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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 builder's eye to the more 
modern geometrically designed form of a circular curve with superelevation, 
cross-slope transitions, 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 locations. 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; those with narrow 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 accommodate 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 accelerati~n 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? 

1 
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(6) Do spirals give the driver a safer transition into the circular 
curve? If so, what is their proper length? 

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

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

(9) Do run-off-road vehicles travel farther off the road on curves 
than on tangents? 

{10} Are run-off-road vehicles more apt to rol 1 over on curves than 
on tangents? 

All (lf the roadway elements listed in Table 1 together with the questions about 

driv1!r and vehicle interactions (these lists are presumably much larger} are 

part:; of the puzzle which describes the relationship of highway curve design to 

hi gh~1ay safety. 

Project Objectives and Scope 

The primary objectives of this research were: 

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

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

(3) To develop design criteria and guidelines 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) Literature synthesis; 

(2) Accident studies; 

(3) Computer simulation of vehicle dynamics; and 

(4) On-site operational studies. 
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TABLE l 

ELEMENTS OF HIGHWAY CURVES 

A. Horizontal Alinement Elements 
1. Radius of Curvature 
2. Length of Curve 
3. Superelevation Runoff Length 
4. Distribution of Superelevation Runoff Between Tangent and Curve 
5. Presence and Length of Transition 
6. Stopping Sight Distance Around Curve 

B. Cross-Sectional Elements 
1. Superelevation Rate 
2. Roadway Width 
3. Shoulder Width 

4. Shoulder Slope 
5. Roadside Slope 

6. Clear-zone Width 

C. Vertical Alinement Elements 
1. Coordination of Edge Profiles 

2. Stopping Sight Distance on Approach 
3. Presence and Length of Contiguous Grades 
4. Presence and Length of Contiguous Vertical Curves 

D. Other Elements 
1. Distance to Adjacent Highway Curves 

2. Distance to Nearest Intersection 
3. Presence and Width of Contiguous Bridges 
4, Level of Pavement Friction 
5. Presence and Type of Traffic Control Devices 
6. Type of Shoulder Material 
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II. LITERATURE REVIEW AND RESEARCH PLAN 

The initial research task involved an extensive search and review of literature 
descr·i bing previous studies that attempted to rel ate accidents to roadway and 
traff'ic elements. The search and review process was undertaken to ful fi 11 
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 developing efficient, reliable 
experimental alternatives • 

. 
The literature 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 
El emenits" Roy Jorgensen Associates, 1978 (!). Instead, th~ 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 roadway 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 
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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: 

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

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

Annotations provided in NCHRP 197 and included 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 collected, 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 
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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 
~ost research studies dealing with curvature have come to the same basic con
clusfon, 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 conditions are horizontal curves 
particularly hazardous. Findings from some studies give indications of the 
an sweirs to these questions. Ki h l berg and Tharp (_g_) discovered that curves in 
combination with intersections resulted in greater accident rates. Billion and 

Stohner (1) found that overall poor al i nement resulted in higher accident 
rates.. A number of authors examined curves in isolation to determine their 
accid1!nt effects. Babkov (_!) and Coburn (_~) reported accident rates for various 
degreHs of curve, and found that curves sharper than 2° are 20 to 50 percent 
more hazardous than tangents. Jorgensen (_!) 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 (§_), in a study of curve delineation found that length 
of curve as we 11 as its degree has an influence on accident rates. Raff's (2) 
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 describing horizontal curvature. 

Supen!levation Rate and Curve Transition 
Previous research shows little indication as to the accident effects of variable 

superelevation practices, transition of superelevation on approaches to curves, 
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or the use of spirals. Dart and Mann (.§.) 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 (_2.), Gupta and Jain (1.Q) and 
Sparks (Jl) observed no accident reduction effects of wider pavements. However, 
Gupta and Jain and Sparks did not use a direct measure of pavem~nt width as an 
independent variable, thereby losing much of whatever sensitivity may have 
existed. Other authors have reported an effectiveness of wider pavements with 
respect to accidents. /lmong these, Raff (ll, Dart and Mann (~), Jorgensen (l) 
and Zegeer and Mayes (Q) 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 pavement 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 roadway 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 
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shoulder width. Their study design, however, was incapable of exam1n1ng 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 (Q), Perkins (.!,i). 

Taragin (15,16) and Sparks(!.!) did not detect any significant effects of 
variable shoulder widths. Stohner (,~) and Jorgensen(!.) 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 (!Z), Raff (Z.l and 
Billion and Stohner (3) noted only marginal effects, or effects discernable - . 
under certain situations (e.g •• Billion and Stohner 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 
volume, 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 
literature. Most studies which include vertical alinement within the set Df 
independent variables have categorized vertical alinement very roughly (e.g., 
"good" alinement, 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 
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Billion and Stohner's work (1), as well as Sparks (l!), Cirillo (~). and Foody 
and Long (!Z)· Difficulties 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 of verti
cal alinement and in treating this variable in a multivariate analysis. 
Cirillo (W, 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 (11.) developed regres
sion equations that included si~ht distance restrictions as an independent 
variable. Schoppert (ll) judged sight distance to be relatively unimportant fn 
explaining variations in accident rates. Agent and Deen (!2) 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 crossing maneuvers conflict with traffic along the 
highway. 

The general lack of reliable study results 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 (Q), and Oeleys (_il), among others. 
Studies in Georgia (~) and Arizona (Q) of single-vehicle fatal crashes on 
rural highways have noted a preponderance of rollovers on highway curves. More 
recently, Graham and Harwood (11,) 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(~) 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. 

(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 AOT'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 AOT. 

Suntnary 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 extremely 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 limit 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 
longitudinal, 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 
occurs. These considerations contribute greatly to the difficulties 
encountered by accident researchers. 

The above discussion points to the need to design a study of incremental 
accidE!nt effects with great care. Unfortunately, much of the research in the 
field of accident causation has problems 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 ) 

(2) 

Failure to account for or control for variables not being studied.-
Examples of this maJor problem abound 1n studies of var1able 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. In such cases, the distribution of accidents by section becomes 
skewed towards "zero" and "one," i.e., very few sections with mcire 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 low. 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 Reco nize and Evaluate Interactions Amon Variables.--
tu 1es emp oy1ng mu t1p e regression tee n1ques ave 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 over the wide range of dependent variables, but which may be 
useless in predicting effects for a given set of conditions. 

An understanding of these basic 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 
literature, ft appeared that sole dependence on such a plan would yield limited 
r.esults. Therefore, decisions were made to limit the research effort to the 
geometric design aspects of highway curves, and to pursue more than one 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 feasible research problem statements and 

attendant research methods; and (4) the deve16pment 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) ~lith 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 fncreases for a given curve radius. 

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

(9) Eiecause of a tendency to produce a high proportion of single-vehicle 
accidents, roadside hazards are an important element 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 to 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 corresponding 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 infonnation on drivers' speed responses to various 
approach conditions. 

Analytical Studies.--Th1s 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 
vehicl,e 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 

RADIUS OF CURVE 

Do accident rate increase with decreasing 
radius of cur:11e ? 

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 dri\ler 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 7 
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TABLE 3 

RESEARCH QUESTIONS AND 
ATTENDANT RESEARCH METHODS (continued) 

SHOULDER TYPE 

Is them a relationship between accident rate and 
shou Ider type ? 

Is the probability of a high - accident location sensitive 

to shou Ider type ? 

Does st1oulder tvPe affect the stability of traversal 
onw the shoulder ? 

LENGTH OF CURVE 

Does accident rate increase with length of curve 

( for the same radius) ? 

Is the probability of a high - accident location sensitive to 

length of curve ? 

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

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

CURVI: APPROACH CONDITIONS 

Is there. a relation 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 

Is accident rate sensitive to the length and distribution 

of superelevation runoff ? 

Is the probability of a high - accident location sensitive to 
the length and distribution of superele11ation runoff ? 

Are v.ehicle 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 ? 

Is 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 cl 

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 resist.ince 
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 probability of a high - accident location 
sensitive to cross - slope break ? 

• 

• 
j 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} 

GRADE 

Is there a combined effect of grade and curvature 

that relates to accident rate ? 

ls 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 7 I I I • I I 
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III. HIGHWAY CURVE SITE SELECTION 

The objectives of selecting highway curve s1tes for this research were to: 

( 1) 

(2) 

(3) 

Identify 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 geom et ri cs; and · 
Provide the necessary data for selecting a limited, 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 following criteria were used in developing a 
preliminary list of candidate States: 

(1) Extent of Highway Meeting Study Constraints - The study constraints as 
set forth in the work plan limited analyses to predominantly two-lane 
rural highways with at least 1500 ADT. Nationwide statistical sunwnaries 
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. 

(2) 

( 3) 

Geographic Distribution - It was desirable, 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 quality of 
data, as well as the ease of retrieving certain information, varies 
among States. Those States with the most accessible and reliable data 
were considered the best candidates. 
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State 

"Texas 
•~Ohio 
Georgia 
Arkansas 

•~Illinois 
California 
North Carolina 
New York 
Oklanoma 
New Mexico 
Wisconsin 
Minnesota 

;•Florida 
Virginia 
Michigan 

Total-U.S. 

Total Candidate 
States 

PEircent of U.S. 

*C:andi date States 

Source: Reference (26) 

TABLE 4 
SELECTED STATISTICS 

STATE PRIMARY HIGHWAY SYSTEMS 

State Pr1 mary Highway System - Rura 1 

Total Percent 
Surfaced Mileage with of Mileage with 
Mileage 2,000-10,000 ADT 2,000-10,000 ADT 

61,8Qg 10,480 17.0 
16,019 6,135 38.3 
15,605 4,982 31.9 
13,851 2,797 20.2 
13,155 5,901 44. 9 
12,749 5,260 41.3 
11,976 5,522 46.1 
10,894 5,117 47.0 
10,869 3,106 28. 6 
10,582 1,793 16.9 
10,197 4,333 42.5 
10,061 2,907 28.9 
10,037 4,995 49.8 
8,147 4,241 52.1 
8,103 4,371 53.9 

408,821 134,549 32.9 

101,020 27,511 27.2 

24.7 20.4 
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(4) Willin ness to Cooperate in the Stud - While the States were not asked 
to ac 1ve y part1c1pa e ,n t e stu y, 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 
Florida 
Illinois 
Michigan 

Ohio 
Pennsylvania 
Texas 
Virginia 

FHWA, through its regional and division offices, solicited and obtained the 
cooperation 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. 

Preliminary visits were made to State highway agencies in Florida, Illinois, 
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 0 (SLOs) 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. 

Illinois - 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 problem in transferring information to the FHWA computer 
facilities. 
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Dhio - Highway inventory and accident records are both available on ADP 
·mes. The highway inventory, however, only identifies curves sharper than 
3 degrees and grades steeper than 3 percent. There are also SLDs but these 
had insufficient geometry information for this research. 

Texas - Highway geometry data would have to be obtained from SLOs. Some 
·1tems are available in ADP files, but curve data can only be obtained from 
SLOs. Accident records are maintained in ADP files, but accident location 
is only recorded to the nearest 0.10 mile (0.16 km). 

Altho,ugh mi nor problems were expected in com pi 1 i ng data from any of the candi -
date States, all five were suitable for the study. Further analyses indicated, 
howev1~r, that sufficient coverage could be obtained through use of four, rather 
than five States. Michigan was classified as an alternate, leaving Florida, 
Illinllis, Ohio and Texas.as the recommended candidate States. 

These four States represent a reasonable cross section 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 

appro:<imately 20 percent of the rural highways with ADT from 2,000-10,000. 

Field Inspection of Sample Curve Sections 

A critical factor in research that uses a large data set is the reliability and 
accur,icy 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 quality of each State's 
geometric data base: 

( 1) Presence of the highway curve 
( :n Roadway width at the curve 
( :3) Shou 1 der width and type at the curve 

(4) Approach and departure grades (i.e., "flat," "steep upgrade," etc.) 
(!5) Curve radius and approximate length 
(6) 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 also con
sistently accurate in each State. In Ohio, roadway and shoulder width 
measurements proved to consistently match those indicated in the State files. 
In Illinois, 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 Illinois 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 sunmary, 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 include 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 com parable Poisson di stri but ions. A uniform segment length of 
0.6 mi (1.0 km) was specified, therefore. unless longer segments were needed to 

accon111odate minimum tangents. 

The process used 1n selecting analysis segments from geometric highway inventory 
files is diagrarrmed in Figure 2 and described below. 

Study Constraints 
The ~rork p 1 an specified that the research wou 1 d be concerned with rura 1 • 
two-lane curves on highways where the traffic volume was at least 1500 vehicles 
per dlay. 

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 s~metimes 
showed both city 1 imi ts and urban 1 imi ts, the 1 atter 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. 

All 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.S. and State Highways. In Texas, junctions with State 
Highways designated Farm-to-Market (FM) routes were also considered 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 Illinois data due to unavailability of the 
required infonnation. 

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. 

Operational Consistency 
Since a three-year safety record was required for each analysis segment, ft was 
necessary to screen out locations containing recent reconstruction during this 
period, or those which exhibited significant traffic growth over the past three 
years. This constraint was applied o.nly 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 m,ade 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 
sharp,er 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. 

Separ,,tion 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
vi de minimum tangents in each analysis segment. In application, however, the 
minim~m separation was taken as 1365 feet (416 m) to insure that the milepost of 

30 



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 remaining 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. 

Of 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. 1 

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 surm1arizes 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 Taole 6. Sites are summarized by ADT and width of roadbed in Table 7, and by 

length of curve and degree of curvature in Table 8. 

lFurther 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 colTlllonly used and understood measure of curvature. The most common 
definition of degree of curve is the arc definition. According to arc deffoi
tion, degree of curve is the central angle subtended by a 100-foot (30.5 m) arc. 

This description of highway curvature was convnon to the data files of all four 
State$ 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 
arq; (equivalent to arc lengths of 66 feet, 98 feet and 328 feet). M.ore common 
metric design practice involves definition of the radius of curve. 

The r1!ader 1 s referred to Appendix A, which describes the equ i va 1 ent met rk 
radius of curve for a range of curvature def; ned by a 100-foot (30. 5 m) arc 
lengtt1. Also sho~n are alternative metric degrees of curve based on various 
defin·itions. 
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TABLE 5 
DISTRIBUTION OF CURVE ANALYSIS SEGMENTS 

BY TRAFFIC VOLUME 

Traffic Volume 
Number of Analxsis se2ments 

(ADT) Curve Tangent Total 

(2100 1061 76 1137 

2100-3099 1037 66 1103 

3100-4899 746 70 816 

4900-9999 409 37 446 

2_10,000 51 4 55 

All Volumes 3304 253 3557 
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Degree of 

Curvature <28 

Tangent 6 

<10 6 

1°-2°59'59" 25 

3°-4°59 1 59" 34 

5°-7°59 I 59" 58 
)80 163 

Tot,31 292 

TABLE 6 

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

Number of Se2ments bl Width of Roadbed (Feet} 

28-31. 9 32-35.9 36-39.9 40-43.9 44-47.9 

38 51 39 54 65 
67 68 47 178 153 

184 238 210 414 443 
74 72 63 116 88 

75 86 53 49 28 

110 75 49 19 16 

548 590 461 830 793 

)48 Total 

0 253 

13 532 

25 1539 
5 452 

0 349 

0 432 

43 3557 

Note: Width of roadbed is total surfaced width plus width of shou1ders. 
l ft ,_ 0.305 m 

TABLE 7 

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

Traffic Volume Number of se2ments by Width of Roadbed {Feet} 

(ADT) (28 28-31.9 32-35.9 36-39.9 40-43.9 44-47.9 )48 Total 

<,~100 114 272 222 138 203 181 7 1137 

2100-3099 107 107 190 159 275 247 18 1103 
' 3100-4899 55 107 96 99 198 252 9 816 

490Cl-9999 15 56 66 64 135 103 7 446 

l,10,000 1 6 16 1 19 10 2 55 

Tc1tal 292 548 590 461 830 793 43 3557 

Note: Width of roadbed 1s total surfaced width plus width of shoulders. 
1 ft ., 0.305 m 
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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 
Curve (Miles) 

<1°00'00" 1°-00'-00"- 3°-00'-00"- 5°-00'-00" 18°-00'00" 
2°-59'-59" 4°-59 1 -sg• 7°-59 1-59" 

<0.100 104 272 124 218 385 

0.100-0.199 236 571 

0.200-0.299 113 383 

>0.300 79· 313 

Total 532 1539 

Average Length* 0.20 0.20 

* Rounded to nearest 0.05 mi 

t Rounded to nearest 0.1 degree of curvature 

1 mi = 1.6 km 

198 108 40 

99 · 18 6 

31 5 1 

452 349 432 

0.15 0.10 0.05 

Total 

1103 

1153 

619 

429 

3304 

0.15 

Average 
Curvature 
(Degree)t 

5.8 

2.7 

2.3 

1.9 

3.6 



IV. ACCIDENT STUDIES 

A thr1!e-year hi story of ace i dent experience was compi 1 ed and ana 1 yzed for each 
of the curve and tangent analysis segments. The basic objectives of this phase 
of th•! research were to detennine the relationships between accidents and 
hi ghw,!y geometrics and to identify those geometric e 1 ements that contribute the 

most to 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 (AOCV}. a multivariate analysis to 
determine incremental effects of basic geometric and traffic 
variables; and 

(3} Discriminant Analysis. a study of the comparative geometry of 
those sites with either high or low accident rates. 

Accident Data Compilation 

Fol lo~1ing 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 

stati!;tical 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 
Poiss(ln 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 a1 period of years. After careful consideration, a three-year period was 
selected to give the best tradeoff between maximum exposure and minimum 
exclus,ion 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 Illinois verified this assumption, 

and it was further verified in the comprehensive analysis, as is shown in 

Fi gurt! 3. 

Accid,mt 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 fo 11 ows: 

"Location 

" Severity (Fatal, Injury Only, Property Damage Only) 

"Vehicle 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 

accidEmts/segment on curve sections and 2.21 accidents/segment on tangent 

sections. Tabulation and analyses of this accident experience provide a 

val uat>l e insight into the safety characteristics of rural highway curves. 

Ace i dimt Type 

S1 i ghtl y more than one-ha 1 f ( 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 

multh•ehicle accidents. As Figure 4 fodicates, the proportion of single

vehicle ROR accidentson the lowest volume roads (less than 2099 ADT) was 42,5 

percer1t. 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 

segments 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 

minof' 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 ~idth 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. 

Accident Type 

Head-,on 

Rear-1:!nd 
Si desilfi pe 

Angle & Turning 

Total 

TABLE 9 
TYP£ ANO NUMBER OF MULTIVEHICLE ACCIDENTS 

ON CURVE SEGMENTS 

Total 
Number 

909 

1B83 

681 

2450 

5923 

Multivehicle Accidents 

Per Analysis 
Segment 

0.28 

0.57 

0.21 

o. 73 

l. 79 

Percent 
of Total 

Multi vehicle 
Accidents 

15.3% 

31.8% 

11.5% 

41.4% 

100.0% 

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

Surface Conditions 

Percent 
of Total 
Accidents 

7. 0% 

14.6% 

5.3% 

19.0% 

45. 9% 

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

face c:cindit1on was wet or icy, On tangent analysis segments, 22.0 percent of 

all ac:cidents occurred with wet or icy pavement conditions. Although exact ex

posurEi data are not available, average climatology information for the four 

study States (.fl.) indicated that pavements are wet or icy about 10 to 12 percent 

of the time. The probability of an accident occurrence, therefore, 1s almost 

three tfmes as high for wet or icy pavements than for dry pavements. 
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Types of accidents that occurred during periods of poor and normal surface 
conditions are su11111arized in Table 10. On curve analysis segments, propor
tionately more single-vehicle ROR accidents occurred when the surface was wet 
and icy than under normal surface conditions. Both total and single-vehicle 
accident rates in all 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 s~ows 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. On tangent analysis segments, severe 
accidents accounted for 37.8 percent of the total. A summary of accident 
sevedty 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 a 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 
Conditions Conditions Total 

Percent of Acci de"nts7 Percent of Accidents? Percent of Accidents/ 
Accidents by Segment Accidents by Segment Accidents by Segment 

Tiee of Se9ment & Accident -- Tlee Txee Ttee 
Curves: 

Single-Vehicle Run-Off-
Road 40.6% 0.44 33.42: 0.95 35.4% 1.39 

Single-Vehicle--Other 15.8% 0.17 20.2% o. 58 19.0% 0.75 

Multi vehicle 43.6% 0.47 46.4% 1.32 45.6% 1. 79 

Total - Curves 100% 1.08 100% 2.85 100,: 3.93 
.:,, 
N 

Percent by Surface {27. 5%) {72.5%) {100.0%) 
Condition 

Tangents: 

Single-Vehicle Run-Off-
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 '1\ 

Total - Tangents 100% 0.49 100% 1. 72 100% 2.21 

Percent by Surface (22.0i) (78. 0%) (100.0%} 
Condition 

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



TABLE 11 

ACCIDENT EXPERIENCE RELATED TO LIGHT CONDITIONS 

Oal'.time Ni9httime Total 
Percent of Accidents/ Percent of Accidents/ Percent of Accidents/ 
Accidents by Segment Accidents by Segment Accidents by Segment 

rxee of Se9ment & Accident riee riee llee 

Curves: 

Single-Vehicle Run-Off-
Road 28.41 0.68 46.2i o. 71 35.U 1.39 

Single-Vehicle--Other 13.6j 0.32 27.4j 0.42 19.0S 0.75 

Mult ivehi cl e SB.OS 1.39 26.41 0.41 45.61 l. 79 

Total - Curves . 1001 2.39 100% 1.54 100% 3.93 

.p Percent by Light Conditions (60.71) (39. 3%) (loo. o,:) w 

Tangents: 

Single-Vehicle Run-Off-
Road 23.2% 0.32 35.41 0.29 27.81. 0.61 

Single-Vehicle--Other 12.~ 0.18 36.41 o.3o 21.1,: 0.48 

14ultivehicle 63.91 0.88 28.2'1 0.24 50.51 1.12 

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

Percent by Light Conditions (62.5%) (37.s:o (100.0,:) 

Note: Three-year accident experience at each site. 



Type of Segment & Accident 

Curves: 

Single-Vehicle Run-Off
Road 

Single-Vehicle--Other 

Multi vehicle 

Total - Curves · 

Percent by Severity 

Tangents: 

Single-Vehicle Run-Off
Road 

Single-Vehicle--Other 

Multi vehicle 

Total - Tangents 

Percent by Severity 

TABLE 12 

SEVERITY OF ACCIDENTS 

Severe 

(Personal Injury
Fatalit Accidents 

Percent o Acci ents/ 
Accidents by Segment 

Type 

40.8% 

13.61 

45.61 

100% 

(41.51) 

33.61 

10.~ 

55.5% 

100% 

{37.8%) 

0.67 

0.22 

0.74 

1.63 

0.28 

0.09 

0.46 

0.83 

Non-Severe 

(Property Damage 
Onl Accidents 

Percent o Ace, ents 
Accidents by Segment 

Type 

31.51. 

22.ai 

45.7t 

100"1, 

(58.5%)' 

24.21 

28.21, 

47.61. 

100% 

(62.2%) 

o. 72 

0.53 

1.05 

2.30 

0.33 

0.39 

0.65 

1.37 

Note: Three-year accident experience at each site. 

Total 
Percent of Accidents/ 
Accidents by Segment 

Type 

35.41. 

19.01 

45.6"1, 

1001. 

(100.0%) 

27.8"1, 

21.7"1, 

50.51, 

100% 

(100.0%) 

1.39 

0.75 

1.79 

3.93 

0.61 

0.48 

1.12 

2.21 

·,·, 



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 both single-vehicle 
and mult1vehicle accidents on the curve analysis segments. Table 13 su11111arizes 
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, a~out the relationships between incidence of truck/bus accidents and 
geometric elements. The available information however, indicates that there is 
little 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 
multivehicle 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-Off
Road 

Other Single-Vehicle 
and Multivehicle 

Total 

Percent by Vehicle Type 

TABLE 13 

ACCIDENT EXPERIENCE RELATED TO VEHICLE TYPE 

Truck/Bus 
Involvement 

Percent of Accidents/ 
Accidents by Segment 

Type 

30. 1i o. 27 

0.61 

100% 0.88 

(21. ZS) 

Auto Only Total 
Percent of Accidents/ Percent of Accidents/ 

Accidents by Segment Accidents by Segment 
Type Type 

36.9i 1.21 35.6% 1.48 

63.1% 2.06 64.4% 2.67 

100'.( 3.27 1001 4.15 

(78.8%} (100.0%) 

Note: No vehicle type data were obtained from Florida. Accident ra!es reported above. therefore exclude 
Florida data. Three-year accident experience at each s1te. 



It 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 curve 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: 

[4 .11 

where: Re = Accidents per 0.6 mi (1 km) of curve plus transitions only 

Rs = 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 

Ls == Length of analysis segment= 0.6 mi (1 km) 

Lt = Average length of highway that is pure tangent = ls - Le 

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 Le is equal to 0.23 mi (0.47 km) and Lt 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)] / {0.23/0.60) = 6.70 

Re for Single-vehicle ROR Accidents 

[ 1.39 - o.61 (0.37/0.60) J / (D.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 av,erage curve is ( 6. 70/2. 21) or over three ti mes the average tangent rate. 

Similarly, the average single-vehicle R0R rate for curves is (2.64/0.61) or 4.3 

times the average tangent rate. 

Analysis of Covariance 

The An,tlysis of Covariance {A0CV) was intended to investigate the incremental 

accide1nt effects of highway traffic and geometric variables generally available 

from State data files. The site selection 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. 

Althoui3h the literature review indicated the potential futility of this A0CV in

vestigation, the integrated data base allowed the analysis to be performed with 

very l'ittle additional effort. 

An analysis approach was needed to study the incremental accident effects of the 

five b,tsic traffic and geometric variables in a framework which considers both 

the di1rect effects of each variable and all of the potential interactional 

effectis between variables. A0CV can be regarded as an extension of standard 

multiple regression in that, in essence, a family of simple regression equations 

is det,!rmined. The individual members of the family e,dst in the different 

eel 1 s 1Jf the experimental design framework which are deff ned by the combinations 

of cat,~gorical variable levels. 

Ana lys'ls Results 

Prelim'lnary 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 Social Sciences" (SPSS)(28). An 

A0CV f1ramework 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: 

{l) The multiple R2 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 
Degree of Curve 
Length of Curve (mi) 
Roadway Width (ft} 
Shoulder Width (ft) 

1 mi "'1.609 km 
1 ft .. 0.305 m 

Regression Coefficient 
0.056 

-0.141 
-0.023 

-0.057 

Although the AOCV 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 almost 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 curv-e, 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 accident rate over 
ranges and combinations of the other variables. 

49 



~~ 
Degree of Curve 
Length of Curve (mt) 

Roadway Width (ft) 
Shoulder Width (ft) 

Factors 
State 
Degree 
Len9th of Curve (mi) 

Roadway Width (ft) 
Shou1lder Width (ft) 

TABLE 14 
FRAMEWORK FOR ANALYSIS OF COVARIANCE 

1,2,3,4 

i 1.999, 2.000-3.999. 4.000-6.999, l, 7.000 
< 0.149, > 0.150 - . -
i 21.999, l 22.000 
.5_ 5.999, 1. 6.000 

Dependent Variables (Accidents/MVM) 
Tota,1 Accident Rate 

Sin~1le-Vehicle Accident Rate 

Mult.ivehicle Accident Rate 

Night Accident Rate 

Fata1l plus Injury Accident Rate 

1 mi = 1.609 km 
1 ft = 0.305 m 
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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 infonnative to detennine the predicted 
incremental differences over the practical range of each covariate as follows: 

Covariate 

Degree of Curve 
Length of Curve(m1) 
Roadway Width (ft) 
Shoulder Width {ft) 

Practical 
Range 

1°-20° 

0.05-0.40 
18-24 
0-8 

Regression 
Coefficient 

0.056 

-0.141 
-0.023 
-0 .057 

Difference in 
Accident Rate* 

Accidents per MVM 

1.12 
0.05 
0.14 
0.46 

* Difference in accident rate is regression coefficient multiplied by the 
difference in the practical range for the respective covariate. 
l 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 other 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 dubious 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 described above and by previous research. The problems encountered by 
researchers and discussed in 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 th1!se reasons, an analysis procedure was developed which maximized the 
potent•ial for learning something about geometric/accident relationships. The 
analys•is procedure involved a detailed study of the geometric characteristics of 
two distinct curve site populations. The populations were defined as accident 
outlie1·s, 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 the:;e hfgh- and low-accident site populations were then investigated. 

The obvious adval)tage of such an approach is that, assuming the data are care
fully c:ollected, it insures discovering any safety/geometry relationships that 
may ex·ist. Thh is because the study sites are selected on the basis of 

dissim'llarities in their accident experience, rather than differences in 
geomet,•ic or other features which are only hypotheshed as being related to 
accidents. 

Site SE! 1 ect ion 
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 the 
States,. and possible accident effects of extraneous variables. 

52 



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 
base were computed. 

(2) The sites were partitioned into three ADT classes to control for any 
accident rate or acc1dent type effects of traffic volume. The ranges 
of the AOT 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 

~w 
Medium 
High 

Volume Range 

1400-2099 
2100-3099 
3100-4899 

Number of 
Sites 

1059 
1034 

745 

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

(3) To control 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 AOT class were 
designated "high-accident sites." 

(4) Low-accident sites were also identified4 ln all but the high ADT 
ranget such sites had no reported accidents over three years. 
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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 
DISTRIBUTLON OF HIGH- AND LOW-ACCIDENT SITES BY STATE 

Number of High- Number of Low-
State Accident Sites Accident Sites Total 

Florida so 56 106 

Illinois 44 31 75 
Ohio 26 16 42 
Texas 65 45 110 
Total 185 148 333 

Field Data Collection 

Follo1~ing identification of the high- and low-accident sites, field studies were 
perfor·med. These studies, conducted in the fall of 1980, were designed to fur

ther define the geometric and environmental character of the sites. In add1tfon 
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 $pecial 

survey forms and instruments for measuring various geometric elements. 
Appenclix 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 

photo~1raphs 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 Envirorvnent 
Characteristic of horizontal alinement on approach to the curve 
Characteristic of vertical alinernent on approach to the curve 
Relative hazard of roadside (i.e •• slopes. objects. etc.) 
Pavement condition 
Pavement skid resistance 
Signing 
Pavement markings 
Presence of driveways, structures, minor roads, etc. 

Roadway geometry 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, 

SN6o (97 km/h, SN97). 
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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 on Glennon's model 
for roadside accidents (29), which considers frequency, type, and placement of 
roadside objects. Appendix C describes the derivation of the roadside rating 

schemE! used in the research. 

Charac:terization of Sites 
Mean yalues of some important geometric characteristics of the selected high
and loiw-accident sites are given in Table 16. These data illustrate 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, 
poorer roadsides, and lower pavement ratings than the low-accident sites. On 
the average, curve length, roadway width, superelevation rate, and transition 
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). Ohio 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 fn Illinois. 

Pavement marking and signing information were also collected and eval-uated. 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 
modera·te to high traffic volumes. Signing was more variable; however, the 
sharpe:,t curves tended to be advance signed, and delineated with one or more 
types 1Jf reflectorized delineator. 
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TABLE 16 

GEOMETRIC CHARACTERISTICS OF 
HIGH- AND LOW-ACCIDENT SITES 

Geometric Mean Values for H1gh- and Low-Accident Sftes 
Characteristic Florida 1111 noi s Ohio Texas Four States 

H1gh Low High Low High Low High Low H1gh Low 

Degree of Curve 2.41 1.44 3.21 1.73 11.77 6.50 2.68 1.32 4.13 2. 07 

Length of Curve (m1) 0.25 0.21 0.17 0.15 0.06 0.08 0.18 0.16 0.18 o. 17 

Roadway Width 
1n Curve {Ft) 22.5 22.7 24.3 23.7 22.4 22.2 24.1 24.7 23.5 23.4 . 
Shoulder Width 
in curve (Ft) 7.5 8.9 5.8 8.6 5.9 8.2 7.6 8.4 6.9 8.6 

U'I Ratio of Super. at ...... 
the PC to Max. Super. 0.51 0.64 0.43 0.27 0.40 0.40 0.37 0.35 0.42 0.44 

Rate of Change of 
Super (per 100 ft) 0.019 0.035 0.022 0.011 0.043 0.025 0.017 0.014 0.023 0.023 

Roadside Rating 29.0 26.3 32.8 30.1 34.1 30.1 32.O 26.8 31.7 27.6 

Pavement Rating 36.1 40.7 36.0 36.4 32.4 35.1 37.O 38.9 35.9 38.7 

1 mi = 1.609 km 
1 ft = 0.305 m 



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 ,ma 1 ysis segments in the data base. Si ngl e-vehicl e ROR accidents account
ed for 42 percent of all occurrences at the high-accident sites versus 35 
percent at a 11 other curve sites. 

Tables 17, 18 and 19 compare accident experience related to surface and light 
condit'ions, 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 mart! groups or populations. To do so, data describing the characteristics on 
which 1:he groups are expected to differ are collected 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 ge<>metric and environmental variables discussed earlier. 

Discriminant analysis distinguishes between the populations being studied by 

formin!r a linear combination of the discriminating variables. The discriminant 
function is of the form 

[ 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 
Conditions 

Percent of Accidents/ 

Type of Segment & Accident 
Accidents by Segment 

Type 

High-Accident Curve Segments: 

Single-Vehicle Run-Off-
Road 46.21 0.96 

S1ngle-Vehicle--Other 14.41 0.30 

Multivehi cle 39.41 0.82 

Total - High-Accident S1tes lOOS 2.08 

Percent by Surface Conditions (24.8%) 

All Other Curve Segments: 

Single-Vehicle Run-Off-
Road 39.9S 0.41 

Single-Vehicle--Other 16.0% 0.16 

Multivehicle 44.11, 0.45 

Total- Other Sites lOOS 1.02 

Percent by Surface Conditions (27 .81.) 

Note: Three-year accident experience at each analysis 

Normal 
Surface Conditions 

Percent of Accidents7 
Accidents by Segment 

Type 

40.81 2.58 

17.2S 1.09 

42.0S 2.66 

lOOS 6.33 

(75.2%) 

32.41 0.86 

20.61 0.55 

47.01 1.24 

1001 2.65 

(72. 2%) 

segment. 

Total 
Percent of Accidents/ 
Accidents by Segment 

Type 

42.2S 3.55 

16.5S 1.39 

41.3S 3.48 

lOOS 8.42 

(100.0S) 

34.6S 1. 27 

19.41 0.71 

46.0% 1.69 

lOOS 3.67 

(100.0%) 



en 
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Type of Se911!ent & Accident 

High-Accident Curve Segments: 

Single-Vehicle Run-Off-
Road 

Single-Vehicle--Other 

Multivehicle 

TABLE 18 

ACCIDENT EXPERIENCE RELATED 
TO LIGHT CONDITIONS AT 

HIGH-ACCIDENT AND ALL OTHER SITES 

Daytime 
Percent or Accidents/ 
Accidents by Segment 

Type 

32.6S 1.64 

13.4S 0.67 

s4.rn 2.71 

Nighttime 
Percent of Accidents/ 
Accidents by Segment 

Type 

56.2S 1.91 

21.2s 0.72 

22.6S 0.77 

Total - High-Accident Sites lOOS 5.02 lOOS 3.40 

Percent by Light Conditions ( 59.61) (40.4S) 

All Other Curve Segments: 

Single-Vehicle Run-Off-
Road 27.81 0.62 44.8'1 0.65 

Single-Vehicle--Other 13.61' 0.30 28.3% 0.41 

Multivehicle 58.6% 1.31 26.9S 0.38 

Total- Other Sites lOOS 2.23 lOOJ 1.44 

Percent by Light Conditions ( 60. 9%) (39.1%) 

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

Total 
Percent of Accidents/ 
Accidents by Segment 

Type 

42.2S 3.55 

16.SS 1.39 

41.3% 3.48 

lOOS 8.42 

(100.0I) 

34.61 1.27 

19.4S 0.71 

46.0S 1.69 

lOOS 3.67 

(100.0S) 
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C'\ .... 

Type of Segment & Accident 

High-Accident Curve Segments: 

Single-Vehicle Run-Off-
Road 

Single-Vehicle--Other 

Multi vehicle 

Total - High-Accident Sites 

Percent by Severity 

All Other Curve Segments: 

Single-Vehicle Run-Off-
Road 

Single-Veh1cle--Other 

Multi vehicle 

Total- Other Sites 

Percent by Severity 

TABLE 19 

SEVERITY OF ACCIDENTS AT HIGH-ACCIDENT 
AND ALL OTHER SITES 

Severe 

(Personal Injury 
Fat nts 

Percen 
Accidents by 

Type 

46.8,: 

10.0,: 

43.2J 

1001, 

(41.81,) 

40.0% 

14.a 

45.91. 

1001, 

(41. 7%) 

1.65 

0.35 

1.52 

3. 52 

0.61 

0.21 

0.70 

1.52 

Non-Severe 

(Property Damage 
Onl Accidents 

Percent o cc ents 
Accidents by Segment 

Type 

38.81, 1.90 

21.2J 1.04 

40.0j 1.96 

lOOj 4.90 

(58.21) 

30.Sj 0.66 

23 .. lS 0.49 

46.4% 1.00 

100% 2.15 

( 58. 3j) 

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

Total 
Percent of Accidents/ 
Accidents by Segment 

Type 

42.21, 3.55 

16. 51, 1.39 

41.31 3.48 

100% 8.42 

(100.0%) 

34.61, 1.27 

19.4S 0.71 

46.01, 1.69 

100'.t 3.67 

( 100. 01) 



I 

il 

wherE1 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 
popu 1 at ion ( s) • 

The a:nalysis aspect of thfs techniq1:1e provides several tools for the interpre
tatio,n 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 S;tatistical 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. It then 
chooses the variable with the next highest discriminating power, given the 
effects of the first variable. This process is continued until all variables 
are selected or the remaining variables are no longer able to contribute to 
further discrimination. 

In exercising 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. 
these ideal assumptions are never completely satisfied. 

In application, however, 
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 b,~sic 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 
(4) 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 accide~t characteristics of high
accident sites revealed that such data would not affect the analysis. 

The initial 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 analyzed. 
The SPSS output provides these standardized coefficients. The seven variables 
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and their relat1ve discriminating power in the discriminant function were as 

follows: 

Relative 
Standardized 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 tn 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 e,;clusion 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 discr1minating variables in 

the initial analysis. The discriminant function, D, is: 

D = 0.0713(DC) + 2.9609(LC) + 0.1074(RR) 
- 0.0352(PR) - 0,1450(SW) - 1,5454 

Where D = Discriminant Function (non-dimensional) 
DC= Degree of Curve 
LC= Length of Curve (mi) 
RR= Roadside Rating 

[ 4. 3) 

PR= Pavement Rating 
SW= Shoulder Width (ft) 

NOTE: 1 mi = 1.609 km 
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 d~crease the discriminant score. 

The relative discrfm1nat1ng power (which is based on standardized coefficients) 
of each of the five variables 1n Equation 4.3 is: 

Variable 

Roadside Rating 
Shoulder Width 
Length of Curve 

Degree of Curve 
Pavement Rating 

Standardized 
Coefficients 

0.594 

-0.393 

0.393 

0.325 
-0.276 

Relative 
Discriminating 

Power 

2.11 

1.39 

1.39 

1.14 · 

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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Equat'ion 4.3 suggests that roads;de hazard is the most ;mportant contr;butor to 

high-,!ccident experience, and, therefore, at existing high-accident sites, 

roads·( de safety f mprovements may generally be the most effective counter

measures. Other practical and potentially cost-effective countermeasures would 

include shoulder widening and pavement resurfacing. 

Although Equation 4.3 may be best for explaining causal relationships, it 

contains two variables (roadside hazard, pavement skid resistance) that are not 

speci 1'fca lly recorded in State inventory files. Therefore, some addi ti ona 1 

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 f2!:. but 

not tc,tally explain high-accident locations. 

The beist high-accident location identifier equation using generally available 

inventory data is as follows: 

D • 0.3768(DC) + 3.2092(LC) - 0.2198(SW) + 0.2887 

Where D = Discriminant Factor (non-dimensional) 

DC= Degree of Curve 

[4.4] 

LC• Length of Curve (mi) NOTE: 1 mi = 1.609 km 
SW= Shoulder Width (ft) 1 ft= 0.305 m 

This e,quation 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 Analysts 

The value of the discriminant analysis procedure is primarily in the ability to 

predict or classify various combinations of the discriminating variables. In 

its ap1plication here, the analysis serves to identify combinations of geometric 

and otl,er conditions that have a tendency to produce either very high or very 

low ac,:ident 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 to its D 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 illustrate, 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 ~istrfbutions, 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 appears~ 
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.l percent 
probability of being high-accident sites (and, thus a 49.9 percent tow-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 O 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 sites 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. 
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DISCRIMINANT SCORE 
( EQUATION 4,3) 

+2 +3 

ACTUAL PREDICTED CLASSIFICATION 
ACCIDENT 
CHARACTE A ISTICS LOW HIGH TOTAL 

Number Percent Number Percent Number Percent 

LOW 
77 60.2 51 39.8 128 100.0 

( G5.2'X, J ( 28.3% J ( 43.0'l, ) 

HIGH 
41 24.t· 129 75.9 170 100.0 

( 34.B'X, ) { 71. l'K, J ( 57.<H, J 

TOTAL 118 39.6 1BO 60.4 298 100.0 
( 100.0'ift J { 100.111 J ( 100. O'ift J 

Figure 5. DISTRIBUTION OF DISCRIMINANT SCORES FOR HIGH- AND 
LOW-ACCIDENT SITES 

68 

+4 



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 which logical countenneasures 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 Sftes.--As Figure 5 points out, 
the discriminant analysis predicted that 180 sites were high-accident sites. 
The probability-based-cri~erion of D l 0.36 resulted in this prediction. Of the 
180 predicted high-accident sites, 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, whicn 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 sfte fs a high-accident site) for Equation 4.3. 
Selection of any P(H) level 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 fn the use of the 
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D • 0.0713 (DC)+ 2.9609 (LC)+ 0.1074 (RR) 

-0.03512 (PR) - 0.1450 (SW) - 1.5454 

DC • OegrH ot Curve 
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RR • Roadsid■ Rating 
PR • Pavement Rating 
SW • Shoulder Width (ftJ 
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PIH) - PROBABILITY THAT SITE IS A HIGH - ACCIDENT SITE 

1 mi • 1 .609km 
1 ft •0.305m 

Figure 6. RELATIONSHIP BETWEEN DISCRIMINANT SCORE ANO THE PROBABILITY 
THAT A SITE IS A HIGH-ACCIDENT SITE 
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Sites Selected For P(H I> .50 Sites Selected For P(H) > .80 

~~1 "" LOW· ACCIDENT SITES ~!:1, " LOW ·ACCIDENT SITES 

-4 -2 0 
·a· 

+2 -2 0 +2 +4 
·o· 

~~1 -= HIGH • ACCIDENT SITES ~I HIGH -ACCIDENT SITES 

'0' 

NUMBER OF SITES IDENTIFIED 180 
AS HlGH·ACCIDENT SITES 

I PERCENT OF ALL SITES) ( 60.4%} 

NUMBER CORRECTLY CLASSIFIED 129 

NUMBER INCORRECTLY CLASSIFIED 51 

PERCENT OF IDENTIFIED SITES 
71.~ CORRECTLY CLASSIFIED 

-4 -2 0 
'0' 

NUMBER OF SITES IDENTIFIED 
AS HIGH-ACCIDENT SITES 
I PERCENT OF ALL SITES l 

+2 

NUMBER CORRECTLY CLASSIFIED 

NUMBER INCORRECTLY CLASSIFIED 

PERCENT OF IDENTIFIED SITES 
CORRECTLY CLASSIFIED 

Shaded aru represents sites selected II high• accident sites according to appropriate P(H) criterion. 

Figure 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 

site:; based on an 80 percent probability criterion has important implications. 

As F·igure 7 indicates, the number of sites so identified is substantially 

reduc:ed. With a 50 percent probability criterion, 180 sites (60.4 percent of 

the sample) were classified as high-accident sites. An 80 percent criterion 

resullts 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 

percEtntage of total sites for further study (say. 5 percent or less). 

Tablei 20 shows the probabilities that sites defined by a range of geometric 

conditions would be high-accident sites. With the 80 percent criterion, ft 

appea.rs that almost all sites with high roadside hazard would qualify as high

accid!ent sites. Likewise, almost all sites wfth low 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 sunmary, 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 accf dent countermeasures. Reducing curvature may not be practical 

or pr,oduct i ve because of hf gh costs and the apparent trade-off between degree 

and 1,ength 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 
(EQUAHON 4.3} 

L O W R O A D S I D E H A Z A R D 
(Roadside Rating of 20) 

Curve Length Shoulder Degree of Curve 
{mil Width {ft] 10 30 50 12° 20Q 

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 (O. 30 mi) 4 49 52 56 

8 36 38 42 

0 54 58 61 
Moderate (.17 mi) 4 41 44 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 so• 
Long (0.30 mi} 4 63 66 70 

8 50 53 60 

0 68 71 75 
Moderate (.17 m1) 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 Nh1gh-accident 11 site. 

1 mi = 1.609 km 
1 ft = 0.305 m 
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TABLE 20 

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

Curve Length 
___JJ,_ni...,) __ 

M O D E R A T E R O A D S I D E H A Z A R D 
(Roadside Rating of 35) 

Shoulder 
Width (ft) 

Degree of Curve 
3° 6° 12° --

High Pavement Skid Resistance (Pavement Rating of 50) 

0 
~ Long (0.30 mi) 4 

8 66 67 70 

0 
Moderate (.17 mi) 4 69 71 74 

8 58 60 62 
0 74 76 78 

Short (. 05 mi) 4 62 64 66 
8 50 52 54 

Moderate Pavement Skid Resistance (Pavement Ratfng of 35) 

Long (0.30 mi) 

Moderc1te (.17 mi) 

Short (.05 mi) 

Long (0.30 mi) 

. Moderate ( .17 mi) 

Short (.OS mi) 

0 
4 
8 

0 
4 
8 

0 
4 
8 

Low Skid Resistance (Pavement Rating of 20) 

0 
4 
8 

0 
4 
8 

0 
4 
8 

Shaded area denotes curve conditions which result tn at least an 80 percent 
probability that the site would be a uh1gh-accidentN site. 

1 mi = 1.609 km 
1 ft= 0.305 m 
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TABLE 20 

PROBABILITY THAT A SITE IS A HIGH-ACCIDENT SITE (Continued) 
(EQUATION 4. 3) 

Curve Length 
(mi) 

H I G H R O A D S I O E H A Z A R D 
(Roadside Rating of 50) 

Shoulder 
Width (ft) 

Degree of Curve 
30 _.£'._ -11:_ 

High Pavement Skid Resistance {Pavement Rating of 50) 

Long (0.30 mi) 

Moderate (.17 mi) 

Short ( .05 mi) 

0 
4 
8 

0 
4 
8 

0 
4 
8 

Moderate Pavement Skid Resistance (Pavement Rating of 35) 

Long (0.30 mi) 

Moderate (.17 mi) 

Short ( .05 mi) 

Long {0.30 mi} 

Moderate ( .17 m1 ) 

Short ( .05 m;) 

0 
4 
8 

0 
4 
8 

0 
4 
8 

'j.' ·,. ... 
~ .r, - ,-J -

I ~ • 

!J• • ! I , 
,!! "' ' . .,. > , 

;.(-4 - ., ;< 

Low Skid Resistance (Pavement Rating of 20} 

0 
4 
8 

0 ~-- . . ..,, 
4 " ·, . 

8 t: ' ' 

0 
4 
8 

Shaded area denotes curve conditions which result in at least an 80 percent 
probab111ty that the site would be a 0 h1gh-accident 11 site. 

1 mi = 1. 609 km 
1 ft= 0.305 m 
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suggest that other design deficiencies such as very poor approach 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 

analyisfs results ts to use Equation 4.4 with a 70 percent criterion to identify 

candidate sites for improvement and, after inspection of these candidate sites, 

to usie Equation 4.3 with an 80 percent criterion to decide ff each site should 

remain on the 11st. Although Equation 4.4 will miss identifying those sites 

where all the variables but the roadside hazard and/or pavement skid resistance 

are g1>od, under the limitations of. typical State inventory data, ft will be 

reasonably efficient. 

Table 21 shows the calculation of the probability of a site having a high

acci dt!nt experience based on Equation 4. 4, which is the discriminant 

rel at'ionshi p that uses avaf lab le inventory data to' f dentffy candidate 

fmpro11ement sites. Because this equation does not include the more powerful 

roads·lde 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 21 indicates that sites 

with 1:urvature 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-foot: shoulders and long curves would qualify as candidates. 

After an improvement site is selected, Equation 4.3 can also be used as a 

generc1l guide to evaluate the ability to change the high-accident experience. 

Again,. an appropriate criterion level could be selected. For example, the goal 

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 

paramE,ter, ureduction 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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Curve Length 
(mi) 

Long (0.30 mi) 

Moderate (.17 mi) 

Short (.05 mi) 

TABLE 21 

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

{Equat_ion 4.4) 

Shoulder Degree of Curve 
3° 6° 12° -Width (ft) 

0 
4 
8 

0 
4 
8 

0 
4 
8 

Shaded area denotes curve conditions which result in at least a 70 percent 
probability that the site would be a Nhfgh-accidentu site. 

1 mi = 1.609 1cm 
1 ft = 0.305 m 
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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 fey highway curves is almost three 
tfmes 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) Discriminant Analysis ts 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 relatively 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-Object 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 originally developed and 
refjned 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, (l!,) which gives the details of the HVOSM studies of cross-slope 
breaks. 
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These modifications included the following: 

(1) Driver discomfort factor output; 
(2) Friction demand output; 
(3) Terrain table generator; 
(4) 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). 

For the highway curve traversal studies, one of the more important aspects of 
the path following algorithm is the length of the wagon-tongue or probe length. 
The wagon-tongue is attached to the center of gravity and extends in front of 
the vehicle parallel to its x-axis. A probe at the end of the wagon-tongue mon
itors the error from the intended path and activates the driver m6del inputs. 
The probe length in essence simulates the complex interaction which occurs as a 
driver 5:ees the roadway ahead and responds to what he sees. Selection of a 
probe 1 e•ngth, therefore, actua 11 y amounts to a dee is ion as to what type of 
driver is being modeled. Long probe lengths are indicative of "ideal" drivers, 
who prepare for th_e 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. ~oderate 
probe 1 E!ngths create mi nor path corrections just preceding the curve, and tend 
to allo~1 the vehicle to track in a near optimum manner. Calculated friction 
values ,ire somewhat higher than 1s predicted by the centripetal force equation. 
Very short probe 1 engths represent aggressive or inattentive driver behavior. 
Path cor·rections 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 mc1deled. Highly variable results can be obtained running different probe 
lengths on the same simulated curve at the same speed. 
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Preliminary Curve Runs and Results 

Twelve initial HVOSM 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 length that would allow the vehicle to track the center 
of the lane with very little path deviation. The resulting vehicle 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, v2/15R (V2/127R) and the simulated lateral acceleration are 
closely comparable for all tests, Also, the calculated tire responses, 
(V2/15R)-e [(V2/127R)-e] are comparable to the simulated tire responses. 

It is noteworthy that, because of roll 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 lateral 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 behavior. 
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 

V R e Caicuiated Resuits* H\IOSM Results 
Speed Roadway Supere 1 evat ion Lateral Tue Maximum Maximum Maximum Ori ver 

Radius percent Acceleration Friction Lateral Tire Discomfort 
mph (km/h) ft (m) Acceleration Friction Factor ----- -----

20 {33} 108 (33) 8 0.25 0.17 o. 25 0.17 0.20 

20 (33) 128 {39) 4 0.21 0.11 0.20 0.14 0.18 

31 (50) 230 (70) 10 0.26 0.16 o. 26 0.17 0.20 

31 (50) 272 {83) 6 0.22 0.16 0.22 0.17 0.20 

co 42 
N 

(67} 469 {143) 8 0.23 0.15 o. 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 o. 26 0.16 o. 27 o. 17 o. 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 mph; 1.609 km/h 
1 ft aa 0.305 m 



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 95th percentile 
path was selected to represent nominally critical operations. This relationship 
is as follows: 

Where 

Rv = 5820 Rc/(Rc + 6780) 

Rv = 95th percentile vehicle path radius (ft) 
Re= highway curve radius (ft) 

NOTE: 1 ft= 0.305 m 

[5.1] 

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 
length 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 

L = Probe Length, ft (m) 
V = 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 1 ength 
(3) Supere 1 evat ion 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 frequency and amount of "excessive" speed behavior varies with the type of 
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TABLE 23 

CRITICAL HVOSM TESTS 

T E S T P A R A M E T E R S R E S U L T S 

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 Spira 1 Speed 

ft {m) mph{km/hl ft tml on Tangent mph! km/h} 

2461 (750~ 6 75 p20) 200 (61) 70 None 0 87 {140) 0.092 0.190 
2461 (750 6 75 120) 200 (61) 70 None o 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 

o:> 1345 (410} 8 62 (100) 216 (66) 70 None 0 75 {120) 0.116 0.260 c.n 
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 (210J 10 50 (80) 236 B~l 20 None 0 50 80) 0.140 0.260 
689 (210 10 50 (80) 236 70 None 5 50 (80) 0.140 0.240 
689 ~210) 10 50 (80) 236 (72) N/A AASHTO 0 50 ~80) 0.140 0.120 
689 210)* 10 50 (80) 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 {80J 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 0 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 = O. 305 m 
1 mph= 1.609 km/h 
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1.0 2.0 3.0 4.0 5.0 

TIME ( seconds ) 

TEST CONDITIONS 

Speed · - 50mph (80km/h) 

Roadway Geometry 

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

Vehicle and Driver 
Characteristics 

Probe Length 17.7ft (5.4m) 
P GAIN 5.Bx10-6 rad / ft 

(1.9 x 10-5rad / m) 
Q GAIN 5.Bx10-7 rad • s / ft 

(1.9x10- 6 rad • s / m) 
No Deceleration 

Figura 8. EXAMPLE HVOSM OUTPUT 
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TIME ( seconds ) 

TEST CONDITIONS 

Speed · · 50mph ISOkm/h) 

Roadway Geometry 

Centerline Radius 689ft 1210ml 
Superelevation 10 percent 
Super. Runoff 236ft (72ml 
Super. Dist. 70% on tangent 
Grade O percent 

Vehicle and Dri11er 
Characteristics 

Probe Length 17.7ft 15.4ml 
P GAIN 5.8xl0-6 rad / ft 

U .9 x10-5racl / ml 
0 GAIN 5.Bx10-7rad. s / ft 

(1.9 >r10-8racl • s / m) 
No Deceleration 

Figure 8. EXAIVPLE HVOSM OUTPUT !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 behavior, 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 almost all highway curves. 

The tire friction for this speed increment was found to be most sensitive for 
the lo~'er 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 force 
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 long. 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 explanation 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 MSHTO 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. In att cases, 

the presence of the spirat reduced the friction demand from a vaiue aignifi

cantty higher than the design f to one that ws beZ.or,J 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 

results 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). In 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 (i.e., the dynamics of proceeding from 
tangent to curve) and the response by the driver as he transitions in and 
irm,ediately out of the curve. A 164-foot (SO-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 wou·1 d be necessary on a 1 onger curve. 

Summary of Critical Curve Runs 
The crit'lcal analysis of highway curves provided two preliminary results with 
important implications. These results were subject to the field verification 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 i;peed. 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 

Details of cross-slope break studies are reported in a separate report titled 
"HVOSM Studies of Cross-S1 ope Breaks on Highway Curves" {l!_). These studies and 
their re!;ul ts are sunwnari zed here. 

The objective of these studies was to evaluate AASHTO (1.£,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 8 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 more 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. 

HVOSM 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. 

HVOSM 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. In 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. 

HVOSM Results and Design Implications 
The results clearly show that the driver discomfort level (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 

Highway Curve Radius 

Superelevation 

Shoulder Width 

Shoulder Cross Slope 

Vehicle 

Jn'it i a 1 Vehicle Speed 

Vehicle Deceleration 

Vehicle Path Radius 

Vehicle Path Radius 
Tangent Point 

Performance Criteria 

Tire-Pavement Friction 

Driver Discomfort Factor 

92 

Specff1cation 

AASHTO Controlling Curves 

AASHTO Controlling Curves 
( 2 percent to 10 

percent) 

9.0 ft (2. 7 m) 

-2 percent to -6 percent 

1971 Dodge Coronet 

Design Speed 

Engine Braking@ 0.1 g 

95th percentile path as a 
function of highway 
curve radius measured 
by Glen non and Weaver (]1) 

Corrective Curve 7.2 ft {2.2 m) 
from edge of roadway 

0.4 

0.3 



For paved shoulders with widths of 5.2 feet (l,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 a 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 acco11111odate 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 
beyond the initial decision of choosing the narrower shoulder. 

Roadside Slope Studies 

The sensitivity of vehicle dynamics to negative cross slopes shown in the 
cross-slope break studies raised some questions about vehicle dynamics on the 
more severe roadside slopes. Also, previous studies (36,.E.} 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 guardrail 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 slope in place of the superelevation 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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Side Side 
Slope Slope 
Ratio Angle 

J. Oe~rees} 

6:1 9.5 

6:1 9.5 

4:1 14.0 

4: 1 14.0 

1 mph= 1.609 km/h 

1 ft = o. 305 m 

Curve 
Design 
Speed 

mph (km/h} 

50 (80) 

75 (120) 

50 (80) 

75 ( 120) 

TABLE 25 

HVOSM ROADSIDE SLOPE TESTS 

Curve Path Maximum Maximum 
Radius Radius Latera 1 Roll 

Acceleration Angle 
ft {ml ft ~m} on Tires(g's} {De2rees} 

689 (210) 538 (164) 0.47 14.5 

1968 (600) 1312 (400) 0.60 15.0 

689 (210) 538 (164) 0.60 19.5 

1968 (600) 1312 (400} 0.78 20.0 

W1th 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. 

Therefori!, 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 

Vehicle 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 spe,ed studies were conducted by field crews during their inspect ion of high
and low-accident sites. The 333-site sample was available to the crews to 
enab 1 e :studying a range of curvature. sight di stance to the curve, and character 
of appr,Jach 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 extraneous conditions. Neither very short curves, nor sites near 
intersections, speed zones or city limits were studied. 

Field Pirocedure 
In the process of characterizing each of the curves studied in the high- and 

low-accident analysis. certain relevant approach and curve data were observed 
and recorded. These included: 

0 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 ::i,. GOO ft 

Highway Curvature Highway Curvature 
> 50 3. 4° t - 2° ,2_6D 3 - 4° 1 - 2° 

Class A 

Primarily Tangent 2 2 2 2 2 2 

Primarily Level ( 0 ) I 1 I ( 1 ) I 6 ) ( 9 I I 6 ) 
No Close by Intersection 
or City 

Class B 

Moderate Mild Curvature 2 2 0 2 2 o· 
Some Moderate Grades ( 0 ) ( 4 I ( 0 ) ( 7 ) ( 5 ) ( 5 l 

Class C 

Predominantly 2 0 0 2 0 0 
Curvilinear ( 0 ) ( 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 



0 Approach Alinement --The highway alinement for one to two miles in ad
vance of each approach was classified. Classification was in three 
basic categories. Class 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. 

0 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: 

0 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 
points each and included a description of the vehicle for later use in 
matching observations in the office. The field crews voided observa
tions of drivers who were obviously aware of the study and therefore 
reduced their speeds dramatically. 

Su1T111ary 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 d,ata between any desired sets of points for each vehi c 1 e studied. All 
site dat,~ and speed observat i ans were recorded and coded. Computer sunrnari es 

and statistical analyses were produced by FHWA personnel. 
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TA--
Tangent Approach 

_...-.,,,,, 

PC - -
Point of Curve 

TC--
Transition to Curve 
(-200 ft from PC ) 

MC- -
Middle of Curve 

( ,.., 800 ft from PC ) 1ft = 0.305m 

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

Speed d"istri but ion data were evaluated to determine the influence of roadway 

geometrJI and conditions on vehicle speeds while both approaching and traversing 

highway curves. 

Sight D1i stance to the Curve 

Curves 11ith less 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 clc1ss 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 

sunvnari2:es mean speeds at the TA for all vehicles grouped by type of approach 

and impeinding 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 11 m1t undoubtedly had some effect on mean speed at 

sites with Class A approach conditions. 
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TABLE 26 

~EAN SPEEDS OF YEHICLES ON APPROACHES TO CURVES 
(UNRESTRICTED SIGHT DISTANCE TO THE CURVE} 

Impending 
Curvature 

Mild (1°-2°) 
Moderate (3°-4°) 
Sharp (~ 6°) 

1 mph= 1.609 km/h 

Characteristic of Highway Alinement 
on Approach to Curve 

Most 1 y Tangent; 
Fl at Grades 

(Class A) 

Mild Curvature 
and/or Grades 

(Class B) 

Predominantly 
Curvilinear 

and/or Hilly 
(Class C) 

Mean Speed at Tangent Approach (mph) 

57.6 
56.3 
54.0 

· 58.1 
58.3 
52.2 

N/A 
51.7 
52.2 

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 1 TC to PC 1 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 ot 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. "ean speed 

reductions of up to 8 mph (12.9 km/h) were observed. As Figure 11 indicates, 
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Regression Statistics 

No. SIOfJtl Inter- Std. R2 Signif 
Sites cept Error atcr ".10? 

Clan A 23 0.34 1.45 1.75 0.90 Yes 

Class B 22 0.52 -0.05 1.32 0.73 Yes 

Class C 11 0.42 -0.62 1.61 0.58 Yes 
.c 
Cl. 
E All Curves 56 0.35 0.84 1.64 0.82 Yes 
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Figura 11, SPEED CHANGE BEHAVIOR ON APPROACHES TO HIGHWAY CURVES 
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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 change 
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 
words, drivers do not gradually reduce speed before entering a curve, but rather 
accomplish such reductions only seconds before reaching the point of curvature. 

Speed Changes from Point of Curve (PC) to Middle of Curve (MC) 
The data indicated significant driver speed change behavior 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 
fo 11 ows: 

Where 

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

= 0.13 (DC)+ 3,74 

bV = Mean speed reduction for curves 
6° or greater (mph) 

DC = Degree of Curve 

R2 = 0.34 
Standard Error= 2.60 
t = 3.09 
N = 19, Significant at a= 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) 

Curvature 

Mild (1°-2°) 

Moderate (3°-4°) 

Sharp (~ 6°) 

1 mph= 1.609 km/h 

Characteristic of Highway 
Alinement on Approach to Curve 

Mostly Tangent; 
Fl at Grades 
(Class A) 

Mild Curvature 
and/or Grades 

(Class B) 

Predominantly 
Curvilinear 

and/or Hilly 
(Class C} 

Mean Speed Reduction between PC and MC--mph 

0.2 

1.2 

4.9 

Vehicle Speeds on Curves 

0.5 

1.2 

6.0 

0.5 

6.1 

Data for speeds of vehicles in the curve (at the MC) provided a measure of 
driver 1:omfort in traversing highway curves. Effects of curvature and roadway 
width were studied. 

Effect ot·curvature 
Speed data for the MC of all curves were used in a series of simple linear 
regress•ion analyses. Figure 12 demonstrates the effect of curvature on two 
measure!, of speed di str1but1on--mean speed and 85th percentile speed 
(approx·imated 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 
i ncreasE! in curvature. 
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Figura 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 a= .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 eff,ect of roadway width on Yehi cl e speeds in the curve was al so 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 additfon, 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 1inswered at 1 east three basic questions regarding speed and highway 
design: 

(1) For the range of speeds studied, generally 50-65 mph (80-105 km/h), 
ctlinement conditions fo 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 
a1ccomplished for the most part prior to the PC. Vehicle speed behavior 
on sharper curves (> 6°) is significantly different. The amount of speed 
reduction i ncreases1 i nearly with increasing degree of curve. Further
more, about one-ha 1 f of the tot a 1 reduction in speed is typically 
.i1chieved 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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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 vehicle speed. Curves greater than 6° 
are shown to produce different speed behavior than milder curves. 
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VEHICLE TRAVERSAL STUDIES 

The fin,11 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 behavi-or. 

Particullar focus was placed on studying vehicle path behavior. 

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

conduct of the studies. 

(1) Investigation of the validity and accuracy of the HVOSM driver model 
in simulating 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 for highway curves with actual 
observed driver behavior. 

Fulfillment of these objectives 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 low-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, 
Illinois). 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 infannation 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 lntenned1 ate >22 Good Open 
212t Sharp >22 Good Restricted 

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

1 ft = 0.305 m 
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SITE 188 
S. H. 47, Kane County, Illinois 

ROADWAY CHARACTERISTICS 

Geometry Environment 

Curvature 3.8 degrees Approach Conditions 

Direction of Cu rv• Left . Primarily Tangent 

Length of Curw 0.27 mi. Primarily Level 

Aoildwav Width 23.5 ft. Roadside Conc:htions: 

Shoulder Width 6.0 ft. Rating~ 26 

Superelevation @IP. C. 0.015 percent Pavement Conditions: 

Maximum Superelevation 0.070 percent Rating = 32 
Rate of Superelevation Tralfic Volume Clau: 

Runoff 0.034 Hi!Jh 

SITE 198 
S. R. 67, Wyandot County, Ohio 

ROADWAY CHARACTERISTICS 

Geometry 

Curvature 

Direction of Cur\le 

Length of Curve 

Roadway Width 

Shoulder Width 

Superelevation @ P. C. 

Ma~imum Superelevatlon 
Rate of Superelevation 

Runoff 

1 2 ,9 degree$ 

Right 

0.04mi. 

22.0 ft. 
4.0 It. 
0.028 percent 

0.060 percent 

0.017 

Environment 

Approach Conditions 

·M,fd Curvature 

Primarily Level 

Roadside Conditions: 

Rating ~ 32 

Pavement Conditions: 

Rating = 36 
Trafhc Volume Class: 

Low 

I mi = 1.609km 

1 ft= 0.306m 

Figure 15. CHARACTERISTICS OF VEHICLE TRAVERSAL STUDY SITES 
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SITE 204 
S. R. 571, Drake County, Ohio 

ROADWAY CHARACTERISTICS 

Geometry Environment 

Curvature 6.3 degrees Approach Condition, 

Direction ol CurvB Leh Primarily Tangunl 

Length of Cur11e O.OSmi. Primarily Le11el 

Roadway Wtdlh 24.0ft. Roadside Condilions: 

Shoulder Wldlh 10.0 It. Rating= 26 

Suparelavation @ P. C. 0.042 percent Pauement Conditions: 
' Maximum Superele>1ation 0.086 percent Ruting - 34 

Rate ol Superele11ation Tr<1ll1c Volume Clan: 

Runoff 0.032 Low 

SITE 206 
U. S. 6. Sandusky County, Ohio 

ROADWAY CHARACTERISTICS 

Geometry 

Curvature 

Direction of Curve 

Length of Curve 

Roadway Width 
Snouldar Width 

Suparelevation @I P. C, 
Maximum Superele\lation 

Rate ol Supcrele11at1on 

Runoff 

5.3 degree$ 

Lah 
0.05m,. 

24.7 ft. 

6.0 ft. 
0.049 percent 

0.083 percent 

0034 

Environment 
Approach Conditions 

Primarily Tangent 

Primarily Level 

Roadside Conditions: 

Rating= 31 

Pavement Conditions: 
Rating = 33 

Trallic Volume Class: 

Medium 

1 m, = 1 609km 
1 ft= 0.306m 

Figure 15. CHARACTERISTICS OF VEHICLE TRAVERSAL STUDY SITES (Continuedl 



SITE 212R 
S. R. 39, Columbiana County, Ohio 

ROADWAY CHARACTERISTICS 

Geometry 

Curvature 

Direction of Curve 

Length ot Cur~ e 

Roadwav Wtdt!I 

Shoulder Wid1h 

Superelevahon @ P. C. 

Maximum Supe,ell!llalion 

Rate ul Supereleva1ion 

Runoff 

9.6 d~rees 
Rigl\t 

0.13 mi. 

23.4 ft. 

2.5 fl. 

0.048 percent 

0.085 percent 

0.064 

Environment 

Approach Conditions 

Predom mantl y Cun1iline<1r 

Predominantly Hilly 

Roadside Conditions: 

Rating = 36 

Pavement Cond,tionsc 

Rating = 20 

Tralfic Volume Class: 

Low 

SITE 212L 
S. R. 39, Columbiana County, Ohio 

ROADWAY CHARACTERISTICS 

Geometry 

Cur11ature 

Directior, af Curve 

Length of Curve 

Roadway ll'lidth 

Should111r Width 

Superelevation@ P. C. 

MaKimum Sup11rele11at1on 

Rate of Superelavation 

Runoff 

9.6 degrees 

Left 

0.13 mi. 

23.4 ft. 

2.5 ft. 

0,048 percent 

0,086 percent 

0.064 

Environment 

Approach Conditions 

Predominantly Curvilinear 

Predominantly Hilly 

Roadside Conditions: 

Rating= 3ii 

Pavement Conditions. 

Ratiny = 20 

Trafl,c Volume Class: 

Low 

1 mi= 1.600km 

1 ft= 0.305m 

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



Field Procedure 

Study Techni gues 
Extensive investigat1on and f1eld 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 ff nall y 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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referenc:es to measure vehicle lateral placement and speed. The survey 
procedures, described below, were all field tested and verified in the office 
prior to co11111encin9 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 trans1t1oned 
into th~ 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 25 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). 

When the centerline markers had been placed, companion markers were set opposite 
each center 1 i ne marker, at a fixed radial di stance 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 
determin,~d 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 co11111on enough sight on 
the highway and afforded the height needed to gain photographic perspective. 
The overall appearance to oncoming traffic was that of a motor home parked off 
the opposite shoulder. 

Film equipment, supplied by FHWA, was a Canon Scoopic 16-millimetre camera with 
a 12.5-75 111n (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 vehicles, 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 photo
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. 

117 



rrrrr----= -
Camera Set - up Number 2 

Camera Set • up Number 1 

Typical View From Camera on RV 

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 held perpendicular to the roadway centerline at each 
marker a.nd photographed from the stationary RV. (See Figure 18.) Since the 
camera roemained 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-nm 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 limiting 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!!]. vehicles at each set-up. This 
enabled recording of data to describe the following: 

(1) Speed 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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Schematic of Vehicle Opposite Marken 

Calibration Picture of Scale 

OA = ACTUAL OFFSET =(:v) L5 
s 

Where d5 and dv are scaled readings from film 
and L5 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 samples 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 levels 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 
lateral placement distributions were selected for phase two analysis. Because 
some 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 tw,o were comprised of about 10 to 15 vehicles with median speeds, and 10 

to 15 velhicles 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 
marker. 

Data Red1~ct ion Procedures 
111otion pictures of the vehicle traversals were analyzed in the office using a 
16 mm st1)p-action motion analyzer. Pictures were projected onto an analysis 
board an,:i advanced until the left rear tire of the vehicle was opposite the 
first pair of pavement markers. A straight edge extending between the center-
1 i ne 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 coll~cted in phase two were of sufficient scope and detail to 
study these characteristics. This was accomplished by developing behavior prow 
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 f;eld survey data. 

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

(3) Vehicle pat~ 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 prow 
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), N1 and 
{N + 2)*. The calculation was performed every 25 feet (7.6 m) by 
Nsteppingu around the curve. 

*Sensitivity of error analyses indicated the need to use these points, rather 
than points (N-1), N, and (N+l). Errors 1n surveying the course. film reading 
and data reduction are thus distributed over an approximately 100 foot (30.5 m) 
vehicle arc, rather than a SO-foot (15.2 m) arc which would result from using 
consecutive points. 
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Point N + 2 f::::-1,. 

COORDINATES OF VEHICLE 

)( OPPOSITE POINT N ARE 

1 
1 (Xv1Ni• Yv1N1) 

Point N <:::_,,,: (XN . Y N l 

Point N - 2 \:x 

BEST FIT CENTER OF CURVE 

(Xe, Ye) 

(Xv1N1, Yv IN 1) are calculated by traversing from 

(XN, Y N) using azimuth c-N and actual 

offset OA. 

(Xv INI, Y v IN>) opposite points on tangent are 

calculated based on :t90°from azimuth of tangent. 

Figure 20. CALCULATION OF VEHICLE PATH COORDINATES 
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• IIJ + 2 

N-2 
• 

Az (N) Local azimuth of vehicle at point N, calculated by 

inversing coordinates of vehicle at points N- 2 and N + 2 

.6.N = Central angle of curve defined by points N - 2, N and N + 2 

Local radius of curve for vehicle at point N 

Long chord of curve for vehicle at point N, 
calculated by inversing coordinates of vehicle 
at points N-2 and N + 2 

Solving for RN : 

R LCN 
N •----.b. 

2 S1Nf 

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 II 
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 sunmarizes 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 surrmarizes all such undesirable behavior. 
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AVERAGE VEHICLE SPEED 
BETWEEN ANY TWO POINTS 

N-2 AND N-2 
= FS + .o. FC x LC x 3600 5280 

(Miles per hour) 

FS 

(Frames per (No. Frames) (Feet) 
second} 

Where 

Film Speed (48 Frames per second) 

(Seconds 
per hour) 

(Feet per 
mile, 

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 
(miles per houri 

32.73 x LC AFC 

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

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

su~~ARY OF SPEED AND LATERAL PLACEMENT FOR 
ALL VEHICLES OBSERVED 

Speeds2 at Lateral Placement3 at 
(meh} 

Site No. 
Radius of 

Curve 1 Tangent PC of Curve 
(feet) Aeeroach Curve 

Left Curves 

188 1516 (3.8°) 53.8(6.4) 60.8(6.0) 

206 1089 (5.3°) 56.9 52.8(5.7) 50.4(5. 7) 

204 912 (6.3°) 52.3 52.3(6.0) 51.1(6.1) 

212 595 (9.6°) 52.1 46.0(7 .4) 

Right Curves 

212 595 (9.6°) 50.4 46.0(7.4) 

198 444 (12.9°) 53.7 45.5(7.3) 

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

Tangent 
Aeeroach 

3.0(0.7) 

3.1(1.1) 

4.0(1.0) 

2.9(1.1) 

2.9(1.1) 

2.2(1.0) 

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 
l mph= 1.609 km/h 

{feet) 

PC of Curve 
Curve 

1.5(0.8) 2.2(0.9) 

3.2(1.1) 0.4(1.7) 

2.6(0. 9) 1.2(1.6) 

3.3(1.3) 

3.3{1.3) 

3.3(1.1) 
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w 
0 

Radius 
Sf te No. of Curve 

{feet) 

Left Curves 

188 1516 

206 1089 

204 912 

212 595 

R1 ght Curves 

212 595 

198 444 

TABLE 30 

SUMMARY OF UNDESIRABLE BEHAVIOR 
FOR ALL VEHICLES OBSERVED 

Proportion of Vehicles Observed 
Exceeding Design Number of 

Speedl Vehicles Design Speed 
(mph) Observed Brakin9 Encroaching bi> 10 meh 

64 135 0.7% 14. 81, 28.91, 

54 150 20.7% 21.3% 8.7% 

56 138 1.4% 28.3% 4. 3% 

46 108 0.0% 11.1% 1J.oi 

29 126 6.4% 10.3% 1.6% 

46 87 35.6% 11.4% 78. 2% 

loesign speed is speed of equivalent AASHTO controlling curve 

1 ft "' o. 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 Transitionfng.--The general information presented in 
Tables 29 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 path 
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, partly because it is physically 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 beyond the area where average lateral offset and speed could be 
calculated. Wh1le th1s 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 one-half of the roadway 
curvature {0.5 De). 

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 su11111arizes 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: 

0 The length of curve over which drivers track the curvature (De) of the 
roadway is less than the total length of curve (Le) due to spiral path 
transitions at the beginning and end of the curve. 

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

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

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

Sunvnary 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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HIGH - SPEED lCOMPOSITE) VEHICLE 

SPIRALING BEHAVIOR 
(Cur11e No, 198/ 

0.45 Lsp- -0.65 Lsp 

Lsp-= 270' 

~ 

.::::: =:: == Observed veh 1cle path 

Extrapolated vehicle path 

~ Offset from t. to face of leh rear tire 
PC Begin highway curvature 

PT End highway curvature 

Tsp Begin entering vehicle spiral 

SSP End entering vehiclt spiral,begin exiting vehicle spiral 

Note: 1ft = 0.306m 

Figure 24. EXAMPLE OF COMPOSITE DRIVER ANAL YSiS 
OF SPIRALING BEHAVIOR 



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 proper design should provide for more than the average dri
ver. Ei:onomi c concerns di ct ate, however, that design should not accormiodate 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 variilble, it becomes essential to measure that variation. 

Further study focus was thus directed toward the extreme driver, who produces 
behavior significantly 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 su11111arized in Table 31 express 
allowable maximum side friction coefficient for a given design speed. These 
controls presumably correspond to levels 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 bEihavi or expressed in terms of lateral acceleration. Di stri but ions at 
each l oc:ati on, and comparisons of this behavior across a 11 conditions studied 
were pos.sible. 
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Design Speed 

80 

70 

60 

50 

40 

30 

Source: Reference 
1 mph• 1.609 km/h 

TABLE 31 

FRICTION FACTORS RECOMMENDED 
FOR DESIGN OF HIGHWAY CURVES 

(mph) Friction 

0.08 

0.10 

0.12 

0.14 

0.15 

0.16 

(E) 

Factor 

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 levels of lateral 
acceleration (expressed in terms off), as well as those which produced average 
or typical levels off. 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 sunmarized in Figure 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 off 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 off for each site. 
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Figure .26 reveals that a significant proportion of vehicles exceeded the design 
fat all sites. It is noteworthy that excessive f levels are not restricted to 
just th,e sharpest curves. If AASHTO contro 1 s 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: 

0 How well do drivers track the geometry of the highway curve? 

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

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

0 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 radius 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. 
tified and recorded. 

For each vehicle studied, critical path radius was iden
The vehicle speed at the point of critical radius was also 

recorded. These data were analyzed and are discussed below. 

Relationship Between Curve Geometry and Critical Path Radius.--
At fi v,e of the six sites studied, a majority of vehicles were found to be 

generating path radii sharper than that of the curve. Table 32 sunm~rizes these 
findings. 
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Site 

Left Curves 

188 
206 
204 
212 

Right Curves 

212 
198 

1 ft = o. 305 m 

TABLE 32 

Co-iPARISON OF CRITICAL PATH RADIUS 
AND HIGHWAY CURVE RADIUS FOR 

VEHICLES GROUPED BY SPEED 

Radius of 
Highway Curve 

(Feet) 

Vehicles with Critical Path Radii 
Sharter than Highway Curve Radius 

A1 Vehicles High Speed 

1516 
1089 
912 
595 

595 
444 

58% [38/65] 
971, [59/61] 
571 [34/60] 
551, [22/40] 

28% [17/60] 
2% [ 1/41] 

Vehicles 

571 [16/28] 
1001, [29/29] 

581 [14/24] 
501, [ 8/15] 

28% [ 5/18] 
0% [ 0/19] 

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. Second, speed does not 

appear to explain why this overshoot occurs. 

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, it 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 
Si ti~ (Feet} a b R2 ---

Left Curves 

188 1516 0.0037 53 0.03 
206 1089 -0.0086 61 0,06 
204 912 0.0007 54 <0.01 
212L 595 0.0100 40 0.02 

Right Curves 

212R 595 0.0228 30 0.05 
198 444 0.0530 18 0.27 

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

1 ft = 0.305 m 
1 rnph = 1.609 km/h 
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Std. 
Error 

4.15 
5.15 
5.13 
4.89 

5.58 
5.47 

Sign if. at 
a = 0.10? 

No 
No 
No 
No 

No 
Yes 



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 
for 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 Rs ~ Spiral Rate for the vehicle 

then, Rs = L + De 
where L is a length of highway over which the 

vehicle's curvature changes significantly; 
and De is the change in the vehicle's curvature 

over distance L. 

To analyze spiraling rates (Rs), profile plots were made similar to the one in 
Figure 27 for all vehicles. A number of different measures of Rs were tested. 
Ideally, characterization of a spiral rate would include as much of the 
vehicle's transition from tangent to final 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 throughout its entire transition 
at these sites. At one site with a single set-up, a 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 5D percent of the highway 

curvature to 90 percent of the highway curvature. For all but one site, 
vehicles filmed 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 association between spiral rate and critical path radius. The findings are 
both important and logical. Drivers w~o 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 

regardless of curvature or speed. 

SitE! 

Left 

188 

206 

204 

212l. 

Ri 2ht 

212R 

198 

TABLE 34 

RELATIONSHIP BETWEEN SPIRAL RATE 
ANO CRITICAL PATH RADIUS 

Regression Statistics* 
Radius of 

Highway Curve 
,feet} 

Curves 

1516 

1089 

912 

595 

Curves 

Slope 
a 

2.38 

1.56 

10.43 

8.55 

Intercept 
b R2 

1317 0.11 

859 <0.01 

640 0.47 

436 o. 38 

INSUFFICIENT DATA OBTAINABLE FOR SPIRAL RATE 

Std. 
Error 

198 

151 

109 

59 

444 3.28 465 0.55 41 

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

1 ft = 0. 305 m 
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Si gnif. at 
a " 0.10? 

Yes 
No 

Yes 

Yes 

Yes 



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 fts 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 less 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, regardless 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 surnnarizes 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 sunmarized in Table 35. 
Values for ±he 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 

Site 

Left Curves 

188 

206 

204 

212 

Radius of 
Highway Curve 

(Feet) 

1516 
1089 

912 

595 

Right Curves 

212 595 

198 444 

1 ft = 0.305 m 

Critical Path Radius (feet) for 
Percentiles of Drivers 

95th 90th 85th 50th 

1085 1155 1265 1435 

635 665 685 855 

655 705 715 875 

465 505 525 605 

525 555 565 625 
455 465 505 565 
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TABLE 36 

RELATIONSHIP BETWEEN HIGHWAY CURVE RADIUS 
AND CRITICAL PATH RADIUS 

Percentiles of 
R2 Ori ver Slope Intercept Std. t Signif. at 

Population _J.tl_ (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 o. 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 (n_). 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 
cur11atur·e) 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. 

Effects 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 intere_st 
include length of curve, direction of curve, width of roadway and design for 

superelE!vatf on runoff. 
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Length of Curve.--Of the six sites studied, one was a short, sharp right 
curve, ,~hich exhibited noticeably different vehicle behavior. The following 
points i;u11111ari ze 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 be!havior is best characterized as "spiral-in and spiral-out" with little 

or no pc1th 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 spee!d characteristics for Site 212 shows no difference between left and 
right directions. A path overshoot was observed on both directions (see 
Table 35), 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 themselves 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. 
It 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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Su11111ary 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 tenns of design for variable vehicle behavior. 

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

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

(3) The tangent alinement i11111ediately 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. 

(4) 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, 

(5) 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. 

( 6) Present highway curve design po 1 icy presumab 1 y equa r; zes 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 HVOSl'4 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, HVOSM can 
accurately predict the dynamic responses and consequences for a range of 
conditions. 

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 (l!) 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 element of the driver model was particularly important to calibrate. 
Earlier discussion of HVOSM in Chapter V emphasized the importance of establish
ing a reasonable 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 ahead. Previous research on actual driver behavior formed the 
basis for selection of a speed-sensitive probe length 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 V 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 involved a range of highway curvature with generally 
less than full superelevation. Variations in both speed and path were observed, 

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 methodology employed. Thus, transient behavior observed in the field 
actually represents average friction demand for the vehicle, averaged over 1. O 
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). 

156 



w \ ..J 
~ □ :I: 
w 
> 
u. 
0 0.20 
w 
..J 
)( 
<i 
cc 
c( 
w 
a: ... z 

~ 0 
0 
w 

5 
:::, 
:ii: 
u.i 
,.,_, 0.10 

:ii: 
:::, 
::i: 
>{ 
,c( 
:E 

0.20 

□ 

• Lp · · In ft. (m), expressed as a proportion 
of vehicle speed in ft/s (m/s) 

0.30 0.40 0.50 0.60 

LP -- LENGTH OF DRIVER MODEL PROBE* 

Figure 31. SENSITIVITY OF HVOSM VEHICLE DYNAMICS 
TO DRIVER MODEL PROBE LENGTH 

0.70 



Curv,es Analyzed 

Oat a Co 11 ected 

Time Sensitivity 
of D,!ta 

Resu'lts Reported 

Findings_ 

TABLE 37 

CHARACTERISTICS OF HVOSM ANALYSES 
AND VEHICLE TRAVERSAL STUDIES 

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 
over 0.25 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 01' speed and curvature, it is possible to compare overall levels of 
friction demand, and trends across the range in speeds. 

The uppE!r 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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I!. HVOSM fore max 

t. HVOSM for e max 

C Calculated for e max 
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SPEED (mph) 
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-
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80 

{Table 38) 

80 

= .10 (Table 38) 

60 80 

Maxim i.Jm Friction 

simulated at 50mph (80km/h) 

does not appear consistent 

with the trend of 'f' 

vs. speed for AASHTO 

controlling cur11es . 

Friction demand calculated 

from 95th percentile path 

shows different shape than 

hypothesized above. 

Friction demand vs. speed 

based on above curves 

verifies HVOSM findings. 

Note: 1mph = 1.609km/h 

COMPARISON OF VEHICLE DYNAMICS FROM 
HVOSM AND VEHICLE TRAVERSAL STUDIES 
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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 ~t 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 
superel1~vation rates (say,· emax of 10 percent) result in greater calculated 
frktion 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 
behavi 01· as given by a 95th percentile driver, friction demand vs. speed 
relationships are not consistent for the range of superelevation policies. The 
middle portion of Figure 32 illustrates these side friction vs. speed 
relationships. 

While the above discussion is re 1 evant 1 n itself in terms of design for curves, 
it is o-f 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 reli!tionship in fact represent two separate curves. The two curves describe 
simulat1!d 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 emax of 
10 perc1mt. 
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Design 
Speed 
(mph) 

70 

60 

50 

40 

emax 

(percent) 

10 

8 

6 

10 

8 

6 

10 

8 

6 

8 

6 

TABLE 38 

RELATIONSHIPS AMONG SPEED, SUPERELEVATION 
AND FRICTION DEMAND FOR 

95TH PERCENTILE DRIVING BEHAVIOR 

Radius of 
Highway 

Curve(ft) 

1637 

1910 

2083 

1091 

1206 

1348 

694 

758 

833 

427 

464 

508 

Radius of 
Vehicle 

Pathl(ft) 

1117 

1295 

1409 

755 

831 

924 

493 

535 

584 

317 

341 

370 

f at Design 
From Vehicle 

Path2 

0.192 

0.172 

0.172 

0.218 

0.209 

0.200 

0.238 

0.232 

0.225 

0.237 

0.233 

o. 228 

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

Speed 
AASHTO 

Criteria 

0.10 

0.10 

0.10 

0.12 

0.12 

0.12 

0.14 

0.14 

0.14 

0.15 

0.15 

0.15 

2 Calculated friction demand assuming nominally crit;cal path 
behavior at design speed. In other words~ 
fpath = [V2ctesign / (15 Rpath)] - emax 

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

161 



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 low'er portion of Figure 32 shows, however, friction demand does not decrease 
with speed, but rather peaks in the range of 45 to 55 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 length 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 HVOSM 
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) 

162 



Vehicle Transitioning.--While HVOSM successfully simulates critical 
levels off, 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 gsth percentile path behavior at Site 212 L. The 
amount of vehicle path curvature at the PC, 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 provided 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 additional 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. 

Knowledge Obtainable 
Exclusively From HVOSM 

HVOSM has been proven to accurately simulate nominally· 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 
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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 loss 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/ 
dece 1 erati on, and brake app 1-i cat i ans. HVOSM is al so 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 curvature have variable effects on desired speeds. Other factors 
such as weather or light conditions also 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 
example, 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 requires 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. 

Envi roninenta 1 Condit 1 ans 
It is g,rnerally 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. 

Su11111ary of HVOSM and Field Study 
Vehicle Dynamics 

The totc1l 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 fieild studies and simulation work described driver behavior in a similar 
manner. 

Spiraling Transitions 
The stuclies 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 a desired percentile of driver behavior. The HVOSM curve runs 
demonstrated the ability to then select a probe 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 to 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: 

fb' = -Vfb2 - fc2 [8.1] 

where 

fb' = Coefficient of braking friction 
available on curve 

fb = 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 

·:' 

y2 

-"·/ ~\. 30f~ 

Where d 8 ~ Braking distance (ft) 

V = Initial speed (mph! 

f 6 = Coefficient of friction available for braking 
(AASHTO design values assumedl 

BRAKING ON LEVEL CURVES 

v2 
30 f' B 

Where d 8 , V, f 6 as above 

and 

Where 

1ft = 0.305m 

f~ = Coefficient of friction available for braking 

f' 
B 

15 R 
= Coefficient of side friction required for cornering 

(AASHTO design values assumed) 

A = Radius of curve Ut) 

e = Superelevation (per~nt) 

1 mph =, 1 .609km/h 

Figure 34. FRICTION REQUIREMENTS FOR STOPPING ON HORIZONTAL CURVES 

170 



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 beha11ior. 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 Percent ion/ 
Speed Reaction Braking Total Braking Total 
(mph) Distance fb Distance Distance f' fc Distance Distance 

{ft} (ft} (ft} (ft) ( tt l 
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 

fb = AASHTO design friction factors 

f' = -Yfb2 - fc2 ; fc = cornering friction required at Design Speed 
on controlling curve. {AASHTO design values) 

1 mph 1.609 km/h 
1 ft= 0.305 m 
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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 des•ign for SSD. Basic SSD design values are a function solely of passenger 
car br,3king ability and eye heights of passenger car drivers. Some general 
reference to SSD 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 s;ght obstructions such as 
retaining walls, rock cuts or tree lines restrict the view ahead from trucks and 
passenqer 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 
advant,1ge 1 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 light 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 Outside 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 traject~ry 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 re1ationship for encroachments from the outside lane on 
highway curves and for a right side encroachment on highway tangents. The 

appropriate equations are: 

Where 

For Curves: S ="-\/(R + W)2 + L2 - (R + W) 

For Tangents: S = L sine 

S = Lateral displacement from the edge of 
the roadway (ft or m) 

W: Lane width (ft or m) 
L = Linear displacement along the encroachment 

[8.2] 

[8.3] 

path measured from the edge of the roadway (ft or m) 
R = Radius of highway curve (ft or m) 

0 = Encroachment angle on tangent (degrees) 

1 ft= 0.305 m 

Figure :15 indicates that outside encroachments from the outside lane may result 

in lessEtr clear-zone width requirements for flat highway curves than for 

tangent~.; and greater clear-zone width requirements for sharp highway c~rves 

than for- highway tangents. 
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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 ::: ,/R2 + L2 - (R + 12) 

For Tangents: S = L sine 

Withs, L, Rand e as before 

[8.4] 

[8.5] 

The reldtionships shown in Figure 36 for encroachments from the inside lane are 

similar to those shown in Figure 35, except that the clear-zone requirements are 

not quite as critical for any particular highway radius. 

Effective Vehicular Angle for Outside 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 

roadsidi~ slope. For roadside slope traversals on curves, however, the effective 

angle and consequently the effective traversal slope increase as the vehicle 
proceed!; 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 
displacEiment 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: 

0 e = cos-l[R/(R + S)] [8.6] 

Where 0 e "' Effective s 1 ope angle (degrees) 

Rand Sas 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
croachm~nts 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: 

e e = cos-l[R/(R + S + W)] [8.7] 

Where 0 e• R, S, and Was before 

The relationships shown in Figure 38 for encroachments 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. However, 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 
local tangent on the highway curve. For these assumptions Figures 39 and 40 
show the relat1onships 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 equation is: 

Where = Initial traversal angle with local tangent 
to highway curve (degrees) 

S, R, and Was before 

[8.8] 

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). 
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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 ( l - cos 0 I ) - W [8.9] 

Where s, R, e1, and Was 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 require 
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 require 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. 
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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 control 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. (12_), loss 

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;1sR 

Where V = Vehicle Speed (mph) 

R = Vehicle Speed Radius (ft) 
e = Superelevation 

f = Coefficient of 

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

Rate (percent 

tire friction 
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Note the term. 1 - ef, in the denominator of the left side of the equation. In 
AASHT0 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 + f)/(1 - ef) = v2/[Rp{l5 .:!:. v2/Rv)J 

Where Rp = Vehicle Path Radius (ft) 
Rv = Radius of vertical irregularity (ft) 
V, e and fas before 

NOTE: 1 ft = 0.305 m 

[8.11] 

Note the dual sign in the denominator of the right side of the equation. This 
sign is negative for a bump and positive for a dip. 

This equ,ation 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 l atera 1 acceleration wi 11 be experienced. But, for a given 
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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-off radius and take-off speed is as follows: 

Vto =~ 

Where Rto; Take-off radius of vertical irregularity (ft) 
Vto = Take-off speed (mph) 

NOTE: 1 ft= 0.305 m 

l mph= 1.609 km/h 

A similar relationship expressed in the dimensions of a parobolic vertical 

curve is as follows: 

Vto =-,/ 1500 L/A 

Where L = length of vertical curve (ft) 
A= Algebraic difference in grades, percent 

NOTE: 1 ft= 0.305 m 

[8.12] 

[8.13] 

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 
irregularities 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 important 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 
(AOCV) 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 AOC \I, the type and scope of cost-effectiveness 
analysi:s originally planned was not possible. Meaningful safety/geometric 
relationships discovered in the Discriminant Analysis, however, provided a means 
for a m,ore general estimate of the cost-effectiveness of certain highway im
provements. 

Discriminant Analysis Applied to 
Effectiveness of Highway Improvements 

The res1ults of the Discriminant Analysis form the basis for evaluating the 
effectheness 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: 

Where 

D = 0.0713 (DC) + 2.9609 (LC)+ 0.1074 (RR) 

- 0.0352 (PR} - 0.1450 (SW) - 1,5454 

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. 305 m 

[9.1] 

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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It was found that certain dimensional 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 O 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 if 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 
continuous in nature. 
through investigation 

geometric elements and accident rate are 
A continuous relationship has been identified 

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 
1ncreas1? 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 function 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 = D.378(DC) + 3.209(LC) - 0.220(SW} + 0.289 [9.2] 

Where D, DC, LC, SW are as before 

Equatfon 9.2 was based on data from Florida, Illinois 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 perc:entile ranges of the P(H) distribution for Equation 9.2. For each 
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10 percent range of P(H), an overal 1 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 ancl D score. Furthermore, inspection of the distribution of D scores 
produces, reasonable con cl us ions. A majority of sites {65, 6 percent) could be 
characteirized as average with respect to P(H) -- with values between 0.40 and 
0.60. The results given in Table 40 verify the reasonableness of extending the 
discriminant analysis findings to analysis of the universe of curve sites. 

Figure 4-3, 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 geanetry (P(H) less than 0.30), and those with average geometry. 
Furthermore, it appears that only when a curve's geometry produces P(H) of at 
least 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 million 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 produce 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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P(H) 

<10% 

10% - 19. 9% 

20% - 29.9'1 

30% - 39. 9% 

40% - 49.9% 

50% - 59. 9% 

60% - 69.9% 

70% - 79. 9% 

80% - 89.9% 

)90% 

1 mi .. 1.609 km 

TABLE 40 
AVERAGE ACCIDENT RATES FOR PERCENTILES 

OF P(H) FOR EQUATION 9.2 

'D' Score 
Range 

For Range 
of P{H) 

<-2.90 

-2.90 to -2.01 

-2.00 to -1.35 

-1. 34 to -0. 84 

-0.83 to -0.36 

-0.35 to 0.15 

0.16 to 0.68 

0.69 to 1. 32 

1.33 to 2. 24 

>2. 24 

Sites 

Percent 
No. of Total 

0 

3 0.1 

63 2.5 

333 13.4 

542 21.8 

643 26.0 

443 17.8 

263 10.6 

144 5.8 

50 2.0 

Average 
Ace i dent Rate 
(Mean of Sites 

Within P(H) Range) 
(Accidents per 

M11 lion 
Vehicle-Miles) 

0.61 

1.10 

1.05 

1.06 

1.20 

1. 26 

1. 53 

1.88 

2.62 

2484 lOOt Average 1.26 

195 



V) 
w 
...J 

:E 
UJ 
...J 
u 
~ 
UJ 
> 
z 
0 
...J 
...J 

3.0 

~ 2.0 
a: 
UJ 
Q. 
V') 
1-
z 
UJ 
0 
u u 
<{ 

I 
<t: 

cc 

1.0 

Based on Equation 9.2 aJld 

2484 - Jite sample from 

Florida, Illinois and Texas 

RA= 2.1 x Mean ----.A- --
for P ( H I = 0.95 I 

I 
t:.. 

al 

---L- ..... , ... ,m ....... 
L-----' t:i.-' 

t:i. -t:,- t:::. 

e,. 

1mi = t:609km 

.20 .40 .60 .BO 1.00 

p { H } - - PROBABILITY THAT A CURVE SEGMENT IS A HIGH - ACCIDENT SITE 

Figure 43. RELATIONSHIP BETWEEN ACCIDENT RATE AND P(H) FOR EQUATION 9.2 

196 



(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 
curves 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 ill rural highway curves. By necessity. it utilized the 
D score equation which included only degree of curve. length of curve, and 
shoulder width. The 5-variable equation, which included roadside and pavement 
ratings as well, is believed more useful in expressing cause/effect relation
ships. It 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 also 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 logical, as lower 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 partly 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 

DC--Degree of Curve 
LC--Length of Curve 
SW--Shoulder Width 

RR--Roadside Rating 
PR--Pavement Rating 

Equation Equation 

0.378 0.071 
3.209 2.961 

-0.220 -0. 145 

0.107 

-0.035 

TABLE 42 
CORRELATION BETWEEN VARIABLES 

IN 5-VARIABLE DISCRIMINANT SCORE EQUATION 
{EQUATION 9.1) 

Variable Pairs 

DC vs. RR 
DC vs. PR 
SW vs. RR 

Correlation Coefficient 

0.25 
-0.12 
-0. 36 

It thus appears that degree of curve and shoulder width do not exclusively 
explain accident causat1on on curves. Furthermore, the sensitivity of degree of 
curve and shoulder width is not as great as the 3-variable equation predicts. 

Rather 9 roadside conditions and pavement friction also contribute to accident 

causation, thereby reducing the relative importance of curvature and shoulder 

width t1J a level indicated by the 5-variable equation. 
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In sunmary, 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 better 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~ 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 equation 
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 colllllonality 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. Clearly, 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 

roadsid1~ 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, 

State 

Florida 

Illinois 

Ohio 

Texas 

Overall 

TABLE 43 
MEAN ACCIDENT RATES FOR SITES 

IN ACCIDENT DATA BASE BY STATE 

Number of Mean Accident Rate 
Curve Sites (Accidents per 
in Samele Million Vehicle Miles} 

839 1.34 

466 1.81 

765 3.47 

1227 1.13 

3297 1.82 

1 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) { rt l 
Mean Values for Hi~h Accident Sites 

Florida 2.4 0.25 36.1 7. 5 29.0 

111 inois 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 o. 21 40.7 8.9 26.3 

Illinois 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 

1 mi = 1.609 km 
1 ft= 0.305 m 
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It is not possible to quantify in terms of accident experience the differences 
in geom,etry among the four States. The question thus renains as to what overall 
acciden-~ 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 Florida, Illinois 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 5-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 Ohio accident experience. This 
adjustm1~nt 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 1 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 a 
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 list 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 multiple 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) 

(4) 

Cost-effectiveness analysis must reflect local or regional cost ele
ments to be totally useful. The scope of this task does not allow, nor 
does the accuracy of the safety relationships warrant, investigation of 
a range of cost values. 

A number of factors, including a dollar 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 technique employed was a benefit/cost method. 
Highway user benefits (expressed 1n 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
lines 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: (l) the method of valuing benefits and costs, and (2) the relative 
risk involved in the project being evaluated. In 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 aind 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. including AASHTO 
Manual ,on User Benefit Analysis of Highway and Bus-Transit Improvements ( 40), 
1975 Societal Costs of Motor Vehicle Accidents (il.), and Fatal and Injury 
Accident Rates on Federal-aid and Other Highway Systems/1975 (~). Costs of 
accidents based on 1975 figures were updated to 1982 assuming a 5 percent 
compounded inflation rate. This resulted in base costs as given in Table 45. 
These ci::>sts were further adjusted to reflect distributions of fatalities and 
injuries in serious accidents. Data for the four States in the large data base 
were us,ed. Table 46 shows sunmari es for fat a 1 it i es and i nj uri es per serious 
accident, which were derived from the 4-State data base and other sources. 

The datia from Tables 45 and 46 were used to calculate average accident costs as 
follows: 

Average Cost 
1Jf a 1982 

Fatal Accident 
= [ ~;1 ~e 

Fatality 
X 

Fatalitiesj [ Value 
Per Fatal. + of an 
Accident Injury 

= $404,084 (1.205) + 4,482(2.03) = $496,019 
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Average Cost 
of a 1982 = of an x [

Value Injuries J 
Per Injury 

Injury Accident Injury Accident 

Average Cost 
of a 1982 

Severe ( Fatal 
or Injury} 
Accident 

Average Cost 
of a 1982 

Accident on 
Rural Highway 
Curve Sections 

= $4,482 (1.596) = $7,153 

[
Cost of 

= Fatal 
Accident 

Percent Fatal ] 
x Accidents of 

Severe Accidents 

[
Cost of 

+ Injury 
Accident 

X 

. -, 
Percent lnJury J. 
Accidents of 
Severe Accidents 

= $496,019 (.0559) + $7,153 (.9441) = $34,481 

Percent Severe l 
Accidents of 
Total Accidents 

(0.415) 

Percent Property Cost of 
Property 
Damage Only 
Accidents 

x Damage Only 
+ 

(732) 

= $14,738 say $14,700 

TABLE 45 

Accidents of 
Tota 1 Accidents 

(0.585) 

BASE COSTS FOR ACCIDENTS 

Item 

Motor Vehicle Fatality 
Motor Vehicle Injury 

Property Damage 
Only Accident 

lsource: Reference (ill 

1975 
Dollar Valuel 

$287,175 
$ 3,185 

$ 520 

1982 
Adjusted Value2 

$ 732 

2rnflated by a factor of 1.4071 which represents 5 percent inflation 
compounded over 7 years. 
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N 
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TABLE 46 

DISTRIBUTION OF INJURIES AND FATALITIES IN 
RURAL HIGHWAY ACCIOENTS 

State Fatal Fatalities (2)-i,(1) Injury Injuries ( 1) -l! lnjuri es 
Accidents Accidents [{1)+{3)] in Fatal 

Accidents* 
Pl (2} (a) Pl (4} {b} (5} 

Florida 528 634 1. 201 ]1~299 20,274 0.0446 1072 

Illinois 570 682 1.196 12,060 20. 734 0.0451 1157 

Ohio 522 605 1.159 16,561 27 .212 0.0305 1060 

Texas 1437 1783 1.241 15.705 26.902 0.0838 2917 

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, .if) 

[(4)-{5)] Number of 
T(3) Curves in 

Sample 
( C} 

1.699 839 {25.5%) 

1.623 466 (14.1%) 

1.579 765 ( 23. 2%) 

1.527 1227 (37.2%} 



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 Travel Time 
Certain 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 
manual 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: 

bJl 
bn 

1 
(GUS @ i ,n)] ~-

Uniform Annual Benefits = + [9.3] n - l 

Where bl = Benefits at year l 

b = Benefits at year n n 
i = Annual interest rate 

n = Project life in years 

(GUS@ i ,n) = Gradient uniform series factor for i% at n years 

The quantity bn/b1 is the ratio of last year to first year benefits. This is 
equal tc, the ratio of traffic at yearn divided by traffic at year one, which is 

equival Emt to the compound 1 nterest factor given by 1.5 percent and n years. 
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For the situation here, bn/b1 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 Illinois, Louisiana, Missi~sippi 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. 

Initial 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. In 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 

Res,urfacing 

New Shoulder (Widening) 

3-foot Shoulder 
8-foot Shaul der 

Clear and Grub 

Tree Removal 

Topsoil, Seeding and 
Fe rt i l i zing 

Drainage 

Engineering and Contingencies 

1 As S of earthwork and pavement costs 

2 As S of total cost 

1 mi = 1.609 km 1 mi = 1.609 km 
1 ft = O. 305 m 

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 sq yd 

$ 8.00 per lin ft 
$11.00 per lin ft 

$2000 per acre 

$150 per tree 

$2.20 per sq yd 

10% ( 1) 

12% (2) 

1 cu yd= 0.766 m3 
1 sq yd= 0.837 m2 
1 lin ft= 0.305 lin m 
1 acre= 0.4047 hectare 

$1.00/cu yd= $1.31/m3 
$1.00/sq yd= $1.20/m2 
$1.00/lin ft= $3.28/lin m 
$1.00/ac = $2.47/ha 
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Roadside 

Pavement 

TABLE 48 

EFFECTIVENESS VALUES USED FOR 
GEOMETRIC VARIABLES 

IN COST-EFFECTIVENESS ANALYSIS 

Rating: Poor ( 50) I Moderate (35), 

Rating: Poor (20), Moderate (35), 

Good 

Good 

Shoulder Width: Moderate (3 ft), Wide (8 ft) 

Degree of Curve: 

Length of Curve: 

l ft = O. 305 m 
l mi = 1.609 km 

15°, 10°, 6°, 3°, 

0.05 mi, 0.10 mi, 

10 

0.15 mi, 0.25 

(25) 

(50) 

mi 

Other foitial 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 50, 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 countenneasure(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 problems. They are useful in 
providing guidance 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 requirement that 
P(H) be at least 80 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=50l Moderate Roadside Hazard (RR=35) 
All Curves 

Shoulder Width Shoulder Width 

Pavement Rating Medium (3 ftl Wide (8 ftl Medium (3 fti Wide (8 ft) 

Repave and 
Repave and reduce Repave and Repave ( * } 

roadside hazard to 35 reduce roadside reduce roadside 
hazard to 25 2800 AOT 

hazard to 25 2000 ADT 
Low (PR=20) --------------------

Reduce roadside Initially 4: ·; Reduce roadside 
hazard to 25 2700 ADT hazard to 25 

2300 ADT Initially 6: 1 2400 ADT 1700ADT 1800 ADT 

Reduce roadside Reduce roadside Reduce roadside No ueatment 

hazard to 25 hazard to 25 hazard to 25 considered--------

Moderate (PR=35) 1600 ADT 1800 ADT Initially 4: 1 
P(H) :5. 0.80 

2300 ADT ------------
Initially 6: 1 

700 ADT 

Reduce roadside Reduce roadside No treatment No treatment 

hazard to 25 hazard to 35 considered--·-··· considered--------

High (PR=5Pl 
1700 ADT 1800 ADT 

P(Hl ~ 0.80 P(Hl ~ 0.80 

Note: Ht= 0.306m * Short, mild and moderate curve, 
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 would always be resurfaced. For site conditions with ratings of 20, 

Figure 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 obviously dependent on the assumption that the entire segment length is re

surfaced. Treatment of the curve alone would be much less expensive, although 

estimate•s of the safety effectiveness of such treatment are not possible. It 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 leveils 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 _lL 20 15 10 5 a 
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 90 41 42 42 43 44 48 49 
60 41 42 42 42 43 45 46 
40 41 42 42 41 41 44 45 
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 53 53 53 53 50 50 50 

1 ft = O. 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 reflect such application, break-even ADT 
levels would be considerably lower than indicated by Figure 45, In most cases 
(for typical curve lengths) break-even ADT traffic volumes would be 5D0 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 significantly reduce the discriminant score and P(H). 
Furthermore, highway curves with smaller central angles (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 maxi mum effectiveness in reducing D sco_re is in the range of o. 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 redµcing 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 fonned 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 would 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° h1ghway 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. 

Sunrnary 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 shoulders, 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-effect1veness. 
Flattening slopes may also be cost-effective for moderate traffic volume levels. 

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 reconrnendations concerning 
site-spec1fic 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. 

It 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 geom,etri c e 1 ements of highway curves. Thus, the cost-effectiveness analyses 
present,ed here were restricted to geometric variabl_es. There is evidence from 
other r,esearch (.§_,45,i£.) 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-ac,:ident 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 "r:ost-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. SUMf!IARY AND APPLICATION OF RESULTS 

This section of the report attempts to draw all of the study results into a 

cohesive set of reco11111endations 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 

All 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 (including 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 runoff). 

Highway Curve Geometry 

In relation to safety. the radius or degree of curve is among the more important 
aspects of design. 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 r,ad1 us. 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 overshootu occurs over a short time period, after which 

the driver corrects the vehicle's path to more closely match the highway aline

ment. l:lecause this overshoot behavior (1) occurs on a wide range of highway 

curve r,ad;;; (2) occurs to varying degrees to over half the observed driving 

populat'ion; and (3) is independent of vehicle speed; its implications for curve 

design IPOlicy are considered highly significant. 

Figure ,n 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. IFor example, the 95th percentile lateral tire accelerations at design 

speed are generally in the range of 0.20 to 0.24 g's on various AASHTO con

trolling curves (minimum radius for a given design speed and superelevation). 

This, o·F course, suggests that many drivers have considerably lower safety mar

gins th,rn implied by the AASHTO design friction factor. However, as Figure 47 

shows, roost existing pavements even when wet would provide some safety margin 

for the 95th percentile path at design speed. 

In j udg·I ng the adequacy of the AASHTO highway curve design procedure, it seems 

more appropriate to consider the needs of a nominally c ri ti ca 1 driver (say, one 

generat"ing a 95th percentile path) than to assume that all drivers exactly 

fo 11 ow 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 ,~ould only produce AASHTO friction factors at design speed, the procedure 

might b1!come too restrictive. 
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In any •~vent, considering that the nominally critical driver probably has some 
minimal safety margin for most highway curve conditions, two conclusions seem 

appropr·i ate: 

(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 overshoot driving behavior indicate an important design 
trade-oH. Consider the operating characteristics of two different AASHTO 
control ·1 ing 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 lower superel evat ion than on the curve with the small er 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 r,~garding the actual operational relationship between curve radius and 
superel•~vation. 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 th,~t of the highway curve for a meaningful proportion of the driver popu
lation. Therefore, to produce the intended lateral tire accelerations at design 
speed f1Jr a nominally critical driver on an AASHTO highway curve. ~ super
elevatiion 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. All 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, 1n 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 length 
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
namics both reveal the importance of proper 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 
1n which the highway accommodates vehicle transition behavior greatly affects 
the onset of lateral acceleration on the driver, and subsequent 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 
fri ct f on 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 calculation and difficulty of field 
stake-out. However, as is demonstrated in Appendix G, such objections are no 
longer 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. 
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For the,se 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 cleiarly preferred, most existing highway curves have tangent-to-curve 

alinemEtnt. In 3R design, where the highway alinement remains essentially un

changed, it is important that unspiraled curves provide optimal vehicle 

dynami<:s. The research provides guidance on the design of the 1 ength and 

distribution of superelevation runoff. 

The fiE!ld studies of full-width, unspiraled curves show that drivers generally 

produCE! path transitions of 200 to 300 feet ( 60 to 90 m) in 1 ength, centered on 

the point of curvature (PC). Design values for length of superelevation runoff 

should be consistent with these lengths, which represent natural driver be

havior,. 

Appropriate superel evat ion runoff di stri buti on should accommodate reason ab 1 e 

driver path behavior to insure a gradual, steady build-up of lateral 

acceleration on the driver. Superelevation that is developed too late can 

produci~ uneven generation of lateral acceleration. In this extreme, the driver 

experiimces 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 

length$ 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. 

AASHT0 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 

approa,ch. While the field studies indicate a 50 percent distribution 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, 
regardless 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 
light 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 simultaneously 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, 

All of the previous discussion on highway curves and driver behavior points 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 
brakes within the curve. That portion of higher speed drivers with critical 
path bEihavi or and/or braking wi 11 therefore generate very high ti re acce 1 er-
at ion, which in combination with wet or poor pavement surface, can lead to loss 
of control. 

Cross Sectional Elements 

A general research finding 1s 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. In 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 
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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 clear-zone width of roadsides, and therefore cannot be 
totally separated from the general benefits of roadside improvements. 

The HVOSM 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 criterion, 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
slope design is necessary. 

With acceptable shoulder slopes, these HVOSM studies imply the benefits of 
full-width shoulders 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 HYOSM Studies of Cross-Slope Breaks on Highway Curves (11). 

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. It 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 
loss of control on highway curves. 

234 



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 either 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. Care 
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 element~ 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 slightly 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. Regardless of the 
overall conclusions, the general application of AASHTO minimum stopping sight 
di stanc,e requirements or greater is desirable on approaches to hf ghway curves. 

Grades 
The HVOSM 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. 

236 



XI. CONCLUSIONS 

Although highway curves are a necessary feature of the two-lane 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 AASHTO 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 
large central angles. The safety benefits of these suggested applications, how
ever, may be 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 list of the major conclusions of this study. These conclu
sions concern (1) the safety of highway curves, (2) the operational 
characteristics of highway curves, and (3) some general observations 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, 11 Su111Tiary and Application of Results.• 
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Accident Characteristics of Two-lane Rural Highway Curves 

(1) Average Accident Rate - The average accident rate for highway curves is 
about three times the average accident rate for highway tangents. 

(2) 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. 

(3) Proportion of Accidents on Wet Pavement - Highway curves experience a 

higher proportion of wet pavement accidents than do highway tangents. 

(4) Proportion of Severe Accidents - Highway curves have a higher propor
tion of severe (fatal and injury) accidents than do highway tangents. 

(5) Relationship of Accident Types to Traffic Volume - The proportion of 
accidents that are single vehicle run-off-road increases substantially 
as average daily traffic decreases. 

(6) 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. 

(7) 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. 

(8) 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) ~aximum Lateral Acceleration - In traversing a highway curve, a 
significant proportion of drivers produce path radii less 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 friction 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. 

(2) 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 vehicle speed, Drivers with more severe spiraling rates 
tend to produce greater path overshoot, and therefore higher levels of 
lateral acceleration, 

(3) 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 sirriulatfons, which 
showed a significant reduction in lateral tire acceleration when a 
spiral transition was added to the highway curve. 
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(1~) 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 two 
different controlling highway curves with the same desfgn 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. 

(!i} 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. 

(6) Driver/Vehicle Speed Behavior - Higher-speed drivers approaching 
sharper highway curves do not adjust their open highway speeds to match 
a safe or comfortable speed for the curve until the curve is irrminent. 
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. 

(7) 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 portion 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 
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. 

(9) Superelevation Runoff - AASHTO design policy for superelevation runoff 
length 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. 

(10) 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. 

(11) 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. 

(12) 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. 

241 



(13) !~oadside Safety Improvements - A limited cost-effectiveness analysis 
used discriminant analysis results to generate broad effectiveness 
measures. This analysis indicated that roadside safety countermeasures 
,~re the most (and, at some locations, the only) cost-effective means of 

,!ltering the roadway to reduce accidents at existing high-accident 
l1ighway curves. 

(14) pavement Irregularities - VehictJlar control stability on highway curves 
•is very sensitive to pavement washboard and short pavement humps. 

( 15) ~itoppi ng Sight Di stance - AASHTO stopping sight di stance 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 AASHTO policy is assumed to always 

c:ompensate for the longer braking distances of trucks. 

(16) £:ross-slope Break - For vehicles that wander onto outside shoulders of 
highway curves, the driver's control is sensitive to the shoulder slope 
c1nd not the cross-slope 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 Techniques - 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 fn 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 fs 
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 following 

manner: 

De = [360°/2 n R)] (Any Defined Arc Length) 

where De= 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: 

De 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 understood. 

The following tables show SI-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 RADII EQUIVALENTS FOR 
DEGREE OF CURVE (100 - FT ARC DEFINITION) 

Degree of Curve 
(100-ft Arc Definition) 

0.5 

1.0 

2.0 

3.0 

4.0 

5.0 

6.0 

7.0 

· 8,0 

9,0 

10.0 

15.0 

20.0 
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Radius of Curve 
(Feet) (Metres) 

11,459.16 3,492.75 

5,729.58 1,746.38 

2,864.79 873.19 

1,909.86 582.12 

1,432.40 436.59 

1,145.92 349. 28 

954.92 291.06 

s18·. 51 249.48 

716.20 218.30 

636. 62 194. 04 

572. 96 174.64 

381. 97 116. 42 

286.48 87.32 



TABLE 51 

CURVE RADII EQUIVALENTS 
FOR DEGREE OF CURVE (30-METRE ARC DEFINITION) 

Degree of Curve 

(30-Metre Arc Definition) 

0.5 
1. 0 
2.0 
3.0 
4.0 
5.0 

10.0 
15. 0 
20.0 

Radius of Curve 

(metres) (feet) 

3,473.75 
1,718.87 

859.44 
572.96 
429.72 
343. 77 
171. 89 
114. 59 
85.94 

TABLE 52 

11,279.26 
5,639.62 
2,819.81 
1,879.87 
1,409.90 
1,127.92 

563.96 
375.97 
281. 98 

CURVE RADII EQUIVALENTS 

Degree of Curve 

(100-ft Arc Definition) 

0.51 
1.02 
2.03 
3.05 
4.06 
5.08 

10.16 
15. 24 
20.32 

FOR DEGREE OF CURVE (100-METRE ARC DEFINITION) 

Degree of Curve 

{100-Metre Arc Definition) 

0.5 
1.0 
2.0 
3.0 
4.0 
5,0 

10. 0 
15.0 
20.0 
30.0 
40.0 
50.0 

Radius of Curve 

(metres) {feet) 

11,459.16 
5,729.58 
2,864.79 
1,909.86 
1,432,39 
1,145.92 

572. 96 
381. 97 
286. 48 
190.98 
143. 24 
114. 59 

250 

37,597.49 
18,798.74 
9,399.37 
6,266.25 
4,699.69 
3,759.75 
1,879.87 
1,253.25 

939. 94 
626.62 
469.97 
375.97 

Degree of Curve 

(100-ft Arc Definition) 

0.15 
0.30 
0.61 
0.91 
1. 22 
1.52 
3.05 
4. 57. 
6.10 
9.14 

12 .19 
15.24 



/\l'rENDIX B 

This /\ppendix describes the 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 interested 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 foll~wing 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 fi:rst characteristic of the curve to be studied is its approach condition. 

This includes the character of the horizontal and vertical alinernent for 2-3 

miles on each side of the curve, as well as the location of any intersection, 

speed :wne 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 on 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 cor through the windshield. The picture number should 

be not1:d 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 runs 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. 

252 



. ' ..... 

The second crew member 1s responsible for the collection of roadside infor

mation. The roadsides will be classified in the office on the basis of pictures 

and a 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 feet. 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 

shoulder 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 paveme~t, 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 
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curve. Radar guns will be used, with observers placed 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. If 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 ANO 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. ____ _ 

N Sketch nearby features and indicate 1ppr01ch picture numbers at right, 
l.n 
0, 

APPROACH FROM-----------------

SIGHT DISTANCE TO CURVE: 

0 UNRESTRICTED O RESTRICTED 

IF RESTRICTED, RECORD TIME THAT CURVE IS VISIBLE TO DRIVER. 
_____ sec. AT _____ mph 

CHARACTERISTIC OF ~LINEMENT PRECEDING CURVE 

□ PRIMARILY 
iii TANGENT 

z D MODERATE, 
O MILD CURVATURE 
~ . 
tJ □ INTERMITTENT, 
~ SHARP CURVATURE 

~ □ PAE00MINATELY 
CURVILINEAR 

i.j □ PRIMARILY LEVEL 
z Oft MILD GRADES 

~ □ SOME MODERATE 
. u GRADES 

w 
:X □ HILLY, MULTIPLE 
Y GRADE CHANGES 

, PROXIMITY TO NEARBY FEATURES 

Add North ""°"" 
APPROACH FROM -----------------
SIGHT DISTANCE TO CURVE: 

0 UNRESTRICTED O RESTRICTED 

IF RESTRICTED, RECORD TIME THAT CURVE IS VISIBLE TO DRIVER. 
_____ sec. AT _____ mph. 

CHARACTERISTIC OF ALINEMENT PRECEDING CURVE 

□ PRIMARILY 
- TANGENT 
LIJ 

Z0 □ MODERATE, 
MILO CURVATURE 

:w: 
CJ □ INTERMITTENT, 
~ SHARP CURVATURE 

~ □ PREDOMINATELY 
CUAVIUNEAA 

iii D. PRIMARILY LEVEL 
z 0A MILO GRADES 
0 
~ □ SOME MODERATE 
u GRADES 
w 
u_i: □ HILLY, MULTIPLE 

GRADE CHANGES , 

PROXJMITV TO NEARBY F£ATURES 
CITY LIMIT ______________ _ MILES__ CITY LIMIT ______________ _ MILES __ 

MILES __ INTERSECTION (Suit■ or U.S. Hwy.I------- MILES__ INTERSECTION (State or U.S. Hwv.1-------



SERIAL NO,--------- ROADWAY GEOMETRY 

STATE ___________ COUNTY _________ _ 

MIG..WAY-. -~-------- MILEPOSTS _________ _ 

DEGREE Of CURVE•------ LENGTH OF CURVE------

.10 ..------r----,----,,---..----.----,----.--.-----. 

.Qlt----f---+--+---t---+-----,t---+---+------1----4 

.06 t----t---+--+--+---+--t---+---+----t-----i 

.04----+-----+------+---+-----------

.02----+---+--+-----+---+-----------
N 
Ul 
-.J 

A a C D · .E F PC 

•it DegrN of Curve does not IPPIII' as recorded 
and de-.mined from Ball-B■nk Indicator, note 
Mid-Ordin■t• Mt■sunmenu below. 

Oblllrv■tian Olord L.lgth Mid-Ordinate 

1 

2 

G H J 

Location 

A 

B 

C 

D 

E 

F 
--

PC 

G 

H 

I 

J 

I◄ 

~ 

~ 
W-rw WSH WH 

,¼'!: if///D '/. ..,. ¥///./.✓. 
~~ ,,.,~ .,.,.,,,,. ·,. ,,, .q_m. 

~ 'I. 

~ 

I 
,.,, z 

~ 
z 

~,, ,, ~ 
,., 

~~ 

,,.,,-;~;,,,r., 
'I 

~~!Z :;, ~ 

'/✓/,i 

HM-V.m. ~ ~.,.~ .,,,,.,,,. 

••Record twice the reading 
3 

4 

COMMENTS: -----------------

FORM 3 

e,w I •• 
NI 

e .. 
SH 

.,. w. -, ~ 
'J. 

~ 

,1/////..i":'''' 
lf// 

, ... ,,. 
~ ,., .,,~ .,. 

Zi 

Wun ~;.,:~ ~ ,; ~ 

~ 

~~ 
:.-.~ 

0 ¼I _, 
,.,, ¥,I z :;,..;.: 

~ 

~M ~ 

~ 
,,~ 

~ ~:a m.,. ~~ ,;,-,, ,-: 

w..-
~ ~ ,,.,:, 

~~~ 
~ W/2 

.,,. ,; ,,; 

~~ 
~~;,.,;;,,,✓, 

'0 ~ 

19~ V, ,..,~ 

-

SUPERELEVATION ROD USED: _____ _ 



FORM 2 
SIGNS AND MARKINGS 

STATE ________ _ COUNTY ________ _ 

HIGHWAY-------- MILEPOSTS ________ _ 

RECORDERS-----------DATE------

ON DIAGRAM: 
- INDICATE ROLL AND ll'ICTURI: 

NUMB!N, . 

- INDICATE NORTH ARROW. 

- SKETCH LOCATIONS QF 
INTERSECTIONS, DRIVEWAYS, 
BRIDGES AND OTHlfl UNUSUAL 
F&~TURES. 

- LOCATE ANO INVENTORY ALL 
SIGNS AND REFERENCE IN 
SIGN INVENTORY TABLE. 

SERIAL NO. _______ _ 

COMMENTS ON ROADSIDE CONDITION _________ _ 

~---------'-...;... _____________ _ 
OJ 

APPROACH FROM ___________________ _ 

PAVIMENT MARKINGS 

EDGE LINES _________ CONDITION ____ _ 

CENTERLINE CONDITION ____ _ 

NO PASSING STRIPE CONDITION ____ _ 

Dua it begin blfor■ Sup■ral■v•tlon TIWllitionl _______ _ 

Doti It end blfcn ttM •nd of th• CW'•l ---------

SIGNS. 

ANY SUBSTANDARD sm,.Sl ____________ _ 
SIGN CONDITIONS _________________ _ 

ANY UNREFLECTORIZED SIGNS 7 ___________ _ 

ARE THERE DELINEATORSl _____________ _ 

,--------------------------Adel Nonh Arrow 

* 
,I 

' ' 

SIGN INVENTORY 
NO lYPE 

APPROACH fRCJM ________________ _ 

PAVEMENT MARKINGS 

EDGE UNES ________ CONDITION ______ _ 

CENTERLINE ________ CONDITION _______ _ 

NO PASSING STRIPE CONDITION ______ _ 

Do■s It blgln blfon Superalavllli011 Tr1111itionl---------

Oci■s II Ind blfor■ th■ and of th■ cwwl _________ _ 

IIGNI 

ANY SUBSTANDARD SIGNS 1-------------
SIGN OONDITION ________________ _ 

:ANY UNREFLECTORIZED SIGNS1 ___________ _ 

ARE THERE DELINEATORS?==------------

TYPE: _____________________ _ 



SIGN INVl:NTORY KEY 

CURVE SIGNS 

<5> 
C-1 C-2 

WARfUNG SIGNS 

~~ 
W-1 W-2 

W-8 W-9 

PASSING SIGNS 

~ 
P-1 

PASS 
WITH 
CAAE 

P-2 

C-3 

W-10 

P-J 

ROAD CONDITION SIGNS 

i> 
R-1 R-2 R-J 

R-5 R-1 R-7 

W-11 W-12 

R-4 

R-1 

SPEED AND PARKING RESTRICTION SIGNS 

SPEED 
LIMIT 

SPEED 
I.IMIT 

MINIMUM 

I I 
~-' 

SPEED 
ZONE 

AHEAD 
r:7 
PARKING 

LJ 
!t-S 

W-13 

DELINEATORS 

i i 
0-1 D-2 

a 
D-4 

D-3 



~ 

BALL BANK INDICATOR SURVEY RECORD 

STATE _________ _ COUNTV __________ SERIAL NO1 ________ _ 

HIGHWAY _________ MILEPOST _________ _ 

~1,,----.,...--._---,.""'IT---r---'"ffl'TTl'"-'TT-,--.,..---r-'"T"---:l'ITITITV------:;r---7'"",----:r--, 
Ill 
"6 151----...----l---,l-l,-f---+t----,Htl-l'~-
~ 14 t-----i---~-.1,,-4-+--+-+--~.t-+i·~ 
~ 
~ ,, -~ 
~ /Zt------------+--+--+--+M.V, 
~ i II 1-----+----+-+-+--+~--+11+¥ 

" \i 10 1----+-----+J,_,_----l-l----,IHi,_---'-...,._----"l,-.<ll--M-l~-~e;..+-"------.i~~'H-H~--

~ 9 ~---+---4_,__-A-_~r-~--t---.---◄ ... 
ia~-~--~-~~-~~~-~~~ 

17t----t---t++----,.---t~'Hl't..~1',:..:.:.:.--=.~'t-,~ot+I~ 

i'~------~-----ls 
~ ~.,,. ..._ 

~ g 

l 2 

~ I 
lo\ ao 

a ZS 30 gs 40 so 
Spt1ed,rn,i'e:1 per hour 

ss 

Flgur, 10. Curt to 4eterm.ta, 11ft speed ladlcaUou for hlfb.nr cun■ 111.gu, P1ttcn11d after cbrt ~, R. F, Rlt&tlmeler, Trlf!lc 
EqlaHr, P .. aaylnllla D,,utmeat of Rlpwayl 

Rule for Snfo Spaed 
Adil 11111,crcluvalion :utglc (,\) to li."111 bank a11,:lc (U) nbaa"cxl nt nny ~""" 11JCCd to c1btain tlio t.otal Anglo {C). Follow r.urva u11 

whil'h (C) ia loc:.'ltcd t.o point. (DJ whicb it, IAIIII of 911pcrclcv:i.lion 1mglc 11.nd 10 dc1rce hall h,'lnk At•;lc. l\L'IXi1n11m 11al~ llllel!\I for rcOcc
tnrixtd 11i11:11 i11 I he rlullCII. 11pecd value ror poi 111. (D) LO the h11U1!1~ ,5 milCII J1Cr hour. 

SPEED (mphl 

BALL BAN-K ANGLE (Bl 

SUPERELEVATION ANGLE .. (A) 

TOT AL ANGLE (Cl 

DEGREE OF CURVE 

RECORDED DEGREE OF CURVE 

• Ofl'TIONAL 

•• SEE CONVERSION CHA.AT 

RUN 1 RUN 2 

D 
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SPEED SURVEY 

STATE _______ COUNTY ______ HIGHWAY------ MILEPOST~-----

SURVEY PERIOD SERIAL NO. SHEET ___ OF __ _ 

DATE _______ QAY _____ WEATHEA RECORDER ______ _ 

TIME OF SPEED CHECK FROM ____ TO ---

OBS IDENTIFICATION 

CO!LOR/TYPE 
C • CAR 
V · VAN 
P · PICKUP 

00 NOT RECORD TRUCKS 

PHYSICAi. CONDITIONS 

-- --

. --- -----, ~--~~ - -

y "Pl" 

I 
I 

POINTS RECORDED --------

TA 
SPEFD A~ 

TB ' C" "Pl" 

NOTE: CROSS OUT COLUMNS NOT USED 

A<ld Nont> Arrow * ON DIAGRAM INDICATE: 
- North Arrow 
- Direction of Travel Surveyed 
- SurwyOf Locations and 

. SpNd Points Cowrwd . 
- Roadside Candidons Affecting 

Sight Oi1blne1 
Surveyor Location 
Ground Covering 

SIGHT DISTANCE O 600' OR GREATER 0 LESS THAN 600' -----==----■----s,1cr,v 
MEASURING DISTANCES IF SO • 600' OR GREATER 
TA TO UPC" 1100· · 1000') _____ TB TO ''PC'' (200' - 300') ______ "PC'" TO "Pl"-------

IF SD • LESS THAN 800' 
TA TO "PC" (Approx 6001 _____ TB TO "PC" (Skip TB Point) "PC" TO "Pl" _____ _ 
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PAVEMENT RATINGS FOR ASPHALTIC-CONCRETE SURFACES 

(Measured in Wheel Path@ 100' DownstreaJD of P.C. of Curve) 

SURFACE ROUGHNESS 

Very Rough Moderately Moderately Smooth Sliclc 
Rough Rough Smooth 

Very 
56 52 48 - - -Deep 

Deep 52 48 44 - - -
Moderate 48 44 40 36 - -
Shallow - 40 36 l2 28 -
Very - - 32 28 24 -Shallow 

None - - - - - 20 

DEFINITION: DEPTH OF ASPERITIES DEFINITION: SURFACE ROUGHNESS 

Class DescriJ:!tion Class Descrip'tion 
Very Deep 1/2" Very Rough Jagged Corners 
Deep 3/8" Protruding 

Moderate 1/4" Rough Protruding Corners 
With Some Rounding 

Shallow 1/8" Moderately Round or Rounded 
Very Shallow 1/16" 

None 0 

Rough Aggregate With Goud 
Drainage Paths Through 
Asperities 

Moderately AggTegate 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 

SURFACE CLASSIFICATION 

1. Very Rough 

2. Rough to Very Rough 

3. Rough 

4. Moderately Rough to 
Rough 

5. Moderately Rough 

6. Moderately Smooth to 
Moderately Rough 

7. Moderately Smooth 

8. Smooth to Moderately 
Smooth 

9. Smooth 

10. Slick 

(Measured in Wheel-Path@ 100' Downstream of Curve P.C.) 

DESCRIPTION PAVEMENT RATING 

Noticeably Heavy Textured Finish 
(PCC only) 

Very Rough Sandpaper Reel 
(Some Textured Finish on PCC) 

Rough Sandpaper Feel 

Medium Sandpaper Feel 

Fine Sandpaper Feel 

Highly Polished, No Sandpaper 

56 

52 

48 

44 

40 

36 

32 

28 

24 

Feel (Bleeding Asphalt for Sand-Asphalt Surface) 20 



Type of Site 

Class 1 

{

Primarily Tangent 

Primarily Level 

No Closeby Intersection 
N or City 

i! 
Class 2 

{
Moderate Mild Curvature 

Some Moderate Grades 

Class 3 

{ 

Predominantly 
Curvilinear 

Hilly, Multiple Grade 
Change 

SPEED STUDY MATRIX 

(Curves of S00' length or more) 

No. of Samples 

S.D. < 600 

> 60 3-4° 1-2° - ·- -

2 2 2 

2 2 0 

2 0 0 
' 

S.D. > 600 

> 60 3-4° 1-2° --- -- -

2 2 2 

2 2 0 

2 0 0 
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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. 

~~D MEASURE: The effectiveness measure used is the probability of an 
injury accident given a roadside encroachment. 

THEORETICAL BASIS: Roadside Hazard Model from NCHRP Report 148, (ll). 

~4ETERS: (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
bi 1 i ty that a vehicle reaching the clear-zone width will 
hit a fixed object.) 

For ii given length of highway, the NCHRP Report 148 Model can be simplified for 
a noncontiguous roadside obstacle (say a constant roadside slope with no fixed 
objects) to: 

where: 

H = Et (S) P [y ls] 

H = Hazard Index, number of fatal plus nonfatal injury 
accidents per year 

Et= Encroachment Frequency, number of encroachments per 
section length per year 

S = Severity Index, percent of impacts with fixed objects 
resulting in fatal or injury accidents 

P[y 2_ s] = 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, Rh, of a fatal or nonfatal injury accident given an 
encroachment is: 

Development of Rating Equations 

The hazard rating equations for roadside configurations must consider: 

(1) a roadside slope break at a given distance, Ls; 
(2) a clear-zone width, Le; 
(3) an obstacle coverage factor. C; 
(4) a slope severity Ss, and 
(5) an obstacle severity index, S0 • 

The severity indices for 2-lane rural highways are taken from the 1974 FHWA 
report "Effectiveness of Roadside Safety Improvements• (20) as follows: 

Obstacle 
Large Trees, Utility Poles 

Culverts, etc. (Ave.) 
2:1 or steeper fill 
3:1 fill 
4:1 fill 
5:1 fill 
6:1 or flatter fill 

S0 -- Obstacle 
Severity Index 

0.50 

0.60 

0.45 

0.35 

0.25 

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 
point. 

Clear Zone Behind Slope Break 
If 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: 
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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 

fo 11 ows: 

Rh= S5 P[Ls :':_y :':_Le]+ O.SC P[y l, Le] 

+ Ss{l-C} P[Lc .i Y .i Lq] 
+ 0.5(1-C) P[y l, Lq] 

The last term of this equation makes the simplifying assumption that all 
vehic:les 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 9enera l 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 
foll CIWS: 

Rh= O.S(C} P[y l, Le]+ Ss(l-C) P[Ls iY _i Lq] 
+ 0.5(1-C) P[y l, Lq] 

Again1, the last term in the equation makes the simplifying assumption that all 
vehic:les that travel 30 ft (9,2 m) from the edge of pavement will experience a 
roads:ide condition with a severity index of 0.50. 

Example of Hazard Ratings 
The following table shows the hazard rating for various roidside configurations 
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 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 90 • 41 .42 .42 .43 .44 .48 .49 
60 .41 .42 .42 .42 .43 .45 .46 
40 • 41 .42 .42 .41 • 41 .44 .45 
10 .41 .42 .42 .41 .41 .42 .42 

2: l 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 .53 .53 • 53 • 53 .50 .so • 50 

1 ft = 0.305 m 
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APPENDIX D 

HVOSM CURVE RUN DOCUMENTATION 

HVOSM Input Parameters 

The RMdside Design (RD2) version of HVOSM. as documented in Reference (49) 

was u·sed for the present research. Some modifications of the simulation program 

were ·incorporated for this app 11 cat 1 on as discussed 1 ater in this Appendix. 

The specific vehicle that was simulated in the curve studies was a 1971 Dodge 

CoroMt 4-door sedan. The inputs for the simulated vehicle were obtained from 

Appen1:lix D of Reference (48). An input data deck listing and a corresponding 

paranN!ter 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 folllows: 

(1) Analytically detennine the extent of roadway required to meet the 
requirements of the particular run (i.e., roadway radius and length). 

(i!) Set up and run a Terrain Table Generator (TTG) run based on roadway 
specifications. 

{:I) Insert TTG run output "cards" into HVOSM data deck. 

(1~) Set up and insert HVOSM Driver Model Input cards per run specification 
into HVOSM data deck. 

(!i) Perform the simulation run. 

The "c.ards" 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 

run, c11s well as retention of the card deck for each run in a single partitional 

disk dlata set. 
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IICl·Jll HV0SN CURVI STUOl[S: IIUN:HCS•II 
o.o ,.n 0.010 0.010 ,o.o o.o o.o 
0 0 

1 
I I I 

1171 OCXICI CORONET ••DOOR SEDAN 
l.•:t O.lt O.IZ :t7IO.O 23000.0 23:100.0 530.0 HO.a 
•1.:t 11,7 le.I II.I 0.0 •J.0 
0.0 -1•.o 0.0 •11.7 -,0.1 10.1 
101.0 111.0 IOO.O 111.0 100.0 0.80 
120.0 32•.o 800.o •••.o eoo.o o.,o 
41.IS ◄O.o 0.10 7. ◄1 :11.0 0.10 
◄0400.0 -1100. 0.02 

0.551 
•:t.O 3.0 1.0 
•0. ◄3 ·0.95 -1.22 -1.21 •0.11 •0. ◄ 1 o.o 
FIRISTOHI RAOIAL VI 
1.0 1.0 t.O 
1 ◄50.0 3.0 10.0 
.71 

1.0 
•37,0 

210 N PATH,1~ BRAKINGI.PROIE 21~ 

1.0 
13, 2 
13.2 

0.0 5.0 1.0 0.0 0.0 
•l!I. •9!1. •15. ·15. •15. 

.sa 

1.0 

1.0 1.0 1.0 0.01 .00905 0.000 o.o 
•.o 100. o.o o.o 1.5101 120. 

10.tl 
2.1 
3.1 

9143!1. 

o.o o.o o.o &00. -.1112 720. -.1112 12000. 
0,0 o. 1 214. o.o 0.5 ◄00. 0.00310 0,000310 
210 M RAOIUS,I~ SE,I~ CRAOE,10 N RUNOFf,20/IOlL DIST 
•I00.00 I00.00 10.00 o.o 1200.00 60.00 o.o 

1.00 1.00 12.00 13.7:t 15. ◄1 17.11 11.12 
2•. 12 25.85 27. 51 21. 11 30,91 32.81 3•. 21 
31.15 ◄0.31 .,.11 o.o o.o o.o o.o 
5.•o a.,o 11.,0 1:a.2& 15.12 11.11 11.1:a 

24, ◄0 21.241 28.12 29.11 31.71 33,S• 35,3:t 
40,30 41,11 ◄3.51 o.o a.o o.o o.o 
•.10 1.10 10.10 12.,a ••.11 11.11 11.1• 

24.419 2•.•· 21.11 30.53 32.11 2•.47 31.31 
,1.11 •3.!11 •1.31 o.o a.o o.o o.o 
4.20 7.20 10.20 12.31 14. ◄ 2 fl.53 11,11 

2•.•· 27,0I 21.20 31.21 33.31 35.40 37,45 
43.22 45.15 .,.04 o.o o.o o.o 0.0 
3.60 1.eo 1.10 11.14 t4.oa 11.32 11.55 

25.27 27.!II 29.75 31,11 34.12 31.33 31.52 
44.70 41.71 41.71 o.o o.o o.o o.o 
3.00 1.00 9.00 11.37 13.73 11.10 ..... 

25.11 21.12 30.29 32.57 3•.93 37.27 39.59 
•1.19 •1.31 50.51 o.o o.o o.o 0.0 
2.40 5.40 1.40 t0.19 13.31 15.11 11.37 

25.IS 28.34 30,13 33.25 35.74 31.21 40.11 
47.69 S0.02 52.33 o.o 0.0 o.o o.o 

1.10 4.10 7.10 t0.42 13.04 15.61 11.21 
21.13 28.75 31.37 33.94 31.55 39.15 41.73 
49.20 11.17 5◄ .12 o.o o.o o.o 0.0 

1.20 4,20 7.20 I.IS 12.89 15.•4 II.II 
21.42 21.17 31.12 34.52 37.31 40.09 ◄2.81 

so.12 53.3◄ 55.92 o.o o.o o.a o.o 
0.10 3.60 6.10 •.• 7 12.31 15.22 11.09 

21.71 29.51 32. ◄8 35.31 :ti.ti 41.04 ◄3.11 

12.21 15.02 17.75 o.o 0.0 o.o o.o 

20.15 
35.7!1 
o.o 

20.19 
31.14 
o.o 

20,72 
31. 13 
o.o 

20.71 
31,33 
o.o 

20.71 
40.54 
o.o 

20.13 
41.75 
o.o 

20.H 
•2.11 
o.o 

20.90 
44.20 
o.o 

20.93 
4'5.44 
o.o 

20.17 
4&.H 
o.o 

1.0 

22.31 
37.33 
o.o 

22.'5'5 
31.&S 
o.o 

22. 71 
39.17 
o.o 

22.17 
◄ t.31 

o.o 
23.03 
•2.H 
o.o 

2:t. 19 
o.oo 
o.o 

23.3'5 
•s. n 
o.o 

2:1.'52 
41. 72 
o.o 

23.11 
41. 10 
o.o 

23.14 
••••• 
o.o 

0.0 3.00 1.00 9.00 . 12.00 IS.OD 11.00 21.00 · 24.00 

FIGURE 49. TYPICAL CARO IMAGE OF HVOSM INPUTS FOR HVOSM CURVE STUDY 
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0 100 
0 IOI 
0 102 
0 103 
0 104 
0 200 
0 201 
0 202 
0 203 
0 204 
0 205 
02~ 
0 207 
0 201 
0 209 
t 209 
0 300 
0 301 
I 301 
0 302 
0 400 
0 •01 
t 401 
0 402 
0 403 
0 •O◄ 
0 405 
0 500 
0 501 
1 501 
2 501 
3 SOI 
4 so, 
I SOI 
I !IOI 
7 501 
I !501 
I !501 

10 !501 

" !501 
12 IOI 
13 IOI 
14 '501 
1'5 !10 I 
11 '501 
17 '501 
11 501 
19 501 
20 !101 
21 501 
22 '501 
23 '501 
24 '501 
2'5 101 
21 '501 
27 501 
21 !501 
29 !501 
30 !IOI 
3t 101 



10.70 13.02 15.21 17.•7 H.11 11.11 93.11 15.12 11.•1 29 502 
H.27 100.11 102 .II o.o o.o o.o o.o o.o 0,0 30 502 
51.51 12.•• 15.25 11.03 T0.71 73.•I Tl. 14 71. 75 11. 31 31 502 
13.12 H.21 H.87 11.01 13.21 H.•9 97.U tt.H 101.H 32 502 

103.80 105.•• 107. 19 o.o o.o o.o 0.0 o.o o.o 3:1 502 , .... 14.44 87.•0 70.33 73.22 78.07 Tl.17 11.12 14.33 34 502 
IS.II 19.57 12.11 14.51 H.fl 11.33 101.11 103.11 105.13 35 502 

107 .17 109.9◄ 111.12 o.o 0.0 o.o o.o 0.0 o.o 31 502 
13. 31 el.41 19.57 72.65 75.81 71.11 11.n 14.53 17 .31 37 502 
10, t7 92,11 95.51 11.20 100. 75 103.23 105.13 IOT .17 110.22 31 502 

112. •o 114. 50 11S.51 0.0 0.0 0.0 o.o 0.0 o.o 39 502 
es.20 11.51 Tt. 78 75.00 71." 11.33 14.42 17.47 to. ◄• 40 502 
93.40 91.21 H.10 101.11 10◄• 51 107. 17 lot. Tl 112. ti 114 ,57 U 502 

111.U 119. 11 121.:ie o.o 0.0 o.o 0.0 0.0 o.o 42 502 
17,11 T0.57 T:J.H TT.37 10.70 14.00 17.24 10.44 13,51 U 502 
ti.IT H. TO 102.H 105.51 101.39 I 1 t. 15 113.14 111. 45 1 ti .17 44 502 

121. 42 123.711 1215.oe o.o 0.0 o.o o.o o.o o.o 45 502 
H.03 72.&5 7&.22 79.TI 1:r.zs II.TO 90.10 93.45 H.T4 46 502 
91.97 10:1. 15 101,21 109,:11 lt2. ZI lt5. 19 111.01 120.71 IZ3.43 47 502 

128.01 121. 51 130.92 o.o o.o o.o 0.0 o.o o.o 41 502 
T0.97 7•.715 71.41 12. 11 IS.IZ H.43 92.11 11,41 19.93 41 502 

103.32 106.15 109.90 113. 10 111.22 111.27 122.24 125. 13 127 ,94 50 502 
130.11 133,21 135.14 o.o o.o o.o o.o o.o 0.0 51 502 
72.94 71,U 10. 71 14.12 11.4:t u.,. 15.10 H.51 103. 17 !52 502 

101. 70 110. 19 113.59 116.94 120.20 123.41 121.!51 121.56 132.50 53 502 
135.37 131. 14 140.12 o.o 0.0 o.o 0.0 0.0 o.o 54 !502 
74.92 71.03 13.01 IT.09 II.OT 14.11 II.II 102.17 101. 44 51 502 

I 10. 12 113.TT I 1T .:12 120.83 124.24 127.!II 130.15 134.03 137. 12 51 502 
140, 13 143.05 145.17 o.o o.o 0.0 o.o o.o 0.0 57 502 
71.92 11.20 15.41 11.59 93.73 17 .II 101.H 105.11 109.75 51 !502 

113.59 117.39 121. 10 124.76 12■ .32 131 .12 135.23 131.57 141.10 511 !502 
144,91 1•1.02 1!50.91 0.0 0.0 o.o 0.0 o.o o.o so !502 
71.9!5 13.31 17. 71 92.12 915.43 100.H 104.H 109.00 113. 10 It 502 

117. 10 121.0I 1:z.c. 112 121.74 132.46 138.11 139.11 143. II 146.55 62 502 
149.14 153.05 156.15 o.o o.o o.o o.o o.o o.o 93 502 

·240.00 1,U0.00 120.00 2210.00 4H0.OO 120.00 0.0 0 !503 
11.59 119. 19 91.41 93.43 95.0◄ 96.21 97 .15 IT.62 97.611 1 503 
97.33 91.30 II.II 101. 13 102.21 103.23 103.91 104. !5!5 104.92 2 503 

10!5. 13 105. II 105.02 o.o o.o o.o o.o o.o o.o 3 503 
94.99 91.01 100.H 103.2? 105.34 107.02 101.32 109.21 101.61 4 503 

109.75 11 I. 44 112.H 114.30 115.44 116.31 117.14 117. 72 1111.09 5 503 
111.30 111.30 111. 14 0.0 0.0 o.o o.o 0.0 o.o 6 503 
103.60 107. 19 110,44 113.35 115.H 118.02 119. 75 121.06 121.95 7 503 
122.90 124. 61 126. 15 127.49 128.154 129.51 130.34 130.91 131. 27 8 503 
131. 41 131.'7 131.21 0.0 0.0 0.0 o.o o.o o.o 9 503 
112. 40 111, 5 I 120. 27 123.11 121.&T 129.21 131.41 133.21 134.51 10 503 
136.07 137.11 131. 35 140. 71 141.11 142.&I 1-43.57 14'. I 1 144.-49 II 503 
144. 615 144.81 144.41 o.o o.o o.o o.o 0.0 0.0 12 !503 
121.42 12&.0I 130.33 134.23 137.73 140. & I 143.44 145.114 10.37 13 503 
149.21 151.04 152.61 153.96 155.11 156.06 156.12 157.36 157.74 14 503 
157. 90 157.17 157.11 o.o 0.0 0.0 o.o o.o o.o 15 503 
130.81 135.14 140.65 145 .04i 141.0S 152.62 155. 73 151.31 160.57 16 503 
162.53 164. 31 165.H 167. 24 161.39 169.35 170.09 170.65 171.01 17 503 
171. II 17 I. 12 170.92 o.o o.o o.o 0.0 o.o o.o 11 503 
140. 13 145 .17 151.22 1515. 15 160.61 164. 72 161.32 ll I. 42 173.12 It 503 
175.12 177 .60 179. 19 110. 56 111. 71 112.67 113.41 113.97 114.30 20 503 
114.44 114 .42 114. 1T o.o 0.0 o.o o.o o.o o.o 21 503 
149.14 156. 15 162.05 167.53 172.57 177. 13 111.22 114.10 117.12 22 503 
189. 13 190. 94 192 .53 193.90 195.07 196.01 196.76 197. 31 197.S4 23 !503 
197. 77 197.73 197.49 0.0 o.o 0.0 o.o o.o 0.0 2, 503 
159:10 IH.70 173. II 179. 21 ..... 71 119.17 194.46 191.21 200.45 25 503 
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27.00 30.00 33.00 36.00 31.H . , ... U,97 u.n 50 ••• :32 !501 
53,10 H,71 !59.'9 o.o o.o o.o 0.0 o.o o.o 33 !101 
-o.eo 2.•o !l.•o l.!13 11.65 , •. 71 17 .tt 21.03 2•. 18 3 .. !iO t 
27. 21 30.0 33.5• 36.69 39.11 0.9• ••.oe ... ,, 52.29 35 !i01 
55.31 !il.O ..... o.o o.o o.o o.o 0.0 0.0 38 !IOI 
• 1 .20 I .10 •. ,o a.a, 11.31 u .!le 17.12 21.07 24.32 37 SOI 
27 .s■ 30,13 U.01 37.39 •0.63 0.19 •7.20 50.'5 53. 71 U 501 
!16.93 60.U 63.31 o.o o.o o.o 0.0 o.o o.o 31 IIOt 
·1.10 1.20 ... 20 7.51 10.M 14.34 tT. 72 21. 10 24· .... 40 !IOI 
27.11 3 t. 2!1 34.63 31.01 •1.•8 ••••• •■ .33 51. 72 H.15 41 501 
!ii.SI II.II H.20 o.o o.o o.o o.o o.o o.o 42 501 
-2.•o 0.10 3,60 7. II 10.82 , •. 12 17.13 21.1• 24.H 43 !101 
21. 1!1 31.H 35. 17 31,71 42.21 •s.eo 49.46 53.00 II.SI 4. 501 
10. 11 63.14 11.11 o.o o.o o.o o.o o.o o.o •s ao1 
•3.00 0.00 3.00 1.13 10.27 13.,0 17.!54 21.tT 24.lt 46 501 
21.•4 32.01 3!5. 71 39.•I <43.11 41.78 so.et 54.29 H.05 n 1101 
81. 71 ss,4, H.03 o.o o.o o.o 0.0 o.o o.o 41 501 
•3,IO •0,10 2.40 8. ,. 1.112 13.11 17. 45 :tt.21 24.17 49 101 
21.73 32.49 U.2!5 40. II •3.93 47.72 111,75 11!1.51 59.112 50 501 
63.34 67.20 70.97 o.o o.o o.o o.o o.o o.o !it 501 
•4.20 •1.20 1.10 5.69 l.!11 13.n. tT. 35 21.24 25.13 52 501 
29.02 32.91 36.10 •0.11 44.?e ..... 52.91 58.11 11.00 53 1101 
64.97 H.00 72.94 o.o o.o o.o 0.0 o.o o.o 54 1101 
-•.10 •1.80 1.20 !i.22 9.23 13.25 17.21 21.21 25. 21 11!1 !501 
29,31 33,32 37.3• ... !59 •5.!59 ••·•s !54.07 111. 20 112.41 !511 !501 
61.112 70.H 1 •• ,2 o.o o.o o.o 0.0 0.0 0.0 17 !501 
-s.•o •2.40 . 0,80 .. .,. I. Ill 13.03 17.17 21.:11 211,41 SI !IOI 
21.60 33.74 37. ■8 ,2.211 ,8.,3 50.62 55.23 !19.52 13.tl s, so, 
61.21 72.65 71.92 o.o o.o o.o 0.0 o.o o.o 10 1101 
•8,00 -2.00 o.oo 4.27 e.64 12.11 17.08 21.H 25,12 It 501 
29.H 3 •. 15 38.42 43.00 •7.21 SI.SI 511.40 60.14 H.!50 12 501 
H.!16 74.50 71.9!1 o.o o.o o.o 0.0 o.o o.o 13 501 

·1100.00 600.00 60.00 1200.00 2•00.00 10.00 o.o 0 502 ..... 0,31 44,11 41. 211 n.s:, 49.01 50,31 11.11 52.15 I !502 
54.0S 55.20 !111.31 57. 311 !ii. 311 59.30 I0.11 et.01 llt.17 2 502 
12.41 113. 10 13.17 o.o o.o o.o 0.0 o.o o.o 3 !502 
43.59 45.21 46.71 41.34 49.15 5 I. 35 !12.71 !14. 21 55, 57 4 502 
56.19 51 ... 59.39 60.!il II.II 12.75 13.75 64.19 ll!i.57 5 502 
H.39 117. 12 67.11 o.o o.o 0.0 o.o o.o o.o 6 502 
45.31 47.01 48.76 50. 45 52,09 53.71 55.21 51.12 !II. 30 7 502 
59.76 Ill. IS S2.!i1 63.10 11s.o• 116.23 17.35 111,4 I H,40 I 502 
70.34 71. 19 71.99 o.o o.o 0.0 0.0 o.o o.o 9 502 
•T.04 41.92 so. 75 52.51 5•.3s 541.10 57.79 !19.47 111.01 10 502 
62.66 64.17 6!1.68 67.07 61.44 69.74 70.119 72.17 73.21 1 I 502 
7•.33 75.31 741.22 0.0 0.0 0.0 0.0 o.o o.o 12 502 
41.79 50.10 52.'77 5•.12 56.63 SI.St &0.34 &2. 14 63.11 13 502 
65.59 67.23 61:14 70.31 71 .17 73.30 74.17 75.97 77.21 14 50::1 
71.37 79.47 10.49 o.o o.o 0.0 0.0 o.o o.o l!i 502 
50, S5 !12 .119 $4.10 !16.19 51.93 60.94 62.90 64.13 11.11 II 502 
61.55 70.32 72.06 73.72 75.3• 76.19 71.39 79.11 11. 17 17 502 
12.•• 13.111 14,12 o.o o.o 0.0 o.o o.o o.o 11 502 
!12.33 54. I I st.H 59.07 61.2!1 u.,o H.!10 &7.!51 69.57 ti 502 
7 t. !14 73. 44 75. 31 77. 10 71.IS 10.53 12. 15 13.69 IS. II 20 502 
111.59 17.93 19.19 0.0 o.o 0.0 o.o o.o 0.0 21 502 
$4 .12 56.!54 $1.92 61.28 63.60 65.11 61. 12 70.31 72.46 22 !502 
74.56 76.60 71.5!1 10.52 12.40 14.20 15.95 17.63 19.24 23 502 
90.77 92.23 93.61 0.0 o.o 0.0 o.o o.o o.o 24 502 
55.92 51.49 61.01' 63.51 . 65.97 61.39 70.76 73.09 75.31 25 502 
77.61 79.79 11. 92 ~ 13.9■ l!i.91 17.92 19.10 11.60 93.3• 26 502 
94.99 96.51 91.01 o.o 0.0 o.o 0.0 o.o o.o 27 502 
57. 75 60.45 63. 12 65.76 61. 311 70. !12 73.U 75.91 71.33 21 502 
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202.•9 204. 31 205.91 207. 29 208.411 2ot.•o 210.15 210.H 211.00 26 503 
211, 1• 211,0I 210.11 o.o 0.0 o.o 0.0 0.0 0.0 27 503 
170,04 177, 5• 11◄ .60 191.21 197.33 202.95 201.0• 211. '5'5 213.13 21 503 
:115,H 217.7:l 219.33 220.71 221.19 222.13 223,51 224. 10 22◄.◄0 29 503 
22•.'53 22◄ .•I 224. l!I 0.0 o.o o.o o.o o.o o.o 30 503 
110. 511 181.67 196.33 203.51 210. 19 211.31 221.11 22 ◄ .9◄ 227.2◄ 31 503 
229.32 231. II 232.71 234. 17 235.34 231.30 237.03 237.!I◄ 237.11 32 '503 
237,H 2:17 .Ill 237.13 o.o 0.0 o.o 0.0 0.0 0.0 33 503 
111.34 :ZOO.OIi 201.37 211. 15 223.H 230.14 235.13 238,37 240.11 34 503 
2◄2,79 2 ... H 2◄-.21 2◄1,H 241.U 241.10 250.52 251.02 251.33 3!1 503 
251. ◄◄ 251.21 250.H 0.0 o.o o.o 0.0 o.o 0.0 31 503 
202.•2 211 .13 220.7!1 229. l!I 237.02 2 ... 31 2 ◄9.21 2ll I.IS 2!1◄ .20 37 !103 
251.31 258.18 259.12 211.21 212.40 2113.3◄ 2114.0I 211 ◄ .57 2&◄ .15 31 503 
26◄ .13 214.71 214.32 o.o o.o 0.0 0.0 o.o o.o 31 503 
213.U 223.13 233.51 2 ◄2.54 2!10.99 251.11 212.75 215.31 2117.73 •o 503 
261.11 271. 75 273.40 274.10 275.1111 2711.93 277 .113 271, 14 271.42 41 503 
271.45 271.21 277.71 0.0 o.o o.o o.o o.o 0.0 42 503 
225.412 2311.31 241.eo 25C.27 • 21!i.35 273. ◄0 279.21 271.92 211. 32 ., '503 
213. ◄ 7 215.37 217.03 211. ◄5 211.12 210. 5!1 291.211 211. 75 212.02 44 '503 
292,03 211. '71 291 .30 o.o 0.0 o.o 0.0 o.o o.o •• 503 
240.00 2400.00 12'7 .OI ◄5110.00 S000.00 120.00 o.o 0 50◄ 
1!17.87 l!IT.H l!IT.29 151,T◄ '55. 97 15◄ .95 153.10 152.41 151. l!I I 504 
141.34 147. 115 145.IT 143.:Z!I o.o o.o o.o o.o o.o 2 504 
171.'IO 171.70 111.:tt 170.CI IH.IO , ..... 187.11 111.41 154.78 3 50◄ 
1113. 10 111.31 151.08 157. II o.o o.o 0.0 o.o 0.0 4 so• 
115.H 115.73 115.33 11◄ ,II 1 ■3. 71 112. 75 181.11 '110. 30 171.112 5 104 
177.03 ., •. l'7 172. Tl 170.12 o.o o.o o.o o.o o.o II 50◄ 
200.08 111,84 111.37 191.64 117. Tl 111.T:Z 11!1.62 .... 10 112.111 7 504 
190.14 IH.64 IH,71 11◄ .:ZI o.o o.o o.o o.o o.o I 50◄ 
:Zl ◄ .23 213.9!1 213.45 212.70 211.71 210.13 209. ◄3 201.0!I 201. ◄I I 504 
20◄ .42 202.e9 200.!12 117.10 0.0 0.0 0.0 0.0 0.0 10 504 
221.•o 221.01 227.50 226.75 225.1◄ 22◄ .l!I 223. ◄2 222.0!I 220. 15 11 504 
211.21 211.!IO 214.03 211:u 0.0 0.0 0.0 0.0 0.0 12 50◄ 
2•42.59 2◄2,21 24 I .&!I 240.17 2•0.0◄ 231.77 237 .!15 23&.04 234.01 13 504 
232.42 230.0I 227.72 225.21 o.o o.o o.o o.o 0.0 I ◄ 504 
25&.U 251. 41 255.81 2!1!1. I ◄ 254.03 252.1!1 251.!II 2◄1.72 241.27 15 504 
241.0I 243.91 241. 52 239.31 o.o o.o o.o 0.0 o.o II 504 
271.0I 270,17 270.03 211.33 211. II 2&7.07 2&5.45 2114.03 212.2411 17 504 
259.91 257.70 251.&2 252.&3 o.o o.o 0.0 0.0 0.0 18 50◄ 
215.31 21◄ .93 214.39 213.43 2112 .41 211. 22 279.H 271.01 275.11 II 504 
173.87 271.H 2&1.41 2H.43 o.o o.o 0.0 o.o 0.0 20 504 
299. 72 211.31 211.70 297.70 2911.70 215.21 293.IO 291.9411 2111.H 21 504 
217.1!1 21!1.IO 212.14 210.59 0.0 0.0 0.0 o.o 0.0 22 504 
31 ◄, 13 313,73 312.14 312.01 310.71 309.12 307.14 301.04 304.03 23 504 
302. 13 299,33 297. 15 294.39 o.o o.o o.o 0.0 0.0 24 504 
321.61 321.05 327~•0 326.27 325.07 323.17 322.03 320. 10 311.31 2!1 504 
315.74 :113.30 311.04 301,14 o.o o.o o.o o.o o.o 241 50 .. 

3◄ 3.17 342.!12 341.12 340.6!1 339.&0 :J37.93 3311.21 334.55 332.47 27 504 
329.79 327.1!1 324.11 321.90 o.o 0.0 o.o o.o o.o 21 504 
357. S2 357. It 3!16. U 3'55.25 353. 77 352.22 350.41 34111. 75 346.25 29 504 
344.2:Z 341.!15 331.72 335.71 0.0 0.0 0.0 0.0 0.0 30 504 
372.30 37t.5◄ 370.116 369.72 311. 19 3111. !II 3114.H 362.56 360.75 31 !10,& 
351.21 35!1.51 352.&7 350. 13 o.o o.o 0.0 0.0 0.0 32 504 
311.115 311. 15 315.31 314 .O!I 3112.65 3111. II 371.97 :JT7 .21 374.14 33 504 
372,:13 :ICl.51 3&7.00 3e3.H o.o o.o o.o o.o o.o 34 504 
◄01,54 ◄00.H 399.82 391.57 317.27 395.21 393.H 311. 53 311.06 35 50◄ 
311.43 31411.02 310.94 377.76 o.o o.o o.o 0.0 o.o 36 504 

1.0 1.0 1 .o 1.0 0 506 
100 KPH 0 600 

0.57 ·2.H 90. 0.0 0.0 0.0 0 601 
o.o 120. -17 .3 1056. 0 602 
0.0 0.0 0.0 0.0 0 603 

09999 
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MCl·JEL HVOSM CURVE ·sTUOl[S: RUN:HCS•II 
1971 OOOCE CORONET •·DOOR SEDAN FIRESTONE RADIAL Vt 

10/05/11 
210 M PATH,8~ BRAKINQ,PRQIIE 21~ 

210 M RADIUS, 10~ SE,5~ CRADE,10 M RUNOFF 100 kPH 

P R 0 0 R A M 
START TIME 
ENO TIME 
INTEGRATION INCREMENT 

INTECRAT I ON MODE 

PR INT INTERVAL 

SUSPENSION OPTION 

CURB/STEER OPTION 

CURB INTEGRATION INCR. 

BURIER OPTION 

~ BARRIER INTEGRATION INCR. 
-I=> 

C 0 NT 
TO • 
II • 
OTCOMP • 

· MOOE .. 
OTPRNT • 

ISUS • 

INDCRB • 

DEL TC . 
INDB • 

OELTB • 

R O L 0 
0.0 
4.9700 
0.0100 

0.0100 

0 

0 

o.o 

0 

o.o 

A T A 
SEC 
SEC 
SlC 

(O•VARIABLE STEP ADAMS-MOULTON 
·It• RUNGA·KUTTA 
.(2•• FIUO SUP ADAMS•IIIOULTON 

SEC 
(O• INOEPENOENT 

·It• INDEPENDENT 
(2• SOLID FRONT 
(O• NO CURB, NQ 

•tt• CURB 

FRONT SUSPENSION, SOLID REAR 
FRONT ANO REAR SUSPENSION 
ANO REAR AXLES 
STEER DEGREE OF FREEDOM 

(•!•STEER DEGREE OF ,REEDOM, NO CURB 
SEC 

I• RIGID BARRIER, FINITE VERT. DIM. 1
0• NO IAAAIER 

• 2• " " ,INFINITE •• 

1
3• DEFORM. • • , FINITE • • 
4• " " ,INFINITE " 

SEC 

,. .. 

I N I T I A L C O N D I T I O N S 

AIILl 

IICOP • . o.o INCHES uo • 1091.00 
SPRUNG MASS C.G. POSITION YCOP • 120.00 INCHES SPRUNG MASS LINEAR VELOCITY VO • o.o 

ZCDP • •17.30 INCHES WO • o.o 
PHIO • 0.17 DEGREES PO • o.o 

SPRUNG MASS ORIENTATION THETAO • •2.11 DEGREES SPRUNG MASS ANQIJLAR VELOCITY 00 • o.o 
PSIO • 90.00 OEGAllS AO • o.o 
DELIO . o.o INCHES DEL 100 • o.o 

UNSPRUNG MASS POSITIONS 0El20 . o.o INCHES UNSPRUNG MASS V£LOCITUS 0£L200 • o.o 
DEL30 • o.o INCHES OEL300 • o.o 
PHIAO • o.o OlGREES PHIAOO • o.o 

STEER ANGLE PSIF 10 • 0.0 OEORUS STEER VUOCI TY PSIFDO • o.o 

FIGURE 50. INPUT PARAMETER LISTING FOR "TYPICAL" HVOSM CURVE RUN 

IN/SIC 
IN/SIC 
IN/UC 
DEG/SEC 
DEO/SlC 
DEG/SlC 

IN/S(C 
lN/SlC 
IN/SEC 
DEG/SEC 
OEO/stC 
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MCl·JEL HYOSM CURVE STUOIES: RUN:HCs,11 
1971 DOOGE CORONET 4·DODR SEDAN FIRESTONE RADIAL VI 
210 M RADIUS. IOX SE,5S GRADE,90 M RUNOFF 100 KPH 

N .... 
fJI 

SPRUNG MASS 
FRONT UNSPRUNG MASS 
REAR UNSPRUNG MASS 
ll MOMENT OF INERTIA 
Y MOMENT OF INERTIA 
Z MOMENT OF INERTIA 
llZ PROOUCT OF INERTIA 
FRONT AXLE MOMENT OF INERTIA 
REAR AXLE MOMENT OF INERTIA 
GRAVITY 

&CCEL E ROME TE A POSIT ION 

ACCELEROMETER 2 POSITION 

STEERING s y s 
MOMENT OF INERTIA lllPS 
COULOMB FRICTION TORQUE CPSP 
FRICTION LAG EPSP 
ANGULAR STOP RATE AKPS 

XMS 9.430 LB·SEC••2/IN 
XMUF O.SIO LB·SEC••2/IN 
XMUR • 0.920 LB·SEC••2/IN 
lllll • 3760.000 LB•SEC••2•JN 
lllY • 23000.000 LB•SEC••2·1N 
lllZ • 23300.000 LB•SEC••2•1N 
XIXZ • 530.000 LB·SEC••2·1N 
lllF 0,0 NOT USED 
lllR 550.000 LB•SEC••2·1N 
G 386.•00 IN/SEC••2 

XI 0.0 INCHES 
YI • 14 .oo INCHES 
ZI o.o INCHES 
X2 ·68. 70 INCHES 
Y2 ·30.90 INCHES 
Z2 • 10.10 INCHES 

T E M 
• 0.0 LB•SEC• •2· IN 

o.o LB•IN . 0.0 RAO/SEC . o.o LB· IN/RAD 
ANGULAR STOP POSITION OMOPS • 0.559 RADIANS 
PNEUMA Tl C T R&J L llP5 0.0 INCHES 

FRONT SUSPENSION 

SUSPENSION RATE AKF • 105.000 LB/IN 
COMPRESSION STOP CDHS. AKFC • 119.000 LB/IN 

AKFCP . 100,000 LB/IN••3 
EXTENSION STOP COEFS. AKFE 588 .000 LI/IN 

AKFEP . 100.000 LB/IN••3 
COMPRESSION STOP LOCATION OM£GFC • ·2.400 INCHES 
EXTENSION STOP LOCATION OMEGFE • 2.100 INCHES 
STOP ENERGY DISSIPATION FACTOR XLAMF • 0.500 
VISCOUS DAMPING COEF. CF ,.aso LB•SEC/IN 
COULOMB FRICTION CFP 40.000 LB 
FRICTION LAO EPSF • O. 100 IN/SEC 

10/05/11 
210 M PATH,SS IRAKING,PAOBE 25~ 

FRONT' WHEEL ll LOCATION 
REAR 'IIH[[L ll LOCATION 
FRONT WHUL Z LOCATION 
REAR 'IIHEll Z LOCATION 
FRONT WHEEL TRACK 
REAR IIIHEEL TRACK 
FRONT ROLL UIS 
REAR ROLL UIS 
FRONT SPRING TRACK 
REAR SPRING TRACK 

A 
11 • 
ZF 
ZR 
Tf • 
TR 
RHOF • 
RHO • 
TSF • 
TS • 

49. 300 
II.TOO 
10.120 
10.610 
51.900 
11.100 
o.o 
o.o 
0.0 

47.000 

INCH(S 
INCHES 
INCHES 
INCH£$ 
INCH[$ 
INCHIS 
NOT USED 
INCHIS 
N8T USED 
INCHES 

FRONT AUll ROLL STIFFNESS 
REAR AUX ROLL STIFFNESS 
REAR ROLL•STEER COEF. 

RF • 4~00.00 LB·IN/RAO 
·5100,00 LB·IN/RAO RA 

AKRS • 
&KOS• 
AKOS1• 
&KOS2• 
AKOS3• 

REAR OEFL•STlER COEFS. 

REAR SUSPENSION 

AKA • 120.000 LIi/iN 
AKRC • 32• .000 LI/IN 
AKRCP • 900.000 LI/IN••3 
AKRE • 184.000 LB/IN 
AKREP • 100.000 LB/IN••3 
OMEORC • •4.400 INCHES 
OMEORE • 3,900 INCHES 
AUMR • 0.500 
CA 7.410 LB·SEC/IN 
CAP • 3B.OOO LB 
EPSA • O. 100 IN/SEC 

0.0200 UO/AAO 
0.0 NOT USED 
0.0 NOT USED 
0.0 NOT USED 
0.0 NOT USED 

FIGURE 50. INPUT PARAMETER LISTING FOR "TYPICAL" HVOSM CURVE RUN {Continued) 
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NCl·J£l HVOSM CURVE STUDIES: RUN:HCS#l8 
1971 DODGE CORONEi 4·000R SEDAN FIRESTONE RADIAL VI 
210 M AAOIUS,10~ 5(,5X GRA0(,80 N RUNOFF 100 KPH 

10/05/11 
210 N PATH,SX 8AAKING,PA08£ 25~ 

FRONT VH££L CAMBER RUA WHEEL CAMBER 
vs vs 

SUSPENSION DEFLECTION SUSPENSION DEFLECTION 

DELTAF PHIC DUTAA PHIAC 
INCHES DEGREES NOT USED NOT USED 

•3,00 •0.43 ·3.00 o.o 
·2.00 ·0.95 •2.00 o.o 
• 1.00 ·I. 22 -t.00 o.o 
o.o •I. 26 o.o o.o 
1.00 ·0.98 1.00 o.o 
2.00 ·0.'9 2.00 0.0 
3.00 o.o 3.00 0.0 

FRONT HALF-TRACK CHANG£ 
vs 

SUSPENSION DEFLECTION 

DUTAF DlHF 
INCHES INCHES 

·3.00 o.o 
·2.00 o.o 
•I.DO o.o 
o.o o.o 
1.00 o.o 
2.00 o.o 
3.00 o.o 

OAIVEA CONTROL TABLES 

REAR HALF•TAACK CHANGE 
vs 

SUSPENSION DEFLECTION 

O(LTAR OT ... 
NOT USED NOT UUO 

-3.00 o.o 
•2.00 o.o 
• 1.00 o.o 
o.o 0,D 
I .00 o.o 
2.00 o.o 
3.00 o.o 

T PSIF TOF TOR T PSIF TOF TOA T PSIF TOF TOA T PSlf 
SEC DEG LB•fT LB•fT SEC DEG LB·FT LB·FT SEC DEG LB•FT LB•FT SEC DIG 

o.o o.o 0.0 ·95.0 2.000 0.0 o.o •H.O 4.000 o.o o.o ·H.O 
t .000 o.o o.o ·95.0 3.000 o.o o.o ·9!1.0 S.000 0.0 o.o o.o 

T I A E D A T A 
RF LF RR LA 

TIA£ LINEAR SPRING RAT£ &KT l4!10.000 14!10,000 1450.000 1450.000 LB/IN 
OEFL. FDA INCREASED RATE SIDT • 3.000 3.000 3.000 3.000 INCHtS 
SPRING RAT[ IHCR[ASINO FACTOR .JCLANl • 10.000 10.000 10.000 10.000 

AO • •37 ,000 ·37,000 •37,000 -:n.ooo 
Al • 13.200 13.200 13.200 13,200 

SIDE FORCE COEFFICIENTS A2 • 3043.000 3043.000 3043.000 3043.000 
l3 • o. !1110 0.5110 0.1110 o. 1180 ... • 9143!1.000 91435.000 91435.000 9143!1.000 

TIRE OVERLOAD FACTOR OMEGT • 1.000 1,000 1.000 1.000 
TIRE UNDEFLECTED RADIUS AW • 13.200 13.200 13. 200 13.200 INCHES 
TIA£ / GROUND FRICTION COEF. AMU • 0.1110 0.710 0.710 0,710 

NO ANTl·PITCH TABLES 

TOF 
LB•'1 

FIGURE 50. INPUT PARAMETER LISTING FOR "TYPICAL" HVOSM CURVE RUN (Continued) 

roir 
LB•ff 



N ...... ...... 

MCl·JEL HVOSM CURVE STUDIES: RUN:HCS•ta 
1971 DODGE CORONET 4•DOOA SEDAN FIRESTONE RADIAL VI 
210 M RAOIUS,lln SE,'!5% GAADE,10 N RUNOFF 100 KPH 

PATH DESCRIPTORS 
NUMBER OF PATH DESCRIPTORS 
NUMBER OF POINTS ON PATH 
DISTANCE BETWEEN POINTS 
COORDINATES OF 1ST PATH POINTS: 

INITIAL RO&DVAY HEADING 

PATH CURVATURE DESCRIPTORS: 

DEGREE OF CURVATURE DI( II 

IPATH • 
Kll • 
NPTS • 
DELL • 
XINIT • 
YINIT • 
PS& 

. 
DISTANCE ALONG PATH ALll I) • 

DEGREE OF CURVATURE DI( 11 • • 
DISTANCE ALONG PATH ALI 11) • 

o.o 

I 

' 100 
120.000 INCHES 

0,0 INCHES 
0.0 INCHES 
90.00 DEGREES 

DEGREES 
o.o INCHES 

0.0 DEGACES 
600.00 INCHES 

DEGREE OF CURVATURE DIC II . ·I. 2704 DEORUS 
DISTANCE &LONG PATH AL 11 ti • '120.00 INCHES 

DEGREE OF CURVATURE D 11 I) • •8. 2704 DEGREE!, 
DISTANCE &LONG PATH ALI( t) • 12000,00 INCHES 

V&GON TONGUE STEER DESCRIPTORS 
INITIAL PROBE SAMPLE TIM[ 
TIME INCREMENT BETWEEN SAMPLES 
LENGTH Df PROBE . 
MiNIMUM ACCEPTABLE ERROR 
MAXIMUM OCCUPANT ACCELERATION 
STEER CORRECTION FACTOR 
STEER CORRECTION DAMPING FACTOR 
MAXIMUM STEERING WHEEL RATE 

FILTER DESCRIPTORS 
TINE L&G OF FILTER 
TIME LEAD OF FILTER 
TIME DELAY OF FILTER 

lVAGN • 
TPIIB • 
DPRB • 
PLGTH • 
PMIN • 
PMAX 
PGAIN • 
OCAIN • 
PSIFO • 

IFILT • 
TIL 
Tl 
T&Uf • 

I 
O.D SECONDS 
O. 100 SECONDS 

2114.00 INCHES 
0.0 INCHES 

O. '!500 G•UNITS 
.0038000 RAD/IN 
.0003800 R&D·SEC/IN 
•00.000 DEG/SEC 

I 
0.0'!50000 SECONDS 
0.001050 SECONDS 
0.0 SECONDS 

I0/M/11 
210 M PATH,5~ BRAKING,PR08E 25~ 

FIGURE 50. INPUT PARAMETER LISTING FOR "TYPICAL" HVOSM CURVE RUN (Continued) 



MCl·JEL HVOSM CURVE STUDIES: RUN:HCS•III 
l0/0!l/11 1971 DDDG[ CORONET 4·DOOR SEDAN flRtsTDNE RAOUL YI 210 M PATH.5~ BRAKINO,PRDIIE 2!1~ 210 M RADIUS, IQ'l' SE,!I~ ORADE,10 M RUNOFF 100 KPH 

PATH COORDINATES T&NGENT VECTORS DEGREE OF 
CURVATURE N ll(N) Y(N) DllCNI DY(N) D(N) 

(FT) CFO CDEO) I OEG I IDEG) 

I 0.0 o.o 90.000 90.000 o.o 
2 -0.000 10.000 90.000 90.000 o.o 3 ·0.000 20.000 90.000 90,000 0.0 • ·0.000 30.000 90.000 90.000 o.o 
!I -0.000 •o.ooo 90.000 90.000 o.o • ·0.000 50,000 90.000 90.000 o.o 
7 ·0.000 10.000 90.000 90.000 ·8.270 • 0.072 70.000 19.173 H.173 ·•· 270 9 0.211 79.997 11.3•• 81.3•• •l,270 

10 0.149 89.991 17.5111 n ,519 ·l.270 
ti I. 1!14 99.971 111.192 111.1192 ·l,270 
12 I .103 109.957 1!5.1115 1!1.1115 ·1.270 
13 2.!191 119.925 15.031 1!5.031 ·1.270 14 3.533 129.HI 14.211 14.211 ·1.270 FIGURE 50. INPUT PARAMETER LISTING FOR "TYPICAL" 15 •.113 139.123 13.314 13,314 •l,270 

HVOSM.Cl)RVE RUN {Continued) N II 5.131 1•9.747 12.557 12. !157 ·1.270 ..... 17 7,204 159.653 II. 730 11.730 ·l.270 co 
Ill I. 714 IH.!139 10.903 10,903 ·1,270 
19 10.366 179 .•01 10,018 10.0'7& •l.270 
20 12.111 111.239 79.249 79. 249 •l.270 
21 U.097 199.049 78.422 11.•21 •1.270 
22 18, 115 201.131 77.1194 77.'!194 -a.no 
23 11.394 211. !Ill 71.717 71.197 ·1.270 
24 20.753 221,291 75. 940 75.940 -1.:no 
2!1 23. 2!12 237,Ht 75. 113 7!1. 113 ·1.270 
21 2!1.191 247.127 74.211 74.211 -a.no 
27 21.6611 2!17.233 73.459 73. 459 •1.270 
21 31. !514 261.791 12.132 12.132 •8,270 
29 34,131 271.320 71.80!1 71.80!1 •8.270 
30 37.829 215.797 70.971 70.978 -a.no 
31 41.1511 29!1.227 70. l!11 70. 151 ·1.270 
32 ••. 119 304.108 19.324 119;3114 -a.no 
33 48. 2111 313,938 18.497 H.<197 ·•· 270. 34 51.950 323.215 n.no 417 .170 •8,270 
3!1 !1!1.811 332 .• 37 18.143 ee.a•:t •8.270 
JI 59.115 341.103 II.OIi H.018 •8.270 
37 83.945 350,709 15. 119 65.119 ·8.270 
JI 61.207 359.755 84-.362 64.382 ·8,270 
39 72.591 361.739 13. 53!5 63.535 ·1.270 
40 77. lt9 311; es, 82.701 62. 701 ·8.270 
41 11. 761 316.511 81.HI 11.1111 ·1.270 
42 H.50 395.295 11.0!I• 61 .0!14 •8.270 u 91.UI 404.011 60.227 10. 227 •l.270 
44 96.47■ 4 12 •. 154 !19.400 !19.399 ·1.270 
45 101.621 421. 224 !11.573 51.572 ·8.270 
46 106.903 429. 7111 57. U5 !17.745 -e.:no 
47 112.301 431.137 !16.911 56.918 -1.210 ·- I I'? Rt9 446.471 56.091 56.091 •8.270 



MCl·~El HVOSM CURVE STUDIES: RUN:HCS• 19 
10/05/81 1971 DODCE CORONET 4·DOOR SEDAN FIRESTONE RADIAL VI 210 M PATH.Si BRAKING,PROSE 2!1~ 210 M RADIUS, 10~ SE,5i GAAOE,80 M RUNOFF 100 KPH 

PATH COORDINATES TANGENT VECTORS DEGREE OF 
CURVATURE N X(NI YINI OJC(NI OYINI DIN) 

( FT I f fT I IDEGI (DEG) (DEGI 

!II 13!1.0H 411.002 !13.610 53.610 •8.270 
!12 141 .079 419.009 !12.783 !12. 713 -1.270 
53 147. 184 486.921 51.956 51. 956 •l.270 
54 153.403 494.7!11 51.129 51. 129 -1.210 
55 159. 73!1 502.491 !10.302 50.302 •8.270 
51 166. 177 !I 10. 14!1 49.47!1 49.475 ·1.270 
57 172.729 517.1199 41.141 41,648 ·1.270 
58 179. 390 525,157 47.121 47.121 ·11.270 
!19 1116.1!17 532.!119 41.994 46.994 ·II. 270 
60 193.030 539.111 46.167 48. 117 •l.270 
61 200.007 546.9U "5.340 45.340 •1,270 

FIGURE 50. INPUT PARAMETER LISTING FOR "TYPICAL" 12 207.061 554.005 U.513 '44.513 ·1,270 
63 214 .261 !510.964 43.611 43.611 ·1,270 HVOSM CURVE RUN (Continued) 14 221.549 !117 .Ill 42.159 42.159 -1.210 
l!I 221.927 !174.511 42.032 42.032 •l.270 

N .. 231.403 Hl.207 41.205 41.205 •l.270 --.. 17 243.973 517. 740 40.371 40. 37'1 -1.210 '° 61 251.637 594. 162 39. !151 39.550 •l.270 
II 2!19.393 600. ◄74 31.724 31. 723 ·11.270 
70 267.239 106.172 37.HI 37.896 ·11.270 
71 275. 174 612.7!17 37 .069 37.069 -a.no 
72 213.196 611. 7211 31.2"2 311.242 •1.210 
73 291. 303 624.!179 3!1.41!1 3!1.41!1 -1.210 
74 299.494 630.31!1 34.!III 34.511 -1.210 
7!1 307. 767 63!1. 931 33.761 33. 711 -1.:no 
7t 3 Ill. 120 &41.421 32.934 32.934 -1.210 
77 324.5!11 641.103 32. 107 32, 107 ·II. 270 
71 333.0!19 6!12.057 31. 210 31. 280 -1.:no 
79 341.1142 6!17. 117 30.4!13 30. 4!13 ·1.270 
10 350.291 112, 112 29. 11211 29.1121 •1.270 
II 359.02!1 117.072 21.799 211.799 ·1.270 
12 367.822 171.12!1 :1'7.972 27 .972 ••-~no 
13 376.6117 171. 451 27. 145 27. 14!1 ·1.270 
114 36!1,617 610.949 21.311 21,311 -1.270 
15 394.1111 61!1.317 2!1.491 2!1.491 -11.210 
16 •03.&&11 619. !l!l!I 24 .1114 2.ol.664 •l.270 
17 4 u. 71!1 693.662 23. ■37 23.837 •11.270 .. 421.960 697,6311 23.010 23.009 •1.270 
19 •31. 191 701.471 22. 183 22. 1112 ·1.270 
90 440. 471 70!1. 117 21. 3!111 21. 35!1 -1.210 
91 449.111 701.710 20,!129 20. 521 -1.270 
92 •!19. 205 l 12. 199 1!1. 702 19.701 •l.270 
93 418.643 715.501 11.17!1 111.174 ·l.270 
94 476.127 711. 667 11.048 18.047 ·l.270 
95 417. 656 72 t. 697 17.221 17.220 •1,270 
96 07.221 724.517 II. 394 16.393 ·l.270 
97 !101.840 727. 3•0 15.566 l!1. 568 ·1.270 
Q. o;1G •92 729. 954 U.739 14. 739 •l.270 



The actual HVOSM simulation runs were performed in batch by use of the inter
active remote job entry (RJE) co111Rands. 

HVOSM Modifications 
A number of refinements and revisions to the HVOSM program were required, 
including 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 HVOSM card inputs. These revisions 
are described below. 

Additional Outputs 
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 HVOSM corres
ponds to measurements made with a "hard-mounted,• or body-fixed accelerometer 
oriented laterally on the vehicle. During 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 superelevation. 

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 roll angle and lateral acceleration on occupants are 
combined in a "discomfort factor" re lat ions hip which represents the net later a 1 
disturbance felt by the occupants (i.e., the occupants' reaction to the combined 
effects of the lateral acceleration and roll angle). 
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The "discomfort factor" is coded in the fol 1 owing form: 

DISCOMFORT FACTOR = - YLAT + 1.0 * SIN 9 

Where!: DISCOMFORT FACTOR is in G-uni ts 
YLAT = Vehicle Lateral Acceleration in vehicle-fixed 

coordinate system, G units 
0 = 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 HVOSM 
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 

control 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 
vehicl,~ responses constituted justifkation for applying a complex computer 
simulation. The steady-state portions of the vehicle responses can be predicted 
by mea1,s of straightforward hand calculations, Thus, it is essential that the 

transi 1!nt responses should not be contaminated by osd l latory steering_ control 
inputs,, 

The Dr"iver model contained in the distributed version of the HVOSM 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 HVOSM Roadside Design program as 
described below. 281 



"Wagon-Tongue" Algorithm. -- The "wagon-tongue" type of steering contra l 
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. 

Input 

TPRB 

DPRB 

PLGTH 

Pt-llN 

PMAX 

PGAIN 

Table 54 
INPUTS FOR "WAGON-TONGUE" DRIVER MODEL 

Description 

Time at which driver model is to begin 

Time between driver model samples 

Probe length measured from the center of 
gravity of the vehicle along the vehicle
fixed X axis 

Null band, minimum acceptable error 

Maximum allowable discomfort factor above 
which driver model will only reduce steer 
angle 

Steer correction multfplier--error of probe 
from desired path multiplied by PGAIN to 
determine steer correction 

1 in = 25.4 mm 

Units 

sec 

sec 

in 

in 

g-units 

rad/in 

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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C PATlfT.FOR F12 30 DECEMBER 1980 J T FLECK 
C PATlf GENERATOR 
C ROOT:UIE TO TEST PATlf GENERATION SUBROUTINES SETD AND PATHG 
C HAY BE USED TO GENERATE DATA SETS FOR TERRAIN GENERATOR 
C OR HYOSM 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

C 

INPUrs: 
MPTS 
UNIT 
1'.INIT 
[>EU. 
f'SA 
IJ.I 

NUMBER Of' POINTS DESIRED 
X COORDINATE Of' FIRST POINT 
Y COORDINATE OF FIRST POINT 
SPACING BETIIEEN POINTS (ALONG STRAIGHT LINE) 
INITIAL HEADING (TANGENT TO PATIi) 
NUMBER OF SECTIONS (CURVATURES) 

IF s 0 PROCRAM DEFAULTS TO POINTS IN DATA STATEMENT 
IF > 0 REQUIRES THE FOLLOWING INPUT L • t • XI.I 

DI(L) CURVATURE > 0 RIGHT TURN 
• 0 STRAIGHT 
< 0 LEFT TURN 

RLI(L) DISTANCE FRON INITIAL POINT WHERE DI(L) 
IS EFFECTIVE. 
DISTANCE IS MEASURED IN STAIGHT LINE 
SEGMENTS BETVttN POINTS. IF DISTANCE 

1 ALONG ARC IS" REQUIRED SUBROUTINE SETO 
MUST BE MODIFIED. 

NOTE: ICLI HAY BE t OR GREATER 

OUTPITr 
X(I). YU) 

DX(I) 0 DY(I) 
D(I) 

E.G. TO GENERATE A STAIGHT PATIi N1DELL UlfITS 
LONG AND THEN A RIGHT TURN VITH A CURVATURE OF 20 
INPUT XI.I• 10 DI(t) • 20., RLI(1) = N1DEU. 
THE ANGLE OF TURN IS GIVEN BY 
ANGLE• 21ARCSIN((DEU./2)'(PI/180) 1 (DI(L)/100)] 

COORDINATES Of' POINT I I: 1 TO NPTS 
TANGENT AT POINT I (DIRECTION Of' PATH) 
CURVATURE DEFINING PATlf FROM POINT I TO POINT I+1 

THESE ARE WRITTEN ON A DATA SET (SY1:PTH.DAT) FOR USE BY OTHER 
ROUTINES 

IMTEGER PLOT 
DlltENSION X(tOO),Y(tOO),DX(100),DY(100),D(100) 0 DI(tOO),RLI(lOO) 
DJ:NENSION PLOT(TO, 70) 
DUA RADI0.017115329/, D /1010.0,91 20.0,91-20.0,9120.0 0 6310.0/ 
Dj,TA 11.I/O/, DI/100•0.01, RLI/1001 0.0/ 

c,.u. OPENC6, 'SY1 :PTH.DAT ') 
C ENTER INIITIAL DATA 

C 

1 Vll:ITE(1.5) 
5 F01RHAT( 1X,' ENTER NPTS,XINIT. YINIT ,DEU.0 PSA '/) 

RE:AD(1,6)NPTS 0 XINIT 0 YINIT,DEU.0 PSA 
6 FC1RHAT(I11 0 11F9.0) 

If(IIPTS.LT.2)ENDf'ILE 6 
IF(NPTS.LT.2)STOP NPTS 

CENTER I OF CURVATURES (IF O ROUTINE USES D SET BY DATA STATEMENT) 
C HD OUTPUT UIIT IOU? •O DEFAULTS TO SCREEN, IOUT •2 FOR PRINTER 

VIIITE(t.7) 
7 FQ,IMAT(' ENTEi D.I,IOUT'/) 

IEAD(1,11)KLI,IOUT 
FIGURE 51. PATH GENERATING ROUT[NE 
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C 
IF(IOUT.EO,O)IOUT ■ 1 

CHECK IF DI'S AND RLI' ARE TO BE INPtlTTED 
IF(KLI.EO,O)CO TO 17 
DO 15 I ■ 1 ,ICl.I 
VRITE(1, 111) 

111 FORMAT(' ENTER DI, RLI 1/) 

15 READ(1,16)DI(I),RLI(I) 
16 FORMAT(2F9,0) 

C 
CALL ROUTINE TO COCPUTE D'S FROM DI'S 

CALL SETD(KLI,DI,RLI,NPTS,DELL,D) 
C 
C INITIALIZE POINTS 

17 X(1) ■ XINIT 
?(1) • YIMIT 

C 
C INITIALIZE TANGENT 

DX(1) ■ COS(PSA •RAD) 
DY(1) c SINCPSA •RAD) 

C 
CALL ROUTINE TO SET PATH 

CALL PATHG~NPTS,DELL,X,T,D,DX,DY) 
C 

C 

VRITE(6)NPTS,DELL,PSA ,X,Y,DX,DY,D 
VRITE(IOUT,23)NPTS,1Cl.I.DELL,PSA 

23 FORHAT(1X,'NPTS■ ',Ill, 1 , ICl.I ■ ',Ill,',DELL■ ',Fl0,11,',PSA :',F10,II/) 
IF(KLI.GT.O)WRM(IOUT,211)(L,DI(L),RLI(L),L:1,1Cl.I) 

24 FORMAT(1X,Ill,2f'10.11) 
VRITE(IOUT,25) 

25 FORMAT(/' POINT I POSITION',19X, 1TANGENT',10X,'CURYATURE') 
VRM(IOUT,26)(I,X(l),Y(l),DX(I),DY(I),D(I),I:1,NPTS) 

26 FORMAT(1X,I•,2f'10.2,10X,2F10.5,F10.2) 

C PRINTER PLOT: SPECIAL ROUTINE TO TEST ABOVE DATA 
H " NPTS 
XX: X(1) 
XH = X(1) 
Tl = ?(1) 
TH = ?(1) 
DO 35 I •1,H 
IF(X(I).GT.D)XX • XCI) 
IF(X(I),LT.XJt)XJt = X(I) 
IF(T(I),GT.YX)YX • Y(I) 

35. IFCYU) ,LT. TH)TH • YCI> 
SC" XX-XH 
IF(YX-TH.GT,SC)SC: YX-YH 
SX • 60,/SC 
st. o.6•sx 
DO 38 I:1,70 
DO 38 Js1,70 

38 PLOT(I,J) ■ • • 
IMAX ■ 1 
DO 110 t■ 1,M 
J • (X(t)-XM)•sx .,. FIGURE 51. PATH GENERATING ROUTINE (Continued) 
I• (Y(t)-YM)•SY +1, 
D'(I.GT,IHAX)IHAX • I 

110 PLOTU,J) ■ ••• 284 
IF(IOUT.EQ.2)VRITE(2,111) 



. 
; ' ..... 

C 
•1 FORHAT(1H1) 

DO 50 Is1, IMAX 
IU1 ■ 61 
:oo 1111 J•1,60 
IF(PLOT(I,Ul).NE.• ')GO TO 115 

II II IU1 • LH-1 
115 lilRITE(IOUT, 117)(PLOT( I ,L) ,Ls1 ,I.JO 
117 lfORMAT(5X, 71A 1) 
50 CONTINUE 

1)0 TO 1 
l~ND 

FIGURE 51. PATH GENERATING ROUTINE (Continued) 
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C SUBROUTINE PATH: PATH.FOR F12 
C PATH GENERATOR HVOSH RD-2 

30 DECEMBER 1980 J T FLECK 

C ROUTINE USED IN HVOSH RD-2 TO GENERATE PATH DATA 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

INPUTS: 
NPTS 
XINIT 
YINIT 
DELL 

. PSA 
KLI 

IF • 0 
IF > O 

NOTE: 

NUMBER Of' POINTS DESIRED 
X COOROINATE Of' FIRST POINT 
Y COORDINATE Of' FIRST POINT 
SPACING BEtWEEN POINTS (ALONG STRAIGHT LINE) 
INITIAL HEADING (TANGENT TO PATH) 
NUMBER OF SECTIONS (CURVATURES) 
PROGRAM DEFAULTS TO POINTS IN DATA STATEMENT 
REQUIRES THE FOLLOWING INPUT L • 1 • KLI 
DI(L) CURVATURE > 0 RIGHT TURN 

"0 STRAIGHT 
< 0 LEFT TURN 

RLI(L) DISTANCE FROlt INITIAL POINT WHERE DI(L) 
IS EFFECTIVE. 
DISTANCE IS MEASURED II STAIGHT LINE 
SEGMENTS BETWEEN POINTS. IF DISTANCE 
ALONG ARC IS REQUIRED SUBROUTINE SETD 
HUST BE 110DIFIED. 

KLI HAY BE 1 OR GREATER 
E.G. TO GENERATE A STAIGHT PATH N•DELL UNITS 
LONG AND THEN A RIGHT TURN VITH A CURVATURE OF 20 
INPUT ICLI: 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 

1 
2 

X(I) 0 Y(I) 
OX(I),DY(I) 
D(I) 

COORDINATES OF POINT I I• 1 TO NPTS 
TANGENT AT POINT I (DIRECTION Of' PATH) 
CURVATURE DEFINING PATH FROlt POINT I TO POINT I+1 

SUBROUTINE PATH . 
COH110N/PATHD/IPATH 0 KLI ,DI(10),RLI(10), 

NPTS 0 XINIT 0 YINIT,PSA,DELL, 
X(100) 0 Y(100),DX(100),DY(100),DC100) 

C LIMIT ARRAY SIZES 
IF(lLI,GT,10)KLI • 10 
IF(NPTS.GT.100)NPTS • 100 
CALL SETD(nI,DI,RLI,NPTS,DELL,D} 

C SETO WAS HODIFIED ON 30 DEC 1980 TO PRODUCE SPIRAL 
C INITIALIZE FIRST POINT AND TANGENT 

C 

C 

C 
C 
C 
C 

X(1) :: XINIT 
Y(1) : YINIT 
DX(1) = COS(PSA) 
DY(1): SIN(PSA) 

CALL PATHG(NPTS,DELL,X,Y,D,DX,DY) 

RETURN 
END 

FIGURE 51. PATH GENERATING ROUTINE (Continued) 
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C PROBE, F1DR F 12 30 DECEHBER 1980 J T FLECK 
C SUBROUTINE PROBE: CALCULATES DISTANCE Of A POINT FROM CENTERLINE 
C 
C USED IN HVOSH RD-2 HOD'S 
C 
C INPUTS 
C XP,YP GIVEN POINT 
C H 
C X(I), Y(I) 
C Dl(I),OY(I) 

NUHBER OF REFERENCE POINTS(: NPTS) 
REFERENCE POINTS OF PATH, I :1,NPTS 
TANGENT VECTOR AT REFERENCE POINT 

C D(I) DEGREE OF' CURVATURE AT BE'IWEEN POINT I AND 1+1 
D > 0 RIGHT TUR•N C 

C 
C 
C 

D • 0 STRAIGHT LINE 
D < 0 LEFT TURN 

C OUTPUTS 
C I POINT IDENTIFYING SECTOR OF CLOSEST APPROACH 

DISTANCE OF' POINT FRON ARC C DIST 
C 
C 
C 
C 

U ,TY 

POSITIVE IF POINT IS TO RIGHT OF ARC 
NEGATIVE IF POINT IS TO LEFT OF ARC 

POINT ON ARC NEAREST GIVEN POINT 

C NOTE: O!!I FIRST ENTRY ROUTINE STARTS WITH I : 1, ON SUBSEQUENT 
EltfTRIES THE PREVIOUS VALUE OF I IS USED. THIS LOGIC SHOULD BE 
AIDEQUATE FOR THE PROPOSED USE OF THE ROUTINE. 

C 
C 
C 
C 
C 
C 

C.~LCULATION OF XX AND YT HAY BE DELETED IF THIS POINT IS NOT NEEDED 

SIUBROUTINE PROBE(XP,YP,M,X,Y,OI,OY,O,I,DIST,XX,YY) 
DIMENSION X(1),Y(1),DX(1),DY(1),D(1) 
D.lTA RAD/0.01711532925199113296/,ILAST/1/ 

C INITIALIZE 

C 

I : ILAST 
TEST : DXCI)•(XP-XCI))+DY(I)•(YP-Y(I)) 
T:SAV : SIGN(1.0,TEST) 
GI:) TO 15 

C START s:EARCH 
C 

C 

7 I : I + 1 
IIF"C I. LE. H)GO TO 10 
U'(TSAV.LT.O.O)GO TO 20 
I • H 
G1:> TO 25 

10 T~T = DX(I)•CXP-XCI))+DY(I)•CYP-YCI)) 
IF'(TEST•TSAV.LE.O.O)GO TO 25 

15 I!F'CTEST)20,25, 7 
20 I: I - 1 

IF'(I,GE. 1)GO TO 10 
IF'(TSAV.GT.O,O)GO TO 7 
I = 1 

C FINISH SEARCH 
25 IFCCTEST.LT.O.O),AND.(I.GT.1))I=I-1 

ILAST: I FIGURE 51. 
C FINISH OF DETERMINATION OF I 
C 287 
C 
C 
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C 
CALCULATE DISTANCE 

ZDN • -DY(I)•(XP-X(I))+DX(I)•(YP-Y(I)) 
CONS• D(I)•RAD•0.005 
ZDZ • ((XP-X(I))••2+(YP-Y(I))••2)•coxs 
DIST• (ZDN-ZDZ}/(O.S+SORT(0,25-CONS•(ZDN-ZDZ))) 

C 
CALCULATE POSITION Of CLOSEST APPROACH POINT ON ARC 
C TH£ FOLLOWING CODE KAY BE DELETED AND TH£ REFERENCES TO XX AND TY TAltEN 
C OUT Of THE CALL IF THE POINT Of CLOSEST APPROACH ON THE ARC IS NOT NEEDED 
C 

DEN= 1.0-2.0•DIST•CONS 
C 

IFCDEN.GT.0,0)GO TO 30 
WRITE(1,26)I,XP,TP,DIST,DEN 

26 FORMAT(• SUBROUTINE PROBE HAS NEGATIVE OR ZERO DENOHINATOR'/ 
1 'IN POSITION FORMULA: IMPLIES POINT NOT IN SECTOR 1/I6,4Ft0.Q) 

STOP PROBE 
C THIS STOP SHOULD NEVER OCCUR IN NORMAL USAGE 
C 

C 
C 

30 XX= (XP-XCI)+DIST•DY(I))/DEN + X(I) 
YT= (TP-Y(I)-DIST•DX(I))/DEN + Y(I) 

35 RETURN 
END 

C IF TANGENT VECTOR IS NOT AVAILABLE IT HAY BE REPLACED BT 
C DX = X(I+1)-X(I) , DY: T(I+O-Y(I) ,I < M 
C DX = X(M) -X(H-1}, DY• Y(_H) -Y(M-1>,I = M 
C 
C USE DX.FOR DXCI) 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.n DONE BY ANOTHER ROUTINE. 
C (FORMULAS FOR DIST, XX AND n ARE ONLY VALID FOR CIRCULAR ARCS 
C OR STRAIGHT LINES) 

FIGURE 51. PATH GENERATING ROUTINE 
(Continued) 
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C PATHG.F'OR F12 30 DECEMBER 1960 J T fl.EC[ 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

PATH GENERATOR, 
INPtn'S 

•ins 
[>ELL 
X(O, Y(1) 

[IX(1) ,DY( 1) 
[l(I) 

NOTE: 

SUBROUTINE PATHG HVOSH RD-2 

NUNBER Of DESIRED POINTS ( > 1) 
SPACING BETIIEEN POINTS 
INITIAL POSITION SET BY CALLING ROUTINE 
INITIAL TAIGENT SET BY CALLING ROUTINE 
DEGREE Of CURVATURE, I• 1 TO IPTS 
D(I)) 0 TURN TO RIGHT 
D(I) s O STRAIGHT 
D(I) < 0 TURN TO LEFT 
RADIUS OF CURVATURE IS DEFINED AS 
EQUAL TO (180/PI)•(IDO/D) • (5729.6/D) 
(D HAS DIMENSION OF DEGREES PER 100 UNITS Of' DELL) 

OUTPUTS I• 1 TO NPTS 
X(I), ?(I) COORDINATES OF POINTS 

DX(I),D?(I) TANGENT VECTOR (DIRECTION OF PATH AT X,?) 

NOTE: ROUTINE PRODUCES SMOOTH CURVE SUCH THAT TANGENTS ARE CONTINUOUS 

SUBROUTINE PATHG(NPTS,DELL,X,Y,D,DX,DT) 
DIMENSION X(1),?(1),DX(1),D?(1),D(1) 
DUA RAD/O.D1711532925199113296/ 

C INITIALIZE 
Cl)NS = DELL•RAD/200.0 

DU : DELL•DX(1) 
DU = DELL•DY( 1) 

D:,1 • O.O 
DC1 : 1,0 

C START LOOP 
D() 20 I• 2, NPTS 

COMPUTE s:CNE AND COSINE OF HALF SECTOR ANGLE 
0~;2 = CONS•D(I-1) 
0<:2 = SQRTC(1.0-DS2)•(1.0+DS2)) c•• 

COMPUTE Sl[NE AND COSINE OF SECTOR ANGLE 
SI' = 2. o•Ds2•oc2 
CP • 1 .o - 2.o•os2 .. 2 

C UPDATE 1'ANGENT VECTOR 
DJ:(I) • CP•DX(I-1) - SP•DYCI-1) 
D1'(I) = SP•DX(I-1) + CP•DT(I-1) 

c•• 
COMPUTE SJ'NE AND COSINE Of AVERAGE SECTOR ANGLE 

s,• · ·: DS1•DC2 + DC1•DS2 
CF• • oc1•oc2 - DS1•DS2 

COMPUTE NEW INCREMENTS 
DXS • DXX 
oxx = oxs•cp - on•sp 
DY? • oxs•sp ♦ DTT•CP 

C UPDATE POSITION 
X(I) • X(I-1) + DXX 
?(I) • ?(I-1) + DYY 

C SAVE SIIE AND COSIIE OF HALF SECTOR ANGLE FOR IEXT I· 

20 :~ : ~: FIGURE 51. PATH GENERATING ROUTINE (Continued) 
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Neuro-Muscular Filter.--The "neuro-muscular" filter from the HVOSM
Vehicle Dynamics Version (Ref. (_!L), 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 fflter 0.05 seconds 

Tl Time lead of filter 0.00905 seconds 
TAUF Time delay of filter o.o 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 
effect of the highway geometrics under investigation. For example, in 
Reference (.12,), comparisons are made between peak transient and steady-state 

response values which are believed to be more reflective of effects of the guid
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 

IR addition to the damping term, an adjustable limit on the steering 
angle velocity (PGA[N) 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 [nitialization 
For runs such as those being performed in relation to the cross-slope 
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 vi?rsion of the HVOSl'4 maintained by FHWA has the capability of accepting a 
3-dimi~nsional definition of the highway surface. The manual generation of these 
input:; to the HVOS1'4, 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 tables 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 

fol lo1~s: 

Centerline Descriptors.--The basic input to the TTG for the generation 
of centerline points is the radius of curvature of the centerline as a function 
of di :;tance along the curve. Transit i ans between descriptors are user con-

tro 11 i?d and may be spiral or constant. The TTG converts the centerline 
description into K,Y data pairs and calculates second-order polynomial coeffi

cients for each segment between the data pairs. 

Superelevation and/or Gradient Oescriptors.--The inputs for the super
elevation and gradient are rates as a function of distance along the curve. 
Trans"itions between rates are user-controlled and may be spiral or constant. 

HVOSM Terrain Table Oescriptors.--HVOSM accepts up to four constant in
crement terrain tab 1 es with up to 21 x 21 grid points each as input. Inputs for 

the TTG to create the HVOSM terrain tables include the definition of the 
1 ocat "ion, size and number of grid points for up to four terrain tables to be 

creat,~d by the TTG. 
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O':l It O C SUll!Cl.11 I PE [)!l] ',{JI FCR INOS1! RO- 2 
057:>0 C 
05730 SI.MJJ1 It£ !JI I $1 PS I , 11'5 I. JJ. I FlliCi, A, 8, MT J , OO'S I 
05740 Dll'£NSIClf AKTll3,Jl,Pl'tll50l,TPDC50l 
r::tSr.l) OltOI/PATltl/lPATH,Kll,DIIIOl,Rl.ll!Ol,,.PTS,ZINIT,YINIT, 
05760 I PSA,IEJ.,XIIOOI, YIIOOl,DJCIOOl ,DYIIOOl ,DI 1001 
O'ST70 OltOIIIIACnlf I IWiN, TPRB, lfRB, Pl..(jTH, Pn!N, P!'AI, f'(jA IN, Qf,AI N, PSI FD 
05780 OltOl/flLT/ IF!LT,Tll ,Tl ,TNT ,TIV.J' 
05790 C010IIIKTG/ IEQ ,T ,OT ,Yl'Jl150l,C£Rl501 
05800 OltOI/ ACC/Oflli, O'f Al , Ot'A2 
05810 DATA ll'r.lAI/50/,N'D/O/,IPSI../O.O/,N/O/ 
05820 JJ = 0 
05830 IFCIWAIJI.EQ,0100 TO 90 
05840 JJ = 1 
05850 PSIA ,. PSI 
05860 DTP = ll'R8 
05870 
OS88C) 

05890 
05~ 
05910 C 
05120 
05?30 
05940 
05950 
05160 C 
05970 C 
05980 
05990 
06000 
0o010 9 
06020 
OoOJO 8 
Ob040 
06050 
06060 
0o070 
0~080 
Oo090 
06100 C 
06110 C 
01,120 C 
06130 
06140 
0bl50 
06160 
Ob170 
06180. 

DPS " 0,0 
!PSI " 0.0 
IFI IA.AG. Ell. 0100 TO 90 
IFITPRB.GT. T + O.ltDTIGO TO 10 

COl'UTE 161 aw« IN STEER iWl.E 
TJ'RB = TPR8 ♦ 1Ff1S• 
XP" YARll81 t ANTlll,lltf'I.GTH 
YP = YARll91 • AIITIIZ,lltf'l.(jllf 
CALL PROBEIXP,YP,IPTS,X,Y,DX,11",D,IPRB,DIST,XX,YYI 

SELECTED POINT INrEX ll'RB PHD LOCATUlf CF Cl05EST POINT llt PAnt Il,YY 
ME l«JT aJIRElfTLY USED 

IFIDIST,EQ.0.0100 TO 8 
SllC)=(JlST/ABSIDISTl 
IFIT,1£. TI'IISI 001ST = IDIST-DISTAl/lPRII 
IFIABSIDISTl,GT.PnlNIDPS • -f'GAINtlABSIDISTl-f'ftlN>t~ 

l -GGAlNtDDIST 
IFIABSIDISTI.LE.PTIINI !I'S- -GGA!NtlJDIST 
IFIIFILT,EII.OIGO TO 55 
IFIN'D.EO.lf'!n'IIIGO TO ID 
NPD = tf>D + l 
PPDIN'III = DPS - PSIA 
TPDllf'Dl " ! + TAIF 

10 IFIIFILT.EO.OIGO TO 55 

FILTER 

IFINPD.EQ.tfll!All 00 TO 10 
TPDT?P = TPDINI 
DO 20 1ft = l,lf'D 
N=NPD•l-tfl 

20 IFIT.lc. TPDINIIGO TO 30 
00 TO '1'> 

06190 
06200 
06210 
06220 
06230 
06240 
06250 

JO IFITPDnP.LT. TPDINII ll'Sl = 0.0 

06260 C 
06170 C 

DPS!= PPDINltTNTt£XPl-(T - TPDINII/TILI/Tll 
a>sN = Pl'DINl - TlltlPSI 
DTP = 0,0 
DPS =IJ'SN-ll'Sl 
IPSI.. = IJ'SN 
IF!lf'D.EO.JIGO TO 50 

FIGURE 52. SUBROUT!Nl UH!VER 
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L s I 
00 40 NC • N,lf'D 

0/,290 J:i 
Gl.290 
0/,).)0 

Ol,310 
06320 
OUlO 
Ol>340 C 

Pf'D I LI • PPIIOfll 
TPDILI • TPDINI I 

40l•L+l 
tf'D•L-1 

06350 50 PSI • PSIA • ll'S 
06360 00 TO 5S 
06370 5:5 PSI• lfS 
06380 :58 CONTIIIE 
06390 C OED( iPfEVIOOS TII£ llfTEl!Vll. CORJfT FACTCR !SEE Sl.llllOOTII€ OOTPUT> 
Ol>400 C IF al£ATER TlWI mil IU.CN CN.Y RmX:TI~ IN STEER AIG..E 
06410 IFIIPMX.GT.0.0I.Nl>.IABSl~A11.LT.f'Mlll00 TO 60 
06420 JFIABSIPSII.GT.ABSIPSIAI> PSI"'5IA 
06430 60 ClJIITUU 
06440 C O£CK IMX STEER APO.£ 
06450 JFlltJlPS.GT.0.0J.AND. IABSIPSI> .GT. CIIJ'Sll 
06%0 I PSI • SllltltJlPS,PSU 
06470 IFIDTP.1£.0.0llfSI • IPSH'SIAI/DTP 
06480 C..., J.116/81 JC! 111111111111111111111111111111111111111111111111 

06490 IP.511 • lfSt57. 29:58 
06:500 PSIAO • PSIAt:s7.:m8 
06510 PSIO • PSit57.2958 
06S20 DSJISI • PSIO- PSIAO 
06530 IPl"T • IP/ lZ. 0 
06540 Yf'FT • YP /I 2. 0 
065:50 UFT • 11/12,0 
06560 YYFT: YY/12.0 
06570 C IFIFKD.EQ.1,01 00 TO 90 
06580 IFl~.LE.50.flll), T.1£,0,00001 00 TO HO 
06590 IIUTEC50,100) 
06600 100 FDftlTC 
06610 AJHl,331,37lf'fi01£ CIXltDIIIITES PATH CIXltDIIIITES,51, :H'SI, l,I, 
06620 B3Hlll'S,61,41f'SIA,2X,7tll'SI 
06630 C31!◄ Tl!£ IE. TA PSIF 
06640 D31H <SRI CIEGI 
06650 E4HffTl,51,4HCFTI/J 
06660 KPAIE • 0 

,2l,7HIJ'SN ,5HIFLAG,2J,4HIPRB/ 
D9R ,61, 1111,91, IHY, I0X, IHX,BX, IHY/ 
UNI ,41,4HCFTl,6X,4HIFTl,7X, 

06670 110 IIIITE150,1201 T,IE.PSl,DlST,IPfT,YPFT,lXFT,nFT,PSIO,CPSO, 
06680 A PSJAO,ll'Sl,IP.iN,IFLAG,IPRB 
06690 120 FONT UH ,F7.3,214X,F7.31,213I,F7. 1l ,2X,212I,F7. ll ,312X,F7.41, 
06700 A 2l,F7.5,21,F7.5,2X,13,2X,I21 
06710 KPIIIE • KP.U • 1 
06720 90 RE"lll!II 
06730 CH+t+ff'llllllllllllllllllllllllllllllllllllllllllllllllllllllllllt+t• 

06740 Elill 
()675(1 Ct ...... ;IIIIIIIIIIIIIIIIIIIIIIIIIIIIM+t+t+ff,...,_.11111111111,tt+tfftff• 

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 HVOSM 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 required to create a table manually and indicates that the TTG can 
provide a useful interface between standard geometric descriptors and HVOSM 
inputs. 



-·"' ··•~•OCEUIIIG PIIOCll~TflUI• uau C.EIEUTOlt 
COIITUC'T IO.OOT•fH-IJ-+t75,l'IIOGl.ue,(l...,.ldY C:DH1&.U.n1, ,ac. ,t.llT ,1.c. 

fr
o, " UOllll,ICl't u,n C.UDl,10 • _,1820,an OUT 
• 10, w. a.a a.o -· ➔• 10 02 00 00 0.00 
Ufllllf DlSCIIPTIMIS 

0.0 o.o o.o '°· 1.11 o.o )tlOO. 1.27 0.0 
UIPUEUUIIOI 
0.0 -.01 o,o 
10. •.01 ,.o 
no. 0.10 a.a 
1000. 0.10 0.0 
CU0Ut!T 
o.o "•°' SOO, -,o, 
1000. "•°" 
::fi: fi: :Jo. no. 
JG. 200. 

a.a 
a.a 
O,D 
Zl, 
21, 
15. 
11. 

o.o 
100. 
ltO. 
JIG. 

100, 
100, 
>ta. soo. 

u. u.a 
21.a 
u.a 

a 100 Owl D 02 
0 
0 JOI 
I IOI 
J JOI 
0400 
0 60I 
I 401 
J 401 
J 601 n: 
l t~ 
0 Mil 
I Mil 
J Mil 
J ~01 

°""' 

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 point, 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 

1 - 9 

10 

100_:._lg 

100 - 142 

150 - 160 

200 - 216 

250 - 278 

300 - 346 

Functional Description 
Program Description 

Necessary to avoid subroutines upon execution 
Routines entered through GOSUB statements throughout 
program including: 
Routine to change numeric variable (SI) to string 
variable (RO) of specified number of places (F) used for 
formatting output 
Routine to print page headings 
Routine to print table headings 
Routine to format and print table entries 

Routine which accepts coordinates of two points (Nl, El, 
N2, E2) and calculates distance (L) and azimuth (AZ) 
between the points 
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:. l .... 

P roljr,3m Lines 

350 - 362 

500 - 1420 

500 - 570 

575 - 615 

620 - 685 

690 - 840 

690 - 810 

815 - 840 

845 - 1400 

845 - 945 

950 - 955 

975 - 1025 

Functional Description 
Routine to detennine 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 coordinates 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 all curve points on the 
tangent. 
Calculates 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~ Offset distance is calculated 
based on offset units stored for vehicle at point and 
equation of the form Offset= C1 (offset units}+ C2. 
C1 and C2 are constants read from the CODAF file. If a 
data item is missing coordinates are set to 99999. 
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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 

Functional Description 
Calculates instantaneous 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 {LCnl 
Finds curve delta (~N) 

Calculates radius Rn 
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)2/15 Radius) - superelevation 
Outputs calculated volumes to CCALC file 
Prints output table 
Returns for next vehicle 
Ends program 
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;; .... 

COOAF FILE FOR~AT 

CODAF FILE stored as sequential file; file per curve site containing description 

of curve. 

Item# Description 

l Site Number 

2 State Code 

3 Degree of Curve Code 

4 Roadway Width Code 

5 Approach Code 

6 Transition Code 

7 Curve Direction 

8 Number of Points on Curve . 
9 PC Point Number 

10 Curve Center North Coordinate 

11 Curve Center East Coordinate 

12 Point l - Point # 

13 Point l - North Coordinate 

14 Point 1 - East Coordinate 
15 Point l - Elevation 

16 Point 1 - Superelevation 

17 Point l - Offset Conversion Constant C1 

18 Point 1 - Offset Conversion Constant Cz 
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 - Superelevation 

l0+(N*7) Point N - Offset Conversion Constant C1 
1l+{N*7} Point N - Offset Conversion Constant C2 
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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. 

Item # 

1 

2 

3 

4 

5 

6 

7 

2+(3*N) 
2+(3*N) 
2+(3*N) 

Last Record in File 
Item 1 "stop• 

Description 
Film Speed 
Vehicle Type 

Vehicle Identification 
Number of Points in File 
Point 1 - Curve Point Number 
Point l - Frame Count 
Point 1 - Offset Units 
Point N - Curve Point Number 
Point N - Frame Count 
Point N - Offset Units 

Remaining Items----- "D" 
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' .i.!. 

CCALC FILE 

CCALC file stored as random access file, one file per location, one record per 

observed vehicle. 

Item# Description 

1 File Speed 

2 Vehicle Type 

3 Vehicle Identification 

4 Number of Points in File 

5 Point 1 - Curve Point Number 

6 Point 1 - Vehicle North Coordinate 

7 Point 1 - Vehicle East Coordinate 

8 Point 1 - Vehicle Offset 
9 Point 1 - Long Chord Distance N-2 to N+2 

10 Point 1 - Curve Delta 

11 Point 1 - Curve Radf us 

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 

-l+(N*9) Point N - Vehicle Offset 

O+(N*9) Point N - Long Chord Distance N-2 to N+2 

H(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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I 
2 
3 

REH 
REH 
REH 

PROGRAM 'PATH' 
PROGRAM REQUIRES 
CURVE DATA FROM 'COOAF' FILE 

4 REM VEHICLE DATA FROM 'VOOAF' FILE 
S REM PROGRAM CALCULATES VEHICLE COORDINATES, OFFSET FROM CENTERL 
!NE, CURVATURE PROPERTIES OF VEHICLE PATH 
6 REM VEHICLE SPEED AND FRICTION FACTOR 
7 REH FOR POINTS ON CURVE 
8 REH PROGRAM STOREES SELECTED DATA IN FlLE 'CCALC' FOR FURTHER U 

SE 
9 REH 
10 COTO 505 
100 REM 
102 REM SUBROUTINE TO TURN NUMBER INTO OUTPUT STRING OF SPECIFIE 

D FIELD LENGTH 
104 REM 
106 FD,. 
108 FI = 
110 FA= 

+ l 

<<F • .02> - lNT <F>> * 10:FD • 
I NT < Fl - FD : St = SI + { < 5 * < 1 0 
[NT {SI): IF INT I ABS {Sl)) < 

INT <FD> • 1 
- FD» • SCN <SI» 

> ABS IFA> THEN FA= FA 

112 FSS = STRS <FA): IF FA = 0 ANO SGN <SI l < 0 THEN rs, = " " + 
FSS 
114 FL= LEN <FSS) 
116 IF FL > Fl THEN GOTO 138 
118 IF SCN <FA) < 0 THEN FA= FA+ 1 
120 FB = ABS <Stl - ABS IFA> + 100 
1 2 2 FF S = STR S ( F 8 l 
124 FTS • MIDS <FFS,4,FD> 
126 IF FL= FI THEN COTO 140 
128 Q = FI - FL 
130 FOR QQ = 1 TO Q 
132 Fss =" " + Fss 
13 4 NEXT aa 
1 36 COTO 140 
1 3 8 F S S = "*" : FTS '" FS S 

140 ROS= FSS + FTS 
142 RETURN 
!50 REM 
152 REM SUBROUTINE FOR PAGE HEADINGS 
154 REM 
156 PRINT PRINT PRINT PRINT TAB( 10>"140-1 FH\JA" TAB< 65l" 

SITE" TAB< 35 )KJS 
158 PRINT TAB< lOl"VEHICLE Of'ERATING CHARACTERISTICS" 
160 PRINT TAB< 10l"RUN DATE "DAS TAB< 6S>"VEHICLE" TAB< 33>R 
162 PRINT PRiNT : PRINT 
16'1 PRINT TAB< 10)"----------------------------------------------

" 
166 PRINT TAB< 10>"DATA ERRORS" 
168 RETURN 
200 REM 
202 REM SUBROUTINE FOR TABLE HEADINGS 
204 REM 
206 PRINT TAB( 10)"----------------------------------------------

------------------- PRINT f'RINT 
208 PRINT TAB< 18l"CENTERLINE" TAB< 30l"VEHICLE" TAB< 39l"EFFECTI 
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VE" TAB< lll"SUPER-" 
210 PRINT TAB< !0l"POINT" TAB< 20l"OFFSET" TAB< 3l>"SPEEO" TAB( 4 
0l"VEHICLE" TAB< l!l"ELEV" TAB( 20l"FR!CTION" 
212 PRINT TAB( 10l"NUMBER" TAB< 20l"<FEET>" TAB( 3ll"CMPH>" TAB< 
39l"RADIUS-FT" TABC l0l"AT POINT" TAB< 2ll"FACTOR" 
214 PRINT TAB< 10l"------" TAB< 18)"----------" TAB< 30>"-------" 

TAB( 39l"---------" TAB< 10)"--------" TAB< 20l"--------". PRINT 
Z16 RETURN 
250 REM 
252 REM SUBROUTINE TO OUTPUT TABLE VALUES 
254 REM 
256 FOR N • 1 TO IVC4> 
258 NS• 2 + (3 • N):FOf<l>" STRS <IV<NSll:NS a CIV<NS) * ?) + 9 
260 F • 6.3:SI • VO<N>: GOSUB 102:FOS(2) = ROS 
262 F • 4. 1:SI ■ CV(7,Nl: GOSUB 102:FOS(Jl • ROS 
264 F = 7.0 SI = CVC6,N>: GOSUB 102:FOS<4> = ROS 
266 F ■ 6.3 SI ■ IC<NS>: GOSUB 102:FOS<Sl = ROS 
268 F = 6.3:SI • CV(8,Nl: GOSUB 102:FOS(6l = ROS 
270 NS• 2 + <3 • Nl 
2 7 2 I F I V < NS l ,. I C < 9 > TH EN F OS < l l = F OS < l l + " PI " 
274 PRINT TAB< 12lFOS<1) TAB< 20lFOS(2l TAB< 33)FOS{3l TAB< 40>FO 
5<4> TAB< lllFOS<S> TAB< 2.llFOSC6l: PRINT 
276 NEXT N 
278 RETURN 
300 REM 
302 REM 
OIN'TS 

SUBROUTINE TO PERFORM INVERSE CALCULAT[ONS BETIJEEN T'JO P 

30 4 REM 
306 
308 
310 
312 
314 
316 
318 
320 
322 
324 
326 
328 
330 
332 
3 34 
336 
338 
340 
342 
344 
3116 
350 
35 2 
354 
356 
358 
360 
362 
500 

ON " NI - N2 
DE • El - E2 

IF ON= 0 COTO 338 
TNBEAR • ABS <DE I DNl 
BEAR ., ATN CTNBEAR» • < 180 / PI) 

IF ON 0 GOTO 324 
IF DE = 0 GOTO 330 
REM "N- "E+ 

AZ"' BEAR+ 180: GOTO 344 
IF DE ( .. 0 GOTO 33 4 
REM "N- "E+ 

AZ "' 36 0 - BEAR: GOTO 344 
REM "N+ "E- OR 0 

AZ a 180 - BEAR: GOTO 34 4 
REH "N- ·E- OR 0 

AZ • BEAR: COTO 344 
IF DE > 0 THEN AZ "' 270 
IF DE < 0 THEN AZ = 90 
REM LENGTH CALC 

L • SOR (DE • 2 +ON• 2) 
RETURN 
REM 
REM SUBROUTINE TO RETURN INTERNAL ANGLE FROM TWO AZIMUTHS 
REM 
IF Al > 180 THEN Al = Al - 180 
IF A2 > 180 THEN A2 = A2 - 180 

RO= ABS CAI - AZ> IF RO l 90 THEN RO= 180 - RO 
RETURN 
REM FIGURE 54. PROGRAM PATH (Continued) 
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50~ 
'5 I 0 

5 1 5 
520 
5 2 5 
'530 

5 3 S 

REM 
REM 

DI " 
PI • 
RC• 

DEF 
POKE 

START MA [N PROGRAM 

CHRS ( 4 ) 

3.141~92? 
3.1415927 180 

FN RC<IJ> z IJ * RC 
33,40 

5 4 O O I M I C ( 1 S O ) , IV ( 8 0 ) , SL <Z O > , VE < 2 0 > , VN C 2 0 > , VO C 2 0 l , CV < 8 , 2 0 > , F O s < 6 l 
545 REH ICC150> - CURVE CATA 
550 REH IVC80> - VEHICLE CATA 
555 REM SLCZO) - SLOPE PERPENDICULAR TO CENTERLINE AT EACH CURVE 

POINT 
560 REH VE,VN,VCC20) - VEHICLE COORDINATES ANO OFFSET FROM CENTER 
LINE 
'565 REM CVC8,20l - CALCULATED VALUES FOR A VEHCILE AT EACH POINT 

- SEE BELOW 
'570 R = 0 
57'5 REM 
580 REM INPUT DATA' 
'585 REM 
5 9 0 HOME INPUT "ENTER DATE "; OU 
595 PRINT DS"PRIO": PRINT "ENTER CODAF SUFFIX AS 99 TO EXIT PROC:RA 
M" 
600 INPUT "CODAF FILE SUFFIX ";KJ$ 
605 IF VAL CKJS) = 99 THEN GOTO 1410 
610 INPUT "VOCAF FILE SUFFIX ";JK$ 
61'5 INPUT "CCALC FILE SUFFIX ";KKS 
62 0 REM 
625 REM READ CURVE CATA 
630 REM 
635 PRINT OS"OPEN CODAF"KJS",01" 
640 PRINT DS"REAO COOAF"KJS 
645 FOR J • 1 TO 8 
650 INPUT IC<J> 
655 NEXT J 
660 PRINT DS"REAC COCAF"KJS 
665 SB= 11 + CICC8) * 7) 
670 FOR J = 9 TO SB 
675 INPUT IC<J> 
680 NEXT J 
685 PRINT CS"CLOSE CODAF"KJS 
6 90 REM 
695 REM CALCULATE PERPENDICULAR SLOPES AT EACH POINT ON CURVE 
700 REH CALCULATE SLOPES ON TANC:ENT SECTION 
7 0 5 REM 
710 IF IC<9> • IC<12> THEN COTO 815. REM IF NO TANGENT SECTION 
715 REM FINO SLOPE or TANGENT SECTION AS AVERAGE or SLOPES or ADJ 
ACIENT POINTS 
720 PS • IC< 12> - IC<9l 
725 IF PS l I THEN PS= PS - I 

130 DE• 0 ON• O·M • 0 
735 FOR J = I TO PS 
7 4 0 ES z ( 7 + ( J * 7 l ) . NS = C 6 + < J * 7 ) l 
745 DE• rcn:s + 7) - IC(ESl 
1 '5 0 ON = IC C NS + 7 l - I C < NS l 
755 M • M +ON/ CE 
760 NEXT J 

FIGURE 54. PROGRAM PATH (Continued) 
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7 6 :5 M = M / PS 
770 REM PERPENDICULAR SLOPE 
775 MP ■ - 1 / M 
780 REM 
785 REM ASSICN SLOPE TO ALL TANGENT POINTS 
7911 REM 
795 FOR J • 1 TO PS 
80[1 SL<Jl = MP 
80 !i NEXT J 
8 111 REM 
815 REM CALCULATE CIRCULAR SECTION SLOPES 
82CI REM 
825 FOR J • PC TO ICC8l 
8 3 c, ES ■ < 7 + < J * 7)) : NS • < 6 + < J * 7 » 
83~ SLCJ) • CIC(10l - IC<NS)) / <IC<lll - ICCESll 
8401 NEXT J 
84,, REM 
85C1 REM FOR EACH OBSERVED VEHICLE COUNTED BY 'R' 
8 5 5 REM 
860 REM READ VEHICLE DATA 
8 65 REM 
870 R = R + 1 
875 PRINT DS"OPEN VODAF"JKS",L250,D1" 
880 PRINT OS"READ VODAF"JKS",R"R 
885 INPUT RS 
890 IF ASC <RS> a 83 THEN COTO 595 
89S IV(!) = VAL <RS) 
900 FOR J • 2 TO 4 
905 REM 
910 INPUT IV<J> 
915 NEXT J 
920 K = 4 + CIV(4) * 3) 
92S FOR J a S TOK 
930 REM 
935 INPUT IV(J) 
940 NEXT J 
945 PRINT 0S"CLOSE VODAF"JKS 

- - ------ -- - - -- --

95 0 PRINT DS "PR* 1": HOME : PRINT CHRS <12> 
955 GOSUB 152 
9 6 0 REM 
9 6 5 REM PERFORM VEHICLE CALCULATIONS AT EACH POINT 
970 REM 
975 REM CALCULATE COORDINATES OF VEHICLE AT EACH POINT USING PERP 
!NDICLUAR SLOPE ANO OFFSET 
980 REM 
9 B 5 FOR N = 1 TO IV< 4 ) 
9 9 0 SO ■ 4 + < N * 3 ) : RN • IV < SO - 2 > : 5 C = l 1 + < RN * ? > 
995 IF IVCSOI = 99999 THEN VO(N) = 99999:VE<N> = 99999 VN<N> = 999 
99: COTO 1025 
1000 VD<N) • CICCSC - 1) * IV<SO>> + IC<SC) 
100:5 DX ■ SOR <VD<N> " 2 / <l + <SL<RN> " 2)) > * SGN < IV<SO)) DY 
= Slc<RN) * DX 
1010 ES• <RN* 7> +?:NS• ES -
101:5 VE<N> • IC<ES> + OX 
l O Z 1J VN < N ) = IC ( NS > + DY 
102:5 NEXT N 
1031) REM 

FIGURE 54. PROGRAM PATH (Continued) 

305 



1035 REH CALCULATE INSTANTANEOUS RADIUS OF CURVATURE O VEHICLE 
AT EACH POINT 

REH 
REM SAVE INTERMEDIATE RESULTS AS SHO'JN 
REM USE ARRAY CV<8- DATA,20- POINT> I ' N 
REM CV(ll = BEGINNING ASIMUTH 
REM CV<2> .. ENDING ASit'IUTH 
REt'I CV(3l = CHORD ASIMUTH 
REM CV< 4 l = CHORD DISTANCE 
REM CV<S> = CURVE DELTA 
REM CV<6) .. CURVE RADIUS 
REM 
FOR N • 3 TO IV<4> - 2 

1040 
1045 
1050 
1055 
l O 6 0 
1065 
l O 7 0 
1075 
1080 
1085 
1090 
1095 
EN 

IF VNCN) • 99999 OR VN<N - 2> • 99999 OR VN(N + 21 • 99999 TH 
COTO 1260 

1100 Nl • VN(N - 2>:N2 = VN<N> 
1105 El= VE<N - 2):E2 • VECN> 
1110 COSUB 304 
1115 CVCt,N> • AZ 
1120 N1 = VN<N> :N2 • VN<N + 2> 
1125 EL • VECM): E2 " VECN + 2) 
1130 GOSUB 304 
11 3 5 CV C 2 , N l "' AZ 
1140 Nl "VN(N - 2):El "VECN - 2):N2,. VNCN + 2>:E2 = VE<N + Zl 
1145 cosua 304 
1150 CV<3,Nl = AZ:CVC4,N> ■ L 
1155 REM 
1160 REM FIND POINT DELTA 
1165 REM 
1170 At• CV<2,N):A2 • CV(l,Nl 
1175 GOSUB 352:CV(S,N> =RO• 2 
1180 AZ• FN RD<CV<5,N)) 
11 B 5 CV { 6 , N) "' ( CV ( 4 , N) / Z) SIN ( AZ I 2 ) 
1190 REM 
1195 REH CALCULATE VEHICLE DYNAMICS 
1200 REH 
1205 REH CVC7) = SPEED 
1210 REM CV(8) "'FRICTION FACTOR 
1215 REM 
1220 RN= 2 + (3 • Nl :RN= IV<RN> 
122s rs. 3 + <3 • N> 
1 2 3 0 I F IV < F S + 6 > " 9 9 9 9 9 OR IV C F S - 6 l = 9 9 9 9 9 TH EN CV < 7 , N l = 99 
999.CV<8,N> • 99999 PRINT "NO FRAMECOUNT FOR "JKS" "R" "RN:CVC?,N> 

= 99999:CVC8,N) = 99999 COTO 1285 
1235 CV<7,N> ■ («IV<tl • CV<4,Nll I <IV<FS + 61 - IV<FS - 6))) * < 
3600 I 5280) l 
1240 CVC8,N> • (CV(7,N) 21 I (15 • CVC6,N)l 
1 2 45 RN = IV< rs - 1) : ss " 9 + ( RN • 7 > 
1250 CVC8,N> • CV<S,N> - ICCSSl 
1255 COTO 128 5 
1260 FOR J: 1 TO B 
1265 CV<J,Nl a 99999 
1270 NEXT J 
1275 PRINT "NO OFFSET FOR "JKS" 
1280 PRINT DS"PR410" 
1285 NEXT N 
1290 REM 

URII IIRN 

FIGURE 54. PROGRAM PATH (Continued) 
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1215 REM £ND OF CALCULATIONS FOR CURRENT VEHICLE 
1300 REM 
1305 REM 
R CURVE 
1310 REM 

OUTPUT CALCULATIONS FILE, 1 RECORD/VEHICLE, 

1315 PRINT Dl"PRtlO" 
1320 PRINT DS"OPEN CCALC"KKS",Ll000,O2" 
1325 PRINT D$"'\JRITE CCALC"KKS" ,R" ;R 
1330 FOR P = 1 TO 4 
1335 PRINT IV<P> 
1340 NEXT P 
1345 FOR P = 1 TO IV<4> 
1 3 S 0 RN • 2 + ( P • 3 > : RN s IV ( RN > 

1 FILE PE 

1355 PRINT RN: PRINT VN<P>: PRINT VE<P>: PRINT VOCPl: REM PRINT S 
L<RN> 
1360 FOR PP= 4 TO B 
1365 PRINT CVCPP,Pl 
1370 NEXT PP 
1375 NEXT P 
1380 
1385 
l 3 9<l 
1 3 9 :5 
1 4 0 tl 
14 0 :s 

PRINT OS"CLOSt CCALC"KKS 
PRINT DS"PRtll": GOSUB 202 
COSUB 252 
PRINT OS "PRtlO" 
GOTO 870 
PRINT DS"PRtlt" 

1411l PRINT : PRINT : PRINT : PRINT "PROCESSING COMPLETE - PATH 
Vt . 2" 

141:5 PRINT OS"PRtl0" 
142IJ 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, an is the lateral acceleration on the cornering vehicle_ 
expressed as: 

an " v2/R 

where an " lateral acceleration, ft/s2 (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 e), and the angle, a, the 
tangent of which represents the ratio of resultant lateral to resultant normal 
ti re forces. 

Analyzing the su11111ation of horizontal and vertical forces on the vehicle yields 
the following: 

[1:Fn = man] or P sin(0 + a) = {W/g) (v2/R) 

__ [1:_Fy = ___ OJ or P cos(e +a)-~ w_ 

where W = vehicle weight, lb (kg) 
g = acceleration of gravity, ft/s2 (m/s2) 

Dividing these two equations gives the following: 

tan(0 +a)" v2/gR 

or (tan 0 + tan a)/(1 - tan 0 tan a) = v2/gR 

or (e + f)/(1 - ef) = v2/gR 
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Figure 55. VEHICLE CORNERING RELATIONSHIPS 
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Substituting the value of 32.2 ft/s2 (9.8 m/s2) 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 [rregularity 
This derivation is identical to the previous derivation, except the resultant of 
vertical forces includes a centripetal acceleration term associated with the 
vertical irregularity. The su11111ation of horizontal and vertical force is: 

[EFn = man] or P sin(0 +a)= wv2/gRh 

[EFy = may] or P cos(0 +a}= W.:, (Wv2/gRy) 

where Rh= vehicle path radius. ft (m) 

. Rv = radius of vertical irregularity, ft (m) 

Dividing these two equations gives the following: 

Substituting the value for the acceleration of gravity, and converting vehicle 
speed to V, in mph(km/h), yields: 

1 mph= 1 km/h 

Note that when Rv is infinite (no irregularity) that the equation 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, 

where Vt = take-off speed, ft/s (m/s} 

Rt = vertical take-off radius. ft (m) 

Substituting the value for the acceleration of gravity, and converting vehicle 

speed to Vt, in mph {km/h), yields: 

15 Rt 

1 mph= 1.609 km/h 

To express this equation in terms of the dimensions of a parabolic curve, the 

take-off radius can be expressed as: 

where L = length of parabolic curve~ ft (m) 

A algebraic difference in grade, percent 

Therefore, the take-off speed on a parabolic curve can be expressed as: 

Vt .. -v'1soo L/A 

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 sunmarize 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 vehic1e operating costs and accident cost savings. 

l mi 

l ft 

GEOMETRIC CONDITIONS 

Existing 
Degree of Curve 20° 

Length of Curve 0.05 mi 

Central Angle 50° 

Roadside Rating 50 
Roadside Slope 2:1 
Clear-zone Width 10 ft 
Coverage of Fixed Objects 50% 

Pavement Rating 20 

Width of Shoulders 0 ft 

= l. 609 km 

:; O. 305 m 

ACCIDENT CONDITIONS 

Discriminant Score (Equation 9.1) 
P(H) 

Accident Rate (per ~VM) 

Existing. 
4.22 

0.99 

4.35 

~ Ra ~ 4.35 - 1.15 = 3.20 Accidents per ~VM 
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Proposed 
50 

0.16 mi 

50" 

25 
6:1 
30 ft 
50% 

50 

4 ft 

Proposed 

-0.30 

0.51 

1.15 



OPERATIONAL BENEFITS 

Operational benefits consist of reductions in accidents and reductions in 
vehi c:le operating costs over the curve. The 1977 AASHTO Manual nomographs were 
used to calculate vehicle operating costs for existing and proposed conditions. 

Vehicle Oeerating Costs* 
(dollars per 1000 vehicles) 

Tangent 
Transition 
Curve 
Travel Time 

VE!hi cl e Operating costs per 1000 AOT 
per segment per year 

Acc:i dent Costs 
Accident Rate (per MVM) 
Accidents per 1000 ADT per segment 

per year 
Accident Cost per 1000 ADT per 

segment per year (at $14,700 
per accident) 

Existin9 

$ 49.6 
4.6 
8.1 

o.s 
$ 62.8 

$22,922 

4.35 

0.98 
$14,406 

Proeosed 

41.8 
2.0 

11.5 

0.7 
56.0 

$20,440 

1.15 

0.26 
$ 3,822 

* 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) 

Costs at 10 years (Includes resurfacing 
of pavement) 

Annualized costs of improvements • 

493,500 [CRF@ 7% and 20 years] 
+ 87,500 [PW@ 7% and 10 years][CRF@ 7% and 20 years] 

= 46,389 + 4,178 = $50,567 

BENEFIT/COST ANALYSIS OF 
CURVE RECONSTRUCTION 

$493,500 

$87,500 

At the initial year, per 1000 AOT, annual benefits are calculated as follows: 

Benefits = 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)(1D00 ADT) 

or 3395 say 3400 ADT 
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w ..... 
U1 

E X I S T I N G G E O M E T R I C C O N O I T I O N S 

~--A11 
Curves High Roadside Hazard (RR .. 50) Moderate Roadside Hazard / DD,.,'lls \ 

\"'•'" _.,,, I 

Paver1ent. Shoulder Width Shoulder Width 
Rating --Medi um ( 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 3S hazard to 25 - - - - - - - -

Low 2000 ADT 
(PR=20) ------- Initially Reduce roads1 de 

2300 ADT Reduce roadside 4:1 2700 ADT hazard to 25 
hazard to 25 ------- 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)i0.80 
Moderate 1600 ADT 1800 ADT Jni t tally 
(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)i0.80 P(H)i0.80 
{PR=50) 

1 ft = 0.305 m 

* Short mild and moderate curves do not require improvement 

FIGURE 56. BREAK-EVEN ADT's FOR COUNTERMEASURES TO HIGH-ACCIDENT RURAL HIGHWAY CURVES 



w ..... 
CJ\ 

All 
Curves 

. 
P1ve11ent 
Kiting 

---

Low 
(PR•ZO) 

--

Moderne 
( PR•35) 

-·----

IUg" 
(PR•S0) 

-·--l ft • O.JOS II 
I m1 • 1.609 l11I 

[ l I S T I N G G E 0 K E T R I C C 0 N D I T I 0 N S -- - - --
High RoldSfde Hazard (RR•50) Moder1te Ra1ds1de Klrard (RR•35) 

Shoulder llldth Shoulder Width 

Medium ( 3 ft) Wide (8 ft) Medi~• (3 ft) --Wide (8 ft) 

Length Breat. Lengtb Break- Length Break- Length Break-t••i Hen ADT l•'i even ADT {11111 even ADT ,1111 even ADT .I 500 .• l 500 .1 500 .I Coo .23 800 .23 7D0 .2] 1000 .23 1000 
.33 1200 .n 1000 .33 1400 .33 1400 _ ~6!, ___ Z,!IJ! _ .!.67. 2000 .62 2100 .62 2800 - .lT ___ lblr- --.13--- -..m,-- - - :-1! - - - roll' -

.23 600 .23 600 .23 800 

.33 800 .33 300 .33 1200 

.62 1700 .62 1800 .62 2400 
-Length Break- Length Break- Length Bre•k-

+nenADT l•'l even AOT im,1 even ADT 
• 300 .[ 400 .I 5oo 
.23 60D .u 600 .23 800 
.33 800 .33 900 .33 1200 _ .62 _ _ 1600 _ .fiZ 1800 .62 2300 --------- - -.13-- - -zab--

.23 300 

.33 400 

.62 700 

Length Break- length Break- Entries above dashed 
[m'I even ADT '"''l IYtn ADT line •• . ( 400 .I 400 4:1 side slope 
.23 600 .23 600 1ntth11y 
.33 900 .33 900 - - - --- - - - -.62 1700 .62 1800 Entries be1ow dashed 

11ne -· 
fi:l side slope 
1n1th11y 

Note: 11Length11 refers to length of highway assumed to be improved to 
reduce P(H) to the desired level. 

FIGURE 57. BREAK-EVEN ADT's FOR COUNTERMEASURES TO HIGH-ACCIDENT HIGHWAY CURVES, ASSUMING ONLY 
CURVE PLUS NOMINAL APPROACH LENGTHS REQUIRE IMPROVEMENT 



APPENDIX H 

STAKEOUT OF SPIRAL CURVES 

In recent years, significant changes have taken place in the desigo, calculation_ 
and stakeout of spiral curves. This has been brought about largely through the 
use of electronic computers, special programning, 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 example of a segment of alinement with circular and spiral curves 
(shown in Figures 58 and 59) illustrates 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 spirals. 

Also shown fn Figure 60 is another printout form which includes more closely 
spaced station points along with back-sight angles to set local tangents at each 
of the points. Then, turning right angles from the local tangents, 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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l.,J ..... 
IX) 

NOT TO SCALE 

CURVE 22 

A • tao-00• ,00 .. 

D • 1•,30•.CJO" 
R • 3,819.7186' 
t • 904.91" 
L • 1,200.00" 

CURVE 23 

·• ■ 1--.on•,00n 
~ • 4•-00· -GO" 
l 1 • 400.00' 
LT• ieu•· 
ST • 133.58' 

FIGURE 58. EXAMPLE HIGHWAY ALINEMENT 

CURVE 24 

/j, • 24''-00'.()Q" 
D • 4".00'-00" 
R • 1,432,3945' 
T • 104.4$5' 
L • 600.00' 



PROJF.CT: I-49, Alexandria, J,a. 
PROJECT NO.: 700-12-01 (155-1) 
BY: vas CKD BY: jo 
DATE: 6-15-81 

CURVE 22 

Station 

P.C. 404+72.36 

405+00.00 
405+50.00 

406+00.00 
406+50.00 

407+00.00 
407+50.00 

408+00.00 
408+50.00 

~109+00.00 
409+50.00 

lll0+00. 00 
~110+50. 00 

411+00.00 
411+50.00 

~[12+00.00 
~fl2+S0.00 

H3+00. 00 
~113+50. 00 

4-14+00. 00 
414+50.00 

~(15+00. 00 
~'.lS+S0. 00 

416+00.00 
4-16+50. 00 

P. T. 416+72. 36 

Def. Angle 
oo 

0°-12.4' 
0°-34.9' 

0°-57,4' 
1°-19.9' 

1°-42.4 1 

2°-04.9' 

2°-27.4' 
2°-49.9' 

3°-12.4' 
3°-34.9' 

3°-57.4 1 

4°-19.9' 

4°-42.4' 
s 0 -04.9' 

s•-21.4 1 

5°-49.9' 

6°-12.4' 
6°-34.9' 

6°-57.4' 
7°-19.9' 

7°-42.4' 
8°-04.9 1 

8°-27.4' 
8°-49,9 1 

9°-00.0' 

Circular Curve - Left 

Chord - Ft. 

27.64 
50.00 

so. uo 
50,00 

50.00 
50 •. oo 

50,00 
50.00 

50.00 
50.00 

50.00 
50.00 

50,00 
50.00 

50.00 
50.00 

50.00 
50,00 

so.oo 
50.00 

so.oo 
50.00 

50,00 
50.00 

22.36 

Curve Data 

P.C. 

Bear $89°-48'-00" 

P. I. 410+77. 34 

A•18°-00'-00"Lt. 
n-1°-30•-oo" 
R•3,819.7186' 
T=604.984' 
L=lZ00.000' 

Bear N72°·12'-00' 

P.T. 

FIGURE 59. EXAMPLE COMPUTER-PRODUCED ALINEMENT STAKEOUT NOTES 
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PROJECT: I-49, Alexandria, La. 
PRO,TECT 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.SO oo T.S. 
426+50.00 0°-01.1· 32.50 Bear N7Z 0 -12'-00"E 

427+00.00 0°-06.8' 50,00 
p. I. 428+84.44 427+SO.OO 0°-17.6 1 S0.00 
8s•8°-00' -OO"Rt. 

428+00.00 0°-33.3' 50.00 Dc=4°-00.'-00" 
428+'50. 00 0 11 -S4.1' S0.00 Ls=400,000 1 

LT= 2 6 6 • 9 3 9 ' 
429+00.00 r•-19.s• 50.00 ST.,,133.S81 1 

429+50.00 1°-50.6' 50.00 

430+00.00 2°-26.3' so.oo Bear N80°-12 1 -001r 

~.c. 430+17.50 2°-40.0' 17.50 s.c. 

FIGURE 59. EXAMPLE COMPUTER-PRODUCED ALINEMENT STAKEOUT NOTES (Continued) 
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s.c. 

P.T. 

PROJECT: I-49, Alexandria, La. 
PROJECT NO.: 700-12-01 {15S-l) 
RY: vas CKD BY: jo 
DATE: 6-15-81 

CURVE 24 

Circular Curve - Rir,ht 

Station Def. Angl~ Chord - Ft. 

4310+17. 50 oo 
4310+50. 00 0°-39.0' 32.50 

431+OO.OO 1°-39.0' 50.00 
431+50.00 2°-39.0' SO.DO 

43:Z+OO.OO 3°-39.0' 50.00 
432+5O.OO 4°-39.0' SO.DO 

43;;+00. 00 5°-39.0' so.oo 
43:;+so. oo 6°-39.0 1 50.00 

434+OO.OO 7°-39.0 1 50.00 
434+5O.0O Sc-:-39.0' 50,00 

43S+OO.OO 9°-39,0' 50.00 
43S+SO.OO 10°-39.0' S0.00 

436+O0.OO 11°-39.0' 50.00 
436+17.SO 12°-00.0' 17.50 

Curve Data 

s.c. 
Bear N8O°-12'-OO"l 

P. I. 433+21.97 

6""24°-OO'-0O"Rt. 
D=4°-0O'-0O" 
R .. 1,432.3945' 
T•304.465' 
1•600.000 1 

Bear S75°-48'-00"E 

P.T. 

FIGURE 59. EXAMPLE COMPUTER-PRODUCED ALINEMENT STAKEOUT NOTES (Continued) 
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w 
N 
1\.1 

PROJRCT: I-49, Alexandria, ta. 
PROJECT NO.: 700-12-01 (155-1) 
RY: vas CKD BY: jo 
DATR: 6-15-81 

Station 

T.S. 426+17.S0 
426+25.00 

426+50.00 
426+75.00 

427+00.00 
427+25.00 

427+50.00 
427+75.00 

428+00,00 
428+25,00 

428+50.00 
428+75.00 

429+00.00 
429+2S.OO 

429+50.00 
429+75.00 

430+00.00 
S.C. 430+17.SO 

Defl. 4 
~ --oo 

0°-00.1 1 

0°-0J..1 1 

0°-03.3 1 

0°-06.8 1 

0°-11,6 1 

0°-1:].6 1 

0°-2~.s• 

0°-33.3' 
0°-4?,l' 

0°-54,1' 
1°-06,3 1 

1°-19,8 1 

1°-34,6 1 

1°-sb.6• 
2°-011.s• 

2°-26,V 
2°-40.0' 

CURVE 23 
Spiral Curve - Right 

Chord - Pt. Bk •. Sight A Curve nata 
c Local Tan ~ a 

0° T.S. 
1.so 0°-00.1 1 

2S.00 0°-02.1' Bear N72°-12 1 -00"E 
2s.oo 0°-06.6' 

25,00 
25 :oo 
25.00 
25.00 

2s.00 
25.00 

25,00 
2S.00 

25,00 
25.00 

2S.00 
25.00 

2S.00 
17.50 

0°-1:s.6 1 

0°-21.5' 

0 °-35. 1·' 
0°-49.6' 

1°-06.6' 
1°-26.1' 

1°-48.1' 
2°-12.6' 

2°-39.6' 
3°-09.1' 

3°-41.1' 
4°-15.6' 

4°-s2.6 1 

5°-20.0' 

P.I. 428+R4.44 

es-s 0 -oo•-00 11Rt. 
Dc•4°-00'-00" 
Lsa400.000' 
LT .. 266.939' 
ST•l33,Sfll' 

Bear N80°-12' -oouE 

s.c. 

FIGURE 60. EX~MPLE SPECIAL STAKEOUT NOTES FOR CLOSELY SPACED STATIONS 
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FIGURE 61. TERMINOLOGY AND EQUATIONS FOR CALCULAT10N 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. In 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 sunmary discussion. Clearly, 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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• r, .... 

"Advantages/Disadvantages" of Spirals Summarized 

Advantages of Spirals (As Reported in AASHT0 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 arrangement for 
superelevation runoff. 

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 

(1) Spirals are complex and hard to calculate, and present problellS 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. 

(2) Siurveyors are not familiar with spirals and find them difficult to stake 
O111t. 

c,:imputer-generated field stake-out notes can be produced and packaged in a 
w,ay to pennit spfrals to be staked in an identical manner to circular 
curves. Comprehensive printouts of stake out notes for entire projects are 
m,ade avail ab 1 e to the surveyors in book form. 

(3) Spirals present probleas in layout and construction of bridges and other 
s·tructures. 

A:s in (2), complete geometric design notes can be provided specifically for 
b1ridges. These are also formatted similar to notes for circular curves, 
with local tangents, radials for offsets, and a multitude of other points 
provided. 

(4) I1~ setting of right-of-way, spirals present proble11s, particularly where 
r·I ght-of-way para 11 e 1 s the roadway at a uni fon1 di stance from the 
ct~nterli ne. 

Since right-of-way is normally set by straight, angular lines, the spiral 
h,ts no effect on right-of-way description. Where concentric right-of-way 
1 •i nes equidistant from the highway centerline are required, a procedure 
w;ing two circular curves on the right-of-way line opposite the centerline 
s1>iral produces a simulated concentric right-of-way line. Thus, no spirals 
are needed to describe and set right-of-way 1 i nes. 
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