does skid resistance deteriorate faster on
sharper curves ?

CROSS - SLOPE BREAK
Is there a relationship between cross - slope break
and accident rate ?

Is the prabability of a high - accident location
sensitive to cross - slope break ?

What is the relationship between cross - slope break and
vehicle stability and / or driver discomfort ?

STOPPING SIGHT DISTANCE ON CURVE

Is there a relationship between available sight
distance and accident rate ?

Is the probability of a high - accident location
sensitive to available sight distance ?

Are AASHTO stopping sight distance requirements
consistent for tangents and curves ?
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TABLE 3

RESEARCH QUESTIONS AND
ATTENDANT RESEARCH METHODS (continued)

/ Proposed Research Methods /
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GRADE
Is there a combined effect of grade and curvature °

that relates to accident rate ?

Is there a combined effect of grade and curvature
that affects vehicle operations and control ?

PAVEMENT SETTLEMENT

Does pavement settlement or “‘washboard’‘ have
a significant effect on vehicle control ?
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" II1. HIGHWAY CURVE SITE SELECTION

The objectives of selecting highway curve sites for this research were to:

(1)
(2)

(3)

[dentify a large site population of pure highway curve sections for
general analysis of accident experience;

Acquire an adequate data base for identifying a set of high- and
low-accident sites for the determination of accident-prone combinations
of geometrics; and )

Provide the necessary data for selecting a 1imited, but highly defined
set of operational study sites,

Procedures and constraints were applied for ensuring a reliable data base,
designating States from which data would be obtained, and selecting curve and
tangent highway segments for analysis.

Selection of Candidate States

For reasons of both efficiency and economy, the site selection was limited to
not more than five States. The faollowing criteria were used in developing a
preliminary list of candidate States:

(1)

(2)

(3)

Extent of Highway Meeting Study Constraints - The study constraints as

set forth in the work plan 1imited analyses to predominantly two-lane
rural highways with at least 1500 ADT. Nationwide statistical summaries
were consulted to determine the extent of rural highways meeting these
constraints in each State. Table 4 shows the total mileage of rural
highways in the range of 2,000-10,000 ADT for selected States. The
first 13 States, listed in descending order by total surfaced mileage,
are those with the most rural highway mileage in the United States.
virginia and Michigan (ranked 24th and 25th, respectively) are also
included because of their high percentage of total surfaced mileage
with ADT of 2,000-10,000.

Geographic Distribution - [t was deéirable, if possible, to include

States that represented the different climates and topography found
throughout the United States,

Availability of Geometric and Accident Data - The amount and quajity of

data, as weli as the ease of retrieving certain information, varies
among States. Those States with the most accessible and reliable data
were considered the best candidates.

23



TABLE 4

SELECTED STATISTICS
STATE PRIMARY HIGHWAY SYSTEMS

State Primary Highway System - Rural

Total Percent
Surfaced Mileage with of Mileage with
State Mileage 2,000-10,000 ADT 2,000-10,000 ADT
*Texas 61,809 10,480 17.0
*Ohio 16,019 6,135 8.3
Georgia 15,609 4,982 31.9
Arkansas 13,851 2,797 20.2
*I11inois 13,155 5,901 44,9
California 12,749 5,260 41.3
North Carolina 11,976 5,522 46.1
New York 10,894 5,117 47.0
Oklafoma 10,869 3,106 ‘ 28.6
New Mexico 10,582 1,793 16.9
Wisconsin 10,197 4,333 42.5
Minnesota 10,061 2,907 28.9
*Florida 10,037 4,995 49.8
Virginia 8,147 4,241 52.1
Michigan 8,103 4,311 53.9
Total-U.Ss. 408,821 134,549 32.9
Total Candidate
States 101,020 27,511 27.2
Percent of U.S. 24.7 20.4

*(andidate States

Source: Reference (26)
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{4) Willingness to Cooperate in the Study - While the States were not asked
to actively participate in the study, their willingness to provide in-
formation and assist in interpretation was deemed to be imperative to
success of the project.

Based on these criteria, the following preliminary candidate States were

selected:
California Ohio
Florida Pennsylvania
IMlinais Texas
Michigan Virginia

FHWA, through its regional and division offices, solicited and ¢obtained the
cocperation of each candidate State. Initial contacts with California and
Virginia disclosed that data describing horizontal alinement were not in a form
readily usable for this research. Pennsylvania was not considered after it was
found that contiguous Ohio had an excellent, accessible data base.

Pfeliminary visits were made to State highway agencies in Florida, 11linois,
Michigan, Ohio, and Texas. A checklist was used to insure completeness and
uniformity of information obtained from each highway agency. Results of these
initial state visits are summarized as follows:

Florida - Highway geometry and accident data are both available on auto-
matic data processsing (ADP) files. “Straight line diagrams" (SLDs) are
also maintained as a source of highway geometry information. Since the
Florida ADP highway inventory system would be difficult to access for the
specific needs of this project, it was concluded that the SLD would be the
best source of information.

I11inois - Highway geometry and accident data are both available on ADP
files. There are inconsistencies, however, in designation of milepost
locations between the two files. With some assistance from state per-
. sonnel, it was found that accident locations could be re-coded wherever
necessary, to correspond with mileposts given in the highway inventory,

Michigan - Highway inventory data are available either from the State's
computer file or from photo-logs. Accident records are also maintained in
ADP files, The State uses a Burroughs computing system, however, which
posed a prablem in transferring information to the FHWA computer
facilities.
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Ohio - Highway inventory and accident records are both available on ADP
TiTes. The highway inventory, however, only identifies curves sharper than
3 degrees and grades steeper than 3 percent. There are also S5LDs but these
had insufficient geometry information for this research,

Texas - Highway geometry data would have to be obtained from SLDs. Some
Ttems are available in ADP files, but curve data can only be obtained from
SLDs. Accident records are maintained in ADP files, but accident location
is only recorded to the nearest 0,10 mile (0.16 km).

Although minor praoblems were expected in compiling data from any of the candi-
date States, all five were suitable for the study. Further analyses indicated,
however , that sufficient coverage could be obtained through use of four, rather
than five States. Michigan was classified as an alternate, leaving Florida,
I11inois, Ohio and Texas as the recommended candidate States.

These four States represent a reasonable cross sqction of the nation in terms of
both climate and topography. As indicated in Table 4, they account for

nearly 25 percent of all rural highways on State primary highway systems, and
approximately 20 percent of the rural highways with ADT from 2,000-10,000.

Field Inspection of Sampie Curve Sections

A critical factor in research that uses a large data set is the reliability and
accuracy of the data. One task within the site selection process, therefore,
was a field check of a sample of curve sections identified from the State
geometry files. The following information was field checked for representative
curve sections in Illinois, Ohio and Texas to verify the guality of each State's
geometric data base:

(1) Presence of the highway curve

(2) Roadway width at the curve

(3) Shoulder width and type at the curve

(4) Approach and departure grades (1.e;, “flat," “"steep upgrade," etc.)
(%) Curve radius and approximate length

{

2
5} Presence of intersections and other landmarks in the vicinity of
the curve
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In every case where curve segments were inspected, the curve was found at the
location indicated in the files. Recorded vertical alinement was alsc con-
sistently accurate in each State., In Ohio, roadway and shoulder width
measurements proved to consistently match those indicated in the State files,
In I1linois, some differences were found in recorded vs. measured roadway width
which were traced later to a lack of up-to-date data, The few width discrep-
ancies found in I1linaois were not considered to be serious enough, however, to
invalidate the entire data base.

A check of the actual curve radius was also made using chord offset measurements
to the inside edge of pavement. In almost all cases, the curve radii were
verified within tolerances expected as a result of the survey procedures used in
this preliminary check.

In summary, the field inspection indicated that horizontal and vertical aline-
ment was accurately recorded in State files. For the most part, width
measurements were also recorded accurately. At this point, it was reasonable to
conclude that the selection of curve sections and the geometric characterization
of those sections could be accomplished with the required accuracy using State

inventory data.

Site Control Criteria

The selection of curve analysis segments was designed to produce a large set of
rural highway curves {and tangents, for comparison) meeting the various con-
straints established by the work plan and unaffected by factors which might
produce unexplained variances in accident experience, A curve analysis segment
was defined as the full length of a highway curve with a minimum length of
tangent on each end of the curve. The need to inciude tangent length as a part
of a curve segment was dictated by the variance expected in reporting the
location of curve-related accidents at the point of rest of the vehicle, either

upstream or downstream from the curve itself,

It was also recognized that analysis segment lengths needed to be relatively
consistent to ensure that the comparative accident experience among sites would
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be sampled from comparable Poisson distributions, A uniform segment length of
0.6 mi (1.0 km) was specified, therefore, unless longer segments were needed to

acconmodate minimum tangents.

The process used in selecting analysis segments from geometric highway inventory
files is diagrammed in Figure 2 and described below,

Study Constraints

The work plan specified that the research would be concerned with rural,
two-lane curves on highways where the traffic volume was at least 1500 vehicles

per day.

The initial screening process eliminated all highways within urban areas or
within 1.2 mi (2.0 km} of a city limit, Florida inventory data sometimes
showed both city limits and urban limits, the latter being farther out from the
central city. In such cases, for conservatism, the separation was measured from
the urban limit. In Texas, some city limits were found to extend from their
normal bounds in a narrow strip along the highway. Again, in the interests of
conservatism, the separation was measured from the end of any such extension,

A1l highways with more than two lanes or traffic volume less than 1500 ADT were
then deleted from further consideration, (In Texas, some highways of 1400 ADT

or greater were included.)

External Influences

Sections of highway conforming with the study constraints, described above, were
then tested to eliminate variances which would be associated with external in-

fluences such as intersections and structures,

All highway sections within 660 feet (200 m) of a major intersection were
eliminated from further consideration., Major intersections were defined as
those with marked U.5, and State Highways. In Texas, junctions with State
Highways designated Farm-to-Market (FM) routes were also considerad major

intersections,
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To avoid variances associated with structures, major bridges and highway
segments within 0.6 mi (1 km) of the ends of each major bridge were deleted.
potential analysis segments containing more than one minor structure were also
deleted, The external influence constraints related to structures could not be
applied, however, in treatment of I11inois data due to unavailability of the

required information,

Physical Consistency

To avoid variances associated with boundary conditions, no study sites were
selected within 330 feet (100 m) of a significant change in roadway width,
shoulder width or shoulder type. In addition, all curbed sections of highway
and segments within 330 feet (100 m) of the start or end of curbed sections were

deleted,

Qperational Consistency

Since a three-year safety record was required for each analysis segment, it was
necessary to screen out lacations containing recent reconstruction during this

period, or those which exhibited significant traffic growth over the past three
years, This constraint was applied only when the inventory data clearly indi-

cated reconstruction or traffic inconsistency.

Designation of Analysis Segments

Segments of highway passing all of the screens described above were then inves-
tigated for the presence of curves. Whenever a curve was found, a determination
was made whether a minimum tangent length of 650 feet (200 m) was available at
each end of the curve, In treating Ohio data, where only curves of 3° or
sharper were recorded in the inventory file, the assumption was made that
approaches to and departures from all recorded curves were tangents, but it was
recognized that some might include mild curves. In subsequent field
investigations of someof these sites, it was found that only about nine percent
of the segments did not have a tangent approach and departure.

Separation between the point of tangency (PT) of one curve and the point of
curvature (PC) of another had to be at least 1300 feet (400 m) in order to pro-
vide minimum tangents in each analysis segment. [In application, however, the
minimum separation was taken as 1365 feet (416 m) to insure that the milepost of
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the end of one segment was 0.01 mi (16 m) different than the starting milepost
of the next segment, This step precluded double counting of an accident that
occurred at the boundary between two analysis segments. '

Finally, whenever possible, curves were centered within the 0.6 mi (1 km) long
analysis segments. If necessary to meet various constraints, however, the curve
was shifted within the analysis segment, but the minimum length of tangent
between the extremity of the curve and the beginning or end of the analysis seg-
ment was never less than 650 feet (200 m), In rare cases, when the length of
curve plus the minimum tangent lengths totaled more than 0.6 mi (1 km), the
analysis segment length was increased in 0.3 mi (0.5 km) increments until all

specifications were met,

Once the curve analysis segments had been identified, the remaianing portions of
the highway meeting all other constraints were available for designation of tan-
gent analysis segments. Tangent segments, each 0.6 mi (1 km) long, were
selected for nearly even distribution over volume, surface width, shoulder width
and shoulder type classifications, To minimize data collection efforts, selec-
tion of tangent segments was restricted to Florida and Texas.
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Site Characterization

Because of the way the curve segments were selected, the sample should roughly
approximate the population of highway curves on main rural two-lane highways in
the United States. The four-State sample consisted of 3557 analysis segments.
0f these, 3304 were curve segments and 253 were tangent segments. The curve
segments consisted of 2071 curves (63 percent) of less than 3° of curvature, and
1233 (37 percent) with degree of curvature of 3° degrees or greater,!l

Average daily traffic (ADT) at the analysis segments was predominantly in the
lower ranges., A total of 2240 sites (63 percent) had ADT less than 3100
vehicles per day, Table 5 summarizes the number of curve and tangent analysis
segments in each ADT group.

The distribution of sites by degree of curvature and width of roadbed is shown -
in Table 6. Sites are summarized by ADT and width of roadbed in Table 7, and by

1ehgth of curve and degree of curvature in Table 8.

IFurther characterization and discussion of highway curvature in this report
will include "degree of curve" as a descriptor of highway curvature. Degree of
curve is a commonly used and understood measure of curvature. The most common
definition of degree of curve is the arc definition. According to arc defini-
tion, degree of curve is the central angle subtended by a 100-foot (30.5 m) arc.

This description of highway curvature was common to the data files of all four
States in the study. For expediency in handling existing data bases and consis-
tency with U.S. design practice, it was decided to retain degree of curve as the
basic descriptor for highway curvature. Unfortunately, there is no metric
equivalent to degree of curve which is universally accepted. Alternate defini-
tions of degree of curve include arc definitions based on 20 m, 30 m and 100 m
arcs (equivalent to arc lengths of 66 feet, 98 feet and 328 feet). More common

 metric design practice involves definition of the radius of curve.

The reader is referred to Appendix A, which describes the equivalent metric
radius of curve for a range of curvature defined by a 100-foot (30.5 m) arc
length. Also shown are alternative metric degrees of curve based on various

definitions.
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TABLE 5

DISTRIBUTION OF CURVE ANALYSIS SEGMENTS
BY TRAFFIC VOLUME

Number of Analysis Segments

Traffic Volume

(ADT) Curve Tangent Total
<2100 1061 76 1137
2100-3099 - 1037 66 1103
3100-4899 746 70 816
4900-9999 409 37 446
>10,000 51 4 55

A1l Volumes 3304 253 3557
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TABLE 6

DISTRIBUTION OF CURVE ANALYSIS SEGMENTS BY
DEGREE OF CURVE AND WIDTH OF ROADBED

Degree of Number of Segments by Width of Roadbed (Feet)
Curvature <28 28-31.9 32-35.9 36-39.9 40-43.9 44-47.9 >48 Total
Tangent 38 51 39 54 65 0 253
1e° 67 68 47 178 153 13 532
1°-2°59'59" 25 184 238 210 414 443 25 1539
3°-4°59'59" 34 74 72 63 116 88 5 452
5°.7°59'59" 58 75 86 53 49 28 0 349
>8° 163 110 75 49 19 16 0 432
Total 292 548 590 461 830 793 43 3557

Note: Width of roadbed is total surfaced width plus width of shoulders.

1 ft = 0.305 m

Traffic volume

TABLE 7

DISTRIBUTION OF CURVE ANALYSIS SEGMENTS
BY TRAFFIC VOLUME AND WIDTH OF ROADBED

Number of Segments by Width of Roadbed (Feet)

(ADT) <28 28-31.9 32-35.9 36-39.9 40-43.9 44-47.9 >48 Total
<2100 114 272 222 138 203 181 7 1137
2100-3099 107 107 190 159 275 247 18 1103
3100-4899 55 107 96 99 198 252 9 816
4900-9999 15 56 66 64 135 103 7 446
210,000 1 6 16 1 19 10 2 55
Total 292 548 590 461 830 793 43 3557

Note: Width of roadbed is total surfaced width plus width of shoulders.

1ft =0.305m

b
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TABLE 8

DISTRIBUTION OF CURVE ANALYSIS SEGMENTS
BY DEGREE AND LENGTH OF CURVE

Number of Segments by Degree of Curve

Length of <1°00‘'00" 1°-00'-00"-
Curve (Miles) - 2°-59'-59"
<0.100 104 272
0.100-0.199 236 571
0.200-0,299 113 383
20.300 79 313
Total 532 1539
Average Length* 0.20 0.20

* Rounded to nearest 0.05 mi

Average
3°-00'-00"- 5°-00'-00"  >8°-00'00" Total Curvature
4°-59'-59" 7°-69'_59" (Degree)t

124 218 385 1103 5.8
198 108 40 1153 2.7

99 - 18 6 619 2.3

31 5 1 429 1.9
452 349 432 3304 3.6
0.15 0.10 0.05 0.15

+ Rounded to nearest 0.1 degree of curvature

1mi = 1.6 km
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IV. ACCIDENT STUDIES

A three-year history of accident experience was compiled and analyzed for each
of the curve and tangent analysis segments., The basic objectives of this phase
of the research were to determine the relationships between accidents and
highway geometrics and to identify those geometric elements that contribute the

most o accidents.
Three separate, but interrelated, analysis steps were performed:

{1) Characterization of accident experience of both curve and
tangent analysis segments;

(2) Analysis of Covariance (AOCY), a multivariate analysis to
determine incremental effects of basic geometric and traffic
variables; and

(3) Discriminant Analysis, a study of the comparative geometry of
thase sites with either high or low accident rates,

Accident Data Compilation

Following the identification of analysis segments, State accident records were
interrogated to produce a three-year history of accident experience at each
site. Selection of the accident analysis period required consideration of both
statistical stability and consistency of geometric elements, On one hand, the
statistical techniques which were applied have the intrinsic assumption that the
dependent variable (accidents) is normally distributed. Satisfaction of this
assumption required a study design that would produce the largest expected
number of accidents considering other study constraints, so that the underlying
Poisson distribution most closely approximated a normal distribution. On the
other hand, roadway geometric conditions change over time due to reconstruc-
tion, new development, etc., and traffic volume and composition usually vary
over a period of years, After careful consideration, a three-year period was
selected to give the best tradeoff between maximum exposure and minimum
exclusion of potential sites due to a study variable having changed during the

study period,

Given analysis segment lengths of 0.6 mi (1 km) and an accident study period of
three years, the number of accidents per site was estimated to vary largely

between 2 and 10 accidents, with an expected number of about 4, A preliminary
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analysis of 77 curve sites in Florida and [1linois verified this assumption,
and it was further verified in the comprehensive analysis, as is shown in

Figure 3.

Accident histories obtained from each State were transformed to a common format
for processing by FHWA computer personnel, Accident data included for each

occurrence were as follows:

® Location

® Severity (Fatal, Injury Only, Property Damage Only)
° yehicle type (Vehicles 1 and 2, if applicable)

® Accident type

® Surface condition

® Light condition

“ Weather condition

Accident Characterization

There were 13,545 reported accidents on the designated analysis segments for
the three-year analysis period., Mean accident rates were 3.93
accidents/segment on curve sections and 2.21 accidents/segment on tangent
sections., Tabulation and analyses of this accident experience provide a
valuable insight into the safety characteristics of rural highway curves.

Accident Type

Slightly more than one-half (54 percent) of accidents which occurred on the
selected analysis segments involved only one vehicle, Of these, about two-
thirds were single-vehicle run-off-road {ROR) accidents and the remainder were
categorized “other" single-vehicle accidents (involving animals, objects in the

road, pedestrians, etc.).

Single-vehicle vs. Multivehicle Accidents.--Traffic volume levels

appear to affect the relative proportions of single-vehicle ROR and
multivehicle accidents. As Figure 4 indicates, the proportion of single-
vehicle ROR accidentson the lowest volume roads (less than 2099 ADT) was 42,5
percent, Multivehicle accidents were 33.6 percent of accidents on these

roads. For roads with ADT of 10,000 or more, single-vehicle ROR accidents were
only 14.9 percent of the total, while multivehicle were 76.9 percent.
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Multivehicle Accident Types.--Despite the careful exclusion of curve
segmenfs with major intersections, a significant number of angle and turning
accidents were observed. Table 9 shows the number and rate of multivehicle
accidents on curve segments., About 41 percent of multivehicle accidents were
angle and turning types, indicating the significant presence of driveways and
minor intersections. The other 59 percent included head-on, sideswipe and
rear-end types. No apparent relationship was found between either degree of
curve or roadway width and the incidence of head-on accidents on curves. All
other categories of multivehicle accidents, however, exhibited rates which
increased as curves became sharper and decreased with wider roads.

TABLE 9

TYPE AND NUMBER OF MULTIVEHICLE ACCIDENTS
ON CURVE SEGMENTS

Multivehicle Accidents

Percent
of Total Percent
Total Per Analysis Multivehicle of Total
Accident Type Number Segment Accidents Accidents
Head-on 909 0.28 15.3% 7.0%
Rear-end 1883 0.57 31.8% 14.6%
Sideswipe 681 0.21 11.5% 5.3%
Angle & Turning 2450 0.73 41.4% 19.0%
Total 5923 1.79 100.0% 45,9%

Note: Three-year accident experience at each analysis segment.

Surface Conditions
On curve analysis segments, 27.5 percent of all accidents occurred when the sur-

face condition was wet or icy. On tangent analysis segments, 22.0 percent of
all accidents occurred with wet or icy pavement conditions. Although exact ex-
posure data are not available, average climatology information for the four
study States (27) indicated that pavements are wet or icy about 10 te 12 percent
of the time., The probability of an accident occurrence, therefore, is almost
three times as high for wet or icy pavements than for dry pavements.

40



Types of accidents that occurred during periods of poor and normal surface
conditions are summarized in Table 10. On curve analysis segments, propor-
tionately more singie-vehicle ROR accidents occurred when the surface was wet
and icy than under normal surface conditions. Both total and single-vehicle
accident rates in ail volume groups increased significantly with degree of curve
when the roadway surface was wet or icy. Accident rates during periods of poor
roadway surface conditions also were generally lower as roadway width increased.

Light Conditions

Approximately 61 percent of all accidents on curve analysis segments occurred
during the daytime, but more than one-half of single-vehicle ROR accidents took
place at night, Table 11 shows that single-vehicle ROR accidents on curves
constituted 46 percent of total nighttime accidents, but were only 28 percent of

total daytime accidents.

A large majority of multivehicle accidents were daytime occurrences, This is
expected since traffic volume is usually higher during the day than at night.

Severity .
Accidents involving a personal injury or fatality were judged as "severe." A

total of 5390 accidents (41.5 percent) on curve analysis segments during the
three-year study period were severe, 0n tangent analysis segments, severe
accidents accounted for 37.8 percent of the total. A summary of accident
severity by type of accident is given in Table 12.

Single-vehicle ROR accidents on curve segments were more likely to be severe
than multivehicle or other single-vehicle accidents. Regardless of roadway
width or degree of curve, nearly one-half of all single-vehicle ROR accidents
involved & personal injury or fatality. By contrast, only 41 percent of
multivehicle accidents and 29 percent of other single-vehicle accidents on

curves were severe.
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TABLE 10
ACCIDENT EXPERIENCE RELATED TO SURFACE CONDITIONS

Wet or Icy Surface Normal Surface

b

- Conditions Conditions Total
Percent of Accidents/ Percent of Accidents/ Percent of Accidents/
Accidents by  Segment Accidents by  Segment Accidents by  Segment
Type of Segment & Accident Type Type Type
Curves:
Single-Vehicle Run-0ff-

Road 40.6% 0.44 33.4% 0.95 35.4% 1.39
Single-Vehicle--Other 15.8% 0.17 20.2% 0.58 19.0% 0.75
Multivehicle 43.6% 0.47 46.4% 1.32 45.6% 1.79

Total - Curves 100% 1.08 100% 2.85 100% 3.93
Percent by Surface (27.5%) (72.5%) (100.0%)
Condition
Tangents:
Single-VYehicle Run-0ff-

Road 43.1% 0.21 23.4% 0.40 27.8% 0.61
Single-Vehicle--Other 11.4% 0.06 24.,5% 0.42 21.7% 0.48
Multivehicle 45.5% 0.22 52.1% 0.90 50.5% 1.12

Total - Tangents 100% 0.49 100% 1.72 100% 2.21
Percent by Surface {(22.0%) (78.0%) (100.0%)
Condition
Note: Three-year accident experience at each analysis segment,



TABLE 11
ACCIDENT EXPERIENCE RELATED TO LIGHT CONDITIONS

Daytime Nighttime Total
Percent of Accidents/ Percent of Accidents/ Percent of Accidents/

Accidents by  Segment Accidents by Segment Accidents by  Segment
Type of Segment & Accident Type Type ) Type

Curves:

Single-Vehicle Run-0ff-

Road 28.4% 0.68 46.2% 0.7 35.4% 1.39
Single-Vehicle--Other 13.6% 0.32 27.4% 0.42 19.0% 0.75
Multivehicle 58.0% 1.39 26.4% 0.41 45.6% _1.79

Total - Curves 100% 2.39 100% 1.54 100% 3.93
& Percent by Light Conditions  (60.7%) (39.3%) (100.0%)
Tangents:
Single-Vehicle Run-0ff-

Road 23.2% 0.32 35.4% 0.29 27.8% 0.61
Single-vehicle--Qther 12.9% 0.18 36.4% 0.30 21.7% 0.48
Multivehicle 63.9% _0.88 28.2% _0.24 50.5% _1.12

Total - Tangents 100% 1.38 100% 0.83 100% 2.21

Percent by Light Conditions  (62.5%) (37.5%) (100.0%)

Note: Three-year accident experience at each site,



TABLE 12

SEVERITY OF ACCIDENTS

Severe

(Personal Injury-

Non-Severe

(Property Damage

Note: Three-year accident experience at each site.

Fatality) Accidents Only) Accidents Total
Percent of Accidents/ Percent of Accidents/ Percent of Accidents/
Accidents by Segment Accidents by  Segment Accidents by Segment
Type of Segment & Accident Type Type Type
Curves:
Single-Vehicle Run-0ff-

Road : 40.81 0.67 31.5% 0.72 35.4% 1.39
Single-Vehicle--Other 13.6% 0.22 22.8% 0.53 19.0% 0.75
Multivehicle 45.61 0.74 45,7% 1.05 45,6% 1.79

>
Total - Curves 100% 1.63 100% 2.30 100% 3.93
Percent by Severity (41.5%) (58.5%) (100.0%)
Tangents:
Single-Vehicle Run-Qff-

Road 33.6% 0.28 24.2% 0.33 27.8% 0.61
Single-Vehicle--Other 10.9% 0.09 28.2% 0.39 21.7% 0.48
Multivehicle 55.5% 0.46 47.6% 0.65 50.5% 1.12

Total - Tangents 100% 0.83 100% 1.37 100% 2.21
Percent by Severity (37.8%) (62.2%) (100.0%)



No discernible relationships were found between accident severity and roadway
width, degree of curve, or traffic volume for either single-vehicle or multi-
vehicle accidents. The percentage of accidents which resulted in a personal
injury or fatality remained nearly constant across the full range of roadway

width and degree of curve.

Vehicle Type

Trucks or buses were involved in approximately 20 percent of bath single-vehicle
and multivehicle accidents on the curve analysis segments. Table 13 summarizes
accidents by vehicle type.

Exposure data reflecting the number of trucks in the traffic stream at each
analysis segment were not available. No firm conclusions could be drawn, there-
fore, apout the relationships between incidence of truck/bus accidents and
geometric elements. The available infarmation however, indicates that there is
Tittle relationship between the rate of truck/bus accidents and either degree of

curve or roadway width,

Summary of Accident Characteristics )

Analyses of the number and types of accidents on curve and tangent analysis
segments confirmed that curves are substantially more hazardous than tangents.
The probability of accident occurrence was found to be about 75 percent greater
on curve segments than on tangent segments. Also, the analysis strongly indi-
cates a need to focus on single-vehicle ROR accidents on curves.

Single-vehicle ROR accidents accounted for about 35 percent of the total on
curve analysis segments versus 27 percent on tangents. Furthermore, single-
vehicle ROR accidents on curve segments were more likely to be severe than
muitivehicle or other single-vehicle accidents. Single-vehicle ROR accidents on
curves were also proportionately greater than other types of accidents under
poor environmental (wet/icy roadway) and light (nighttime) conditions,
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Type of Accident

Single-Vehicle Run-0ff-
Road

Other Single-Vehicle
and Multivehicle

Total

-
(=)}

Percent by Vehicle Type

Note:
Florida data.

TABLE 13
ACCIDENT EXPERIENCE RELATED TO VEHICLE TYPE

No vehicle type data were obtained from Florida,

Truck/Bus
Involvement Auto Only Total
Percent of Accidents/ Percent of Accidents/ Percent of Accidents/
Accidents by  Segment Accidents by Segment Accidents by Segment
Type Type Type
30.7% 0.27 36.9% 1.21 35.6% 1.48
69.3% 0.61 63.1% 2.06 64.4% 2.67
100% 0.88 100% 3.27 100% 4.15
(21.2%) (78.8%) (100.0%)

Accident rates reported above, therefore exclude

Three-year accident experience at each site,



1t should be recognized that the greater number of accidents on curve segments
compared to tangent segments is an incremental difference directly associated
with the presence of the curve. Considering that the curye itself is a
relatively small proportion of the 0.6 mi (1 km) segment, this incremental
difference is even greater, An average accident rate for the curve itself can
be computed using curve segment and tangent segment rates shown in Tables 10, 11
and 12, and taking into account the average length of all curves in the data
base. Assume that the accident effect of the curve is over the full length of
curve plus some nominal transition length on each end., The following equation
is then appropriate for computing the accident rate associated with an average

curve:
R LR [4.1]
‘ s :
LS
where: R = Accidents per 0,6 mi (1 km) of curve plus transitions only
R = Accidents per 0.6 mi (1 km) of curve segments (from upper

portion of Tables 10, 11 and 12)

Rt = Accidents per 0.6 mi (1 km) of pure tangent segments (from
lower portion of Tables 10, 11 and 12)

Le¢ = Average length of highway curve plus two transitions
Lg = Length of analysis segment = 0.6 mi (1 km)
Lt = Average length of highway that is pure tangent = Lg - L

The average length of curve in the 3304.site data base is 0.17 mi (0.27 km). If
a representative transition length is taken as 150 feet (46 m), or approximately
0.03 mi (0.05 km), then L. is equal to 0.23 mi (0.47 km) and Ly is equal to 0.37
mi (0.63 km). Three-year average accident rates for alinement consisting of
curve plus transitions are calculated as follows:

Re for Total Accidents

{ 3.93 - 2.21 (0.37/0.60) 1 / (0.23/0.60) = 6.70

R- for Single-vehicle ROR Accidents

[ 1.39 - 0.61 (0.37/0.60) ] / (0.23/0.60) = 2.64
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The above exercise demonstrates that, once the presence of tangent alinement is»
accounted for in the curve segment accident rates, the total accident rate for
the average curve is (6.70/2.21) or over three times the average tangent rate.
Similarly, the average single-vehicle ROR rate for curves is (2.64/0.61) or 4.3

times the average tangent rate.

Analysis of Covariance

The Analysis of Covariance (AOCY) was intended to investigate the incremental
accident effects of highway traffic and geometric variables generally available
from State data files. The site selectfon process yielded 3304 curve analysis
segments with values for five basic variables -- ADT, degree of curve, length of
curve, roadway width and shoulder width. The analysis, therefore, was limited
to studying the incremental accident effects of these five basic variables.
Although the literature review indicated the potential futility of this AQCY in-
vestigation, the integrated data base allowed the analysis to be performed with

very little additional effort.

An analysis approach was needed to study the incremental accident effects of the
five basic traffic and geometric variables in a framework which considers both
the direct effects of each variable and all of the potential interactional
effects between variables. AOCY can be regarded as an extension of standard
multiple regression in that, in essence, a family of simple regression equations
is determined. The individual members of the family exist in the different
cells of the experimental design framework which are defined by the combinations
of categorical variable levels,

Analysis Results
Preliminary analyses were conducted on the data base to determine the signif-

icance of the five basic variables in predicting accident rate. The procedure
used was from the “Statistical Package for the Sacial Sciences" (SPSS)(28). An
ACCY framework was established, using accident rate as the dependent variable,
in which each independent variable was individually treated as a covariate while
the other independent variables were treated as factors, This analysis indi-
cated that all variables except ADT had a significant relationship with accident

rate,
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Subsequent analyses were conducted using the framework shown in Table 14, The
results of this analysis were as follows:

(1) The multiple RZ was about 0.19 (the AOCV framework explained
19 percent of the variance) for all matrices with total
accident rate as the dependent variable, and was much lower for
all other dependent variables.

(2) State, degree of curve, and their two-way interactions with
other variables accounted for most of the explained variance,

(3) The raw regression coefficients for each of the covariates were:

Covariate Regression Coefficient

Degree of Curve 0.056

Length of Curve (mi) -0,141

Roadway Width (ft) -0.023

Shoulder Width (ft) -0.057 )

1mi = 1.609 Km
1ft=20.305m

Although the AQCV did not indicate any strong relationships, the regression
coefficients shown above are the best overall estimates of the incremental
effects of each covariate. These coefficients indicate that accident rate in-
creases as degree of curve increases and decreases as length of curve, roadway
width, and shoulder width increase. These all appear to be logical relation-
ships with the exception of length of curve, But, in reality, curve length is
usually associated with degree of curve. Also, as shown later, the coefficient
for length of curve accounts for aimost no change in predicted accident exper-
ience over the practical range of curve lengths.

In attempting to be more explicit about the effects of degree of curve, cell
regressions of degree of curve vs. accident rate were run for the 32 cell
covariance matrix. This additional exercise was not fruitful in showing any
logical trend in the relationship between degree of curve and ac¢ident rate over
ranges and combinations of the other variables,
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TABLE 14
FRAMEWORK FOR ANALYSIS OF COVARIANCE

Covariances
Degree of Curve
Length of Curve (mi)
Roadway Width (ft)
Shoulder Width (ft)

Factors
State 1,2, 3,4
Degree < 1.999, 2.000-3.999. 4.000-6.999, > 7.000
Length of Curve (mi) £ 0.149, > 0.1%50
Roacway Width (ft) < 21.999, » 22.000
Shoulder Width (ft) < 5.999, > 6.000

Depencent Variables (Accidents/MVM)
Total Accident Rate
Single-Vehicle Accident Rate
Multivehicle Accident Rate
Night Accident Rate
Fatal plus Injury Accident Rate

1.609 km
0.305 m

L[]

1 mi
1 ft
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Findings

Since no logical trends could be derived from the individual regression of the
cells in the analysis of covariance matrix, the overall regression coefficients
derived in the second step of the analysis were considered the best available
predictors of the incremental accident effects of each covariate. In looking at
the sensitivity of accident rates, it is informative to determine the predicted
incremental differences over the practical range of each covariate as follows:

Covariate Practical Regression Difference in
Range Coefficient Accident Rate*
Accidents per MVM

Degree of Curve 1°-20° 0.056 1.12
Length of Curve(mi) 0.05-0.40 -0.141 0.05
Roadway Width (ft) 18-24 -0.023 0.14
Shoulder Width (ft) 0-8 -0.057 0.46

* Difference in accident rate is regression coefficient multiplied by the
difference in the practical range for the respective covariate.

1 mi = 1.609 km
1 ft = 0.305 m

From this exercise, degree of curve and shoulder width appear to have sizable
effects on accident rate over the their practical ranges of usage. The effects
of the ather two covariates, however, appear to be relatively small. These
effects, of course, are subject to the reservations previously stated concerning
interactions between variables and the dubifous validity of using regression
coefficients as predictors for incremental effects of individual variables,
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Analysis of High- and Low-Accident Sites

The difficulty of establishing direct links between accident occurrence and the
dimensions of geometric features is demonstrated by the limited success of the
AOCV dascribed above and by previous research., The problems encountered by
researchers and discussed 1n the review of literature are basically four-fold:

(1) Large data base requirements;

(2) Inadequate geometric and/or accident data;
{3) Extreme complexity of accident causation;
{4) Exclusion of important variables.

For thase reasons, an analysis procedure was developed which maximized the
patential for learning something about geometric/accident relationships. The
analysis procedure involved a detailed study of the geometric characteristics of
two distinct curve site populations. The populations were defined as accident
outliers, i.e., the curve sites were selected on the basis of either a very high
accident rate, or a very low rate., Differences in the geometric characteristics
of these high- and low-accident site populations were then investigated.

The obvious advantage of such an approach is that, assuming the data are care-
fully collected, it insures discovering any safety/geometry relationships that
may exist. This is because the study sites are selected on the basis of
dissimilarities in their accident experience, rather than differences in
geometric or other features which are only hypothesized as being related to
accidents.

Site Selection

Proper definition of a large enough sample of true accident outliers required a
fairly large data base. Proper evaluation of this data base necessitated con-
sideration of factors such as variable accident reporting levels among>thé
States, and possible accident effects of extraneous variables.
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The sites obtained from the four States enabled identification of accident
outliers with a high degree of confidence. The following procedures were
followed in identification of these outliers:

(1) Accident rates for each site within the large (3304 curve site) data

(2)

(3)

(4)

base were computed.

The sites were partitioned into three ADT classes to contral for any
accident rate or accident type effects of traffic volume. The ranges
of the ADT classes were based on two concerns. First, for efficiency
in evaluating the data, it is desirable to have equal numbers of sites
within each ADT class, second, it was necessary to limit the range of
each ADT class to ensure similar traffic volume effects for all sites
within a class. The following ADT classes were established:

ADT Class VYolume Range Number of
Sites
Low 1400-2099 1059
Medium 2100-3099 1034
High 3100-4899 745

(Note: There were 459 curve sites with ADT greater than 4899,
These sites were not included in this phase of the research.)

To cantrol for differences in reporting levels among the States, high-
accident site thresholds were computed separately for each State.
Specifically, mean accident rates were computed for each of the three
ADT classes in each of the four States. Sites with accident rates at
least twice the mean rate for the appropriate State and ADT class were
designated "high-accident sites." ‘

Low-accident sites were also identified. In all but the high ADT
range, such sites had no reported accidents over three years.

53



Budget and time considerations limited the number of sites that could be studied
further. There were generally many more low-accident sites available than could
be studied. At this stage, it was hypothesized that, in general, greater vari-
ability in geometric and environmental conditions would be found at the
high-accident sites. Hence, it was believed desirable to study more high-
accident than low-accident sites. Table 15 shows the distribution of high- and
low-accident sites by State that were selected for further, detailed study.
These were selected randomly from the available samples of high- and low-
accident sites,

TABLE 15
DISTRIBUTION OF HIGH- AND LOW-ACCIDENT SITES BY STATE

Number of High- Number of Low-

State Accident Sites Accident Sites . Total
Florida 50 56 106
I1linois 44 31 75
Ohio 26 16 42
Texas _65 _45 0
Total 185 148 333

Field Data Collection

Following identification of the high- and low-accident sites, field studies were
performed, These studies, conducted in the fall of 1980, were designed to fur-
ther define the geometric and environmental character of the sites. In addition
to verifying the State geometry files, field crews observed and measured a
number of important geometric and environmental elements at each curve site.

: The field studies were performed with two-person crews equipped with special

survey forms and instruments for measuring various geometric elements.

Appendix B contains a description of field procedures followed by the crews, and
depicts a sample set of survey forms. An important aspect of the survey were
photographs taken by the crew of the approaches and roadsides.
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The following information was obtained for each site in the data base:

Roadway Geometry

Degree of curve

Roadway width (on tangent and in curve)
Shoulder width (on tangent and in curve)
Superelevation in curve

Superelevation transition length
Superelevation distribution

Sight distance to the curve

Roadway Environment
Characteristic of horizontal alinement on approach to the curve

Characteristic of vertical alinement on approach to the curve
Relative hazard of roadside (i.e., siopes, cbjects, etc.)
Pavement condition

Pavement skid resistance

Signing

Pavement markings

Presence of driveways, structures, minor roads, etc.

Roadway gqeometry was described in terms of measured values. Environmental data
were based on judgment of the survey crew, and tended to be categorical in
nature, The approach conditions to the curve (in terms of both horizontal and
vertical alinement) were categorized according to various levels of alinement,
from "primarily tangent with flat grades" to "predominantly curvilinear and/or
hilly." Two elements were described in terms of rating schemes. These were

pavement friction and roadside condition,

Field crews were trained to judge the amount of pavement friction in the curve
as a function of surface roughness and depth of asperities. A set of tables was
developed (see Appendix B) and guidelines provided to assist the field crews.
Crew members inspected the pavement in the curve and arrived at a consensus
pavement rating., This rating was intended to approximate skid number at 60 mph,

SNgg (97 km/h, SNg7).
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Roadside hazard ratings were assigned to each of the sites by inspection of the
pictures taken in the field. The roadside ratings were based an Glennon's model
for roadside accidents (gg), which considers frequency, type, and placement of
roadside objects. Appendix C describes the derivation of the roadside rating

scheme used in the research.

Characterization of Sites

Mean values of some important geometric characteristics of the selected high-
and lew-accident sites are given in Table 16, These data iliustrate differences
among sites by State as well as variations among high- and low-accident
locations in each State.

Typically, high-accident locations were sharper curves with narrower shoulders,
poarer roadsides, and Tower pavement ratings than the low-accident sites. On
the average, curve length, rocadway width, superelevation rate, and traﬁsition
characteristics were not materially different.

As indicated in Table 16, there were some significant differences among States
in average geometric conditions. The sites selected in Ohio had generally
sharper and shorter curves (of course, Ohio curve data were limited to 3° or
sharper curves). OChio sites also exhibited the worst roadside ratings and worst
pavement ratings, High- and low-accident sites in Florida had the mildest and
longest curves, High-accident sites in Florida also exhibited the best road-
side ratings, Differences in shoulder width between high- and low-accident
sites were greatest in I1linofs,

Pavement marking and signing information were also collected and evaluated. In
general, all sites were well marked with edge lines and center stripes. This
was undoubtedly because the highways studied were State primary highways with
moderate to high traffic volumes. "Signing was more variable; however, the
sharpest curves tended to be -advance signed, and delineated with one or more
typaes of reflectorized delineator.
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Geometric
Characteristic

Degree of Curve
Length of Curve (mi)

Roadway Width
in Curve (Ft)

Shoulder Width
in curve (Ft)

Ratio of Super. at
the PC to Max. Super.

Rate of Change of
Super (per 100 ft)

Roadside Rating

Pavement Rating

TABLE 16

GEOMETRIC CHARACTERISTICS OF
HIGH- AND LOW-ACCIDENT SITES

Mean Values for High- and Low-Accident Sites
Florida I111nois Ohio Texas
High™ Low High  Low High  Low High  Low

2.41 1.44 3.21 1.73 11.77 6.50 2.68 1.32
0.25 0.21 0.17 0.15 0.06 0.08 0.18 0.16

22.5 22.7 24.3  23.7 22.4 22.2 24.1 24.7
7.5 8.9 5.8 8.6 5.9 8.2 7.6 8.4
0.51 0.64 0.43 0.27 0.40  0.40 0.37 0.35

0.019 0.035 0.022 0,011 0.043 0.025 0.017 0.014
29.0 26.3 32.8 30.1 34.1 30.1 32.0 26.8
36.1 40.7 36.0 36.4 32.4 35.1 37.0 38.9

Four States

Figh  Low
4.13 2.07
0.18 0.17
23.5 23.4
6.9 8.6
0.42 0.44

0.023 0.023
1.7 27.6
35.9 38.7
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Accident Characteristics of High-Accident Sites

A total of 1,558 accidents were reported during the three-year analysis period
at the 185 high-accident curve analysis segments, for an average of 8,42 acci-
dents per segment. This is 2,25 times greater than the average for all other
curve analysis segments in the data base. Single-vehicle ROR accidents account-
ed for 42 percent of 21l occurrences at the high-accident sites versus 35
percent at all other curve sites,

Tables 17, 18 and 19 compare accident experience related to surface and light
conditions, and severity of accidents at high-accident sites and all other curve
segments. High-accident sites had similar proportions of accidents at night and
on wet or icy pavements as all other sites. The percentage of accidents with an
injury or fatality was nearly the same for high-accident sites as for all
others.

Discriminant Analysis

The formal analysis of the high- and low-accident sites used a statistical
technique known as Discriminant Analysis. This procedure is useful for situ-
ations in which the researcher desires tq statistically distinguish-between two
or more groups or populations, To do so, data describing the characteristics on
which the groups are expected to differ are coliected and analyzed. [In this
case, the defined populations are (1) highway curve segments with significantly
high accident experience; and (2) highway curve segments with significantly low
accident experience. The characteristics (or “discriminating variables") are
the geometric and environmental variables discussed earlier,

Discriminant analysis distinguishes between the populations being studied by
forming a 1inear combination of the discriminating variables. The discriminant

function is of the form

D= dlzl + d222 + .., ¢t dep [4.2]
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TABLE 17

ACCIDENT EXPERIENCE RELATED
TO SURFACE CONDITIONS AT
HIGH-ACCIDENT AND ALL OTHER SITES

Wet or Icy Surface Normal
Conditions Surface Conditions Total
Percent of Accidents/ Percent of Accidents/ Percent of Accidents/

Accidents by  Segment Accidents by  Segment Accidents by  Segment
Type of Segment & Accident Type Type Type

High-Accident Curve Segments:

Single-vVehicle Run-Off-

Road 46.2% 0.96 40.8% 2.58 42.2% 3.55
Single-Vehicle--Other 14,.4% 0.30 17.2% 1.09 16.5% 1.39
Multivehicle | 39.4% 0.82 42.0% 2.66 41.31 3.48

Total - High-Accident Sites 100% 2.08 100% 6.33 100% 8.42
Percent by Surface Conditions (24.8%) (75.2%) (100.0%)

A1l Other Curve Segments:

Single-Vehicle Run-0ff-

Road 39.9% 0.41 32.4% 0.86 34.6% 1.27
Single-Vehicle--Other 16.0% 0.16 20.6% 0.55 19.4% 0.71
Multivehicle 44,1% 0.45 47.0% - 1.24 46.0% 1.69

Total- Other Sites 100% 1.02 100% 2.65 100% 3,67
percent by Surface Conditions (27.8%) (72.2%) (100.0%)

Note: Three-year accident experience at each analysis segment.



TABLE 18

ACCIDENT EXPERIENCE RELATED
TO LIGHT CONDITIONS AT
HIGH-ACCIDENT AND ALL OTHER SITES

Daytime Nighttime Total
Percent of Accidents/ Percent of Accidents/ Percent of Accidents/

Accidents by  Segment Accidents by  Segment Accidents by Segment
Type of Segment & Accident Type Type Type

High-Accident Curve Segments:

Single-Vehicle Run-0ff-

Road 32.6% 1.64 b6.2% 1.91 42.2% 3.55
Single-Vehicle--Other 13.4% 0.67 21.2% 0.72 16.5% 1.39
Multivehicle 54.0% 2.71 22.6% 0.77 41.3% 3.48

Total - High-Accident Sites  100% 5.02 100% 3.40 100% 8.42
Percent by Light Conditions  (59.6%) (40.4%) (100.0%)

A1l Other Curve Segments:
Single-vehicle Run-0ff-

Road 27.8% 0.62 44,82 0.65 34.6% 1.27
Single-vehicle--Other 13.6% 0.30 28.3% 0.41 19.4% 0.71
Multivehicle 58.6% 1.31 26.9% 0.38 46.0% 1.69

Total- Other Sites 100% 2.23 100% 1.44 100% 3.67
Percent by Light Conditions  (60.9%) (39.1%) (100.0%)

Note: Three-year accident experience at each analysis segment.



TABLE 19

SEVERITY OF ACCIDENTS AT HIGH-ACCIDENT
AND ALL OTHER SITES

Severe Non-Severe
(Personal Injury (Property Damage
Fatality) Accidents Only) Accidents Total

Percent of Accidents/ Percent of Acclidents/ Percent of “Accidents/

_ Accidents by Segment Accidents by  Segment Accidents by  Segment
Type of Segment & Accident Type Type Type

High-Accident Curve Segments:

Single-~Vehicle Run-0ff-

Road 46.8% 1.65 38.8% 1.90 42.2% 3.55

Single-Vehicle--Other 10.0% 0.35 21.2% 1.04 16.5% 1.39

o Multivehicle 43.2% 1.52 40.0% 1.96 41.3% 3.48

Total - High-Accident Sites 100% 3.52 100% . 4.90 100% 8.42
Percent by Severity (41.8%) (58.2%) (100.0%)

A1l Other Curve Segments:

Single-Vehicle Run-0ff-

Road 40.0% 0.61 30, 5% 0.66 34.6% 1.27
Single-Vehicle-~0ther 14.1% 0.21 23.1% 0.49 19.4% 0.71
Multivehicle : 45.9% 0.70 46.4% 1.00 46.0% 1.69

Total- Other Sites 100% 1.52 100% 2.15 100% 3.67
Percent by Severity (41.7%) (58.3%) (100.0%)

Note: Three-year accident experience at each analysis segment,
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where D is the score on the discriminating function, the d's are weighting
coefficients and the Z's are the standardized values of the discriminating
variables. In concept, the D values for each case within a population will be
similar and will be significantly different from the D values of the other

population(s).

The analysis aspect of this technique provides several tools for the interpre-
tation of data. Among these are statistical tests for measuring the success
with which the variable, when combined in the discriminant function, actually

discriminates between groups.

The Statistical Package for the Social Sciences (SPSS) (28) program was used for
the discriminant analysis. The program utilizes a stepwise procedure which
first selects the variable with the highest discriminating power, [t then
choosés the variable with the next highest discriminating power, given the
effects of the first variable. This process is continued until all variabies
are selected or the remaining variables are no longer able to contribute teo

further discrimination.,

In exer¢ising discriminant analysis, the measurements corresponding to each
group (high- and low-accident sites) are assumed to be multivariate normal with
a common covariance matrix but different mean vectors. In application, however,
these ideal assumptions are never completely satisfied, Covariance and mean
vectors are not known in advance, but have to be estimated from the
observational material. Distributions are not exactly normal and covariances
for different groups are not exactly equal. Nevertheless, the SPSS Manual
indicates that the method is fairly robust even with substantial violations of

the basic assumptions.
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Twelve variables were selected for inclusion in the discriminant analysis as

follows:

(1) Degree of Curve

(2) Length of Curve

(3) Maximum Superelevation

(8) Roadway Width

(5) Shoulder Width

(6) Shoulder Type

(7) Roadside Hazard Rating

(8) Pavement Skid Resistance Rating
(9) Rate of Change of Superelevation

(10) Ratio of Superelevation at the P.C. (point of curvature} to maximum
superelevation (RATIO)

(11) Advance Sight Distance (composite for both directions)
(12) Approach Alinement (composite for both directions)

Signing and pavement marking data were collected and analyzed. Inspection of
the data and consideration of the night accident characteristics of high-
accident sites revealed that such data would not affect the analysis.

The initfal run of the discriminant analysis using the above twelve variables
developed a discriminant function in which seven of the variables were
significant., One indication of the relative importance of the variables is
given by the standardized coefficients associated with each variable,
Standardizing the coefficients of the analysis removes differences in the
variables associated with the units by which they were measured and anaiyzed.
The SPSS output provides these standardized coefficients. The seven variables
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and their relative discriminating power in the discriminant function were as

follows:
Relative
Standardi zed Discriminating
variable Coefficients Power¥
Roadside Rating 0.592 3.93
Shoulder Width 0.425 2.87
Degree of Curve 0.363 2.40
Length of Curve 0.347 2.27
Pavement Rating -0.222 1.47
Shoulder Type 0.162 1.07
RATIO -0.150 1.00

* Taken as ratio of the variable's standardized coefficient to the
smallest standardized coefficient (absolute value).

The discriminant function derived with these variables correctly classified 74.4
percent of the high-accident sites, 63.8 percent of the low accident sites, and

69.8 percent of all sites.

Several other combinations of variables were tried in the discriminant analysis
in an attempt to find a more efficient discriminant function, i.e., one with
fewer variables that was almost as good in classifying sites., As each combin-
ation was tried, different numbers of sites were included because missing
records for a variable required that site's exclusion from the analysis. The

best derived discriminant equation was one that used 298 sites (the initial
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analysis had only 291) and the five most powerful discriminating variables in
the initial analysis. The discriminant function, D, is:

D = 0,0713(DC) + 2.9609(LC) + 0.1074(RR) (4.3]
- 0.0352(PR) - 0.1450(SW) - 1.5454
Where D = Discriminant Function {non-dimensional)
OC = Degree of Curve
LC = Length of Curve (mi)
RR = Roadside Rating
PR = Pavement Rating NOTE: 1 mi = 1.609 km
SW = Shoulder Width (ft) 1 ft = 0.305 m

Since a higher discriminant score means a higher likelihood that a site is a‘
high-accident location, the variables contribute to that likelihood as expected.
Greater degrees of curve, lengths of curve, and roadside hazard ratings all
increase the discriminant score. Greater pavement skid ratings and shoulder
widths decrease the discriminant score.

The relative discriminating power (which is based on standardized coefficients)
of each of the five variables in Equation 4.3 is:

Relative
Standardized Discriminating
Variable Coefficients Power
Roadside Rating 0.594 2.11
Shoulder Width -0.393 1.39
Length of Curve 0.393 1.39
- Degree of Curve 0.325 1.14.

Pavement Rating -0.276 1.00

Equation 4.3 correctly classifies 75.9 percent of the high-accident sites, 60.2
percent of the low-accident sites, and 69.1 percent of all sites. Although the
seven-variable equation is somewhat better in classifying all sites,
Equation 4.3 is better at classifying the high-accident sites.
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Equation 4.3 suggests that roadside hazard is the most important contributor to
high-accident experience, and, therefore, at existing high-accident sites,
roadside safety improvements may generally be the most effective counter-
measures. Other practical and potentially cost-effective countermeasures would
include shoulder widening and pavement resurfacing.

Although Equatfon 4.3 may be best for explaining causal relationships, it
contains two variables (roadside hazard, pavement skid resistance) that are not
specifically recorded in State inventory files. Therefore, some additional
discriminant analysis runs were undertaken in an attempt to develop a
relationship for readily identifying potential site improvement candidates.
These relationships presuppose that the discriminating variables may be highly
correlated with other variables not included and, therefore, may account for but
not totally explain high-accident locations.

The best high-accident location identifier equation using generally available
inventory data 1s as follows:

D= 0.3768(DC) + 3.2092(LC) - 0.2198(SW) + 0.2887 [4.4]
Where D = Discriminant Factor (non-dimensional)

DC = Degree of Curve

tC = Length of Curve (mi) NOTE: 1 mi = 1.609 km

SW = Shoulder Width (ft) 1 ft = 0.305 m

This equation correctly classifies 75.9 percent of the high-accident sites, 53.3
percent of the low-accident sites, and 65.6 percent of all sites,

Application of Discriminant Analysis

The value of the discriminant analysis procedure is primarily in the ability to
predict or classify various combinations of the discriminating variables. In
its application here, the analysis serves to identify combinatfons of geometric
and other conditions that have a tendency to produce either very high or very

Tow accident experience.
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A measure of how well the discriminant function identifies differences between
populations is given by the SPSS output. The procedure develops an optimal dis-
criminant score relationship, which it then uses to compute D scores for each of
the sites in the data base. The distributional characteristics (mean and
variance) of the D scores for each of the populations are then used to test the
accuracy or validity of the discriminant function. This is done by classifying
each site according ta its [ score and the relative probability of belonging to
one or the other distribution of D scores for the two populations. A

site's predicted classification is then compared to its actual population

membership.

To i1lustrate, consider Figure 5, which shows the histograms for D scores for
the high- and low-accident sites as calculated by Equation 4.3. There is
obviously considerable overlap between the two distributions, as evidenced by
the small differences in mean D (-0.537 for low-accident sites and 0.404 for
high-accident sites) and the large spread of both distributions. It appearss
that sites with D scores around zero could reasonably be placed in either
classification. The actual classification is performed in the SPSS procedure by
calculating probabilities that a D score belongs to one or the other class of
sites, and selecting the highest probability. Thus, sites with a 50.1 percent
probability of being high-accident sites (and, thus a 49.9 percent low-accident
probability) are classified as high-accident sites,

Once this classification has been completed, the analysis compares actual group
membership with predicted membership. Figure 5 reports this comparison for the
Equation 4.3 analysis, The D score which represents a 50-50 probability is

0. 36'

Evaluation of Figure 5 produces a series of conclusions, First, the discrim-

" inant -equation predicts high-accident site membership better than low-accident
site membership. Second, a significant number of low-accident sftes are in-
correctly identified as high-accident sites. Third, very few sites with high D
scores (say, greater than 1.0) are actually low-accident sites. Further
analysis of these conclusions is given below,

67



r;. v

NUMBER OF SITES

10

(3]

Predicted classification is * Low *

D<0.36

ACTUAL

LOW ACCIDENT SITES |
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Predicted classification is ‘ High *
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f HIGH ACCIDENT SITES

m
-2 -1 0 +1 +2 +3
DISCRIMINANT SCORE
{ EQUATION 4.3)
ACTUAL PREDICTED CLASSIFICATION
ACCIDENT
CHARACTERISTICS LOW HIGH TOTAL
Number Percent | Number Percent | Number Percent
LOW 77 60.2 51 398 | 128 100.0
{ 65.2% ) { 28.3% ) { 43.0% )
HIGH 41 24.1- | 129 759 | 170 100.0
{ 34.8% ) {71.7% ) {57.0% )
118 39.6 180 604 | 298 100.0
TOTAL { 100.0% ) { 100.0% j { 100.0% )

Figure 5.

DISTRIBUTION OF DISCRIMINANT SCORES FOR HIGH- AND

LOW-ACCIDENT SITES
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Predictive Power for High-Accident Sites,--The discriminant function
apparently predicts high-accident sites better than low-accident sites. This is
a positive consideration, as one is generally more interested in identifying
what is hazardous, The ultimate usefulness of the analysis will be in a demon-
strated ability to identify hazardous combinations of geometry and other
conditions, for whiéh logical countermeasures can be developed. Prediction of
low-accident site characteristics is useful only in that it provides a basis for
comparison with high-accident sites.

Incorrectly Identified Low-Accident Sites.--As Figure 5 points out,
the discriminant analysis predicted that 180 sites were high=accident sites.
The probability-based criterion of D > 0.36 resulted in this prediction. Of the
180 predicted high-accident sités. 51 sites (28.3 percent) were actually low-
accident sites, This suggests that the 50-50 probability criterion for
selection of high-accident site characteristics may not sufficiently screen out
those geometric/condition combinations of true interest. Put another way, the
28.3 percent of sites predicted incorrectly to be high-accident sites represents
a measure of the error in the criterion for prediction., Inspection of the D
distributions, which led to the third conclusion, suggests an alternative
selection criterion.

High Probability Criterion for Identifying High-Accident Sites,«-
Selection of a higher probability level as a basis for characterizing high-
accident sites results in reduced chance that sites would be incorrectly
identified as being hazardous. The SPSS output enables selection of any proba-
bility criterion level. Figure 6 depicts the relationship between D and P(H)
(the probability that a site is a high-accident sfte) for Equation 4.3.
Selection of any P(H) Tevel can be translated into a minimum D score (based on
Equation 4.3) for analysis purposes. If an 80 percent criterion is adopted
{which corresponds to a D score of 1.10), almost all sites selected from the
data base actually would be high-accident sites. Consider Figure 7. A 50
percent criterion results in 71.7 percent of selected sites as being true high-
accident sites. An 80 percent criterion, however, increases the percentage of
correctly identified sites to 91.3 percent. This improved level of prediction
is a direct measure of the confidence one might have in the use of the
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D - DISCRIMINANT SCORE (EQUATION 4.3)

Figure 6.

D = 0.0713 (DC) + 2.9609 (LC) + 0.1074 (RR)
- 0.03512 (PR) — 0.1450 (SW) — 1.5454

DC = Degree of Curve .
LC = Length of Curve (mi.)
RR = Roadside Rating

PR = Pavement Rating

SW = Shoulder Width (ft.)

0.00 0.20 0.40 0.60 0.80 100
P(H) - PROBABILITY THAT SITE IS A HIGH - ACCIDENT SITE

1 mi = 1,609km
1t =0.305m

RELATIONSHIP BETWEEN DISCRIMINANT SCORE AND THE PROBABILITY
THAT A SITE IS A HIGH-ACCIDENT SITE
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Sites Selected For P{H}> .50 Sites Selected For P{H}> .80

2 rd
é LOW - ACCIDENT SITES § LOW - ACCIDENT SITES
[ m ) (- n rY i
-4 +4 -4 -2 1] +2 +4
IDI
=
HIGH - ACCIDENT SITES é HIGH - ACCIDENT SITES

NUMBER OF SITES IDENTIFIED 180 NUMBER OF SITES IDENTIFIED 48
AS HIGH-ACCIDENT SITES AS HIGH-ACCIDENT SITES
{ PERCENT OF ALL SITES) {60.4% ) { PERCENT OF ALL SITES ) {15.4%)
NUMBER CORRECTLY CLASSIFIED 129 NUMBER CORRECTLY CLASSIFIED 42
NUMBER INCORRECTLY CLASSIFIED 51 NUMBER INCORRECTLY CLASSIFIED 4
PERCENT OF IDENTIFIED SITES 71 7% PERCENT OF IDENTIFIED SITES
CORRECTLY CLASSIFIED ) CORRECTLY CLASSIFIED 91.3%

Shaded area represents sites selected as high - accident sites according to appropriate P(H) criterion.

Figura 7. COMPARISON OF HIGH-ACCIDENT SITE SELECTION
FOR VARIABLE P{H) CRITERION
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relationships in combination with an 80 percent P(H) criterion for selection of

sites for study.

Implications of High Probability Selection Criterion.--Selection of
sites based on an 80 percent probability criterion has important implications.
As Figure 7 indicates, the number of sites so identified is substantially
reduced, With a 50 percent probability criterion, 180 sites (60.4 percent of
the sample) were classified as high-accident sites. An 80 percent criterion
results in only 46 sites (15.4 percent of the sample) as being high-accident
sites worthy of further study. Consider also that the high- and low-accident
data base represents a relatively small proportion of the total site
population, Therefore, an 80 percent criterion will produce a smaller
percentage of total sites for further study (say, 5 percent or less).

Table 20 shows the probabilities that sites defined by a range of geometric
conditions would be high-accident sites. With the 80 percent criterion, it
appears that almost all sites with high roadside hazard would qualify as high-
accident sites. Likewise, almost all sites with Tow roadside hazard would not
qualify,

With moderate roadside hazard, the result is more mixed. Generally, the moder-
ate roadside hazard must be combined with either very sharp curvature or a
combination of two or more other variables that are moderate or worse.

In summary, hazardous roadside design appears to be the greatest contributor to
high-accident experience at highway curves, Other less prominent contributors
are sharp curvature, narrow shoulders, low pavement skid resistance, and long

curves,

~ Application of Results

For application at existing sites, Equation 4.3 and cost considerations indicate
that improving roadside design, pavement skid resistance, and shoulder width may
be the better accident countermeasures. Reducing curvature may not be practical
or productive because of high costs and the apparent trade-off between degree
and length of curve for a given central angle. This discussion is not to
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TABLE 20

PROBABILITY THAT A SITE IS A HIGH-ACCIDENT SITE

{EQUATION 4.3)

LOW ROADSIDE HAZARD

(Roadside Rating of 20)
Curve Length Shoulder Degree of Curve
(mi) Width gft[ 1° 3° 6° 12° 20°
High Pavement Skid Resistance (Pavement Rating of 50)
0 50 53 58 - -
Long (0.30 mi) 4 37 39 45 -
8 22 24 27 -
0 42 45 50
Moderate (.17 mi) 4 30 32 37 -
8 18 20 23
0 34 37 42 52 64
Short (.05 mi) 4 23 25 30 38 52
8 14 16 19 26 38
Moderate Pavement Skid Resistance (Pavement Rating of 35)
0 61 65 68
Long (0.30 mi) 4 49 52 56
8 . 36 38 42
0 54 58 61 -
Moderate (.17 mi) 4 41 a4 48
8 29 31 35
0 46 50 54 64 75
Short (.05 mi) 4 33 36 40 52 63
8 22 24 28 39 50
Low Skid Resistance (Pavement Rating of 20)
0 75 77 80 - -
Long (0.30 mi) 4 63 66 70 - -
8 50 53 60 - -
0 68 71 75
Moderate (.17 mi) 4 56 59 63
: 8 42 45 52 - -
0 61 64 68 77 8%
Short (.05 mi) 4 48 51 56 65 77
8 35 38 44 53 65

Shaded area denotes curve conditions which result in at least an 80 percent

probability that the site would be a "high-accident" site.

1.609 km
0.305 m

1 mi
1 ft

#won
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. Moderate (.17 mi)

TABLE 20

PROBABILITY THAT A SITE IS A HIGH-ACCIDENT SITE (Continued)
(EQUATION 4.3)

MODERATE ROADSIDE HAZARD
(Roadside Rating of 35)

Curve Length Shoulder Degree of Curve
(mi ) Width (ft) 1° 3° 6° 12° 20°

High Pavement Skid Resistance (Pavement Rating of 50)

0
Long (0.30 mi) 4 76 77
8 66 67 70
0
Moderate (.17 mi) 4 69 71 74 - -
8 58 60 62 - -
0 74 76 78 q
Short (.05 mi) 4 62 64 66 77
8 50 52 54 65 79

Moderate Pavement Skid Resistance (Pavement Rating of 35)

Long (0,30 mi)

Moderate (.17 mi)

(=)
(-]
~
(24}

~ ~
w w
-
o
| N D R B A |
11

72

71 76 79

Short (.05 mi) 2 6 Ik .

OCEO PO BHO

Low Skid Resistance (Pavement Rating of 20)

Long (0.30 mi)

Short (.05 mi)

PO L0 OO

Shaded area denotes curve conditions which result in at least an 80 percent
probability that the site would be a “high-accident"” site.

1.609 km
- 0.305m

1 mi
1 ft
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TABLE 20

PROBABILITY THAT A SITE IS A HIGH-ACCIDENT SITE (Continued)
(EQUATION 4.3)

HIGH ROADSIDE HAZARD
(Roadside Rating of 50)

Curve Length Shoulder Degree of Curve
(mi) Width (ft) 1° 3° 6° 12° 20°

High Pavement Skid Resistance (Pavement Rating of 50)

Long (0.30 mi)
Moderate (.17 mi)

Short (.05 mi)

PO OO PO

Moderate Pavement Skid Resistance (Pavement Rating of 35)

Long (0.30 mi)
Moderate (.17 mi)

Short (.05 mi)

XHPO OO OO

Low Skid Resistance (Pavement Rating of 20)

Long (0.30 mi)
Moderate (.17 mi)

Short (.05 mi)

PO PO OO

Shaded area denotes curve conditions which result in at least an 80 percent
probability that the site would be a "high-accident" site.

1.609 km
0.305 m

1 mi
1 ft
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suggest that ather design deficienctes such as very poor approaéh sight dis-
tance, extremely narrow lanes, extremely poor transitions, extreme shoulder
slope breaks, etc, might not be considered in an improvement program. Regard-
less, the discriminant analysis does give guidance about the effects of
roadside, pavement surfaces, and shoulders.

Equation 4.4 is useful when applied .to the problem of identifying candidate
sites from a large data base, A suggested application of the discriminant
analysis results fs to use Equation 4.4 with a 70 percent criterion to identify
candidate sites for improvement and, after fnspection of these candidate sites,
to use Equation 4.3 with an 80 percent criterion to decide if each site should
remain on the 1ist., Although Equation 4.4 will miss fdentifying those sites
where all the variables but the roadside hazard and/or pavement skid resistance
are good, under the limitations of typical State inventory data, it will be
reasonably efficient.

Table 21 shows the calculation of the probability of a site having a high-
accident experfence based on Equation 4.4, which is the discriminant
relationship that uses available inventory data to identify candidate
improvement sites, Because this equation does not include the more powerful
roadside hazard rating, and because the identification process is just a first
step toward deciding which site to improve, the lower criterion level of 70
percent is appropriate. If this level is used, Table 2] indicates that sites
with curvature of 6° or greater or with very narrow shoulders would be
candidates. Also, sites with 4.foot shoulders and 3° curves, or sites with
4-foofl. shoulders and lTong curves would qualify as candidates,

After an improvement site is selected, Equation 4.3 can also be used as a
general guide to evaluate the ability to change the high-accident experience.
Again; an abpropriate criterion level could be selected. For example, the goalr
of any improvement could be to reduce the probability to only 40 percent that
the site would remain as a high-accident location after improvement. The
parameter, “reduction in probability of being a high-accident site," however,
must be interpreted only as a general guideline and not as an absolute measure.
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TABLE 21

PROBABILITY THAT A HIGHWAY CURVE SITE IS A
HIGH-ACCIDENT LOCATION

(Equation 4.4)

Curve Length Shoulder Degree of Curve
(mi) Width (ft) 1° 3° 6° 12° 20°
0
Long (0.30 mi) 4
8
0
Moderate (.17 mi) 4
8
0
Short (.05 mi) 4
8

Shaded area denotes curve conditions which result in at least a 70 percent
probability that the site would be a “high-accident" site.

1.609 km
0.305 m

1 mi
1 ft
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Summary of Accident Studies

Characterization and multivariate analysis of accidents on rural highway curves
revealed a number of important findings:

(1) Average accident rates on curves are three times the average rate for
tangents.

(2) Single-vehicle run-off-road accidents are the most predominant type of
accident on curves,

(3) The frequency of accidents on wet or icy highway curves is almost three
times the frequency of accidents on dry pavements.

(4) The character of the roadside, degree and length of curve, shoulder
width, and pavement skid resistance were all found to be related to the
propensity for curves to experience high accident rates.

The types and relative success of the analyses performed lead to important
conclusions regarding accidents on rural highway curves:

(1) piscriminant Analysis is a useful tool for classifying sites according
to their potential as high-accident locations.

(2) The value of geometric data bases maintained by State highway depart-
ments and used for accident studies can be enhanced. Specifically,
collection and maintenance of data on roadside character, including
roadside slopes and clear-zone width, would improve the utility of such
data bases.

(3) The number of highway curves that can be characterized as high-accident
sites is a relatfvely small proportion of the total number of highway
curves,
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V. COMPUTER SIMULATION STUDIES

This task of the research used the Highway-Vehicle-0Object Simulation Model
(HVOSM) to study various aspects of vehicle operations and control on highway
curves. The objectives of this task were to:

(1) Demonstrate the applicability of HVOSM as a tool for studying the
dynamic responses of vehicles traversing highway curves;

(2) Study the sensitivity of tire friction demand, vehicle placement,
and vehicle path for critical vehicle traversals to various highway
curve design parameters;

(3) Study the sensitivity of tire friction demand and driver discomfort
for moderate encroachments onto the shoulder of highway curves with
various cross-slope breaks;

(4) Study the rollover potential of moderate vehicular encroachments onto
various roadside slopes on highway curves, .

HVOSM Methodology

The HVOSM is a computerized mathematical model originaily developed and

refined by Calspan Corporation, formerly Cornell Aeronautical Laboratories (30).
The HVOSM is capable of simulating the dynamic responses of a vehicle traversing
a three-dimensional terrain configuration., The vehicle 1s composed of four
rigid masses; viz,, sprung mass, unsprung masses of the left and right
independent suspensions of the front wheels, and an unsprung mass representing a
solid rear-axle assembly.

This study used the Roadside Design version of HVOSM that is currently available
from FHWA. A 1971 Dodge Coronet was used as the test vehicle throughout the
study. Certain modifications were necessary to perform the range of studies
undertaken in this research. These modifications are described in Appendix D
and in a separate report, HVOSM Studies of Cross-Slope Breaks on Highway

Curves, {31) which gives the details of the HVOSM studies of cross-slope

breaks.
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These modifications included the following:
Driver discomfort factor output;

Terrain table generator;

Driver model inputs (damping, steer velocity, steer
initialization);

(5) Wagon-tongue path following algorithm;

(6) Ground contact point interpolation; and

(7) Effective Range Angled Boundary Option (ERABO),

)
) Friction demand output;
)
)

For the highway curve traversal studies, one of the more important aspects of
the path following algorithm 1S the length of the wagon-tongue or probe length,
The wagon-tongue is attached to the center of grévity and extends in front of
the vehicle parallel to fts x-axis. A probe at the end of the wagon-tongue mon-
itors the error from the intended path and activates the driver model inputs,
The probe length in essence simulates the complex interaction which occurs as a
driver sees the roadway ahead and responds to what he sees, Selection of a
probe length, therefore, actually amounts to a decision as to what type of
driver is being modeled. Long probe lengths are indicative of "ideal" drivers,
who prepare for the curve well in advance. The resulting simulated behavior
closely follows that described by the centripetal force equation, with the simu-
lated vehicle path tracking nearly exactly the center of the lane, Moderate
probe Tengths create minor path corrections just preceding the curve, and tend
to allow the vehicle to track in a near optimum manner. lCa1culated friction
values are somewhat higher than is predicted by the centripetal force equation.
very short probe lengths represent aggressive or inattentive driver behavior,
Path corrections in response to the presence of the impending curve occur only
as the vehicle actually enters the curve. The result is a dynamic over-shoot at
the beginning of the curve, with high lateral friction demand generated by the
vehicle and a distinctly noncircular path. ‘

The above discussion emphasizes the need to carefully define the driver behavior

being modeled. Highly variable results can be obtained running different probe
tengths on the same simulated curve at the same speed.
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Preliminary Curve Runs and Results

Twelve initial HYOSM runs were made to demonstrate and verify that the HVOSM
yields reasonable dynamic responses for curve traversals. These runs were made
on unspiraled highway curves with AASHTO (32) superelevation runoff lengths
distributed 70 percent on tangent and 30 percent on curve, The basic idea was
to select a long probe Tength that would allow the vehicle to track the center
of the lane with very little path deviation. The resulting vehicie dynamics
given by the HVOSM could then be compared to those predicted by the centripetal
force equation,

Table 22 shows the calculated and simulated dynamic responses for running the
vehicle at design speed for the twelve test curves using a probe that repre-
sented a 1.0 second driver preview. As can be seen, the calculated lateral
acceleration, VZ/15R (VZ/127R) and the simulated lateral acceleration are
closely comparable for all tests. Also, the calculated tire responses,
(V2/15R)-e [(VZ/127R)-e] are comparable to the simulated tire responses,

It is notewarthy that, because of rol) angle, the driver discomfort factor
(centrifugal acceleration acting on the driver) is always higher than the
lateral acceleration on the tires. Therefore, the design f values in the AASHTO
process are not the centrifugal acceleration where the driver begins to feel
discomfort, but represent the latera! friction on the tires that creates the
threshold of driver discomfort,

Critical Curve Runs and Results

With the HVOSM verified for use on curve traversals, the model appeared to be a
reasonable tool for studying curve traversals where the vehicle does not pre-
cisely follow the center of the lane. The purpose of this exercise was to use
the HVOSM to study the sensitivity of vehicle dynamics to varying curve and
operational parameters.

It was first necessary to define a nominally critical level of driver behaviar.

Behavior less critical, or near average, would result in simulations which tend
to mirror dynamics predicted by the centripetal force equation. Highly critical
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TABLE 22

INITIAL HVOSM TESTS

-

8

V R e Caicuiated Results* HVOSHM Results
Speed Roadway Superelevation Lateral Tire Maximum Maximum  Maximum Driver
Radius percent Acceleration Friction Lateral Tire Discomfort
mph _(km/h)  ft (m) o __ Acceleration Friction Factor
20 (33) 108 (33) 8 0.25 0.17 0.25 0.17 0.20
20 (33) 128 (39) 4 0.21 0.17 0.20 0.14 0.18
31 (50) 230 (70) 10 0.26 0.16 0.26 0.17 0.20
31  (50) 272 (83) 6 0.22 0.16 0.22 0.17 0.20
42 (67) 469 (143) 8 0.23 0.15 0.23 0.16 0.18
42 (67) 574 (175) 4 0.19 0.15 0.19 0.16 0.19
52 (83) 650 (198) 10 0.26 0.16 0.27 0.17 0.21
52 (83) 850 (259) 6 0.20 0.14 0.20 0.14 0.18
62 (100) 1207 (368) 8 0.20 0.12 0.22 0.10 0.15
62 (100) 1529 (466) 4 0.16 0.12 0.18 0.12 0.16
73 (117) 1637 (499) 10 0.20 0.10 0.20 0.11 0.12
73 (117) 2083 (635) 6 0.16 0.10 0.16 0.11 0.13

Calculated results are based on centripetal force equation

1.609 km/h
0.305 m

mph
ft

"non



levels, on the other hand, may not produce realistic results, and thus may not
provide a useful basis for comparing variable geometrics.

The selection of an appropriate level of criticality was based on previous
vehicle operations research, Studies by Glennon (33) in Texas indicated that
most drivers exceed the AASHTO design f, and that some exceed it greatly. The
report relates maximum path curvature to highway curvature for various percen-
tiles of the driving population. For purposes of this study the 85th percentile
path was selected to represent nominally critical operations. This relationship
is as follows:

Ry = 5820 R./{Rc + 6780) [5.1]
Where

Ry = 95th percentile vehicle path radius (ft)

Re = highway curve radius (ft)

NOTE: 1 ft = 0.305m

Using the path described by Equation 5.1, the critical f factors were calculated
by substituting path curvature for highway curvature in the centripetal force
equation for any design speed combination of highway curvature and super-
elevation,
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With this relationship between highway curve parameters and nominally critical f
factors established, several preliminary HVOSM runs were made to select a probe

Tength that best generated the intended critical operations. The selected probe
length represents a 0.25 second driver preview, and is expressed as follows:

L = 0.25V

Where

H

Probe Length, ft {m)
Forward Velocity, ft/s (m/s)

With the probe length established, the HVOSM was ready for studying the
sensitivity of vehicle dynamics to various highway curve design and operational
parameters under nominally critical path following conditions, Of particular
interest were:

(1) vehicle speed

(2) Superelevation runoff length

{3) Superelevation runoff distribution
{4) Presence of spirals

(5) Length of spirals

(6) Presence of downgrade

{7) Length of curve

Twenty-four HVOSM runs were made using six AASHTO metricated curves. The
results of these runs are shown in Table 23 and discussed below. Figure B shows

examples of the HVOSM output,

Vehicle Speed

The centripetal force equation demonstrates the sensitivity of vehicle dynamics

to speed. For actual highway curve operations, it is reasonable to expect a

portion of drivers to exceed the nominal design speed of the curve. (Of course,

the freguency and amount of “excessive" speed behavior varies with the type of
B4
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TABLE 23
CRITICAL HVOSM TESTS

TEST PARAMETERS RESULTS
Curve Maximum Curve Length of Percent of Presence Grade Test AASHTO - HVOSM
Radius  Super- Design  Super- Maximum and (Percent) Vehicle Design f
elevation Speed elevation Super- Length of Operating f
(Percent) Runoff elevation  Spiral Speed
ft (m) mph(km/h) ft (m) on Tangent mph{km/h)

2461 (750) 6 75 (120) 200 (61) 70 None 0 87 (140) 0.092 0.190
2461 (750) 6 75 (120) 200 (61) 70 None 0 75 (120) 0.092 0.150
1968 (600) 10 75 (120) 302 (92) 70 ] None 0 87 (140) 0.092 0.230
1968 (600) 10 75 (120) 302 (92) 70 None 0 75 (120) 0.092 0.160
1968 (600) 10 75 (120) 302 (92) 20 None 0 75 (120) 0.092 0.190
1968 (600) 10 75 (120) 164 (50) 70 None 0 75 (120) 0.092 0.120
1345 (410) 8 62 (100) 216 (66) 70 None 0 75 (120) 0.116 0.260
1345 (410) 8 62 (100) 216 (66) 70 None 0 62 (100) 0.116 0.170
1345 {410) 8 62 (100) 108 (33) 70 None 0 62 (100) 0.116 0.140
1345 (410) 8 62 (100) 216 (66) N/A AASHTO 0 62 (100) 0.116 0.100
689 (210) 10 50 (80) 236 (72) 70 None 0 62 (100) 0.140 0.390
689 {210) 10 50 (80) 236 (72) 70 None 0 50 (80) 0.140 0,240
689 (210; 10 50 (80) 236 £72; 20 None 0 50 (80) 0.140 0.260
689 (210 10 50 (80) 236 (72 70 None 5 50 (80) 0.140 0.240
689 (210) 10 50 (80) 236 (72) N/A ARASHTO 0 50 (80) 0.140 0.120
689 (210)* 10 50 (B0) 236 (72) 70 None 0 50 (80) 0.140 0.200
689 (210) 10 50 (80) 236 (72) 20 None 5 62 (100) 0.140 0.430
426 (130) 8 37 (60) 164 (50) 70 None 0 50 (80) 0.152 0.400
426 (130) 8 37 (60) 164 ' (50) 70 None 0 37 (60) 0.152 0.200
426 (130) 8 37 (60) 164 (50) 70 None 5 37 (60) 0.152 0.210
426 (130) 8 37 (60) 164 (50) N/A AASHTO ] 37 (60) 0.152 0.120
164 (50) 10 25 (40) 164 (50) 70 None 0 37 (60) 0.164 0.520
164 (50) 10 25 (40) 164 (50) 70 None 0 25 (40) 0.164 0.200
164 (50) 10 25 (40) 164 (50) 70 None 5 25 (40) 0.164 0.200

* 164 ft (50 m) curve length

1 ft =0,305m
1 mph = 1.609 km/h
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.30

CG @ PC
CURVE —

RR

[ow]
L
l/

)

TIME ( seconds }

TEST CONDITIONS

RF
.30
1.0 2.0 3.0 4.0 5.0
TIME ( seconds )
30 T
Olw
&
slz
8la
/f
0 q"-—.".:z-‘
LFY | —_—
/.x
.30
1.0 2.0 3.0 4.0 50

Speed - - 50mph (80km/h)

Roadway Geometry

Centerline Radius 689ft (210m)
Superelevation 10 percent
Super. Runoff 236ft {72m)
Super. Dist. 70% on tangent
Grade 0 percent

Vehicte and Driver
Characteristics

Probe Length 17.7ft (5.4m)

P GAIN 5.8x10"%rad / ft
{1.9x107%rad / m)

Q GAIN 5.8x10"7rad - 5 / ft
(1.9x107%rad - 5 / m)

No Deceleration

Figure 8. EXAMPLE HVOSM OUTPUT
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Figure 8. EXAMPLE HVOSM OQUTPUT (Continued)
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highway, the curve itself, and environmental conditions.) Simulations of
dynamic responses to speeds in excess of design were therefore believed

valuable,

To test high-speed vehicle behayior, each of the six test highway curves was run
at 12.5 mph (20 km/h) above design speed. This speed increment is slightly
greater than is considered the “potential increase permissible within design
speed" by Leisch (34), and thus represents an upper limit on reasonable speed
expectations for almest all highway curves,

The tire frictian for this speed increment was found to be most sensitive for
the lower design speed curves. For the 25 mph (40 km/h) design speed curve, the
friction demand was simulated to be 0.52 compared with a design f of 0.16.

These results could also be similarly predicted with the centripetal farce
equation (thus providing one more verification of the HV0SM methodology.)

The'implications of the test results for speed are very important., These
suggest that an existing highway curve that is underdesigned for the prevailing
operating speed could present a severe roadway hazard. This is particularly
true for design speeds below 60 mph (about 100 km/h), At such lower design
speeds, frequent vehicle operating speeds of 5 to 10 mph (8 to 16 km/h) above
the curve design speed can be reasonably expected.

Superelevation Runoff Length

This parameter was evaluated for design speeds of about 50 mph (80 km/h) and
60 mph (100 km/h) by comparing the AASHTO runoff length with one that was half
as Tong. For the comparison, the superelevation runoff length was distributed
with 70 percent on the tangent and 30 percent on the curve.

The somewhat surprising result of these tests was that the shorter runoff length

yielded slightly smaller friction demands. The only identifable exp]anatibn for
this phenomenon is that the maximum simulated friction demands take place in the
initial part of the curve where the shorter runoff length provided slightly
higher superelevation.
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Superelevation Runoff Distribution

This parameter was evaluated for 50 mph (80 km/h) and 75 mph (120 km/h) highway
curves having AASHTO superelevation runoff lengths with 70-30 and 20-80
distributions. As expected, 70-30 distribution, where most of the super.
elevation transition is provided on the tangent, produced somewhat smaller
friction demands, The differences can be explained almost entirely by the
difference in superelevation in the initial part of the curve where the maximum
friction demand was generated.

Presence of Spirals

This parameter was evaluated for highway curves with design speeds between 37
mph (60 km/h) and 62 mph (100 km/h). The comparison was between highway curves
with and without AASHTO spirals.

This comparison provides the most dramatic results of the study. ;n all cases,
the presence of the spiral reduced the friction demand from a value signifi-
eantly higher than the design f to one that was below the design f.

The reason for this dramatic result seems readily evident, For the driver who
is inattentive or for some other reason has limited notice of the upcoming
curve, the spiral not only reduces his absolute path error over time but re-
quires less severe steering to correct for the desired path because the path of
a spiral is less severe than the path of a circular curve,

Length of Spiral
Although the initial plan was to test a spiral that was twice the length of an
AASHTO spiral, this plan was not carried through after obtaining the dramatic

rasults for the presence of AASHTO spirals,

Presence of Downgrade ,
This parameter was evaluated for highway curve design speeds of 25 mph (40 km/h)

to 50 mph (80 km/h). 1In comparing a 5§ percent downgrade with level terrain, no
difference was found in the friction demand.
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Short Curve Length

This parameter was evaluated by looking at the difference between vehicular
response to the approach to a curve (1.e., the dynamics of proceeding from
tangent to curve) and the response by the driver as he transitions in and
immediately out of the curve. A 164-foot (50-metre) curve length of a 50 mph
(80 km/h) design curve was selected for analysis,

The results of this test indicate that ‘the inattentive driver will generate less
dynamic overshoot on the very short curve because he begins sensing and adjust-
ing for the upcoming tangent before he has to perform the maximum correction
that would be necessary on a longer curve.

Summary of Critical Curve Runs

The critical analysis of highway curves provided two preliminary results with
important. implications. These results were subject to the field verificatfon of
the HVOSM driver inputs discussed in Chapter VI, The first important result is
that the dynamic response of vehicles traversing a highway curve is very sensi-
tive to speed, The implication of this result is that existing highway curves
that are severely underdesigned for the prevailing highway speeds present
serious hazards. The second important result is that the addition of spiral
transitions to highway curves dramatically reduces the friction demand of
critical vehicle traversals.

Cross-Slope Break Studies

betails of cross-slope break studies are reported in a separate report titled
"HVOSM Studies of Cross-Slope Breaks on Highway Curves" (31), These studies and

their results are summarized hera.

The objective of these studies was to evaluate AASHTO (32,35) policy regarding
the maximum recommended difference of 7 percent between the cross slopes of the
pavement and the shoulder. This policy has existed since 1954 and is consistent
with the AASHTO minimum pavement cross slope of 1 percent for high-type surfaces
and the maximum AASHTO shoulder cross slope of B percent specified for turf
shoulders.
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When designing superelevated horizontal curves according to AASHTO, the cross-
slope break requirement can constrain the shoulder cross-slope design on the
outside of the curve, For example, with 6 percent superelevation, the cross-
slope break requirement limits the maximum negative shoulder cross slope to

1 percent, which does not meet the AASHTO drainage requirements for even paved
shoulders. The alternatives are to either design a positive shoulder slope or a
rounded shoulder, A positive shoulder slope drains mare runoff water across the
pavement and creates problems with the melting of stored snow on the outside
shoulder. The rounded shoulder design is more difficult to construct and
maintain.

HYOSM Test Conditions and Performance Criteria

Table 24 shows the general highway geometrics, the parameters of vehicle
operations, and the performance criteria selected for testing. The vehicle
operating parameters were chosen to represent the design criteria of a moderate
encroachment onto the shoulder. The performance criteria were selected as

reasonable dynamic response thresholds for design,

HYOSM Runs

A series of initial HVOSM runs was made using the highest design speed and an
extreme (16 percent) cross-slope break to study the dynamic differences between
(1) four-wheel and two-wheel traversals onto the shoulder, and (2) entry to and
exit from the shoulder. The results of these runs indicated that the four-wheel
traversal and the entry to the shoulder produced the more extreme dynamic
responses. [n the main part of the experiment, 14 runs were made using design
speeds of 50 mph to 75 mph (80 km/h to 120 km/h), shoulder slopes of 2 to 6

2 to 6 percent, and superelevation rates of 2 to 10 percent.

HYQSM Results and Design Implications

The results clearly show that the driver discomfort Tevel [centrifugal acceler-
ation) in a moderate shoulder traversal on highway curves is sensitive to speed,
radius of curve, shoulder cross slope, and the lateral extent of movement onto
the shoulder. For a given path and speed of shoulder traversal, therefore, the
driver discomfort mainly increases with shoulder slope and very little, if any,
with the amount of cross-slope break.
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TABLE 24

HVOSM TEST CONDITIONS AND PERFORMANCE CRITERIA
FOR CROSS SLOPE BREAK STUDIES

Test Conditions Specification
Highway Curve Radius AASHTO Controlling Curves
Superelevation AASHTO Controlling Curves
(2 percent to 10
percent)
Shoulder Width 9,0 ft (2.7 m)
Shoulder Cross Slope -2 percent to -6 percent
Yehicle 1971 Dodge Coronet
Initial vehicle Speed Design Speed
vehicle Deceleration Engine Braking @ 0.1 g
Vehicle Path Radius 95th percentile path as a

function of highway
curve radius measured
by Glennon and Weaver (33)

vehicle Path Radius Corrective Curve 7.2 ft (2.2 m)
Tangent Point from edge of roadway

Performance Criteria

Tire-Pavement Friction 0.4

Oriver Discomfort Factor 0.3
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For paved shoulders with widths of 5,2 feet (1.6 m) or greater, where the
shoulder cross slope is intended to accommodate up to a four-wheel traversal
onto the shoulder, the research indicates 2 maximum tolerable cross-slope break
of 8 percent. (Note: the tolerable cross-slope break is a function of design
speed, design curvature, design superelevation and the maximum tolerable
shoulder slope for these conditions.) For superelevation rates between 2 and

6 percent, this criterion allows maximum (negative) shoulder slopes ranging from
6 to 2 percent, respectively. For superelevation rates exceeding 6 percent, a
different kind of shoulder cross-slope design is required.

For paved shoulders less than 5.2 feet (1.6 m) wide, which are implicitly
designed to only accommodate two-wheel traversals within the bounds of the
shoulder, the research indicates tolerable cross-slope breaks ranging from 8 to
18 percent, These greater cross-slope breaks do not further compromise safety
baeyond the initial decision of choosing the narrower shoulder,

Roadside Slope Studies

The sensitivity of vehicle dynamics to negative ¢ross slopes shown in the
cross-slope break studies raised some questions about vehicle dynamics on the
more severe roadside slopes. Also, previous studies (36,37) had indicated

that highway curvature was the most predominant factor in fatal rollover colli-
sions, Therefore, a few HVOSM runs were undertaken to look at the severity of
vehicle dynamic responses on roadside slopes of 4:1 and 6:1.

Since this exercise was an adjunct to the main research effort; a very limited
study was done. The key purpose of these runs was to generally identify whether
roadside slope design and embankment quardrail warrants might need to vary as a
function of highway curvature.

Four HVOSM runs were performed in an identical manner to the cross-slope break
runs using a -2 percent shoulder siope in place of the'supere1evation and either
a 6:1 (i.e., a -16,7 percent) or a 4:1 (i.e., a -25 percent) roadside slope in
place of the shoulder slope. The results of these tests are shown in Table 25,
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TABLE 25
HVOSM ROADSIDE SLOPE TESTS

Side Side Curve Curve Path Maximum Maximum
Slope  Slope Design Radius Radius Lateral Roll
Ratio Angle Speed Acceleration Angle
(Degrees) mph (km/h) ft  (m) ft (m) on Tires{g's}) (Degrees)

6:1 9.5 50 (80) 689 (210) 538 (164) 0.47 14.5
6:1 9.5 75 (120) 1968 (600) 1312 (400) 0.60 15.0
4:1 14.0 50 (80) 689 (210) 538 (1l64) 0.60 19.5
4:1 14.0 75 (120) 1968 (600) 1312 (400) 0.78 20.0

1 mph = 1,609 km/h
1 ft =0.305m

With a hard surface, these runs indicated a very severe lateral acceleration on
the tires for even the 6:1 slope, which is considered a mild roadside slope.
Therefore, for most well.stabilized roadside surfaces free of irregularities,
skidding is very likely.

The test runs also showed fairly severe vehicle roll angles on the hard flat
roadside surfaces, These vehicle roll tendencies in combination with tire-
plowing on unstablized roadside surfaces or impact with surface irregularities
would produce a high expectation of vehicle rollover.

Although these tests were simplistic in nature, they strongly indicate a need to

review roadside slope design policies and highway guardrail warrants as they
apply to highway curves.
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VI. OPERATIONAL FIELD STUDIES

Evaluation of geometric design criteria requires knowledge about operations on
the highway. For two-lane rural highways, the term operations refers to vehicle
speeds, speed changes, and vehicle path behavior relative to the highway

alinement.

A major element of this research was an investigation of operations on rural
highway curves. Two separate sets of field experiments were conducted to
measure important aspects of driver/vehicle behavior., The first, a study of
vehicle speeds, determined the relationship of basic approach alinement features
to speeds and speed change behavior in the vicinity of horizontal curves. The
second, a study of vehicle curve traversals, examined the manner in which
individual drivers track horizontal curves. The results of both studies,
reported in this chapter, yield significant findings concerning geometric design
policy and basic design assumptions regarding driver/vehicle behavior,
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VEHICLE SPEED STUDIES

vehicie speed is a critical consideration in design. The research team was in-
terested in characterizing speeds of vehicles as they approached, transitioned
into, and traversed through the curve. A number of basic hypotheses directed
the design of these studies:

(1) Vehicle speeds in advance of highway curves are affected by the general
character of the highway.

(2) With adequate sight distance, drivers approaching highway curves adjust
their speed in advance of the curve to a comfortable level.

{3) The amount of speed reduction achieved by drivers is related to the
sharpness of the highway curve.

Experimental Plan

The spead studies were conducted by field crews during their inspection of high-
and low-accident sites., The 333-site sample was available to the crews to
enable studying a range of curvature, sight distance to the curve, and character
of approach alinement. Figure 9 shows the planned study matrix for site
selection, along with sample sizes actually taken for each cell of the matrix.
The field crews were restricted in their ability to observe sites in each cell
due to availability.of certain combinations of geometrics, Further restrictions
were placed on site selection to insure consistency of sampling and mitigate the
effects of extranecus conditions, Neither very short curves, nor sites near
intersections, speed zones or city limits were studied,

Field Procedure

In the process of characterizing each of the curves studied in the high- and
Tow-accident analysis, certain relevant approach and curve data were observed
and recorded. These included:

° Sight Distance to the Curve --Field crews drove both approaches to the
curve and judged whether there was at least 600 feet (183 m) of sight
distance available to the point of curvature.
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Type of Approach Approach Approach
Alinement Sight Distance < 600 ft Sight Distance > 600 ft
Highway Curvature Highway Curvature

Z6° | 3-4°]|1-2° : 26° 3-4 1.2

Class A

Primarily Tangent 2 2 2 2 2 2

Primarily Level {(0)Y | (1) ] (1) (6) | (9) (6)

No Close by Intersection

or City

Class B

Moderate Mild Curvature 2 2 0 2 2 0

Some Moderate Grades (0)| (4) 1 (O) (7)Y (5} {5)

Class C

Predominantly 2 0 0 2 0 0

Curvilinear {(0)Y] (2) ] (0) (6) ] (3) {0)

Hilly, Multiple Grade

Change

0 - - Number of Planned Speed Studies
( 0) - - Number of Speed Studies Performed

1ft = 0.305m

Figure 9. VEHICLE SPEED STUDY MATRIX
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o Approach Alinement --The highway alinement for one to two miles in ad-
vance of each approach was classified. Classification was in three
basic categories. (lass A alinement was primarily tangent with level
grades. Class B included some moderate curvature and/or moderate
grades. Class C was primarily curvilinear and/or hilly, with multiple
significant grade changes.

° Degree of Curve --The roadway curvature given by state geometry files
was checked in the field by ball bank indicator readings, in combination
with field measurements of superelevation,

Field crews identified potential speed study sites using the study matrix shown
in Figure 9. Once a site was selected for study, the following procedure was
used:

¢ Range poles were set well off the highway at four points along the
curve, These points were the tangent approach (TA), approximately 700
to 800 feet (200 to 250 m) in advance of the curve; the transition to
the curve (TC), a point about 200 feet (60 m) before the PC; the point
of curvature (PC); and a point about at the middle of the curve (MC),
which was usually 200 to 400 feet (60 to 120 m) beyond the PC. See
Figure 10.

° Free-moving vehicles were observed using radar guns. Samples of 25 to
30 vehicles were taken., Two observers recorded measurements for two
pofnts each and included a description of the vehicle for later use in
matching observations in the office., The fieid crews voided observa-
tions of drivers who were obviously aware of the study and therefore
reduced their speeds dramatically.

Summary of Data Obtained

A total of more than 1400 observations of vehicle speed behavior were recorded
at 60 curve approaches, Data collection procedures enabled calculation of speed
distribution data by site for each point along the curve, as well as speed
change data between any desired sets of points for each vehicle studied. All
site data and speed observations were recorded and coded. Computer summaries
and statistical analyses were produced by FHWA personnel.
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Middle of Curve

Transition to Curve
{~200 ft from PC )

Tangent Approach
(~ 800 ft from PC ) 1ft = 0.305m

Figure 10. REPRESENTATIVE SPEED STUDY PLAN
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Effect of Approach Alinement on Speeds

Speed distribution data were evaluated to determine the influence of roadway
geometry and conditions on vehicle speeds while both approaching and traversing

highway curves,

Sight Distance to the Curve

Curves with Tess than 600 feet (183 m) of sight distance on the approach were
considered to have restricted sight distance. Only eight curve approaches were
so identified. Analysis of speeds at the TA and the PC, controlling for aline-
ment class and curvature, showed negligible differences in driver behavior
compared to curves with unrestricted sight distance. Mean speeds at the tangent
approach (TA) to curves with unrestricted sight distance were generally on the
order of 2 to 3 mph (3.2 to 4.8 km/h) higher than for curves with restricted
sight distances when approach alinement and curvature were similar, This small
difference was also found for mean speeds at the transition to curve (TC). The
observed difference is not considered significant given the limited number of

sites studied and vehicles observed.

Approach Conditions .
Free vehicle speeds on the approach to curves were found to be somewhat in-

fluenced by the overall character of the preceding alinement. Table 26
summarizes mean speeds at the TA for all vehicles grouped by type of approach
and impending curvature. The effect of approach alinement on mean speed on the

approach to a curve appears to be on the order of 2 to 5 mph (3.2-to 8 km/h).
The 55 mph (89 km/h) speed 1imit undoubtedly had some effect on mean speed at

sites with Class A approach conditions.
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TABLE 26

MEAN SPEEDS OF VEHICLES ON APPROACHES TO CURVES
(UNRESTRICTED SIGHT DISTANCE TO THE CURVE)

Characteristic of Highway Alinement
on Approach to Curve

Impending Mostly Tangent; Mild Curvature Predominantly
Curvature Flat Grades and/or Grades Curvilinear
(Class A) (Class B) and/or Hilly

(Class C)

Mean Speed at Tangent Approach (mph)

Mild (1°-2°) 57.6 68,1 N/A
Moderate (3°-4°) 56.3 58.3 51.7
Sharp (> 6°) 54.0 52.2 52,2

1 mph = 1.609 km/h
N/A - No sites in this category

Speed Transition Behavior

The study design enabled detailed investigation of the way in which drivers
adjust their speed as they approach a curve. Figure 10 provides reference for
the following discussion of speed transition behavior.

For each vehicle observed, speed changes were computed for the following pairs
of readings: TA to PC, TC to PC, PC to MC, and TA to MC., Distributional
statistics for each site were calculated for these measurements of speed change
behavior.

Speed Changes from Tangent Approach (TA) to Point of Curve (PC)

Approach sight distance and approach alinement had little effect on speed change
behavior on the approach to a curve. The greatest factor in explaining driver
behavior was found to be the sharpness of the impending curve, Figure 11 shows

results of linear regression analyses which revealed the relationship between
speed change behavior on the curve approach and the degree of curve. Mean speed
reductions of up to 8 mph (12.9 km/h) were observed. As Figure 11 indicates,
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— — MEAN SPEED REDUCTION FROM TA TO PC { mph )
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Figure 11,
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Class A
Class B
Class C

All Curves

Regression Statistics

No. Slope Inter- Std. R?  Signif
. Sites cept Error ata=.10?
23 034 145 176  0.90 Yes
22 052 005 132 0.73 Yes
1 042 -062 161 058 Yes
56 03 084 164 082 Yes
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1 mph = 1.609km/h

DEGREE OF CURVE
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most of the variation in mean speed reduction is explained by the sharpness of
the impending curve, The figure also shows results of an analysis performed on
a more critical measure of speed change behavior., For each site, the 85th
percentile speed change value was determined from that site's speed changel
distribution. Regression analysis of the 85th percentile speed change against
degree of curve showed higher overall speed reductions across all degrees of

curve,

Speed Changes from Transition of Curve (TC) to Point of Curve (PC)

Further investigation of the speed behavior on the approach led to significant
findings. Generally, 60 to 80 percent of the speed change observed from the TA
to PC actually occurred closest to the PC--between the TC and PC. In other
wards, drivers do not gradually reduce speed before entering a curve, but rather
accomplish such reductions only seconds before reaching the point of curvature,

Speed Chandes from Point of Curve (PC) ta Middle of Curve {MC)

The data indicated significant driver spee& change hehavior past the PC on
sharper curves, For curves greater than 6°, drivers undergo mean speed reduc-
tions of 5 to 6 mph (8.0 to 9.7 km/h) beyond the PC. Table 27 shows mean speed
reductions for curves with different approach conditions, The table indicates
that significant speed reductions in the curve itself occur on curves of 6° or
greater. Regression analysis was performed for all sharp curves (> 6°) to
determine the relationship between mean speed reduction and curvature as

follows:

AV = [Mean speed at PC - Mean speed at MC]

= 0.13 (DC) +3074 [6-1]
Where AV = Mean speed reduction for curves
6° or greater (mph)
DC = Degree of Curve
RZ = 0,34
Standard Error = 2.60
t = 3.09

N = 19, Significant at o = 0.10

NOTE: 1 mph = 1.609 km/h
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TABLE 27

MEAN SPEED REDUCTIONS OF VEHICLES BETWEEN THE
POINT OF CURVATURE (PC) AND THE MIDDLE OF CURVE (MC)

Characteristic of Highway
Alinement on Approach tc Curve

Predominantly
Mostly Tangent; Mild Curvature Curvilinear
Flat Grades and/or Grades and/or Hilly
Curvature (Class A) (Class B) (Class C)

Mean Speed Reduction between PC and MC--mph

Mi]d (10'20) 0.2 0.5 -
Moderate (3°-4°) 1.2 1.2 0.5
Sharp (> 6°) 4.9 6.0 6.1

1 mph = 1,609 km/h

Vehicle Speeds on Curves

Data for speeds of vehicles in the curve {at the MC) provided a measure of
driver comfort in traversing highway curves. Effects of curvature and roadway
width were studied.

Effect of Curvature

Speed data for the MC of all curves were used in a series of simple linear
regression analyses. Figure 12 demonstrates the effect of curvature on two
measures of speed distribution--mean speed and 85th percentile speed
(approximated by mean plus one standard deviation). Expected speeds for both
measures of speed distribution are about 1.5 mph (2.4 km/h) for each one degree

increase in curvature.
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Viac — — MEAN SPEED AT THE MC { mph )

Regression Statistics

No. Slope Inter - Std R Signif
Sites cept Error ata =107
Mean
Speed 56 -1.50 58.3 257 084 Yes
Mean +
Std Dav. 56 -1.61 64.6 276 ° 0.84 Yes
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Figure 12. MEAN SPEEDS IN HIGHWAY CURVES
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Analysis of the sensitivity of speed variance to curvature was also performed.
Speed variance decreases with curvature (significant at o = .10), indicating
more freedom to operate on milder curves (producing higher variance) and more
restricted operations on sharper curves (resulting in a narrowing of the speed
distribution),

Effect of Roadway Width

The effect of roadway width on vehicle speeds in the curve was also studied.

Two subsamples of sites were selected to observe any differences attributable to
width., One subsample included all sites with roadway widths of 24 feet (7.3 m)
or more, The second subsample was comprised of sites with widths no greater
than 19 feet (5.8 m).

Figure 13 shows regression analyses for the two subsamples of sites. The figure
is based on speeds at the MC, Only a slight difference in speeds is predicted
for narrow vs. wide roadways. In addition, the effect of curvature on speeds is
uniform for narrow and wide roadways.

Analysis of the effect of roadway width on approach speeds (at the TA) showed no
significant difference between narrow and wide roadways.

Summary and Implications

The studies of speed behavior of vehicles approaching and traversing horizontal
curves answered at least three basic guestions regarding speed and highway

design:

(1) For the range of speeds studied, generally 50-65 mph (80-105 km/h),
alinement conditions in advance of the curve only marginally affected
free vehicle approach speeds.

(2) Drivers tend to begin adjusting their speeds only as the curve becomes
imminent. For milder curves (< 4°) speed changing is slight and is
accompiished for the most part prior to the PC. Vehicle speed behavior
on sharper curves (> 6°) is significantly different, The amount of speed
reduction increases linearly with increasing degree of curve., Further-
more, about one-half of the total reduction in speed is typically
achieved after the vehicle passes the PC.

(3) Sharpness of the curve has by far the greatest influence on vehicle
speed and speed change behavior,
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Regression Statistics

No. Slope inter- Std. R? Signif
Sites cept Error ata =.10?

Wide
Roadways 27 -1.40 58.0 2.48 0.7 Yes
Narrow
Roadways 8 -1.50 56.2 1.01 0.97 Yes
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Figure 13. EFFECT OF ROADWAY WIDTH ON MEAN SPEEDS IN HIGHWAY CURVES
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These three conclusions are illustrated by Figure 14, This figure depicts speed
profiles of driver behavior throughout the approach and curve. The profiles,
which are based on mean speeds at the sites observed, show the relative effects
of approach conditions and curvature on vehicie speed. Curves greater than 6°
are shown to produce different speed behavior than milder curves.
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VERICLE TRAVERSAL STUDIES

The final major phase of the research involved an intensive study of vehicle
operations on rural highway curves, The intent of this study, was to identify
and quantify combinations of geometry which produce variable driver behavior.
Particular focus was placed on studying vehicle path behavior.

The overall objective of these studies was to determine the operational
characteristics of horizontal curvature on high speed, two-lane highways.
Driver behavior as a function of curvature and approach conditions was of
paramount interest. The following specific objectives defined the design and

conduct of the studies,

(1) Investigation of the validity and accuracy of the HVOSM driver model
in simutating critical driver behavior;

{2) Development of detailed descriptions of speed and path behavior for
drivers as they approach, transition into and drive through the curve;

(3) Identification of the effects of highway curvature (both degree and
length), roadway width, and transition design on driver behavior;

(4) Comparison of driver behavior in negotiating right<hand and left-hand
curves; and

{5) Comparison of AASHTO design criteria far highway curves with actual
observed driver behavior.

Fulfillment of these cobjectives required careful site selection, study design,
and equipment selection,

Site Selection

Budget and schedule considerations limited the number and scope of feasible
study sites, Initial planning focused on variations in curvature, width of
roadway, transition design and curve approach conditions. '
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Candidate sites were selected from the file of 333 high- and lTow-accident
locations previously surveyed for the accident analyses. As planning proceeded,
it became apparent that a necessary budget constraint was the proximity of the
sites to the office where the research was being conducted (Evanston,

I111inois). Thus, only sites in Illinois and Ohio were considered for study.

Table 28 shows the significant variables of interest for the five locations
selected for study. As the Table indicates, the plan attempted to address
ranges of curvature and variable approach conditions. An effort was also made
to select at least one narrow roadway with intermediate curvature. Also note
that extremely poor transition designs were not studied. This variable was
considered the least important in terms of operational effects. When sites with
poor transition design in combination with other appropriate characteristics
were not found in Ohio or Illinois, this element was dropped from the Study
design. A photograph of each site and further infarmation on its conditions and

characteristics are shown in Figure 15.

TABLE 28

CHARACTERISTICS* OF SITES SELECTED FOR
VEHICLE TRAVERSAL STUDIES

Roadway Curve
Width Transition Approach
Site No. Curvature (feet) Design Conditions
188 Mild »22 Good Open
198 Sharp >22 Good Moderately
Restricted
204 Intermediate £20 Good Open
206 Intermediate >22 Good Open
212¢ Sharp >22 Good Restricted

* As indicated from State files and previous field studies.
t Both approaches to be studied.

1 ft =0.305m
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SITE 188

S. H. 47, Kane County, lllinois

ROADWAY CHARACTERISTICS

Geometry

Curvature
Direction of Curve
Length of Curve
Roadway Width
Shoulder Width
Superelevation @ P. C.
Maximum Superelevation
Rate of Superelevation
Runoff

3.B degrees
Left

0.27 mi.

23.5 ft.

6.0 ft.

0.015 percent
0.070 percent

0.034

Environment

Approach Conditions
Primarily Tangent
Primarily Level

Roadside Conditions:
Rating = 26

Pavement Conditions:

Rating = 32
Traffic Volume Ciass:
High

SITE 198

S. R. 67, Wyandot County, Ohio

ROADWAY CHARACTERISTICS

Geometry

Curvature
Direction of Curve
Length of Curve
Roadway Width
Shoulder Width
Superelevation @ P, C.
Maximum Superalevation
Rate af Supereievation
Runoft

12.9 degrees
Right

0.04 mi.

22.0 fu.

4.0 ft.

0.028 percent
0.060 percent

0.017

Environment

Approach Conditions
‘Miid Curvature
Primarily Level

Roadside Conditions:

Rating = 32
Pavement Conditions:
Rating = 36

Traftic Volume Class:

Low

Figure 15.

CHARACTERISTICS OF VEHICLE TRAVERSAL STUDY SITES

1 mi = 1.609%m
1 ft = 0.306m
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SITE 204 SITE 206
S. R. 571, Drake County, Ohio U. S. 6, Sandusky County, Ohio

ROADWAY CHARACTERISTICS ROADWAY CHARACTERISTICS
Geometry Environment Geometry Environment
Curvature 6.3 degrees Approach Conditions Curvaiure 5.3 degrees Approach Conditions
Direction of Curve Left Primarily Tangent Direction of Curve Left Primarily Tangent
Length of Curve " 0.05 mi. Primarily Level Length of Curve 0.05 m. Primarily Level
Roadway Width 24,0 ft. Roadside Conditions: Roadway Widih 24.7 fu. Roadside Conditions:
Shoulder Width 10.0 ft. Rating = 26 Shoulder Width 6.0 fr. Rating = 31
Suparelevation @ P. C. 0.042 parcent Pavement Conditions: Superelevation @ P. C, 0.049 percent Pavement Conditions:
Maximum Supaerelevation 0.086 percent Rating = 34 Maximum Superelevation 0.083 percent Rating = 33
Rate of Superelevation . Tratfic Valume Class: Rate of Superelevation Traffic Volume Class:
Runoft 0.032 Ltow Runoff 0034 Medium

1 mi = 1.609km
1 ft = 0.305m

Figure 15. CHARACTERISTICS OF VEHICLE TRAVERSAL STUDY SITES (Continued)
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SITE 212R
S. R. 38, Columbiana County, Ohio

ROADWAY CHARACTERISTICS

Geometry

Curvature
Direction of Curve
Length of Curve
Raadway Width
Shoulder Widih
Superelgvation @ P. C,
Maximum Supetelevation
Rate ul Superelevation
Runoff

9.6 degrees
Right

0.13 mi.

234 f1.

25 f1.

0.048 percent
0.08S percent

0.064

Environment
Approach Conditions
Predominantly Cu:vilinear
Predominantly Hilly
Roadside Conditions:
Rating = 36
Pavement Conditions:
RAating = 20
Tratfic Volume Class:
Low

SITE 212L

S. R. 39, Columbiana County, Ohio

ROADWAY CHARACTERISTICS

Geometry

Curvature
Directian. of Curve
Length of Curve
Roadway Width
Shoulder Width
Superelevation @ P. C.
Maximum Superelevation
Rate of Superelevation
Runoff

Q9.6 dagrees
Letft

0.13 mi,

23.4 fu.

25 fu.

0.048 percent
0.085 percent

0.064

Environment
Approach Conditions
Predominantly Curvilinear
Predominantly Hilly
Roadside Conditions:

Raung = 3§
Pavement Conditions.
Rating = 20

Traffic Volume Class:
Low

1 mi = 1.609km

14t =0.305m

Figure 15. CHARACTERISTICS OF VEHICLE TRAVERSAL STUDY SITES (Continued)




Field Procedure

Study Techniques
Extensive investigation and field trials were made to determine the most expe-

ditious and efficient manner of conducting the vehicle traversal studies. The
criteria used to evaluate potential study procedures included:

(1) A need to record large samples (100 to 200) of vehicle traversals within
reasonable time and cost constraints;

(2) A requirement that the procedure minimize the possible effect on the
behavior of the drivers being studied;

(3) A need to minimize the safety hazard to both the driving public and
study crews;

(4) A requirement that the measurements taken allow for sufficient accuracy
in characterizing speed and lateral placement of surveyed vehicles
throughout their traversal of the curve.

Earlier studies of this type undertaken in Texas{33) had been accomplished using
motion pictures taken from a following vehicle. Photographs of a vehicle's left
rear tire when adjacent to standard-sized markers placed near the roadway
centerline were used to measure lateral placement. Speed was determined by
counting the number of elapsed frames between successive markers placed a set
distance apart. This procedure was the first one evaluated in this research.
Both motion picture and video cameras were tested., The main drawbacks were
found to be the time required for surveyors to identify and close in behind a
candidate vehicle; and the high speeds sometimes required when following the
fastest drivers.

Various methods of measuring vehicle lateral placement and speed from a station-
ary position on the roadside were analyzed and tested. These procedures

relied on either tape switches, still photography, or motion pictures. The
method finally selected for this research used a stationary, high-speed motion
picture camera located on the roadside opposite the traffic lane to be studied.
As in the earlier Texas experiments, markers placed on the roadway served as
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references to measure vehicle lateral placement and speed. The survey
procedures, described below, were all field tested and verified in the office

prior to commencing the studies,

Site Layout Requirements '
The basic study objectives defined the layout requirements., Because observa-
tions of speed and lateral placement as vehicles approached and transitioned

into the curve were of interest, the course layout required centering roughly
around the Point of Curvature (PC). Reference markers were required of suffi-
cient number and spacing to enable calculation of transient speed and path
behavior, The distance studied in advance of the curve and into the curve was
restricted by limitations of the camera equipment used, and the amount of data
that could be reduced in the office.

Site Layout and Measurement

The first task was to place and measure the exact location of white reflective
tape markers that would serve as reference points in subsequent photographic
observations,

A reflective road tape was placed on or adjacent to the roadway centerline at
the PC. Other markers were then placed on or adjacent to the painted centerline
at equal intervals of 26 feet (7.6 m) (or 20 feet (7.1 m) as dictated by condi-
tions at one site) in advance of and beyond the PC. Wherever possible, the line
of markers extended 175 feet (53.3 m) along the tangent approach and 225 feet
{68.6 m) into the initial portion of the curve. These distances were sometimes
shorter or longer to fit site conditions, but the length of marked tangent was
never less than 80 feet (24.4 m) and the length of marked curve was never less
than 175 feet (53.3 m),

Wher the centerline markers had been placed, companion markers were set opposite
each centerline marker, at a fixed radial distance away from the edge of the
traffic lane to be studied. These markers aided in selecting the appropriate
frame to be measured when the motion pictures were analyzed in the office,

The location of the upstream right corner of each centerline marker was then

determined using triangulation. The procedure consisted of establishing a
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baseline on the roadside and measuring angles with a surveyor's transit to each
marker from each of two points on the baseline. These measurements allowed Sub-
sequent office analyses to determine the relative coordinates of each centerline

marker.

In addition to the centerline and edge of pavement reference markers, a pair of
remote markers was set about 500 feet (about 150 m) in advance of the PC on the
tangent approach., These were used to study driver lateral position before
entering the influence area of the curve.

Finally, using a transit and level rod, the elevation of each centerline marker
was determined from an assumed elevation on the baseline. The measured differ-
ences in elevation provided detailed data on superelevation, transition, and
gradient.

Photography
Free moving, unopposed vehicles were filmed from a stationary camera mounted on

the opposite side of the roadway. Figure 16 depicts a typical course set-up.
The camera was hidden from view of the vehicles being filmed, as shown by
Figure 17. A recreational vehicle (RV) was used to mount the camera, with the
camera hidden by a frame-supported tarpaulin rigged to look like a luggage
carrier on top of the vehicle, The RV was considered a commoen enough sight on
the highway and afforded the height needed to gain photographic perspective.
The overall appearance to oncoming traffi¢ was that of a motor home parked off
the opposite shoulder,

Film equipment, supplied by FHWA, was a Canon Scoopic le-millimetre camera with
a 12.5-75 mm (6:1) zoom lens. Film speed was 48 frames per second.

An observer inside the RV alerted the photographer as a vehicle approached.

Only free flowing four-wheel venhicles, unaffected by traffic in the same or’
opposing direction, were to be filmed. Therefore, photographs were taken only
after the observer reported a lone four-wheel vehicle approaching and the photow
grapher observed no opposing vehicles. Filming began as the vehicle approached
the first centerline marker of the course being studied, The photographer then
followed the vehicle through the course, carefully keeping both the centerline

and edge of pavement markers in the camera's field of view.
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Figure 16. TYPICAL SET-UP FOR VEHICLE TRAVERSAL STUDIES
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Figure 17. RECREATIONAL VEHICLE USED TO FILM VEHICLE TRAVERSALS
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To enable office measurement of lateral offset at each centerline marker, a
calibration scale was hald perpendicular to the roadway centerline at each
marker and photographed from the stationary RV. (See Figure 18.) Since the
camera remained in a fixed postion, the photographed scale could be used in
later analysis to accurately calibrate the nondimensional photographed offset to
an actual dimension at each reference point,

Because the course was usually too long to photograph a vehicle traveling the
entire length from just one position, two separate camera set-ups were used at
most sites. The first set-up was upstream from the tangent centerline marker
located farthest from the PC, For the second set-up, the camera was moved
toward the PC about 150 to 200 feet (about 45 to 60 m}. An overlap of about
100 feet (about 30 m) between the first and second set-ups was always included
in the photography. From 100 to 150 vehicle traversals were photographed at
each set-up.

In addition, still 35-mm slides were taken of a representative sample of sur-
veyed vehicles as they passed the remote markers approximately 500 feet (150 m)
upstream of the PC. The calibration scale was also photographed at these
markers to allow measurement of lateral offset,

Data Reduction

Given the research objectives and the desirability of 1imiting the data reduc-
tion effort, it was found most efficient to reduce the data in two phases. In
phase one, lateral .placement and frame count readings for the beginning and

ending points on the course were taken for all vehicles at each set-up., This
enabled recording of data to describe the following:

(l)ASpeed distribution (average speeds over the set-up length)
(2) Overall lateral movement through the course

(3) Erratic behavior (encroaching on opposing lanes or
shoulder; braking; excessive speeds)
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Where dg and d,, are scaled readings from film
and L is actual length of scale

Figure 18. CALIBRATION OF FILMED READINGS OF VEHICLE PLACEMENT
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The second phase used distributional data from phase one to identify specific
vehicle sampies for more complete study. The vehicles of greatest interest were
those thought to produce the most extreme behavior, defined by high levels of
lateral acceleration. Because these lavels could be produced by either high
speeds or small path radii, two subsets of vehicles were identified for the
phase two analysis. One subset was comprised of vehicles with the highest
speeds; the other included those vehicles with the greatest lateral movement
from the first to last point on the course. The latter subset would presumably
reveal severe path radii,

For each site, vehicles comprising the highest 20 percent of the speed and
Tateral placement distributions were selected for phase two analysis. Because
same overlap between subsets was expected, this sample was estimated to include
roughly one-third of the total number of vehicles surveyed. The sample was
selected to ensure identification of the top 10 percent of the lateral acceler-
ation distribution with a high degree of confidence,

To measure the variability of lateral acceleration, speed, and path for each
site, two small additional subsets were also identified for complete analysis,
These two were comprised of about 10 to 15 vehicles with median speeds, and 10
to 15 vehicles with median lateral movements.

The second phase of data reduction was performed for each vehicle in the four
subsets, which are identified as 'high speed,' 'high offset,' 'median speed' and
‘median offset.,' Data reduction for these vehicles included scaled offset read-
ings and frame counts for the left rear tire opposite every coordinated pavement
marxker,

Data Reduction Procedures

‘Motion pictures of the vehicle traversals were analyzed in the office using a

16 mm stop-action motion analyzer, Pictures were projected onto an analysis

board and advanced until the left rear tire of the vehicle was opposite the

first pair of pavement markers. A straight edge extending between the center-

line and companion roadside marker was used to aid the technician in aligning

the tire with the centerline marker. The distance between the outside edge of

tire and the right upstream corner of the marker was scaled and recorded. The
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frame count was also recorded before proceeding to the next reading. The
readings for the filmed calibration scale at each course point enabled
conversion of scaled data to real dimensions.

The important characteristics of driver/vehicle path behavior include its
general form, the amount of similarity in behavior among drivers, the effects of
the roadway geometry on this behavior, and driver/vehicle path relationships to
speed. The data collected in phase two were of sufficient scope and detail to
study these characteristics. This was accomplished by developing behavior pro-
files for each vehicle,

Driver/Vehicle Profiles of Behavior on Curves

Profiles of driver/vehicle behavior describe the way in which vehicles adjust
their path and speed relative to the roadway. Figure 19 illustrates the output
of such a profile from offset and frame count readings. The following procedure

was used:

(1) The course centerline markers were coordinated from field survey data.

(2) A "best-fit" center of curve described by the coordinated points was
calculated,

(3) vehicle path coordinates for each vehicle opposite each point on the
course were calculated off the coordinated markers as shown in
Figure 20. Film readings of the offset were used for these calcu-
lations.

(4) Local vehicle path radii were calculated for each point N, The pro-
cedure used the principle that any three points uniquely define a
circular arc (See Figure 21). The vehicle path radius at point N was
computed from vehicle path coordinates for points (N - 2), N, and
(N + 2)*. The calculation was performed every 25 feet (7.6 m) by
“stepping“ around the curve.

*Sensitivity of error analyses indicated the need to use these points, rather
than points (N-1), N, and (N+1). Errors in surveying the course, film reading
and data reduction are thus distributed over an approximately 100 foot (30.5 m)
vehicle arc, rather than a 50-foot (15.2 m) arc which would result from using
consecutive points,
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1240-i  FHWA
VEHICLEL OPERATING CHARACTERIST.CS
RUN WATFER 1i/L/82

CENTERLINE VEW.CLE EFFeCTIVE SUPER~

PUINT CFFSET SPEED VEHICLE ELEV

NUMBLR (FEET) (MPH} RAUQ[US-FT AT POINT
1 3.408 G 0 -0.003
2z 3.7489 b} 0 -0.002
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SITE 212 LA,

VEHICLE 41
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1t = 0.305m
1mph = 1.608km/h

Figure 19. EXAMPLE OF DRIVER/VEHICLE PROFILE

124




Point N+ 2 Qfl'

" COORDINATES OF VEHICLE
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offset Oa,

(Xy o, Yv (v) opposite points on tangent are
calculated based on +90°from azimuth of tangent.

Figure 20.

CALCULATION OF VEHICLE PATH COORDINATES
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Az (N} = Local azimuth of vehicle at point N, calculated by
inversing coordinates of vehicle at points N—2 and N + 2

ay = Central angle of curve defined by points N — 2, N and N + 2
Ry = local radius of curve for vehicle at point N
LCN = Long chord of curve for vehicle at point N,

calculated by inversing coordinates of vehicie
at points N—2 and N + 2

A
LC, = 2R, sm—zu-

Solving for Ry :

R~ =
2sm—ez—'-“—

Figure 21. CALCULATION OF INSTANTANEOUS VEHICLE PATH RADII
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(5) The vehicle speed at point N was based on the difference in frame
counts between points (N - 2) and (N + 2) (See Figure 22).

(6) Side friction generated at point N was calculated using the centripetal

force equation, superelevation readings from the field, and the
previously calculated speed and path radius values for point N,

The actual calculations were performed by programs written for the Apple I1
computer. Appendix E lists and discusses these programs.

Results of Vehicle Traversal Studies

Data describing how drivers approach and proceed through a horizontal curve
revealed a number of significant findings that have implications with respect to
design criteria and safety of horizontal curves.

General Characteristics of Vehicles Traversing Curves

Initial analysis of all free moving, unopposed vehicles showed significant
general patterns in driver/vehicle behavior. Table 29 summarizes speed and
lateral placement data for the six curve sites studied. The mean speed for all
sites was about 50 to 55 mph (80 to 89 km/h)., Significant individual vehicle
speed reductions did not occur except for the sharpest curves, Mean lateral
placement (the measured distance from the centerline marker to the left rear
tire) was generally 3 to 4 feet (0.9 to 1.2 m) as the vehicles approached each
curve, followed by a noticeable drifting from that position toward the inside of
the curve. Thus, as Table 29 indicates, vehicles moved toward the centerline of
left curves, and toward the shoulder of right curves. Mean lateral movement was
as great as 2,8 feet (0.8 m). The increased standard deviation of lateral
placement in the curve itself is also significant., This indicates greater
variability in vehicle behavior in the curve as compared with that on the

tangent.

Deviant Behavior.--As a part of the general characterization of vehicle
behavior, the film data were studied for measures of deviant or undesirable
operational behavior. This was defined as braking, encroaching on either the
centerline or shoulder, or exceeding the apparent design speed of the curve by
10 mph (16 km/h) or more., Table 30 summarizes all such undesirable behavior.
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AVERAGE VEHICLE SPEED
BETWEEN ANY TWO POINTS

= -+ A -
N—2 AND N—2 FS FC x LC x 3600 5280
{Miles per hour) {Frames per {No. Frames) (Feet) (Seconds (Feet per
second) per hour) mile)
Where

FS = Film Speed (48 Frames per second)
AFC = Difference in Frame Counts Between Points N—2 and N + 2

LC = Long Chord For N (See Figure 21)

For Film Speed of 48 frames per second

AVERAGE VEHICLE SPEED = 3273 x LC =~ AFC
{miles per hour)

1ft = 0.305m
Tmph = 1,608km/h

rr—v'
-

Figure 22. CALCULATION OF VEHICLE SPEED FROM FILM DATA
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TABLE 29

SUMMARY OF SPEED AND LATERAL PLACEMENT FOR
ALL VEHICLES OBSERVED

Speeds? at Lateral Placement3 at
(mph) (feet)
Radius of
Site No. Curve Tangent PC of Curve Tangent PC of Curve
(feet) Approach Curve Approach Curve
Left Curves
188 1516 (3.8°) - 53.8(6.4) 60.8(6.0) 3.0(0.7) 1.5(0.8) 2.2(0.9)
206 1089 (5.3°) 56.9 52.8(5.7) 50.4(5.7) 3.1(1.1) 3.2(1.1) 0.4(1.7)
204 912 (6.3°) 52,3 52,3(6.0) 51.1(6.1) 4.0(1.0) 2.6(0.9) 1.2(1.6)
212 595 (9.6°) 52.1 46.0(7.4) 2.9(1.1) - 3.3(1.3)
5§ Right Curves |
212 595 (9.6°) 50.4 46.0(7.4) 2.9(1.1) - 3.3(1.3)
198 444 (12.9°) 53.7 45.5(7.3) 2.2(1.0) - 3.3(1.1)

1 Number in parentheses represents Degree of Curve
(English 100-foot arc definition)

2 speed shown is mean speed; number in parentheses represents standard deviation
of speed distribution

3 Lateral placement shown is the distance between the left rear tire and
centerline marker; number in parentheses represents standard deviation of
distribution of offsets

1 ft = 0.305 m
1 mph = 1,609 km/h



TABLE 30

SUMMARY OF UNDESIRABLE BEHAVIOR
FOR ALL VEHICLES OBSERVED

Proportion of Vehicles Observed

Radius Design Number of Exceeding
Site No. of Curve Speedl Vehicles Design Speed
(feet) (mph) Observed Braking Encroaching by > 10 mph
Left Curves
188 1516 64 135 0.7% 14.8% 28.9%
206 1089 54 150 20.7% 21.3% 8.7%
= 204 912 56 138 1.4% 28.3% 4.3%
212 595 46 108 0.0% 11.1% 13.0%
Right Curves
212 595 29 176 6.4% 10.3% 1.6%
198 444 46 87 35.6% 11.4% 78.2%

Ipesign speed is speed of equivalent AASHTO controlling curve

1 ft = 0.305 m
1 mph = 1.609 km/h



What is interesting about Table 30 is the apparent lack of consistency between
these measures of undesirable behavior and curvature, At least 10 percent of

vehicles were found to have encroached on either the centerline or shoulder at
all sites. Excessive speeds were noted for the mildest curves as well as the

sharpest. Drivers seemed to be negotiating all curves significantly different
from implicit design assumptions of uniform speed and placement.

Driver/Vehicle Transitioning.--The general information presented in
Tables 729 and 30 indicates a basic characteristic of driver behavior. Typical
drivers do not center themselves in the lane as their vehicles move from the
tangent into the curve, Instead, they seem to drift or slowly “"spiral” into the
curve, gradually adjusting their vehicles paths to match the roadway curvature.
Figure 23 schematically depicts this behavior, which is significantly different
from the designed path of the highway. To explicitly follow the designed bath
requires the vehicle to instantaneously change from the tangent path to the
highway curve path., The initial data findings indicate this does not actually
occur, partiy because it is physicaily impossible to change vehicle radius
instantaneously, and partly because drivers apparently desire to do otherwise.

Analyses were made of curve traversals using four subsets of vehicle behavior --
high speed, median speed, high offset and median offset. Vehicles were grouped
in their respective subset(s) and composite profiles were computed. These were
based simply on arithmetic averages of lateral placement and frame count.

Graphic analyses were also performed to determine the driver/vehicle behavior
pattern of the high speed and median speed composite groups at the six sites
where field surveys were made. The calculated offset from centerline markers
was plotted on a 1:120 scale plan of each curve. Combinations of spiral and
circular curves with various radii were then visually fitted to form a smooth
path for both the composite high speed and composite median speed driver/
vehicle,

The field surveys only produced average offset and speed for a segment of
tangent in advance of the curve PC and a short section of curve beyond the PC,
In an effort to better understand driver/vehicle behavior throughout the entire
length of curve, this initial driver/vehicle behavior was graphically
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extrapolated beyand the area where average lateral offset and speed could be
calcutated., While this extrapolated path is believed to be representative of
average driver/vehicle behavior, it acknowledgably is subject to refinement or
modification whenever more extensive field studies are made.

Analyses of composite driver/vehicle behavior profiles indicated that, except on
very short curves, drivers apparently spiral into the curve until reaching a
radius equal to or slightly less than that of the roadway. The path then be-
comes approximately circular and concentric with the roadway until the driver
senses an upcoming tangent at the end of the curve and begins spiraling out. On
very short curves, the path appears to be one of spiral in and spiral out with-
out the central circular arc as on longer curves. The maximum curvature reached
on very short curves would also be less than that of the roadway.

The length of roadway over which the composite driver transitioned from tangent
to full curvature was found to be in the general range of 250 to 300 feet {75 to
90 m) regardless of degree or length of curve., About one-half of the spiral
path occurred on the tangent in advance of the PC. The remainder of the spiral
transition was accomplished on the curve beyond the PC, At the PC, therefore,
the composite vehicle had already achieved approximately cne-half of the roadway
curvature (0.5 D).

The extrapolated driver/vehicle behavior when leaving the curve indicated
characteristics similar to those found when entering, except that the total
spiral path would be shorter -- in the range of about 150 to 250 feet (about 45
to 75 m), Again, however, about one-half of the transition would have occurred
in advance of the PT, and the remainder on tangent beyond the PT.

Analyses of composite driver/vehicle profiles also confirmed that drivers make
maximum use of the available roadway to produce the smoothest possible transi-
tion. The lateral placement of the composite vehicle on the tangent approach
was found to be nearly the same for both right-hand and left-hand curves (about
2.5 to 3.5 feet (0.8 to 1.1 m) right of the roadway centerline). On right-hand
curves, however, the path through the curve drifted to the right until the
right-hand tires were only about 1.0 to 1.5 feet (0.3 to 0.5 m) from the edge of
roadway. Similarly, on left-hand curves, composite driver/vehicle profiles
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indicated a path coming within 1.5 feet (0.5 m) or less of the centerline.
An example analysis of composite driver behavior is shown in Figure 24, The
figure summarizes the spiraling behavior of the high speed drivers for Site 198.

Significant findings which can be rationalized from analyses of composite
driver/vehicle behavior profiles are as follows:

° The length of curve over which drivers track the curvature {D¢) of the
roadway is less than the total length of curve (L.) due to spiral path
transitions at the beginning and end of the curve.

° On short curves, drivers do not reach a degree of curvature as great as
that of the roadway.

° At both the PC and PT, path curvature (Dp) is approximately one-half of
the roadway curvature (Dc).

° The length of transition path entering & curve is approximately 250 to
300 feet (about 75 to 90 m). The transition path when leaving the curve
appears to be slightly shorter.

Summary of General Characteristics.--Drivers approach and transition
into curves with a range of path transitions and speed change behavior. Signif-
icant numbers of vehicles encroach on opposing lanes or shoulders, or apply
brakes as they traverse the curve. It is apparent that speed, path, and highway
curvature all combine to characterize driver behavior. Analysis of composite
profiles showed some differences in behavior of vehicles grouped by speed and

path parameters,

Extreme Driver Behavior on Highway Curves

Cursory review of the range of vehicle profiles revealed highly variable be-
havior. Initial efforts at studying this range of behavior involved development
of “composite" or average vehicle profiles, based on the four subsets of vehi-
cles defined by speed and offset. While these composite profiles provide some
indication of path and speed relationships, they do not fully describe indi-
vidual driver/vehicle behavior. Further analyses were performed, therefore, to
study the distributions of path, speed, and their relationship for each highway

curve,
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A basic design principle governed the study of the distributions of driver/
vehicle behavior., This principle concerns the level of operational service to
be provided in relation to the demands or desires of drivers. A well recognized
principle is that praper design should provide for more than the average dri-
ver. Economic concerns dictate, however, that design should not accommodate the
most severe demands, In terms of design for highway curvature, the roadway
should enable almost all drivers to successfully negotiate the curve under
nearly all conditions. To the extent that driver behavior in negotiating curves
is variable, it becomes essential to measure that variation.

Further study focus was thus directed toward the extreme driver, who produces
behavior significant]y worse than average. What was needed was an appropriate
measure of extreme behavior on highway curves. Because curve operations involve
both speed and cornering, this should be an explicit measure of behavior,
combining speed and vehicle path.

Clearly, the single best descriptor of driver/vehicle behavior is lateral
acceleration, Lateral acceleration is felt by the driver, and manifested at the
four tires, where it becomes a direct factor in the degree of control or stabil-
ity of the vehicle, Highway curve design is directly linked to lateral acceler-
ation, Design controls selected by AASHTO and summarized in Table 31 express
allowable maximum side friction coefficient for a given design speed. These

"controls presumably correspond to tevels of lateral acceleration that are

tolerable to a reasonable driver. They also assume a margin of safety from

generally available pavement friction levels under wet pavement conditions.

The studies of actual vehicle behavior provided an opportunity to observe ex-
treme behavior expressed in terms of lateral acceleration. Distributions at
each location, and comparisons of this behavior across all conditions studied
were possible,
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TABLE 31

FRICTION FACTORS RECOMMENDED
FOR DESIGN OF HIGHWAY CURVES

Design Speed (mph) Friction Factor
80 0.08
70 0.10
60 0.12
50 0.14
40 0.15
30 0.16

Source: Reference (32)
1 mph = 1,609 km/h

The selection of vehicles for complete study was intended to characterize a por-
tion of the distribution of lateral accelerations, Of interest in terms of
extreme behavior were those vehicles which produced high Tevels of lateral
acceleration (expressed in terms of f), as well as those which produced average
or typical levels of f, For each site, the profiles of all high speed and high
offset vehicles were examined, and the maximum f values obtained. Histogram
plots were prepared. These are summarized in Fiqure 25. The extreme (high
speed and/or high offset) vehicles represented approximately the top 30 percent
of all vehicles observed in terms of maximum f developed.

Thus, the histogram of f for these vehicles actually represents the tail of the
cumulative frequency distribution of maximum f for all vehicles at that site,
Similarly, the median speed and median offset vehicle histograms provide a
reasonable estimate of median or 50th percentile maximum f for each site.
Figure 26 illustrates how these subsets of vehicles were used to synthesize the
upper (critical) portion of the cumulative frequency curve of f for each site.
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Figure 26 reveals that a significant proportion of vehicles exceeded trhe design
f at all sites, It is noteworthy that excessive f levels are not restricted to
just the sharpest curves. If AASHTO controls for curvature design are proper in
terms of safety, important questions arise given that many drivers choose to
exceed them,

How Extreme Driver Behavior Occurs

The following questions address important aspects of driver behavior on curves:
® How well do drivers track the geometry of the highway curve?

® Do higher speed vehicles tend to track sharper curve paths than lower
speed vehicles?

° Do higher speed vehicles spiral into the curve at faster rates than
lower speed vehicles?

° Does the spiral rate selected by a driver have an effect on the sharp-
ness of the vehicle's path?

These questions concern relationships between speed and path radius at the point
of maximum lateral acceleration, Hereafter, the term critical path radfus is
used to refer to the radius developed by the vehicle at the point of maximum f,

The vehicle profiles were used to quantify and study relationships involving
critical path radius. For each vehicle studied, critical path radius was iden-
tified and recorded. The vehicle speed at the point of critical radius was also
recorded. These data were analyzed and are discussed belaw.

Relationship Between Curve Geometry and Critical Path Radius,--

At five of the six sites studied, a majority of vehicles were found to be
generating path radii sharper than that of the curve. Table 32 summarizes these
findings.
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TABLE 32

COMPARISON OF CRITICAL PATH RADIUS
AND HIGHWAY CURVE RADIUS FOR

VEHICLES GROUPED BY SPEED

Vehicles with Critical Path Radii

Radius of Sharper than Highway Curve Radius
Highway Curve All Vehicles High Speed
Site (Feet) Vehicles
Left Curves
188 1516 58% [38/65] 57% [16/28]
206 1089 97% [59/61] 100% [29/29]
204 912 57% [34/60] 58% [14/24]
212 595 55% [22/40] 50% [ 8/16]
Right Curves
212 595 - 28% [17/60] 28% [ 5/18]
198 444 2% [ 1/41] 0% [ 0/19]

1 ft = 0,305 m

Two points are significant.

First, the sharpness of highway curvature does not

seem to explain this type of behavior. Drivers apparently “overshoot" the

highway curvature regardless of the degree of curve,
appear to explain why this overshoot occurs.

Second, speed does not

Site 198, a sharp and short curve, exhibited markedly different behavior. Most
vehicles tracked minimum radii less severe than that of the highway. As will be
seen in further analyses, driver/vehicle behavior at this site proved to be

significantly different than the other locations,
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Relationship Between Speed and Critical Path Radius.--Although speed did

not seem to explain the propensity to overshoot a curve, it might explain
severity of the overshoot. To test this hypothesis, simple linear regression
analyses were performed for each site using the vehicle speed and critical path

radius data.

Analyses were performed for all data together, as well as for data grouped by
individual subsets (high speed, median speed). At all but one site, no rela-
tionship was found between speed and critical path radius. As Table 33
indicates, both the slopes of the regression lines and the R2 values show the
two variables to be independent. Again, Site 198 proved to be the lone excep-
tion. While the relationship is not strong, 1t was found that higher speed
vehicles tracked less severe paths then lower speed vehicles at this site.

TABLE 33

RELATIONSHIP BETWEEN SPEED AND
CRITICAL PATH RADIUS

Regression Statistics*

Radius of
Highway Curve  Slope Intercept Std. Signif, at
Site (Feet) a b RZ  Error a = 0.10?
Left Curves
188 1516 0.0037 53 0.03 4.15 No
206 1089 -0.0086 61 0.06 5.15 No
204 912 0.0007 54 <0.01 5.13 No
2121 595 0.0100 40 0.02 4.89 No
Right. Curves
212R 595 0.0228 30 0.05 5.58 No
198 444 0.0530 18 0.27 5.47 Yes

* (ritical Path Radius = a (Speed in mph) + b

1 ft =0,305m
1 mph = 1.609 km/h
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Relationship Between Speed and Spiral Rate.--Figure 27 shows a plot of
an individual vehicle's path profile as the vehicle transitions into the

curve. What is shown is the instantaneous computed radius (and degree of curve)
of the vehicle at each point of the course., Inspection of other similar plots
far vehicles at each site showed a range of curve transition behavior,

Both the total change in vehicle curvature and distance over which the change
occurs are parameters of interest in characterizing path behavior. These two
parameters can be combined into a single measure of such behavior in the
following manner:

call Rg = Spiral Rate for the vehicle
then, R¢ = L + D¢

where L is a length of highway over which the
vehicle's curvature changes significantly;

and D, is the change in the vehicle's curvature
over distance L.

To analyze spiraling rates (Rg), profile plots were made similar to the one in
Figure 27 for all vehicles. A number of different measures of Rg were tested.
ldeally, characterization of a spiral rate would include as much of the
vehicle's transition from tangent to fina)l curvature as possible. However, four
of the six sites required two set-ups, with the second set-up beginning near the
PC. This precluded observing any one vehicle throughaut its entire transition
at these sites. At one site with a single set-up, 2 range of possible spiral
rate definitions was tested to determine the best one, given the limitations of
the data, The definition which was chosen, shown in Figure 28, is based on the
length of highway over which the vehicle spirals from 50 percent of the highway
curvature to 90 percent of the highway curvature. For all but one site,
vehicles fiimed in the second set-up could be observed achieving this tran-
sition. ~ Therefore, adequate spiral rate observations and overshoot measurements
could be made for the same vehicles.

Initial interest focused on any relationships between a vehicle's speed and its
spiral rate. Simple linear regression amd scatter-plot analyses were performed
to test for such a relationship at each site. No correlation was found,
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indicating drivers' desired speed and desired rate of change of curvature are
essentially independent.

Relationship Between Spiral Rate and Critical Path Radius.--A third

hypothesis was that a vehicle's spiral rate is related to its critical path
radius. Table 34 reports results of simple linear regression analyses to test
the assnciation between spiral rate and critical path radius. The findings are
both important and logical. Drivers who effect more gradual transitions
(thereby producing a high spiral rate expressed as length per degree) tend to
produce less severe critical path radii. This finding seems generally true

regardliess of curvature or speed.

TABLE 34

RELATIONSHIP BETWEEN SPIRAL RATE
AND CRITICAL PATH RADIUS

Regression Statistics*

Radius of
Highway Curve Slope Intercept Std.  Signif, at
Site (feet) a b RC  Error o = 0.107

Left Curves

188 1516 2.38 1317 0.11 198 Yes
206 1089 1.56 859 <0.01 151 No
204 912 10.43 640 0.47 109 Yes
2121 595 8.55 436 0.38 59 Yes

Right Curves

212F INSUFFICIENT DATA OBTAINABLE FOR SPIRAL RATE
198 444 3.28 465 0.55 41 Yes

* Critical Path Radius = a (Vehicle Spiral Rate) + b

1 ft = 0.305m

146



Summary.--Driver behavior on horizontal curves can be described in terms
of speed, path radius achieved at the point of maximum lateral acceleration
(critical path radius), and the rate at which the vehicle changes its circular
path (spiral rate). A large number of drivers produce critical path radii
smaller than that of the curve, While the critical path radius does not appear
related to speed, it does appear related to spiral rate, Drivers who spiral
more gradually tend to produce‘1ess severe critical paths.

Severity of Critical Path Radius

The findings that speed and critical path radius are independent is not
surprising, as it was previously discovered by Glennon and Weaver (33). Also,
the finding that, regardliess of highway curvature, many drivers voluntarily
track paths more severe than the roadway curvature is highly significant, The
extent of the severity of driver/vehicle behavior was the subject of further
study.

Data previously recorded for each site included critical path radius for each
vehicle. These data potentially described the total population of drivers
relative to their critical path radius, One possible problem in using this
sample of vehicles was the original built-in bias in selecting the subsets of
vehicles for study. Two subsets were selected on the basis of vehicle speed,
and two on the basis of vehicle offset or lateral placement. Careful study of
the data and previous research findings allowed the conclusion that the sample
selected did indeed produce an unbiased estimate of critical path radius for the
total population, The mean critical path radius for those vehicles selected on
the basis of vehicle offset was not found to be different from the mean critical
path radius of vehicles selected on the basis of speed. And, previous analyses
indicated that speed and critical path radius are independent.

Figure 29 summarizes cumulative frequency distributions of the critical path
radii for all six sites. These plots show that large numbers of vehicles track
path radii significantly smaller than the actual curve radius. Site 198, a
short, right curve, was an exception. |
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Relationship of Critical Path Radius to Highway Curve Radius.--Because
the severity of driver behavior appeared uniform across all curvature, a series
of analyses was performed to determine the presence of a relationship between
critical path radius and highway curve radius. The cumulative frequency
distributions were used to provide measures of critical path radius for various
percentiles of the driver population. These values are summarized in Table 35.
Values for the four left curves were used in simple linear regression analyses,
with the following results shown in Table 36.

TABLE 35

PERCENTILES OF CRITICAL PATH RADIUS*
OBSERVED AT SIX STUDY SITES

Radius of Critical Path Radius (feet) for

Site Highway Curve Percentiles of Drivers

(Feet) 95th 90th 85th - 50th
Left Curves
188 1516 1085 1155 1265 1435
206 1089 635 665 685 855
204 912 655 705 715 875
212 595 465 - 505 525 605
Right Curves
212 595 525 555 565 625
198 444 455 465 505 565
1 ft =0,305m
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TABLE 36

RELATIONSHIP BETWEEN HIGHWAY CURVE RADIUS
AND CRITICAL PATH RADIUS

Percentiles of

Driver Slope Intercept R2 std. t Signif. at

Population {a) (b) Error a = ,10?
95th 0.66 35 0.91 95.4 4,58 Yes
90th 0.69 52 0.89 111.1 4.11 Yes
85th 0.79 -12 0.88 136.9 5.83 Yes
50th 0.88 39 0.93 116.2 5.03 Yes

Critical Path Radius = a (Highway Curve Radius) + b

The results of this analysis compare closely to previous research on highway
curve traversals (33). Despite the limited number of sites and data points, the
relationship between critical path radius (for any selected percentile of be-
havior) and curve radius appears strong. The implications are clear. Actual
driver/vehicle path behavior is substantially and uniformly (across highway
curvature) more severe than implicit design policy assumptions for highway
curves, This is graphically illustrated by Figure 30, which shows the reported
relationships compared to the implicit design assumption that the vehicle path
follows the highway curve. Furthermore, because it was found that critical path
and speed are essentially independent, high speed vehicles are just as likely to
produce very severe (say, 90th or 95th percentile) path radii as are low or
average speed vehicles,

Effacts of Other Geometry on Driver Behavior

The vehicle traversal studies provided insights to the relationships of geo-
metrics other than curve radius to driver behavior. Elements of interest
include length of curve, direction of curve, width of roadway and design for
superelevation runoff.,
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Length of Curve,--0f the six sites studied, one was a short, sharp right
curve, which exhibited noticeably different vehicle behavior. The following
points surmarize the differences in vehicle behavior at this curve that were

attributed to its short length:

(1) Most vehicles tracked the curve with minimum path radii milder than
that of the curve. As shown in Table 35, the 95th percentile critical
path radius at this site (Site 198) was greater than the curve radius,
All other sites exhibited more severe path behavior,

~{2) This was the only site that showed a significant correlation between
vehicle speed and critical path radius. The indicated relationship is
that faster vehicles track less severe paths, that is, generate larger
minimum path radii,

Further inspection of the film explained the difference in vehicle behavior on
short curves. When the curve is short enough, drivers position themselves and
traverse the curve in a manner that "cuts" or reduces their central angle.
Their behavior is best characterized as "spiral-in and spiral-out” with Tittle
or no path overshoot.

Direction of Curve.--One site was studied in both directions, enabling a

comparison of driver/vehicle behavior by direction. A review of the placement
and speed characteristics for Site 212 shows no difference between left and
right directions. A path overshoot was observed on both directions (see

Table 3%), although it was less severe for the right-hand approach.

Width of Roadway.--The original study plan was to observe driver be-
havior on a narrow roadway. Site 204, with an indicated width of 19 ft
(5.8 m), was selected as a study site, Unfortunately, the roadway had been

widened and repaved just prior to our traversal studies. Time and budget con-

straints did not allow filming of an alternate location. However, some

conclusions about vehicle operations on narrow roadways can be drawn from the
study. Following review of the film and analyses of transition behavior, it
seems clear that different driver behavior would be expected on narrow roads.
Lane widths are used by drivers to position themselves and effect a spiral path,
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even though the centerline geometry is tangent-to-curve., Reducing the lane
width decreases or eliminates this freedom to position and spiral. It is
logical, therefore, to expect sharper spiral rates which in themseives are less
desirable, and sharper critical path curvature, also less desirable.

Superelevation Distribution and Runoff.--Observed driver behavior points
out the effects of variable combinations of superelevation distribution and run-
off length, In general, drivers produce path transitions of 200 to 300 ft (60
to 90 m) approximately centered around the PC of the highway curve. This
transitioning behavior, which is independent of vehicle speed, leads to the

following conclusions:

(1) Superelevation runoff lengths of 200 to 300 ft (60 to 90 m) tend to
match vehicle path transitioning behavior, and are therefore desirable.

(2) At least 50 percent of full superelevation is desirable at the PC.
This distribution tends to match average driver path curvature at the
PC.

Optimal placement and length of superelevation runoff should result in a
gradual, steady build-up of lateral acceleration for the majority of drivers.
1t is particularly important that full superelevation be provided by the time
drivers reach their maximum path curvature. This was found to occur about 100
to 150 ft (30 to 45 m) past the PC.
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Summary and Implications of
Vehicle Traversal Studies

Driver vehicle behavior observed on the approaches to and traversing through
horizontal curves is complex. Vehicle speed, path and roadway geometry combine
to exhibit a wide range of behavior. A number of concepts stand out as signifi-
cant in terms of design for variable vehicle behavior.

(1)

(2)

(3)

(4)

(5)

(6)

Drivers tend to overshoot the curve radius, producing minimum vehicle
path radii sharper than the highway curve. Furthermore, the tendency
to overshoot 15 independent of speed,

Drivers position themselves in advance of the curve to effect a spiral
transition. Drivers who spiral gradually tend to produce less severe
path radii. '

The tangent alinement immediately in advance of the curve is a critical
region of operations. At about 200 feet (about 60 m) before the PC,
which is about 3 seconds of driving time, drivers begin simultaneously
adjusting both their speed and path. Such adjustments are particularly
large on sharper curves.

Points (2) and (3) demonstrate the significant operational benefits of
spiral transitions to highway curves. Spirals of sufficient length
enable the driver to adjust both speed and path in a manner that re-
duces or eliminates severe overshoot of the curve radius, thereby
preventing the build-up of excessive levels of lateral acceleration,

Both the speed studies and vehicle traversal studies point out the
criticality of sharp, underdesigned curves on high-speed highways. The
combination of high speeds and overshoot path behavior produces highly
critical for much of the vehicle population dynamics on underdesigned
curves,

Present highway curve design policy presumably equalizes the dynamic
effects of curve radius and superelevation. However, drivers tend to

overshoot the curve radius. This behavior effectively increases the
importance of curvature relative to superelevation, Therefore, under
present design policies for curves, milder curves with lesser super-
elevation produce lower friction demands than presumably equivalent
sharper curves with greater superelevation.
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VII. COMPARISON OF HVOSM AND
VEHICLE TRAVERSAL STUDIES

A primary objective of the vehicle traversal studies was to provide a basis for
evaluating the previously completed HVOSM simulations (Chapter V). HVOSM has
already been proven an accurate, cost-effective tool for studying vehicle
behavior under highly unstable (i.e,, loss of control, high speed impact) situ-
ations. Using controlled, full-scale tests for calibration, HYOSM can
accurately predict the dynamic responses and consequences for a range of

conditiaons.

In such critical applications, dynamic vehicle responses are essentially a func-
tion of vehicle properties and test conditions (e.g., speed at impact, angle of
impact). Application of HVOSM to the evaluation of highway curve traversals,
however, involves an additional important dimension. If the simulations are to
have any real meaning, driver behavior must be reasonably modeled.

Driver Model

Modeling the driver is a particularly difficult problem, as it entails consider-
ation of human factors such as perception and reaction time, psychological
attitudes, and interaction with the vehicle, The task is more difficult given
that a useful simulation tool must not be overly complex, and should be reason-
ably valid over the range of possible test conditions.

A complete discussion of development work is given in Appendix D. Previous
research on modeling the driver (31) was adjusted and tested. Elements of the
driver model employed in the simulations included a "wagon-tongue” algorithm, a
neuromuscular filter, and steering parameters such as damping, steer velocity,
and steer initialization.

One elemént of the driver model was particularly important to calibrate,

Earlier discussion of HVOSM in Chapter V emphasized the importance of establish-
ing a reasanable probe length. To review, probe length is one part of the
wagon-tongue control algorithm. Its function is to simulate the driver preview
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of the alinement ahesad. Previous research on actual driver behavior formed the
basis for selection of a speed-sensitive probe Tength function for the initial
set of simulations reported in Chapter V.

The importance of properly selecting probe length is illustrated by

Figure 31, which shows results of early calibration runs for probe length, for
which various length functions were tested, Variations in probe length from
0.20 ¥ to 0.40 V produce significantly different levels of simulated lateral
acceleration (expressed as maximum f developed on the rear tires), Given this
sensitivity of probe length to resultant vehicle dynamics, efforts to validate
the previous runs focused on validating the probe length function, Driver
behavior observed in the vehicle traversal studies formed the basis for this
validation,

Comparison of Results

Insights concerning driver/vehicle behavior on curves can be obtained from
evaluation of both the HVOSM curve runs and the results of the vehicle traversal
studies. In order to gain these insights, it is first important to understand
what each type of analysis represents.

Characteristics

As Table 37 shows, the two types of analysis are not directly comparable, HVOSM
was applied.to a series of AASHTO controlling curves for a range of design

speeds. The field studies invoived a range of highway curvature with generally
less than full superelevation. Variations in both speed and path were abserved,
and used to determine distributions of lateral acceleration or friction factor.
The accuracy and meaning of the field data were limited by collection and data
reduction methodoltogy employed. Thus, transient behavior observed in the field
actually represents average friction demand for the vehicle, averaged over 1.0
to 1.7 seconds of real time. This compares with the reported friction results
for HVOSM, which relate more closely to actual loss of control {(0.25 seconds of
real time; friction demand at the critical axle).
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TABLE 37

CHARACTERISTICS OF HVOSM ANALYSES
AND VEHICLE TRAVERSAL STUDIES

Curves Analyzed

Data Collected
Time Sensitivity

of Data

Results Reported

Findingg

HVOSM Curve Runs

AASHTO Controlling
Curves for Range
of Design Speeds

Friction demand on
4 tires; Driver
Comfort Factor; Roll
and Steer Angle

Transient behavior
observable to 0.25
seconds of real time

Maximum friction
factor on 2nd
highest tire of
rear axle; average
aver (.25 seconds

Vehicle
Traversal Studies

Range of Curvature
{No controlling
curves)

Average Friction
Demand (point
mass)

Measurements based
on 100 ft. (30.5 m)
arc--1.0 to 1.7
seconds real time

Friction factor
and radius at
point of maximum
friction; average
over 100 ft.
(30.5 m) arc

Given the differences between the analyses, direct comparisons are difficult.
However, because both analyses measured transient, extreme behavior across a
range of speed and curvature, it is possible to compare overall levels of
friction demand, and trends across the range in speeds.

The upper portion of Figure 32 contains a plot of reported maximum friction
demand vs. design speed for a sample of the HVOSM runs. The points plotted rep-
resent those simulations at which the vehicle was run at design speed on the
appropriate controlling curve, with AASHTO superelevation and transition

design, Initial inspection of these points shows a consistent trend for f vs,
design speed, with one striking exception. Simulated f for 50 mph (80 km/h} is
greater by 0.04 to 0.05 than the overall trend seems to indicate.
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Review of the vehicle traversal studies provides an explanation for the apparent
anomaly. It was shown previously that vehicles tend to overshoot highway
curves, producing path radii smaller than that of the curve, If this behavior
is considered within the framework of AASHTO design policy, it results in an
explanation for the HVOSM runs, and reveals important findings regarding design
of highway curves. Consider AASHTO design controlling curves for a range of
design speeds and maximum superelevation rates. If one calculates friction
demand at design speed assuming overshoot driving behavior, an interesting pic-
ture of vehicle dynamics emerges. Table 38 shows such calculations, with an
assumed 95th percentile driver path. As the table indicates, calculated fric-
tion demand varies for a given design speed depending on the superelevation
policy (and resulting controlling curve) used. Design policies based on maximum
superelevation rates {say, epax of 10 percent) result in greater calculated
friction demand at design speed than policies based on lower maximum rates {say,
emax of 6 percent), assuming the same overshoot driving behavior.

What Table 38 says is, assuming one is interested in nominally critical driver
behavior as given by a 95th percentile driver, friction demand vs. speed
relationships are not consistent for the range of superelevation pelicies. The
middle portion of Figure 32 illustrates these side friction vs. speed
relationships.

White the above discussion is relevant in itself in terms of design for curves,
it is of particular value in understanding the HVOSM curve runs. As the bottom
portion of Figure 32 shows, the family of points that were believed to simulate
one relationship in fact represent two separate curves. The two curves describe
simulated friction vs. speed for controlling curvature as defined by super-
elevation rate policies of 8 percent and 10 percent, Furthermore, the shape

and values of the calculated curves based on the vehicle traversal studies very
closely match the relationship described by the HVOSM points based on epax of

10 percent.
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TABLE 38

RELATIONSHIPS AMONG SPEED, SUPERELEVATION
AND FRICTION DEMAND FOR
95TH PERCENTILE DRIVING BEHAVIOR

Design emax Radius of Radius of f at Design Speed
Speed Highway Vehicle From Vehicle  AASHTO
(mph)  (percent) Curve(ft)  Pathl(ft) Path? Criteria

70 10 1637 1117 0.192 0.10

8 1910 1295 0.172 0.10

6 2083 1409 0.172 0.10

60 10 1091 755 ' 0.218 0.12

8 1206 831 0.209 0.12

6 1348 924 0.200 .12

50 10 694 493 0.238 0.14

8 758 535 0.232 0.14

6 833 584 0.225 0.14

40 10 427 317 0. 237 0.15

8 464 341 0.233 0.15

6 508 370 0.228 0.15

1 Rpath = 35 + 0.66 Reyrve  (From Table 36)

2 Calculated friction demand assuming nominally critical path
behavior at design speed. In other words,

foath = [V2design / (15 Rpath)] - enax

1 mph = 1,609 km/h
1 ft = 0.305 m
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One additional finding of both analyses is the relationship between speed and
friction demand, given nominally critical driving behavior. Present design
policy calls for decreasing design friction factor with increasing speed. As
the lower portion of Figure 32 shows, however, friction demand does not decrease
with speed, but rather peaks in the range of 45 to 85 mph (72 to 89 km/h),
before decreasing for higher speeds.

Verification of Probe Length Function.--Figure 32 and the above dis-
cussion demonstrate the validity of HVOSM in simulating nominally critical
vehicle dynamics expressed in terms of maximum friction demand on highway
curves, Furthermore, the probe Tength function used in the simulations is shown

to be sensitive and accurate across the range of speeds that were simulated.

Path Radius Simulation.--Simulation of nominally critical f levels was
achieved with reasonable correlation to the field studies. Questions were
raised, however, as to whether the simulated friction demand was a function of
path overshoot similar to that observed in the field, or whether some hidden
dynamic response was being simulated. These questions were answered by
analyzing sample outputs from two of the runs. Among the data produced by HYOSM
are X, Y coordinates for the tires and center of gravity. A simple algorithm
was developed to calculate vehicle path coordinates for these data sets. The
results of minimum calculated vehicle path radius from the HVOSM output are
almost identical to predicted 95th percentile path radius as given by the
vehicle traversal study results (see Table 36).

Nominally Critical Path Radius

Calculated
Radius of Speed Simulated Field
Highway Curve (HVOSM) Studies
ft (m) mph  (km/h) ft (m) ft.  {(m)
689 (210) 49.7 (80) 481  (147) 490 (149)
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Vehicle Transitioning.--While HVOSM successfully simulates critical
levels of f, and does so through nominally critical path radii, it does not
exactly replicate the manner in which the f and critical radius are generated.
Figure 33 shows plots for two vehicles--one observed in the field, and one
simulated. Each vehicle's instantaneous curvature is plotted at various loca-
tions along the transition and into the curve. Simulated vehicle behavior,
represented by vehicle 'A', shows almost all vehicle curvature developed after
the PC, but with extremely rapid, severe spiraling. Vehicle 'B' is the vehicle
which most closely represents 95th percentile path behavior at Site 212 L., The
amount of vehicle path curvature at the P{, and the indicated rate of spiraling,
are typical of most observed vehicles.

Short Curve Vehicle Dynamics.--One interesting verification of the HVOSM
driver model was provided by the field observations for Site 198, a short,
right-hand curve. Observed vehicle paths were much less severe than would be

predicted by the path vs. curve relationships derived previously. Inspection of

the individual vehicle paths pravided a clue as to what was different about this
site., Because the curve length was so short, drivers literally did not have the
opportunity to overshoot the highway curve radius. Instead, they spiraled into
and out of the curve, with a minimum path radius generally greater than that of
the highway. This same behavior was simulated previously in a run specifically
designed to study short curve dynamics., At the time of the simulation it was
hypothesized that very short curves produced additicnal dynamics-due to rapid
changes of roll angle, steering, etc, The results (see Table 21) produced the
surprising (at the time) conclusion that vehicles generated less friction demand
on very short curves., It was left to the field studies to verify and explain
why this was so.

kKnowledge Obtainable
Exclusively From HVOSM

HVOSM has been proven to accurately simulate nominalliy critical vehicle behavior
on curves. There are obvious cost and time advantages in simulating rather than
studying vehicle dynamics in the field, Also, there is a wealth of information
provided by HVOSM which could not be obtained in a field experiment such as was

163



ol

DEGREE OF CURVE OF VEHICLE PATH

10°

20

f N
/] S
/)
1
__|HIGHWAY D
& 96°
'
HIGHWAY D, "
8.3 f
'I
4
(4
U4
' 4
Y 4
! 4
smssssem HVOSM PATH PROFILE "
~ wmemms VERICLE PATH PROFILE ,’
OBSERVED IN FIELD Y,
‘!I
« T 4
s..l
~100 PC +100

DISTANCE ALONG CURVE (FEET) Note: 1ft = 0.305m

Figure 33. COMPARISON OF VEHICLE PATH TRANSITIONING BEHAVIOR
FROM HVOSM AND VEHICLE TRAVERSAL STUDIES



performed for this research. Through simulation, not only can lateral
acceleration be modeled, but also the distribution of lateral acceleration to
the four tires, This is important in identifying thresholds of Toss of control,
which is dependent on friction demands on individual axles. Roll and steer
angle data are also obtainable., Perhaps the most useful aspect of simulation is
the ability to study dynamic effects on various vehicle types (e.g., trucks,
semi-trailers, buses), or ranges of vehicle characteristics (e.g., front -wheel
drive).

HVOSM has limited applications and usefulness, which are a function of the
assumptions that are required to initiate the simulation. The assumptions
generally relate to driver behavior. They include initial speed, acceleration/
deceleration, and brake applications. HVOSM is also limited by its inability
to address variable driver behavior as a function of changing environmental

conditions.

Knowledge Obtainable
Exclusively From Field Studies

The following discussion concerns crucial areas of vehicle operations for which
actual observations of driver behavior are required., Knowledge obtained from
field studies, combined with HVOSM or other simulations, can answer important
questions about driver/vehicle behavior on highway curves,

Vehicle Speed Characteristics

Drivers' desired speed characteristics can only be determined by field measure-
ments. The studies of speed and speed transition behavior showed that approach
cohditions and qurvature have variable effects on desired speeds. Other factors
such as weather or light conditions alse can influence driver behavior., Field
observations of vehicle speeds provide distributional data which enable more
meaningful analysis of the criticality of a particular set of conditions, For
exémp1e, one can simulate the vehicle dynamics resulting from a curve being
"overdriven” by 10 mph (16 km/h). However, field measurements are required to
determine what sets of conditions produce overdriving, and what percentage of
the vehicles do in fact overdrive the curve,
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Effect of Geometry on Path Behavior

Observed driver behavior in curve tracking is complex. Adaptation of the driver
model in HVOSM to replicate this behavior regquires extensive field data. One
important design element which affects driving behavior is lane width., The
vehicle traversal studies showed that drivers use the full lane to position
their vehicles for spiraling into the curve. Given that this behavior is uni-
versal, one could expect highly variable spiraling behavior on 9- or 10-foot
(2.7 or 3.0 m) lanes vs. 12- or 16-foot (3.7 or 4.9 m) lanes. Because the HVOSM
driver model in its present form assumes that drivers desire to track the center
of the lane, any effect of variable lane width on path would not be simulated.

Environmental Conditions

It is generally assumed that adverse weather conditions affect driving be-
havior. While changes in driving behavior are usually characterized in terms of
lower speeds, it is possible that path-following behavior is also altered. Poor
or limited visibility during rain, fog, or night time may have significant
effects on the overshoot characteristics of drivers. Such effects could only be
measured or estimated from actual observations of drivers.

Summary of HVOSM and Field Study
Vehicle Dynamics

The total research effort demonstrated (1) the ability of HVOSM to predict
vehicle dynamics across a range of curve conditions; and (2) the need to study
actual vehicle behavior in order to assess the validity of the simulations,
Both field studies and simulation work described driver behavior in a similar
manner,

Spiraling Transitions

The studies of actual driver/vehicle'behavior revealed that drivers spiral into
horizontal curves. This spiraling behavior occurs at rates which vary with
highway curvature, Simulated driver/vehicle behavior using HVOSM was generally
similar in character, However, the simulated rate of spiraling was more severe
than observed rates. This severe rate is attributed to the short probe length
function which was a part of the HVOSM driver model.
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Dynamic Overshoot
With selection of an appropriate, speed-sensitive probe length function,

observed driver/vehicle overshoot can be simulated., The severity of overshoot
can be related to & desired percentile of driver behavior., The HVOSM curve runs
demonstrated the ability to then select a pfobe length that results in compar-
able simulation of path overshoot. In addition, the research validated the
probe length function across the full range of speeds.

Vehicle Path

Simplifying assumptions in the driver model and the resulting overly severe
simulated spiraling rates result in vehicle path simulations that differ from
observed paths. The thrust of the research was ta demonstrate nominally
critical behavior in terms of maximum friction demand achieved under a range of
conditions. HVOSM simulations successfully replicated friction demands cal-
culated from observed vehicle paths. Moreover, the simulations were shown to
produce similar minimum path radii as were observed in the field. However, the

transient path behavior was not simulated.
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VIII. ANALYTICAL STUDIES

In the project planning phase, a large number of research questions were identi-
fied that were judged feasible to accomplish within the overall project
context. Of these, the following three questions were addressed with analytical

studies.

(1) Are AASHTO stopping sight distance requirements consistent for tangents
and curves?

(2) What is the relationship between lateral and longitudinal displacement
of roadside encroachments on curves?

(3) Does pavement settlement or "washboard" have a significant effect on
vehicle stability?

Analytical studies are defined here as those problems that begin with a question
to be addressed, to which hypotheses, assumptions, and known physical relation-
ships are applied in an attempt to gain some new insights on the problems,

Stopping Sight Distance on Curves

This discussion of the consistency of AASHTO stopping sight distance (SSD) re-
quirements for curves summarizes a portion of a separate project report titled
“Stopping Sight Distance -- An Operational and Cost-Effectiveness

Analysis." (38) This separate report presents a complete functional analysis of
stopping sight distance, It also contains a general evaluation of the cost-
effectiveness of several potential countermeasures for ameliorating
sight-distance related accidents at locations with restricted sight distance,
In the functional analysis, the report identifies two aspects of highway curve
operation that may be critical in terms of supplying safe stopping sight dis-
tance on highway curves. These two aspects, which are described below, are

(1) the increased friction demand of a vehicle that is both cornering and
braking, and (2) the loss of eye height advantage for truck drivers on highway
curves when the horizontal sight restriction is caused by either a row of trees,
a wall, or a vertical rock cut.
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Effect of Horizontal Curvature on Stopping Distance

The stopping ability of vehicles is a basic input to AASHTO policy for SSD.
Present policy assumes that full (design) pavement friction is available to a
vehicle forced to brake in an emergency situation. (It is noted that braking
friction design values were selected by AASHTO from actual pavement friction

tests.)

This basic assumption is particularly important when considering vehicle
stopping requirements on highway curves. The following discussion shows that,
because of the added pavement friction demands created by vehicles during
cornering, design braking distances, and hence, design stopping sight distance,
should be greater on highway curves than on tangents.

Figure 34 demonstrates that friction available for braking on curves is the
vector resultant of both available friction and cornering demand. Mathemat-

ically, this is given as:

for = Vfp2 - fc2 [8.1]
where
fpr = Coefficient of braking friction
available on curve
fy = Coefficient of braking friction

on tangent--AASHTO design value

fc = Coefficient of side friction demand
on curve--AASHTO design values
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BRAKING ON LEVEL TANGENTS

d. o V2
30t

Where d_, = Braking distance (ft)

B
V = Initial speed {mph}

{ = Coefficient of friction available for braking
{(AASHTO design values assumed)

BRAKING ON LEVEL CURVES

V2
30f,

Where dg,V, fg as above

fé = Coefficient of friction available for braking
. 2 .2
and fB = fB - fs
2
f.o= —Y___ _
c 15 R o
Where f = Coefficient of side friction required for cornering
(AASHTO design values assumed)
R = Radius of curve (ft)
e = Supereievation (parqent)

1ft = 0.305m
Tmph = 1.609km/h

Figure 34. FRICTION REQUIREMENTS FOR STOPPING ON HORIZONTAL CURVES
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Obviously, longer stopping distances on curves are indicated by the above equa-
tion. These greater stopping distances are particularly significant at higher
speeds, as indicated in Table 39.

Even greater braking distances are required on horizontal curves if the "design
event" is further defined in terms of nominally critical driver behavior. The
field operational study results described in Chapter VI indicate that a large
proportion of vehicles corner on horizontal curves at path radii significantly
shorter than the roadway radius. This sharper cornering requires even greater
side friction, further reducing available friction for braking on the pavement.
Clearly, the effect of horizontal curvature on SSD requirements can be
considerable.

TABLE 39

STOPPING SIGHT DISTANCE REQUIREMENTS
FOR PASSENGER CARS ON CURVES

(emax = 10 percent)

Braking on Braking on
Tangents Curves
(Wet Conditions) (Wet Conditions)
Design Percention/
Speed Reaction Braking Total Braking Total
(mph) Distance fp, Distance Distance f' fc Distance Distance
(ft) ~(ft) (ft) (ft) (ft)
30 110 0.35 86 196 0.311 0.16 96 206
40 147 0.32 167 314 0.283 0.15 . 189 336
50 183 0.30 278 461 0.265 0.14 314 497
60 220 0.29 414 634 0.264 0.12 455 675
70 257 0.28 583 840 0.262 0.10 625 882
80 293 0.27 790 1083 0.256 0.08 827 1120
fp = AASHTO design friction factors
f' = T\VfyZ - f.2 ; f. = cornering friction required at Design Speed

on controlling curve, (AASHTO design values)
1 mph 1.609 km/h
1 ft = 0.305m
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Sight Distance for Trucks on Horizontal Curves

vehicle characteristics also play a major role in design for SSD, Braking dis-
tances are a function of vehicle type, tire condition, and brake conditions,
Vehicle type is by far the most important of these, Trucks require much greater
stopping distances than do passenger cars. The height of eye of the driver is
also a function of the vehicle, This dimension is critical in establishing the
sight line from the driver to an object in the road over a crest vertical curve,

AASHTO policy does not directly treat the multitude of vehicle characteristics
in design for SSD. Basic SSD design values are a function solely of passenger
car braking ability and eye heights of passenger car drivers. Some general
reference to SSO requirements for trucks is made, It has been assumed that the
greater eye heights (and, hence, longer sight lines) afforded truck drivers tend
to balance out the greater truck braking distances.

Clearly, however, a variety of geometric conditions can negate the advantages of
greater eye heights for truck drivers. Horizontal sight obstructions such as
retaining walls, rock cuts or tree lines restrict the view ahead from trucks and
passenger cars alike. Furthermore, because such situations occur frequently on
curves, highway curves with horizontal sight restrictions present particularly
severe problems to trucks., Their greater braking distances, loss of eye-height
advantage, and friction demands for cornering all contribute to SSD requirements
that are greater than is indicated by AASHTO design policy.

Encroachment Characteristics of Run-off-Road
Vehicles on Highway Curves

In Tight of the accident studies that showed the importance of roadside features
to the accident experience on highway curves, some analysis of potential road-
side encroachment characteristics is appropriate., Using certain assumptions,
this section compares (1) the average outside lateral displacements on various
highway curves to the average outside lateral displacement on highway tangents
for various linear displacements; (2) the average effective vehicle angle on the
side slope of various highway curves vs. highway tangents as a function of
lateral displacement; and (3) the maximum inside lateral displacement as a func-
tion of initial angle and radius of highway curve,
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Lateral Displacement Versus Linear Displacement for Qutside Encroachments

This analysis attempts to generally compare the effect of clear-zone widths for
the outside of highway curves of various radii with those for highway tangents.
For this analysis, the following assumptions are made:

(1) Encroachment trajectories are tangent from both highway curves and
highway tangents,

(2) The average encroachment trajectory for highway curves is tangent to the
outside edge of pavement for encroachments starting in the outside lane,

{3) The average encroachment angles for highway tangents are 6.1° for a
right side encroachment and 11.5° for a left side encroachment (20).

(4) The width of a highway lane is 12 feet (3.6 m).
For these assumptions, Figures 35 and 36 show the relationships between lateral

and longitudinal displacements of encroaching vehicles for various highway
curves and for highway tangents.
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Figure 35 shows this relationship for encroachments from the outside lane on
highway curves and for a right side encroachment on highway tangents, The

appropriate equations are:

For Curves: S =\ (R + W)Z + L2 . (R + W) [8.2]
For Tangents: S = L sin© {8.3]
Where S = Lateral displacement from the edge of

the roadway (ft or m)
W = Lane width (ft or m)

L = Linear displacement along the encroachment
path measured from the edge of the roadway (ft or m)

R = Radius of highway curve (ft or m)
© = Encroachment angle on tangent (degrees)

1 ft =0.305m
Figure 35 indicates that outside encroachments from the outside lane may resuilt
in lesser clear-zone width requirements for flat highway curves than for

tangents; and greater clear-zone width requirements for sharp highway curves
than for highway tangents.
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Figure 35. LATERAL DISPLACEMENT VERSUS LINEAR DISPLACEMENT
FOR QUTSIDE ENCROACHMENTS FROM THE OUTSIDE LANE
ON HIGHWAY CURVES
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Figure 36 shows the relationship between linear and outside lateral dis-
placements from the inside of highway curves and the left side of highway

tangents. The appropriate equations are:

For Curves: S = VRZ +12 - (R + 12) [8.4]

For Tangents: S = L sin@ [8.5]

With S, L, R and © as before

The relationships shown in Figure 36 for encroachments from the inside lane are
similar to those shown in Figure 35, except that the clear-zone regquirements are
not quite as critical for any particular highway radius.

Effective Vehicular Angle for Qutside Encroachments
Under the assumption of a linear roadside encroachment path, the effective

vehicular angle at any point on the roadside of a highway tangent is equal to
the initial encroachment angle, Therefore, on a right-side encroachment with a
6.1° angle, the effective slope of the vehicle traversal on a roadside slope is
that slope times the side of the encroachment angle, or 10.6 percent of the
roadside slope. For roadside slope traversals on curves, however, the effective
angle and consequently the effective traversal slope increase as the vehicle
proceeds across the slope. Because collision severity generally increases as
the effective traversal slope increases, it is useful to analyze this effective
angle as a function of highway curvature,

Using the same assumptions about outside roadside encroachments used in the pre-

vious analysis, Figures 37 and 38 show the relationship between lateral
disptacement and effective slope angle for various highway curve radii.
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Figure 37 shows this relationship for outside encroachments from the outside
lane., The appropriate equation is:

0o = cos-1[R/(R + S)] [8.5]

Where @, = Effective slope angle (degrees)

R and S as before

This figure indicates that outside encroachments from the outside lane on flat
highway curves may traverse flatter effective slopes than for right side en-
croachments on highway curves. Also, Figure 37 indicates the converse for sharp
highway curves,

Figure 38 shows the relationship between effective slope angle and lateral
displacement for outside encroachments from the inside lane. The appropriate

equation is:

8o = cos-1[R/(R + S + W)] [8.7]

Where ® e, R, S, and W as before

The relationships shown in Figure 38 for encrcachments from the inside lane are
similar to those shown for the outside lane in Figure 37, except the effective
angles are more severe for a given lateral displacement, Howéver, the
differences between effective slope angles from the inside lane of a highway
curve and the left side of a highway tangent indicate a less critical comparison
than that shown in Figure 37.
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Maximum Lateral Displacement Versus Initial Traversal Angle
For Inside Encroachments

This analysis attempts to show the effect of clear-zone widths for the inside of
highway curves of various radii as a function of initial traversal angle.
Although this analysis assumes a linear path and the same initial lateral
placement and lane width as before, the path must have an initial angle to the
Tocal tangent on the highway curve. For these assumptions Figures 39 and 40
show the relationships between maximum lateral displacement and initial
traversal angle for various highway curve radii,

Figure 39 shows this relationship for inside encroachments from the inside lane
on highway curves. The appropriate eguation is:

S =(1- cos 91) (R - W) [8.8]

Where GI = Initial traversal angle with Tocal tangent
to highway curve {degrees)

S, R, and W as before

The figure indicates that, even with very extreme initial angles, the maximum
inside lateral displacement on sharp highway curves will be relatively small,
Conversely, for flat highway curves the maximum lateral displacement can be
relatively large for even small initial angles (although fairly large linear
displacements are necessary to achieve maximum lateral displacements).

181



r4:18

LATERAL DISPLACEMENT { ft )

S--

40

30

20

10

1ft = 0.305m

o
-
o
—_
L34

O - INITIAL TRANSVERSAL ANGLE ( DEGREES )

Figure 39. MAXIMUM LATERAL DISPLACEMENT VERSUS INITIAL TRAVERSAL
ANGLE FOR INSIDE ENCROACHMENTS FROM THE INISDE LANE
ON HIGHWAY CURVES



Figure 40 shows the relationship between lateral displacement and initial
traversal angle for inside encroachments from the outside lane of various high-

way curves., The appropriate equation is:

S =R (1 - cos GI) - W [8.9]

Where S, R, 91, and W as before

As expected, this relationship shows less extreme maximum lateral displacements
than for encroachments from the inside lane,

Summary of Roadside Encroachments on Highway Curves
Although this series of analyses does not begin to explain the very extreme

complexity of roadside encroachments on highway curves, it does illustrate some

important general principles:

(1) Encroachments on the outside of sharp highway curves appear to require
greater clear-zone widths than do encroachments on highway tangents.
For flat highway curves, the converse may be true,

(2) Encroachments on the outside of sharp highway curves appear to reguire
flatter roadside slopes than on highway tangents. Again the converse
appears true for very flat highway curves.

(3) Encroachments on the inside of sharp highway curves may reguire less

clear-zone width than on highway tangents or on the outside of the same
curves, Again, the converse appears true for flat highway curves.

183



pat 4
-

8L

- LATERAL DISPLACEMENT ( ft )

S.

40

20

10

-~
bl
&L ~
&/ &
’ &
< N
~ 7
<
© ~
v
4 -
QQ %

1ft = 0.305m /

5 10
GI - - INITIAL TRAVERSAL ANGLE ( DEGREES )

Figure 40. MAXIMUM LATERAL DISPLACEMENT VERSUS INITIAL TRAVERSAL
ANGLE FOR INSIDE ENCROACHMENTS FROM THE OUTSIDE LANE
OF HIGHWAY CURVES



Dynamic Effects of Pavement Settlement or
Washboard on Highway Curves

Anyone driving on a highway curve with pavement washboard or a short bump
quickly realizes that the vehicle contral stability is affected by these
vertical irregularities, Very short, high-amplitude bumps cause both vertical
and lateral wheel hop. Successive loading and unloading of first front and then
rear tires, with contingent wheel hop, greatly increases the effective lateral
acceleration on the tire, In addition, as reported by Klein, et al., (gg), Toss
of steering authority also occurs, which forces the driver to input larger
steering angles than expected.

Appendix F presents a simplistic analytical exercise aimed at achieving a better
understanding of vertical irregularities on highway curves. If the irregularity
is described as having an effective radius, then the standard centripetal force

equation can be expanded to include a term accounting for the additional lateral
acceleration component created by the irregularity.

The derived form of the centripetal force equation stated in highway design
terminology is as follows:

(e + f)/(1 - ef) = V2/15R [8.10]
Where V = Vehicle Speed (mph)

R = Vehicle Speed Radius (ft)

e = Superelevation Rate (percent + 100)

f = Coefficient of tire friction

NOTE: 1 mph = 1.609 km/h
1 ft = 0.305 m
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Note the term, 1 - ef, in the denominator of the left side of the equation. In
AASHTO design policies, this term is rounded numerically to one, with the
assumption that the product ef is a very small term. However, in using the
equation to analyze more extreme dynamics, this term can have a significant
effect on the resulting calculations.

Applying the same derivation of procedure for the vehicle dynamics of cornering
on a horizontal curve with a vertical irregularity, Appendix F shows the
derivation of the centripetal force equation with a component for the vertical
irregularity. Using an effective circular radius for the irregularity, the
derived equation is as follows:

(e + £)/(1 - ef) = VZ/[Ry(15 + VZ/Ry)] | [8.11]

Vehicle Path Radius (ft)
= Radius of vertical irregularity (ft)
V, e and f as before

Where Rp

o}
<
]

NOTE: 1 ft = 0.305m

Note the dual sign in the denominator of the right side of the equation. This
s5ign is negative for a bump and positive for a dip.

This equation generally explains the lateral acceleration on the tires for the
steady-state condition up to the point of take-off, at which point it no longer
applies. Therefore, for very large vertical radii, very little extra dynamic
effect on the lateral acceleration will be experienced, But, for a giveh'

186



vehicular speed, the extra dynamic effect on lateral acceleration will be sub-
stantial as the take-off radius is approached. The derived relationship between
take-of f radius and take-off speed is as follows:

Vto = V15Ryg [8.12]

u"

Where Rgo
Vto

Take-off radius of vertical irregularity (ft)
Take-off speed (mph)

NOTE: 1 ft = 0,305 m
1 mph = 1.609 km/h

A similar relationship expressed in the dimensions of a parobolic vertical
curve is as follows:

Vio ="\/1500 L/A ' [8.13]

Where L = Length of vertical curve (ft)

Algebraic difference in grades, percent

>
]

NOTE: 1 ft = 0.305 m

Although no attempt is made here to calculate the effects of washboard, it can
be surmised that, for a nominally critical vehicle traversal at design speed on
a highway curve, the driver might easily lose control of the vehicle. Single
irreguiarities become critical for nominally critical traversals at design speed
when their dimensions reduce the normal forces on the tire to almost zero. With
a constant side force applied in cornering, a normal force close to zero will
produce very high lateral acceleration on the tire,
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IX. COST EFFECTIVENESS OF COUNTERMEASURES TO
SAFETY PROBLEMS ON CURVES

An important task is evaluation of the effects of improving certain roadway
elements to achieve safety and operational benefits. In a traditional analysis,
comparison of marginal benefits and costs provides a means for judging the
merits of improvements. Such analysis requires reasonable measures of effect-
iveness for given improvements. These measures should desirably be in the form
of benefits associated with incremental levels of improvement,

Evaluation of highway safety improvements usually focuses on accident reductions
as the primary benefit. In the case of two-lane rural highway curves, one might
wish to know the effectiveness of widening the roadway from 20 to 22 or 24 feet
(6.1 to 6.7 or 7.3 m); or of reducing curvature from 8° to 5° or 3°; or of
instituting a range of clear-zone policies; or of various combinations of all of

these or other improvements.

Figure 41 diagrams the process required to perform cost-effectiveness analysis
of the incremental effects of highway safety improvements. In the case of
accident relationships, it is crucial that each step of the process be carefully
followed. It is particularly important that the proper analysis technique be
used to sort out interactions among impaortant variables and identify incremental
effects of all variables,

The process outlined in Figure 41 was followed in the development and execution
of the data collection and analysis plan described earlier. A large data sample
was required to measure interactions and effects of variables such as roadway
and shoulder width, curvature, and traffic volume, Analysis of Covariance
(AOCY) was chosen as the evaluation tool because it offered the only clear way
to identify incremental effects of the variables. However, as was discussed in
Chapter IV, the AOCV results were of limited value because important variables
such as roadside and pavement conditions were not available from state data
files.
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Due to the limited success of AOCV, the type and scope of cost-effectiveness
analysis originally planned was not possible. Meaningful safety/geometric
relationships discovered in the Discriminant Analysis, however, provided a means
for a more general estimate of the cost-effectiveness of certain highway im-
provements.

Discriminant Analysis Applied to
Effectiveness of Highway Improvements

The results of the Discriminant Analysis form the basis for evaluating the
effectiveness of changes in geometrics with respect to changes in expected
accident occurrence, The best equation for describing safety/geometric rela-
tionships was found to be:

D = 0.0713 (DC) + 2.9609 (LC) + 0.1074 (RR) [9.1]
- 0.0352 (PR) - 0.1450 (SW) - 1.5454

Where D = Discriminant Function (nondimensional)
DC = Degree of curve
LC = Length of curve (mi)
RR = Roadside rating
PR = Pavement rating
SW = Shoulder width (ft)

NOTE: 1 mi = 1.609 km

1 ft =0.305m

The discriminant score is directly related to an associated probability that a
site is a high-accident location. This relationship, which was shown in
Figure 6, is a function of the D distributions for the high-accident and

low-accident site populations.
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1t was found that certain dimensicnal combinations of the above characteristics
produce a high probability that a site will have a very high accident experi-
ence, Conversely, other dimensional combinations of the same characteristics
produce very low accident experience probabilities.

If the D score relationship is to be used in a cost-effectiveness evaluation of
highway curves with a wide range of characteristics, a reasonable estimate of
accident rates across the entire range must be derived, For example, if a high-
way curve's characteristics correspond to a D score which produces a 90 percent
probability that the curve is a high-accident site, it would be reasonable for
analysis purposes, to assign a high accident rate to that location. The actual
rate used could be consistent with the typical or average accident rates which
comprised the high-accident data base. Similarly, a very low rate (say, zero)
could be assigned to curves with very low probabilities of being high accident

sites,

Cost-effectiveness analysis, however, requires reasonable estimates of accident
rates for curves with any probability of being high- or low-accident sites. Put
another way, it is necessary to develop a means for estimating accident exper-
ience across the full range of geometrics that occur,

The basic task, then, lies in attempting to characterize accident rates for
locations that neither are clearly "high" or "“low" accident sites. This is
necessary because the Discriminant Analysis did not include, and was not inten-
ded to measure, characteristics of "average" accident sites. Nevertheless, it
is believed that the underlying geometric/accident relationships discovered in
the analysis are applicable in some fashion to all curves. Two assumptions must
be met 1f the Discriminant Analysis findings apply to all sites in a meaningful
way :

(1) The discriminant score is assumed to describe cause/effect relation-

ships (rather than merely correlative ones).
{2) Relationships between geometric elements and accident rate are

continuous in nature, A continuous relationship has been identified
through investigation of its “tails" (high- and low-accident sites).
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Both assumptions appear logical and appropriate. The task thus becomes to
define the accident rate versus discriminant score relationship for the full

range of curve conditions,

Consider Figure 42, a schematic representation of relationships between accident
rate and the probability of a curve being a high-accident site. Three possible
and reasonable general forms are shown, Line A says that as the probability of
being a high site (P(H)) increases, its expected accident rate increases
proportionately. Line B hypothesizes that, as geometric conditions worsen
slightly (producing a modest increase in P{H)), the expected accident rate
sharply increases. Line C says that accident rates would only moderately
increase until P{H) reaches some critical level, whereupon further degrading of
geometry produces rapidly increasing accident rates.

Accident Rate Versus D Score for All Sites

Investigation of the form of the accident rate relationship required consider-
ation of all curve conditions -- not just those characterized as high- and low-
accident sites. This was accomplished by evaluation of Equation 9.2 which was a
second discriminant functicn derived from the same high- and low-accident data
base. Equation 9.2 was based on only data generally available from State
geometry files, Because these geometry data were available for all sites, it is
possible to test the hypothesis that discriminant analysis in some way predicts
accident experience across the full range of geometrics.

D = 0.378(DC) + 3.209(LC) - 0.220(SW) + 0.289 [9.2]

Where D, DC, LC, SW are as before

Equaticen 8.2 was based on data from Florida, [1linois and Texas. A total of
2484 sites from the total data base for these three States were investigated. D
scores were computed and their associated P(H) values obtained for all 2484
sites, and their accident rates recorded, The sites were partitioned according
to percentile rangés of the P(H) distribution for Equation 9.2. For each
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10 percent range of P(H), an overall accident rate was calculated as the
arithmetic mean of the rates of all sites within the range. Table 40 shows the

results of this analysis.

Table 40 depicts a logical, continuous relationship between average accident
rate and D score. Furthermore, inspection of the distribution of D scores
produces reasonable conclusions. A majority of sites (65.6 percent) could be
characterized as average with respect to P(H) -- with values between 0.40 and
0.60. The results given in Table 40 verify the reasaonableness of extending the
discriminant analysis findings to analysis of the universe of curve sites.

Figure 43, a plot of average accident rate vs. P(H), is quite revealing. There
appears to be little difference in average accident experience between curves
with very good geometry (P(H) Tess than 0.30), and those with average geometry.
Furthermore, it appears that only when a curve's geometry produces P(H) of at
Teast 0.70 would an accident rate significantly greater than average be

expected,

These conclusions are consistent with earlier findings on the relationship be-
tween accidents and geometry. They provide direct focus to a study of
cost-effectiveness of two-lane rural highway safety. The following points are

significant:

(1) General knowledge about the random nature of accidents is consistent
with the relationship shown in Figure 43. No matter how “good" the
curve geometry is (flat curve, wide shoulders} a minimum number of
reported accidents should be expected. The analysis indicates this
minimum number is about 1.0 accidents per miilion vehicle-miles (0.62
accidents per million vehicle-kilometres) on rural highway curve

sections.

(2) Significant accident rate increases are not expected until geometric
conditions praoduce a P(H) of at least 0.70. This probability level re-
presents a meaningful threshold for selection of possible conditions
for treatment. It also identifies a level below which the marginal
effectiveness of additional treatments is minimal.
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TABLE 40

AVERAGE ACCIDENT RATES FOR PERCENTILES
OF P(H) FOR EQUATION 9.2

Average
Accident Rate
(Mean of Sites

P(H) ‘D' Score Sites Within P(H) Range)
Range (Accidents per
For Range Percent Million
of P(H) No. of Total Vehicle-Miles)
<10% <-2.90 0 - -
10% - 19.9% -2.90 to -2.01 3 0.1 0.61
20% - 29.9% -2.00 to -1.35 63 2.5 1.10
30% - 39.9% -1.34 to -0.84 333 13.4 1.05
40% - 49.9% -0.83 to -0.36 542 21.8 1.06
50% - 59.9% -0.35 to Q.15 643 26,0 1.20
60% - 69.9% 0.16 to 0.68 443 17.8 1.26
70% - 79.9% 0.69 to 1,32 263 10.6 1.53
80% - 89.9% 1.33 to  2.24 144 5.8 1.88
>90% >2.24 50 2.0 . 2.62
2484 100% Average 1.26

1mi= 1,609 km
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{3) The largest percentage effectiveness would be achieved by treating
curve locations with P(H) of at least 0.80.

(4) Table 40 reveals that a relatively small percentage of rural highway
curvas deserves consideration for treatment. This has both positive
and negative implications. First, it appears that treatment of only 2
to 8 percent of all curves would improve safety on rural highways.
Specific programs designed to treat such curves may not require large
expenditures, However, because so few highway curves are truly
deserving of treatment (i.e., treatment could be expected to produce
meaningful accident reductions), it is obviously necessary to correctly
identify those sites.

Use of 5-Variable Discriminant Score Relationship

The previous discussion concerned the concept of relating the high- and low-
accident analysis to all rural highway curves. By necessity, it utilized the
D score equation which included only degree of curve, iength of curve, and
shoulder width, The S5-variable equation, which included roadside and pavement
ratings as well, is believed more useful in expressing cause/effect relation-
ships, [t is therefore desirable to adapt the findings from the 5-variable
equation to cost-effectiveness analysis of all highway curves, using the basic
concepts developed with the 3-variable equation.

First, the link between the 3- and 5-variable equations (Equations 9.1 and 9.2)
must be established, Table 44 compares the coefficients of the variables
studied in both sets of analyses. In the 3-variable equation, degree of curve
has a large coefficient and shoulder width a moderate coefficient., Once
roadside and pavement ratings are added, the degree of curve coefficient drops
sharply, and the shoulder width coefficient alse is reduced, Table 42 explains
why this occurs. Shoulder width is related to roadside rating., This should be
expected, as one element of the roadside rating is proximity of objects to the
edge of pavement. Curvature is also related to roadside rating., Sharper curves
tend to have poorer roadsides. This is also legical, as Tower class roads tend
to have more sharp curves and uniformly poorer roadsides. Thus, the higher
coefficients for degree of curve and shoulder width in the 3-variable equation
appear partiy to reflect their having acted as surrogates for roadside rating,
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TABLE 41

COMPARISON OF 3- AND 5-VARIABLE
DISCRIMINANT SCORE EQUATIONS

Coefficient
3-Variable 5-variable

Variable Equation Equation
DC--Degree of Curve 0.378 0.071
LC--Length of Curve 3.209 2.961
SW--Shoulder Width -0,220 -0.145
RR--Roadside Rating - 0.107
PR--Pavement Rating - -0.035

TABLE 42

CORRELATION BETWEEN VARIABLES
IN 5-VARIABLE DISCRIMINANT SCORE EQUATION
(EQUATION 9.1)

Variable Pairs Correlation Coefficient
DC vs. RR 0.25
DC vs. PR -0.12
SW vs. RR -0.36

It thus appears that degree of curve and shoulder width do not exclusively
explain accident causation on curves., Furthermore, the sensitivity of degree of
curve and shoulder width is not as great as the 3-variable equation predicts.
Rather, roadside conditions and pavement friction also contribute to accident
causation, thereby reducing the relative importance of curvature and shoulder
width to a level indicated by the 5-variable equation,
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In summary, both the 3. and 5-variable equations predict the relationship of
accidents to geometrics of curves. The 5-variable equation better describes
causative relationships, and thus petter predicts the relative importance of
degree of curve and shoulder width, It does so by including measures of road-
side and pavement conditions,

Because the two equations are comparable it is believed that there is a rela-
tionship similar to that shown in Figure 43 which describes the 5-variable
equation, It is not possible to directly generate such a relationship, however,
as pavement and roadside rating data are not available for the entire population
of sites. It is possible to hypothesize an accident rate relationship if
certain assumptions are made:

(1) Although P(H) is defined in terms of a different discriminant function,
the relationship of P(H) to accident rate for the 5-variable eguation
is essentially the same as for the 3-variable equation. In other
words, accident rate is relatively constant until P{H) exceeds 0.70,

. whereupon it increases rapidly with increasing P(H).

(2) Accident reporting levels in the four States are relatively consistent,
enabling development of an accident rate function that is meaningful
and useful.

The first assumption is reasonable given the previously discussed commonality of
the data comprising each equation. Further analysis is necessary to accept the

second assumption,

Effect of Accident Reporting Levels,-=Difficulties arise whenever
accident data from more than one jurisdiction are used. There is no way to
guarantee that reporting levels among the four States are consistent. Indeed,
initial inspection of the data would indicate that reporting levels are quite
different. Table 43 shows a wide range of mean accident rates for the sites
selected in the four States, with Ohio’'s mean rate particularly high., However,
careful inspection of each State's geometry data base leads to explanations for
the differences in reporting levels. Table 44 shows mean values for the five
variables in the discriminant analysis, categorized by State. C(learly, the data
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base from Ohio includes much worse conditions than the other States (recall that
Ohio data were restricted to curves of at least 3°). Further analysis shows
Florida and Texas to have better geometry and conditions than Illinois, The
roadside is better, shoulders are wider, and curvature is milder in these two
States, It was concluded that much of the difference in accident rates among
the States is attributable to variable geometry,

TABLE 43

MEAN ACCIDENT RATES FOR SITES
IN ACCIDENT DATA BASE BY STATE

Number of Mean Accident Rate
State Curve Sites (Accidents per

in Sample Million Vehicle Miles)
Florida 839 1.34
1M linois 466 1.81
Ohio 765 3.47
Texas 1227 1.13
Overall 3297 1.82
1l mi = 1,609 km
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TABLE 44

COMPARISON OF DISCRIMINANT ANALYSIS
GEOMETRY DATA BASES BY INDIVIDUAL STATE

State Degree of Length of Pavement Shoulder Roadside
Curve Curve Rating  Width Rating
(mi) (ft)

Mean Values for High Accident Sites

Florida 2.4 0.25 36.1 7.5 29.0
Ilinois 3.2 0.17 36.0 5.8 32.8
Ohio 11.8 0.05 32.4 5.9 34.1
Texas 2.7 0.18 37.0 7.6 32.0

Mean Values for Low Accident Sites

Florida 1.4 0.21 40.7 8.9 26.3
INlinois 1.7 0.15 36.4 8.6 30.1
Ohio 6.5 0.08 35.1 8.2 30.1
Texas 1.3 0.16 38.9 8.4 26.8
1mi = 1.609 km
1 ft =0.305m
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It is not possible to quantify in terms of accident experience the differences
in geomatry among the four States. The question thus remains as to what overall
accident experience should be attributed to various values for P(H). One
possible solution would be to use the values shown in Figure 43, which was based
on data from Fiorida, I11inois and Texas. However, data from Ohio were input to
the 5-variable relationship, which is the intended basis for the cost-
effectiveness evaluation, It seemed reasonable, therefore, to develop a curve
which also reflects accident experience observed in Ohio.

Effectiveness Relationship for Accidents Versus P(H).--Given that the
geometric conditions and accident histories of all four States were included in
the S-variable discriminant analysis, the effectiveness curve should reflect
overall accident values, It was thus believed appropriate to adjust the curve
of Figure 43 to account for the effect of Qhio accident experience. This
adjustment was accomplished using the following process:

(1) Ohio site data were studied. It was determined that, primarily because
Ohio curves were much sharper than the other States' highway curves,
the distribution of P(H) for Ohio .curve sites was greatly skewed toward
the range 0.50 to 0.90. The curve of Figure 43 was therefore believed
to be representative of the entire data base for values of P(H) less
than 0.50.

(2) Inspection of Figure 43 shows the smoothed accident rate for P(H) of
95 percent to be 2,1 times the mean rate, This is believed to be &
reasonable, conservative value given (i) all high-accident sites had
rates at least twice a State's mean rate; (ii) not all sites with P(H)
of 95 percent are guaranteed to have rates twice the mean; (iii) but
many sites with P(H) of 95 percent have rates three or more times the
mean rate,

(3) The mean rate of 1.26 for the data in Figure 43 occurs at about P(H) of
65 percent. This was also believed reasonable,

(4) The overall mean accident rate for all 3297 curves in the data base is
1.82 accidents per million vehicle-miles (1.13 accidents per million
vehicle-kilometres). This is the best available estimate of average
accident experience for the data base employed in the research.
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(5)

A curve taking the shape of that curve in Figure 43 was generated, with
an accident rate of 2.1 times the overall mean rate of 1.82 assigned to
P(H) of 95 percent. This curve was graphically transitioned back to
the original curve for P(H) less than 50 percent,

Figure 44 shows this adjusted curve, which was adopted for the cost-

effectiveness analysis.

Cost Effectiveness Analysis -- Some Caveats

The analysis of alternative treatments to rural highway curve problems is at
best of a general or advisory nature. The researchers emphasize the limitations
of the safety relationships and the many problems inherent in any analysis of
this type. Review of the limitations and problems is appropriate here:

(1)

(2)

Development of incremental accident rate changes for the full range of
conditions is not a typical use of discriminant analysis. That the
research uncovered any safety/geometric relationships at all is mainly
attributed to the initial, purposeful divergence in accident rates be-
tween the two groups of sites evaluated. It is thus conceded

that extension of these relationships in the manner presented here is
tenuous., However, the choice was made to proceed with the model for
accident rates for what are believed to be valid and important

reasons., First, it is clear that relating accident rate to probability
levels "works" in the sense that it produces logical, continuous re-
sults when applied to all curve conditions (not just high- and low-
accident sites), Second, for better or worse, it is the best available
tool for investigating cost.effectiveness within the research frame-
work. Third, the intention in presenting and using it is extremely
limited. If, by applying the relationship in a conservative manner,
the Tist of potential countermeasures (or site conditions) can be
narrowed, the exercise will be of value.

The Discriminant Analysis suffers from a statistical limitation common
to muitiple linear regression. There is no ability to evaluate effects
of interactions among variables in the relationship. The discriminant
coefficients explain a relationship between accidents and each variable
only in terms of an average contribution of each variable, For
example, there is no real way, to estimate the true effectiveness of an
8-foot vs. a 4-foot (2.4 m vs. 1.2 m) shoulder for various curve

- designs and/or roadside conditions.
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{3) Cost-effectiveness analysis must reflect local or regional cost ele-
ments to be totally useful. The scope of this task does not alliow, nor
does the accuracy of the safety relationships warrant, investigation of
a range of cost values.

(4) A number of factors, including a doliar value for accidents, analysis
period assumptions, and interest rates all influence the results,
Again, while such variables would normally be handled with sensitivity
analyses, the scope of this study does not justify such investigation.

The cost-effectiveness analysis was carried out with these caveats in mind, The
analysis presented here reflects general consideration of basic types of
countermeasures to safety problems on rural highway curves., The results are not
intended to be used as a site-specific indicator of cost-effective

improvements. Rather, the results offer guidance toward development and
application of system-wide programs of countermeasures,

Analysis Parameters

The cost-effectiveness analysis technigque employed was a benefit/cost method.
Highway user benefits (expressed in terms of dollar savings resulting from
accident reductions, operating cost savings, and reduced maintenance costs) were
compared to capitalized costs of construction. The results of the analysis in-
dicated general levels of traffic volume at which alternative countermeasures
would be cost-effective, i.e., at which the benefit/cost ratio would be 1.0,

Application of any form of economic analysis requires the selection of an
appropriate discount rate (interest rate) and an assumed project life. Guide-
Tines for these factors are provided in the 1977 AASHTO Manual on User Benefit
Analysis of Highway and Bus-Transit Improvements (40).

Discount Rate

The selection of an appropriate discount or interest rate is based on two
factors: (1) the method of valuing benefits and costs, and (2) the relative
risk involved in the project being evaluated. [n the analysis presented here
all costs have been calculated based on 1982 unit costs, with no factor for
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future inflation. The risk involved in evaluating the cost-effectiveness of
countermeasures to rural safety problems is in two basic areas. The first
concerns the safety relationships which form the basis for user benefit calcu-
lations. Any uncertainties and inaccuracies in the development and application
of the safety relationships results in an element of risk. The second element
of risk relates to how the actual results are to be used. The research team,
with knowledge of the shortcomings inherent in the process applied, intend the
results to be advisory and illustrative. It is recognized that adoption of the
cost-effectiveness findings by a State must be preceded by analysis of condi-
tions and costs experienced by that State. '

Based on the above considerations, a discount rate of 7 percent was chosen,
This represents a moderate assessment of risk,

Average Cost of Accidents

Average accident costs were derived from a number of sources, inc1uding AASHTO
Manual on User Benefit Analysis of Highway and Bus-Transit Improvements (40),

1975 Societal Costs of Motor Vehicle Accidents (41), and Fatal and Injury

Accident Rates on Federal-aid and Other Highway Systems/1975 (52). Costs of
accidents based on 1975 fiqures were updated to 1982 assuming a 5 percent
compounded inflation rate. This resulted in base costs as given in Table 45.
These costs were further adjusted to reflect distributions of fatalities and
injuries in serious accidents. Data for the four States in the large data base
were used, Table 46 shows summaries for fatalities and injuries per serious
accident, which were derived from the 4-State data base and other sources.

The data from Tables 45 and 46 were used to calculate average'accident costs as

follows:
Average Cost Value Fatalities value Injuries
of a 1982 = of a x - Per Fatal | + | of an x Per Fatal
Fatal Accident Fatality Accident Injury Accident

$404,084 (1.205) + 4,482(2.03) = $496,019
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Average Cost Value Injuries
of a 1982 of an X Per Injury
Injury Accident Injury Accident

$4,482 (1.596) = $7,153

Average Cost — -
of a 1982 Cost of Percent Fatal
Severe (Fatal = Fatal X Accidents of
or Injury) Accident Severe Accidents
Accident - -
Cost of Percent Injury
+ | Injury X Accidents of
_Accident Severe Accidenti_

$496,019 (.0559) + $7,153 (.9441) = $34,481

Average Cost —
of a 1982 Cost of Percent Severe
Accident on = Severe X  Accidents of
Rural Highway Accident Total Accidents
Curve Sections | (34,481) (0.415)
Cost of Percent Pr‘opertyﬂ|
Property x  Damage Only
+ Damage Only Accidents of
Accidents Total Accidents
(732) (0.585)

$14,738 say $14,700

TABLE 45
BASE COSTS FOR ACCIDENTS

1975 1982
Item Dollar Valuel Adjusted Value?
Motor Vehicle Fatality $ 287,175 $ 404,084
Motor Vehicle Injury $ 3,185 $ 4,482
Property Damage
Only Accident $ 520 $ 732

lsource: Reference (41)

2Inflated by a factor of 1.4071 which represents 5 percent inflation
compounded over 7 years, 207



TABLE 46

DISTRIBUTION OF INJURIES AND FATALITIES IN
RURAL HIGHWAY ACCIDENTS

State Fatal Fatalities (2)+(1) Injury Injuries (1) Injuries [(4)-(5)] Number of
Accidents Accidents [{(1)+(3)] in Fatal +(3) Curves in
Accidents* Sample
(1) (2) (a) 3) ~ (1) (b) (5) (c)
Florida 528 634 1.201 11,299 20,274 0.0446 1072 1.699 839 (25.5%)
I1linois 570 682 1.196 12,060 20.734 0.0451 1157 1.623 466 (14.1%)
Ohio 522 605 1.159 16,561 27,212 0.0305 1060 1.579 765 (23.2%)
Texas 1437 1783 1.241 15,705 26,902 0.0838 2917 1.527 1227 (37.2%)
§§ Weighted Averages Used in Analysis
(a) Fatalities per fatal accident 1.205
(b) Fatal accidents as percent of severe 5.59%
(fatal plus injury) accidents
(c) Injuries per injury accident 1.596
Injuries per fatal accident* 2.03

Sources: References (40, 42)



Reductions in accident rates given by effectiveness of countermeasures were con-
verted to annual accident cost savings by valuing an accident at $14,700.

Operating Costs and Trave! Time

Cartain countermeasures produce benefits based on reduced motor vehicle
operating costs., Analysis of operating costs was based on the nomographs and
procedures described in the 1977 AASHTO Manual (40). As the costs given in the
manua! represent 1975 costs, they were inflated to 1982 assuming 5 percent
compounded rate of inflation. Because section lengths were short and curve
speed differentials small, travel time was valued at $0.25 per vehicle-hour,

Maintenance Costs
One element of cost-effectiveness analysis is differences among alternatives in
annual maintenance costs. While it may be expected that certain roadside

countermeasures would produce lower or higher maintenance costs, it was not
believed the differences would be significant, Hence, maintenance costs were

not considered in the analysis.

Traffic Growth

A modest, long-term increase in traffic was believed reasonable to assume for
the alternatives studied. A growth rate of 1.5 percent compounded annually was
selected as a conservative figure. This factor was based on reported nationwide
growth on rural highways from 1976 to 1980 (43).

Project Life

A project life of 20 years was selected for evaluation of all alternatives.

This produces a conservative (i.e., high) annual cost associated with treatment
of rural highway curves. It also represents the maximum time period over which
traffic can be reasonably predicted. All costs of construction were amortized
over 20 years, The useful life of pavements was assumed to be 10 years., Alter-
natives involving new pavement surfaces included resurfacing costs every

10 years.
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Uniform Annual Cost Factors
The analysis findings were based on current annual costs. The following factors

apply:

Annual Share of Present Amount over 20 years at 7% -- 0.094393
Present Worth of Amount 10 years hence at 7% -- 0.508349

By assuming a 1.5 percent annual traffic growth, it follows that increased acci-
dent benefits occur over time. Assuming that the benefits are costed in current
dollars, and are directly a function of accident rates (which remain constant
for analysis purposes), the stream of benefits increases by 1.5 percent each
year. A conversion factor which annualizes this constantly increasing stream of
benefits is given by the following:

bn
E{-l
Uniform Annual Benefits = b1 1+ T (GUS @ i,n) [9.3]
Where b1 = Benefits at year 1
bn = Benefits at year n
i = Annual interest rate
n = Project Jife in years
(GUS @ i,n) = Gradient uniform series factor for i% at n years

The quantity bp/by is the ratio of last year to first year benefits. This is
equal to the ratio of traffic at year n divided by traffic at year one, which is
equivalent to the compound interest factor given by 1.5 percent and n years.
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For the situation here, bn/b; is 1.347. For 20 years at 7 percent, then, uni-
form annual benefits are equal to 1.14 times first year's benefits.

Unit Construction Cost

Data from Il1linois, Louisiana, Mississippi and Wisconsin were input to the
estimates of construction costs. The unit costs obtained from these States were
compared with each other and with other sources {44). Table 47 lists the unit
costs of construction that were developed from all data sources.

[nitial Conditions and Assumptions

Conservative assumptions were made in applying the accident rate curve of

Figure 44, It was assumed that only highway curves with P(H) of at least 80
percent would be considered as candidates for improvement. 1In addition,
improvements were not considered unless they reduced P(H) to 65 percent or less.

Hypothetical combinations of the five geometric and environmental variables were
tested for the required P(H) of 80 percent. To simplify the analysis,
categories of each variable (characterized by a representative value) were
assumed for both initial conditions and improvements. Table 48 shows the

categories used.

Cross Section.--A number of assumptions were necessary in computing
costs of countermeasures. The average height of fill was assumed to be 5 feet
(1.5 m). Minimum shoulder width of 3 feet (0.9 m) was selected based on a
review of the high-accident geometry base. Roadside objects such as trees,
utility poles, etc, were assumed to produce a 50 percent coverage factor.

Decision Rules,--Many potential combinations of the variables included
poor pavements (i.e.,, pavement rating of 20). For such cases, it was decided
that the pavement must be treated before all other countermeasures were tried.
A pavement rating of 20 was believed to represent a condition which would not

reasonably be ignored at the expense of other actions.
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TABLE 47

UNIT COSTS OF CONSTRUCTION
FOR COST-EFFECTIVENESS ANALYSES

(1982 Price Levels)

Item
Earthwork {Excavate, load
and haul 5 miles; spread
and compact)
Pavement Removal {Cut, excavate,
load and haul bituminous
concrete)

New Pavement

Bituminous Concrete
Base Course

Resurfacing

New Shoulder (Widening)

3-foot Shoulder
8-foot Shoulder

Clear and Grub
Tree Removal

Topsoil, Seeding and
Fertilizing

Drainage

Engineering and Contingencies

1 As % of earthwork and pavement costs

© 2 As % of total cost

by

b

Unit Cost

$5.00 per cu yd

$2.50 per sq yd

$24,00 per sq yd
$ 4.00 per sq yd

$10.00 per sg yd

$ 8.00 per lin ft
$11.00 per lin ft

$2000 per acre
$150 per tree

$2.20 per sq yd

10% (1)
126 (2)

1mi = 1.609 km 1 mi = 1.609 km

1 cu yd = 0.766 m3 1 ft = 0.305m

1sq yd = 0.837 m2 $1.00/cu yd = $1.31/m3

1 lin ft = 0.305 lin m $1.00/sq yd = $1.20/m2

1 acre = 0.4047 hectare $1.00/1in ft = $3.28/1in m

$1.00/ac = $2.47/ha
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TABLE 48
EFFECTIVENESS VALUES USED FOR
GEOMETRIC VARIABLES

IN COST-EFFECTIVENESS ANALYSIS
Roadside Rating: Poor {50), Moderate (35), Good (25)
Pavement Rating: Poor (20), Moderate (35), Good (50)
Shoulder Width: Moderate (3 ft), Wide (8 ft)
Degree of Curve: 15°, 10°, 6°, 3°, 1°
Length of Curve: 0.05 mi, 0.10 mi, 0.15 mi, 0.25 mi

0.305 m
1.609 km

1 ft
1 mi

Other initial assumptions were made regarding the extent of the improvement.
Because the accident relationships apply over the entire 0,6 mi (1 km) section,
improvements were costed over the entire section, Also, roadside treatment
countermeasures were applied equally to both sides of the curve,

Analysis Procedure

A set of initial conditions based on the categorical values in Table 48 was
evaluated., The initial discriminant score was computed, which had to result in
a P(H) of 80 percent or greater for further consideration of that set of
conditions. The following steps were then followed:

(1} If pavement rating was 20, the pavement was first considered to be in
need of treatment. Resurfacing was assumed to produce a new pavement
rating of 50. The new P(H) was determined and compared with the
objective of a P(H) of 65 percent or less.
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(2) If the initial pavement rating was 35 or 60, or if P(H) was still too
high following treatment of the pavement, other countermeasures were
tried in sequence, Reduction in roadside rating from 50 to 35 was
tried. If this did not sufficiently reduce P{H), other countermeasures
were added, These included widening the shoulder (if appropriate) or
further improving the roadside to a rating of 25.

(3) The analysis of a given initial set of conditions was considered com-
plete once P{H) was no greater than 65 percent.

(4) Based on the initial P(H) and final P(H), an effectiveness measure of
the countermeasure(s) was obtained from Figure 44, This was in the
form of a change in accident rate attributable to the counter-

measure(s).

(5) Annual accident savings per 1000 ADT (at year one) were computed based
on the accident rate reduction applied to the full section length, and
the average cost of an accident of $14,700.

(6) Annualized costs of the countermeasures were compared to the annual
accident savings. A "break-even" ADT (at year one) was computed which
represented the traffic level at which B/C = 1.

Results

The analysis results should be viewed as general indications of the cost-
effectiveness for programs of highway curve safety countermeasures, The results
are not applicable to site-specific curve safety probiems. They are useful in
providing gquidance toward (1) identifying types of curve locations with
potential for improvement; and (2) types of safety countermeasures that, in
general, offer the greatest potential for improving safety at reasonable costs.

The analysis was intentionally conservative in nature, Countermeasures were
assumed to be applied over the full curve segment. In some cases, such as
shoulder widening, this is probably a reasonable assumption. In other cases,
such as pavement resurfacing or roadside treatments, actual application of the
countermeasure might reasonably focus on the curve and its transitions.

Figure 45 shows the results of the analysis, Under the initial requiréménf that

P(H) be at least B0 percent, it was found that, for the variables other than
degree and length of curve, countermeasure effectiveness was relatively
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EXISTING GEOMETRIC CONDITIONS

High Roadside Hazard (RR=50)

reduce roadside

Moderate Roadside Hazard (RR=35)
All Curves
Shoulder Width Shoulder Width
Pavement Rating Medium (3 ft) Wide (8 ft) Medium (3 ftj Wide (8 ft)
Repave and reduce
Repave and P Repave and

froadside hazard to 35

hazard to 25 2800 ADT
h d to 25
Low (PRe20) | " __ 2000807 _ | BT
Reduce roadside Initially 4:7 Reduce roadside
hazard to 25 2700 ADT hazard to 25
2300 ADT Tinitialty 6:1°
1700 ADT 1800 ADT 2400 ADT

Repave { * }
reduce roadside

Reduce roadside
hazard to 26

Reduce roadside
hazard to 25

considered--------
) P(H) <
Moderate (PR=35) 1600 ADT 1800 ADT Initially 4:1 (H) < 0.80
2300 ADT
Initially 6:1
700 ADT

Reduce roadside
hazard to 25

No treatment

High (PR=50)

Reduce roadside
hazard to 25

1700 ADT

Reduce roadside
hazard to 35

1800 ADT

No treatment
considered-------

P(H) £ 0.80

No treatment
considered----—--

P(H) < 0.80

Note: 1ft = 0.306m

% Short, mild and moderate curves
do not require improvement

Figure 45. MINIMUM ADT LEVELS FOR CONSIDERATION OF
COUNTERMEASURES TO EXISTING HIGH-ACCIDENT

RURAL HIGHWAY CURVES
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consistent across the range of curvature. Therefore, Figure 45 depicts
estimates of break-even ADT levels for countermeasures applied to existing
conditions defined in terms of the roadsides, pavement and shoulders.

The significant finding shown in Figure 45 is the predominance of roadside
treatment as cost-effective for reasonable traffic volumes. The following

specific conclusions were drawn from the cost-effectiveness analysis.

Shoulder Widening.--Shoulder widening by itself does not reduce P{H)} to
65 percent. Furthermore, reducing the roadside rating to equal effectiveness is
much less expensive, Shoulder widening as a safety countermeasure for highway

curves does not appear to be a cost-effective alternative,

Pavement Resurfacing,--The cost-effectiveness of pavement resurfacing is

more difficult to assess. The analysis assumed that pavements with a rating of
20 weuld always be resurfaced. For site conditions with ratings of 20,

Figuée 45 shows that in most cases, treatment of the roadsides is also required
to reduce P(H) to 65 percent. The calculated cost-effectiveness of resurfacing
is obvicusly dependent on the assumption that the entire segment length is re-
surfaced. Treatment of the curve alone would be much less expensive, although
estimates of the safety effectiveness of such treatment are not possible. [t is
evident that, in some instances, pavement resurfacing is an appropriate counter-
measure. However, total effectiveness is greatly enhanced with the addition of

roadside countermeasures,

Roadside Treatment.--The costs and effectiveness of treating the road-
side make this the single best countermeasure. Under the conservative cost
assumptions, for improving roadsides from ratings of 50 to 35 or 25, break-even
ADT levels are low -- on the order of 2000 ADT.

Table 49 illustrates the meaning of the variable roadside ratings that were ana-

lyzed. The table shows that a roadside rating of 50 is essentially a 2:1
slope. Ratings of 35 are equivalent to 4:1 roadside slopes with 30-foot (9.1 m)
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clear zones, or to 15-foot (4.6 m) clear zones with 10 percent coverage of
objects, Roadside ratings of 25 are associated with 6:1 roadside slopes with
30-foot clear zones.

Cost-effectiveness analyses assumed 50 percent coverage, which in effect fixed
the possible ways of developing roadside ratings of 35 or 25. Analysis was
performed of the number of objects which would need removal on a curve section
given variable coverage factors, The difference between costs of removal of
objects given 90 percent and 10 percent coverage is about 2.5 times. Treatment
of 90 percent coverage is about 1.7 times the cost of treating 50 percent

coverage.
TABLE 49
ROADSIDE HAZARD RATING
Roadside Coverage Lateral Clear Width (ft)
Slope Factor 30 25 20 15 10 5 0
6:1 or 90 24 28 32 34 42 46 47
Flatter 60 24 27 29 30 35 38 39
40 24 27 27 27 32 34 34
10 24 24 24 24 25 26 26
4:1 90 35 37 39 41 44 48 49
60 35 36 38 39 40 43 44
40 35 36 37 37 39 41 41
10 35 35 35 35 36 37 37
3:1 S0 41 42 42 43 44 48 49
60 41 a2 42 42 43 45 46
40 41 42 42 41 41 44 45
10 11 42 42 41 41 42 42
2:1 or 90 53 53 53 53 45 49 50
Steeper 60 53 - 83 53 53 46 49 50
: 40 53 . 53 53 53 48 50 50
10 53 53 53 53 50 50 50
1 ft = 6.305 m
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Analysis of the alternative costs of improving roadside slopes vs. removing
objects shows the latter to be clearly less costly. However, as Table 49
indicates, clearing roadside slopes as a means of reducing roadside hazard is of
limited value unless the slope is mild (say, 6:1).

Sensitivity of Costs.--The analysis assumed that construction costs
applied over the entire section length, If, however, the countermeasures
actually have their primary effectiveness at the curve and its approaches, their
application might be appropriate for only a portion of the section. Resurfacing

only the curve and clearing the roadside only at the curve are logical
applications of the research findings discussed in Chapter VI through VIII. If
the construction costs are lowered to refiect such application, break-even ADT
Tevels would be considerably lower than indicated by Figure 45, In most cases
(for typical curve lengths) break-even ADT traffic volumes would be 500 to 900
ADT, Break-even costs for roadside treatment countermeasures would be even
lower if, as was suggested in Chapter VIII, the treatment is restricted to one
side of the curve.

Flattening Curves

The discriminant score equations indicate one additional countermeasure may be
effective. Reducing the curvature can result in a lower D score and lower

P(H). This particular countermeasure was evaluated separately, as it represents
a special case in treating high-accident locations. Rebuilding a curve is a
major, costly undertaking., Besides the high cost of construction, there are
costs of additional right-of-way, and maintenance or detouring of traffic. The
following discussion illustrates the potential cost-effectiveness of curve
flattening.

Trade-off Between Degree and Length of Curve,--The accident relation-
ships expressed by Equation 9.1 indicate that both curve length and degree of

curve contribute to D score. Stated differently, there is a trade-off between
degree and length of curve, Very long curves as well as very sharp curves are
undesirable, This safety trade-off between degree and length of curve has im-
portant implications when considering flattening an existing curve. Because the
rest of the horizontal alinement remains fixed, the central angle of the curve
is also fixed. For every degree the curve is flattened, thereby reducing D
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score, the curve must be lengthened, thereby increasing D score. Figure 46
illustrates this relationship between curvature and D score for various central

angles.

Figure 46 is valuable in that it shows the sensitivities of the degree vs,
length trade-off, thereby providing a basis for judging the potential
effectiveness of flattening a curve. Only very long curves, or very sharp
curves can be altered to significantiy reduce the discriminant score and P(H).
Furthermore, highway curves with smaller central angies (less than 40°) have
greater potential for significant reductions in D.

Effectiveness in Reducing P{H).--Figure 46 shows that, for the most
part, the maximum effectiveness in reducing D score is in the range of 0.5 to
0.8. This has a variable effect on reductions in P(H) and accident rate, From
previously developed relationships it appears that the greatest net accident
effectiveness would be expected with a very high initial P(H).

Analysis Assumptions.--Potential cost-effectiveness of flattening
existing sharp highway curves appears limited to extreme cases. In addition,
the other geometric elements (roadside, pavement, shoulders) would influence any
effectiveness in reducing accident rates. Furthermore, the maximum
effectiveness of curve flattening appears associated with curves with very high
P{H) (say, 0.90 or greater), These points formed the basis for an example study
of curve flattening cost-effectiveness, which assumed the following:

(1) Initial conditions on the curve create a P(H) of 0.90 or greater.

(2) Flattening the curve is accompanied by treatment of other conditions
such as poor pavement, roadsides and shoulder width,

In effect, both assumptions characterize a typical case in which curve flatten-
ing is considered. Because of the major expense of such a countermeasure, only
very severe problem locations wouid be considered. Furthermore, in rebuilding a
section of highway, it would not be logical to put back in place a substandard
cross section, Thus, the following analysis actually represents a study of
complete geometric reconstruction, rather than just curve flattening.
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Analysis.--Appendix G details the results of an analysis of a 20° high-
way curve with a 50° central angle, reconstructed to a 6° highway curve, Other
improvements to the roadside, shoulders and pavement were also made. The
analysis indicated a break-even ADT (in the initial year) of approximately
3400. No costs of right-of-way or maintenance of traffic were included, which
would tend to increase this ADT level. Given these costs, and the relatively
high break-even level, curve-flattening does not favorably compare with roadside
treatment programs in terms of cost-effectiveness,

Summary of Cost-effectiveness Analysis

The previous analyses reveal that limited cost-effective countermeasures are
available to treat high-accident locations, The large cost and relatively low
effectiveness of widening shéu]ders, rebuilding curves or repaving indicate
these countermeasures have limited applicability in programs to treat rural
highway curves, On the other hand, treatment of roadsides, and particularly the
clearing of objects from the roadside, holds promise for cost-effectiveness.
Flattening slopes may also be cost-effective for moderate traffic volume Tevels.

Caveats

The analyses presented here are of a general nature, and should be treated as
such, It is not possible to present a procedure or recommendations concerning
site-specifi¢ improvements to safety problems. There is no substitute for
evaluating the particular conditions, costs and accident history of a site
before proceeding with consideration of countermeasures.

1t should also be repeated that the traffic volume levels shown in Figure 45
represent general or approximate regions of cost-effectiveness. The following
points are significant:

(1) The reader can, using different cost assumptions, generate different
ADT levels than are shown in Figure 45,

(2) A "break-even" ADT level represents a benefit/cost ratio of 1.0,
Although this level generally identifies a region of economic feasi-
bility, it does not always indicate project or program desirability,
Selection of projects or programs for implementation depends on other
factors, such as available funding levels and the economic returns
provided by competing uses for funds.
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Other Countermeasures

The thrust of the research, and the major accident study findings, were focused
on geomatric elements of highway curves. Thus, the cost-effectiveness analyses
presented here were restricted to geometric variables. There is evidence from
other research (6,45,46) that other countermeasures such as signing, marking or
delineation are effective under certain conditions, Such countermeasures may be
particularly desirable for given situations because of their low implementation

costs,

New Construction Versus Reconstruction

The analyses were also limited to a study of countermeasures applied to existing
high-accident locations. The high cost of treating such locations contributes
to the limited cost-effectiveness of the countermeasures studied. It is clear,
however, that a number of geometric improvements would be very inexpensive, and
hence "cost-effective" when implemented during new construction: or when con-
sidered during a planned highway rehabilitation project. These improvements
include the following:

(1) The use of spiral transitions
(2) Increased superelevation
(3} Greater stopping sight distance (see reference (38))

The "costs" of improving operations on curves through careful consideration of

the curvature, length and superelevation trade-offs are minimal if such con-

sideration occurs in the route location, planning and preliminary design stages.
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X. SUMMARY AND APPLICATION OF RESULTS

This section of the report attempts to draw all of the study resuits into a
cohesive set of recommendations on design of highway curves, The discussion is
functional in that it speaks to the general direction that highway design should
take, rather than addresses specific dimensions for given design criteria. The
reader should consult earlier chapters of the report for detail on the study
results discussed here,

The following discussion treats highway curve design in terms of three basic
areas--the geometry of the curve and its approach alinement, the highway cross
section, and the other geometric and environmental elements that affect driver
operations and safety of highway curves.

Geometric Design of Highway Curves

A1l of the study findings indicate that highway curves are particularly impor-
tant features of the highway. The complexity of vehicle operations is evidenced
by the widely varying path and speed behavior observed on a range of highway
curves. The consequences of this variable behavior are demonstrated by studies
of accidents on highway curves, which show that highway curves have much higher
rates than highway tangents.

Highway curve design involves the geometry of the curve itself (incTuding the
degree or radius of curve, length of curve, and superelevation in the curve); as
well as the design of the alinement in advance of the curve (transition design,
distribution of superelevation runoff, and length of runcff).

Highway Curve Geometry

In relation to safety, the radius or degree of curve is among the more important
aspects of destign, The accident studies indicate that, in general, as curve
radius decreases, accident rate increases, However, radius of curve is not the
sole geometric element affecting safety. Indeed, the accident and field studies
showed that the design of highway curves must consider a series of trade-offs
among the basic elements of curves--radius, superelevation and curve length.
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Observations and analyses of vehicles on highway curves produced highly
significant findings about the relationship between drivers' paths and highway
curve radius. These studies show a tendency by drivers to produce a path
curvature that is measurably sharper than the curvature of the highway. This
behavior, termed "path overshoot" occurs over a short time period, after which
the driver corrects the vehicle's path to more closely match the highway aline-
ment. Because this overshoot behavior (1) occurs on a wide range of highway
curve radii; (2) occurs to varying degrees to over half the observed driving
population; and (3) is independent of vehicle speed; its impiications for curve
design policy are considered highly significant,

Figure 47 shows the extent of observed overshoot behavior. Observe that a
significant number of drivers traveling at design speed or above will greatly
exceed the lateral tire acceleration implied by the AASHTO design friction fac-
tors. For example, the 95th percentile lateral tire accelerations at design
speed are generally in the range of 0,20 to 0.24 ¢'s on various AASHTO con-
trolling curves (minimum radius for a given design speed and superelevatjon).
This, of course, suggests that many drivers have considerably lower safety mar-
gins than implied by the AASHTO design friction factor., However, as Fiqure 47
shows, most existing pavements even when wet would provide some safety margin
for the 95th percentile path at design speed.

In judging the adequacy of the AASHTO highway curve design procedure, it seems
more appropriate to consider the needs of a nominally critical driver (say, one
generating a 95th percentile path) than to assume that all drivers exactly
follow the designed path of the highway curve. But, if the design criteria were
changed to provide curvature and superelevation so that a nominally critical
driver would only produce AASHTO friction factors at design speed, the procedure
might become too restrictive.
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In any event, considering that the nominally critical driver probably has some
minimal safety margin for most highway curve conditions, two conclusions seem

appropriate:

(1) The AASHTO design procedure is adequate considering that controlling
highway curves are minimum designs for safety, and all other AASHTO
curves provide greater safety margins. The AASHTO policy should point
this out more clearly and strongly suggest minimizing the use of
controlling highway curves.

(2) The AASHTO policy should recognize that the provision and maintenance
of adequate skid resistance on highway curves is an integral part of
their design and operation. Highway agencies should be encouraged to
resurface those locations that only provide minimal safety margins for
critical drivers.

Further analyses of the avershoot driving behavior indicate an important design
trade-off, Consider the operating characteristics of two different AASHTO
controlling curves with the same design speed (i.e., curves for two different
maximum superelevation design policies). Nominally critical drivers at design
speed will generate lower lateral accelerations on the curve with the larger
radius and laower superelevation than on the curve with the smaller radius and
higher superelevation. Although this difference is small (a range of 0.02 from
maximum superelevation policies of 6 to 10 percent), it illustrates an important
point regarding the actual operational relationship between curve radius and
superelevation, In its present form, AASHTO policy overemphasizes the dynamic
effects of superelevation relative to curve radius, This is because the policy
establishes superelevation rates assuming all vehicles track the highway curve.
Instead, the field studies show vehicle path curvature is significantly sharper
than that of the highway curve for a meaningful proportion of the driver popu-
lation, Therefore, to produce the intended lateral tire accelerations at design
speed for a nominally critical driver on an AASHTO highway curve, more super-
elevation is required than is called for by AASHTO policy.
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The safety trade-off between highway curve radius and superelevation also
supports the earlier conclusion of minimizing the use of AASHTO controlling
curves., A1l other AASHTO curve designs for a given maximum superelevation
policy increase radius disproportionately more than they decrease superelevation
relative to the controlling curve,

The accident studies also indicate a second safety trade-off between curve
radius and length. These studies show that either very sharp or very long
highway curves tend to produce higher accident rates. Figure 48 shows this
apparent safety trade-off between highway curve radius and length. The figure,
derived from the discriminant analysis of high- and low-accident curve sites,
shows optimum combinations of curve radius and length which minimize their net
accident contribution for any given central angle. Although this figure should
be recognized as a statistical artifact, and therefore should not be regarded as
a precise representation of causal relationships, it does point out two logical
conclusions. First, in preliminary design and route location, the highway
designer should attempt to minimize central angles. Large central angles (say,
greater than 45°) require either sharp curvature, or long curvature. Second,
the designer should provide for a proper balance between curvature and iength
for the central angle, Highway curves that are too sharp or too long relative
to the central angle should be avoided.

In applying the safety trade-off between highway curve radius and length within
AASHTO policy, the designer should recognize that the effect of this principle
works against the safety trade-off between curve radius and superelevation, most
particularly for large central angles. This inconsistency adds additional
support for the conclusion that suggests avoiding large central angles.

Alinement Design in Advance of Highway Curves

The operational studies of vehicle behavior, and HVOSM studies of vehicle dy-
nami¢s both reveal the importance of ﬁroper design of the approach alinement to
a highway curve. Because the driver neither desires, nor is physically able to
effect an instantaneous transition from tangent path to curve path, the vehicle
transition must be initiated on the approach to the highway curve. The manner
in which the highway accommodates vehicle transition behavior greatly affects
the onset of lateral acceleration on the driver, and subseguent responses to the
highway curve itself, 227
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Effectiveness of Spiral Transitions.--The field studies verify AASHTO
design assumptions that vehicles initiate a transitional path on the tangent
approach to a circular curve. The actual observed paths simulate, for all
practical purposes, a true “spiral" (clothoid) curve of the variety used for
design of highway alinements. While this finding alone represents a strong
argument in support of spiral curves as a necessary design feature, other study
findings demonstrate the significant dynamic advantages of spiral transitions.

The HVOSM studies indicate a dramatic reduction in lateral tire acceleration
when a spiral transition is added to an unspiraled highway curve. These studies
demonstrate that at design speed, a nominally critical driver will generate a
maximum lateral tire acceleration less than the AASHTO design friction factor if
a spiral transition is added to the highway curve. Conversely, for the same
operating conditions on the unspiraled highway curve, the driver will generate
considerably higher maximum lateral tire acceleration than the AASHTO design
friction factor.

A more in-depth evaluation of vehicle path behavior observed in the field of
unspiraled highway curves tends to support the HVOSM findings, The amount of
vehicular path overshoot is significantly greater for those drivers with more
severe spiraling behavior. Furthermore, severity of vehicular spiraling
behavior is independent of vehicle speed. .Therefore, provision for spirals on
approaches to highway curves should enable drivers of all speeds to naturally
perform lower spiraling rates, thereby producing less path overshoot and lower
maximum lateral tire acceleration.

Although spiral transitions are highly supported by AASHTO, their use has not
gained wide acceptance in the U.S. Common objections to using spiral transi-
tions include their perceived complexity of calcuiation and difficulty of field
stake-out. However, as is demonstrated in Appendix G, such objections are no
Tonger valid, considering recent advances in computer technology. The merits
for using spiral transitions cited by AASHTO are as follows:

(1) An easy to follow path that minimizes encroachment on adjoining lanes;
(2) A convenient arrangement for superelevation runoff;
(3) A means of facilitating pavement widening;
(4) A means of improving the appearance of the highway.
229



Fo-

Faor these reasons and the safety benefits indicated by this study, spiral
transitions are considered a very important and necessary element in design of

most highway curves,

Unspiraled Superelevation Runoff on Curves.--While spiraled transitions
are clearly preferred, most existing highway curves have tangent-to-curve
alinement. 1In 3R design, where the highway alinement remains essentially un-
changec, it is important that unspiraled curves provide optimal vehicle
dynami¢s. The research provides guidance on the design of the length and
distribution of superelevation runoff,

The field studies of fuli-width, unspiraled curves show that drivers generally

produce path transitions of 200 to 300 feet (60 to 90 m) in length, centered on
the paint of curvature (PC). Design values for length of superelevation runoff
should be consistent with these lengths, which represent natural driver be-

havior.

Appropriate superelevation runoff distribution should accommodate reasonable
driver path behavior to insure a gradual, steady build-up of lateral
acceleration on the driver. Superelevation that is developed too late can
produce uneven generation of lateral acceleration., In this extreme, the driver
experiences a rapid increase in lateral acceleration near the point of maximum
vehicle curvature, about 100 to 150 feet (30 to 45 m) past the PC, Runoff
lengths that are too long may result in the vehicle reaching maximum curvature
without full superelevation. This increases transient peaking in lateral
acceleration, which can be uncomfortable and, in the extreme, lead to driver
control problems,

AASHTO policy calls for superelevation runoff lengths of 150 to 300 feet (30 to
45 m) and 60 to 80 percent of superelevation runoff to be located on the tangent
approach. While the field studies indicate a 50 percent distribufion would
closely match average driver behavior, the AASHTO recommendations appear
reasonable. This policy insures that most drivers have full superelevation by
the time they reach their maximum path curvature.
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Consideration of Speed

The previous discussion has focused on the geometric elements of the curve and
their relationship to actual driver behavior and curve design policy. No
discussion of highway curve design is complete without reference to speed,

Vehicle speed is a critical factor in designing for safe operations on high-
ways. With respect to highway curves, speed is important in two ways. First,
lateral acceleration on curves is highly sensitive to vehicle speed. Second,
highway curves act as restrictive elements on drivers operating at their full or

desired speeds.

Studies of vehicle speeds on approaches to and through highway curves show that,
regardiess of the curve and approach conditions, drivers do not adjust their
speeds before about 200 to 300 feet (60 to 90 m) in advance of the PC. The

amount of speed reduction from initial high speeds is minor--on the order of
5 mph (8 km/h)--and more gradual for curves flatter than 6°. More significant,

rapid speed reductions occur on sharper curves, with much of the reduction
occurring past the PC. The implications of these findings are important in
1ight of the earlier discussion on highway curve design., First, the curve
radius/superelevation trade-off indicates an operational dynamic benefit of
flatter curves in terms of vehicle path. However, the speed studies show that
vehicle speeds tend to be slightly greater on flatter curves. Higher speeds
might partially negate the benefits of flatter curves by slightly increasing
lateral tire acceleration, Second, and more important, drivers' speed change
characteristics clearly are focused around the transition area of the curve,
Thus, drivers are simuitaneously decelerating and steering. This creates widely
varying profiles of tire acceleration as vehicles transition into the curve,
particularly on sharper highway curves. The use of spirals as transition curves
should not only promote more gradual, uniform path behavior, but should also
promote more gradual speed change behavior as well, This is because the driver
is afforded the opportunity to perceive flatter curvature, and begin gradual
speed reduction well before the final curvature is reached,

A1l of the previous discussion on highway curves and driver behavior paints to

one serious problem on existing highways. Underdesigned highway curves (i.e.,

curves with apparent safe operating speeds well below that of the open highway)
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should be viewed as important elements of any highway safety improvement
program, Drivers do not totally decrease their open highway speeds to match a
safe operating speed in advance of such sharp curves, and often apply their
hrakes within the curve, That portion of higher speed drivers with critical
path behavior and/or braking will therefore generate very high tire acceler-
ation, which in combination with wet or poor pavement surface, can lead to loss

of control,

Cross Sectional Elements

A general research finding is that the primary elements of the cross section--
roadway width, shoulder width and roadside character--all influence the safety
and operations of highway curves. In particular, the roadside character is a
critical aspect of highway curve safety.

Roadside Character

The accident studies indicate that roadside character (roadside slope, clear-

zone width, coverge of fixed objects) is the most dominant contributor to the

probability that a highway curve is a high-accident location. Because a high

incidence of run-off-road accidents is characteristic of highway curves, close

attention to producing a relatively flat and clear roadside is as important as
the basic design of the highway curve, Analysis of highway curve counter-
measures indicates that roadside safety improvements are the most cost-effective
solutions for existing highway curves with high-accident histories.

Analytical studies using assumptions about the characteristics of vehicular
encroachments on the roadsides of highway curves provide insights about appro-
priate levels of roadside safety design for curves. 1In general, it appears that
different roadside slope and clear-zone width requirements may be needed for
highway curves than for highway tangents. For comparable safety levels, the
outside of sharper highway curves {greater than 4°) may require flatter roadside
slopes and more clear-zone width than highway tangents. Conversely, the outside
of milder curves may not require as flat a slope nor as wide a clear zone as
highway tangents. For the inside of highway curves, the reverse appears
generally true, That is, flatter curves may require more clear-zone width, and
sharper curves less clear-zone width, compared with requirements for highway
tangents, 232



Shoulder Design
The accident studies show that the shoulder width on highway curves is a safety

consideration regardless of the shoulder type. As shoulder width increases, the
probability that the highway curve will be a high-accident location decreases.
Although this result indicates that full-width shoulders are desirable for new
construction or major reconstruction, shoulder width additions as a spot im-
provement to existing highway curve locations are not generally cost-effective.
However, it is clear that the safety effect of improved shoulder width is
related to the improved cliear-zone width of roadsides, and therefore cannot be
totally separated from the general benefits of roadside improvements.

The HVQSM studies of the cross-slope break on highway curves show that driver
control is sensitive to the shoulder slope and not to the cross-slope break be-
tween the superelevated pavement and the shoulder. However, the tolerable
shoulder slope is interrelated with the design speed, curvature and super-
elevation. Therefore, cross-slope break is a practical design c¢riterion, with a
recommended maximum value of 8 percent for full-width shoulders. For super-
elevation rates between 2 to 6 percent, therefore, this criterion allows maximum
(negative) shoulder slopes ranging from 6 to 2 percent, respectively, For
superelevation rates exceeding 6 percent, a different kind of shoulder cross-

siope design is necessary.

With acceptable shoulder slopes, these HYQSM studies imply the benefits of
full-width shouliders which would give the errant driver a full four-wheel
recovery traversal on a milder slope rather than having two wheels on the
shoulder and two wheels on the generally steeper roadside slope. For more
complete design recommendations, the reader is referred to the companion study
report HVOSM Studies of Cross-Slope Breaks on Highway Curves (31).

Lane Width .
The accident studies did not conclusively establish a meaningful effect of lane
width on accident rates of highway curves., This lack of sensitivity probably
resulted because very few roads less than 20 feet (6 m) wide were observed in
the accident study data base.
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The operational effects of very narrow roadways were not directly observed in
the field operational studies. However, analysis of the findings leads to
reasonable deductions about the effects of narrow lanes on vehicles traversing

highway curves.

On unspiraled approaches to highway curves, drivers accomplish a transitional
path by utilizing the full lane width of 11 to 12 feet (3.4 to 3.7 m). They
tend to position their vehicles wide, off-center in the lane on the approach,
and then move to the inside edge of the lane as they increase their vehicles'
curvature., If less lane width, say 9 or 10 feet (2.7 to 3.0 m) were available
to perform this transition, drivers would be forced to make one of two possible
adjustments to their transitional behavior. The narrower lane would force
either more severe path transitions, or a tendency to encroach on the opposing
traffic lane of left curves, or shoulder of right curves, The latter possi-
bility is clearly undesirable. The former possibility is also undesirable
considering that the field studies show a relationship between the severity of
vehicular transitioning rate and the amount of path overshoot generated by the
vehicle. 1t thus appears that, for optimal operational behavior, full lane
widths are desirable on highway curves.

Other Features

Other elements considered in the research include those highway features that
occur in conjunction with the highway curve and influence highway curve
operations and safety, These include pavement skid resistance, stopping sight

distance, approach conditions, and grades.

Pavement Surface

The accident studies indicate that pavement skid resistance is a safety con-
sideration., - As pavement skid resistance decreases, the probability that a
highway curve will be a high-accident location increases. This finding supports
the recommendation that AASHTO policy should more clearly delineate the need for
providing and maintaining adequate pavement skid resistance on_highway curves.,

As an additional caution in pavement construction and maintenance, analytical
studies show that pavement washboard and short pavement humps can contribute to

Toss of control on highway curves.
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Stopping Sight Distance

A complete functional analysis of stopping sight distance is presented in a
separate project report entitled, Stopping Sight Distance -- An Operational and
Cost-effectiveness Analysis (38). In this report, two aspects of highway curve
operations are identified that may require special consideration of stopping
sight distance on highway curves, These are (1) the increased friction demand
of a vehicle that is both cornering and braking; and (2) the loss of the eye-
height advantage for truck drivers on highway curves when the horizontal sight
restriction is elither a row of trees, a wall, or a vertical rock cut.

For AASHTO policy to be consistent in terms of allowable friction demand for
both highway tangents and curves, greater sight distances are needed as a func-
tion of radius and design speed on highway curves. Then too, with horizontal
sight restrictions on curves, sight distance design should consider the stopping
requirements of both trucks and automobiles, Although these considerations may
be infeasible at some highway locations, the implications are clear. C(are
should be taken to provide more than AASHTO minimim stopping sight distance on
highway curves where possible.

Given that the greatest sight restictions on two-lane highways will occur
because of trees along the inside of sharp highway curves, a double benefit can
be gained by clearing the trees further from the highway. Not only will greater
sight distance be provided, but a safer roadside clear zone will result,

Approach Conditions

Approach conditions to highway curves include such elements as approach sight
distance, preceding horizontal alinement, preceding vertical alinement, distance
from last intersection, etc, Because these elements could affect an individual
driver's speed or readiness to negotiate a highway curve, they were included as
study variables in both the accident and speed studies.

The accident studies did not indicate a measurable effect of approach conditions
on the accident experience of highway curves, This result, however, may have

been influenced by the somewhat general definition of approach alinement and the
very limited number of severe sight distance restrictions observed in the sample

of highway curve sites,
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Studies of speed reduction behavior of drivers at highway curves reveal that, in
general, much of the reduction is accomplished past the point of curvature, with
the amount of the reduction related to the curve radius. Highway curves with
restricted approach sight distance exhibit only siightly lower average approach

speeds.

Although these studies generally do not reveal any safety sensitivity of
approach conditions to highway curves, they are unable to address the effect of
severe sight restrictions on drivers' speed behavior at night or the general
ability of drivers to negotiate the highway curve alinement. Regardiess of the
overall conclusions, the general application of AASHTO minimum stopping sight
distance requirements or greater is desirable on approéches to highway curves,

Grades
The HVQSM studies indicate no vehicle dynamic sensitivity to downgrades as steep

as 5 percent in traversing highway curves. However, this finding‘does not
account for the effect of grade on the driver's ability to either control
maximum speed on the approach or properly reduce speed, if necessary, in
negotiating the highway curve,
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XI. CONCLUSTONS

Although highway curves are a necessary feature of the two-lTane rural highway
system, they clearly pose an important safety problem. Not only is the average
highway curve about three times as hazardous as the average highway tangent, but
certain combinations of design elements on highway curves can create extra-
ordinarily high accident rates.

Because highway curves are very complex features of the highway system, no
single research method can be expected to explain all relationships between
highway curve design elements and safety. The integrated research approach
applied in this study, however, has succeeded in gaining insights into many of
these relationships,

Within the total AASHTQ design framework, the safety of highway curves can be
improved by minimizing the use of controlling (minimum radius for a given design
speed and superelevation) curvature, using spiral transitions, and avoiding
Targe central angles. The safety benefits of these suggested applications, how-
ever, may he considerably reduced if the roadside design is ignored. Because a
high incidence of run-off-road accidents is characteristic of highway curves,
close attention to producing a relatively flat and clear roadside is as
important as the basic design of the highway curve.

The following is a 1ist of the major conclusions of this study. These conclu-
sions concern (1) the safety of highway curves, (2) the operat{bnal
characteristics of highway curves, and (3) some general observaticns about
research methodologies. For more details about each conclusion and its poten-
tial application to the design and operation of highway curves, the reader is
referred to Chapter X, "Summary and Application of Results."
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(1)

(2)

(3)

(4)

(5)

Accident Characteristics of Two-lane Rural Highway Curves

Average Accident Rate - The average accident rate for highway curves is
about three times the average accident rate for nhighway tangents.

Single Vehicle Run-off-Road Accident Rate - The average single vehicle
run-off-road accident rate for curves is about four times the average
single vehicle run-off-road accident rate for highway tangents.

Proportion of Accidents on Wet Pavement - Highway curves experience a

higher proportion of wet pavement accidents than do highway tangents.

Proportion of Severe Accidents - Highway curves have a higher propor-
tion of severe (fatal and injury) accidents than do highway tangents.

Relationship of Accident Types to Traffic Volume - The proportion cof

accidents that are single vehicle run-off-road increases substantially

- as average daily traffic decreases,

(8)

Roadside Character as Major Accident Factor - Roadside character

(roadside slope, clear-zone width, coverage of fixed objects) appears
to be the most dominant contributor to the probability that a highway
curve has a high reported accident rate,

Other Major Accident Factors - Other measurable contributors to the

probability of high reported accident rate are highway curve radius,
highway curve length, shoulder width, and pavement skid resistance,
No identifiable contributions were found for roadway width, super- '
elevation rate, shoulder type, approach alinement and sight distance,
superelevation runoff length, or superelevation runoff distribution,

Combination of Accident Factors - Although roadside character is the

dominant accident factor on highway curves, most curves with a high
probability of being a high-accident location usually have one or more
other factors in combination with roadside hazard that contribute to
the total hazard (i.e., sharper curves or longer curves, narrower
shoulders and lower pavement skid numbers).
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Operational Characteristics of
Two-lane Rural Highway Curves

(1) Maximum Lateral Acceleration - In traversing a highway curve, a

(2)

(3)

significant proportion of drivers produce path radii Tess than the
highway curve radius, regardless of their speed. (This behavior is
termed “path overshoot".) Therefore, many drivers traveling at design
speed or greater will exceed the lateral tire acceleration implied by
the AASHTO design fric;ion factor. Considering the high lateral tire
friction generated by the 95th percentile path at design speed, the
effective safety margin is considerably less than that implied by
AASHTO criteria.

Driver/Vehicle Curve Transition Behavior - All vehicles effect a spiral
path transition in proceeding from tangent to circular curve aline-
ment. This path behavior generally occurs over the full lane width and
is centered about the PC (point of curvature). Although the severity
or length of spiraling path behavior varies among drivers, it is
independent of vehicie speed, Drivers with more severe spiraling rates
tend to produce greater path overshoat, and therefore higher levels of

lateral acceleration,

Spiral Transitions - The addition of spiral transitions to the design

of highway curves appears to dramatically reduce the severity of path
behavior and associated lateral tire acceleration. Because the path
overshoot increases with the severity of spiraling behavior on un-
spiraled highway curves, the addition of a spiral transition to the
highway curve should lessen both the severity of the spiraling behavior
and the amount of path overshoot. These conclusions about the
effectiveness of spirals are supported by the HVOSM simulations, which
showed a significant reduction in lateral tire acceleration when a
spfral transition was added to the highway curve.
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(4)

(5)

(6)

(7)

Trade-off Between Highway Curve Radius and Superelevation - The first
conclusion indicates that there is a driver control trade-off between
highway curve radius and superelevation rate. In comparing tweo
different controlling highway curves with the same design speed, the
highway curve with the larger radius and lower superelevation rate may
provide a slightly greater safety margin against loss of control than
the highway curve with the smaller radius and higher superelevation

rate,

Trade-off Between Highway Curve Radius and Length - The research also

reveals an apparent safety trade-off between highway curve radius and
length. For a given curve radius, the tendency toward high-accident
rate production increases with length of highway curve. Conversely,
when comparing highway curves of a given length, this tendency toward
high-accident production decreases as the radius of highway curve
increases. For any central angle, therefore, the benefit of choosing a
larger radius may be partially offset by the disbenefit of a longer
curve, This conclusion seems diametric to the conclusion about the
trade-off between radius and superelevation rate, However, the trade-
off between radius and length appears significant only for the extremes
of very long or very sharp curves.

Driver/Vehicle Speed Behavior - Higher-speed drivers approaching

sharper highway curves do not adjust their open higpway speeds to match
a safe or comfortable speed for the curve until the curve is imminent.
Speed reduction begins about 200 to 300 feet (60 to 90 m) in advance of
the PC, and continues in the initial portion of the curve. Mean speeds
reached in the curve are strongly related to the highway curvature.

Underdesigned Highway Curves - Existing highway curves that are signif-

icantly underdesigned for the prevailing highway speeds may pose
considerable safety problems, Because drivers do not totally decrease
their open highway speeds to match the safe speed of an underdesigned
highway curve, that pertion of high-speed drivers with extreme path
behavior will tend to generate very high lateral tire accelerations,
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(8) Short Highway Curves - The amount of path overshoot on highway curves

(9)

(10)

(11)

(12)

of 300 feet (90 m) length is considerably less than on longer curves,
On curves of all lengths, drivers effect a spiral path transition
roughly centered about the point of highway curvature. Drivers do not
appear to significantly adjust either the location or length of their
spiral paths on short curves. Therefore, when traversing very short
highway curves, most drivers spiral in and out of the curve without

generating a large path overshoot,

Superelevation Runoff - AASHTO design policy for superelevation runoff
tength and distribution appears reasonable. The research findings
demonstrate the need to provide full superelevation on the curve within
150 feet (45 m) of the PC, by which point most drivers are tracking

their maximum path curvature,

Highway Grade - Vehicle dynamics are not sensitive to downgrades as

high as 5 percent in traversing highway curves. This conclusion, how-
ever, does not consider the effect of downgrade on drivers' ability to
properly control their speed.

Roadside Slopes - Roadside slope traversals on highway curves appear

more severe than on highway tangents. Severity is defined by the
effective path angle to the slope, which is a function of highway
curvature, More severe traversals lead both to generally higher verti-
cal accelerations and higher potential for rollover. These results
suggest that, for comparable safety levels, roadside slopes on highway
curves may need to be flatter than those on highway tangents. Also,
some further investigation is indicated toward determining variable
guardrail warrants for roadside slopes on highway curves.

Roadside Clear Zones - For comparable safety levels, roadside clear-
zone requirements for highway curves may need to differ from
requirements for highway tangents. Roadsides on the outside of flat

highway curves may require less clear-zone width than highway tangents,
and roadsides on the outside of sharp highway curves may require more.
The converse is apparently true for the roadsides on the inside of

highway curves. '
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(13)

(16)

Roadside Safety Improvements - A limited cost-effectiveness analysis

used discriminant analysis results to generate broad effectiveness
measures. This analysis indicated that roadside safety countermeasures
are the most (and, at some locations, the only) cost-effective means of
altering the roadway to reduce accidents at existing high-accident

highway curves,

Pavement Irregularities - Vehicular control stability on highway curves

is very sensitive to pavement washboard and short pavement humps.

Stopping Sight Distance - AASHTO stopping sight distance requirements

appear to be inconsistent when applied to highway curves because of
higher resultant pavement friction demands created when a vehicle is
both cornering and braking. Also, when the sight restriction is a
vertical rock cut, wall, or line of trees, truck drivers lose their eye
height advantage, which in AASHTOQ policy is assumed to aTways
compensate for the longer braking distances of trucks.

Cross-slope Break - For vehicles that wander onto outside shoulders of

highway curves, the driver's control is sensitive to the shoulder slope
and not the cross-siope break (difference between superelevation rate
and shoulder cross-slope).
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Research Methodologies and Techniques

(1) Determining the Accident Effects of Individual Elements - This study
demonstrated the potential futility of using rigorous multivariate
statistical procedures for determining the incremental accident effects

of variable dimensions for individual highway elements, Not only is
this endeavor sensitive to varying accident reporting levels and
accuracy, but it requires an almost limitless study design and sample
size to adequately represent all values of every geometric, operational
and environmental element that create some variance in the accident
experience.

(2) Usefulness of General Statistical Techniques - The study demonstrated
the usefulness of statistical techniques such as discriminant
analysis. This technique successfully isolated those highway elements
and their combinations which best distinguish high-accident locations
from low-accident locations,

(3) Usefulness of the HVOSM Technigques - The HVOSM simulation technique,
using a 0,25 second driver preview of the highway ahead, was successful

in replicating the maximum dynamic responses of extreme vehicle be-
havior on highway curves. This driver modeling, however, did not
accurately replicate the way in which the maximum dynamic response was
generated; i.e,, the rate of vehicle spiraling was more severe than
that observed in the field studies. This finding suggests a more com-
plex model for driver preview may be appropriate in applying HVOSM to a
study of highway curve traversal behavior, The driver's preview is
apparently longer on the approach to the curve, and diminishes as the
vehicle actually negotiates the highway curve,

(4) Usefulness of Field Studies - The field observations of driver behavior
at a limited number of highway curve sites demonstrated an effective
means for identifying both general and critical driver behavior. With
a broader range of sites, a more comprehensive study could include the
operational effects of roadway width, shoulder width, advanced sight
distance, and other elements,
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APPENDIX A
CURVATURE EQUIVALENCY TABLES
The terms "degree of curve" and "radius of curve” are used to refer to or define

the sharpness of highway curvature. Degree of curve is commonly used in North
American design practice, and is related to radius of curve in the follawing

manner:
Dc = [360°/2R)] (Any Defined Arc Length)
where D, = Degree of Curve
R = Radius of Curve (ft)

Standard practice assumes an arc length of 100 feet, resulting in the following
definition of degree of curve:

Dc = 5729.578/R

Design practice in countries that use SI units typically involves curvature
defined in terms of radius of curve expressed in metres. Although some use is
made of degree of curve defined in terms of alternative arc-length definitions
in SI units, the radius of curve is more commonly used and understcod.

The following tables show Sl-equivalent radii of curve for a range of highway

curvature defined by degree of curve. Also shown are curvature tables for
alternative definitions of degree of curve in SI units.
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TABLE 50

CURVE RADIIT EQUIVALENTS FOQR
DEGREE OF CURVE (100 - FT ARC DEFINITION)

-q-ﬁi”ﬁvﬂl e

-

Degree of Curve Radius of Curve
(100-ft Arc Definition) (Feet) (Metres)
0.5 11,459.16 3,492.75
1.0 5,729.58 1,746,.38
2.0 2,864.79 373.19
3.0 1,909.86 582.12
4.0 1,432.40 436.59
5.0 1,145,92 349.28
6.0 954,92 291.06
7.0 818.51 249,48
© 8.0 716,20 218,30
9.0 636,62 194,04
10,0 572.96 174.64
15.0 381.97 116.42
20,0 286.48 87.32
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TABLE 51

CURVE RADII EQUIVALENTS
FOR DEGREE OF CURVE (30-METRE ARC DEFINITION)

Degree of Curve Radius of Curve Degree of Curve
(30-Metre Arc Definition) {metres) (feet) (100-ft Arc Definition)
0.5 3,473.75 11,279.26 0.51
1.0 1,718.87 5,639.62 1.02
2.0 859,44 2,819.81 2.03
3.0 572.96 1,879,87 3.05
4.0 429.72 1,409.90 4.06
5.0 343,77 1,127,92 5.08
10.0 171.89 563.96 10.16
15.0 114.59 375.97 15.24
20.0 85,94 281.98 20.32
TABLE 52

CURVE RADIT EQUIVALENTS
FOR DEGREE OF CURVE (100-METRE ARC DEFINITION)

Degree of Curve Radius of Curve Degree of Curve
{100-Metre Arc Definition) (metres) (feet) (100-ft _Arc Definition)
0.5 11,459.16 37,597.49 0.15
1.0 5,729.58 18,798.74 0.30
2.0 2,864,79 9,399,137 - 0.61
3.0 1,909.86 6,266.25 0.91
4.0 1,432,39 4,699, 69 1.22
5.0 1,145.92 3,759.75 1.52
10.0 572.96 1,879,87 3.05
15.0 381.97 1,253.25 ‘ 4.57
20.0 286,48 939,94 6.10
30.0 190.98 626,62 9.14
40.0 143.24 469,97 12.19
50.0 114.59 375.97 15.24
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APPENDIX B

This Appendix describes thc field procedures that were developed for the de-
tailed field studies of high- and low-accident sites. The material in this

Appendix includes instructions to the field crews and sample survey forms.

Field Procedures

The purpose of the field studies is to learn more about highway curves than can
be obtained from state geometry files. We are intcrested in describing the
environment around the curve (e.g., its approach conditions, roadside conditions)
as well as certain geometric characteristics (e.g., superelevation, grade). A
number of special field procedures and field forms have been developed for

these studies. The following discussion relates each aspect of the studies and

the equipment to be used.

Locating the Curve

County maps, data from straight-line diagrams and computer output will be
available to aid in locating the curve. Prior to each survey, a sketch dia-
gram on the field forms should be drawn showing the orientation of the curve,
its location with respect to nearby towns, major intersections, structures,

etc., and any other information which might assist in locating the curve.

Determine Approach Conditions

The first characteristic of the curve to be studied is its approach condition.
This includes the character of the horizontal and vertical alinement for 2-3
miles on each side of the curve, as well as the location of any intersection,
spced zone or city limit which would have an effect on speed approaching the
curve. The field crew should drive through the curve, classifying the aline-
ment on the first approach; continue downstream for a distance before turning
around to classify the alinement con the other approach. A minimum of one
picture per approach should be taken approximately 500 feet ahead of the curve.
This can be taken in the car through the windshield. The picture number should

be noted on the field form.
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On curves which have limited sight distance on one or both approaches, the crew
should attempt to determine the extent of that restriction. This can be done
by driving the approach at a constant speed (say 40 mph) and timing the travel
time from the moment the curve becomes visible to the onset of the vehicle
entering the curve. The approach speed and time should be recorded on the

field sheet.

The final in-car measurement to be made is that of the degree of curvature
using the ball bank indicator. At least two rums should be made through the
curve at different speeds. Record the speed and ball bank indication at about

midpoint of the curve for each run.

When the superelevation angle has been determined, the degree of curve can be
calculated using the chart on the field form. Note that in instances where
the calculated degree of curve from each of the two runs differs significantly,

a third run should be made.

The "recorded degree of curve' is that indicated on the State's inventory and
should be reasonably close to degree of curve calculated using the ball bank
indicator. If not, curvature must be measured using the chord-offset pro-

cedure.,

Investigate Curve Characteristics

Find a safe, nearby roadside spot to pull over and park the car. One of the
crew members should be responsible for the inventory of all signs and pave-
ment markings. Using the sample field form showing sign types, note the
location (approximate) and type of the sign on the inventory form. If possible,
determine whether or not the sign is reflectorized, or if its condition is

poor. The same crew member should note the presence and condition of all
pavement markings, including no-passing zones and edge markings. All signs

and pavement marking information should be recorded for each approach on the

field form.
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The second crew member is responsible for the collection of roadside infor-
mation. The roadsides will be classified in the office on the basis of pictures
and i description by the field crew. Therefore, the crew member responsible
for this aspect of the study should concentrate on taking a series of pictures
which indicate the character of the roadside on each approach and through the
curve. The pictures should show proximity and extent of roadside features
such as trees, telephone poles, fences; and continuous features such as side
slopes, and ditch sections. At least four pictures should be taken (two on
each side). The crew member taking the pictures should note his impression of
the roadside (e.g., ''free of obstacles, 4:1 side slope predominates,' or "line
of trees just outside of ditch section'") to assist in classifying the roadside

condition.

All information from the roadside inventory, including picture numbers and
their locations, and comments on the roadside, should be recorded on the field

forms,

Determine Curve Geometry

The next step in the field study is the collection of data on the roadway and
shoulder width, and superelevation. A separate field form is provided which

indicates the measurements to be taken.

The first step is to locate the PC of one approach. (Only one curve approach
will be studied. The crew should select the approach which appears to be
safest in terms of working with traffic.) The location of the PC is to be
determined visually; the expected accuracy is + 50 feer. The PC should be
marked on the pavement edge and 50--foot increments to 300 feet from the PC

on tangent and 200 feet from the PC into the curve should be marked. At these
points of reference the roadway width, shoulder width and roadbed width should
be measured where indicated on the field form. Superelevation measurements

of the normal crown section and transition to full superelevation should also
be made. On very sharp curves (generally 4" and over) the crew should also

make measurements of the adverse shoulder cross slope at full superelevation

on the curve.
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Determine Pavement and Shoulder Characteristics

The last step in the basic field procedure is a classification of pavement and
shoulder types and condition. The pavement should be examined in the inside
wheel path approximately 100 feet downstream from the PC of the curve, and
classified using the list of descriptions provided with these instructions,

We are interested in determining the friction capabilities of the pavement,
and are therefore in need of a classification of that pavement in terms of the
size and roughness of the aggregate, number and depth of asperities, and

drainage capabilities.

The shoulder type (paved, lawn, gravel) should also be noted.

Any unusual characteristics such as washboarding, rutting, worn wheel paths
contributing to poor drainage across the pavement, pavement dropoff, or

shou;der softness should also be noted.

The final step in this phase is to take a picture of the pavement from about 2

feet above the pavement, shooting at on oblique angle.

Completion of Basic Field Studies

After all phases of the basic study are complete, the crew should return to
the car to check each phase. All forms should be filled out, including a plot
of the superelevation transition. All pictures should be properly referenced
on the appropriate field form. The crew should make sure they have all equip-
ment before leaving the site. At the completion of each curve survey, the
complete set of field forms for each curve studied should be placed into a
large envelope, with the date and section codes recorded on the outside of the

envelope.

Speed Studies

A limited number of speed studies will be undertaken at sites with certain
specified approach and curve conditions. Speeds of free-moving passenger cars

will be observed on the approach to, at the PC of, and in the middle of the

254



|

curve. Radar guns will be used, with observers placcd near the roadway in an

unobtrusive manner. A minimum of 25 observations should be made for each

approach studied.

The following table describes the conditions and number of observations of each
type for each states studies. [f it is apparent that only one curve with a

given set of conditions can be found in a state, the field crew should take a

minimum of 50 observations at that site.
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FORM 1
APPROACH AND PAVEMENT CONDITION

STATE COUNTY
HIGHWAY MILEPOSTS
SERIAL NO.

PAVEMENT CONDITION
PAVEMENT TYPE _______ SHOULDER TYPE
PAVEMENT RATING —_____ PICTURE NO.

PAVEMENT CONDITION

COMMENTS: NOTE ANY WASHBOARD, RUTTING, SHOULDER
DROP-OFF, BROKEN PAVEMENT, ETC,

PICTURE NOS, NS
Sketch nearby features and indicate approach picture numbers at right, . FERN
Add North Arrow
APPROACH FROM APPROACH FROM
SIGHT DISTANCE TO CURVE: SIGHT DISTANCE TO CURVE:
{J UNRESTRICTED [ RESTRICTED [J UNRESTRICTED O RESTRICTED
IF RESTRICTED, RECORD TIME THAT CURVE IS VISIBLE TQO DRIVER. iF RESTRICTED, RECORD TIME THAT CURVE IS VISIBLE TO DRIVER.
sec.t AT . mph —_ _sec.AT ___ ___ mph,
CHARACTERISTIC OF ALINEMENT PRECEDING CURVE CHARACTERISTIC OF ALINEMENT PRECEDING CURVE
PRIMARILY T D PRIMARILY LEVEL PRIMARILY I [:I . PRIMARILY LEVEL
o TANGENT z OR MILD GRADES 5 TANGENT g OR MILD GRADES
g MODERATE, S SOME MODERATE z D MODERATE, ») D SOME MODERATE
MILD CURVATURE 3] GRADES 2 MILD CURVATURE 3 GRADES
9 INTERMITTENT, - HILLY, MULTIPLE g D INTERMITTENT, x D HILLY, MULTIPLE
T SHARP CURVATURE © GAADE CHANGES . T SHARP CURVATURE e GRADE CHANGES -
2 [ fRecominaTELY e [] FrecomaTeLy
CURVILINEAR CURVILINEAR
. PROXIMITY TO NEARBY FEATURES PROXIMITY TO NEARBY FEATURES
CITY LIMIT MILES CITY LIMIT MILES
INTERSECTION (State or U.S. Hwy.) MILES INTERSECTION (State or U.S. Hwy) MILES




SERIAL NO. ROADWAY GEOMETRY
STATE COUNTY
HIGHWAY MILEPOSTS

DEGREE OF CURVE LENGTH OF CURVE

- \Y Gus
10 - “NORMAL SECTION l

FORM 3

Sw
e
FULL SUPERELEVATION

Location] W W“
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STATE COUNTY

SIGNS AND MARKINGS

FORM 2

HIGHWAY

MILEPOSTS

RECORDERS OATE

SERIAL NO.

ON DIAGRAM:

- INDICATE ROLL AND PICTURE
NUMBERS, )

- INDICATE NORTH ARROW.

- SKETCH LOCATIONS OF
INTERSECTIONS, DRIVEWAYS,
BRIDGES AND OTHER UNUSUAL
FEATURES.

— LOCATE AND INVENTORY ALL
SIGNS AND REFERENCE IN
SIGN INVENTORY TABLE.

COMMENTS ON ROADSIDE CONDITION

Add North Arraw

7’
\\ ’

N
/ A

SIGN INVENTORY

NO

TYPE

APPROACH FROM

PAVEMENT MARKINGS
EDGE LINES
CENTERLINE
NO PASSING STRIPE

CONDITION
CONDITION

CONDITION
Does it begin before Supersievation Transition?

Does it end before the and of the curve?

SIGNS -
ANY SUBSTANDARD SIGNS?

SIGN CONDITIONS

ANY UNREFLECTORIZED SIGNS?

ARE THERE DELINEATORS?

b

APPROACH FROM

PAVEMENT MARKINGS

EDGE LINES CONDITION

CENTERLINE CONDITION

NQ PASSING STRIPE CONDITION

Does it begin befors Supersisvation Transition?

Does it end befors the end of the curve?

SIGNS
ANY SUBSTANDARD SIGNS ?

SIGN CONDITION

:ANY UNREFLECTORIZED SIGNS ?

ARE THERE DELINEATORS ?

TYPE:




A

SIGN INVENTORY KEY
CURVE SIGNS

LYY

WARNING SIGNS

TS
00O

W-10 w-11 w-12 W-13

PASSING SIGNS

DO PASS
NOT WITH
PASS CARE

P-1 P-2 P-3
ROAD CONDITION SIGNS DELINEATORS
@> ooy v Tf
R-1 R-2 R-3 R4 0-1 D-2

LOQSE
GRAVEL

0-3

R-§

SPEED SPEED SPEEO

NO
(W1 1h) ZONE .
LIMIT MINIMUM AMEAD FARKING

| I MPH

S-1 F) 3-1 s-a S—6

— /
SPEED AND PARKING RESTRICTION SIGNS o= °/
/.




BALL BANK INDICATOR SURVEY RECORD

STATE COUNTY SERIAL NO;

HIGHWAY MILEPOST
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Figure 10, Chart to determine safe speed indications for highway curve signs. Patterned after chart by R. F. Riegelmeier, Traffic
Eagineer, Peansylvania Department of Highways
Tuls for 8afe Speed

Adl superclevation angle (A) to hall bank angle (13) nhserved at any given speed to obtain the total angle (C). Follow curve on
which (C) is located to point (D) which is swm of superclevation angle and 10 degree ball bank angle. Maximum safe speed for reflee-
torized sign is the clusest speed value for point (D) to the nearest § miles per hour.
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RUN 1 RUN 2 RUN 3¢

SPEED {mph)
BALL BANK ANGLE (B)
SUPERELEVATION ANGLE** (A)

TOTAL ANGLE (C)
DEGREE OF CURVE
RECORDED DEGREE OF CURVE
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SPEED SURVEY

STATE COUNTY HIGHWAY MILEPOST
SURVEY PERIOD SERIAL NO. SHEET OF
DATE DAY WEATHER RECORDER
TIME OF SPEED CHECK FROM TO POINTS RECORDED
08s IDENTIFICATION TA 185 EE0 Ao | ppe
OLOR/TYPE 4
COLOR Y AR NOTE: CROSS OUT COLUMNS NOT USED
V - VAN
P - PICKUP

DO NOT RECORD TRUCKS

PHYSICAL CONDITIONS

<

TA

Add North Arrow

7P T
| K

ON DIAGRAM INDICATE:
= North Arrow
- Direction of Travel Surveyed
= Surveyor Locations and
. Speed Points Covered .
- Roadside Conditions Affacting
Sight Distance

Surveyar Lacation
Ground Cavering

SIGHT DISTANCE

MEASURING DISTANCES
TA TO “PC* (700’ - 1000°)

TA TO “PC” (Approx 600°)

] 600 oR GREATER

] Less THAN 600’
SPECIFY
IF SD = 600° OR GREATER
T8 TO “PC* (200" - 300°) “PC TO “PI”
IF SD = LESS THAN 600’
TB TO “PC" (Skip T8 Point) wpCH TO "PI
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PAVEMENT RATINGS FOR ASPHALTIC-CONCRETE SURFACES

(Measured in Wheel Path @ 100' Downstream of P.C. of Curve)

SURFACE ROUGHNESS

262

Very Rough Moderately Moderately Smooth Slick
Rough Rough Smooth
Very
Deep 56 52 43 - - -
Deep 52 48 44 - - -
wn
=
E Moderate 48 44 40 36 - -
o
a
Q Shallow - 40 36 32 28 -
.
-y Very
E Shallow - - 32 28 24 -
[<3]
=]
None - - - - - 20
DEFINITION: DEPTH OF ASPERITIES DEFINITION: SURFACE ROUGHNESS
Class Description Class Description
Very Deep /2" Very Rough Jagged Corners
Deep 3/8" Protruding
" Rough Protruding Corners
Moderate 1/4 With Some Rounding
”
Shallow 1/8 Moderately Round or Rounded
Very Shallow 1/16" Rough Aggregate With Good
Drainage Paths Through
None 0 Asperities
Moderately Aggregate Highly
Smooth Polished With Good
Drainage Paths Through
Asperities
Smooth Aggregate Highly
Polished With Irregular
Drainage Paths Through
Asperities
Slick Bleeding Asphalt
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PAVEMENT RATINGS FOR PORTLAND-CEMENT CONCRETE AND SAND-ASPHALT SURFACES

{Measured in Wheel-Path @ 100' Downstream of Curve P.C.)

SURFACE CLASSIFICATION DESCRIPTION PAVEMENT RATING
1. Very Rough Noticeably Heavy Textured Finish 56
(PCC only)
2. Rough to Very Rough 52
3. Rough Very Rough Sandpaper Reel 48
(Some Textured Finish on PCC) :
4. Moderately Rough to 44 )
Rough
5. Moderately Rough: Rough Sandpaper Feel 40
6. Moderately Smooth to 36
Moderately Rough
7. Moderately Smooth Medium Sandpaper Feel 32
8. Smooth to Moderately 28
Smooth
9. Smooth Fine Sandpaper Feel 24
10. Slick Highly Polished, No Sandpaper

Feel (Bleeding Asphalt for Sand-Asphalt Surface) 20




Type of Site

SPEED STUDY MATRIX

(Curves of 500' length or more)

No. of Samples

S.D. < 600

3-4°

1-2°

Class 1
Primarily Tangent 2
Primarily Level

No Closeby Intersection
or City :

S.D. > 600

3-4°

1-2°

¥9¢

Class 2
Moderate Mild Curvature 2
Some Moderate Grades

Class 3

Predominantly 2
Curvilinear

Hilly, Multiple Grade
Change
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OBJECTIVE:

HAZARD MEASURE:

THEORETICAL BASIS:

PARAMETERS:

APPENDIX C
DEVELOPMENT OF ROADSIDE SEVERITY RATING

To develop a roadside hazard rating irrespective of roadway
configuration, or in other words, a severity rating for
various roadside configuration.

The effectiveness measure used is the probability of an
injury accident given a roadside encroachment.

Roadside Hazard Mode! from NCHRP Report 148, (29).
(1) Roadside slope at 10 ft (3.1 m) from edge of pavement
(2) Lateral clear-zone width

(3) Percent coverage of severe fixed objects, such as trees.
(This is expressed as the proportion of the highway
"shadowed" by fixed objects, or conversely, the proba-
bility that a vehicle reaching the clear-zone width will
hit a fixed object.)

For & given length of highway, the NCHRP Report 148 Model can be simplified for

a noncontigquous road
objects) to:

H

where: H

Ef

PLy > sl

side obstacle (say a constant roadside slope with no fixed

= Ef (S) P [y > s]

= Hazard Index, number of fatal plus nonfatal injury
accidents per year

Encroachment Frequency, number of encroachments per
section length per year

= Severity Index, percent of impacts with fixed objects
resuliting in fatal or injury accidents

probability of a vehicle lateral displacement y,
greater than some value, s. These values taken from
Figure 4 in NCHRP Report 148.
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The probability, Rp, of a fatal or nonfatal injury accident given an

encroachment is:
Rh = (S) P [y)s]

Development of Rating Equations

The hazard rating equations for roadside configurations must consider:

(1) a roadside slope break at a given distance, Lg;
(2) a clear-zone width, L¢;

(3) an obstacle coverage factor, C;

(4) a slope severity Sg, and

(5) an obstacle severity index, $;.

The severity indices for 2-lane rural highways are taken from the 1974 FHWA
report "Effectiveness of Roadside Safety Improvements* (20) as follows:

Sq -- Obstacle

Obstacle Severity [ndex
Large Trees, Utility Poles 0.50
Culverts, etc, (Ave,)
2:1 or steeper fill 0.60
3:1 fill 0.45
4:1 fill 0.35
5:1 fill 0.25
6:1 or flatter fill 0.15

The development of the appropriate equations must consider whether the clear
zone is less than or greater than the distance to the roadside slope break
paint.

Clear Zone Behind Slope Break
[f the roadside slope is 2:1 or steeper, the severity of the slope is greater
than that of the fixed objects and the appropriate equation is;

Rh = 0.6 P(y > Lg)
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The more general equation relating to roadside slopes of 3:1 or flatter must
consider the incremental effects of the roadside slope and the fixed objects as
follows:

Sg P[Ls < ¥ < Lc] + 0.5C Py 2 Ll

S¢(1-C) P[Lc < ¥ £ Lq]

0.5(1-C) Ply > Lq]

Rh

+

+

The last term of this equation makes the simplifying assumption that all
vehicles that travel 30 ft (9.2 m) from the road edge will experience conditions

with a severity index of 0.50.

Clear Zone In Front of Slope Break

The general equation for fixed objects in front of the slope break point must
consider the incremental effects of both the fixed objects and the slope as
follows:
Rh = 0.5(C) PLy > Lc] + Sg(1-C) P[Lg < ¥y £ Lq]
+ 0.5(1-C) PLy > Lql

Again, the last term in the equation makes the simplifying assumption that all
vehicles that travel 30 ft (9.2 m) from the edge of pavement will experience a
roadside condition with a severity index of 0.50.

Example of Hazard Ratings

The following table shows the hazard rating for various roadside configuratians
assuming the average roadside slope hinge point is 10 ft (3.1 m) from the edge
of road pavement. (Note: the rating is not too sensitive to this distance
except for a 2:1 slope).
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TABLE 53
ROADSIDE HAZARD RATING

Side Coverage Lateral Clear Width (ft)
Slope Factor 30 25 20 15 10 5
6:1 or 90 .24 .28 .32 .34 .42 .46 .47
Flatter 60 .24 .27 .29 .30 .35 .38 .39
40 .24 .27 .27 .27 32 .34 .34
10 .24 .24 .24 .24 .25 .26 .26
4:1 90 .35 .37 .39 .41 A4 .48 .49
60 .35 .36 .38 .39 .40 .43 .44
40 .35 .36 .37 .37 .39 .41 .41
10 .35 .35 .35 .35 .36 .37 .37
3:1 90 .41 .42 .42 .43 .44 .48 .49
60 .41 .42 .42 .42 .43 .45 .46
40 .41 .42 A2 .41 .41 44 | .85
10 .41 .42 .42 .41 .41 .42 .42
2:1 or 90 .53 .53 .53 .53 .45 .49 .50
Steeper 60 .53 .53 .53 .53 .46 .49 .50
40 .53 .53 .53 «53 .48 .50 .50
10 X .53 .53 .53 .50 . .50 .50
1 ft =0.,305m
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APPENDIX D
HVOSM CURVE RUN DOCUMENTATION

HVOSM Input Parameters

The Roadside Design (RD2) version of HVOSM, as documented in Reference (49)

was used for the present research. Some modifications of the simulation program
were ‘incorporated for this application as discussed later in this Appendix,

The specific vehicle that was simulated in the curve studies was a 1971 Dodge
Coronet 4-door sedan, The inputs for the simulated vehicle were abtained from
Appendix D of Reference (48). An input data deck listing and a corresponding
parameter list of the inputs are presented in Figures 49 and 50.

HVOSM Curve Study Setup Procedure _
The procedure to set up an HVOSM curve run for the present research effort was

as follows:

(1) Analytically determine the extent of roadway required to meet the
requirements of the particular run (i.e., roadway radius and length),

(2) Set up and run a Terrain Table Generator (TTG) run based on roadway
specifications.

(3) Insert TTG run output “"cards" into HVOSM data deck.

(4) Set up and insert HVOSM Driver Model Input cards per run specification
into HVOSM data deck.

(5) Perform the simulation run,

The "cards" referred to were actually disk files and all insertions and manipu-

lations of "card” decks were actually done interactively on disk files. The use
of disk files enabled the rapid manipulation of "card" decks for each simulation
ruh,'as-wel1 as retention of the card deck for each run in a single partitional

disk data set,
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MCT-JEL HVOSM CURVE STUDIES: RUN HCSP18

0.0 4,97 0.010 0.010
1] o

1

1 1 1 1
1971 OOOGE CORONEY 4-DOOR SEDAN

8.4 0.814 0.42 3760.0 23000.C 23300.0 330.0 5%0.0

49.3 8.7 59.8 6.0 0.0 47.0

0.0 -14,0 0.0 -30.9 10t 10.82 10.6€3

106.0 189.0 €00.0 €00.0 0.80 -2.40 2.1

$20.0 324.0 €00.0 800.0 0.3%0 -4,40 3.8

&.08 40.0 0.10 8.0 0.10

40400.0 -5100. 0.02

0.%%9

~-3.0 2.0 .0

«0.43 -0.9% -1.22 -1.26 -0.96 -0.41 0.0

FIRESTONE RAOZAL V1

1.0 1.0 1.0 1.0 6.0 0.2%

14%0.0 3.0 10.0 -37.0 13.2 3043. .58 91435,

.78 12.2

210 B PATH,SYX BRAKING,PROBE 25%

0.0 5.0 1.0 0.0 0.0 1.0

-95, 95, -95. -95, -~98.

1.0 . t.0 1.0 0.0% 00908 0.000 0.0

4.0 100, 0.0 - 0.0 1.5708 120,

0.0 0.0 0.0 600, -.6892 710, -.6092 12000.

0.0 0.1 264, 0.0 0.5 400, 0.00380 0.000380

210 M RADIUS, 10% SE,.SYX GRADE,.80 M RUNOFF,20/80% DIST

~600.00 600.00 60.00 0.0 1200.00 60.00 0.0
8,00 9.00 12,00 13.73 15.48 17,19 18.92 20.6%
24.t2 25.83 27.58 29.18 30.91 32.€1 34.28 38.78
J8.85 40.239 41.88 0.0 0.0 0.0 0.0 0.0
5.40 8.40 11.40 13.26 13.12 16.97 10.83 20.69
24.4C 26.26 28.127 29.86 3I1.71 33.54 33.33 36.94
40,30 41.97 43,59 0.0 0.0 0.0 0.0 0.0
4.80 T.80 10.80 12.78 14.77 16.7% 18,74 20.72
24,69 26.68 28.66 30.53 22.51 34.47 36.39 38.%3
41.7%  &£3.5% 45,31 0.0 0.0 0.0 0.0 0.0
4.20 7.20 10.20 12.21 14,42 (6.53 168.6% 20.7¢
24.98 27.09 29.20 31.21 33.31 33.40 37.435 39.73
43,22 4%.1% 47,04 0.0 0.0 0.0 0.0 0.0
3.60 8.60 9.60 t1.84 14.08 16.32 18.9% 20.79
2%.27 27.51 29.7% 3%.89 34.12 38.33 38.%2 40.%4
44.70 46.76 48.79 0.0 0.0 0.0 0.0 0.0
2.00 6.00 9.00 11.37 13.73 14.10 18.48 20.83
25.56 27.92 30.29 32.57 J4.%3 37.27 29,59 41,78
46,19 48.39% 50.55 0.0 0.0 0.0 0.0 0.0
2.40 5.40 8.40 10.89 13.38 15.88 18.37 20.88
25,85 28.34 3J0.83 33.2% 35.74 38.2t 40.56 42.98
47.69 $0.02 52.33 0.0 0.0 0.0 0.0 0.0
t.BO 4.80 7.80 {10.42 13.08 15.66 18,28 20.90
26.13 28.7% 31,37 33.94 3¢.55 39.15 41.73 44.20
49.20 S1.87 S4.12 0.0 0.0 0.0 0.0 0.0
t.20 4.20 7.20 9.95 12.69 15,44 10.18 20.93
26.42  29.17 31,92 34,62 37,38 40.09 42.81 45.44
50,72 %2.34 9%5.92 0.0 9.0 0.0 0.9 0.0
0.80 3.60 .60 9.47 12,35 15,22 18,09 20.97
26.77 29.%58 32.46 33.3t 38.18 41.04 42,89 465.68
82.26 55.02 $7.71% 0.0 0.0 0.0 0.0 0.0
0.0. 3.00 6.00 g.00 .12.00 1S.00 18.00 21.00 ..

10.0 Q.0

0.0

1 1

1.0

22.38
37.33
0.0
22.58
38.65
0.0
22.714
39.97
0.0
22.87
41,31
0.0
23.03
42.63
0.0
23.19
44,00
0.0
23.33
4%.J3%
0.0
23.%2
46,72
0.0
23.68
48.10
0.0
23.8¢4
49 .48
0.0
24.00

-
-
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FIGURE 49. TYPICAL CARD IMAGE OF HvOSM INPUTS FOR HVOSM CURVE STUDY
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FIGURE 49. TYPICAL CARD IMAGE OF HVOSM INPUTS FOR HVOSM CURVE STUDY (Continued)
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328.66 J28.05% 327.40 326,27 325.07 322.87
315.74 312.30 J11.04 3J08.14 0.0 0.0
343,17 J42.%52 241.82 340.6% 339.60 337,93
329.79 327.6% 324.86 321.90 0.0 0.0
357.62 3%7.11 3%6.14 385,25 3S3I.77T 352.22
344,22 241.%5 238.72 335.78 0.0 0.0
372.30 37¢.%4 370.66 369.72 368.19 366.58
3%8.21 2358.88 3521.€67 350.13 0.0 c.0
386.95 J386.15 385,38 384.0% 382.65 J81.t6
372.33 369.56. 367.00 361.8% 0.0 0.0
401,54 400.98 399.82 398.%7 2397.27 395.28
386.43 384,02 280.94 277,768 0.0 0.0

1.0 1.0 1.0 t.0

100 KPH

0.57 -2.88 890. 0.0 0.0 0.0

0.0 120, -17.3 1056,

0.0 0.0 0.0 0.0

FIGURE 49. TYPICAL CARD IMAGE OF HVOSM INPUTS FOR HVOSM CURVE
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MCI-JEL HVOSM CURVE STUDIES: RUN:HCS#i8 10/05/81
1971 OODGE CORONET 4-DOOR SEOAN FIRESTONE RADIAL VI 210 M PATH, 8X BRAKING,PROHE 25%
210 M RADIVUS, 10X SE.5X GRADE.B80 M RUNOFF 100 KPH

PROGRAM CONTRODL DATA

START TIME 10 . 0.0 SEC
END TIME T . 4.9700 SEC
INTEGRATION INCREMENT OTCOMP = 0.0100 SEC
(OsVARIABLE STEP ADAMS-MOULTON
INTEGRATION MODE - MODE LB 1 =)= RUNGA-KUTTA
. A2 FIXED STEP ADAMS-MOULTON
PRINT INTERVAL DTPRNTY » 0.0100 SEC

{O= INDEPENOENT FRONT SUSPENSION. SOLID REAR AXLE

SUSPENSION OPTION 15U = ] -=)4= INDEPENOEN? FRONT AND REAR SUSPENSION
{2= SOLID FRONT AND REAR AXLES
) (O NO CURB. NO STEER DEGREE OF FREEDOM
CURB/STEER OPTION INDCRE = 0 «)ts Cure
(-1=STEER OEGREE OF FREEDOM, NO CURB
CURB INTEGRATION INCR. DELTC = 0.0 SEC
0= NO BARRIER )
* i= RIGID BARRIER . FINITE VERT. DIN.
BARRLER OPTION INDB = (4] “)2e ¢ .. JINFINITE *° re
9= DEFORM. *° . FINITE *° ee
. ‘. rs re .I“Fl“lTE e e
Q BARREIER INTEGRATION I[NCR. DELYR = 0.0 $EC
F-y
INLTIAL CONDITIONS
xCoP « 0.0 INCHES Us e« 10%8.00 IN/SEC
SPRUNG MASS C.G. POSITION YCOP = 120.00  INCHES SPRUNG MASS LINEAR VELOCITY Vo . 0.0 IN/SEC
cap s -17.30 INCHES w0 L] 0.0 1N/SEC
PHIO = 0.87 DEGREES ' PO = 0.0 DEG/SEC
SPRUNG MASS ORIENTATION THETAD = 2.08 DEGREES SPRUNG MASS ANGULAR VELOQCITY Q0 . 0.0 DEG/SEC
PSIO . 90.00 DEGREES . [ {+] - 0.0 DEQ/SEC
DELIQ = 0.0 INCHES DELICD » 0.0 IN/SEC
UNSPRUNG MASS POSITIONS DEL2O = 0.0 INCHES UNSPRUNG MASS VELOCITIES DEL20D = 0.0 IN/SEC
DELIO = 0.0 INCHES BELICOD » 9.0 IN/SEC
PHIRD + 0.0 DEGREES PHIRCD = 6.0 DEG/SEC
STEER ANGLE PS1F10 - 0.0 DEGREES STEER VELOCITY PSIFDQ « 0.0 DEG/SEC

.

FIGURE 50. INPUT PARAMETER LISTING FOR “TYPICAL" HVOSM CURVE RUN



MCI-JEL HVOSM CURVE STUDLES: RUN:HCS718

10/0%/8 1\
1971 DODGE CORONET 4-D00R SEDAN FIRESTONE RADIAL VI 210 M PATH, 5% BRAKING,PROBE 25%
210 M RADIUS, 10% SE.5% GRADE , 80 M RUNOFF 100 KPH
SPRUNG MASS xMS . 8.430 LB-SEC*+2/IN FRONT WHEEL X LOCATION A . 49.200 INCHES
FRAONT UNSPRUNG MASS XMUF = 0.510 LB-SEC**2/IN REAR WHEEL X LOCATION [] - 68,700 INCHES
REAR UNSPRUNG MASS XMUR = 0.820 LB-SEC++2/IN FRONT WHEEL Z LOCATION IF - 10.820 INCHES
X MOMENT OF INERTIA X1X = 3760.000 LB-SEC++2-IN REAR WHEEL Z LOCATION b4 | L 10.680 INCHES
Y MOMENT OF INERTIA X1y + 23000.000 LB-SEC**2-IN FRONT WHEEL TRACK TF . 59.800 INCHES
T MOMENT OF INERTIA x12 s 22300.000 LA-SEC*+2-IN REAR WHEEL TRACK TR - &1.800 INCHES
X2 PRODUCT OF [NERTIA RIRZ = 530.000 LB-SEC**2-IN FRONT ROLL AX1S RHOF = 0.0 NOT USED
FRONT AXLE MDMENT OF INERTIA XIF . 0.0 NOT USED REAR ROLL AXIS RHO = 0.0 INCHES
REAR AXLE MOMENT OF INERT1A X1R . 550.000 LB-SEC+s2-1IN FRONT SPRING TRACK TSF = 0.0 NOT USED
GRAVITY G s 386.400 IN/SEC*»2 REAR SPRING TRACK T8 L] 47.000 INCHES
X1 . 0.0 INCHES FRONT AUX ROLL STIFFNESS RF =  40400.0C LB-IN/RAD
ACCELEROMETER | POSITION v . -44,00 INCHES REAR AUX ROLL STIFFNESS RR « -5100.00 LB-IN/RAD
2 = 0.0 INCHES REAR ROLL-STEER COEF. AKRS = 0.0200 RAD/RAD
x2 ] -68.70 INCHES AKDS . 0.0 NOT USED
ACCELEROMETER 2 POSITION Y2 = =J30.90 INCHES REAR DEFL-STEER COEFS. AKDS 1= 0.0 NOT USED
22 - 10. 10 INCHES AXDS2e 0.0 NOT USED
AKOSD 0.0 NOT USED
STEERING SYSTEM
MOMENT OF I|NERTIA X1Ps o 0.0 LB-SECe*2-IN
?, couLoMd FRICYION TORQUE CPSP = 0.0 La-IN
13,1 FRICTION LAG EPSP = 0.0 RAD/SEC
ANGULAR STOP RATE AKPS = 0.0 LB8-IN/RAD
ANGULAR STOP PDSITION  OMGPS = 0.5%9 RADIANS
PNEUMATIC TRAIL XPS . a. INCHES
FROMT SUSPENSION REAR SUSPENSION
SUSPENSION RATE AKF - 103.000 LB/IN AKR . 120.000 LB/IN
COMPRESSION STOP CDEFS. AKFC +  189.000 LB/IN AKRC =  J24.000 LB/IN
AXFCP = 600,000 LB/INe+2 AKRCP o 800 . 000 Laf.lN":l
P FS. AXFE =« $853.000 LB/IN AKRE s 864.000 LB/IN
EXTENSION STOP COEFS AKFEP = 600.000 LB/INe+3 AKREP = 80C.000 LB/IN*+3
COMPRESSION STOP LOCATION OMEGFC = -2.400 INCHES OMEQRC = -4.400 INCHES
EXTENSION STOF LOCATION OMEGFE « 2.100 INCHES OMEGRE = 3.600 INCHES
STOP ENERGY DISSIPATION FAGCTOR  XLAMF = 0.500 ALAMR = 0.3500
v15C0OUS DAMPING COEF. CF L 6.850 LB-SEC/IN CR - T7.480 LB-SEC/IN
cCouLOMB FRICTION CFP - 40.000 LB CRP . 38.000 LB
FRICTION LAG EPSF . 0. 100 IN/SEC EPSR = 0. 100 IN/SEC

FIGURE 50. INPUT PARAMETER LISTING FOR “TYPICAL" HVOSM CURVE RUN {Continued)



9.2

MC1-JEL HVOSM CURVE STUDIES:
1971 DODGE CORONEY 4-DOOR SEDAN
210 M RAOIUS, 1O% SE.5% GRADE.BO M RUNOFF

FRONT WHEEL CAMBER
Vs

REAR WHEEL CAMBER

RUN:HCS¥ 18
FIRESTONE RADIAL VI

100 KPH

FRONT HALF-TRACK CHANGE

10705781

210 M PATH, 3% BRAKING,PROBE 25%

REAR HALF-TRACK CHANGE

vs vs vs
SUSPENS ION DEFLECTION SUSPENSION DEFLECTION SUSPENSION DEFLECTION SUSPENSION OEFLECTION
DELTAF PHIC DELTAR PHIRC DELTAF DIHF CELTAR oTHm
INCHES  DEGREES NOT USED NOT USED INCHES  INCHES NOT USED NOT USED
-3.00 -0.43 -3.00 0.0 -2.00 0.0 -3.00 0.0
-2.00 -0.9% -2.00 0.0 -2.00 0.0 -2.00 0.0
-1.00 -1.22 -1.00 0.0 -1.00 0.0 <1.00 0.0
0.0 -1.26 0.0 0.0 0.0 0.0 0.0 0.0
1.00 -0.98 1.00 0.0 1.00 0.0 1.00 0.0
2.00 -0.4% 2.00 0.0 2.00 0.0 2.00 0.0
3.00 0.0 3.00 0.0 3.00 0.0 3.00 0.0
ORIVER CONTROL TABLES
v PSIF ToF ToR t PSIF TOF TOR T PSIF TOF TOR ¥ PS1F ToF Tow
sec DEG  LB-FT L8-FT  SEC DEG  LB-FT LB-FT  SEC DEG  LB-FF LB-FT  SEC DEG  LB-FT  LB-FT
0.0 0.0 6.0 -95.0 2.000 0.0 0.0 +93.0 4.000 0.0 0.0 -95.0
1.000 0.0 0.0 -95.0 3.000 0.0 0.0 -95.0 3.000 0.0 0.0 0.0
TIRE DAY
RF L (1] (4]
TIRE LINEAR SPRING RATE AKT = 14%0.000  1430.000  1450.000  1450.000 L8/IN
OEFL. FOR INCREASED RATE SIGT  » 3.000 3.000 3.000 3.000 INCHES
SPRING RATE INCREASING FACTOR XLANT 10,000 10.000 10.000 10.000
A0 = -37.000 -37,000 -37.000 -31,000
at . 13.200 13.200 13.200 13,200
SIDE FORCE COEFFECIENTS a2 * 3043.000  3043.000  2043.000  3043.000
A3 . 0.580 0.580 0.880 0.580
' * 51435.000 91435.000 914235.000 91435.000
TIRE OVERLOAD FACTOR OMEGT = 1.000 1.000 1.000 1.000
TIRE UNDEFLECTED RADIUS RW . 13.200 13.200 13.200 13.200 INCHES
TIRE / GROUMD FRICTION COEF. AMU = 0.780 0.760 0.780 0.780

NQ ANTI-PITCH TABLES

FIGURE 50.

INPUT PARAMETER

LISTING FOR "TYPICAL"

HVOSM CURVE RUN (Continued)
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MC1-JEL HVOSM CURVE STUD!
1971 DODGE CORONEY 4-DDOR SEDA
210 M RADIUS, 10% SE.5% GRADE,8

PATH DESCRIPTORS

NUMBER OF PATH DESCRIPTD
NUMBER OF POINTS ON PATH
OISTANCE BETWEEN PDINTS

COORDINATES OF 15T PATH POINTS: XINIY

INITIAL ROADWAY HEADING

£S: RUN:HCSHIB

PATH CURVATURE DESCRIPTORS:

DEGREE OF CURVATURE
DISTANCE ALONG PATH

DEGREE OF CURVATURE
DISTANCE ALONG PATH

DEGREE OF CURVATURE
DISTANCE ALONG PATH

OEGREE OF CURVATURE
DISTANCE ALONG PATH

WAGON TONGUE STEER DESCRIPTORS IWAGN
INITIAL PROBE SAMPLE TIME TPH8
TIME INCREMENT BETWEEN SAMPLES OPRB

LENGTH Of PROSE
MINIMUM ACCEPTABLE ERROR

MAXIMUM OCCUPANT ACCELERATION PMAX

STEER CORRECTION FACTOR
STEER CORRECYION DAMP NG

MAXIMUM STEERING WHEEL RATE PSIFOD

FILTER DESCRIPTORS
TIME LAG OF FILTER
TIME LEAD OF FILTER
TIME DELAY OF FILTER

FIGURE 0.

10/05/8 ¢
N FIRESTONE RADIAL V! 210 M PAT
O N RUNOFF 100 rPH H,5% BRAKING,PROBE 25%
IPATH = t
S KL1 " 4
NPTS . 100
DELL . 120.000 INCHES
. 0.0 INCHES
YINIT = 0.0 INCHES
PSA . 90.00 ODEGREES
DI(t) = 0.0 DEGREES
ALI{1) = 0.0 INCHES
o1(1)* » 0.0 DEGREES
RLI(1) » 600.00 INCHES
o1(1) = -9.2704 DEGREES
RLI(1) = 720.00 INCHES

oI(1) - -
ALI(1) = 12

PLGTH
PMIN

PGAIN
FACTOR QGAIN

w8 8 ¥ BB SR

IFLLY
TiL
Tl
TAUF

INPUT PARAMETER

8.2704 DEGREES
000,00 INCHES

0.0 SECONDS
0.100 SECONDS
284.00 INCHES
0.0 INCHES
0.%00 a-uNiTS
.0038000 RAD/IN
-0002800 RAD-SEC/IN
400.000 DEG/SEC

1
0.030000 SECONDS
©.009030 SECONDS
0.0 SECONDS

LISTING FOR "TYPICAL" HVOSM CURVE RUN (Continued)
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MCI-JEL HVOSM CURVE STUDIES:

1971 DODGE CORONET 4-DODR SEDAN

210 M RADIUS. 10% SE.5% GRADE .80 M RUNOFF

PATH CODRDINAT‘S

X(N)
(FY)

I

1.

T
>

117 A9

Y(N)
(FY)

0.0
10. 000
20.000
30.000
40 .000
50.000
§0.000
10.000
79.997
89.991
99.973
109.937
119.929%
129.801
139.823
149.747

159.6%3°

169.5%39
179 . 401
189.239
199.049
208.0831
218,581
228, 299
237.9814
247.627
257.233
268.798
276,320
285,797
295,227
304.808
313.338
223.218
332.437
241.602
3%0.709
159 185
368.729
377453
186.511
198298
404,011
412.6%4
421.224
429 719
438,137
448 . 478

RUN:HCS# 10

FIRESTONE RADIAL Vi
100 KPH

TANGENT VECTORS

Ox(n}

{0EG)

DY(N)
{0€q)

90.000
90.000
90.000
90.000
90.000
90.000
%0.000
89.173
a8.3468
87.519
26.43%2
85.865
8%.03a8
84.2110
a3.384
82.587
81.730
80.903
00.076
79.249
78.420
77.594
78.787
75.940
75.112
74,208
73.453
72.632
71.80%
70.978
70. 151
89.324
608.497
47,670
68.842
68.018
€8. 189
64,362
83,53s
82.708
61.881%
61.0%4
60.227
$9.399
58.572
A47.745
56_918
56.091

DEGREE OF

CURVATURE

o(N)
(DEG)

©00000
[-X-X-N-X-X-]

-8.3170
-8.270
-8.270
-8.270
-8,3170
+5.270
-8.170
-8.270

-8.270

-8.270
-8.270
-8,370
-8.210
-8.27Q0
-8.210
-8.270
-8.210
-8.270
-8.2710
-8.270
-8.270
-a4.1270
-8.270
-8.270
-8.270
-8.270
-8.270.
-8.270
-8.270
-8.270
-8.270
-8.270
-0.270
-8.270
-8.2710
-8.270
-8.270
-8.270
-8.270
-8.3270
-8.270
-8.270

10/05/8¢
210 M PATH,.SX BRAKING,PROBE 25%

FIGURE 50. INPUT PARAMETER LISTING FOR "“TYPICAL"
HVOSM .CURVE RUN {Continued)
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MCI-JEL HVOSM CURVE STUDIES: RUN:HCS#ip

10/05/0t

197% DODGE CORONET 4-DOOR SEDAN FIRESTONE RADIAL VI

210 M RADIUS, 10X SE,SX GRADE,B0 M RUNOFF 100 KPH 210 M PATH.S% BRAKING,PROBE 23%
PATH COORDINATES TANGENT VECTORS DEGREE OF

CURVATURE

A(N) Y(N) DX{N) DY(N) O{N)
(FT) (FT) {DEG) {DEG) (DEG)
135.088 471,002 53.610 53.610 -8.210
141,079 479,009 52.783 52.783 -8.270
147, 184 486.928 51,956 51.956 -8.270
153,402 454758 51.129 S1.129 -8.210
159,728 502498 50.302 50,302 -8.270
186.177 510. 145 49.478 49.475 -8.270
172.729 517.699 48.648 48,648 -8.270
t79.290 528, 157 47.821 47.824 -8,270
186,187 532.%19 46.994 46.994 -8.210
193,030 539.781 46.167 a8, 167 -8.270
200.007 546,944 45,340 45.340 -8.270 " "
207 .087 854.005 44.513  * 44.513 -8.210 FIGURE 50. INPUT PARAMETER LISTING FOR "TYPICAL
214,268 %60.964 43.688 43.688 -8.270 HVOSM CURVE RUN (Continued)
221.549 587,818 42.859 42.8%9 -8.270
228.927 874,586 42.032 42.032 -8.270
276.403 581.207 41.20% 41.20% ~8.270
243.913 $87.740 40.378 40.377 -8.270
2%1.637 504,182 39.581 39,550 -8.210
2%9.393 600.474 28.724 28.723 -8.270
267.229 606.872 37.896 97.096 -8.210
278 174 812.757 31.069 37.089 -8.270
283. 198 618 728 J6.242 36.242 -2.210
294.203 624.579 a%.41% a8 415 ~9.270
299.494 €30.219% 34.508 24,588 -8.270
207.767 635,931 232.7681 23.761 -8.270
216.120 641,420 32.934 32.934 -8.210
324.5%1¢ 646,803 32.107 32.107 -8,270
333.059 €52.0%7 21.200 31,200 -8.270
341,642 657. 187 20,483 30. 452 -8.270
350.298 862, 132 29.626 29.626 -8.210
1%9.02% 667.072 28.799 28.799 -8.3270
267.822 671,825 21.972 27.972 -8.270
376.687 676,451 27.145 27,148 -8.270
385,617 680,949 26.318 26.318 -8.270
J94.611 - 685,317 25. 491 25,4914 -8.270
407.668 689.955 24.864 24.664 -8.210
412.788% 693. 662 23.837 23.837 -8.270
421.9¢0 697.638 23.010 23.009 -8.270
431,199 701.478 22.183 22.182 -8.210
440.477 705. 187 21.3%8 21.3%% -8.270
449.818 708. 760 20.929 20.528 -8.270
489208 712,199 19.702 19.701 -8.210
468.643 71%.501 18.87% 18.874 -8.270
478.127 718.667 18.048 18.047 -8.270
487,656 721.697 17.221 17.220 -8.270
497.228 724.5087 18.394 16.393 -B.270
506. 840 727.340 15,566 15568 -8.2170

S 16 492 729 _954 14.739 14.739 -8.270



The actual HVOSM simulation runs were performed in batch by use of the inter-
active remote job entry (RJE) commands.

HYQSM Modifications

A number of refinements and revisions to the HVOSM program were required,
inctuding additional outputs of vehicle responses, revision of the path-
following driver model, and development of a preprocessing program to simplify
the interface between highway definition and HVQSM card inputs. These revisions

are described below.

Additional Qutputs
Additional calculations and outputs of the existing HVOSM RD2 program were found

to be required to enable the evaluation of the curve study. The revisions were

as follows:

"Discomfort Factor”,-~The lateral acceleration output of HVQOSM corres=-
ponds to measurements made with a “hard-mounted," or body-fixed accelerometer
oriented laterally on the vehicle. Ouring cornering, the lateral acceleration
of the vehicle is directed toward the center of the turn. On a superelevated
turn, the component of gravity that acts laterally on the vehicle is also
directed toward the turn center. Thus, the lateral acceleration output is

increased by supereievation,

Since the vehicle occupants respond to centrifugal force, their inertial reac-
tion is toward the outside of the turn and therefore the component of gravity
that acts laterally on them in a superelevated turn reduces the magnitude of the
disturbance produced by cornering. A corresponding program output has been de-
fined to evaluate occupant discomfort in turns,

- The effects of a vehicle's rall angle and tateral acceleration on occupants are
combined in a "discomfort factor" reiationship which represents the net lateral
disturbance felt by the occupants (i.e., the occupants' reaction to the combined
effects of the lateral acceleration and roll angle).

280
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The “discomfort factor" is coded in the following form:

DISCOMFORT FACTOR = - YLAT + 1.0 * SIN ©

Where: DISCOMFORT FACTOR is in G-units

YLAT = Vehicle Lateral Acceleration in vehicle-fixed
coordinate system, G units
O = Vehicle roll angle, radians.

Calculations related to the discomfort factor and corresponding outputs were in-
corporated into the HVOSM.

Friction Demand,--The friction demand is defined to be the ratio of the
side force to the normal load of an individual tire. It is indicative of the
friction being utilized by each individual tire., The standard outputs of HVQSM
include the side force and normal force for each tire. Coding changes were
incorporated to calculate and print out the friction demand for each tire at

each interval of time,

Driver Model

A recognized problem in the use of either simulation models or full-scale test-
ing in relation to investigations of automobile dynamics is the manner of
guiding and controlling the vehicle. Repeatability is essential, and the
cantrol inputs must be either representative of an average driver or optimized
to achieve a selected maneuver without "hunting" or oscillation. In this
investigation of geometric features of highways, the transient portions of the
vehicle responses constituted justification for applying a complex computer
simulation, The steady-state portions of the vehicle responses can be predicted
by means of straightforward hand calculations., Thus, it is essential that the

transient responses should not be contaminated by oscillatory steering control

inputs.

The Driver model contained in the distributed version of the HVQSM Vehicle
Dynamics program was intended to be incorporated into the HVOSM Roadside Design
version, but it proved to be inadequate for the present research effort.
Therefore, new routines were written for the HVQOSM Roadside Design program as
described below. 281



"Wagon-Tongue" Algorithm.--The "wagon-tongue" type of steering control
incorporated into the HVOSM Roadside Design Version is one in which the front
wheel steer angle is directly proportional to the error of a point on a forward
extension of the vehicle X-axis relative to the desired path.

The basic inputs to the "wagon-tongue" algorithm are described in Table 54,

Table 54
INPUTS FOR "WAGON-TONGUE" DRIVER MODEL

Input Description Units
TPRB Time at which driver model is to begin sec
DPRS Time between driver model samples sec
PLGTH Probe length measured from the center of in

gravity of the vehicle along the vehicle-
fixed X axis

PMIN Null band, minimum acceptable error in

PMAX Maximum allowable discomfort factor above g-units
which driver model will only reduce steer
angle

PGAIN Steer correction multiplier--error of probe rad/in

from desired path multiplied by PGAIN to
determine steer correction

1in = 25.4 mm

Desired Path Definition.--The revision to the HVOSM driver model
included the incorporation of a "path generating" routine to create a desired
path of X,Y data pairs from standard roadway geometric descriptors.’ Figure 51
lists the path generating routine.
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PATHT ,FOR F12 30 DECEMBER 1980 J T FLECX

PATH GENERATOR
ROUTINE TO TEST PATH GENERATION SUBROUTINES SETD AND PATHG

HMAY BE USED TO GENERATE DATA SETS FOR TERRAIN GENERATOR
OR HYOSM

INPUTS:

MPTS NUMBER OF POINTS DESIRED
XINIT X COORDINATE OF FIRST POINT
YINIT Y COORDINKATE OF FIRST POINT
DELL SPACING BETWEEN POINTS (ALONG STRAIGHT LINE)
PSA INITIAL HEADING (TANGENT TO PATH)
XLI NUMBER OF SECTIONS (CURVATURES)
IF = 0 PROGRAM DEFAULTS TO POINTS IN DATA STATEMENT
IF >0 REQUIRES THE FOLLOWING INPUT L=1, KLI
DI(L) CURVATURE > 0 RIGHT TURNM
= 0 STRAIGHT
< 0 LEFT TURN
RLI(L) DISTANCE FROM INITIAL POINT WHERE DI(L)
IS EFFECTIVE.
DISTANCE IS MEASURED IN STAIGHT LINE
SEGCMENTS BETWEEN POINTS. IF DISTANCE
' ALONG ARC IS' REQUIRED SUBROUTINE SETD
MUST BE WODIFIED.
NOTE: XLI MAY BE 1 OR GREATER
E.G. TO GENERATE A STAIGHT PATH N®DELL UNITS
LONG AND THEN A RIGHT TURN WITH A CURYATURE OF 20
INPUT KLT = 1, DI(1) = 20., RLI(1) = N®DELL
THE ANGLE OF TURN IS GIVEN BY
ANGLE = 2®ARCSIN{(DELL/2)®*(PI/180)*(DI(L)/100)]

ouTPUT

X(I), Y(I) COORDINATES OF POINT I I = 1 TO NPTS
DX(I),DY(I) TANGENT AT POINT I (DIRECTION OF PATH)
D(I) CURVATURE DEFINING PATH FROM POINT I TO POINT Tei

THESE ARE WRITTEN ON A DATA SET (SY1:PTH.DAT) FOR USE BY OTHER
ROUTINES -

INTEGER PLOT
DIMENSION X(100),Y(100),DX(100),DY(100),D(100),DI(100),RLI(100)

DIMENSION PLOT(TO,70)
DATA RAD/0.01745329/, D /10%0,0,9%20,0,9%-20.0,9%20.0,63%0.0/

DATA KLI/O/, D1/100%0.0/, RL1I/100%0.0/

' CAEL OPEN(6,'SY1:PTH.DAT ')

ENTER

ENTER

INITIAL DATA

WRITE(1,5)

FORMAT(1X,' ENTER NPTS,XINIT,YINIT,DELL,PSA '/)
READ(1,6)NPTS, XINIT,YINIT,DELL,PSA
FORMAT(IA,4F9.0)

IF(NPTS.LT.2)ENDFILE 6

IF(NPTS.LT.2)STOP NPTS

# OF CURVATURES (IF O ROUTINE USES D SET BY DATA STATEMENT)
AXD OUTPUT UNIT IOUT «0 DEFAULTS TO SCREEN, IOUT s2 FOR PRINTER

WRITE(1,7)
FIGURE 51. PATH GENERATING ROUTINE

FORMAT(* EMTER XLI,IOUT'/)
READ(1,11)KLI,IOUT 283



1M FORMAT(21IN)
c
IF(IOUT.EQ.0)IOUT = 1
CHECK IF DI'S AND RLI' ARE TO BE INPUTTED
IF(XLI.EQ.0)GO TO 17
PO 18 b4 .1un-1
WRITE(1,14)
14  FORMAT(' ENTER DI, RLI'/)
1S  READ(1,16)DI(1).RLI(I)
16  FORMAT(2F9.0)
c
CALL ROUTINE TO COMPUTE D'S FROM DI'S .
CALL SETD(KLI,DI,RLI,NPTS,DELL,.D)
c
C INITIALIZE POINTS
17 X{1) = XINIT
Y(1) = YINIT
o4
C INITIALIZE TANGENT
DX({1) = COS(PSA ®RAD)
DY(1) = SIN(PSA ®RAD)
c
CALL ROUTINE TO SET PATH
CALL PATHG(NPTS,DELL,X,Y,D,DX,DY)

c
WRITE(6)NPTS,DELL,PSA .X,Y,DX,DY,D
WRITE(IOUT,23)NPTS,KLI.DELL,.PSA
23 FORMAT(1X,'NPTS=*',If4,', KLIs', I8, ' DELLe! F10,4,',PSA =t ,F10.4/)
IF(XLI.GT.0)WRITE(IOUT 28)(L,DI(L),RLY(L) L=V KLI)
2% FORMAT(1X,14,2F10.4)
HRITE(IOUT 25) '
25 FORMAT(/' POINT # POSITION', 19X, *TANGENT', 10X, *CURVATURE"')
WRITE(IOUT,26)(E,.X(I),Y(X),DX(I},DY(I),D(I},I=1 ,NPTS)
26 FORMAT(1X,In,2F10.2,10X,2F10.5,F10.2)
C
C PRINTER PLOT: SPECIAL ROUTINE TO TEST ABOVE DATA
H = NPTS
XX = X(1)
M = X(1)
X = Y(1)
YH = Y{1)
DD 3IS I =21,

IF(X{I).GT.XX)XX = X(I)
IF(X(I).LT. X)X = X(I)
35 . TF(Y(I).LT.YM)IM = Y(I)
= XX-XM
SX = 60,/5C
SY = 0,6%sX
DO 38 X1=1,70
DO 38 Jz1,70
38 PLOT(I,J) = * *
IMAX = 1
DO A0 K=1,M
J s (X(K)-XM)TSX +1. FIGURE 51. PATH GENERATING ROUTINE (Continued)
I & (Y(K)-YM)®SY 1.
IF(I.GT.IMAX)IMAX = I
80 PLOT(I,J) = ‘&' 284
IF(IOUT.EQ.2)WRITE(2,4})



LR

54

87
50

FORMAT( 1H1)

DO 50 Ix),IMAX

LM = 61

DO 48 Js=t,50

IF(PLOT(I . LM) . NE,® *)GO TO &5
M = LM=-1
WRITE(IQUT,87)(PLOT(L,L) .L=1,1LM4)
IFORMAT{5X,T1A1)

{CONTINUE

GO TO 1

END

FIGURE 51. PATH GENERATING ROUTINE (Continued)
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SUBROUTINE PATH: PATH.FOR F12 30 DECEMBER 1980 J T FLECK

PATH GENERATOR HVOSM RD-2
ROUTINE USED IN HVOSM RD-2 TO GENERATE PATH DATA

c
c

c

c

C  INPUTS:

c NPTS NUMBER OF POINTS DESIRED

¢ XINIT X COORDINATE OF FIRST POINT

c YINIT Y COORDINATE OF FIRST POINT

c DELL SPACING BETWEEN POINTS (ALONG STRAIGHT LINE)
c _ PSA INITIAL HEADING (TANGENT TO PATH)

c KLY NUMBER OF SECTIONS (CURVATURES)

c IF = 0 PROGRAM DEFAULTS TO POINTS IN DATA STATEMENT
c IF >0 REQUIRES THE FOLLOWING INPUT L = 1, KLI
c DI(L) CURVATURE > 0 RIGHT TURN

c = 0 STRAIGHT

c < O LEFT TURN

C RLI(L) DISTANCE FROM INITIAL POINT WHERE DI(L)
c IS EFFECTIVE.

¢ DISTANCE IS MEASURED IN STAIGHT LINE

c SEGMENTS BETWEEN POINTS. IF DISTANCE

c ALONG ARC IS REQUIRED SUBROUTINE SEID

c MUST BE MODIFIED.

¢ NOTE: KLI MAY BE 1 OR GREATER

c E.G. TO CENERATE A STAIGHT PATH N®DELL UNITS

c LONG AND THEN A RIGHT TURN WITH A CURVATURE OF 20
c INPUT KLI = 1, DI(1) = 20., RLI{1) = N®DELL

o THE ANGLE OF TURN IS GIVEN BY

c ANGLE = 2%ARCSIN[(DELL/2)*{PI/180)®*(DI(L)/100)]
(o

c

c

c

c

c

c

c

c

QuUTPUT
X(I), Y(I) COORDINATES OF POINT I I = 1 TO NPTS
DX(I),DY(X) TANGENT AT POINT I (DIRECTION OF PATH)
D(I) CURVATURE DEFINING PATH FROM POINT I TO POINT I+

SUBROUTINE PATH .
COMMON/PATHD/IPATH ,KLI ,DI(10),RLI(10),
1 NPTS,XINIT,YINIT,PSA,DELL,
2 X(100),Y(100),DX{100),DY(100),D(100}
C LIMIT ARRAY SIZES
IF(KLI.GT, 10)KLI = 10
IF(NPTS.GT.100)NPTS = 100
CALL SETD(XLI,DI,RLI,NPTS,DELL,D)

C SETD WAS MODIFIED ON 30 DEC 1980 TO PRODUCE SPIRAL
C INITIALIZE FIRST POINT AND TANGENT ' R
X(1) = XINIT
Y(1) = YINIT
DX(1) = COS(PSA)
DY(1) = SIN(PSA)
c
CALL PATHG(NPTS,DELL,X,Y,D,DX,DY)
c
RETURN FIGURE 51. PATH GENERATING ROUTINE (Continued)
END 286
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C PROBE.FOR Ft2 30 DECEMBER 1980 J T FLECK
C SUBROUTINE PROBE: CALCULATES DISTANCE OF A POINT FROM CENTERLINE

USED IN HVOSM RD-2 MOD'S

INPUTS

XP,YP GIVEN POINT

M NUMBER OF REFERENCE POINTS (= KPTS)

X(T), Y(I) REFERENCE POINTS OF PATH , I =1,NPTS

DX(1),DY(I1) TANGENT VECTOR AT REFERENCE POINT

(1) DEGREE OF CURVATURE AT BETWEEN POINT I AND I+1
D > 0 RIGHT TURN
D = 0 STRAIGHT LINE
D <0 LEFT TURN

OUTPUTS
I POINT IDENTIFYING SECTOR OF CLOSEST APPROACH
DIST DISTANCE OF POINT FROM ARC

POSITIVE IF POINT IS TO RIGHT OF ARC
NEGATIVE IF POINT IS TO LEFT OF ARC
Xx .Yy POINT ON ARC NEAREST GIVEN POINT

NOTE: ON FIRST ENTRY ROUTINE STARTS WITH I = 1, ON SUBSEQUENT
ENTRIES THE PREVIOUS VALUE OF I IS USED. THIS LOGIC SHOULD BE
ADEQUATE FOR THE PROPOSED USE OF THE ROUTINE.

CALCULATION OF XX AND YY MAY BE DELETED IF THIS POINT IS NOT NEEDED

nnnnnnononnnonnnnnnnnnnnonn

SUBROUTINE PROBE(XP,YP,M,X,Y,DX,DY,D,I,DIST,XX YY) .
DIMENSION X(1),Y(1),DX¢1),DY(1),DC1)
DATA RAD/0.017453292519943296/,ILAST/1/
INITIALIZE
I = ILAST
TEST = DX(I)®(XP-X{I))+DY(I)*(YP-Y(I))
TSAV = SIGN(1.0,TEST)
GO TO 15

(2]

C START SEARCH

T I =1Ia+1

IF(I.LE.M)GO TO 10
IF(TSAV.LT.0.0)GO TO 20
I =M

7 GO TO 25

10 TEST = DX(I)®(XP-X(I})«DY(I)®(YP-Y(I))
IF(TEST®#TSAV.LE.0.0)GO TO 25

15 IF(TEST)20,25,7

20 I=1a«1
IF(I.GE,1)GO TO 10
IF(TSAV.GT.0.0)CO TO 7
Iz1

ao

FINISH SEARCH
25 IF((TEST.LT.0.0).AND,(I.GT.1))I=I-1
ILAST = 1 FIGURE 51. PATH GENERATING ROUTINE

C FINISH OF DETERMINATION OF I (Continued)
c 287
c
C



c

CALCULATE DISTANCE

c

IDN = <DY(I)®(XP-X(I))+DX{I)®(YP-Y(I))

CONS = D(I)®RAD®0.005

ZDZ s ((XP-X(I))#92+(YP-Y(1))**2)®CONS

DIST = (ZDN-ZDZ)/(0.5+SQRT(0.25-CONS*(IZDN-IDZ)))

CALCULATE POSITION OF CLOSEST APPROACH POINT ON ARC

C THE FOLLOWING CODE MAY BE DELETED AND THE REFERENCES TO XX AND YY TAKEN

C OUT OF THE CALL IF THE POINT OF CLOSEST APPROACH ON THE ARC IS NOT KEEDED
c .

c

26
1

DEN = 1,0-2.0%DIST®*CONS

IF(DEN.GT.0,.0)GO TO 30
WRITE(1,26)1,XP,YP,DIST,DEN
FORMAT(* SUBROUTINE PROBE HAS NEGATIVE OR ZERO DENOMINATOR®/

' IN POSITION FORMULA: IMPLIES POINT NOT IN SECTOR'/I6,4F10.4)
STOP PRCBE

C THIS STOP SHOULD NEVER OCCUR IN NORMAL USAGE

c
30 XX = (XP-X(I)+DIST*DY(I))/DEK + X(I)
YY = (YP-Y(I)-DIST®DX(I))/DEN + Y(I)
35  RETURN .
END .
c
c
Cesnnesinnans
c IF TANGENT VECTOR IS NOT AVAILABLE IT MAY BE REPLACED BY
c DX = X(I+1)-X(I) , DY = Y(I+1)-¥(I) ,I <M
c DX = X(M) ~X(M1), DY = Y(M) -Y(M-1),I =M
c
¢ USE DX FOR DX(I) AND DY FOR DY(I) IN CALCULATION OF TEST
c
c RETURN CAN BE PUT AT END OF DETERMINATION OF I AND THE
c DISTANCE AND CALCULATION OF XX,YY DONE BY ANOTHER ROUTINE.
c (FORMULAS FOR DIST, XX AND YY ARE ONLY VALID FOR CIRCULAR ARCS
c OR STRAIGHT LINES)

FIGURE 51. PATH GENERATING RCUTINE
(Continued)
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C PATHG,.FOR F12 30 DECEMBER 1980 J T FLECK

C  PATH GENERATOR, SUBROUTINE PATHG HYOSM RD-2

¢ INPUTS

c NPTS NUMBER OF DESIRED POINTS ( > 1)

c DELL SPACING BETWEEN POINTS

c X{1), Y(1} INITIAL POSITION SET BY CALLING ROUTINE

c DX(1),DY(Y)  INITIAL TANGENT SET BY CALLING ROUTINE

c (1) DEGREE OF CURVATURE, I = 1 TO NPTS

c D{I) > 0 TURN TO RIGHT

c D(I) = 0 STRAIGHT

c D(I) < 0 TURN TO LEFT

c NOTE: RADIUS OF CURVATURE IS DEFINED AS

c EQUAL TO (180/PI)®(100/D) = (5729.6/D)

c (D HAS DIMENSION OF DEGREES PER 100 UNITS OF DELL)
c
c
c
C
c
c
c

QUTPUTS I =1TO0 NPTS
X(I)}, Y(I) COORDINATES OF POINTS
DX(I},DY(I) TANGENT VECTOR (DIRECTION OF PATH AT X,Y)

NOTE: ROUTINE PRODUCES SMOOTH CURVE SUCH THAT TANGENTS ARE CONTINUOUS

SUBROUTINE PATHG(NPTS,DELL,X,Y,D,DX,DY)
DIMENSION Xx(1),¥(1),bx(1),DY{1),D{1)
DATA RAD/0.017853292519943296/

C INITIALIZE

CONS = DELL®*RAD/200.0
ce

DXX = DELL®DX(1)

DIY = DELL®*DY(1)
cl' . .

D:;‘ 3 0.0

X1 = 1,0

C START LOOP
DO 20 I = 2, NPTS
COMPUTE SINE AND COSINE OF HALF SECTOR ANGLE
D52 = CONS*D(I-1)
o D2 = SQRT((1.0-D52)*#(1.0+D52))
C
COMPUTE SINE AND COSINE OF SECTOR ANGLE
sp = 2.0%DS2%DC2
CP = 1.0 - 2.0.952"2
C UPDATE TANGENT VECTOR
DX(I) = CP*DX(I-1) - SP*DY{I-1)
DY(I) = SP®DX(I-1) + CP*DY{I-1)
cee
COMPUTE SINE AND COSINE OF AVERAGE SECTOR ANGLE
B R DS1#DC2 + DC1%#DS2
CcP 2 DC1%DCZ2 - DS1%DS2
COMPUTE NEW INCREMENTS
DXS = DXX
DXX = DIS®CP = DYY®SP
DYY = DXS®SP «+ DYY#CP
C UPDATE POSITION
X(I) = X(I-1) + DXX
WI) = Y(I-1) + DYY
C SAVE SINE AND COSINE OF HALF SECTOR ANGLE FOR NEXT I

1§ ] K3 .
20 1 - bes FIGURE 51. PATH GENERATING ROUTINE (Continued)
RETURN : 289
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Neuro-Muscular Filter.--The "neuro-muscular" filter from the HVOSM-
Vehicle Dynamics Version (Ref. (47), Vol. 3, p. 166-168) was incorporated into
the HVOSM Roadside Design version, The filter structure corresponds to the
first-order effects of the neurological and muscular systems of a human driver,
For the curve study, the following inputs were used for the filter for all runs:

TIL Time lag of filter 0.0% seconds
T1 Time Tead of filter 0.00905 seconds
TAUF Time delay of filter 0.0 seconds

The related revisions to the Driver model were incorporated into the FHWA
distributed Roadside Design version of the HVOSM. However, the revised path-
following algorithm was found to produce sustained oscillations about a
specified path under some operating conditions. Since the extent of oscillation
is dependent on the guidance system parameters as well as the vehicle speed and
path curvature, it is possible to obtain peak values of transient response pre-
dictions that reflect an artifact of the guidance system rather than a real
effact of the highway geometrics under investigation, For example, in

Reference (43), comparisons are made between peak transient and steady-state
response values which are believed to be more reflective of effects of the gquid-
ance system than of the simulated roadway geometrics. Therefore, the following
additional modifications were added to the Driver model:

(1) Dampin
A damping term (QGAIN) was added to limit the extent of steering ac-
tivity., Initial runs utilizing the damping term exhibited a reduction
in the steering activity as expected., The value used in the curve study
was QGAIN (rad-sec/m) = PGAIN/10, where PGAIN is the steering velocity
term described below.

(2) Steer Velocity

. In addition to the damping term, an adjustable 1imit on the steering
angle velocity (PGAIN) was incorporated in the path-follower algorithm,
enabling the user to limit the maximum instantaneous front wheel steer
velocity to a selected value, The value used in the curve study was
PGAIN (rad/sec) = 1/Probe Length.

(3) Steer Initialization
for runs such as thase being performed in relation to the cross-siope
break study, the starting point must be relatively close to the cross-
slope break to achieve an economical use of computer time. Thus, the
input of an initial steer angle to approximate steady-state steer was
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required. Previously, the path-follower algorithm was initialized to a
steer angle of 0.0 degrees, regardless of the input value for the ini-
tial steer angle, Corresponding revisions were made to Subroutine

DRIVER to enable input of an initial steer angle.

A revised listing of Subroutine DRIVER, including the cited modifications, is

presented in Figure 52,

Terrain Table Generator

The version of the HVOSM maintained by FHWA has the capability of accepting a
3-dimensional definition of the highway surface, The manual generation of these
inputs to the HVOSM, however, is time consuming, and the nature and number of
geometric configurations to be studied required automation of the procedure.

The automation of the procedure to create terrain tabies for the HVOSM consisted
of providing an interface between standard roadway geometric descriptions and
inputs to the HVOSM., A description of the required inputs to the TTG are as
follows:

Centerline Descriptors.--The basic input to the TTG for the generation
of centeriine points is the radius of curvature of the centerline as a function
of distance along the curve. Transitions between descriptors are user con-

trolled and may be spiral or constant. The TTG converts the centerline
description into X,Y data pairs and calculates second-order polynomial coeffi-

cients for each segment between the data pairs.

Superelevation and/or Gradient Descriptors.--The inputs for the super-
elevation and gradient are rates as a function of distance along the curve.
Transitions between rates are user-controlled and may be spiral or constant.

HVOSM Terbain Table Descriptors.—QHVOSM accepts up to four constant in-
crement terrain tables with up te 21 x 21 grid points each as input. Inputs for
the TTG to create the HVOSM terrain tables include the definition of the
location, size and number of grid points for up to four terrain tables to be

created by the TTG.
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05710 C SUBROUTINE DRIVER FOR HVOSH RD-2

G720 C

0370
05740
5730
05760
o510
05780
05790

05700

SUBROUTINE DRIVER(PSI,DPSL. .M. IFLAG, A, B, ATX.ONGPS)
DIMENSION ATL(3.3}.PPDIS0), TPD{30)

COMMON/PATHD/ IPATH. LT, DE{10) . RLLT10), NPTS, INIT YINIT,
| PSA, DELL, X(100) . Y(100), DX {100, DY{100},D(100)
COMMON/WAGON/ IWAGN, TPRB,, DPRB. PLGTH. PHIN, PMAX . POAIN. QGAIN, PSIFD
COMMONAFILT/ TFILTLTIL WT1 THT JTAF

COMON/INTG/ NER T DT VPR(SO}, DER(S0)

COMMON/ ACC/CYF CG, OF AL, OF A2

DATA NPDMAX/S0/,NPD/O/, DPSL/0.0/,N/0/

Wo=0 ,

IF(IWAGN.EQ, 0160 1O 90

=1

PSIA = PSI

NP = DPRB

DPS =0.0

oPst = 0.0

IF(EFLAG. EQ.0)GD TO %0

IF(TPRB,GT.T + 0.180T)60 TO 10

05910 C COMPUTE NEM CHANGE IN STEER ANGLE

05920
05930
05740
05930

TPRB = TPRB + OPRE"

XP = VAR(18) « AMTX(L,1)+PLGTH

YP = VAR(I?) + AMTR(2, 1 4PLGTH

CALL PROBE(XP,YP,NPTS.X.Y,DX.DY.D, IPRB, DIST. XX, YY)

05950 C SELECTED POINT INDEX IPRB AND LOCATION OF CLOSEST POINT ON PATH XX.YY
05970 C ARE NOT CURRENTLY USED

05990 IF(DIST.£Q.0.0)G0 70 8

05990 SGND=DIST/ABS(DIST)

06000 IFIT,NE. TPRB) DODIST = {DIST-DISTA}/DPRE
06010 IFLABS(DIST),GT,PHIN)DPS = -PGAINS{ABS(DIST)-PRIN)#SGND
056020 1 =QGATNSDDIST
06020 [F(ABS{DIST)  LE.FHIN} DPS= -QGAINSDDIST
06040 IF(IFILY.ER.0}GD 10 55

06030 IF(NPD.EQ.NPDMAXIGD TO 10

056040 D=+

05070 PPD{NPD} = DPS - PSIA

02080 TPD(ND) = T + TAUF

06090 10 IF(IFILT.EQ.0)G0 TO 35

05100 C

05110 C FILTER

05120 €

06130 IF(NPD.EQ.NPDMAX) GO TO 10

05140 TPOMP = TPDIN)

06130 D0 20 N = 1.NPD

056150 N=ND¢+1-W

051720 20 IF(T.GE.TPDIN}IGO TO 30

06180 G0 10 %2

056190 IFLTPDIWP.LT, TPDINY) DPSL = 0.0

06200 DPS! = PPDIN)ISTNTSEXP(~(T - TPDINI}/TILV/TIL
06210 DPSH = PPDIN} - TIL#DPS]

056220 TP = 0.0

06230 DFS = DPSN - DPSL

046240 DPSL = DPSK

06250 IF(NPD.EQ.11G0 TD S50

04260 C

06270 C

FIGURE 52. SUBROUTINL ORIVER
292



06780 XN L =]

06290 DO 40 MN = N.ND
06300 PPD(L} = PPOINN)
04310 TPD{L) = TPDINN)

06320 Wi=L+}

04330 ND=L -1

046340

04350 S0 PSI = PSIA + DPS

04350 GO0 33

06370 53 PSI = DPS

05380 38 CONTINE

04390 C CHEOX PREVIOUS TIME INTERVAL CONFORT FACTOR (SEE SUBROUTINE QUTPUT)
05400 C IF GREATER THW PMAX ALLOW ONLY REDUCTION IN STEER ANGLE
0410 IF{ (PMAX.GT. 0,01, AND, (ABS{CIMFAL ).LT.PMAX)IGO TO &0

06420 IF{ABS(PSI).GT.ABS(PSIA))} PSI=PSIA

05430 40 CONTINUE

06440 C CHECX MAX STEER ANGLE

06450 IF{{ONGPS, GT.0.0) . AND. {ARS(PSI) .GT. OMGPS))

06450 1 PSI = SIGN(OMGPS,PSI) -

ob470 IF (DTP.NE.0.0)0PS] = (PSI-PSIA)/DTP

04480 Coee  1/146/81 M1 4850 HHMHHHHHHHHHHHHHHHHH N
06450 DP30 = DPSa57.2938

04500 PSIAD = PSIA#S7.2958

043510 PSI0 = P51#57.2958

06520 DEPS] = PSI0- PSIAD

04530 AT = P712.0

04540 YPFT = YP/12.0

06550 INT = XX/12.0

04540 -1 = YY/12.0

086570 C IF(FXD.£Q.1.0) GO TO 90

04580 IF (KPAGE. LE, 50. AND. T. NE. 0.0000) GO 1O 110

06590 WRITE(30,100)

05600 100 FORMAT(

06610 AIHL, 33X, 37HPROEE COORDINATES  PATH COORDINATES,SX. MPSI.AX,
06620 B3HPS, X, 4HPSIR 2X. HOPS] 2K, THDPSN  »SHIFLAG: 2. AHIPRB/
056620 Ot TINE DELTA PSIF  ERROR , X, 1HX, 9X. 1HY, 10X, 1HX, BX, 1KY/
06640 D314 (SEC) (DEG) {IN} . 4X, $H(FT), 4K (FT), 7X,
05630 E4HIFT)+ 5K, 4H(FT)/)
- 06540 KPAGE = 0

05570 110 WRITE(S0.120) T.DELPSL,DIST.XPFT,YPFT, XXFT,YYFT,PS10. 0PSO,

056480 A PSIAD, DPST, DPSN, IFLAG, [PRB

04490 120 FORMAT(IH \F7.3,2(4X.F7.3),2(31,F7. 1), 25, 202X, F1. 1), 32X, F7.4),
06700 A 2%, F7.5: 2X,F7.5, 2K, 13, 2%, 12)

06710 KPAGE = KPAGE ¢ |

06720 90 RETURN

06730 CHHHFHHHHHHHHHHHH -
06740 EN)
06730 CorsSHHHHHHHHHHHHHH H S R H H

FIGURE 52. SUBROUTINE DRIVER {Continued)
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The TTG calculates the elevation for each terrain table grid point by deter-
mining the perpendicular distance from the grid point to the centerline and
using that in combination with the superelevation and gradient. The TTG then
creates HVOSM card inputs for HVQSM which may be inserted directly into the main

HVOSM data deck.

Typical inputs for the TTG are included in Figure 53. The outputs from the TTG
consist primarily of either a card or disk data deck for use with HVOSM.
Additional diagnostic dumps may also be output to insure the accuracy of the

results.

A typical batch job for the TTG costs approximately $1.00 to $5.00, dependent on
table size, extent of dumps, etc. The cost compares favorably with the hours of
manual labor reguired to create a table manually and indicates that the TTG can

provide a useful interface between standard geometric descriptors and HVOSM

inputs.
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HYOSM PRE-PROCESSING PROCRAM-TERRAIN TABLE GENERATOR
CONTRACT 80.DOT~Fi=11-4575, PROCRASER=0CNENRY CONELA TANTS, JNC. . CaRY,4.C.

10 W WADINS, 10K $8, 51 GAABE. B0 M RUWOFF, 20/80% D161 o 100
. 10, ", 0.0 0.0 Lwn -, 1000, 4.0 6 101
bt 02 06 0 0.50 o jaz
ENTERLIHE DESCRIPTONS 0
.0 .0 0.0 10
.3, 27 e »
jodo, i1 o0 10
UPERELEVAT Jow X
0,0 -.01 9.0 P
18, -0l 10 Y.
716,  olle 4.0 P
jood. ~elig oo .0
a0f ENT ) 500
0.0 -.0%5 0.9
460, -.08 0.0
1005. -.08 0.0
. 9. 1i. 0.0 100, 11. 0
G, X 1. 19, 200.  il.0 @
-3, 108, 150 iso.  »o. 210 0
20. 200.  1i. 340.  $00. 13.0 so3

FIGURE 53. TYPICAL TERRAIN TABLE INPUTS FOR HVOSM CURVE STUDY
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APPENDIX E

PROGRAMMING DEVELOPED FOR ANALYSIS
OF VEHICLE PATH DATA

Program PATH was written to calculate instantaneous measures of vehicle path
characteristics from data collected in the vehicle traversal studies. PATH uses
{1) surveyed coordinates of centerline points of the curve, which are stored in
a curve data file named CODAF: and (2) radial offsets measured of the vehicle at
each point, which are stored in a data file named VODAF. The program performs
the necessary geometric calculations to establish vehicle coordinates at each
point, and calculates an appropriate curve radius for the vehicle path at each
point, Using film speed and frame count as the vehicle passes each paint, the
vehicle speed is also computed at each point. Based on the above calculated
items, a generated friction factor is calculated for the vehicle at each point,

The various input data and calculated values are output to the printer and saved
in an output file named CCALC for further processing.

The following table describes the functions performed by various blocks of
code. A program listing, input and output file formats and an example of

printed output follow.

Program Lines Functional Description
1-9 Program Déscription
10 Necessary to avoid subroutines upon execution
100 - 362 Routines entered through GOSUB statements throughout
program including:
100 - 142 Routine to change numeric variable (SI1) to string

variable (RO) of specified number of places (F) used for
formatting output

150 - 160 Routine to print page headings

200 - 216 Routine to print table headings

290 - 278 : Routine to format and print table entries

300 - 346 Routine which accepts coordinates of two points (N1, El,

N2, E2) and calculates distance (L) and azimuth (AZ)
between the points
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Functional Description

Program Lines
350 - 362
500 - 1420
500 - 570
575 - 615
620 - 685
690 - 840
690 - 810
815 - 840
845 - 1400
845 - 945
950 - 955
975 - 102§

Routine to determine the internal (smaller) angle (RO}
between two azimuths (Al, A2)

Program mainline including:

Establishes constants and dimensioned variables
Inputs file names for run

Reads curve data from file “CODAF"

Calculates slope of line perpendicular to each point on
curve to be used later in determining coardinates of
vehicle path at each point,

Determine points on tangent section of points in curve
file, The PC is included only if less than two tangent
points exists. An average slope is calculated and its
perpendicular assigned to 21l curve points on the
tangent.

Catculates perpendicular slope for points on curved
section based on coordinates of the point on the curve
and coordinates of the center of the curve approximated
as a separate step and stored in the curve data file
CODAF,

Performs calculations and output for each point passed
by an observed vehicle. This section is separated
until all vehicles in a vehicle file for a given curve
have been completed,

Reads data for an observed vehicle from the VODAF data
file.
Prints page heading

Calculates coordinates of vehicle path at each point
using perpendicular slope calculated above (lines 690 -
840) and offset distance. O0Offset distance is calculated
based on offset units stored for vehicle at point and
equation of the form Offset = Cy (offset units) + Cp.

€1 and Cp are constants read from the CODAF file. I[f a
data item is missing coordinates are set to 99999,
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Functional Description

Program Lines
1030 - 1185
1100 - 1115
1120 - 1135
1140 - 1150
1170 - 1175
1180 - 1185
1220 - 1235
1240 - 1250
1300 - 1380 °
1385 - 1395
1400
1405 - 1420

Calculates instantanecus radius of curvature of vehicle
path through N points for point 3 through N-2 according
to methodology shown in Figure 20. Note that curvature
is approximated over a distance represented by 5
points. The following substeps are included:
(References are to Figure 21)

Finds beginning azimuth (AZ(N - 2))
Finds ending azimuth (AZ(N + 2))
Finds chord distance (LCp)

Finds curve delta (AN)

Calculates radius Rp

Calculates vehicle speed using film speed, difference in
frame count and conversion to miles per hour

Calculates generated friction factor using formula:
friction factor = (Speed)?/15 Radius) - superelevation

OQutputs calculated volumes to CCALC file
Prints output table

Returns for next vehicle

Ends program
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CODAF FILE FORMAT

CODAF FILE stored as sequential file; file per curve site containing description

of curve,

Description
Site Number

State Code

Degree of Curve Code
Roadway Width Code
Approach Code

Transition Code

Curve Direction

Number of Points on Curve
PC Point Number

—
ot

‘OWNGMFNNP‘S
i

10 Curve Center North Coordinate
11 Curve Center East Coordinate
12 Point 1 - Point #
13 Point 1 - North Coordinate
14 Point 1 - East Coordinate
15 Point 1 - Elevation
16 Point 1 - Superelevation
17 Point 1 - Offset Conversion Constant Cj
18 Point 1 - Offset Conversion Constant C;
5+ (N*7) Point N - Point # '
6+{N*7) Point N - North Coordinate
7+(N*7) Point N - East Coordinate
8+(N*7) Point N - Elevation
9+(N*7) Poi'nt N - Supereievation
10+(N*7) Point N - Offset Conversion Constant ()
11+(N*7) Point N - Offset Conversion Constant Cp
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VODAF FILE FORMAT

VODAF file stored as random access file; one file per site, one record per
observed vehicle plus one trailing record,

[tem # Description

1 Film Speed

2 Vehicle Type

3 Vehicle Identification

4 Number of Points in File

5 Point 1 - Curve Point Number

6 Point 1 - Frame Count

7 Point 1 - Offset Units
2+(3*N) Point N - Curve Point Number
2+(3*N) Point N - Frame Count
2+(3*N) Point N - Offset Units

Last Record in File
Item 1 “stop"
Remaining Items ----- "
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CCALC FILE

CCALC file stored as random access file, one file per location, one record per

observed vehicle.

Description
File Speed

Vehicle Type
vehicle Identification
Number of Points in File

jr—
P
W O ~ O g & N e g
=

point 1 - Curve Point Number
Point 1 - Vehicle North Coordinate
Point 1 - Vehicle East Coordinate
Point 1 - Vehicle Offset
Point 1 - Long Chord Distance N-2 to N+2.
10 Point 1 - Curve Delta
11 Point 1 - Curve Radius
12 Point 1 - Vehicle Speed
13 Point 1 - Friction Factor
-4+(N*9) Point N - Curve Point Number
-3+(N*9) Point N - Vehicle North Coordinate
-2+{N*9) Point N - Vehicle East Coordinate
-1+{N*9) Point N - Vehicle Offset
0-+(N*9) Point N - Long Chord Distance N-2 to N+2
1+(N*9) Point N - Curve Delta
2+{N*9) Point N - Curve Radius
3+{N*9) Point N - Vehicle Speed
4+(N*9) Point N - Friction Factor
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1 REM PROGRAM 'PATH®

2 REM PROGRAM REQUIRES

3 REM CURVE DATA FROM °'CODAF' FILE

4 REM VEHICLE DATA FROM ‘VODAF' FILE

5 REM PROGRAM CALCULATES VEHICLE COORDIMNATES, OFFSET FROM CENTERL

INE, CURVATURE PROPERTIES OF VEHICLE PATH

& REM VEHICLE SPEED AND FRICTION FACTOR

7 REM FOR POINTS ON CURVE

8 REM PROGRAM STOREES SELECTED DATA IN FILE ‘'CCALC' FOR FURTHER U

SE

9 REM

10 GOTO S0%

100 REM

102 REM SUBROUTINE TO TURN NUMBER INTO QUTPUT S$STRING OF SPECIFIE

D FIELD LENGTH

104 REM

106 FD = ((F « .02) =~ INT (F)) = 10 :FD = INT (FD) + 1

108 FI = INT (F) = FD:SI = SI + ((35 * (10 * - FD)Y) = SCN (S1)}

110 FA = INT (SI): IF INT ( ABS (S8I)) « b ABS (FA) THEN FA = FA

+ 1

112 FS5 = STRS (FA): IF FA = 0 AND SGN (SI) ¢ 0 THEN FS% = "=" »

F58§

1149 FL = LEN (FSs$)

114 IF FL > FI THEN GOTO 138

tL8 IF SGN (FA) ¢ 0 THEN FA = FA + 1

120 FB = ABS (SI) - ABS (FA) + 100

122 FF$.= STR¢ (FH)

1249 FTS MIDS (FF$.4,FD)

126 IFf FL = FI THEN GOTO 144¢

126 Q = FI -~ FL

130 FOR GG = 1 TO Q

132 FS% = " " + FS$

134 NEXT QG

136 GCOTO 140

138 FS5% = “*":FT¢ = FSS

140 RO¢ = FS$ + FTS

142 RETURN

150 REM

152 REM SUBROUTINE FOR PAGE HEADINGS

154 REM

154 PRINT PRINT PRINT PRINT TABC( 10)“140-1 FHWA" TAB! 85)"

SITE" TAB( 35)KJ$

138 PRINT TAB¢( 10)"VEHICLE OPERATING CHARACTERISTICS"

1640 PRINT TAB{ 10)“RUN DATE "DAS TAB( 65>"VEHICLE" TAB( 33)R

162 PRINT PRINT PRINT

164 PRINT TAB( 10) - mm e e e e e~ s =

1646 PRINT TAB{ 10)"DATA ERRORS”

168 RETURN

200 REM

202 REM SUBROUTINE FOR TABLE HEADINGS

204 REM

204 PRINT TAB( (0) Ve e rcemcccccc e mrc e r e rr e r e r e e e c e == -

------------------- ‘ BRINT PRINT

208 PRINT TAB( {B)"CENTERLINE" TAB( 30)"VEHICLE" TAB( 39)"EFFECT!
FIGURE 54. PROGRAM PATH
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VE" TAB( 11)"SUPER-"

210 PRINT TAB¢ 10)"POINT" TAB( I0)"OFFSET" TAB( 31)"SPEED" TAB( 4
0)"VEHICLE" TABC( 11)"ELEV" TAaB( Z0)"FRICTION"

212 FRINT TAB( 10)"NUMBER" TABC 20)"(FEET)»" TAB( 31)“(MPH)" TAB(
39)"RADIUS~FT" TAB( 10)"AT POINT" TAB( Z21)>"FACTOR"

214 PRINT TAB( 10)"«vce--- “ TAB( 1B)"-woeceeoea—- “ TAB( 30)"ecamae- "
TAB( 39 )"-cceeeua- " TABC( 10)"---oeme " TAB( 20)Vw—=cere= " PRINT
216 RETURN

250 REM ‘

252 REM SUBROUTINE TO OQUTPUT TABLE VALUES

254 REM

2% FOR N = 1 TO Iva)

238 N5 = 2 + (3 * N):FO$(1) = STRY C(IV(NS)):N5 = (IVI(NS) * 7) + ¢
260 F = 6 .3:SL = VD(N): GOSUB 102 .FO$(2) = RO¢

262 F = 4.1:SI = CV(7,N): GOSUB 102:F0%(3) = ROS%

264 ¥ = 7.0:SI = CV(4,N): GOSUR 102:F0O$<(4) = ROS

266 F = 6.3:51 = IC(NS): GOSUB 102:FO$(%S) = ROS

268 F = 4.3:51 = CV(8,N): GOSUB 1Q2:FO%(4) = ROS

270 NS = 2 + (3 » MN)

272 IF IV(NS) = IC(%) THEN FQS(l) = FOS(1) + " PI"®

274 PRINT TAB( 12)FO$(t) TAB( 20>FOs$(2) TABC( 33)FO$(3) TAB( 40)F0
§¢(4) TAB{ 11)F0O$(5) TAB( Z21)XFOS$(6): PRINT

278 NEXT N

278 RETURN

300 REM

302 REM SUBROUTINE TO PERFORM INVERSE CALCULATIONS BETWEEN TWO P

OINTS

304 REM

304 DN = N1 - N2

aos
310
312
314
316
ite
izo0
322
324
324
328
330
332
334
3316
338
3qo
1qz
344
346
aso
3512
3354
asé
358
350
142
500

DE = E1 - E2

IF DN = 0 GOTO 338
TNBEAR = ABS (DE / DN)
BEAR = ( ATN (TNBEAR)) * (180 [/ PI)
IF DN ( Q0 GOTO 324
IF DE ¢ = 0 GOTO 330
REM ‘N- “E+
AZ = HEAR + 1B0: GOTO 3414 ~

IF DE ( = 0 GOTO 3314
REM ‘M- “Ee
AZ = 340 - BEAR:. GOTO 3414
REM “N+ "E- OR 0
AZ = 180 - BEAR: GOTO 344
REM “N- “E- OR 0
AZ = BEAR: COTO 3414
IF DE > 0 THEN AZ = 270

"IF DE ( 0 THEN AZ = 90
REM LENGTK CALC
'L = SAQR (DE * 2 + DN ° 2)
RETURN
REM
REM SUBRQUTINE TO RETURN INTERNAL ANGLE FROM TWO AZIMUTHS
REM
IF Al ) 180 THEN A1 = Al - 130
IF AZ > 180 THEN AZ = A2 - 1830
RO = ABS (Al - A2). IF RO ) 90 THEN RO = 180 - RO
RETVRN
REM FIGURE 5. PROGRAM PATH (Continued)
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S0% REM START MAIN PROCRAM

510 REM

515 Ds$ = CHRS (4)

520 PI = 3 1415927

2% RC = 1.1415%2? / 180

530 DEF FN RD(W) = W » RC

5335 POKE 33,40

540 DIM IC(150),IV(E0),5L¢(20) VE(20),VN(20),VDC2Q),CV(8,20),FQs(4)
$45 REM IC(150) - CURVE DATA :

S50 REM IV(B0Q) - VEHICLE DATA

$5% REM SL(20) - SLOPE PERPENDICULAR TO CENTERLINE AT EACH CURVE

POINT
560 REM VE,VN,VD(20) - VEHICLE COORDINATES AND OFFSET FROM CENTER

LINE

5435 REM Cv(8,20) - CALCULATED VALUES FOR A VEHCILE AT EACH POINT
- SEE BELOW

370 R = @

373 REM

580 REM INPUT DATA’

583 REM

590 HOME : INPUT “ENTER DATE “;DAs
$9S5 PRINT D$"PRWO": PRINT "ENTER CODAF SUFFIX AS 99 TO EXIT PROGRA
Mo

600 INPUT "CODAF FILE SUFFIX ";KJ$

§05 IF VAL (KJ$) = 99 THEN GOTO 1410

610 INPUT "VODAF FILE SUFFIX ";JK$

6§15 INPUT "CCALC FILE SUFFIX ";KKS$

620 REM
425 REM READ CURVE DATA
630 REM

§3% PRINT DS$S"OPEN CODAF"“KJs",D1"
§40 PRINT D$"READ CODAF“KJ$

445 FOR J = 1 TO 8

450 INPUT 1C(J)

455 NEXT J

660 PRINT DS$"READ CODAF"KJS

665 SB = 11 « (IC(CB) % 7)

670 FOR J = ? TO SB

675 INPUT IC(J)

§8¢ NEXT J

6§85 PRINT D$"CLOSE CODAF"KJS

490 REM

§95 REM CALCULATE PERPENDICULAR SLOPES AT EACH POINT ON CURVE

700 REM CALCULATE SLOPES ON TANGENT SECTION

705 REM
710 - IF IC{(%) = IC(12) THEN GOTO €15. REM IF NO TANGENT SECTION

715 REM FIND SLOPE OF TANGENT SECTION AS AVERAGCE OF SLOPES OF ADJ
ACIENT POINTS
720 PS = ICC12) - IC(9)
725 IF PS > | THEN PS8 = PS§ - 1
730 DE = 0:DN = 0:M = 0
735 FOR J = 1| TO PS
740 ES = (7 + (J * 7)) NS = (& + (J * 7))
745 DE = IC(ES + 7) - ICC(ES)
750 DN = IC(NS + 7) - IC(NS)
755 M = M + DN / DE
760 NEXT J
FIGURE 54. PROGRAM PATH (Continued)

304



=

" 950 PRINT DS$“PR#1": HOME

745 M = M / P8
7?70 REM PERPENDICULAR SLOPE

P79 MP =« - 1 /M

780 REM

785 REM ASSIGN SLOPE TO ALL TANGENT POINTS
790 REM

795 FOR J = 1 TO PS
800 SL(J} = MP
805 NEXT J

810 REM
81% REM CALCULATE CIRCULAR SECTION SLOFES
820 REM

82% FOR J = PC TO IG(8)

830 ES = (7 + (J * 7)):NS a (6 + (J * 7))

83% SL(J) = (ICCL0) - ICC(NS)») [ (CIC(L11) - ICCES))
84¢ NEXT J

843 REM

850 AEM FOR EACH OBSERVED VEHICLE COUNTED BY 'R’
853 REM

840 REM READ VEHICLE DATA

B435 REM

B?70 R = R + 1
875 PRINT Ds$"OFEN VODAF"JK$",L250,D1"

880 PRINT D$"READ VODAE"JK$",R"R

885 INPUT RS

B90 IF ASC (R$) = 83 THEN GOTO 3595

89S IV(1) = VAL (RS}

900 FOR J = 2 TO 4

05 REM

910 INPUT IV(J)

?15 NEXT J

920 K = 4 + (1V(d) * 3)

$25 FOR J = § TO K

#30 REM

935 INPUT IV(D)

940 NEXT J

945 PRINT Ds"CLOSE VODAF"JKS$ B -

59 P PRINT CHRS (12)

9SS GOSUB 152

$60 REM

965 REM PERFORM VEHICLE CALCULATIONS AT EACH POINT
970 REM

975 REM CALCULATE COORDINATES OF VEHICLE AT EACH POINT USING PERP

INDICLUAR SLOFE AND OFFSET

. 980 REM

985 FOR N = 1 TO 1IV(4q)

990 SO = 4 + (N » 3):BN = V(80 -~ 2):5C = 11 +« (RN * 7

99% IF IV(SO) = 9?9999 THEN VD(N) = 99999 :VE(N) = 99999 -VN(N) = 999
99: GCOTO 1025

1000 VD(N) = (IC(SC - 1) * IV(SO)Y) + IC(SC)

1005 DX = SQR (VD(NY ° 2 /7 (1 + (SL{(RN) * 2)>)) % SGN (IV(S50)) DY
= SL(RN) ® DX

1010 ES = (RN ¥ 7) 4+ 7:NS = ES -~ 1

101 VE(N) = IC(ES) + DX

1020 VN(N) = IC{(NS) + DY

102% NEXT N

1030 REM
FIGURE 54. PROGRAM PATH (Continued)
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10353

REM CALCULATE INSTANTANEQUS RADIUS OF CURVATURE O VEHICLE

AT EACH POINT

1040
1043
1050
1055
1040
1063
107¢
1075
1080
10853
10%0
1098

REM
REM SAVE INTERMEDIATE RESULTS AS SHOWN

REM USE ARRAY (CV(8- DATA,20- POINT) I, N

REM CV(1) = BEGINNING ASIMUTH
REM CV(2) = ENDING ASIMUTH
REM CV(3) = CHORD ASIMUTH

REM CV(4) = CHORD DISTANCE
REM CV(3) = CURVE DELTA

REM CV(4) = CURVE RADIUS

REM

FOR N = 3 TO IV(4) - 2
IF VN(NY = 99999 OR VN(N - 2) = 9%99% OR VN(N + 2) = 9999% TH

EN GOTO 1240

1100
1163
1110
1113
1120
1123
1130
1135
1140
1145%
1150
113§
1140
11685
1170
1173
1180
1185
1190
1195
1200
1205

1210

1218
1220
122%
1230

Nl = VN(N - 2Z):NZ = VNC(N)
El = VE(N - 2):EZ = VE(N)
GOSUB 304

CVI(1,N) = AZ

Nl = VN{(N):NZ2 = VN(N + 2)
EL = VE(N)Y:E2 = VE(N + 2)
GOSUB 304

CV(2,N)Y = AZ .
Ni = VN(N - 2):!E!l = VE(N - 2):N2 = VN(N + 2):E2 = VE(N + 2)

cosua 304

CV(3 ,NY = AZ:CV(4,N) = L
REM

REM FIND POINT DELTA
REM

Al = CVC(2,N):AZ = CV(L1,N)
GOSUB 332:CV(S.N) = RO * 2
AZ = FN RD(CV(S,N))
CV(4,N) = (CV(4,N> / 2) / SIN (AZ / 2)

REM

REM CALCULATE VEHKICLE DYNAMICS

REM }

REM CV(7) = SPEED ) - __—
REM CV(B) = FRICTION FACTOR

REM
RN = 2 + (3 * N):RN = IV(RN)
FS = 3 + (3 * N) .

IF IVI(FS + 6) = 99999 OR IV(FS - &) = 99999 THEN CV(?,N) = 99

999 . CVI(8 ,N) = 99999 PRINT “NO FRAMECOUNT FOR “JK$" "R" “"RN:CV(7?,N)
= 99999 :CV{(B ,N) = 9%99%: GOTO 1285

1235

3400
12490
1245
1250
125§
12440
12435
1270
127%
1280
1285
12%0

CV(7T . NY = ((CIV(1) * CV(4 ,NY) ! (IV(ES + 6) -~ IV(FS - &)1} * («
/I 5280)) ‘ ' ‘ T

CV(8,N) = (CV(7 N> * 2) 4 (15 * CV{(4§,N))

RN = IV(FS - 1):55 = ? + (RN * 7)

CV(8. N> = CV(B,N» - IC(SS>

GOTO 1285

FOR J = {+ TO 8

CV(J, N = 999°%°%

NEXT J

PRINT "NO QFFSET FOR "“JKs*" “R" "RN
PRINT D$"PR#&0O"

NEXT N

REM

FIGURE 54. PROGRAM PATH (Continued)
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REM END OF CALCULATIONS FOR CURRENT VEHICLE

ONS FILE, 1 RECORD/VEHICLE,

PRINT VE(P)>: PRINT VD(P): REM

202

PRINT "“PROCESSINCG COMPLETE

1295
1300 REM
1305 REM QUTPUT CALCULATI
R CURVE
1310 REM
1315 PRINT D$"PR#0O"
1320 PRINT D%"“"OPEN CCALC"KKs“,L1000,D2"
1325 PRINT D$"WRITE CCALC"KKS$" ,R",R
1330 FOR P = 1 TO 4
1335 PRINT Iv(P)
1340 NEXT P
1345 FOR P = 1 TO 1V(4)
1350 RN = 2 + (P * 3):RN = IV(RN)
1355 PRINT RN: PRINT VN(P):
L(RN?>
1340 FOR PP = 4 TO 8
1345 PRINT CV(PP,P)
1370 NEXT PP
1375 NEXT P
1380 PRINT Ds"CLOSE CCALC"KKS
1385 PRINT D$“FR#1": GOSUB
1390 GOSUB 252
1395 PRINT Ds"PR#0"
1400 GOTO 870
1405 PRINT D$"FR#1"
1410 PRINT PRINT : PRINT
vi.z©
1415 PRINT DSsS"PR#O"
1420 END
FIGURE 54.

PROGRAM PATH (Continued)
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APPENDIX F

ANALYSIS OF THE DYNAMIC EFFECTS OF VERTICAL IRREGULARITIES
ON HIGHWAY CURVES

Derivation of Cornering Model
Referring to Figure 55, ap is the lateral acceleration on the cornering vehicle.

expressed as:

where a, = lateral acceleration, ft/sZ (m/s2)
v = vehicle speed, ft/s (m/s)
R = vehicle path radius, ft (m)

Also shown in Figure 55 is the resultant of tire forces, P, the weight of the
vehicle, W, the superelevation, (expressed as tan 0), and the angle, a, the
tangent of which represents the ratio of resultant lateral to resultant normal

tire forces.

Analyzing the summation of horizontal and vertical forces on the vehicle yields

the following:
[tFp = map] or P sin(@ +a) = (W/g) (vZ/R)
[Fy =0] or Pcos(e+a)=W_

where W = vehicle weight, 1b {kg)
= acceleration of gravity, ft/s (m/sZ)
‘Dividing these two equations gives the following:
tan{0 + a) = vZ/gR

or (tan @ + tan a)/(1 - tan @ tana) = vZ/gR
or (e + f)/{1 - ef) = vZ/gR
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Figure 55. VEHICLE CORNERING RELATIONSHIPS
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Substituting the value of 32,2 ft/sZ (9.8 m/sZ) for the acceleration of gravity,
and converting vehicle speed to V, in mph (km/h), yields

(e + f)/(1 - ef) = V2/15R
1 mph = 1,609 km/h
Derivation of Cornering Model With Vertical Irregqularity
This derivation is identical to the previous derivation, except the resultant of

vertical forces intludes a centripetal acceleration term associated with the
vertical irregularity. The summation of horizontal and vertical force is:

[ZFn = map] or P sin(@ + a) = W2/gRy

[ZFy = may] or P cos(@ + a) = W+ (W&/gRy)
where Ry = vehicle path radius, ft (m)
. Ry = radius of vertical irregularity, ft (m)

Dividing these two equations gives the following:
tan (0 + a) = v2/[gRn(1 + {vZ/gRy})]
or (e + f)/(1 - ef) = v2/[gRp{1 + (v2/gRy))]

Substituting the value for the acceleration of gravity, and converting vehicle
speed to V, in mph(km/h), yields:

(e + f}/(1 - ef) = VZ/[Rp(15 + (VZ/R,))]
1 mph = 1 km/h

Note that when R, i§ infinite (no irregularity) that the eguation is the same as

the basic cornering equation.
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Derivation of Vertical Radius for Take-off

For any vehicle speed, the maximum vertical radius that will create vehicle
take-off is derived by knowing that the vertical force on the vehicle is zero.

Therefore,
W= (WveZ/gRy) = 0

or vtz = gR¢

take-off speed, ft/s (m/s)
vertical take-off radius, ft (m)

where v¢
Rt

Substituting the value for the acceleration of gravity, and converting vehicle
speed to V¢, in mph (km/h), yields:

V¢ = 15 Rt

1 mph = 1.609 km/h

To express this equation in terms of the dimensions of a parabolic curve, the
take-cff radius can be expressed as:

Ry =V100 L/A

where L = Tlength of parabolic curve, ft (m)
A = algebraic difference in grade, percent

Therefore, the take-off speed on a parabolic curve can be expressed as:

V1500 L/A

Vi

1 mph = 1.609 km/h
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APPENDIX G

ANALYSIS OF CURVE RECONSTRUCTION AS A
- COUNTERMEASURE TO HIGH-ACCIDENT CURVE SITES

The following pages summarize cost-effectiveness analysis of a hypothetical
reconstruction problem involving a sharp highway curve. The purpose of the
exercise is to demonstrate the relative cost-effectiveness of programs involving

complete reconstruction of sharp, high-accident curves,

The analysis uses a benefit/cost ratio format, with operational benefits
associated with reduced vehicle operating costs and accident cost savings,

GEOMETRIC CONDITIONS

Exiéting Proposed
Degree of Curve 20° 6°
Length of Curve 0.05 mi 0.16 mi
Central Angle 50° 50°
Roadside Rating 50 25
Roadside Slope 2:1 6:1
Clear-zone Width 10 ft 30 ft
Coverage of Fixed Objects 50% 50%
Pavement Rating 20 50
Width of Shoulders 0 ft 4 ft
1l mi = 1.609 km
1 ft =0,305m
ACCIDENT CONDITIONS
Existing Proposed
Discriminant Score (Equation 9.1) 4,22 -0.30
P(H) 0.99 0.51
Accident Rate (per MVM) 4.35 1.15

A Ra = 4.35 - 1.15 3.20 Accidents per MVM
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QPERATIONAL BENEFITS

Operational benefits consist of reductions in accidents and reductions in
vehicle operating costs over the curve. The 1977 AASHTO Manual nomographs were
used to calculate vehicle operating costs for existing and proposed conditions,

Vehicle Operating Costs* Existing Proposed
{dollars per 1000 vehicles)
Tangent $ 49.6 41.8
Transition 4,6 2.0
Curve 8.1 11.5
Travel Time 0.5 0.7
$ 62.8 56.0

Venicle Operating costs per 1000 ADT
per segment per year $22,922 $20,440

“Accident Costs

Accident Rate {per MVM) 4,35 1.15
Accidents per 1000 ADT per segment

per year 0.98 0.26
Accident Cost per 1000 ADT per $14,406 $ 3,822

segment per year (at $14,700
per accident)

* 1975 Costs from Reference (40); nomograph figures 9, 13, 17 and 20
were used in analysis,
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COSTS OF CONSTRUCTION

Initial Costs (Includes old pavement
removal , earthwork, clearing and
grubbing, tree/fixed object removal,
new pavement, topsoil and landscaping,
drainage, and engineering) $493,500

Costs at 10 years (Includes resurfacing
of pavement) $ 87,500

Annualized costs of improvements =

493,500 [CRF @ 7% and 20 years]
+ 87,500 [PW @ 7% and 10 years][CRF @ 7% and 20 years]

At the initial

Benefits

46,389 + 4,178 = $50,567

BENEFIT/COST ANALYSIS OF
CURVE RECONSTRUCTION

year, per 1000 ADT, annual benefits are calculated as follows:

Existing Costs - Proposed Costs
(22,922 + 14,406) - {20,440 + 3,822)
37,328 - 24,262

$13,066 per 1000 ADT

Assuming 1.5% traffic growth annually for 20 years and applying an adjustment
factor to produce equivalent uniform annual benefits, the annual benefit of
curve reconstruction per 1000 ADT is equal to $14,895. The annualized cost of
construction is $50,567. Therefore, the "breakeven" ADT is given by

(50,567/14,895)(1000 ADT)

or 3395 say 3400 ADT
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EXISTING

GEOMETRIC

CONDITIONS

All
Curves High Roadside Hazard (RR=50) Moderate Roadside Hazard [RR=35)
Pavement . Shoulder Width Shoulder Width
Rating
Medium (3 ft) Wide (8 ft) Medium (3 ft) Wide (8 ft)
Repave and Repave and Repave and Repave
reduce roadside | reduce roadside reduce roadside 2800 ADT
hazard to 25 hazard to 35 hazard t0 25 = | =« = =« = = = - -
Low 2000 ADT '
(PR=20) '} ] e = e e Initially Reduce roadside
2300 ADT Reduce roadside 4:1 2700 ADT hazard to 25
hazard to 26 | - - - - - - - 2400 ADT
1700 ADT 6:1 1800 ADT
Reduce roadside | Reduce roadside Reduce roadside
hazard to 25 hazard to 25 hazard to 25
P(H)<0.80
Moderate 1600 ADT 1800 ADT Initially
(PR=35) : 4:1 2300 ADT
6:1 700 ADT
Reduce roadside | Reduce roadside
hazard to 25 hazard to 35
High 1700 ADT 1800 ADT P{H)<0.80 P(H)<0.80
(PR=50)
1 ft = 0,305 m

* Short mild and moderate curves do not require improvement

FIGURE S6.

BREAK-EVEN ADT's FOR COUNTERMEASURES TO HIGH-ACCIDENT RURAL HIGHWAY CURVES
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EXISTING GEOMETRIC CONDITIONS

ANl
Curves High Roadside Hazard (RR+50) Moderate Roadside Hazard (RR=35)
Pavement Shoulder Width Shoulder Width
Rattng
Medium (3 ft) Wide (8 ft) Hedlqm (3 1e) Wide (8 rt)
Length Break- Length Break- Length Break- Length Break-
(mi) even ADT | (mi} even ADT {nf) even ADT (mi) even ADT
.13 %00 |-, T3 50U 13 500 -13 600
.23 800 .23 700 .23 1000 . 1000
Low .33 1200 .13 1000 .33 1400 3 1400
{PR=20) _;sg____zg_og__.sz___zouo_ _-§2 _ 200 | _ .62 __ 2800 -
.13 0 -“n 400 Pk 500
.23 600 2 600 .2 800
.3 800 .3 300 x| 1200
.62 1700 .62 1800 +62 2400
Length B8reak- Length Break- Length Break-
(mi; even ADT | (mi) even ADT gmg even ADT
. 300 13 400 .
.23 600 .23 600 .23 800
Moderate k] 800 .33 900 «33 1200
(PRe35) | .62 __ 1600 | .62 _ _ 1800 | -2 _ _ 2300 _
k) 200
23 300
33 400
+62 700
Length Break- Length Break- Entries above dashed
(ml! even ADT | (mi) even ADT line --
. <13 400 4:1 side slope
.23 600 .23 600 initially
High k| 900 .33 0 | 00 e eeaean.
(PR=50) 62 1700 +62 1800 Entries betow dashed
ine --
' 6:1 side slope
initially
11t =0.305m

1 m = 1,609 km

"~ Note: "“Length" refers to length of highway assumed to be improved to
reduce P(H) to the desired level. :

UMING ONLY
FIGURE 57. BREAK-EVEN ADT's FOR COUNTERMEASURES TO HIGH-ACCIDENT HIGHWAY CURVES, ASS
CURVE PLUS NOMINAL APPROACH LENGTHS REQUIRE IMPROVEMENT
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APPENDIX H
STAKEQUT OF SPIRAL CURVES

In recent years, significant changes have taken place in the design, calculation.
and stakeout of spiral curves. This has been brought about largely through the
use of electronic computers, special programming, and associated development
work. Spirals can now be computed just as rapidly and directly as circular
curves. The format for stakeout for spirals can be identical to that of
circular curves, with computer-generated stakeout notes providing complete in-
formation for the survey crews.

The following exampie of a segment of alinement with circular and spiral curves
(shown in Figures 58 and §9) 1llustrates the computer-produced stakeout notes.
These indicate curve numbers 22, 23 and 24, complete with stationing, deflection
angles, bearings and curve data. Curve No. 23 is a spiral, for which infor-
mation is provided for the same stakeout method as for the circular curves.

Although not included here, additional tabulations for utilizing intermediate
set-ups, stakeout in reverse direction, or any number of odd stations, can be
part of the stakeout notes “package" for both circular curves and spirais.

Also shown in Figure 60 is another printout form which includes more closely
spaced station points along with back-sight aﬁgles to set local tangents at each
of the points. Then, turning right angies from the local ta'ngents, radial lines
can be set for whatever accurate offsets may be required, as on a bridge.

Figure 61 is a diagram with nomenclature pertaining to this printout,

In short, notes precomputed in the office specifically for alinement stakeout

~ greatly simplify the field work and permit spirals to be used as readily as

circular curves.
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NOT TO SCALE

CURVE 22

4 = 18°00'00"
D = 1°.20°00"
A = 3.819.718¢'
T = 50498

L = 1,200.00°

5:1 N72%-12-00"E

&

FIGURE 58.

CURVE 23
o, » 8°00°00"
O = 49.00°-00"
L, = 400.00'
LT = 266.94'
ST = 133.58°

EXAMPLE HIGHWAY ALINEMENT

CURVE 24

A = 24°00°-00"
D = 4°00°.00"
A * 14323945
T = 304.465°

L * 600.00°
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P.C.

P.T.

PROJECT: I-49, Alexandria, la.

PROJECT NO.: 700-12-01 (155-1)

BY: vas CKD BY: jo

DATE: 6-15-81

" CURVE 22
Circular Curve - Left

Station Def. Angle Chord - Ft. Curve Data
404+72.36 0° -- P.C.
405+00.00 0°-12.4" 27.64
405+50.00 0°-34.9" 50.00
406+00.00 0°-57.4" 50.00 Bear $89°-48'-00"
406+50.00 1°-19.9! 50.00 -
407+00.00 1°-42.4" 50.00
407+50.00 2°-04.9" 50.00
408+00.00 2°-27.4" 50.00
408+50.00 2°-49,9°' 50.00
409+00.00 3°-12.4" 50.00
409+50.00 3°-34.9! 50.00 P.I. 410+77.34
410+00.00 3°.57.4! 50.00 A=18°-00'-00"Lt.
410+50.00 4°-19.9° 50.00 p=1°-30'-00"

R=3,819.7186"
411+00.00 4°.42.4" 50.00 T=604.984"
411+50.00 5°-04.9"' 50,00 L=1200.000"
412+00.00 5°-27.4! 50.00
412+50.00 5°-49.9! 50.00
413+00,00 6°-12.4" 50,00
413+50,00 6°-34,9" 50.00
414+00.00 6°-57.4" 50,00
414+50.00 7°-19.9" '50.00
415+00.00 7°-42.4" 50,00
415+50,00 8°-04 .91 50.00 Bear N72°-12'-00"
416+00.00 8§°-27.4" 50.00
416+50_00 g8§°-49 9! 50.00
416+72.36 9°-00.0" 22.36 P.T.
FIGURE 59. EXAMPLE COMPUTER-PRODUCED ALINEMENT STAKEOUT NOTES
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PROJECT: 1-49, Alexandria, La,
PROJECT NO.: 700-12-01 (155-1)
BY: vas CKD BY: jo

DATE: 6-15-81

CURVE 23
Spiral Curve - Right

Station Def. Angle Chord - Ft, Curve Data
T.S. 426+17.50 0° -- T.S.
426+50.00 . 0°-01.1" 32.50 Bear N72°-12'-00"E
427+00,00 0°-06.8" 50.00
427+50.00 0°-17.6" 50.00 P.I. 428+84.44
| 65=8°-00'-00"Rt.
428+00.00 0°-33.3" 50.00 Dc=4°-00"-00"
428+50.00 0°-54.1" 50.00 Ls=400,000"
LT=266.939"
429+00 .00 1°-19.8" 50.00 ST=133.581"
429+50.00 1°-50.6" 50.00
o, [ "
430+00.00 2°-26.3" 50.00 Bear N80°-121-00

S.C. 430+17.50 2°-40.0° 17.50 - S.C.

FIGURE 59. EXAMPLE COMPUTER-PRODUCED ALINEMENT STAKEOUT NOTES (Continued)
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PROJECT: 1I-49, Alexandria, La.
PROJECT NO.: 700-12-01 (155-1)
BY: vas CKD BY: jo
DATE: 6-15-81
CURVE 24
Circular Curve - Right

gtation Def. Angle Chord - Ft. Curve Data
S.C. 430+417.50 0° -- S.C.

430+50,00 0°-39.0" 32.50,

Bear N80°-12'-00"]
431+00.00 1°-39.0" 50.00 .
431+50.00 2°-39.0" 50.00

P.I. 433+21,97
432+400.00 3°-35.0* - 50.00
432+50.00 4°-39.0°' 50.00 A=24°-00'-00"Rt.

D=4°-00'-00"
435+00.00 5§°-39.0° 50.00 R=1,432.3945"
435+50.00 6°-39.0° 50,00 T=304.465"

L=600,000"

434+00.00 7°-39.0! 50,00
434+50.00 B¢-39.0" 50.00
435+00.,.00 9°-39.0" 50.00
435+50.00 10°-39.0°* 50.00

Bear S75°-48'-00"F
436+00.00 11°-39.0" 50.00

P.T. 436+17.50 12°-00.0° 17.50 P.T.

FIGURE 59. EXAMPLE COMPUTER-PRODUCED ALINEMENT STAKEOUT NOTES (Continued)
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PROJECT: 1-49, Alexandria, La.
PROJECT NO.: 700-12-01 (155-1)
BY: wvas CKD BY: jo

DATE: 6-15-81

CURVE 23
Spiral Curve - Right
Station Defl. A Chord - Ft. Bk. Sight 4 Curve Data
_ ¢ c Local Tan - B
T.S. 426+17.50 0° -- 0° T.S.
426+25.00 0°-00.1" 7.50 0°-00.1"
426+50,00 0°-01.1° 25.00 0°-02.1" Bear N72°-12'-00"E
426+75.00 0°-03.3" 25.00 0°-06.6"
427+00.00  0°-06.8° 25.00 0°-13.6"'
o . o
427"‘25.00 0 "11.6' 25.00 0 21.5' P.I. 428"“4.44
427+50.00 0°-17.6" 25.00 0°-35,1
o 2% as o , @s5=8°-00'-00"Rt.
427+75.00  0°-24.8 25.00 0°-49.6 Doed ®-00 ' -00"
428+00,00  0°-33,3" 25.00 1°-06.6" Ls=400.000°
o_gr ' o, ' LT=266,339"
4zs+zs.oo' 0°-43.1 25,00 1°-26.1 STo133 Enq 1
428+50.00 0°-54,1" 25,00 1°-48.1"
428+75.00 1°-06.3" 25.00 2°-12.6"
429+00,00 1°-19.8" 25,00 2°-39,6!
429+25.00 1°-34.6" 25.00 3°-09.1"
B Bear N80°-12'-00"E
429+50.00 1°-50.6 25,00 3°-41.1"
429+75.00 2°-07.8" 25.00 4°-15.6"
430+00.00 2°-26,3" 25.00 4°-52.6"
S.C. 430+17.50 2°-40.0!" 17.50 5°-.20.0" s.C,

FIGURE 60. EXI\lMPLE SPECIAL STAKEQUT NOTES FOR CLOSELY SPACED STATIONS
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T.S,

2
8= TL:. e External angle for any point P
s

8 . .
o= 3 Deflection angle to point P

B=e-¢ =2¢
FIGURE 61. TERMINOLOGY AND EQUATIONS FOR CALCULATION OF DEFLECTION ANGLES
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This research has identified the apparent need for and advantages in the use of
spirals to improve the quality of geometrics and the natural flow of alinement
of high-type facilities. 1In addition to the improved appearance, the spiral
performs its major function in allowing the driver to operate with minimum
steering effort and maximum comfort in negotiating a given section of curved
roadway. When designed with appropriate length and coordinated with development
of superelevation over this length, the spiral provides for improved comfort and
safety as the driver negotiates a smoothly transitional path.

The accompanying tabulation of points relating to "Advantages/Disadvantages" of
spirals is compiled as part of the summary discussion. C(learly, the development
of recent techniques in combination with computer applications now permits the
design, plan layout, and stakeout of both spirals and circular curves in a

simple, direct manner.
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(1)

(2)

(3)

(4)

"Advantages/Disadvantages" of Spirals Summarized

Advantages of Spirals (As Reported in AASHTO Policies)

1. Properly designed transition curves provide a natural, easy to follow
path for drivers, thereby improving operations and safety.

2. The length of spiral provides a convenient and desirable arrangemént fo
superelevation runoff. i

3. Where pavement is to be widened around a circular curve, the spiral
facilitates the transition in width,

4, The appearance of the highway is enhanced by the application of spirals.

Discussion of Perceived Problems with Spirals --
Disadvantages Countered or Dispelled

Spirals are complex and hard to calculate, and present problems in design.

The use of minicomputers permits direct, easy calculations with convenient
printouts, in formats similar to circular curves for every possible layout,
design requirement, and plan preparation. Procedures have been so
simplified that it is no more difficult to design highway alinements with
spirals than without.

Surveyors are not familiar with spirals and find them difficult to stake
out.

Computer-generated field stake-ocut notes can be produced and packaged in a
way to permit spirals to be staked in an identical manner to circular
curves. Comprehensive printouts of stake out notes for entire projects are
made available to the surveyors in book form.

Spirals present problems in layout and construction of bridges and other
structures,

As in (2), complete geometric design notes can be provided specifically for
bridges, These are also formatted similar to notes for circular curves,
with local tangents, radials for offsets, and a multitude of other points
provided.

In setting of right-of-way, spirals present problems, particularly where
right-?f-uay parallels the roadway at a uniform distance from the
centerline,

Since right-of-way is normally set by straight, angular lines, the spiral
has no effect on right-of-way description. Where concentric right-of-way
lines equidistant from the highway centerline are required, a procedure
ustng two circular curves on the right-of-way line opposite the centerline

- gpiral produces a simylated concentric right-of-way line. Thus, no spirals

are needed to describe and set right-of-way lines.
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