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

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

The Transportation Research Board of the National Research 
Council was requested by the Association to administer the research 
program because of the Board's recognized objectivity and 
understanding of modem research practices. The Board is uniquely 
suited for this purpose as it maintains an extensive committee 
structure from which authorities on any highway transportation 
subject may be drawn; it possesses avenues of communications and 
cooperation with federal, state and local governmental agencies, 
universities, and industry; its relationship to the National Research 
Council is an insurance of objectivity; it maintains a full-time 
research correlation staff of specialists in highway transportation 
matters to bring the findings of research directly to those who are in 
a position to use them. 

The program is developed on the basis of research needs 
identified by chief administrators of the highway and transportation, 
departments and by committees of AASHTO. Each year, specific 
areas of research needs to be included in the program are proposed 
to the National Research Council and the Board by the American' 
Association of State Highway and Transportation Officials.1  
Research projects to fulfill these needs are defined by the Board, and 
qualified research agencies are selected from those that have 
submitted proposals. Administration and surveillance of research 
contracts are the responsibilities of the National Research Council 
and the Transportation Research Board. 

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

Note: The Transportation Research Board, the National Research Council, 
the Federal Highway Administration, the American Association of State 
Highway and Transportation Officials, and the individual states participating in 
the National Cooperative Highway Research Program do not endorse products 
or manufacturers. Trade or manufacturers' names appear herein solely 
because they are considered essential to the object of this report. 
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FOREVVO RD 	This report evaluates and recommends revisions to the horizontal curve guidance 
presented in the 1994 AASHTO publication, A Policy on Geometric Design of High-

- By Staff ways and Streets. The two principal design elements evaluated were the use of super-
Transportation Research elevation and the transition from a tangent to a curve, though all elements of a curve 

Board were considered in the analysis. Geometric designers will gain a greater understanding 
of the physics involved in negotiating a curve and the procedures for designing them 
by reading this report. 

Chapter III of the 1994 AASHTO publication, A Policy on Geometric Design of 
Highways and Streets (referred to herein as the Green Book) contains information on 
superelevation design procedures for the full spectrum of highway conditions, including 
rural highways and high-speed urban streets, low-speed urban streets, turning roadways, 
and intersection curves. These design procedures include distribution of both the 
superelevation rate (e) and the side friction factor (f) as well as the design of super-
elevation transitions. These procedures are based on limited empirical data from the 
1930s and 1940s. 

Five methods are discussed in the Green Book for distributing the superelevation 
rate and side friction factor, but there is limited understanding of the operational char-
acteristics of these different methods. The current use of multiple methods by different 
agencies produces inconsistent designs. Different agencies have also adopted different 
methods of transitioning from a tangent, crowned cross section to the superelevated 
cross section used on a horizontal curve. 

This report comprises the results of NCHRP Projects 15-16 and 15-1 6A, conducted 
by the University of Nebraska at Lincoln and the Texas Transportation Institute at 
Texas A&M University, respectively. Two contracts were needed because the prin-
cipal investigator changed employment. Following a thorough literature review and 
survey of the domestic and international practice, the researchers collected data at 
55 curves in 8 states to quantify the relationship among side friction demand, speed, 
curve radius, and superelevation rate. Simulation was then used to evaluate the effect 
of alternative transition designs on vehicle lane position and control. Recommendations 
for the Green Book were then developed to make the design of curves easier and more 
consistent throughout the United States. 

This report describes the research approach used, recommends new approaches 
to curve design, and presents the justification for these approaches. It also includes 
recommendations for future research. 
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SUPERELEVATION DISTRIBUTION METHODS 
AND TRANSITION DESIGNS 

SUMMARY 	The objective of this research was to evaluate and recommend revisions to the hori- 
zontal curve design guidelines presented in the 1994 AASHTO publication A Policy on 
Geometric Design of Highways and Streets (referred to herein as the Green Book). The 
guidelines of interest were those related to (1) superelevation distribution and (2) tran-
sition design. The full spectrum of highway conditions was considered including all 
rural highways and high-speed urban streets, low-speed urban streets, and turning 
roadways. 

The evaluation was based on a review of current practice, a review of the research 
literature, and an analysis of alternative guidelines and design control values. Initially, 
the design policies of 6 international transportation agencies and the design manuals of 
27 state departments of transportation (DOTs) were reviewed. The objective of this 
review was to synthesize the horizontal curve design controls used by these agencies 
and to compare them to the controls recommended in the Green Book. 

The analysis of alternative guidelines and design control values required developing 
and calibrating several theoretical models. Models of side friction demand, curve 
speed, vehicle dynamics on a horizontal curve, and lateral motion in the transition 
section were developed for this research. 

These models were calibrated using field data gathered at 55 horizontal curve study 
sites. The data collected included driver speed and headway at each site as well as mea-
surement of the site's radius, superelevation rate, and grade. Eight states were repre-
sented in the database, which contained more than 8,100 valid speed observations. 

The results of the evaluation led to several conclusions. These conclusions formed 
the basis for the recommended revisions to the Green Book. The conclusions are listed 
first, followed by the recommended revisions. The following conclusions have been 
reached as a result of this research: 

Drivers slow on sharp horizontal curves. The magnitude of their speed reduction 
reflects a compromise between a desire for a comfortable level of lateral acceler-
ation and a desire to minimize travel time. From a curve design standpoint, 
designers should avoid curves that are so sharp that they promote a significant 
speed reduction (more than 15 km/h). However, for the désiiif ñiiñimum radiii 



curves, a nominal speed reduction of 3 to 5 km/h was found to provide an accept-
able compromise between driver comfort and travel time. 
Drivers have similar side friction demands when traveling on street and highway 
curves. Thus, the use of separate side friction factors for the design of curves on 
low- and high-speed urban streets does not appear justified. 
Significant roadway downgrade depletes the friction supply available for corner-
ing. This depletion results from the use of a portion of the friction supply to pro-
vide the necessary braking force required to maintain speed on the downgrade. 
The reduction in side friction supply reduces the margin of safety for vehicles 
traveling on downgrade horizontal curves. The reduction in margin of safety is 
particularly significant for heavy trucks because of their greater weight and higher 
peak side friction demands. 
Superelevation Distribution Method 5, in combination with the use of multiple 
maximum superelevation rates, does not promote design consistency. Method 5 
can yield different superelevation rates for the same speed and radius depending 
on the designer's choice of maximum superelevation rate. 
A kinematic analysis of a vehicle's lateral motion within the transition section 
indicates that proper design of this section can minimize or eliminate lateral shift. 
This shift manifests itself as a "drift" within the traffic lane; however, it is actu-
ally the result of unbalanced lateral accelerations acting on the vehicle as it tray-
els through the transition. An outward shift is particularly troublesome because it 
requires a corrective steering action by the driver that precipitates a "critical" path 
radius that is sharper than that of the curve. A critical radius is associated with a 
peak side friction demand exceeding that intended by the designer. 
For tangent-to-curve transition designs, many agencies are not maintaining a min-
imum superelevation runoff length equal to 2.0 s travel time at the design speed. 
Rather, these agencies are using controls that dictate runoff length on the basis of 
a maximum relative gradient or a maximum rate of pavement rotation. This find-
ing and the results from a kinematic analysis of vehicle motion indicate that 
adherence to the "travel time" control is not essential in tangent-to-curve transi-
tion design because it does not appear to improve motorist comfort or safety. 
The Green Book does not explicitly address the topic of road surface drainage in 
the transition section. The warping of the roadway in this section can pose several 
drainage problems. This warping can result in there being inadequate longitudinal 
or lateral slope for drainage purposes that can result in a significant reduction in 
the friction supply. Inadequate drainage in the transition section is particularly haz-
ardous because additional friction demands are placed on the tire-pavement inter-
face during curve entry. 
A review of the literature on the safety and operational benefits of spiral curve tran-
sitions indicates that these benefits are small and can only be realized under certain 
limited conditions. These marginal benefits are likely to be one reason so many 
state DOTs.(estimated to exceed 70 percent) do not require the use of spirals. 	 - - 
There is evidence that spiral curve transition length has an effect on curve oper-
ations and safety. Several international agencies have adopted controls that define 
both a maximum and a minimum spiral length. Excessively long spirals mislead 
drivers about the sharpness of the impending curve. Excessively short spirals 
result in relatively large levels of peak lateral acceleration. A kinematic analysis 
of vehicle motion indicates that lateral shift in the lane can be minimized when 
the spiral length is equal to the driver's steering time. 

This research led to the formulation of several recommended revisions to the 1994 
edition of the Green Book. These recommendations are fully described in Chapter 3. 



They are also more formally presented in Appendix E as recommended revisions to the 
Green Book. The recommendations made in this report are focused on design controls; 
however, there are also some recommendations regarding horizontal curve design guid-
ance. These recommendations include the following: 

Curve Design Speed. The term "curve design speed" is recommended for use 
in horizontal éurve design. This term is defined as the expected 95th  percentile 
speed of freely flowing passenger cars on the curve. For design applications, 
curve design speed is equal to the 951h  percentile approach speed less the selected 
curve speed reduction. This speed reduction ranges from 0 km/h for the flattest 
curves to 5 km/h for the sharpest curves. 
Maximum Design Side Friction Factors. It is recommended that a single set 
of side friction factors be used for all facility types. The recommended factors 
represent the 95'  percentile side friction demand based on an acceptable speed 
reduction of 3 to 5 km/h. These factors yield minimum radii that are very simi-
lar to those currently recommended in the Green Book. 
Minimum Radius with Normal Cross Slope. A simpler and more direct means 
of determining the minimum-radius-with-normal-cross-slope is recommended; 
the resulting radii are very similar to those currently recommended in the Green 
Book. This radius is defined using a limiting level of side friction for the outside 
traffic lane, relative to the curve direction. 
Superelevation Distribution for Rural Highways and High-Speed Urban 
Streets. To achieve consistency in curve design, a superelevation distribution 
method is recommended that provides a unique relationship among design 
speed, radius, and superelevation rate. This distribution accommodates all of 
the current maximum superelevation rates used by state DOTs. It yields design 
superelevation rates that are similar to those currently recommended in the 
Green Book, especially for maximum rates in the range of 6 to 10 percent. The 
recommended distribution simplifies the presentation of the design superele-
vation rates by reducing the number of tables to two (there are currently five 
tables) and reconfiguring them to provide a range of radii for selected super-
elevation rates. 
Superelevation Transition Design. It is recommended that the superelevation 
runoff and tangent runout design controls provided in Chapter 3 be used for all 
facility types. These controls are applicable to low- and high-speed facilities in 
urban and rural areas. The main benefit derived from implementation of this rec-
ommendation is consistency in design. 
Minimum Length of Superelevation Runoff. It is recommended that the min-
imum length of runoff for the tangent-to-curve transition be based solely on the 
maximum relative gradient control. In this regard, it is recommended that adher-
ence to a minimum length equal to 2.0 s travel time be eliminated. This deletion 
will yield shorter runoff lengths when the superelevation rate is low or the design 
speed is high. This change will improve pavement drainage and produce a 
smooth pavement edge without compromising safety or operations. 
Portion of Runoff Located Prior to the Curve. The kinematic analysis of lat-
eral motion indicated that the portion of the superelevation runoff located prior 
to the curve can influence the magnitude of lateral shift within the lane. The por-
tion that minimizes this shift varies from 0.70 to 0.90 (i.e., 70 to 90 percent) and 
depends on speed and the number of lanes in the transition section. It is recom-
mended that this control be specified for each alignment and consistently used 
on each curve of the alignment but that its value be selected at the onset of the 
project based on the design speed and number of lanes in thecross section. -  
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Limiting Superelevation Rates. The kinematic analysis of lateral motion indi-
cated that larger superelevation rates are sometimes associated with excessive 
lateral shift. Specifically, rates in excess of 8, 10, 11, and 11 percent for 95"  per-
centile approach speeds of 30, 40, 50, and 60 km/h, respectively, are likely asso-
ciated with shifts in excess of 1.0 m. The magnitude of shift for speeds of 70 
km/h and above are not likely to be excessive provided that the superelevation 
rate is 12 percent or less. It is recommended that these limiting rates be included 
in the Green Book with the instruction that they not be exceeded without some 
consideration given to widening the width of the traveled way. 
Minimum Transition Grades. It is recommended the Green Book provide 
guidance on the relationship between grade in the transition section and pave-
ment drainage. Preliminary guidance is provided in Chapter 3. This guidance 
indicates the need for a minimum profile grade of 0.5 percent in the transition 
section. It also indicates the need for a minimum edge of pavement grade of 0.2 
percent (0.5 percent for curbed streets). 
Spiral Curve Transition Design. It is recommended that the spiral curve tran-
sition design controls provided in Chapter 3 be used for all facility types. These 
controls are applicable to low- and high-speed facilities in urban and rural areas. 
The main benefit derived from implementation of this recommendation is con-
sistency in design. 

It. Guidance on the Use of a Spiral Curve Transition. It is recommended that the 
Green Book continue to recognize the use of spiral curve transitions. However, 
it is also recommended that additional guidance be provided on the conditions 
where a spiral is likely to offer a tangible benefit, relative to the tangent-to-curve 
design. This guidance would be intended for those agencies that currently use spi-
rals and would not be presented as a "warranting" condition. 
Maximum Radius for Use of a Spiral Curve Transition. Present evidence indi-
cates that spiral curve transitions may offer a safety benefit for the sharpest curves. 
In this regard, it is recommended that spirals be considered when the centripetal 
acceleration associated with the horizontal curve (= VIR) exceeds 1.3 m/s'. 
Minimum, Maximum, and Desirable Length of Spiral Curve Transition. As 
noted previously, there is considerable evidence that spiral curve transition 
length can have an effect on operations and safety. Several international agen-
cies have adopted controls that define both a maximum and a minimum spiral 
length. Therefore, it is recommended that the minimum, maximum, and desir-
able spiral curve length controls described in Chapter 3 be included in the Green 
Book to help designers select a safe and comfortable spiral length. 

Finally, the material in Appendix E presents the recommended design guidelines and 
design controls in a format that is consistent with the presentation in the Green Book. 
This material is offered to the AASHTO Task Force on Geometric Design for consid-
eration and possible inclusion in the next update of the Green Book. 



CHAPTER 1 

INTRODUCTION AND RESEARCH APPROACH 

PROBLEM STATEMENT 

Chapter III of the 1994 AASHTO publication A Policy on 
Geometric Design of Highways and Streets (1) (referred to 
herein as the Green Book) contains information on a range of 
geometric design elements. These elements are broadly cate-
gorized as sight distance, horizontal alignment, and vertical 
alignment. Within the category of horizontal alignment, the 
Green Book identifies two design elements that have a signif-
icant effect on alignment design, these elements are (1) dis-
tribution of the superelevation rate and side friction factor 
over the range of candidate curve radii and (2) transition sec-
tion design. 

Five methods for distributing superelevation and side fric-
tion are discussed in the Green Book. Intuitive arguments are 
offered regarding the relative merits of each method; how-
ever, there is limited quantitative understanding of their oper-
ational characteristics. As a result, there has been some varia-
tion among highway design agencies regarding which method 
is most appropriate for various design conditions. This vari-
ability has reduced the consistency of horizontal alignment 
design procedures within and among states. 

Transition section design includes the geometric elements 
associated with the roadway segment in the vicinity of the 
horizontal curve's beginning and ending points. Specifically, 
these are the elements that describe (I) the cross slope tran-
sition from a normal crown section to a fully superelevated 
section and (2) the alignment transition curvature between 
the tangent and horizontal curve. As with the method of super-
elevation distribution, state and local agencies have adopted 
a variety of transition design procedures that do not yield 
consistent designs within and among states. 

In addition to their inconsistent application, there is some 
concern that the roadway design and construction practices, 
vehicle and driver characteristics, and pavement surface prop-
erties that underlie these procedures are outdated. In fact, 
many of the characteristics and properties used to define 
existing control values are based on limited empirical data 
from the 1930s and 1940s. As a result, state highway officials 
concluded that a substantial research effort was needed to 
update or revise the guidelines for superelevation distribution 
and transition design for the purpose of ensuring the consis-
tent design and safe operation of all newly constructed streets 
and highways. 

RESEARCH OBJECTIVE 

The objective of this research was to evaluate and recom-
mend updates or revisions to the Green Book guidelines for 
(1) distributing the superelevation rate and side friction fac-
tor and (2) designing transition sections for horizontal 
curves. The updates or revisions were to be based on quanti-
tative evidence obtained from field observations, simulations, 
theoretic considerations, or any combination of these three 
sources. The recommended guidelines were to be documented 
in a final report and presented in a form suitable for insertion 
into the Green Book. 

SCOPE OF STUDY 

The focus of this study is on the design controls recom-
mended in the Green Book for the design of horizontal curves 
in urban or rural areas on new alignments or those under-
going major reconstruction. The full spectrum of highway 
conditions was considered including all rural highways and 
high-speed urban streets, low-speed urban streets, and turn-
ing roadways. 

The design controls considered in this research represent 
those applicable to the design of the horizontal alignment. 
The components of the horizontal alignment include (1) hor-
izontal curve, (2) superelevation transition, (3) alignment 
transition, and (4) tangent. Particular emphasis was placed on 
controls related to the first three components and their asso- 
ciated design elements. 

With regard to the alignment transition design element, 
three types of alignment designs were considered: (1) tangent-
to-curve transition, (2) spiral curve transition, and (3) com-
pound curve transition. The term "tangent-to-curve" is used 
herein to refer to the situation where compound or spiral cur-
vature is not used in the transition. Thus, in the tangent-to-
curve design, the tangent section of the alignment intersects 
directly with the horizontal curve. Of the three transition 
types considered, compound curve transitions were given the 
least emphasis because a survey of practitioners indicated 
that they are rarely used for transition design. 

A wide range of horizontal curve design controls were 
considered for this research. These controls were categorized 
as basic or element-specific. Basic design controls are those 
having a broad impact on most aspects of the alignment________ - 



design and include the design speed and maximum design 
side friction factor. Element-specific controls are those used 
to limit the size, orientation, or arrangement of specific design 
elements. These controls include maximum superelevation 
rate, minimum length of superelevation runoff, minimum 
spiral curve length, and so forth. 

Several curve design control values were evaluated and, 
where appropriate, updated to reflect current driver and vehi-
cle characteristics as well as pavement surface properties. 
The characteristics of both passenger cars and heavy trucks 
were considered in the evaluation and reflected in all updated 
control values. The effect of roadway grade was also consid-
ered in the evaluation. 

The evaluation of existing and alternative design controls 
emphasized the quantification of their effect on vehicle oper-
ations. Aberrant operating conditions were identified and 
safety implications discussed. The investigation of a control's 
safety effect (in terms of crash frequency) was based on a 
synthesis of published research. This approach was under-
taken due to limited project resources and consideration of 
the subtle effect of many controls on crash potential. 

The guidelines developed in this research are intended for 
new construction and major reconstruction of streets, high-
ways, and turning roadways in urban and rural areas. They 
are not developed explicitly for application in "3R" (i.e., 
resurfacing, restoration, or rehabilitation) or minor recon-
struction projects. In this regard, construction costs were not 
explicitly considered in the development of the guidelines. 
However, if used for 3R or minor reconstruction projects, 
they would provide the same level of safety and efficiency as 
would be realized for new construction. 

RESEARCH APPROACH 

The research approach was divided into two phases and 
eight tasks. Phase I of the research comprises the first four 
tasks; Phase II comprises the last four tasks. The tasks iden-
tified for this project were as follows: 

Task 1—Review Green Book Guidelines and Compare 
to International Practice 
Task 2—Determine Current Domestic Practice 
Task 3—Develop Revisions to the Work Plan 
Task 4—Prepare Interim Report and Revised Work Plan 
Task 5—Assess•Superelevation Distribution Methods 
Task 6—Assess Superelevation Transition Designs 
Task 7—Develop Recommended Design Guidelines 
and Green Book Modifications 
Task 8—Prepare Final Report 

During the first task, the highway design policies of sev-
eral international transportation agencies and organizations 
were reviewed. The objective of this review was to synthe- 

size the horizontal curve design controls used by these agen-
cies and compare them to the controls recommended in the 
Green Book. The guidelines for six international agencies 
were reviewed in this manner (2,3, 4, 5, 6, 7); these agencies 
represent the following countries: Australia, Canada, France, 
Germany, Sweden, and the United Kingdom (U.K.). 

During the second task, a survey of engineers with city, 
county, and state transportation agencies was conducted. 
The objective of the survey was to gather information on the 
standards and policies currently being used for horizontal 
curve design. The distribution included engineers with all 50 
state DOTs, 21 city transportation departments, and 19 county 
highway agencies. Of the 90 questionnaires sent out, 44 
completed questionnaires (49 percent) were returned. These 
responses represented 35 state DOTs, four cities, and five 
counties. 

During the third task, the work plan for the remaining tasks 
was amplified and updated using the findings from the first 
two tasks. It was proposed that field data were needed 
describing the relationship among side friction demand, 
speed, curve radius, and superelevation rate. These data were 
needed for the accurate evaluation of existing superelevation 
distribution methods and the possible development of an 
alternative distribution method. 

During the fifth task, field data were gathered at 55 hori-
zontal curve study sites. These data included the measure-
ment of a representative sample of driver speeds and head-
ways at each site as well as measurement of the site's radius, 
superelevation rate, and grade. Eight states were represented 
in the database, which contained more than 8,100 valid speed 
observations. These data were used to compute each vehi-
cle's side friction demand and to evaluate the factors that 
affect the magnitude of this demand. The results of this eval-
uation were used to develop a means of distributing side fric-
tion demand and superelevation rate over a range of radii. 

During the sixth task, published data and simulation were 
used to evaluate the effect of alternative transition designs on 
vehicle lane position and control. Specifically, a kinematic 
model was developed and calibrated; it was then used to 
evaluate the effect of transition design length and location on 
vehicle position within the lane. A wide range of control val-
ues were considered for this investigation. 

The seventh task folded the findings of the previous tasks 
into a series of recommended guidelines for horizontal curve 
design. These guidelines were presented in a format and 
sequence that complemented that used in the Green Book. 
The report documenting these recommended guidelines and 
suggested modifications to the Green Book is included in 
Appendix E. 

The final report was developed in the eighth task. This 
report documented the research findings, the recommended 
controls and associated criteria, and the suggestions for 
future research. 



CHAPTER 2 

FINDINGS 

INTRODUCTION 

This chapter presents a summary of the major findings of 
this research. These findings represent investigations into a 
wide range of issues related to horizontal alignment design. 
To organize the investigation, the horizontal alignment was 
divided into four components: (1) horizontal curve, (2) super-
elevation transition, (3) alignment transition, and (4) tangent. 
The first component consists of two design elements: curve 
radius and superelevation rate. The second and third compo-
nents consist of several design elements associated with the 
road section near the terminus (i.e., beginning or end) of a 
horizontal curve. The design guidance associated with the 
first three components was the focus of this research. 

The topics of horizontal curve design, superelevation tran-
sition design, and alignment transition design are described 
in separate sections of this chapter. Each section begins with 
a review of the guidance provided in the Green Book and a 
summary of current practice. Then, issues and implications 
of this guidance are explored in the context of misconcep-
tions, possible deviations from intended application, or need 
for update to reflect current conditions. Emphasis is placed 
on the design elements associated with each component and 
the design controls used to size these elements. 

Before describing the three horizontal alignment compo-
nents, a section of terminology is included. The concepts and 
definitions introduced in this section are intended to provide 
some context and perspective on the relationship between 
design controls and the design process. They are also intended 
to ensure the reader's understanding of the terminology used 
in this report. 

TERMINOLOGY 

Hierarchy of Roadway Design 

A review of the Green Book discussion of horizontal 
alignment design issues and guidelines indicated that a hier-
archical arrangement of terms is used to describe a roadway 
in terms of its function and design. This hierarchy of descrip-
tors is not formally defined in the Green Book and, in some 
instances, is loosely applied within it. However, the follow-
ing framework has been established as representative of the 
hierarchy of roadway design terms used in the Green Book: 

Descriptor 	 Examples 

Functional Classification Rural Principal Arterial 

	

Movement Type 	Through or Turning 

	

Design Features 	Horizontal Alignment, Vertical 
Alignment 

Design Components Horizontal Curve, Tangent, 
Alignment Transition 

Design Elements 	Superelevation Rate, Radius, 
Cross Slope 

Design Controls 	Maximum Superelevation Rate, 
Minimum Grade 

Design Values 	Design Superelevation Rate, 
Design Grade 

Many of the descriptors listed in the framework are for-
mally used in the Green Book. However, two of these descrip-
tors, Movement Type and Design Features, are recognized 
but used more informally. The Movement Type descriptor is 
used to differentiate between through and turning roadways. 
Turning roadways are connecting roadways serving traffic 
turning between two intersecting through roadways (i.e., 
intersection curves and interchange ramps). 

The Design Features descriptor is used to identify the var-
ious major parts of a roadway design. Design features would 
include the horizontal alignment, vertical alignment, cross 
section, intersections, drainage, lighting, and so forth. Each 
design feature consists of various design components. In 
turn, each design component is composed of one or more 
design elements. For example, the horizontal alignment design 
components include the horizontal curve, superelevation tran-
sition section, alignment transition section, and tangent. Con-
tinuing the example, the horizontal curve has superelevation 
rate and curve radius as design elements. 

Design Controls can be categorized as one of two types: 
basic and element-specific. At the basic level, design controls 
constitute direct inputs to the design process. Basic design 
controls are frequently determined from (or in conjunction 
with) the roadway functional classification and movement 
type. In general, most of the basic design controls and asso-
ciated criteria are described in Chapter II of the Green Book. 
Examples of basic design controls include design speed, 
facility type, and side friction factor. 

At the element-specific level, design controls define limit-
ing design values for a range of permissible values. In general, 



element-specific design controls are determined from the 
basic design controls, defined parametrically, or they are com-
puted from selected combinations of controls. These controls 
may be used individually or in combination to limit the size, 
orientation, or arrangement of the corresponding element. 
Element-specific controls are generally described in Green 
Book Chapters III through X. Examples of element-specific 
controls include the maximum superelevation rate, minimum 
cross slope, and minimum radius. 

Design controls are intended to be used to constrain the 
dimensions of critical roadway design elements. The limit-
ing value associated with a control is denoted as a design cri-
terion. The quantity selected for a design element (i.e., the 
design value) should equal or exceed the design criterion. 

Theoretic Considerations 

When a vehicle moves in a circular path, it undergoes a 
centripetal acceleration that acts toward the center of curva-
ture. This acceleration is sustained by the friction between 
the tire and pavement and, if the road is superelevated, by a 
component of gravity. Lateral acceleration represents the 
portion of centripetal acceleration that is sustained by fric-
tion. The general relationship between these accelerations is 
as follows: 

af=a,.—ae 	 (1) 

where: 

a = acceleration sustained by friction (or lateral acceler- 
ation) (= gfr ), m/s'; 

a, = centripetal acceleration (= v/R), m/s'; 
a = acceleration sustained by superelevation (= geIlOO), 

mis2 ; 

e = superelevation rate, percent; 

fD = side friction demand factor; 
v = vehicle speed, m/s; 
g = gravitational acceleration (= 9.807 m/s'); and 
R = radius of curve, m. 

The formulas provided in the definition of each acceleration 
term can be combined with Equation 1 to obtain a more com-
monly found equation relating side friction demand, super-
elevation rate, speed, and radius. The form of this equation is 
as follows: 

v2 	e 
fD =  - -- 	 (2) 

The side friction demanded by a driver is directly related 
to the amount of lateral acceleration experienced when the 
driver chooses to travel at speed v on a curve of radius R and 
superelevation rate e. The essence of horizontal curve design 
is to provide a radius and superelevation rate that combine to  

yield a safe and comfortable lateral acceleration for a rea-
sonably large percentage of drivers. 

Facility Types 

One of the basic design controls for horizontal alignment 
design is Facility Type. The Green Book describes horizon-
tal alignment design guidelines for three facility types. Col-
lectively, these three facility types embrace all possible com-
binations of functional classification, movement type, and 
design speed. The following facility types are recognized by 
the Green Book: 

All Rural Highways and High-Speed Urban Streets 
(RHS), 
Low-Speed Urban Streets (LS), and 
Turning Roadways (TR). 

The acronyms listed with each facility type have been coined 
for this report. 

The "speed" referred to in the facility-type names is the 
design speed. Facilities with a design speed of 60 km/h or 
less are referred to as low-speed facilities. Facilities with a 
design speed of 80 km/h or more are referred to as high-speed 
facilities. The intermediate design speed of 70 km/h can be 
considered as either low or high speed, depending on other 
conditions along the roadway. 

Turning roadways are connecting roadways serving traf-
fic turning between two intersecting through roadways. 
Turning roadways include an exit terminal, a central section, 
and an entrance terminal—all of which can include one or 
more curves. Turning roadways can be further categorized as 
either interchange ramps or intersection curves. Interchange 
ramps have horizontal alignments that (1) have a loop or a 
diamond configuration and (2) may include tangent sections, 
as needed, to minimize the right-of-way requirements. In 
contrast, intersection curves have alignments that have a dia-
mond configuration and generally consist only of curves. 
Finally, turning roadways have design speeds of 20 km/h or 
more and, at intersections, are associated with a channelizing 
island. 

The Green Book Chapters ifi, IX and X contain guidance for 
turning roadways. The material in Chapter III (1, p.  192-200) 
and Chapter IX (1, 690-695, 726-739) is directed primarily 
toward low-speed (and in some cases intermediate-speed) 
intersection curves. High-speed intersection curves (e.g., free-
right turn lanes at rural intersections) are not explicitly 
addressed in Chapters III and IX. The material in Chapter X 
(1, 918-924) is directed toward low- and high-speed inter-
change ramps. 

The three facility types were not explicitly recognized in 
the AASHTO policy documents until the 1984 Green Book 
(8). This document was the first to combine the urban and 
rural design guidelines into one document. The 1994 Green 
Book maintains these three facility types; moreover, it is the 



first AASHTO policy document to formally introduce the 
three facility types and refer to them as "types of highway 
facilities" (1, p.  146). 

CONTROLS FOR HORIZONTAL 
CURVE DESIGN 

This section presents the findings from a critical review 
of the horizontal curve design guidelines provided in the 
Green Book (1). These guidelines are described primarily in 
Chapter III of the Green Book with some additional guidance 
being provided in the facility-specific chapters that follow. 
This review includes a synthesis of Green Book guidance, a 
summary of state DOT practice, and a discussion of some 
problematic design issues related to horizontal curve design. 

Review of Horizontal Curve Design Controls 

The design controls applicable to horizontal curve design 
are listed in Table 1. The element-specific controls that are 
listed are intended to provide an appropriate combination of 
superelevation and radius for the specified roadway function 
and design speed. As the table indicates, many of the element-
specific controls are defined by the basic controls. 

Maximum Design Side Friction Factors 

One of the most fundamental controls related to horizon-
tal curve design is the maximum design side friction factor 
(referred to as the "side friction factor" in the Green Book). 
The adjectives "maximum" and "design" are added for this 
report to precisely define this factor as a design control. The 
term "maximum" is added for consistency with the termi-
nology used for most other design controls (e.g., minimum 
radius, maximum superelevation rate). The term "design" is  

added to distinguish this friction factor from other side fric-
tion factors (e.g., side friction demand factor or side friction 
supply factor). The maximum design side friction factors rec-
ommended by the Green Book are shown in Figure 1. 

The maximum design side friction factors described in the 
Green Book were based on the identification of the side fric-
tion demand level considered acceptable by a majority of 
motorists. For highway curves, field studies were based on 
identifying side friction levels that were deemed (by the 
study participants) to be at the upper limits of comfort. For 
intersection curves, studies were based on identifying the 
side friction demand for the 95t  percentile driver; no direct 
measurement of comfort was made. Numerous "friction" 
studies of these two types were conducted during the period 
between 1920 and 1952. These studies were synthesized by 
the Green Book authors and used to define the maximum 
design side friction factors shown in Figure 1. 

Minimum Cross Slope 

In contrast to other curve design controls, the guidance 
provided on minimum cross slope is primarily located in 
Chapter IV of the Green Book. This chapter emphasizes the 
need for a minimum cross slope to facilitate road surface 
drainage. This guidance is synthesized in Table 2 for high-
type pavement. For example, when there are two lanes in the 
subject direction of travel, the inside lane cross slope should 
range from 1.5 to 2.0 percent andthe outside lane cross slope 
should range from 2.0 to 3.0 percent. 

As indicated by Table 2, the Green Book authors recom-
mend the use of a minimum cross slope of 1.5 to 2.0 percent 
for the inside (or only) traffic lane. For multilane facilities, 
the minimum slope increases slightly for each additional lane 
to facilitate drainage to the right side of the roadway. It should 
be noted that the Green Book authors indicate that cross 

TABLE 1 Design controls for horizontal curve design 

Descriptor Control No. 
Type  

Name Basis 

Class & Type 1 Functional Classification (urban..., rural...) Specified 

2 Movement Type (through, turning) Specified 

Design 
Control 

Basic 3 Design Speed Specified 

4 1  Facility Type (RHS, LS, & TR)' Based on 1, 2 & 3 

5 Maximum Design Side Friction Factor Based on 1, 2 & 3 

Element- 
Specific 

6 Minimum Cross Slope Based on 1& drainage 
- 

7 Maximum Superelevation Rate Based on 4 & climate 

8 Method of Distributing e andf Based on 4 

- 	9 Minimum Radius at Maximum Superelevation Based on 3, 5 & 7 

10 Minimum Radius With Normal Cross Section Based on 3, 6 & 8 

P145: All rural highways and high-speed urban streets; LS: Low-speed urban streets; TR: Turning roadways. 
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Figure 1. Comparison of the maximum design side friction 
factors for the three facility types. 

slopes up to 2.0 percent are "barely perceptible" by the driver 
with regard to the effect of cross slope on steering effort. 

The Green Book authors indicate that pavements of lower 
quality, as might be found on low-volume county roads, may 
need more cross slope than that shown in Table 2 (perhaps as 
much as 6 percent). This need stems from the greater likeli-
hood of excessive settlement and deformation of the cross 
section associated with these facilities. 

Maximum Superelevation Rate 

Through Roadways. The Green Book describes a rationale 
for limiting the superelevation rate for RHS and LS facility 
curves based on climatic conditions, terrain, area type (i.e., 
urban, rural), and the frequency of slow-moving vehicles. 
Engineers in northern states, where ice and snow occur, typ-
ically use a lower maximum superelevation rate than south-
ern states. Engineers in urban areas typically use lower max-
imum superelevation rates on low-speed streets to minimize 
the impact of the curve on adjacent property drainage or 
access. Table 3 synthesizes the guidance provided in the 
Green Book on the possible maximum superelevation rate (or 
rates) that are applicable to horizontal curve design. 

Design policy documents published by AASHTO before 
1984 encouraged the use of only one maximum supereleva-
tion rate in a state or region. Specifically, the 1954 AASHTO 

Policy (9, p.  132) stated "For actual design in a State or region 
only one of the above maximum rates will apply, although 
there is no inhibition against the use of more than one, say 
for different road systems." This guidance has been revised 
in recent editions of the Green Book. A statement in the 1994 
edition encourages the use of multiple maximum rates. This 
statement reads: "Consideration of these factors jointly leads 
to the conclusion that no single maximum superelevation rate 
is universally applicable and that a range of rates must be 
used." (1, p.  151). 

Turning Roadways. The Green Book separately describes 
the maximum superelevation rate control separately for inter-
section curves and for interchange ramps. Maximum rates 
for high-speed interchange ramps are discussed in Chapter 
X. The discussion in Chapter X recommends the use of 
Green Book Tables 111-7 through 111-11 (i.e., the supereleva-
tion distribution tables for RHS facilities) for high-speed 
interchange ramps. This recommendation implies that maxi-
mum superelevation rates of 4, 6, 8, 10, and 12 percent are 
acceptable for these ramps. 

The material in Chapters III and IX is presented in the con-
text of "low-speed intersection curves." However, references 
in Chapter X indicate that the materials in Chapters III and 
IX are also applicable to low-speed interchange ramps. Hence, 
it appears that the material in Chapters III and IX is applica-
ble to all low-speed TR facilities. 

Guidance on the selection of a maximum superelevation 
rate for low-speed TR facilities is provided in Green Book 
Tables 111-16 and IX- 12. The recommended ranges of maxi-
mum rates obtained from the latter table are shown in the last 
row of Table 4. 

A maximum superelevation rate of 10 percent is implied 
by Table IX-12 for low-speed turning roadways. However, 
discussion associated with this table indicates that this value 
is illustrative and that "any other maximum rate can be used." 
(1, p.  729). In contrast, guidance on a previous page states the 
following: 

"The general factors that control the maximum rates of 
superelevation for open highway conditions.. . also apply to 
intersections. Maximum superelevation rates up to 12% may 
be used where climatic conditions are favorable. However, at 
intersections the maximum superelevation rate for curves is 
10% except that a maximum rate of 8% generally should be 
used where snow and icing conditions prevail." (1, p.  726). 
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TABLE 2 Minimum cross slopes for high-type pavement' 	 - - 

No. Lanes in the Subject Travel Direction Lane Location 

1 Only  

2 Inside Outside 

3 Inside Middle Outside 

Minimum Cross Slopes2  (%): 1.5 -2.0 2.0 -3.0 2.5 -4.0 

The slopes reported are based on an interpretation of the discussion in the Green Book (1, p. 330-332). 
2  An additional 0.5 percent can be added in areas of intense rainfall. 



TABLE 3 Maximum superelevation rates for RHS and LS facilities 

Max. Superelevation 
Rate, em , (%) 

Facility Type Snow and Ice Conditions 

RHS LS 

4' OK OK 11 significant 

6 OK OK 11 significant 

8 OK -- If frequent enough to be a factor 

10 OK -- If infrequent 

12 OK -- If it never occurs 

4% is applicable to urban streets only, based on the footnote in Green Book Table 111-7 (1. p. 167). 

11 

This guidance is interpreted to mean that 12 percent rates may 
be used on RHS facilities but that 10 percent is the largest max-
imum rate for low-speed turning roadways. Maximum rates of 
4, 6, and 8 percent can also be used for these facilities. 

The Green Book authors define a "minimum" maximum 
superelevation rate in Table 111-16. This min.-max. rate is 
listed in row 3 of Table 4. They recognize that this rate is 
truly a "maximum" but that it represents the "minimum" 
value in a range of possible maximums. They state that larger 
maximum rates could be used on any curve designed with the 
minimum radius shown in row 4 of Table 4. Their rationale 
is that any extra superelevation (beyond the min.-max. rate) 
would allow drivers "to drive the curves a little faster or drive 
them more comfortably because of less friction." (1, p.  194). 

Superelevation and Side Friction 
Distribution Method 

The Green Book describes five methods for determining 
the amount of superelevation and side friction that is needed 
for a given design speed and design curve radius. Of these 
five methods, the Green Book recommends only two for 
design applications (i.e., Methods 2 and 5). Three of the 
methods are unique and different (i.e., Methods 1, 2, and 3). 
Method 4 is a variation of Method 3 and Method 5 is syn-
thesized as a compromise between Methods 1 and 4. The five 
distribution methods are illustrated in Figure 2. The opera-
tional objective underlying the derivation of each method is 
described in the following paragraphs. 

RHS Facilities. Distribution Method 5 is used for RHS 
facilities. The intent of Method 5 is to emphasize superele-
vation and to limit the use of maximum side friction to only 
the sharpest curve radius. This emphasis on superelevation is 
intended to favor the tendency of some drivers to travel at or 
near the design speed along curves of intermediate radius. 
This method provides sufficient superelevation to counteract 
most of the centripetal acceleration experienced by drivers 
on intermediate to flat curves. Tables 111-7 through 111-11 in 
the Green Book identify the recommended design super-
elevation rates for a given design speed and radius based on 
Method 5. Table 111-9 is reproduced in Figure 3 to illustrate 
the type of guidance provided in these tables. 

LS Facilities. Distribution Method 2 is used for LS facili-
ties. The objective of this method is to use side friction to the 
maximum extent possible with little or no use of supereleva-
tion. This method is appropriate for urban design because it 
minimizes the disruption to adjacent property access and 
drainage caused by superelevated cross sections. It also min-
imizes the amount of negative side friction that occurs when 
traffic congestion or control devices slow turning vehicles to 
very low speeds. 

The Green Book does not provide a table of design super-
elevation rates for LS facilities (as it does for RHS facilities); 
instead, it provides Figure 111-18. This figure is reproduced 
here as Figure 4. It should be noted that the design ,speed 
range for low-speed urban streets was expanded for the 1994 
Green Book to include the 70-km/h design speed; this modi-
fication is reflected in Figure 4. 

TABLE 4 Maximum superelevation rates for low-speed TR facilities 

Table' Design Speed (km/h): 15 20 30 40 50 60 70 

111-16 Max. Design Side Friction Factor: 0.40 0.35 0.28 0.23 0.19 0.17 not id. 

111-16 Minimum Superelevation Rate' (%): 0 0 2 4 6 8 not id. 

111-16 Minimum Curve Radius (m): 7 10 25 50 80 115 not id. 

IX-12 Range of Max. Superelevation Rates: not id .3  2 - 10 2 - 10 4 - 10 6 - 10 8 - 10 9 - 10 

Green Book (1) table from which the data shown were obtained. 
2  "Minimum Superelevation Rate" is the term used in the Green Book; it is actually the smallest recommended 
maximum rate. 

"not id.': Values not identified in the corresponding Green Book table. 	 - -. 
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Figure 2. Methods of distributing superelevation and side 
friction. 

The trends in Figure 4 are based on Equation 2 and the 
maximum design side friction factors for low-speed urban 
streets (shown in Figure 1). Superelevation rate is selected 
for a given combination of speed and radius (radii are shown 
as labels on each trend line shown). For a given speed, radii 
larger than those associated with a cross slope rate of —1.5 to 
—2.0 percent (i.e., a rate equal to the normal cross slope rate) 
can be used without superelevation. 

Turning Roadways. The method of superelevation distrib-
ution for TR facilities is not explicitly defined in the Green 
Book in terms of one of the five methods previously dis-
cussed. However, guidance is provided in Chapters III, IX, 
and X. The guidance provided in Chapters III and IX relates 
to low-speed intersection curves. That provided in Chapter X 
relates to interchange ramps. The discussion in Chapter X 
indicates that design superelevation rates defined for RHS 
facilities (i.e., distribution Method 5) would also apply to 
those interchange ramps with a design speed greater than 60 
km/h. This discussion also indicates that the guidance pro-
vided for low-speed intersection curves is also applicable to 
low-speed interchange ramps. 

Guidelines on the design superelevation rate for low-speed 
intersection curves and interchange ramps (i.e., low-speed 
TR facilities) are provided in Green Book Chapter IX (i.e., 
Table IX- 12). These guidelines are in the form of a range of 
superelevation rates for each radius and design speed combi-
nation. Hence, they are much more flexible than those pro-
vided for RHS and LS facilities. The information provided in 
Table IX- 12 is reproduced in Table 5. 

An examination of the upper and lower rates provided for 
each radius-speed combination in Table 5 indicates that 
there is some correlation between these rates and two of the 
five distribution methods. Specifically, the lower super-
elevation rate of each range for a given design speed 
appears to follow distribution Method 2 whereas the upper 
rate of each range appears to follow distribution Method 1. 
This latter method does not emphasize either supereleva-
tion or side friction; rather, it applies each quantity in 
amounts that are directly proportional to the inverse of the 
curve radius. 

Distribution Methods Used by Highway Agencies. A com-
prehensive examination of state DOT design procedures was 
conducted for this research. This examination explored DOT 
interpretations of and extensions to the Green Book guid-
ance. It consisted of a review of 27 state DOT design manu-
als, a survey of engineers with 35 state DOTs, and a review 
of guideline documents published by 6 foreign countries. 
One objective of this examination was to identify the method 
of superelevation distribution used by state DOTs. 

Almost all of the state DOTs surveyed were found to use 
the distribution methods described in the Green Book. In fact, 
with one exception, the choice of Method 5 for RHS facili-
ties and interchange ramps is unanimous among the DOTs. 
The exception is the California DOT. It provides one table 
that includes all of its maximum superelevation rates (i.e., 8, 
10, and 12 percent). This table provides a range of radii for 
each integer value of the design superelevation rate; there is 
no explicit sensitivity to design speed. The design superele-
vation rates range from 2 to 12 percent. The relationship 
between radii and superelevation rate roughly follows that 
provided in the Green Book Table 111-11 (emax  = 12 percent) 
for a design speed of 80 km/h. Hence, the California distrib-
ution generally provides less superelevation than would be 
recommended by the Green Book for design speeds in excess 
of 80 km/h. 

Four of the six international guidelines reviewed for this 
research were found to provide a continuous mathematical 
relationship among superelevation, radius, and design speed 
(or an equivalent table or figure). The mathematical relation-
ships recommended in four of these guidelines are compared 
in Figure 5 with that recommended in the Green Book for a 
70-km/h design speed. The line labeled "e = 100 0(gR)" in 
this figure represents the amount of superelevation needed to 
match the centripetal acceleration associated with travel on a 
curved path; as such, this line represents a theoretical upper 
bound on superelevation rate. 

The trends shown in Figure 5 indicate that there is a wide 
range of guidance being provided by international agencies. 
Of course, some of the differences are due to the use of dif-
ferent maximum design side friction factors. In general, all 
of the distribution methods tend to emphasize the use of 
superelevation. 
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Figure 3. Design superelevation table for RHS facilities (1). 
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The German, French, and U.K. distribution methods are 
represented by linear (or very nearly so) relationships between 
superelevation rate and curvature. This trend is in sharp con-
trast to the asymmetric parabolic distribution used in the 
Green Book. The obvious advantage of a linear relationship is 
the simplicity of computation relative to the parabola. 

Like RHS facilities, the distribution methods described in 
the Green Book for LS and TR facilities are also frequently 
used by the state DOTs. Four of the state DOTs surveyed 
deviated from the Method 2 distribution for LS facilities. The  

relationship between superelevation and curvature used by 
each of these DOTs, as well as Green Book Method 2, are 
shown in Figure 6. Green Book Method 5 and the method 
recommended by ITE Technical Council Committee 5-5 (10) 
are also shown for reference. 

The trend lines shown in Figure 6 indicate that the Cali-
fornia and Ohio DOTs have made the greatest deviation from 
Method 2. In contrast, the Montana and New York DOTs 
have made much smaller changes. All of the deviations pro-
vide more superelevation for the same radius than would be 

TABLE 5 Design superelevation table for TR facilities' 

Radius 
(m) 

  Design Speed (km/h)  

20 30 40 50 60 70 

15 2-10% --- --- 
25 2 -7 2- 10% --- 

50 	- 2-5 2-8 4-10% --- 

70 2-4 2-6 3-8 	. 6-10% 

100 2-3 2-4 3-6 5-9 8-10% 

150 2-3 2-3 3-5 4-7 6-9 9-10% 

200 2 2-3 2-4 3-5 5-7 7-9 

300 2 2-3 2-3 3-4 4-5 5-6 

500 2 2 2 2-3 3-4 4-5 

700 2 2 2 2 2-3 3-4 

1,000 2 2 2 2 2 2-3 

Values in bold represent the range of maximum superelevation rates for a given design speed. 
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Figure 5. Superelevation distribution methods recom-
mended by several international agencies for high-speed 
facilities. 

provided by Method 2 but less than that provided by Method 
5. It should be noted that the Ohio DOT distribution is very 
consistent with Method 1 (i.e., an equal distribution between 
superelevation rate and side friction). 

Methods for Presenting Superelevation Rate Guidance. 
Almost all of the state DOTs surveyed were found to use a 
table to define the relationship among superelevation rate, 
radius, and design speed for RHS facilities. The table format 
is generally consistent with that used in the Green Book (i.e., 
Tables 111-7 through 111-1 1). However, the California and 
Montana DOTs have revised this format to present a range 
of radii applicable to integer values of the superelevation 
rate. The motivation for adopting this approach is likely 
based on (1) a desire to improve design consistency, (2) a 
realistic recognition of the practical limits of superelevation 
constructability, and (3) recognition of the negligible opera-
tional difference between a fractional superelevation rate and 
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Figure 6. Superelevation distribution methods used by var-
ious agencies for LSfacilities. 

its integer equivalent (e.g., between 4.5 and 5.0 percent). An 
example of the superelevation distribution table provided in 
the Montana DOT design manual is shown in Figure 7. 

For LS facilities, about 40 percent of the DOTs surveyed 
chose to present the relationship among design supereleva-
tion rate, design speed, and radius using a table rather than 
the figure provided in the Green Book (i.e., Figure 111-18). 
Many of these DOTs configured the table format to be con-
sistent with the tables provided in the Green Book for RHS 
facilities (i.e., Tables 111-7 through 111-11). 

Issues Related to Horizontal Curve Design 

This section describes three issues inherently related to 
horizontal curve design and its associated controls: design 
consistency, deceleration as a result of speed reduction, and 
curve versus path radius. The discussion in this section pro-
vides a context for the recommended horizontal curve design 
controls described in the next chapter. 

Impact of Green Book Controls 
on Design Consistency 

Design consistency relates to the uniformity of the road-
way alignment and its associated design element dimensions 
in terms of their collective ability to indicate to the driver a 
safe and reasonable speed. The design-speed concept used in 
the Green Book is intended to promote this consistency. 

There are several measures that can be used to assess a 
design's consistency. One measure of design consistency is 
the uniformity of operating speeds along the alignment. 
Another measure is the uniformity of the driving workload 
(as measured by the amount of driving information presented 
relative to the available processing time). Design elements 
that are inconsistent with driver expectancy increase the pro-
cessing time and thus, the driver workload. Logically, there 
is an inherent relationship between design consistency and 
motorist safety, with "consistent" designs being associated 
with lower crash potential. 

A major drawback of superelevation distribution Method 
5, as it is applied in the Green Book, is that its use can lead 
to a violation in design consistency. This violation stems 
from the availability of significantly different superelevation 
rates for the same curve radius. The violation occurs when 
different maximum superelevation rates are used on nearby 
facilities and drivers traveling among these facilities encounter 
different superelevation rates (and corresponding side fric-
tion demands) for curves of similar radius. 

It is believed that the original intent of Method 5 was that 
one maximum superelevation rate (and corresponding design 
superelevation table) would be used for all RHS facilities 
within a region of similar climate and topography. Through 
this application, a driver would learn to expect the same 
amount of superelevation (and side friction demand) when 



e V=gOkm/h '1=100km/h VllOkm/h 

R (m) Trans. Length R (m) Trans. Length R (m) Trans. Length 

L(m) TR(m)  L(m) I TR(m)  L(m) TR(m) 

NC R>2965 0 0 Ri3625 0 0 R~:4180 0 0 

2 2965>R 	2185 50 50.00 3625>R22675 60 60.00 4180>R, 3095 65 65.00 

3 2185>R 	1400 50 33.33 2675>Rk 1750 60 40.00 3095>R~2000 65 43.33 

4 1400 > R 	1000 50 25.00 1750> R i 1250 60 30.00 2000> R 2! 1465 65 32.50 

5 1000>R2!770 50 20.00 1250>R2950 60 24.00 1465>Rz 1140 65 26.00 

6 770>R2t600 50 16.67 950>R2: 750 60 20.00 1140>Rk 900 65 21.67 

7 600>R2t465 1 	60 17.14 750>R 	590 1 	60 17.14 900>Rk 735 65 18.57 

8 465>Rz305 1 	65 16.25 590>R 	395 1 	70 17.50 735>Rk 505 75 18.57 

- R,,,,=305m R,,,=395m R,,,=505m 

Key: 

R = radius of curve, m 	 ema, = 8% 
V = design speed, km/h 
e = superelevation rate, % 
L = minimum length of superelevation runoff (from adverse slope removed to full super) 
TR = tangent runout from NC to adverse slope removed 
NC = normal crown 

Figure 7. Example design superelevation rate table from the Montana DOT design manual 
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driving on a curve of given radius, regardless of where in the 
region it was encountered. 

Current practice is not fully consistent with the perceived 
original intent of Method 5. In particular, the state DOTs of 
many bordering states have tended to be more dissimilar 
(than similar) in their adoption of appropriate maximum 
superelevation rates. The magnitude of this diversity was 
demonstrated by Hayward (11) who identified the maximum 
superelevation rates used by several states. He found that 
while Illinois and Indiana had maximum rates of 8 percent, 
the state to their immediate southeast, Kentucky, had a max-
imum rate of 10 percent. He also found that the states of Cal-
ifornia and Texas allowed maximum rates to vary from 8 to 
12 percent within their borders. Similar trends were con- 

firmed during the examination of state DOT design manuals 
conducted for this research. 

Hayward (11) noted that the use of different maximum 
superelevation rates within a region results in inconsistent 
horizontal curve designs. Specifically, he noted that the use 
of different maximum superelevation rates yields a situation 
where one curve radius-superelevation rate combination can 
have any number of possible design speeds. This problem is 
demonstrated in Table 6 for a range of radii and supereleva-
tion rates (the speeds shown in this table were "soft-converted" 
by Hayward from their English equivalents). 

To illustrate the consistency problem suggested by Table 
6, consider a curve with a radius of 218 m and a design speed 
of 55 km/h (or 56 km/h). The values in Table 6 indicate that 

TABLE 6 Range of possible design speeds for a curve with a known superelevation and radius 

Actual Super- 
elevation (%) 

Radius 
(meters) 

Possible Design Speed (km/h)  

ema, = 6% = 8% = 10% ems, = 12% 

5 582 - 	 -89 	- - 	 79 	-• 72 69 

218 56 47 45 43 

175 50 43 42 40 

6 582 113 89 80 77 

218 72 55 48 47 

175 64 48 45 43 

8 582 -- 121 98 92 

218 -- 79 63 56 

175 -- 68 55 51 

Source: Hayward (11). 
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superelevation rates ranging from 5 to 8 percent can be used 
for this speed and radius, depending on the choice of maxi-
mum superelevation rate. Clearly, this is a wide range of 
superelevation rates. The differences in side friction demand 
associated with the rates in this range would likely be detect-
able by the driver. 

Krammes et al. (12) have also noted the adverse effect of 
multiple maximum rates on design consistency. They exam-
ined the relationship between superelevation rate and radius 
for 138 two-lane, rural highway curves in five states. The 
results of this examination revealed that the collective use of 
several maximum rates (and Method 5) resulted in there 
being no correlation between the radius and superelevation 
rate on these 138 curves. Based on their findings, Krammes 
et al. argue that this type of inconsistent design practice 
"complicates the driver's task of selecting the appropriate 
speed on curves" and has led to an increase in driver work-
load. As a result, they recommended the nationwide adoption 
of a single, maximum superelevation rate. 

In summary, Green Book Tables 111-7 through 111-11 define 
one superelevation rate for a given design speed, radius, and 
maximum superelevation rate. The current use of multiple 
maximum rates indirectly provides designers with a range of 
acceptable superelevation rates by allowing them to consider 
several tables. Although the provision of a range of rates has 
obvious benefit in tenns of design flexibility, a consequence 
of this provision is reduced design consistency. 

Effect of Speed Reduction on Margin of Safety 

Field studies of driver speed on horizontal curves were 
conducted for this research. An analysis of the data (docu-
mented in Appendix A) indicated that drivers tend to reduce 
their speed prior to and through the initial portion of sharp 
horizontal curves. This speed reduction was often found to 
be accompanied by a small increase in side friction demand 
(as computed using Equation 2). Logically, an increase in 
friction demand reduces the margin of safety (i.e., the differ-
ence between side friction demand and supply) drivers have 
while traveling along the curve. 

The margin of safety drivers have is also affected by any 
change in side friction supply. The deceleration associated 
with a speed reduction "consumes" a portion of the friction 
supply and, thereby, reduces that available for cornering. In 
summary, the margin of safety is reduced on sharp curves 
because (1) drivers tend to increase their friction demand and 
(2) their deceleration reduces friction supply. 

Theoretic models of friction supply and demand were 
developed for this research. These models were based on a 
dynamic analysis of forces acting on the vehicle traveling at 
a given speed while on a curve of given geometry. The model 
of friction supply was developed to include a sensitivity to  

the effect of vehicle deceleration during curve entry. The side 
friction demand and supply models were used together to 
compute the margin of safety for both passenger cars and 
trucks. Details of these models and their application are pro-
vided in Appendix C. 

Figures 8 and 9 illustrate the effect of speed, grade, and 
braking on the margin of safety for passenger cars and trucks, 
respectively. In each figure, two scenarios are represented: 
one scenario represents a downgrade condition where the 
driver will likely brake to achieve a nominal speed reduction; 
the second scenario represents an upgrade condition where it 
is assumed that the driver will use the available engine power 
to maintain speed (i.e., no speed reduction). Both of these 
scenarios represent realistic, albeit worst-case, combinations 
of traction/braking and grade. Finally, it should be noted that 
the friction supply and demand were computed for the criti-
cal travel path radius on a curve designed with the minimum 
radius for design. This critical path radius was estimated to 
be 87 percent (= 1/1.15) of the minimum radius for design. 

Side Friction Factor 

0 % grade MUMM  

-10 % grade 

Margin of Safety 	 __ 
at 10% grade 	 Friction supply - slide 

- Friction demand 

R= R,,,/ 1.15, e=6%,0.85m/s 2 decel. 
I 	 I 	 I 	 I 	 I 	 I 	 I 
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Figure 8. Effect of speed reduction on passenger car mar-
gin of safety against slide failure. 
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Figure 9. Effect of speed reduction on truck margin of 
safety against slide or roilfailure. 

km/h because the truck engine has insufficient power to 
maintain higher speeds on this grade. 

A comparison of the trends shown in 8 and 9 indicates that 
trucks are provided significantly less margin of safety than 
passenger cars on sharp curves. This- trend is partly due to a 
larger friction demand associated with trucks. This friction 
demand represents the largest demand in any one truck tire—
an amount that can vary as a result of differences in tire prop-
erties, suspensions, and loading. Trucks are also associated 
with larger tractive and braking friction demands because of 
their greater weight. 

Also shown in each figure are trend lines reflecting the 
level (no grade) condition. Comparison of these lines in Fig-
ures 8a and 8b (or 9a and 9b) indicates that deceleration as a 
result of braking reduces the side friction supply and is asso-
ciated with an increase in the side friction demand. Together, 
these changes result in a significant reduction in margin of 
safety as a result of braking (about 17 percent and 35 percent 
for cars and trucks, respectively). 

In summary, drivers tend to slow on sharp horizontal 
curves. When these curves are located on significant grades 
(up or down), both cars and trucks have a lower margin of 
safety than they would on a level roadway. Sharp curves on 
downgrades are of greater concern because (1) most drivers 
will be compelled to brake to maintain a safe speed and 
(2) most drivers are also likely to brake an added amount to 
reduce speed during curve entry. These two events combine 
to significantly reduce the margin of safety for most vehicles. 
Finally, the reduction in margin of safety because of grade, 
braking, or both tends to be more critical for trucks than cars 
because a significant portion of the friction supply is effec-
tively used to slow (or propel) the heavier truck. 

The passenger car side friction supply shown in Figure 8 
is based on the slide failure condition. The truck friction sup-
ply shown in Figure 9 is based on both the slide and the roll 
failure conditions. The roll failure friction supply for the pas-
senger car is not shown in Figure 8 because it is significantly 
greater than that for slide failure. Hence, slide failure is the 
dominant failure mode for passenger cars on curves. 

The trends in Figures 8 and 9 indicate that friction demand 
and supply (for slide failure) both decrease with increasing 
speed. This trend tends to yield a margin of safety that is rel-
atively constant over the range of speeds. Also, the trends 
indicate that both up and downgrades yield an increase in 
side friction demand and a decrease side friction supply. The 
result is a significant decrease in the margin of safety result-
ing from roadway grade. 

Examination of the trends in Figure 9 indicates that slide 
failure will occur before roll failure for trucks except on the 
slower speed curves. The friction supply for the 10 percent 
upgrade condition in Figure 9b does not extend beyond 65 

Effect of Lateral Shift on the Travel Path Radius 

It has been observed by Emmerson (13) that vehicles shift 
laterally inward, relative to the traffic lane, while cornering. 
This shift results in the vehicle tracking a larger radius than 
that of the lane. The benefit of a larger radius is a correspond-
ing reduction in side friction demand. Emmerson offered the 
following equation for computing the effective increase in 
curve radius as a result of a lateral shift within the lane: 

dr= 	ymax 	 - 	(3) 
1 - cos(0.5 I) 

where: 

dr = increase in lane radius, m; 
ymax = maximum lateral shift of vehicle, m; and 

I. = curve deflection angle, rad. 

Based on observation of several vehicles, Emmerson offered 
a value of 0.9 m for the lateral shift of most vehicles. 



19 

Examination of Equation 3 indicates that the value of dr 
increases rapidly with decreasing curve deflection angle. 
Typical values of dr are shown in Table 7. To illustrate the 
use of the values in this table, consider a two-lane highway 
curve with a radius of 1,000 in and a deflection angle of 10 
degrees. A lateral shift of 0.9 in on this curve produces a 
travel path radius of 1,234 in (= 1,000 + 234). This increase 
in radius reduces the corresponding side friction demand by 
as much as 20 percent. 

The data reported by Emmerson (13) were re-examined 
for this research and some additional analysis was conducted 
to determine the range of curve radii and deflection angles 
most affected by lateral shift. This analysis was conducted 
using Equations 2 and 3 and the curve speed model described 
in Appendix A. This model was used to compute curve speed 
as a function of radius. The effect of shift was examined in 
the context of the decrease in side friction demand resulting 
from an increase in path radius. The results of this analysis 
indicated that curves with a large radius or a large deflection 
angle were not associated with a significant reduction in fric-
tion demand as a result of lateral shift. 

Further examination of the effect of lateral shift on side 
friction demand indicated that the effect of radius and angle 
could be combined using their product—curve length. This 
examination led to the generalization that curve lengths in 
excess of 140 in were not associated with a significant reduc-
tion in friction demand. Specifically, it was determined that 
the increase in radius associated with lateral shift on curves 
140 in or more in length was not sufficient to produce more 
than a 0.02 decrease in side friction demand. The relationship 
between this limiting curve length, curve radius, and deflec-
tion angle is shown in Figure 10. 

The trend lines shown in Figure 10 reflect the relationship 
between radius and deflection angle for specified curve 
lengths. Based on the previous discussion, combinations of 
deflection angle and radius that intersect above or to the right 
of the line corresponding to a length of 140 in will not be sig-
nificantly affected by lateral shift. A survey of 3,304 hori-
zontal curves on two-lane highways conducted by Glennon 
et al. (14) suggests that less than 25 percent of all curves have 
lengths shorter than 140 in. Hence, a large majority of curves 
are not likely to be affected by the lateral shift effect. 

The Green Book (1, p.  224) recommends that curve length 
in meters should exceed three times the design speed in km/h 
(i.e., slightly more than 10 s travel time). Thus, a design 
speed of 30 km/h corresponds to a minimum curve length of 
90 in. A curve length of 140 in is slightly shorter than the 150 
in length associated with a 50 km/h design speed. These two 
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Figure 10. Radii and deflection angles that do and do not 
significantly affect side friction demand. 

lengths are represented in Figure 10 by the two trend lines 
shown. Combinations of radius and deflection angle inter-
secting above or to the right of either line satisfies the mini-
mum curve length control for the corresponding design 
speed. This finding, combined with that noted in the preced-
ing paragraph, suggests that the beneficial effect of lateral 
shift would only be attained on curves with design speeds of 
30, 40, or 50 km/h. 

CONTROLS FOR SUPERELEVATION 
TRANSITION DESIGN 

This section presents the findings from a critical review of 
the guidelines provided in the Green Book for designing the 
superelevation transition section. This section of roadway is 
located at the beginning and end of the horizontal curve and 
serves to transition the roadway from a normal crown section 
to a fully superelevated cross section. The guidelines for 
superelevation transition design are described primarily in 
Chapter III of the Green Book with some additional guidance 
provided in Chapters IX and X. The review of these guide-
lines includes a synthesis of Green Book guidance, a summary 
of state DOT practice, and a discussion of some problematic 
issues related to transition design. 

Review of Superelevation 
Transition Design Controls 

The superelevation transition section is composed of the 
superelevation runoff section and the tangent runout section. 

TABLE 7 Increase in lane radius due to a lateral shift in lane position 

Curve Deflection Angle (degrees) 

Increase in 1 	1 2 1 	3 1 	4 5 6 7 8 9 10 15 

1 

20 

1 
Radius (m) 23,634 15,907 12,624 1 	1,475 943 654 480 367 290 234 103  57 
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The length of each of these components is individually cal-
culated and combined to yield the minimum superelevation 
transition section length. The following equation quantifies 
this relationship: 

Lst =Lr +Lt 	 (4) 

where: 

L,, = minimum length of superelevation transition, m; 
Lr  = minimum length of superelevation runoff, m; and 
L = minimum length of tangent runout, m. 

The purpose of the superelevation transition section is to 
provide a gradual transition between the normal cross slope 
on the tangent and the superelevated cross slope on the 
curve. The tangent runout section is used to rotate the cross 
section from a point where it has a normal cross slope to one 
where the adverse cross slope in the outside lane is 
removed. The superelevation runoff section is used to rotate 
the cross section from a point where adverse cross slope is 
removed to a point where the superelevation rate is fully 
attained. 

This section describes the design controls and values that 
apply to superelevation transition design. This design corn-
ponent has several controls associated with it to reflect the 
many elements associated with its design. The controls applic-
able to superelevation transition design vary with functional 
classification, movement type, and design speed. The applic-
able design controls for this design element are listed in 
Table 8. 

The discussion in the Green Book regarding the controls 
listed in Table 8 is not consistent among the three facility 
types. Specifically, the portion-of-runoff-prior-to-curve 
and the minimum-length-of-tangent-runout controls are not 
explicitly discussed for LS and TR facilities. These two con- 

trols are only discussed in sections of the Green Book that 
apply to RHS facilities. It is not clear whether this discussion 
also applies to LS and TR facilities. 

For turning roadways, the Green Book (1, p.  729, 923) 
indicates many of the controls identified for RHS facilities 
are applicable to turning roadways. The Green Book discus-
sion related to LS facilities offers no guidance in this regard. 

Minimum Length of Superelevation Runoff 

Three controls are recommended in the Green Book for 
computing the minimum length of superelevation runoff. 
They are coined the "gradient," "travel time," and "comfort" 
controls for the purposes of this report. The first two controls 
are used to define runoff length for RHS facilities, The com-
fort control is used for LS facilities. The gradient control is 
used for TR facilities. 

The gradient control provides for a maximum grade differ-
ential between the axis of rotation and the edge of traveled 
way. The Green Book indicates that this control is intended to 
provide acceptable "appearance and comfort" (1, p.  177). The 
travel time control provides for a minimum 2.0 s travel time 
through the runoff section. The Green Book indicates that this 
control is considered for purposes of "general appearance and 
to avoid undesirably abrupt edge-of-pavement profiles" (1, 

p. 177). Finally, the comfort control provides for a maximum 
acceptable rate of change in centripetal acceleration during 
curve entry. The Green Book indicates that this control is 
intended to provide for "comfort and safety" (1, p.  175). 

All Rural Highways and High-Speed Urban Streets. The 
following equation illustrates the Green Book guidance for 
computing the minimum superelevation runoff length for 
RHS facilities: 

TABLE 8 Design controls for superelevation transition design 

Descriptor Control 
Type 

No. 
- 

Name Facility 
 Type'  

Basis 

Class & Type 1 Functional Classification (urban..., rural...) all Specified 

2 Movement Type (through, turning) all Specified 

Design 
Control 

Basic - - 3 Design Speed . 	. 	- - all 	_ Specified 

4 Facility Type (RHS, LS, & TR)' -- Based on 1, 2 & 3 

5 Maximum Design Side Friction Factor LS Based on 1. 2 & 3 

Element- 
Specific 

6 Maximum Relative Gradient RHS,TR Based on 3 

7 Minimum Travel Time on Runoff Section RHS Specified 

8 Max. Rate of Change in Lateral Acceleration LS Based on 3 

9 Minimum Length of Superelevalion Runoff all Based on 3 to 8 

10 Minimum Length of Tangent Runout RHS,? Based on 6 & 9 

11 Portion of Runoff Prior to Curve PBS,? Range provided 

RHS: All rural highways and high-speed urban streets; LS: Low-speed urban streets; TR: Turning roadways. 
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wed 
n1b, 

Lr  = Larger of: 	 (5) 

3.6 

where: 

minimum length of superelevation runoff, m; 
maximum relative gradient, percent; 

= adjustment factor for number of lanes rotated (b 

equals 1.0, 0.80, 0.75 and 0.67 for n1  equal to 1.0, 1.5, 
2.0, and 3.0, respectively); 

w = width of one traffic lane (typically 3.6 m), m; 

ea  = design superelevation rate, percent; 
Vd  = design speed, km/h; and 
n1  = number of lanes rotated, lanes. 

The Green Book authors note that direct application of the 
maximum relative gradient yields runoff lengths that, while 
desirable, may not be feasible in many instances. As a result, 
they allow for the reduction of runoff length based on an 
empirical adjustment. This adjustment is achieved through 
the use of b in Equation 5; however, it should be noted that 
the Green Book authors explicitly discuss the adjustment in 
terms of citing recommended values for the product "n1  b." 

The runoff lengths for one and two lanes rotated are 
reported in the Green Book's design superelevation tables 
(i.e., Tables 111-7 through 111-i 1). The lengths for the two-
lanes-rotated case are larger than those reported in previous 
editions of the Green Book due to an apparent change regard- 

ing the travel time control. A closer examination of these 
lengths led to the conclusion that the length provided by the 
travel time control was adjusted for the number of lanes 
rotated (i.e., the resulting lengths were multiplied by n1  b). 
This change resulted in a significant increase in the minimum 
runoff length for the two-lanes-rotated cases when the travel 
time control dictated this length. Subsequent published errata 
for the 1994 Green Book confirm that this modification to the 
travel time control was in error and that Equation 5 yields the 

correct runoff length. 
The runoff length obtained from Equation 5 can be used to 

determine the "effective" maximum relative gradient. This 
quantity represents the grade of the pavement edge slope rela-
tive to that of the axis of rotation. The effective gradient reflects 
the influence of the variable b and can be computed as: 

wed (6) 
Lr  

where: 

= effective maximum relative gradient, percent. 

When the travel time control dictates runoff length, the effec-
tive gradient is smaller than the maximum gradient recom-
mended in the Green Book (i.e., Table 111-13). When the 
number of lanes rotated exceeds 1.0, the effective gradient is 
larger than the recommended value. 

The maximum relative gradients and corresponding 
superelevation runoff lengths for one and two lanes rotated 
are shown in Table 9. Equation 5 was used with a 3.6-rn 

TABLE 9 Minimum superelevation runoff length for RHS facilities1'2  

No. of 
Lanes 

Rotated 

Superelevation 
Rate (%) 

Design Speed (km/h) 

30 	40 	50 	1 	60 	1 	70 	1 	80 	90 	100 	110 	120 

Maximum Relative Gradient (%)3 

0.75 0.70 0.65 0.60 0.55 0.50 0.48 0.45 0.42 0.40 

One Lane 2 17 22 28 33 39 44 50 56 61 67 

4 19 22 28 33 39 44 50 56 61 67 

6 29 31 33 36 39 44 50 56 61 67 

8 38 41 44 48 52 58 60 64 69 72 

10 48 51 j 	55 j 	60 65 72 75 80 86 90 

12 58 62 66 72 79 86 90 96 103 108 

Two Lanes 2 17 22 28 33 39 44 50 56 61 67 

4 29 31 33 36 39 44 50 56 61 67 

6 43 46 50 54 59 65 68 1 	72 77 81 

8 58 62 66 72 79 86 90 96 103 108 

10 72 77 83 90 98 108 113 120 129 135 

12 86 93 100 108 118 130 135 144 154 162 

Based on 3.6-rn lanes. 
2  Underlined nrnout lengths result from the travel time control; others result from the gradient control. 

Values obtained from Table 111-13 (1). 
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lane width to compute the lengths shown. The underlined 
values represent those lengths dictated by the travel time 
control; all other values are based on the maximum relative 
gradient. 

The runoff lengths shown in Table 9 are in close agree-
ment with those in the Green Book's design superelevation 
tables (i.e., Tables 111-7 through 111-11). The lengths shown 
for one lane rotated also generally agree with Green Book 
Table 111-14; however, those in Table 111-14 have been 
rounded up to the nearest 5 m. As noted previously, the 
runoff lengths reported in the Green Book's design super-
elevation tables for two lanes of rotation incorrectly include 
an adjustment for number-of-lanes-rotated in the travel 
time control and are not comparable with Table 9 in all 
cases. 

Low-Speed Urban Streets. For LS facilities, the minimum 
runoff length is based on providing a comfortable rate of 
change in lateral acceleration through the transition section. 
This control assumes that a spiral path will be adopted by 
drivers as they travel through the superelevation transition 
section. The findings documented in Appendix D indicate 
that this assumption is reasonable. The following equation 
can be used to compute the minimum runoff length, as rec-
ommended by the Green Book, for LS facilities: 

L Vdgfdrn. 
3.6 C, 	 (7) 

where: 

= minimum length of superelevation runoff, m; 
fa, max = maximum design side friction factor; 

g = gravitational acceleration (= 9.807 mIs2); and 
C, = maximum rate of change in lateral acceleration, 

m/s'. 

There is no guidance in the Green Book regarding the use 
of a travel time control to compute runoff length for LS 
facilities. On the other hand, there is some guidance regard- 

ing adjustment of the length obtained from Equation 7 for 
the number of lanes rotated. Specifically, the Green Book 
authors state that the length obtained from Equation 7 is 
applicable when the pavement is rotated about the center-
line and that this length should be doubled when the pave-
ment is rotated about the inside edge of traveled way. This 
statement implies that the runoff length obtained from 
Equation 7 should be multiplied by the number of lanes 
rotated n,. 

The minimum runoff lengths based on Equation 7 are 
shown in Table 10. This table also shows the values recom-
mended in the Green Book for C, and for the maximum 
design side friction factorfa  max Both of these factors were 
used to compute the runoff lengths shown in column 4. 

Table 10 also provides the effective maximum relative 
gradient, as computed with Equation 6. Gradients are shown 
for superelevation rates of 4.0 and 6.0 percent. The gradients 
for 4.0 percent are smaller than recommended in Green Book 
(see Table 9) whereas those for 6.0 percent are larger than the 
recommended values. From this comparison, it would appear 
that both the gradient and comfort-based controls yield sim-
ilar runoff lengths for superelevation rates of 4.0 to 6.0 per-
cent. However, the comfort-based control maintains the 
same length for all superelevation rates whereas the gradient 
control would produce shorter runoff lengths for smaller 
superelevation rates. 

Turning Roadways. The Green Book provides guidance 
for TR facilities in Chapters III, IX, and X Chapters III and 
IX provide guidance for low-speed TR facilities at intersec-
tions. Chapter X provides guidance for low- and high-speed 
TR facilities at interchanges. 

The discussion in Chapter IX indicates that the gradient 
control used for RHS facilities also applies to TR facilities. In 
fact, Table IX-13 lists recommended maximum relative gra-
dients for use on intersection curves that are the same as those 
recommended for RHS facilities. This table is also referenced 
in Chapter X as applicable to interchange ramps. Thus, the 
gradient control component of Equation 5 would also appear 

TABLE 10 Minimum superelevation runoff lengths for LS facilities 

Design Speed 
(kmlh) 

C2  

(m/s') 
Maximum Side 
Friction',fe 

Runoff Length 
(m) 

Effective Gradient 

4.0% 6.0% 

30 1.20 0.312 21 0.69 1.03 

40 1.15 0.252 24 0.60 0.75 

50 1.10 0.214 27 0.53 0.67 

60 1.05 0.186 29 0.50 0.62 

70 1.00 0.163 31 0.46 f 	0.58 

Values obtained from Green Book (1) Table 111-15. 
2  Based on one, 3.6-rn lane rotated to the superelevation rate shown in the column heading. 
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to be appropriate for TR facilities. There is no recommenda-
tion in Chapters IX or X regarding the use of the travel time 
control to determine runoff length for TR facilities. 

Discussion in the Green Book that is associated with Table 
Tx-i 3 indicates that the gradients listed are to be achieved 
over two lanes of rotated pavement. For Equation 5, this con-
dition would be the equivalent of setting the adjustment fac-
tor b to 1.0 (as opposed to 0.75) when n, equals 2.0. Appli-
cation of this guidance will result in the minimum runoff 
length for a turning roadway being larger than that used on a 
street or highway curve. 

Runoff Lengths Used by Highway Agencies. A compre-
hensive examination of state DOT design procedures was 
conducted for this research. This examination explored the 
DOTs' interpretations of and extensions to the Green Book 
guidance. It consisted of a review of 27 state DOT design 
manuals, a survey of engineers with 35 state DOTs, and a 
review of guideline documents published by 6 foreign coun-
tries. One objective of this examination was to identify the 
methods used to define runoff length. 

The examination of state DOT manuals for RHS facility 
design indicates that most states are using some variation of 
the Green Book guidance for computing runoff length. 
Based on this examination, it was concluded that 28 percent 
of the DOTs follow the Green Book guidance, as described 
by Equation 5. Notably, 21 percent of the DOTs do not use 
the travel time component of Equation 5. It is believed that 
this omission is intended to avoid long transition lengths at 
small superelevation rates and thereby improve pavement 
drainage (this point is discussed further in "Issues Related 
to Superelevation Transition Design"). Finally, the major-
ity of DOTs considered (72 percent) were found to use val-
ues for b that are very similar to those recommended in 
the Green Book. Slight differences in maximum relative 
gradient appear to be the result of differences in the 
approach used to define gradients for equivalent metric 
design speeds. 

The examination of guidelines developed by international 
agencies indicated that a combination of controls is being 
used in other countries to define runoff length. The gradient 
control was recommended by all agencies included in the 
review. Rate of pavement rotation, drainage, and spiral rate 
controls were also recommended by one or more agencies. In  

contrast, the travel time control was not recommended by 
five of the six agencies reviewed. 

The examination of state DOT manuals that describe LS 
facility design indicated that more DOTs are using the gra-
dient control (i.e., Equation 5) than are using the comfort 
control (i.e., Equation 7) to define runoff length. Of those 
DOTs that are basing runoff length on gradient, the recom-
mended maximum relative gradients tend to vary widely; 
although, they typically fall within the range of values 
shown in columns 5 and 6 of Table 10. Most important, all 
of the methods used by the DOTs (i.e., gradient or comfort-
based) yield about the same runoff lengths for supereleva-
tion rates between 4.0 and 6.0 percent. It should also be 
noted that only two of the DOT manuals reviewed explic-
itly recommended consideration of the travel time control 
for LS facilities. 

The number-of-lanes-rotated adjustment factor b. was 
also considered in the examination of state DOT guidelines. 
In general, the adjustment for multilane cross sections is typ-
ically described in these guidelines as a factor representing 
the product n, b; this is also true for the Green Book. Typi-
cal values for this product are shown in Table ii. 

Several state DOTs provided adjustment factors for com-
binations of rotated lanes that were different from those listed 
in Table 11. These factors appeared to be based on interpo-
lation or extrapolation of the trends in column 2 of Table li. 
However, one DOT (i.e., Washington) recognized the linear 
trend in column 2 and used it to develop an equation for com-
puting the adjustment factor. This equation is effectively rep-
resented as follows: 

n1 b=1+0.5(n,—i) 	 (8) 

Minimum Length of Tangent Runout 

RHS and TR Facilities. The Green Book discussion of 
tangent runout length is included in the section of Chapter 
III dealing with RHS facilities. This design control is not 
provided its own subsection; rather, it is dealt with in two 
subsections within the section titled "Superelevation 
Runoff." It is likely that this discussion of runout length 
also applies to LS and TR facilities; however, there is no 
specific guidance in this regard in the Green Book. More-
over, it is recognized that many turning roadways never 

TABLE 11 Adjustment factor for number of rotated lanes 

Number of Lanes Rotated, ii, Product of "n, b," Adjustment Factor, b, 

1 1.0 1.00 

1.5 1.2 0.80 

2 1.5 0.75 

3 1 	 2.0 1 	 0.67 
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have a normal cross section from which to transition and, 
hence, the subject of runout length on turning roadways is 
often not relevant. 

In one location in the Green Book, the guidance indicates 
that the minimum runout length should desirably have the 
same relative gradient as used for the superelevation runoff 
length. The exact statement is worded as follows: 

"The length of tangent runout is determined by the amount 
of adverse cross slope to be removed and the rate at which it 
is removed. This rate of removal should preferably be the same 
as the rate used to effect the superelevation runoff." (1, p.  180) 

The advantage cited for having a constant relative gradi-
ent through the transition section is a smooth edge of pave-
ment profile. 

The Green Book authors also recognize that maintaining 
a constant gradient through the transition section can have 
disadvantages. These disadvantages occur when the travel 
time control dictates runoff length. First, the resulting 
effective gradient can be undesirably small such that 
drainage along the roadway is inadequate. Second, the 
length of roadway within the transition section having neg-
ligible cross slope (and thus, inadequate lateral drainage) 
can be undesirably large. 

In recognition of the aforementioned disadvantages 
associated with a constant gradient, the Green Book authors 
have offered some additional guidance regarding an accept-
able minimum runout length. Its exact wording is as 
follows: 

"On the basis of the relative slopes previously established, 
the tangent runout distance on two-lane roads varies from 
about 10 to 15 m for the cross slope rate of 1.5 percent and 
where there are 3.6 m lanes. . . . These are the lengths for 
curves with maximum superelevation. Where there is less 
than maximum superelevation, tangent runout lengths will 
be longer if the same relative slope as that for supereleva-
tion runoff is retained. It is desirable that these relative 
slopes be retained but where this is not possible the runout 
lengths should be at least equal to those required for a curve 
with maximum superelevation where the same relative 
slopes for tangent runoff and runout are retained." (1, p. 
183-184). 

This guidance is interpreted to mean that the acceptable 
minimum tangent runout length should be based on the max-
imum relative gradient, as listed in Table 111-13 (or Table 9). 
The desirable minimum runout length should be based on 
maintaining a constant gradient through the transition sec-
tion. If this interpretation of the above quotation is correct, 
then the following equation would be appropriate for com-
puting the minimum tangent runout length: 

I
eNc 	

: Desirable Mm. 
ed 

L1 

n1b, 	: Acceptable Mm.  

where: 

L = minimum length of tangent runout, m; and 
eNC = normal cross slope, percent. 

The desirable and acceptable minimum tangent runout 
lengths predicted by Equation 9 are shown in Table 12. As 
this table indicates, the acceptable minimum runout lengths 
are unaffected by the design superelevation rate and its cor-
responding runoff length. In contrast, the desirable minimum 
lengths always equal or exceed the acceptable minimum val-
ues. As noted previously, the desirable lengths will exceed 
the acceptable lengths when the travel time control dictates 
the runoff length (i.e., this typically occurs when the super-
elevation rate is small or the speed is high). 

Runout Lengths Used by Highway Agencies. As noted pre-
viously, a comprehensive examination of state DOT design 
procedures was conducted for this research. This examina-
tion explored the DOTs' interpretations of and extensions to 
the Green Book guidance. One objective of this examination 
was to identify the method used to define minimum tangent 
runout length. 

On the basis of this examination, it was found that the 
guidelines for runout length adopted by 84 percent of the 
state DOTs surveyed could be generalized using the follow-
ing equation: 

Lf 	- 
= ic r

r 	 (10) 
e,J 

This equation is equivalent to the "desirable minimum" com-
ponent of Equation 9. It should be noted that an additional 8 
percent of the state DOTs modified Equation 10 only slightly 
by substituting a constant value (between 1.0 and 2.0 per-
cent) for the variable eNc. 

Portion of Runoff Prior to Curve 

RHS and TR Facilities. The Green Book discussion 
regarding the location of the runoff is included in Chapter 
III in a section dealing with RHS facilities. This discussion 
is provided its own subsection within the section titled 
"Superelevation Runoff." As noted previously, this guid-
ance is explicitly directed to RHS facilities; however, it is 
likely that this discussion also applies to LS and TR facili-
ties (although, there is no specific instruction in this regard 
in the Green Book). 

The Green Book discussion regarding runoff location indi-
cates that this location is relative to the point of curvature 
(PC) or to the point of tangency (PT) for a given horizontal 
curve. The location of the runoff is established as the portion 



TABLE 12 Desirable and acceptable minimum tangent runout lengths for RHS and TR facilities 

Control 
Condition 

Superelevation I 
Rate (%) 

Design Speed (km/h) 

30 	40 	1 	50 	60 	70 	80 	90 	100 	110 	120 

Runout Length for One Lane Rotated"2  

Desirable 
Miiumum 

2 17 22 28 33 39 44 50 56 61 67 

4 10 11 14 17 19 22 25 28 31 33 

6 10 10 11 12 13 15 U 19 20 22 

8 10 10 11 12 13 14 15 16 17 18 

10 10 10 1 	11 12 13 14 15 16 17 18 

12 10 10 11 12 13 14 15 16 17 18 

Acceptable Mm, all 10 10 11 12 13 14 15 r 16 17 18 

Runout Length for Two Lanes Rotated"2  

Desirable 2 17 22 28 33 39 44 50 56 61 67 
Minimum 4 14 15 17 18 20 22 25 a 31 33 

6 14 15 17 18 20 22 23 24 26 27 

8 14 15 17 18 20 22 23 24 26 27 

10 14 15 17 18 20 22 23 24 26 27 

12 14 15 17 18 20 22 23 24 26 27 

Acceptable Mm. all 14 15 17 18 20 22 23 1 	24 26 27 

Based on 3.6-rn lanes and a normal cross slope of 2 percent. 
2  Underlined runout lengths result from the travel time control; others result from the gradient control. 
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of its length placed prior to the PC (or following the PT). It 
is implicit in this location reference that the tangent runout 
section be located on the roadway tangent, adjacent to the 
runoff section. 

The Green Book guidance for the "portion" control indi-
cates a range of values are acceptable. Specifically, the range 
offered is 0.5 to 1.0; although, the preferred range is indi-
cated to be 0.6 to 0.8 (1, p.  181). The provision of some of 
the superelevation. prior to the curve is advantageous because 
some superelevation would be available immediately upon 
curve entry and thereby, be available to offset the associated 
centripetal acceleration. The disadvantage of this provision 
is that drivers on the tangent may have to steer in a direction 
opposite to that of the impending curve to counter the 
increasing superelevation. Placing all (or none) of the super-
elevation transition before the curve magnifies the effect of 
the aforementioned advantage and disadvantage. 

Portions Used by Highway Agencies. A comprehensive 
examination of state DOT design procedures was conducted 
for this research. This examination explored the DOTs' inter-
pretations of and extensions to the Green Book guidance. 
One objective of this examination was to identify the recom-
mended portion of runoff to be located prior to the curve. 
Based on this examination, it was concluded that about 80 
percent of state DOTs recommend using one value of the 
portion control for all roadway curves. About 90 percent of 
the DOTs used a portion in the range of 0.6 to 0.7. It should 
be noted that only one DOT allowed for the possible place-
ment of all of the runoff prior to the curve. 

Issues Related to Superelevation 
Transition Design 

Pavement Drainage 

As mentioned previously, there is a potential for inade-
quate pavement drainage in the superelevation transition sec-
tion. Specifically, two drainage problems can arise: 

Inadequate longitudinal drainage because of negligible 
edge of pavement grade, and 
Inadequate lateral drainage because of negligible cross 
slope. 

The first drainage problem occurs when the grade of the 
axis of rotation is equal to the effective relative gradient but 
opposite in sign. These adverse combinations are found in 
the outside lane when the axis of rotation has a slight down-
grade during curve entry or in the inside lane when there is a 
slight upgrade during curve entry. The reverse trend is appli-
cable to curve exit. When the edge of pavement has negligi-
ble grade, surface water depth increases, which increases the 
potential for hydroplaning. On curbed streets, this problem 
may be particularly acute as some longitudinal grade is nec-
essary for water to reach the curb inlet. This drainage prob-
lem can be avoided by maintaining a minimum grade for 
both the centerline and the edge of pavement in the transition 
section. 

The second drainage problem is found in that portion of 
the transition section where the cross slope is negligible. This 
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problematic segment begins at the start of the transition 
(where the cross section has a normal crown) and ends at the 
point where the roadway is superelevated at a rate equal to 
the normal cross slope. This segment includes the tangent 
runout section and an equal length of superelevation runoff. 
Within this segment, the pavement cross slope may not be 
steep enough to promote adequate lateral drainage. This 
problem cannot be eliminated; however, it can be minimized 
by either reducing the length of roadway affected (e.g., by 
increasing the relative gradient) or by maintaining a mini-
mum centerline grade in the transition section. 

Both of the aforementioned problems can create unsafe 
operating conditions during periods of intense rainfall. They 
create a short section of roadway where the lateral and longi-
tudinal grades may not be adequate for drainage purposes. 
The problem is most likely to occur when the centerline 
grade is relatively flat (i.e., less than 1.0 percent). More impor-
tant, the magnitude of the problem and its longitudinal extent 
are increased when the travel time control dictates runoff 
length. As noted previously, this control increases runoff 
length (relative to that obtained using the gradient control) 
which decreases the edge of pavement grade. 

Guidelines published by governmental highway agencies 
in Germany, Sweden, and the U.K. also offer insight on poten-
tial solutions to transition-related drainage problems. To 
minimize drainage problems in the transition, the German 
highway design guideline (5) includes a recommendation 
that the grade of the pavement edge equal or exceed 0.5 per-
cent; this value is reduced to an acceptable minimum of 0.2 
percent for roadways without curbs. In addition, the German 
guideline includes a recommendation that the centerline 
grade equal or exceed 0.7 percent (1.0 percent desirably) in 
the transition section. Similarly, guidelines prepared by the 
Swedish (6) and U.K. (7) highway agencies recommend a 
minimum centerline grade of 0.5 percent in the transition 
section. It should also be noted that none of these agencies 
recommend the use of a travel time control to define transi-
tion length. 

Transition-Control-Related Research 

Location of Runoff Prior to the Curve. Several researchers 
(14, 15) have used simulation studies to evaluate the effect 
of runoff location on the lateral acceleration experienced by 
the vehicle. Glennon et al. (14) investigated passenger car 
performance in transitions designed to have 20 and 70 per-
cent of the runoff length located on the tangent section. Their 
simulation evaluated these two percentages using a range of 
speeds and superelevation rates. Based on their simulation 
results, they concluded that 70 percent was associated with 
better operating conditions (e.g., lower peak side friction 
demands) than 20 percent. 

Blue et al. (15) focused their simulation study on trucks. 
Specifically, they investigated placing two-thirds and all  

(i.e., 67 and 100 percent) of the runoff on the tangent. Based 
on this investigation, they found that the design with two-
thirds of the runoff length on the tangent resulted in signifi-
cantly lower lateral accelerations to large trucks than that 
with all of the length on the tangent. Taken together, the 
findings of Glennon et al. (14) and Blue et al. (15) support 
the range of portions recommended in the Green Book (i.e., 
0.6 through 0.8). It should be noted that "portion" and "per-
centage" are used interchangeably in this report; percentage 
being equal to portion after multiplication by 100. Hence, the 
portion 0.6 has the same meaning as 60 percent. 

Adjustment for Number of Lanes Rotated. Another simu-
lation study was conducted by Good (16). He investigated 
the relationship between transition length and vehicle steer-
ing stability. This stability was defined in terms of the mag-
nitude of steer corrections required to negotiate the transition 
relative to the "ideal" steer response (i.e., one that is com-
patible with the roadway curvature). 

For his investigation, Good (16) examined several variables 
used to define transition length. One of the variables investi-
gated was rotated pavement width (= w n1  b,,). His investiga-
tion was based on simulation of vehicles traveling through 
transition sections with one and with three lanes rotated. The 
results of this investigation indicated that the magnitude and 
frequency of steer corrections increased with transition length. 
The reported results also indicate that the values of b. listed in 
Table 11 limit the magnitude of steer angle corrections to 
acceptable levels (as defined by Good). This result provides 
some justification for these adjustment factors and suggests 
that the corresponding runoff lengths should be recognized as 
design values as opposed to minimums. 

Pavement Edge Profile. Good (16) also investigated the 
length of vertical curve used at the breaks in grade at the start 
and end of the superelevation transition section. The 1990 
edition of the Green Book indicated that the length of this 
vertical curve should be equal (in feet) to the numeric value 
of the design speed (in mph) (17, p..  184). This translates to 
0.68 s travel time at the design speed. The research findings 
of Good (16) confirm the desirability of this guidance. It 
should be noted that the 1994 Green Book incorrectly rec-
ommends that the vertical curve length (in meters) be equal 
to the numeric value of the design speed (in km/h) (1, p.  185). 
This relationship translates into 3.6 s travel time which is 
much longer than the 0.68 s recommended in previous edi-
tions of the Green Book. 

The minimum edge-of-pavement vertical curve length rec-
ommended in the Green Book indirectly bears on the mini-
mum length of the superelevation transition section. As noted 
previously, the Green Book authors indicate that 2.0 s travel 
time in the runoff Lr  is needed to avoid "abrupt" pavement 
edge profiles. However, the guidance regarding edge-of-
pavement profile suggests that a transition length (= Lr + L) 
need only equal 0.68 s to provide a smooth transition. 
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Maximum Relative Gradient 

As noted previously, the values of maximum relative gra-
dient differ slightly between the 1990 and 1994 editions of 
the Green Book. This difference is most significant for the 
lowest and highest speeds. It is likely a result of the metric 
conversion for the 1994 edition rather than an intentional 
change in the magnitude of the control. The differences are 
shown in Figure 11. 

As shown in Figure 11, the gradients in the 1994 Green 
Book tend to have a reduced sensitivity to speed (i.e., flatter 
slope) and a more significant "break" in slope at 80 km/h 
when compared to the gradients in the 1990 Green Book. 
When expressed as a percentage change, the differences are 
most significant for the higher design speeds. In fact, for 
speeds in excess of 80 km/h, the runoff lengths obtained 
using the gradients recommended in the 1994 Green Book 
tend to be about 5.0 percent shorter than those obtained from 
previous editions of this document. 

Lateral Motion in the Superelevation 
Transition Section 

A kinematic analysis of the lateral accelerations acting on 
a vehicle traveling through a tangent-to-curve transition sec-
tion was conducted for this research. The results of this 
analysis indicated that all vehicles shift laterally in the tran-
sition section and that the magnitude of shift is influenced by 
the transition design. It was also noted that a non-zero lateral 
velocity at the end of the transition section could adversely 
affect side friction demand and steering stability. Additional 
details of this analysis are provided in Appendix D. 

The relationship between transition design and a vehicle's 
lateral motion at the end of the transition was examined for 
this research. The objective of this examination was to define 
transition design controls that minimize lateral motion. Equa-
tions for estimating lateral velocity and shift are described in 
Appendix D. Equations 16 and 18 in this appendix were used 
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Figure]]. Comparison of maximum relative gradients rec-
ommended in the 1990 and 1994 Green Books. 

to examine the relationship between runoff length, speed, 
steering time, and portion-of-runoff-prior-to-the-curve. The 
results of this examination are described in the remainder of 
this section. 

Evaluation Criteria 

As an overall goal, transition design elements should be 
sized such that a vehicle's lateral velocity and shift as it exits 
the transition section should be as small as possible. Recog-
nizing that this goal may not always be achievable for both 
travel directions, three evaluation criteria were established to 
define maximum deviations from the overall goal: 

Lateral velocity v1  should not exceed a rate equivalent 
to 0.3 m/s. 
Lateral velocity should not be in an outward direction 
(relative to the curve). 
Lateral shift y1  should not exceed 1.0 m. 

With regard to Criterion 1, Equation 16 in Appendix D 
was derived to predict lateral velocity in units of "meters shift 
per meter of forward progress." A more intuitive representa-
tion of this velocity can be attained by multiplying v1  by the 
vehicle's speed v, which yields units of "meters shift per sec-
ond." As indicated in Criterion 1, the velocity obtained from 
this product should not exceed 0.3 m of shift per second. 

The findings documented in Appendix D on the direction of 
lateral velocity (or drift) provide the motivation for Criterion 
2. It is argued that an outward drift during curve entry would 
require the driver to make a steering adjustment that would 
produce a path radius sharper than that of the roadway (i.e., a 
critical path radius). The negative aspect of this adjustment is 
that it produces a significant, momentary increase in side fric-
tion demand. It should be noted that the "outward" direction 
is defined to coincide with a positive lateral velocity for the 
left-hand (or outside) curve direction and a negative lateral 
velocity for the right-hand (or inside) curve direction. 

Criterion 3 listed above minimizes the potential for 
encroachment into adjacent lanes. Equation 18 of Appendix 
D was used for this evaluation. The value of 1.0 m was estab-
lished as an upper limit for the amount of shift based on the 
conservative assumption that the vehicle is located in the 
middle of the lane prior to entering the transition section. 

Superelevation Rates Associated 
with Excessive Lateral Shift 

A sensitivity analysis was conducted using Equation 18 
of Appendix D) to determine which design variables had 

the greatest influence on lateral shift. Variables considered 
included speed, superelevation rate, portion-of-runoff-prior-
to-the-curve, number-of-lanes-rotated, and radius. In order 
to minimize the number of variables, -the mathematical 
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relationship among superelevation rate, curve radius, and 
speed implied by the superelevation distribution method was 
used to eliminate radius. Specifically, it was determined that 
radius would be computed from the superelevation rate and 
95th percentile speed. The distribution method used is that 
recommended in Chapter 3, which is consistent with Green 

Book Method 5. 
Based on this analysis, it was found that speed and super-

elevation rate had a significant effect on lateral shift. In con-
trast, number-of-lanes-rotated and portion-of-runoff-prior-
to-the-curve in the range of 0.5 to 1.0 had negligible effect. 
In general, lateral shift increased with increasing supereleva-
tion rate and with decreasing speed. In fact, it was found that 
a limiting superelevation rate existed for each speed. In gen-
era!, rates in excess of the limiting rate were associated with 
lateral shifts of 1.0 m or more and an undesirable outward lat-
eral velocity. These limiting superelevation rates are shown 
in Figure 12. 

Both the 5` and 95'  percentile speeds were considered in 
the analysis of lateral shift. These speeds were obtained from 
Table B-6 of Appendix B. Based on a consideration of both 
percentile speeds, the 951 percentile speed was used to define 
the limiting superelevation rates shown in Figure 12. The 95th 

percentile speed was selected over the 5` percentile speed 
because larger shifts were predicted by Equation 18 (of 
Appendix D) for higher speeds. Thus, the 951h  percentile 
speed is recommended as the appropriate speed to use in 
defining limiting superelevation rates because slower speeds 
would be associated with less lateral shift. 

Portion of Runoff Prior to Curve 

Optimum Portion for One Travel Direction. Both compo-
nents of Equation 16 (of Appendix D) were examined to deter-
mine the relationship between runoff length, speed, steering 
time, portion-of-runoff-prior-to-the-curve, and lateral veloc 
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Figure 12. Superelevation rates associated with 1.0 m of 
lateral shift. 

ity. Specifically, these components were algebraically manip-
ulated to define a portion that would yield a lateral velocity of 
0.0 m/s. The resulting equations are as follows: 

0.5tv 	. 	0.5tv + L, 

Lr  
(11) 

Lr+Lt 	. 	
<0.5tv+L, 

2Lr 	
r,0 - 
	Lr  

where: 

Pr,0  = portion of superelevation runoff located prior to the 
curve that yields zero lateral velocity; 

Lr  = minimum length of superelevation runoff, m; 

L = minimum length of tangent runout (negative for left- 
hand curves), m; 

= steering time (= 2.8 s), s; and 
v = vehicle speed, m/s. 

The two components of Equation 11 are necessary because 
the driver's steering and the superelevation development are 
modeled to occur independently along the transition. In this 
regard, the first equation is appropriate when the steer is ini-
tiated after the superelevation rotation begins. In contrast, the 
second equation applies when the steer is initiated prior to the 
point where superelevation rotation begins. It should be noted 
that the variable for tangent runout length is represented as a 
negative quantity when Equation 11 is applied to left-hand 
(or outside) curves. 

Consideration of Both Travel Directions. Some general-
ization is possible regarding the two components of Equation 
11. Specifically, the first component always applies to the 
left-hand (or outside) travel direction for typical values of Pr, 
L1, and Lr. On the other hand, either component can be applic-
able to the right-hand (or inside) travel direction. The first 
component applies to right-hand curves with larger super-
elevation rates while the second component applies to right-
hand curves with smaller superelevation rates. 

Ideally, the portion of runoff located prior to the curve 
would be determined such that the lateral velocity is zero for 
both travel directions. Unfortunately, when each travel direc-
tion is considered separately, the value of Pr,0 appropriate for 
one direction does not always equal that for the other direc-
tion. From this finding, it is concluded that zero lateral veloc-
ity in both directions is not always attainable for a common 
value of Pr,0. As a result, it was determined that a compromise 
value of Pr0 would be needed that minimized the combined 
lateral velocity for both curve directions. 

Further analysis was conducted to determine the one value 
of Pr 0 that minimized the combined lateral velocity for both 
directions. The results of this analysis revealed there were two 
cases to consider: (1) when the first component of Equation 
11 applies to both directions and (2) when the first component 
applies to the outside curve direction and the second compo- 



29 

nent applies to the inside curve direction. Case 1 typically 
occurs for larger superelevation rates, Case 2 for lower rates. 
Application of Equation 11 for both cases revealed that Case 
1 occurs when 'r,O  from the first component of Equation 11 is 
larger than P,,o obtained from the second component. 

As the first component of Equation 11 applies to both curve 
directions for Case 1, it can be used to predict a value of Pr0  
that yields zero lateral velocity in both directions. Unfortu-
nately, this result cannot be obtained for Case 2. Further 
analysis for Case 2 indicated that the minimum combined lat-
eral velocity occurred when the lateral velocity for the inside 
direction is zero. This condition was always found to produce 
a small, negative velocity for the outside direction. The neg-
ative value of velocity was deemed acceptable because it 
implies an inward drift direction (i.e., it satisfies Criterion 2). 
Similarly, the magnitude of lateral velocity was found to be 
less than 0.3 m/s (i.e., it satisfies Criterion 1). Based on this 
analysis, it was determined that the second component of 
Equation 11 should be used to define Pr ,0  for Case 2. 

Defining Percentile Speed. A sensitivity analysis was 
conducted to determine if the 511  or 95th  percentile speed 
represented the controlling condition for defining Pr,0. Pr,0  
was computed for a wide range of 95' percentile speeds 
(i.e., 30 < V95  < 120 km/h), superelevation rates, and rotated 
lanes. For each combination, P,,0 was computed for the 95"  

percentile speed and then this value of Pr ,5  was used to com-
pute lateral velocity for both the 51 11  and 95"  percentile speeds. 
This pattern was repeated for a Pr,0  computed for the 5th  per-
centile speed. The trends shown in Figure 13 are fairly typi-
cal for the 95t  percentile speeds considered; however, the 
absolute value of lateral velocity tended to decrease for 95"  

percentile speeds greater than 30 km/h. 
Only the lateral velocity for the "worst-case" combination 

of speed and Pr,0  percentiles are shown in Figure 13. That is, 
if Pr ,0  was defined using the 5th  percentile, then it was evalu-
ated for its effect on vehicles traveling at the 9511  percentile  

speed because this group of vehicles does not have a Pr,O 

"optimized" for their speed. The lateral velocity corresponded 
to the defining percentile speed (e.g., v1  for the 95"  percentile 
speed when Pr ,0  was based on the 9511  percentile speed) is not 
shown in Figure 13 because it is, by definition, optimized to 
be zero in the inside direction and either zero or small-and-
inward for the outside direction. Based on this analysis, it 
was found that basing the value of Pr,o on the 51h  percentile 
speed yielded the best operating conditions (i.e., in terms of 
Criteria 1 and 2) for the distribution of speeds. 

Sensitivity Analysis. To illustrate the relationship between 
Pr ,0  and superelevation rate, Equations 5 and 10 were com-
bined with Equation 11 to produce the following equation: 

1- 
tVsL 

:Casel 
2ew n,b, 

Pr = Larger of: [ 	 (12) 

L0.5(1 
 + eNC 
	: Case 2 
e,/  

where: 

Pr  = portion of superelevation runoff located prior to the 
curve; and 

v,5 = 5'  percentile curve speed, m/s. 

The relationship between the 951  and 51l  percentile speeds is 
defined in Table B-6 of Appendix B. The subscript "0" in the 
variable Pr,0  is deleted in Equation 12 to recognize that zero 
velocity cannot be guaranteed for both travel directions in 
both cases (i.e., not in Case 2). 

Trend lines corresponding to the two components of Equa-
tion 12 are shown in Figure 14. The first component is rep-
resented by the thin lines; the second component is repre-
sented by the thick line. As discussed in the section titled 
"Consideration of Both Travel Directions," the larger value 
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of P, obtained from the two components of Equation 12 dic-
tates the applicable case condition (i.e., Case 1 or 2). This 
larger value was also found to provide the best, or "opti-
mum," operating conditions in terms of Criteria 1 and 2. 

Figure 14 also includes some indication of the conse-
quences of deviating from the optimal value of Pr. Values of 

Pr  falling below the thick trend line should be avoided 
because they are likely to be associated with excessively 
large outward lateral velocities. Similarly, values of Pr  falling 
above the dashed line should be avoided because the result-
ing lateral shift would likely exceed 1.0 m for faster drivers. 
This dashed line corresponds to the limiting superelevation 
rates described previously for Figure 12. 

Figure 14 indicates that the optimum value for P is 0.67 
when the 95th  percentile speed is 70 km/h and the superele-
vation rate is 6 percent (this observation is consistent with the 
finding reported in Appendix D for Figure D-23). Alterna-
tively, when the superelevation rate is 11.8 percent, the opti-
mum value of P. is 0.76. This example (and Figure 14 in gen-
eral) indicates that the optimum value of Pr  is moderately 
sensitive to superelevation rate. Unfortunately, recognition 
of this sensitivity in the portion-of-runoff-prior-to-the-curve 
control would overly complicate curve design by requirrng the 
selection of a unique value of P for each curve. It is recog-
nized that one value of P. that provides acceptable operation 
for the full range of superelevation rates would be most desir-
able from a design perspective. The development of this com-
promise value of P is described in the next few paragraphs. 

Desirable Values of the Portion Control. Based on the pre-
ceding paragraph, it was determined that a compromise value 
of P could be derived for each 95'  percentile speed. This one 
value would yield acceptable operating conditions for the 
range of available superelevation rates. The compromise  

value was obtained by solving for the value of P. at the inter-
section of the thin and dashed lines in Figure 14. This inter-
section point was computed using the limiting superelevation 
rates shown in Figure 12 and the first component of Equation 
12. The values of 'r  that result from this computation are 
listed in Table 13. 

The values Of Pr  listed in Table 13 represent a single com-
promise value for a given 95'  percentile speed. Theoreti-
cally, better values could be obtained for each speed and 
superelevation rate combination using Equation 12; how-
ever, such precision is not likely justifiable given the assump-
tions made to develop the underlying lateral motion model. 
The values listed in the table should minimize lateral veloc-
ity, prevent outward velocities (and associated critical radii), 
and prevent excessive lateral shifts. Moreover, they should 
provide these desirable characteristics for a wide distribution 
of speeds (i.e., 5`  percentile and above) and superelevation 
rates (i.e., 2 to 12 percent) for both travel directions through 
the transition. 

The values of Pr  listed in Table 13 generally fall within the 
range recommended in the Green Book (i.e., 0.6 to 0.8). 
However, they tend to be on the high side of this range. Addi-
tional analysis indicates that slightly smaller values of P. 
(i.e., those in the range of 0.6 to 0.7) will adequately serve 
drivers traveling at higher speeds but may increase the like-
lihood of an adverse outward lateral velocity for slower 
drivers. As mentioned previously, the values listed in Table 
13 serve both fast and slow drivers. It should be noted that 
the maximum relative gradients shown in Table 13 are taken 
from Table 111-13 in the 1994 Green Book, with the excep-
tion of those for speeds between 90 and 120km/h. Gradients 
for speeds in this range were derived from the data in Table 
111-14 in the 1990 Green Book (17) because of an apparent 
inconsistency in the metrication in the 1994 Green Book. 

TABLE 13 Portion of runoff located prior to the curve that minimizes lateral velocity and shift' 

95" % Curve 
Speed (km/h) 

5' % Curve 
Speed2  (km/h) 

Limiting Super- 
elevation Rate (%) 

Max. Relative 
Gradient3  (%) 

Portion of Runoff 
Before PC, P, 

30 17.8 8.2 0.75 0.82 

40 24.9 9.8 0.70 	. 0.81 

50 32.3 10.8 0.65 0.79 

60 	- 39.9 11.4 0.60 0.77 

70 -- 47.8 11.8 ----- -0.55-- 0.76 

80 55.8 12.0 0.50 0.75 

90 64.1 12.0 0.47 0.73 

100 72.5 12.0 0.44 0.71 

110 81.0 12.0 0.41 0.70 

120 89.6 12.0 0.38 0.69 

Based on one 3.6-rn lane rotated. 
2 5' percentile speeds obtained from Table B-6 of Appendix B. 

Maximum relative gradients for speeds between 90 and 120 km/h are based on the relationship between speed 
and gradient described in the 1990 Green Book (17). 
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CONTROLS FOR ALIGNMENT 
TRANSITION DESIGN 

This section presents the findings from a critical review of 
the guidelines provided in the Green Book for designing the 
alignment transition section. An alignment transition section 
consists of a spiral curve or a series of compound curves that 
transition the roadway from the tangent to the horizontal 
curve. The guidelines for alignment transition design are 
described primarily in Chapters III and IX of the Green Book. 
The review of these guidelines includes a synthesis of Green 
Book guidance, a summary of state DOT practice, and a dis-
cussion of some problematic design issues related to transi-
tion design. 

Review of Alignment Transition 
Design Controls 

This section describes the design controls and values that 
apply to alignment transition design. This design component 
has several controls reflecting the many elements associated 
with its design. The controls applicable to alignment transi-
tion design vary with functional classification, movement 
type, design speed, and transition type. For transition type, 
the controls are specific to the two types of curves used in the 
alignment transition section (i.e., the spiral curve and the com-
pound curve). The applicable design controls for the align-
ment transition are listed in Table 14. 

The compound curve as a transition design element is gen-
erally described in the Green Book as applicable to TR facil-
ities. The last three controls listed in Table 14 are described 
in sections dedicated to turning roadways in Green Book 
Chapters III and IX. 

To facilitate discussion of the alignment transition design 
controls, the term "tangent-to-curve" transition design is used 
herein to refer to the situation where compound or spiral cur-
vature is not used in the transition. Thus, in the tangent-to- 

curve design, the tangent section of the alignment intersects 
directly with the horizontal curve. There are no horizontal 
alignment-related controls associated with this design because 
there is no transition curve. 

It should be recognized that the Green Book does not rec-
ommend or require the use of a compound or spiral curve in 
the alignment transition section of a horizontal curve on any 
facility type. However, it does encourage the use of spirals 
on TR facilities and it lists their advantages in the section 
dealing with RHS facilities. As a result, the decision to use a 
transition curve is left to the discretion of the design engi-
neer, as directed by the design standards of the agency for 
which he or she works. 

The Green Book's treatment of transition design controls 
varies by the type of facility. The spiral curve is discussed in 
the context of both the RHS and low-speed TR facilities. The 
compound curve is addressed only in the context of both low-
and high-speed TR facilities. Neither type of transition curve 
is described for LS facilities. The tangent-to-curve design is 
assumed (by lack of comment to the contrary) to be applica-
ble to all three facility types. 

A survey of state DOTs that was conducted for this 
research indicated that only 5 of 37 (14 percent) responding 
states use compound curves in transition areas. Of these five 
state DOTs, representatives of most indicated that the spiral 
curve was generally preferred for transition design because 
it more closely follows the natural path of the driver. Based 
on this preference, the remainder of this section focuses on 
design guidelines and controls for the spiral curve transition. 

Spiral Curve Transition Guidance 

Green Book Guidance. The Green Book does not explic-
itly define the conditions where a spiral curve transition 
would be most helpful or when to use a spiral curve instead 
of the tangent-to-curve design. However, the Green Book 

TABLE 14 Design controls for alignment transition design 

Descriptor Control 
Type 

No. 
- 

Name Appli- 
 cation2  

Basis 

Class & Type 1 Functional Classification (urban..., rural...) both Specified 

2 Movement Type (through, turning) both Specified 

Design 
Control 

Basic 3 Design Speed both Specified 

4 Facility Type (RHS, LS, & TR)' both Based on 1, 2 & 3 

Element- 
Specific 

5 Max. Rate of Change in Lateral Acceleration spiral Based on 3 

16 Minimum Length of Spiral spiral Based on 3 to 5 

7 Maximum Ratio of Larger to Smaller Radius comp. Based on 1 & 3 

8 Maximum Deceleration Rate on Compound Curve I comp. Specified 

9 Minimum Length of Circular Arc I comp. Based on 1, 2 & 3 

RHS: All rural highways and high-speed urban streets; LS: Low-speed urban streets; TR: Turning roadways. 
2  "spiral": spiral curve transition; "comp." compound curve transition; "both": spiral and compound curve 
transitions.  
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does suggest that spirals may be appropriate for curves on 
RHS facilities that have a combination of "high speeds and 
sharp radii." The Green Book does discuss the use of spiral 
curves at the terminal portions of TR facilities and provides 
relatively detailed guidance on the design of these curves. No 
discussion is provided regarding the use of spiral curves on 
LS facilities; although it is noted that an equation from the 
"family" of spiral length equations is recommended for com-
puting the minimum superelevation runoff length. 

Spiral Guidance Used by Highway Agencies. A survey of 
state DOT design procedures was conducted to explore the 
DOT interpretations of and extensions to the Green Book 
guidance. This examination consisted of a review of 27 state 
DOT design manuals, a survey of engineers with 35 state 
DOTs, and a review of guideline documents published by 6 
foreign countries. One objective of this examination was to 
identify the conditions where one or more agencies believe 
that a spiral curve transition is warranted. 

Of the 27 state DOTs for which design manuals were 
obtained, 25 provided sufficient information on the topic of 
horizontal curve design to assess their policy on the use of 
spirals. A review of this information indicated that about 48 
percent of the state DOTs (12 of 25) surveyed have a policy 
regarding the use of spirals. However, a closer examination 
of the guidance provided in the design manuals indicates that 
only about 28 percent of the DOTs (7 of 25) require spiral 
curves and then only for specific conditions. These condi-
tions generally relate to the type of facility, its design speed, 
the curve superelevation rate, or its radius. Manuals for the 
remaining 20 percent of DOTs (5 of 25) that use spirals indi-
cate that spirals are desirable but not required. 

The state DOTs that provide guidance on when a spiral 
curve transition is appropriate typically do so by using one or 
two of the following controls: maximum radius, minimum 
superelevation rate, minimum design speed, minimum aver-
age daily traffic (ADT), and minimum spiral "throw" dis-
tance (i.e., circular curve offset). In addition to different com-
binations of these controls, the DOTs have identified a wide 
range of criteria for each control. Those controls that are 
related to speed and radius are shown in Figure 15. 

Also shown in Figure 15 is the guidance provided in the 
1984 Green Book (8). This guidance was initially provided 
in the 1954 AASHTO design,  policy for rural'highways (9). 
The authors of the 1954 policy determined that the maximum 
radius for use of spirals should correspond to those curves 
having a design superelevation rate of 3 percent (based on 
distribution Method 5). The specific guidance provided in 
these tables in the 1954 through 1973 Policies was "Spirals 
[are] desirable but not as essential above [the] heavy line" 
(i.e., "above" meaning superelevation rates less than 3 per-
cent). This guidance was changed in the 1984 Green Book to 
"Spirals [are] seldom used above the heavy line." As Figure 
15 indicates, two state DOTs continue to use this guidance. 

Maximum Radius for Use of Spiral (m) 

- 1984 Green Book, Iowa & Tennessee DOTs 	e - 6% 

- - -. Wyoming DOT 	
e 8% 

- other state DOTs 	 = 10% 

4% 
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Figure 15. Comparison of maximum radiifor use of spiral 
as defined by various agencies. 

Based on the trends in Figure 15, it appears that there is 
little consensus among the state DOTs on the speed and radius 
combinations that would benefit from the use of spiral curve 
transitions. A review of international guidance in this regard 
also indicated a general lack of consensus on conditions jus-
tifying or amenable to the use of spiral curves in the transi-
tion section. 

Minimum Spiral Length 

All Rural Highways and High-Speed Urban Streets. The 
Green Book authors encourage the use of spiral curve transi-
tions in recognition of their ability to provide a smooth tran-
sition between the tangent and circular curve portions of the 
horizontal alignment. The spiral curve transition is believed 
to introduce the lateral acceleration experienced by motorists 
in a gradual, constantly increasing manner up to that amount 
ultimately produced by the circular curve. 

The length of spiral is based on one of two approaches. 
One approach is to have its length equated to that needed for 
the superelevation runoff. The other approach is to make the 
spiral sufficiently long to maintain a "comfortable" rate of 
change in lateral acceleration. Because the former approach 
yields a longer minimum length, the Green Book authors rec-
ommend that it be used to define the minimum spiral length. 
Hence, Equation 5 is used to compute the minimum spiral 
length as well as the minimum runoff length. 

Low-Speed Urban Streets. The Green Book authors do not 
discuss alignment transition design for LS facilities. How-
ever, the equation provided for determining minimum runoff 
length (i.e., Equation 7) is used by some international agen-
cies to compute spiral curve transition length. The use of this 
equation implies that minimum spiral length and minimum 
runoff length should be equal, which is consistent with the 
guidance provided for RHS facilities. 
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Turning Roadways. Based on a review of guidance in 
Green Book Chapters III and IX, it appears that the Green 
Book authors recommend the use of either spiral or com-
pound curvature for turning roadways. With regard to the 
minimum spiral curve transition length, the following equa-
tion is recommended: 

Lsmin  = 0.0214 Xd. 	 (13) 
RC 

where: 

L min  = minimum length of spiral, m; 
Vd  = design speed, km/h; 
C = maximum rate of change in centripetal accelera-

tion, m/s'. 

The Green Book authors provide (in Table 111-17) recom-
mended maximum values for C and minimum values for R, 
because they apply to low-speed turning roadways. They use 
these values (in Equation 13) to define a minimum spiral 
length for each design speed; these minimums are listed in 
Table 15. They recognize the ambiguity of having a "mini-
mum" length defined by a "minimum" radius and note that 
these are minimum spiral lengths for use with the minimum 
radius and that "somewhat lesser lengths are suitable for 
above-minimum radii" (1, p. 198). 

Figure 16 compares the minimum length of spiral curve 
transition recommended by the Green Book for RHS and 
low-speed TR facilities. In general, these lengths are similar 
in magnitude and increase with increasing design speed. The 
use of trend lines for RHS facilities versus data points for TR 
facilities is a reminder of the differences in design flexibility 
permitted for each facility type as related to design speed, 
radius, and superelevation rate. 

Spiral Lengths Used by Highway Agencies. A survey of 
state DOT design procedures and a review of international 
agency guidelines was conducted for this research. One 
objective of this examination was to identify the guidance 
offered with regard to the minimum length of spiral curve 
transition. 

A review of the design manuals provided by the state 
DOTs indicated that the Green Book guidance on spiral 
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Figure 16. Comparison of minimum lengths of spirals for 
TR and RHS facility types. 

length is consistently followed by each DOT. Specifically, all 
of the DOTs that use spiral curves determine the length of 
runoff first and then set the spiral length equal to the runoff 
length. 

A review of international agency guidelines indicates that 
three types of controls are most commonly used to determine 
the minimum length of the spiral curve transition. These con-
trols include consideration of roadway appearance, motorist 
comfort, spiral effectiveness, and lateral shift. The appear-
ance consideration is reflected in the use of the maximum-
relative-gradient and minimum-travel-time controls. The 
comfort consideration is reflected in the use of a maximum-
rate-of-change-in-centripetal-acceleration control. The spiral 
effectiveness consideration is reflected in the use of a mini-
mum deflection angle control. This control ensures that the 
spiral is long enough to provide a shift in the lane that is con-
sistent with that produced by the vehicle's natural spiral path. 
The German (5) guideline defines minimum spiral length 
based on these considerations using the following equation: 

Lsmm n = 	 (14) 

Finally, the lateral shift consideration is reflected in the use of 
a minimum-lateral-offset control. This control has the same 
intent as the spiral effectiveness control. The Australian (2) 

TABLE 15 Minimum length of spiral for TR facilities 

Design Speed (km/h) C (rn/s3)' Radius, R (rn)' Runoff Length (m) 

30 1.2 25 19 

40 1.1 50 25 

50 1.0 80 33 

60 0.9 125 41 

70 0.8 160 57 

Values based on Green Book (1) Table 111-17. 
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guideline defines minimum spiral length based on these con-
siderations using the following equation: 

Ls,min  = J24Pmin R 	 (15) 

where: 

prnin = minimum lateral offset between the tangent and cir-
cular curve (= 0.25 m). 

The Australian guideline recommends that a minimum off-
set p 11, of 0.25 m be used to define the minimum radius. For 
moderate to small radii, the lengths obtained from Equation 
15 are similar to those obtained from Equation 14 when p11, 

is about 0.2 m. 
Several international guidelines (4, 5, 6, 7) suggest that the 

driver must also be able to look beyond the spiral to evaluate 
the curvature of the subsequent horizontal curve. Specifically, 
the U.K. (7) and French (4) guidelines suggest that drivers 
cannot perceive the true curvature of a bend when it is pre-
ceded by a "long" spiral. Their contention is that this situa-
tion promotes over-driving the curve, which increases the 
potential for "run-off-the-road" crashes. The French guide-
lines cite research conducted by Stewart et al. (18) who 
showed that curves with "long" spirals were associated with 
a high crash frequency. 

Like the U.K. and French guidelines, the Swedish (6) and 
German (5) guidelines also note the need to avoid long spi-
rals to avoid perceptual problems, especially on small radius 
curves. They recommend limiting spiral length to a value 
equal to the curve radius (i.e., L max = R). 

A lateral shift control has also been used to define maxi-
mum spiral length. The U.K. guideline (7) recommends lim-
iting the lateral offset to 1.0 m for sharper curves. The ra-
tionale for this control is that an excessive amount of lateral 
offset is inconsistent with the desired path of drivers upon  

curve entry. In addition, excessive offsets are generally asso-
ciated with longer spiral lengths and shorter radii. As dis-
cussed previously, this combination can make it difficult for 
the driver to detect the curvature of the subsequent horizon-
tal curve. The following equation is recommended in the 
U.K. guideline to define the maximum spiral length: 

Ls, max  = i4pmax R 	 (16) 

where: 

Pmax = maximum lateral offset between the tangent and cir-
cular curve (= 1.0 m). 

The French guideline (4) recommends that the spiral curve 
length be kept short to help drivers assess the curvature of the 
horizontal curve. This guideline includes an equation for pre-
dicting the "desired" spiral length. Larger lengths are accept-
able but not encouraged. Equation 16 yields lengths similar 
to that obtained from the equation in the French guideline for 
lateral offsets in the range of 0.5 to 1.0 m. 

The aforementioned controls for spiral length are com-
pared in Figure 17. In general, the trends in this figure suggest 
there is a relatively narrow range of spiral lengths suitable for 
any given radius. The gradient/travel time and comfort con-
trols indicate a need to increase the spiral length with increas-
ing curvature (= 1,000/R). On the other hand, the lateral shift 
controls indicate a need to decrease spiral length with increas-
ing curvature. The gradient/travel time and comfort controls 
are based on Equations 5 and 13, respectively, for a design 
speed of 70 km/h. For Equation 13, a maximum value of C 
equal to 1.2 rn/s3  is used to define the acceptable minimum 
spiral length. 

The minimum spiral length obtained from the gradient/ 
travel time control (as defined by Equation 5) is shown in 
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Figure 17. Comparison of alternative controls for defining spiral curve 
length. 
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Figure 17 with a thin trend line. This control is also shown 
to have no effect on the feasible spiral length region. This 
approach was taken because the gradient and travel time con-
trols are based primarily on aesthetic considerations. Logi-
cally, a higher priority in spiral length determination should 
be given to motorist comfort and safety. For this reason, the 
feasible region boundaries shown in Figure 17 are based on 
the comfort and lateral shift controls. 

Issues Related to Alignment Transition Design 

The advantages of the spiral curve transition have been 
documented by several researchers (14, 15, 19, 20, 21, 22, 
23). These researchers have based their findings on both field 
observation and simulation. Collectively, these studies found 
that spirals have the following attributes (relative to a tangent-
to-curve transition): 

A more gradual and comfortable change in lateral 
acceleration and truck roll angle (15, 21), 
A reduced peak side friction demand (14, 19), 
A path more consistent with the path drivers naturally 
take when entering a curve (14), and 
A reduction in crash risk by about 5 percent under some 
conditions (20, 22). 

Blue et al. (15) used simulation to study the effect of spi-
ral curve transition design on the side friction demand and 
body roll of large trucks. Harwood et al. (21) (who collabo-
rated with Blue and later summarized their study findings) 
concluded that spiral curves reduced the lateral acceleration 
acting on trucks but that the magnitude of this reduction is so 
small (i.e., about 0.01 g) that "the use of spirals is unlikely to 
provide a major reduction in rollover accidents." 

Zegeer et al. (20) conducted a study of crash history at 
10,900 horizontal curves located on two-lane highways in 
the state of Washington. Based on this study, Zegeer reported 
that spiral curves may reduce overall crash frequency by 2 to 
9 percent, the exact amount dependent on the corresponding 
horizontal curve's radius and its central angle. An overall 
reduction of 5 percent was reported to be "most representa-
tive of the effect of spiral transitions." 

The effect of spiral curve transitions on crash frequency 
was also examined by Council (22). Council re-examined the 
data assembled by Zegeer et al. (20). He used linear logistic 
modeling to quantify the effect of curve geometry and road-
way cross section on the probability of one or more crashes 
in a 5-year period. As a result of his examination, Council 
concluded that spirals can reduce crash probability on hori-
zontal curves in level terrain when the curve radius is less 
than 600 in. He also recommended that spirals seldom be 
used in mountainous terrain but, if used, that the roadway 
include wider lane and shoulder widths. 

Lamm et al. (23) recently completed a synthesis of research 
on spiral curve transition safety. Based on their findings, they  

concluded that spiral curve transitions are likely to reduce 
crash risk when the horizontal curve radius is 200 in or less 
(23, p.  9.2). They also recommend the use of the tangent-to-
curve transition for radii of 800 in or greater (1,000 in or more 
when the design speed is 105 km/h or greater) (23, p.  12.18). 

The potential disadvantages of spiral curve transitions have 
been noted by several researchers. Most notably, Stewart (24) 
has questioned the usefulness of the spiral curve transition. 
He has argued that the spiral curve "hides" the true curvature 
of the roadway from the driver. He presents evidence that a 
consequence of this perceptual deception is that the driver 
overestimates the curve radius when it is preceded by a spi-
ral curve. As a result, the resulting side friction demand is 
often larger than desired and may reach unsafe levels. 

As mentioned previously, the French (4) guideline recog-
nizes the merit of Stewart's argument and supporting data 
(18, 24). As a result, the French guideline recommends 
avoiding long spirals because they are most likely to deceive 
drivers. 

Visual recognition of the curve beginning was noted in 
Appendix D as an essential component in the driver's vehicle 
control process. A tangent-to-curve design maximizes the 
driver's ability to detect the beginning of the curve and to ini-
tiate the curve steer maneuver process in a safe and efficient 
manner. In contrast, a spiral curve hides the introduction of 
curvature, which enhances the appearance of the roadway (1, 
p. 175) but may also make it more difficult for the driver to 
perceive the curve and navigate the transition sections. 

Lateral Motion in the Alignment 
Transition Section 

The relationship between spiral length and a vehicle's lat-
eral motion at the end of the transition was examined using 
the lateral motion model described in Appendix D. The 
objective of this examination was to identify the effect of 
existing transition design controls on vehicle lane position 
and lateral velocity while traveling through the transition. 
The results of this examination are described in the follow-
ing sections. 

Evaluation Criteria 

As an overall goal, transition design elements should be 
sized such that a vehicle's lateral velocity and shift, as it exits 
the transition section, should be as small as possible. Recog-
nizing that this goal may not always be achievable for both 
travel directions, three evaluation criteria were established to 
define maximum deviations from the overall goal: 

Lateral velocity v1  should not exceed a rate equivalent 
to 0.3 m/s. 
Lateral velocity should not be in an outward direction. 
Lateral shift y1  should not exceed 1.0 m. 
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An explanation of each of these criteria was provided previ-
ously in "Lateral Motion in the Superelevation Transition 
Section." 

Lateral Acceleration 

Equation 32 in Appendix D was used to examine the rela-
tionship between spiral length and peak lateral acceleration. 
A range of speeds was considered for this evaluation. Also 
considered was the location of the traffic lane with respect to 
the curve direction (i.e., the inside lane of a curve to the right 
and the outside lane of a curve to the left). The relationship 
between peak acceleration and spiral length for a 95 th  per-
centile curve speed of 70 km/h is shown in Figure 18. 

As the trend lines in Figure 18 indicate, the peak lateral 
accelerations for both curve directions have a nearly com-
mon minimum value. This minimum value occurs at spiral 
lengths of 50 and 54 in for the inside and outside curve direc-
tions, respectively. The minimum acceleration is near zero 
for the outside direction and is about 0.1 m/s' for the inside 
direction. Further examination of the equation predicting lat-
eral acceleration (i.e., Equation 32, Appendix D) indicates 
that the minimum acceleration for the outside movement 
occurs when spiral length is equal to the product of steering 
time t, and speed v. 

Lateral Velocity 

Controls for Spiral Length. Equation 35 of Appendix D 
was used to evaluate the effect of spiral length on lateral 
velocity. Two cases were considered for this evaluation; 
however, for both cases, spiral length was set equal to and 
concurrent with the superelevation runoff length. For the first  

case, the minimum runoff/spiral length was based on the fol-
lowing equation: 

we/ 
n1 b,,, 

L = Larger of: 	 (17) 
t Vc 
S36 

where: 

L, = minimum length of spiral, in; 
= maximum relative gradient, percent; 

b,. = adjustment factor for number of lanes rotated; 
w = width of one traffic lane (typically 3.6 m), in; 
ed  = design superelevation rate, percent; 
t. = steering time (= 2.8 s), s; 

V. = curve speed, km/h; and 
n1  = number of lanes rotated, lanes. 

For the second case, only the first component of Equation 17 
was used to define runoff/spiral length. 

Equation 17 contains two components—each representing 
a separate control. The first component represents the gradi-
ent control where runoff/spiral length is defined by the max-
imum relative gradient. The second component represents 
the "steering time" control where runoff/spiral length equals 
the distance traveled during the typical ramp steering maneu-
ver (as discussed in Appendix D). The larger of these two 
controls is used to define runoff/spiral length. 

The results of the analysis are shown in Figure 19. The 
thick lines shown represent the resulting lateral velocity when 
the spiral length is determined using the first case (i.e., both 
components); the dashed lines represent the second case. 

As the trends in Figure 19 suggest, the exclusive use of the 
gradient control (i.e., Case 2) yields widely varying lateral 
velocities. The addition of the steering time control (i.e., 
Case 1) moderates the lateral velocities over the range of 
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superelevation rates to which it applies (i.e., rates below 8.5 
percent). For both cases considered, the gradient control 
applies when the superelevation rate exceeds 8.5 percent. 
This limiting superelevation rate can be computed by setting 
both components of Equation 17 equal to one another and 
solving for superelevation rate. 

The trends in Figure 19 indicate that imposition of the 
steering time control has a significant effect on lateral veloc-
ity. Specifically, this control results in the lateral velocity in 
the outside direction being equal to zero and the lateral veloc-
ity in the inside direction being equal to a small negative (or 
outward) value. This latter tendency results from the steer 
maneuver being implemented prior to the start of the super-
elevation in the inside direction. 

Closer examination of the steering time control indicates 
that its use has both an advantage and a disadvantage. Its 
advantage is that it improves curve operation by reducing the 
combined lateral velocity for both directions. Its disadvantage 
is that the small negative lateral velocity produced for the 
inside curve direction is outward. A velocity in the outward 
direction is undesirable because it implies that the driver will 
have to adopt a "critical" travel path radius (i.e., R <R) to halt 
the resulting drift. Overall, it is believed that the advantage 
outweighs the disadvantage and that the use of the steering 
time control improves overall vehicle operations. 

These findings, combined with those from the analysis of 
peak lateral acceleration, indicate that a runoff/spiral length 
approximately equal to the travel time during the steer maneu-
ver should yield desirable operating conditions. Spiral lengths 
that are not equivalent to this steer distance, such as those dic-
tated by the gradient control, may produce undesirably large 
peak lateral accelerations and lateral velocities. This finding 
is consistent with concerns raised by Stewart (24) regarding 
spiral lengths larger than the "natural" spiral that results from 
the driver's steering behavior during curve entry. 

Defining Percentile Speed. A sensitivity analysis was 
conducted to determine if the 5" or 95th percentile speed 
represented the controlling condition for defining minimum 
spiral length based on the steering time control. Spiral length 
was computed for a wide range of 	percentile speeds (i.e., 
30< V95  < 120 km/h), superelevation rates, and rotated lanes. 
First, spiral length was computed for each combination based 
on the 95th percentile speed. This length was then used to 
compute the lateral velocity corresponding to a vehicle trav-
eling at the 5" and at the 95 th  percentile speeds. Finally, this 
pattern was repeated for a spiral length based on the 5"  per-
centile speed. The trends shown in Figure 20 are fairly typi-
cal for the 9511  percentile speeds considered; although, the 
absolute value of lateral velocity tended to decrease for higher 
95th percentile speeds. 

Only the lateral velocity for the "worst-case" combination 
of speed and percentile-based length are shown in Figure 20. 
That is, if spiral length was defined using the 5th  percentile, 
then it was evaluated only for its effect on vehicles traveling 
at the 9511  percentile speed. This approach was followed 
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Figure 20. Effect of alternative definitions of minimum 
length of spiral on lateral velocity. 

because lateral velocity for the "defining" percentile was 
negligibly small, as illustrated by the thick lines in Figure 19. 

As shown by the trend lines in Figure 20, basing the spiral 
length on the 5t  percentile speed has a decided advantage 
over basing it on the 95"  percentile speed. In particular, it can 
be seen that the lateral velocities for vehicles traveling at the 
95th percentile speed (on a spiral with length based on the 51h 
percentile speed) will be both small and inward (i.e., they are 
consistent with Evaluation Criteria 1 and 2) when the super-
elevation rate is less that 7.0 percent. This result is not pro-
vided when spiral length is defined by the 95th  percentile 
speed. As a result, it is concluded that basing runoff/spiral 
length on the 5th  percentile speed will yield the best operat-
ing conditions for the distribution of speeds in a typical traf-
fic stream. 

Peak Lateral Acceleration. The impact of basing spiral 
length on the 5th  percentile speed was also investigated in 
terms of the resulting peak lateral acceleration. As expected, 
vehicles traveling at the 5t9  percentile speed had negligible 
peak lateral acceleration (this expectation is based on the 
discussion associated with Figure 18). This trend was found 
to be consistent for the range of 95th  percentile speeds (i.e., 
30 < V95  < 120 km/h) considered. 

The peak lateral acceleration for the 95"  percentile driver 
was found to be small but not negligibly small. This acceler-
ation results from the 95th percentile driver initiating the ramp 
steer maneuver prior to the start of the spiral. In other words, 
the desired balance among spiral curvature, superelevation 
rotation, and steer-induced lateral acceleration is not achieved 
for the 95'  percentile driver when spiral length is based on 
the behavior of the 5t  percentile driver. 

The peak acceleration experienced by the 95"  percentile 
driver (when traveling on a spiral with length defined by the 
5th percentile speed) was examined further to determine if 
the magnitude of this acceleration could be generalized. 
Based on this analysis, it was concluded that the peak lateral 
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acceleration for the 95"  percentile driver was about three-
tenths (0.3) of the centripetal acceleration a,. This can be com-
pared to a peak lateral acceleration of 0.5 a, found for the 
tangent-to-curve design. It should also be noted that these 
peaks are minimum values that would be realized when both 
transition types have runoff/spiral lengths defined using the 
equations described previously (i.e., Equation 5 for the 
tangent-to-curve and Equation 17 for the spiral curve transi-
tion). 

The findings from this analysis were used to make rela-
tive comparisons between the peak lateral accelerations of 
the spiral and tangent-to-curve transition design. Specifi-
cally, it appears that a well-designed, tangent-to-curve tran-
sition produces a peak lateral acceleration about 67 percent 
(= 1 - 0.5/0.3) larger than that produced by a spiral curve tran- 

sition. This trend is consistent with the findings of Glennon 
et al. (14) whose simulation data indicate that maximum side 
friction demands for the tangent-to-curve transition are about 
50 to 60 percent larger than those of the spiral curve transition. 

Lateral Shift 

Equation 36 of Appendix D was used to evaluate the effect 
of spiral length on lateral shift. Trends similar to those shown 
in Figure 19 were obtained as a result of this analysis. In par-
ticular, lateral shift was nominal for small superelevation 
rates and excessively large when the limiting superelevation 
rate was exceeded. More important, it was found that lateral 
shifts less than 1.0 m are achieved when spiral length is based 
on the steering time control. 
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This chapter describes the guidelines and control values 
recommended for use in designing horizontal curves for 
streets, highways, and turning roadways. These guidelines 
and values are developed from the separate consideration of 
theoretic principles, field data, and current practice. Details 
of the theoretic modeling and field data analysis are reported 
in Appendices A, B, C, and D. The findings from these 
efforts are reported in Chapter 2 as is a synthesis of the guide-
lines and control values being used in practice. 

The recommended design guidelines and control values 
are presented in three sections. The first section describes the 
guidelines and values that control the selection of super-
elevation rate and radius for a horizontal curve. The second 
section describes the guidelines and values that control the 
length and location of the superelevation transition section. 
The last section describes guidelines and values that control 
the need for and length of the spiral curve transition. 

CONTROLS FOR HORIZONTAL 
CURVE DESIGN 

This section describes the recommended guidance and 
controls for horizontal curve design. Specifically, the follow-
ing controls are discussed in this section: 

Curve Design Speed 
Maximum Design Side Friction Factor 
Minimum Radius 
Minimum Radius with Normal Cross Slope 
Superelevation Distribution 

Curve Design Speed 

Definition 

Most curve design controls are sensitive to design speed, 
as noted previously with regard to Tables 1, 8, and 14. This 
sensitivity allows the elements of the curve to be sized such 
that a majority of drivers are able to navigate the curve in a 
safe and comfortable manner. For this reason, it is important 
that all controls that constrain element size be consistent in 
their association with the intended design speed. 

Topographic constraints may occasionally require the 
design of sharp radius curves. The findings reported in 

Appendix A indicate that drivers tolerate sharp radius curves; 
however, they do so through a "compromise" approach. Spe-
cifically, they allow a small reduction in speed along the 
curve and tolerate a small increase in side friction demand 
(both relative to the speed and friction values intended by the 
designer). 

In recognition of the drivers' tendency to reduce speed on 
sharp curves, the concept of "curve design speed" is coined 
for this research. Curve design speed is defined as the design 
speed associated with the curve. It is generally equal to the 
design speed of the roadway; however, it can be slightly 
below the roadway's design speed if an acceptable speed 
reduction is identified and used for the sharper curves. Thus, 
the curve design speed is equal to the roadway design speed 
less the magnitude of the acceptable speed reduction. 

This definition of curve design speed provides the con-
ceptual framework necessary for the uniform development of 
curve design controls. However, a more quantitative defini-
tion is essential to the consistent evaluation of existing con-
trols and the accurate calibration of any new controls. The 
Green Book authors provide some guidance on the speed 
appropriate for curve design. Specifically, they indicate that 
the 95"  percentile speed of the passenger car traffic stream is 
representative of a curve's design speed (1, pp.  193-194). 

There is also a need to address vehicle density in the def-
inition of curve design speed. In this regard, the curve 
design speed definition is refined to represent the speeds of 
"freely flowing" passenger cars. As a result, curve design 
speed reflects speeds during low-volume conditions where 
vehicle density does not influence driver speed choice. 

In summary, curve design speed is defined as the expected 
95th percentile speed of freely flowing passenger cars on the 
curve. For design applications, curve design speed is equiv-
alent to the 95'  percentile approach speed less an amount 
equal to the acceptable speed reduction associated with the 
curve. This speed reduction would be negligible for moder-
ate to large radius curves but could have a small positive 
value for sharper curves. 

Context 

The recommended definition of curve design speed is pri-
marily intended to clarify (rather than change) the Green 
Book design guidance for curve design. The notion of an 
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acceptable speed reduction in the context of curve design 
speed may appear to be a significant change from existing 
guidance. However, the models developed in Appendix A 
demonstrate that modest speed reductions currently result 
from the use of the Green Book's maximum design side fric-
tion factors and curves of near-minimum radius. Thus, speed 
reductions result from the application of existing controls; 
the curve design speed concept provides a means of formally 
recognizing this result. 

The benefit of explicitly recognizing "curve design speed" 
and "acceptable speed reduction" in the curve design process 
is that the designer is more aware of the implications of using 
sharp radius curves. As will be shown in "Minimum Radius," 
the minimum radius for each design speed recommended 
by the Green Book is essentially unchanged by these defi-
nitions, provided that the acceptable speed reduction ranges 
from 3 to 5 km/h. 

Maximum Design Side Friction Factor 

Percentile Value for Design 

The side friction models described in Appendix A provide 
a logical basis for establishing maximum side friction factors 
for design. Their representation of an upper percentile of the 
driver population provides a conservative nature to the design 
process, consistent with that used to define other design con-
trols in the Green Book. Of the two percentiles considered in 
the development of these models (i.e., 85' and 951), the 9511  

percentile provides the more appropriate level of coverage 
for curve design. 

The rationale for recommending the 95th  percentile side 
friction demand as the basis for design is based primarily on 
consideration of the probability of "failure." Unlike the 
issue of stopping sight distance, where several "rare" events 
must combine to produce possible failure in the form of a col-
lision, curve speed is the only "random" variable that dictates 
the successful negotiation of the curve (as it relates to side 
friction demand and Equation 2). In this context, failure is 
represented by an uncomfortable level of lateral acceleration 
and not by the loss of vehicle control. 

Failure in stopping sight distance design requires that the 
reaction time, deceleration rate, and speed criteria will be at 
or below their "worst-case" values for a given driver. For 
example, if 85' percentile values of each control are used to 
define stopping sight distance, the probability of failure is 
about 1 in 300 (= [1 - 0.85]- ). However, if this level of 
safety were also provided in curve design, the 99.7" per-
centile side friction demand (= 1 1/300) would need to be 
used. Practical considerations preclude the use of such an 
extreme value. On the other hand, the 85"  percentile side 
friction demand is probably too low because 15 percent of 
drivers would have side friction demands in excess of the 
design value. Therefore, the 95'  percentile side friction  

demand is believed to offer an appropriate compromise value 
for design applications. 

Friction Factors for Curve Design 

The side friction demands of both passenger cars and heavy 
trucks were evaluated for this research. The following equa-
tion was developed for predicting the side friction demand of 
the 95"  percentile passenger car: 

fD,95,pc = 0.243 - 0.00187 Va, 95,pc 

+ (0.0135 - 0.0067 ITR)  dv95 . 	 (18) 

where: 

fD,9s,pc = side friction demand factor for the 95 percentile 
passenger car; 

= 95"  percentile passenger car approach speed, 
km/h; 

dv95,. = 95"  percentile passenger car speed reduction 

(= Va, 95, pc - Vc, 95, pc) km/h; 
1'c,95,pc = 95"  percentile passenger car curve speed, km/h; 

and 

'5k = indicator variable (1 for turning roadways; 0 
otherwise). 

A similar relationship was developed for the 95"  percentile 
truck. This relationship is as follows: 

tic = 0.222 0.00140 Va 95 tk 

+ (0.0101 - 0.0063IrR)dv95, k 	 ' 	(19) 

where: 

fD, 95, tk = side friction demand factor for the 95"  percentile 
heavy truck; 

Va,95, tic = 95"  percentile heavy truck approach speed, km/h; 
dy95 tic = 95t9 percentile heavy truck speed reduction 

(= Va, 95, fk - 	95, tic ), km/h; and 
Vc,95 , tic 

= 951 percentile heavy truck curve speed, km/h. 

Additional discussion regarding the development of these 
models and their implications to curve design are provided in 
Appendix A. 

A comparison of Equations 18 and 19 indicated similar 
side friction demands for both car and truck drivers. Specif-
ically, it was found that truck drivers demand slightly less 
side friction on low-speed facilities than do passenger car 
drivers (and slightly more friction on high-speed facilities). 
However, from a practical standpoint, the differences in fric-
tion demand are not significant for the two vehicle types. 
Therefore, it is recommended that the side friction factors for 
passenger cars be used to define the maximum side friction 
demand factors for curve design. In this regard, Equation 18 
is redefined as follows: 



fd,max = 0.243 - 0.00187 Va, 95  
+ (0.0135 - 0.0067 ITR)dV95 	 (20) 

where: 

fd, max = maximum design side friction factor; 

Va95 = 95th percentile approach speed, km/h; 
dv95 = 95' percentile speed reduction (= Va  95 - V 

km/h; and 
= 95' percentile curve speed (i.e., curve design 

speed), km/h. 

Hereafter, the factors obtained from Equation 20 are referred 
to as the "maximum design side friction factors" to denote 
that they represent maximum values for design applications. 

Equation 20 includes the effect of speed reduction on side 
friction demand. Use of this equation to define the maximum 
design side friction factors requires determining what degree 
of speed reduction is acceptable. The side friction demand 
factor coincident with no speed reductionfa,o  logically repre-
sents a desirable value for the maximum design side friction 
factor. A curve designed to require a side friction demand 
equal to or less than fd,o  would operate with no speed reduc-
tion along the curve. However, in recognition of the desir-
ability of providing a balance between motorist safety and 
construction cost, it may be more practical to designate a 
non-zero speed reduction for curve design. This speed reduc-
tion would be used with the side friction model to define an 
acceptable maximum design side friction factorfd, 

Based on the discussion in the preceding paragraph, a 
compromise speed reduction was used to define one maxi-
mum design side friction factor for each design speed. The 
compromise speed reduction was based on consideration of 
the measured speed reductions of cars and trucks on numer-
ous curves as well as the implications of the corresponding 
friction factors on minimum radii for design. Based on these 
considerations, the acceptable speed reduction used to define 
the maximum design side friction factors was established at 
3.0 km/h for design speeds of 90 km/h or less. For design 
speeds greater than 90 km/h, the acceptable speed reduction 
is gradually increased; with a maximum reduction of 4.55 

km/h at 120 km/h. 
The recommended maximum design side friction factors 

are shown in Figure 21. These factors were computed from 
Equation 20 using the acceptable speed reductions noted in 
the preceding paragraph. It should be noted that the afore-
mentioned speed reductions, when used with Equation 20, 
specifically apply to passenger cars. However, Equation 19 
can be used to show that the recommended friction factors 
equate to truck speed reductions that are very similar to those 
of passenger cars. 

The recommended maximum design side friction factors 
reflect conditions found on street and highway curves. Sim-
ilar levels of side friction demand were also observed on 
turning roadways; however, the speed reductions were found  
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Figure 21. Maximum design side friction factors. 

to be about twice those on streets and highways. A larger 
speed reduction on turning roadways is logical because driv-
ers on these roadways anticipate sharp curvature and a sig-
nificant speed reduction as they transition between intersect-
ing facilities. 

Minimum Radius 

The minimum radius is a limiting value of curvature that 
is associated with a side friction demand equal to the design 
maximum when the curve has maximum superelevation and 
is traveled at the curve design speed. Use of sharper curva-
ture would call for superelevation beyond the limit consid-
ered practical or side friction beyond the design maximum or 
both. Thus, the minimum radius is a significant control in 
horizontal alignment design. 

Equation 2 defines the relationship among radius, side 
friction demand, and superelevation rate. This equation was 
used to develop the following equation for calculating the 
minimum radius: 

- 	(Va, 95 - dy95)2  
(21) Rmin - 

127(0.Olemax  +fd max) 

where: 

Rmin  = minimum radius at maximum superelevation rate, 
m; and 

emax  = maximum superelevation rate, percent. 

Recommended minimum radii for each combination of 95th 
percentile approach speed, maximum design side friction 
factor, and maximum superelevation rate are listed in Table 
16. As noted previously, the speed reductions listed were 
selected in part to minimize differences between the radii 
recommended in Table 16 and those included in Green Book 
Table 111-6. 



TABLE 16 Recommended minimum radius using maximum superelevation and side friction 

95' Percentile 
Approach 

Speed (km/h) 

Speed 
Reduction 

(km/h) 

Curve Design 
Speed 
(km/h) 

Max. Design 
Side Friction 
Factor,f,a. 

Minimum Radius (m) 

Max._Superelevation Rate, e 	(%) 

4 6 8 10 12 

30 3.00 27 0.227 21 20 19 18 17 

40 3.00 37 0.209 43 40 37 35 33 

50 3.00 47 0.190 76 70 64 60 56 

60 3.00 57 0.171 121 1 	111 102 94 88 

70 3.00 67 0.153 183 166 152 140 129 

80 3.00 77 0.134 268 241 218 200 184 

90 3.00 87 0.115 385 341 306 277 254 

100 3.25 96.75 0.100 526 461 409 369 335 

110 3.90 106.10 0.090 1 	682 591 521 467 422 

120 4.55 115.45 0.080 875 1 	750 656 583 525 
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The speed reductions listed in Table 16 correspond to val-
ues observed on sharper curves, as described in Appendix A. 
Larger reductions will likely result if curve radii smaller than 
those listed are used. Experience indicates that the speed 
reductions listed in Table 16 represent a reasonable compro-
mise between the designer's occasional need to use sharp 
radius curves and desire to maintain a consistent design 
speed along the roadway. 

Minimum Radius with Normal Cross Slope 

The minimum-radius-with-normal-cross-slope is defined 
as the smallest radius that can be used on a roadway with a 
normal cross section without causing an undesirable level 
of lateral acceleration. The normal cross slope is defined as 
the cross slope used in the typical cross section on tangent 
alignments. It equals or exceeds the minimum cross slope, 
as described in Chapter 2. By definition, radii smaller 
than the minimum-radius-with-normal-cross-slope would 
require superelevation at a rate at least equal to the normal 
cross slope rate. 

The guidance provided by the Green Book authors with 
regard to the cross slope used to define the minimum-radius-
with-normal-cross-slope control is limited to RHS facilities. 
For this facility type, the Green Book authors assume a nor-
mal cross slope of 1.5 percent. They do not specify a normal 
cross slope rate nor discuss a minimum-radius-with-normal-
cross-slope for LS or TR facilities. It should be noted that a 
review of state DOT design manuals indicated that most 
DOTs define the normal cross slope as 2.0 percent for both 
RHS and LS facilities. 

Equation 2 was modified to develop an equation for com-
puting the minimum radius with normal cross slope. The fol-
lowing is the resulting equation: 

(Va, 95 - dy95 )2  
RNC= 

127 (O.OleNc+fNc) 	
(22) 

where:. 

RNC = minimum radius with normal cross slope, m; 
eNC = normal cross slope rate (typically —1.5 to —2.5 per-

cent), percent; and 

fNc = maximum side friction with adverse cross slope. 

As the terms in this equation indicate, the minimum-radius-
with-normal-cross-slope is dependent on the normal cross 
slope rate and the maximum friction with adverse cross 
slope. It is recommended that this radius be based on pas-
senger car speed because this speed is typically larger than 
that of trucks. As a result, a minimum radius based on pas-
senger car speed will yield a truck side friction that is below 
the maximum side friction level (i.e.,fNc). 

The dependence of Equation 22 on friction also suggests 
some association with facility type. The Green Book authors 
have defined appropriate levels of side friction for each facil-
ity type. For LS facilities, the Green Book authors recommend 
that side friction demand on the sharpest curves equal the 
design maximum. Hence, the minimum radius for LS facilities 
would logically be based on fNc  being equal to .the maximum 
design side friction factorfdm , as defined by Equation 20. 

For RHS facilities, the Green Book authors do not explic-
itly define a specific value for JNC  Rather, the parabolic dis-
tribution equation that underlies Distribution Method 5 must 
be "back-solved" to determine the radius that corresponds to 
a recommended design superelevation rate of 1.5 percent 
(i.e., the normal ,cross slope rate). This solution technique 
was used to develop Green Book Table 111-12 (1, p.  172). The 
values in this table indicate that fNc  varies from 0.031 to 
0.038 for speeds ranging from 30 to 120 km/h. 

A review of design guideline documents from several inter-
national highway agencies indicated that there is no consen-
sus on the magnitude of the maximum side friction controlfnc. 
The Swedish (6), Australian (2), and U.K. (7) guidelines rec-
ommend a constant value for this control. The German (5) 
guideline recommends that fNc equal 10 percent of the maxi-
mum design side friction factor; thus, fNc  decreases with 



increasing design speed. In contrast, only the United States 
(i.e., Green Book) and Canadian (3) guidelines use distribution 
methods that indirectly produce values for fNc  that increase 
with increasing design speed. In addition, Australia, Germany, 
and the U.K. recommend values of fNc  that collectively lie 
in the range of 0.05 to 0.10. As a result, their values for the 
minimum-radius-with-normal-cross-slope are much smaller 
than those recommended in the Green Book. 

After considering the aforementioned range in interna-
tional practice, it is recommended that the maximum side 
friction demand control fNc  be defined as a constant value. 
This approach would represent a deviation from the proce-
dure used in the Green Book to define the minimum-radius-
with-normal-cross-slope control for RHS facilities (i.e., it 
currently is a by-product of the parabolic distribution equa-
tion). However, it offers the benefit of simplicity of com-
putation and elimination of its dependence on distribution 
method. In addition, the use of a constant value for fNc is 
more consistent with international practice and is more defen-
sible from a theoretic standpoint. 

Based on the preceding discussion, the following values 
are recommended for use in determining the minimum radius 
with normal cross slope: 

eNC = —2.0% 	fNC,RHS = 0.04 	fNC,L5 = fd,max 

It should be noted that the value of fNc  for RHS facilities (i.e., 
0.04) implies a minimum nominal speed reduction, as it 
relates to Equation 20, for 95"  percentile approach speeds of 
110 and 120 km/h. In particular, Equation 20 can be used to 
compute speed reductions of 0.20 and 1.58 km/h for speeds 
of 110 and 120 km/h, respectively. For LS facilities, an 
acceptable speed reduction of 3.0 km/h was considered rea- 
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sonable and consistent with observed driver behavior. More-
over, this level of speed reduction yields minimum radii that 
are very similar to those recommended in the Green Book (1, 
Figure 111-18). 

The recommended values for minimum-radius-with-
normal-cross-slope obtained from Equation 22 are listed in 
Table 17. The values listed in Green Book Table 111-12 and 
shown in Figure 111-18 are also repeated in this table for com-
parative purposes. 

A comparison of the recommended minimum radii (as 
listed in Table 17) with those provided in the Green Book 
indicates that they are in general agreement. For RHS facili-
ties, the recommended radii are within ±10 percent of the 
Green Book values (except for the 30 and 40 km/h approach 
speeds where the recommended radii are 20 percent smaller 
than the Green Book values). For LS facilities, the recom-
mended radii are within ± 4 in of the Green Book values. 

Superelevation Distribution 

The distribution of superelevation rate and side friction 
demand is described in this section. Initially, boundary values 
for minimum and maximum superelevation rates are defined. 
Then, these boundary values are used to evaluate the super-
elevation rates recommended in the Green Book. Finally, 
modifications to the Green Book distribution methods are 
described that overcome some of their observed limitations. 

Controlling Superelevation Rates 

This section describes the development of equations that 
bound the region of acceptable superelevation rates. For this 

TABLE 17 Recommended minimum radius with normal cross slope 

951h % 
Approach 

Speed (km/h) 

RHS Facilities LS Facilities 

95th % Speed 
Reduction' 

(km/h) 

Minimum 
Radius 

(m) 

Green Book' 
Mm. Radius 

(m) 

95"  % Speed 
Reduction3  

(km/h) 

Minimum 
Radius 

(m) 

Green Book' 
Min. Radius 

(m) 

30 0.00 354 450 3.0 28 24 

40 0.00 630 800 3.0 57 54 

50 0.00 984 1,110 3.0 102 101 

60 0.00 1,417 1,520 3.0 169 171 

70 0.00 1,929 2,000 3.0 266 270 - 

80 0.00 2,520 2,480 

90 0.00 3,189 3,010 

100 0.00 3,937 3,680 

110 0.20 4,746 4,240 

120 1.58 5,521 4,960  

Speed reduction implied by the specification of fNc  0.04, as it relates to Equation 20. 
2 Minimum radius listed in Green Book Table 111-12 (1, p.  172). 

Speed reduction used in Equation 20 to determinef (=fa, 
Minimum radius obtained from Green Book Figure 111-18 (1, p.  190). 
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purpose, an equation is developed that predicts the minimum 
superelevation rate that can be used without causing exces-
sive side friction demand. A second equation is developed 
that predicts the maximum superelevation rate that can be 
used without causing excessive counter steer. These extreme 
behaviors are associated with undesirable operating condi-
tions that can reduce the level of safety for drivers. The min-
imum and maximum rates described in this section reflect the 
side friction demands of both passenger car and truck drivers. 

Minimum Superelevation Rate Based on the 95' Percentile 
Driver. The minimum superelevation rate suitable for curve 
design should be that rate necessary to ensure that the side 
friction demand of the majority of drivers is not excessively 
large. The intent of this control is to minimize the portion of 
drivers that would have a side friction demand in excess of the 
maximum comfortable limit (as a result of a combination of 
high speed, small superelevation rate, or both). The problems 
associated with an excessively high side friction demand are 
a reduced margin of safety and a large speed reduction upon 
curve entry, both of which have adverse safety implications. 

The minimum superelevation rate is intended to provide a 
safe design for all but the fastest drivers. Thus, this control is 
based on the side friction demand of the 95th percentile 
driver as defined by the distribution of speeds. The maximum 
side friction demand associated with this control would be 
that value corresponding to the threshold of motorist com-
fort, as defined by the maximum design side friction factor. 

The relationship among superelevation rate, side friction 
demand, speed, and radius that is necessary to quantify this 
control is defined in Equation 2. Specifically, this equation 
can be used to compute the minimum superelevation rate 
when the speed is assumed equal to the curve design speed 

(= Va95 - dv95 ) and the side friction demand is equated to the 
maximum design side friction factor fd,max.  Thus, the mini-
mum superelevation rate is computed as follows: 

emn  95 = 
loo( 	

- dy95)2 
_fdmax) 	 (23) 

127R 

where: 

emin 95 = minimum superelevation rate based on the 951h 
percentile driver, percent; and 

R = radiusof curve;m —  

The minimum superelevation rates for passenger cars and 
heavy trucks, as predicted by Equation 23, are shown in Fig-
ure 22. The trend lines shown in this figure correspond to a 
95th percentile passenger car approach speed of 70 km/h and 
an acceptable speed reduction of 0 km/h; hence, the curve 
design speed is also 70 km/h (= 70 - 0). The slope of each 
line increases for higher speeds. If a small speed reduction 
(say, 3 to 5 km/h) were considered acceptable for design, 
then the trend lines would shift downward slightly. 
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Figure 22. Minimum superelevation rates for passenger 
cars and heavy trucks. 

Development of the trend lines shown in Figure 22 required 
the identification of "concurrent" 95t percentile speeds for 
the passenger car and heavy truck vehicle classes. In this 
regard, concurrent speeds are those that would be found to 
occur for the respective vehicle types on the same facility, in 
the same traffic stream, and under the same environmental 
conditions. A relationship between the speeds of these two 
vehicle classes was defined for this research using car and 
truck speeds observed on numerous roadways. Analysis of 
these data indicated that a 95"  percentile passenger car speed 
of 70 km/h is consistent with a 95'  percentile truck speed of 
64.0 km/h. Additional details of this relationship are pro-
vided in Appendix B. 

A comparison of the car and truck trend lines in Figure 22 
indicates that passenger cars require a larger minimum rate. 
This trend is consistent for all 95th  percentile passenger car 
speeds in the range of 30 to 120 km/h. Thus, the passenger 
car (i.e., the faster vehicle type) represents the design vehi-
cle for this control. 

Maximum Superelevation Rate Based on the 51  Percentile 
Driver. The maximum superelevation rate suitable for curve 
design should be that rate necessary to ensure that the side 
friction demand of the majority of drivers is not excessively 
small. The intent of this control is to minimize the portion of 
drivers that would have a side friction demand less than zero 
(because• of- a combination of slow speed, large supereleva-
tion rate, or both). The problem associated with a negative 
side friction demand is that it requires drivers to steer in the 
opposite direction of the curve (i.e., to counter steer), which 
is logically unsafe. 

This maximum superelevation rate is intended to provide 
a safe design for all but the slowest drivers. Thus, this con-
trol is based on the side friction demand of the 5t  percentile 
driver as defined by the distribution of speeds. The minimum 
side friction demand associated with this control would be 
that value corresponding to the side friction experienced on 
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a tangent roadway segment with a normal cross slope. Chap-
ter IV of the Green Book indicates that "Cross slopes up to 
2.0% are barely perceptible as far as effect on vehicle steer-
ing is concerned. . . "(1, p.  330). Thus, a minimum side fric-
tion demand was conservatively established as —0.015, cor-
responding to a cross slope of 1.5 percent. 

The relationship among superelevation rate, side friction 
demand, speed, and radius that is necessary to quantify this 
control is defined by Equation 2. Specifically, this equation 
can be used to compute the maximum superelevation rate 
when the speed is assumed equal to the 511  percentile curve 
speed and the side friction demand is equated to —0.0 15. Thus, 
the maximum superelevation rate is computed as follows: 

ema. 5 = 100 ((V
a  5— dy5)2 + o.ois) 	 (24) 
127R 

where: 

emaxs = maximum superelevation rate based on the 5"  per-
centile driver, percent; 

Va,5 = 51h percentile approach speed, km/h; 
dv5 = 51h percentile speed reduction (= V,5 - V,5), km/h; 

and 
= 511  percentile curve speed, km/h 

The maximum superelevation rates for passenger cars and 
heavy trucks, as predicted by Equation 24, are shown in Fig-
ure 23. For comparative purposes, the minimum superele-
vation rate trend lines from Figure 22 are also .shown. The 
trend lines shown in this figure correspond to a 95t  per-
centile passenger car approach speed of 70 km/h and an 
acceptable speed reduction of 0 km/h; hence, the curve 
design speed is also 70 km/h (= 70 - 0). The slope of the 
lines corresponding to the maximum rate increase for higher 
speeds. If a small speed reduction (e.g., 3 to 5 km/h) were  

considered acceptable for design, then the line slope would 
decrease slightly. 

Development of the trend lines shown in Figure 23 required 
the identification of concurrent 511  percentile speeds for the 
passenger car and heavy truck vehicle classes, when the 95'  

percentile passenger car speed is defined to be 70 km/h. A 
relationship between the speeds of these two vehicle classes 
was defined for this research using car and truck speeds 
observed on numerous roadways. Analysis of these data indi-
cated that a 95' percentile passenger car speed of 70 km/h is 
consistent with a 51  percentile car speed of 47.8 km/h and a 
51h percentile truck speed of 46.3 km/h. The relationship used 
to estimate these speeds is described in Appendix B. 

A comparison of the car and truck trend lines in Figure 23 
indicates that heavy trucks require a smaller minimum rate 
because of their lower speed. This trend is consistent for all 
951h percentile passenger car speeds in the range of 30 to 120 
km/h. Thus, the heavy truck represents the design vehicle for 
this control. 

Further examination of Figure 23 indicates that the mini-
mum and maximum superelevation rate controls intersect at 
a common superelevation rate and radius. In Figure 23, this 
intersection occurs at a superelevation rate of about 11 per-
cent and a radius of 170 in (i.e., a curvature of 5.9 km 1 ). 
This intersection point shifts toward the right as the accept-
able speed reduction increases beyond 0.0 km/h. Over a 
range of speed reductions, this point represents the maxi-
mum superelevation rate for the 5uI  percentile driver (i.e., it 
extends Equation 24). 

Equations 23 and 24 can be combined to determine the 
aforementioned maximum superelevation rate when the 
acceptable speed reduction dv exceeds zero. The equation 
resulting from this combination is as follows: 

rvfdmax+O.OlS 
e ax  = 100 

1 - r, 	
(25) 

 

with 

12 
Suoerelevation Rate (%) '(Va  5,1k - dy5 1k)2 

r =- dv95,)2 	
(26) 
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Figure 23. Maximum superelevation rates for passenger 
cars and heavy trucks. 

where: 

e ax  = maximum superelevation rate based on the 5" per-
centile driver (dv > 0), percent; and 

r = speed ratio. 

The maximum rate obtained from Equation 25 can be com-
bined with Equation 23 or 24 to obtain the corresponding 
minimum radius. The result of this combination with Equa-
tion 23 is as follows: 

a mifl  
= 	(Va5  - dy95)2 	

(27) 
127 (0.01e ax  ±fd,max) 
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where: 

= minimum radius based on the 5"  percentile driver 
(dv>0),m. 

Equations 20, 25, and 27 were used to compute the maxi-
mum superelevation rate based on the 51  percentile driver and 
the corresponding minimum radius for a range of 95"  per-
centile approach speeds. The speed reductions assumed for 
this computation are those listed in Table 16. The resulting 
superelevation rates and minimum radii are listed in Table 18. 

Superelevation and Radius Regions. Figure 24 illustrates 
five regions of superelevation and curvature for a 951  per-
centile approach speed of 70 km/h and acceptable speed reduc-
tions of 0 and 5 km/h. This approach speed and speed reduc-
tion correspond to curve design speeds between 65 and 70 
km/h. The five regions are defined by the controls described in 
the previous two sections. 

The equations used to develop the trend lines in Figure 24 
required estimating several speeds; all of these estimates 
were based on a 95'  percentile approach speed of 70 km/h. 
These estimates include the concurrent 5 th percentile truck 
approach speed and the acceptable reduction in the 51  per-
centile speed. All of these estimates were based on equations 
described in Appendix B. 

The trend lines in Figure 24 create five regions of possible 
combinations of superelevation rate and radius. Regions A 
and B include combinations suitable for curve design because 
they reflect the best operational characteristics. Region A rep-
resents "desirable" combinations as they would provide 
almost all motorists with an acceptable level of side friction 
demand (i.e., -0.015 <fD <fd,max) and no speed reduction. In 
other words, the superelevation rates and radii in this region 
satisfy the two controls defined in Equations 23 and 24. 

Region B represents "acceptable" combinations because 
they would provide almost all motorists with an acceptable 
level of side friction demand and a speed reduction less than 
5 km/h. However, the braking associated with a speed reduc- 
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Figure 24. Regions of superelevation rate and radius com-
binations as defined by the minimum and maximum super-
elevation rate controls. 

tion effectively consumes some of the friction supply and 
thereby, reduces the friction margin of safety. This margin of 
safety may be further reduced on sharp downgrade curves 
because some additional braking is needed for speed mainte-
nance. Hence, combinations in Region B may not be appro-
priate for curves on steeper downgrades (e.g., 5 percent or 
more), especially for facilities with significant truck traffic. 

The remaining three regions should be avoided in design 
because they compromise one or both of the aforementioned 
controls. Region C represents combinations of rate and 
radius that would yield large negative friction demands for 
slower drivers (e.g., truck drivers). Region D represents com-
binations that would yield both large negative friction 
demands and speed reductions between 0 and 5 km/h. Region 
E represents combinations that produce speed reductions in 
excess of 5 km/h. 

Regions of acceptable combinations of superelevation rate 
and radius can be developed for each 95'  percentile speed. 
Examples of this type of development are provided in 
Figures 25 and 26. Also shown for comparative purposes are 

TABLE 18 Maximum superelevation rate based on the 5 1h  percentile driver 

95th Percentile 
Approach Speed 

(km/h) 

SpeedReduction 
(km/h) 

Curve Design 
Speed 

 (km/h) 

Maximum e, 

(%) 

Minimum R, 
R 
(m) 

30 3.00 27 12.2 16.4 

40 3.00 37 13.5 31.4 

50 3.00 47 14.1 52.5 

60 3.00 57 14.3 81.4 

70 3.00 67 14.3 119.5 

80 3.00 77 13.9 171.2 

90 3.00 87 13.2 241.6 

100 3.25 96.75 12.6 326.4 

110 3.90 106.10 12.3 416.2 

120 4.55 115.45 11.9 527.7 
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Figure 25. Regions of acceptable superelevation rate and 
radius combinations for a 95 percentile approach speed of 
30 km/h. 

the superelevation rates (and corresponding distribution 
methods) recommended in the Green Book. The percent-
ages shown in each figure correspond to the maximum super-
elevation rate associated with each distribution curve. It is 
assumed that the Green Book design speed is equivalent to 
the 95"  percentile approach speed for this comparison. 

The trends shown in Figures 25 and 26 suggest that some of 
the superelevation rates recommended in Green Book Tables 
111-7 through HI-il may subject slower drivers to negative side 
friction demands. This problem is most notable for the lower 
design speeds, as suggested by Figure 25. However, the prob-
lem also occurs for the larger maximum superelevation rates 
at the higher design speeds, as suggested by Figure 26. 

As shown in Figure 25, the trend lines associated with the 
recommended minimum superelevation rate control (i.e., 
Equation 23) and Distribution Method 2 are similar in slope. 
This similarity stems from their common basis in Equation 2 
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Figure 26. Regions of acceptable superelevation rate and 
radius combinations for a 95"  percentile approach speed of 
110 km/h. 

and their use of the maximum design side friction factor. The 
slight difference between the slopes is due to the maximum 
side friction demand factors used to define each control. In 
general, the recommended minimum superelevation rate 
would be effectively equal to that obtained from Method 2 if 
a curve speed reduction of about 3 km/h were allowed. 

Superelevation Distribution Method 
for RHS Facilities 

The Green Book distribution of superelevation rate for RHS 
facilities (i.e., Method 5) is based on the desire to emphasize 
superelevation and minimize side friction demand. However, 
based on the discussion in the preceding sections, this distri-
bution method has some deficiencies: 

It violates the maximum-superelevation-rate-based-on-
the 5t/percentile driver  control (i.e., Equations 24 and 
25) under some conditions, as noted in the discussion 
of Figures 25 and 26. 
Its use of separate distribution curves for each candi-
date maximum superelevation rate (e.g., 6 percent, 8 
percent) and design speed leads to violation in design 
consistency, as noted in the discussion of Table 6. 

The recommended distribution method is intended to sat-
isfy the Green Book authors' desire to emphasize super-
elevation as well as resolve the aforementioned deficiencies. 
The recommended distribution method is based on the fol-
lowing equation: 

* (R.in *

)n  
(28) 

with 

ln(—O.OleNc) - ln(O.Oieax) 	
(29) 

In (R) - In (RNc) 

where: 

ed  = design superelevation rate, percent; 
eax = maximum superelevation rate based on the 5" per- 

centile driver (dv > 0), percent; 
Rmm  = minimum radius based on the 5ih  percentile driver 

(dv>0),in; 
n = shape factor; 

In (x) = natural log of x; and 
R = radius of curve, in. 

This equation satisfies two logical boundary conditions. 
First, it predicts a design superelevation rate equal to e 55  
when the curve radius equals Rmi.. Second, the shape factor 
n obtained from Equation 29 forces Equation 28 to predict a 
design superelevation rate equal to the normal cross slope 



rate when the curve radius equals RNC. The resulting values 
of ii, range from 0.59 to 0.76 for design speeds ranging from 
30 to 120 km/h. As these values are all less than 1.0, the dis-
tribution curve has a concave shape that emphasizes super-
elevation over side friction. 

Kanellaidis (25) has shown that the distribution method in 
the German highway design guideline (5) is equivalent to 
Equation 28 when ii = 0.76. Thus, the recommended distri-
bution method is generally consistent with the distribution 
method used by German engineers. 

The recommended distribution method does not explicitly 
include the 
percentile-driver control, as predicted by Equation 24. How-
ever, an examination of Equation 28 (as calibrated by Equa-
tion 29) indicates that the distributed superelevation rates are 
very consistent with this control. Specifically, the rates from 
Equation 28 yield side friction demands for trucks that are 
always larger than - 0.024. While this value is lower than the 
recommended minimum sided friction demand of —0.0 15 for 
some radii, the difference is not of practical significance and 
the range of radii affected is small. Thus, the use of Equation 
28 effectively overcomes Deficiency 1 and the use of one dis-
tribution "curve" for a given 951  percentile approach speed 
overcomes Deficiency 2. The recommended distribution is 
shown in Figure 27 for a 95' percentile approach speed of 70 
km/h and an acceptable speed reduction of 3 km/h. 

All state DOTs have defined a maximum superelevation 
rate (i.e., 4, 6, 8, 10, or 12 percent) based on practical con-
siderations of climate, terrain, area type, and the frequency 
of slow-moving vehicles. This maximum superelevation rate 
can be "imposed" on the recommended distribution defined 
by Equation 28. In this regard, if Equation 28 yields a super-
elevation rate larger than the agency-defined maximum rate, 
then the latter rate would be used instead of that obtained 
from Equation 28. Recognition of an imposed maximum 
superelevation rate in conjunction with Equation 28 provides 
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Figure 27. Recommended superelevation distribution for 
RHS facilities. 
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the necessary sensitivity to these practical considerations. It 
also allows for the use of multiple maximum rates. 

Figure 27 illustrates the "imposition" of an 8.0 percent max-
imum superelevation rate on the recommended distribution. In 
this situation, Equation 28 would be applicable to radii that 
yield a computed superelevation rate of 8.0 percent or less. 
Therefore, as indicated in Figure 27, this equation is applica-
ble to radii of 249 in (i.e., 4.0 km') or larger. Equation 28 
yields larger superelevation rates for radii less than 249 in; 
however, such rates would not be used because they exceed 
the imposed maximum rate of 8.0 percent. Hence, the imposed 
rate of 8.0 percent is used for these smaller radii. The imposed 
maximum rate of 8.0 percent would apply to radii over the 
range of 152 to 249 in (i.e., 6.6 to 4.0 km). Of course, radii 
between 152 in (6.6 km) and 201 in (5.0 km') would be 
associated with a speed reduction between 0 and 3 km/h. 

One drawback from the use of an imposed maximum 
superelevation rate is that it eliminates the guarantee of design 
consistency for those superelevation rate and radius combi-
nations falling on the "imposed" portion of the distribution. 
These particular rates and radii may also be obtained from 
the distributions for other maximum superelevation rates 
provided the agency allows consideration of multiple maxi-
mum rates. For example, Figure 27 indicates that a radius of 
250 in (4.0 km) could have a design superelevation rate of 
4, 6, or 8 percent (if the agency recognizes these three rates 
as acceptable maximum rates). Fortunately, this overlap only 
occurs for smaller radii; unique values of rate and radius will 
always exist for the larger radii. In fact, unique values will 
always exist if the agency allows only one maximum super-
elevation rate. 

The recommended distribution is shown in Figure 27 as 
being "stair-stepped" to illustrate the range of feasible radii 
for integer superelevation rates. In this regard, it is also rec-
ommended that the presentation of superelevation rate-radius 
guidance in the Green Book be based on integer supereleva-
tion rates (e.g., 3, 4, 5 percent) and a corresponding range of 
applicable radii. Values at each stair "corner" represent the 
application of Equation 28 to compute the radius R twice; 
once using ed - 0.5% and then again using ea  + 0.5%. This 
approach corresponds to a superelevation rate precision of 
±0.5 percent. 

	

There are two advantages to using integer superelevation 	- 

	

—rates. First, they yield unique combinations of rate and radius 	- 
for a given design speed; thus, they promote design consis-
tency. Second, integer superelevation rates are more consis-
tent with the limits of cross slope construction tolerance. 

There is one exception to the recommended use of integer 
superelevation rates. For higher speeds, it is recommended 
that the precision be reduced to ± 0.25 percent such that super-
elevation rates of 2.5, 3.5, 4.5, 5.5, and 6.5 percent may also 
be used. This modification is intended to ensure unique radius 
and superelevation combinations. In other words, if 2.5 per-
cent were not used to define a range of radii for 90 km/h, the 
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resulting radius ranges for integer rates of 2 and 3 percent 
would overlap with those for 80 and 100 km/h speeds. 

The use of integer superelevation rates is not expected to 
have an adverse impact on curve speed. This expectation is 
based on an examination of the relationship between speed 
change, superelevation rate precision, and radius. Specifi-
cally, Equation 2 was differentiated to determine the desired 
relationship. The resulting equation is as follows: 

dv= 	- de 	 (30) 

This equation indicates that a superelevation precision de 
of ± 0.5 percent equates to a variation in speed dv of less than 
± 4 km/h over the range of typical radii and design speed 
combinations. Moreover, the speed variation is less than 
± 1.5 km/h for sharper radii (which are of greater concern 
from the standpoint of safety and operations). In other words, 
a driver's speed would be essentially indifferent to the use of 
a 6.0 or 7.0 percent superelevation rate (or any other pair of 
rates that differ by no more than 1.0 percent) on a sharp 
curve. The use of a precision of ±0.025 percent for smaller 
superelevation rates reduces the aforementioned speed vari-
ation by 50 percent. 

Tables 19 and 20 represent the recommended supereleva-
tion distribution tables for RHS facilities. Table 19 presents 
superelevation rate and radius combinations for high-speed 
streets and highways. Table 20 presents combinations for 
low-speed rural highways (low speed is defined herein as 
design speeds between 30 and 70 km/h). The radius ranges 
in each table are designed to yield the desired unique rela-
tionship among speed, radius, and rate. The only exception 
to this trend is with the combination of low superelevation 
rates and high speeds; however, the degree of range overlap 
in radius is minimal. 

In general, the radii in the columns labeled "High" and 
"Low" define the maximum and desirable minimum radii for 
a given 95 th  percentile approach speed and superelevation 
rate. Radii in each range represent the horizontal part of a 
"step" in the stair-stepped form of the distribution. If the 
superelevation rate coincides with the imposed maximum 
superelevation rate, then the radius provided in the column 
labeled "Mm. dv = x" (where x = 3, 4, or 5) can be consid-
ered the minimum acceptable radius. Thus, for supereleva-
tion at the maximum rate, the range of candidate radii is 
thereby expanded to include all radii from the "High" value 
to the "Mm. dv = x" value. Radii equal to the "Mm. dv = x" 
value have superelevation and side friction at their maximum 

TABLE 19 Superelevation distribution table for high-speed streets and highways 

Super- 95"  Percentile Approach Speed (km/h) 
elevation 80 90 100 110 120 
Rate ea  

(%) ______________________  Range of Design Radii (m)  

High Low dv=0 Mm. High Low dv=0 Mm. High Low dv=0 Mm. High Low dv=0 Mm. High Low dv=0 Mm. 
dv3 dv=3 dv3 dv'4 dv5 

NC tan. 2,520 -- -- tan. 3,189 -- -- tan. 3,937 	-- -- tan. 4,746 -- -- tan. 5,521 -- -- 

2 2,520 2,139 -- -- 3,189 2,714 -- -- 3,937 3,356 	-- -- 4,746 4,053 -- -- 5,521 4,727 -- -- 

2.5 2,139 1,619 -- -- 2,714 2,062 -- -- 3,356 2,557 	-- -- 4,053 3,097 -- -- 4,727 3,628 -- -- 

3 1,619 1,283 -- -- 2,062 1,640 -- -- 2,557 2,039 	-- -- 3,097 2,475 -- -- 3,628 2,911 -- -- 

3.5 1,283 1,052 -- -- 1,640 1,348 -- -- 2,039 1,680 	-- -- 2,475 2,043 -- -- 2,911 2,411 -- -- 

4 1,052 884 378 268 1,348 1,136 556 385 1,680 1,418 	820 526 2,043 1,727 1,232 682 2,411 2,044 1,935 875 

4.5 884. 757 -- -- 1,136 975 -- -- 1,418 1,219 	-- -- 1,727 1,488 -- -- 2,044 1,765 -- -- 

5 757 618 -- -- 975 798 -- -- 1,219 1,065 	-- -- 1,488 1,301 -- -- 1,765 1,547 -- -- 

5.5 -- -- -- -- -- -- -- -- 1,065 941 	-- -- 1,301 1,151 -- -- 1,547 1,372 -- -- 

6 618 490 329 241 798 635 474 341 941 797 	679 461 1,151 1,030 979 591 1,372 1,230 na 750 

6.5 -- -- -- -- -- -- -- -- -- -- 	-- -- 1,030 929 -- -- 1,230 1,111 -- -- 

7 490 402 -- -- 635 522 -- -. 797 657 	-- -- 929 806 -- -- 1,111 967 -- -- 

8 402 337 291 218 522 440 412 306 657 554 	579 409 806 682 na 521 967 820 na 656 

9 337 289 -- -- 440 377 -- -- 554 477 	-- -- 682 587 -- -- 820 708 -- -- 

10 289 251 261 200 377 329 365 277 477 416 	na 369 587 513 na 467 708 620 na 583 

11 251 222 -- -- 329 290 -- -- 416 368 	-- -- 513 454 -- -- 620 550 -- -- 

12 222 197 na 184 290 259 na 254 368 335 	na 335 454 422 na 422 550 525 na 525 

NC: normal cross slope (2,0 percent assumed). 
2 

	

	"High": maximum radius for corresponding superelevation rate and design speed. "Low": desirable minimum radius. "dv=0": smallest radius for which 
there is no speed reduction. "Mm. dv'x": minimum radius at maximum superelevation and side friction; corresponds to a speed reduction of x km/h. 
"na": radii between the High and Low values are associated with some speed reduction. "tan.": tangent section (i.e., infinite radius). 
All superelevation rate and radius combinations in this table represent preferable values for turning roadways. 



50 

TABLE 20 Superelevation distribution table for low-speed rural highways 

Super- 95" Percentile Approach Speed (km/h) 
elevation 
Rate e,, 

30 40 50 60 70 

(%) Range of Design Radii (m) 

Low dv=0 Mm. 

!~EE 

0 Mm. High 

_______

High Low dvO Mm. High Low dv=0 Mm. High Low dv0 Mm. 
dv'3 dv=3 dv3 dv3 dv3 

NC tan. 354 -- -- tan. 630 -- -- tan. 984 	-- -- tan. 1,417 -- -- tan. 1,929 -- -- 

2 354 243 -- -- 630 443 -- -- 984 704 	-- -- 1,417 1,025 -- -- 1,929 1,406 -- -- 

3 234 137 -- -- 443 261 -- -- 704 425 	-- -- 1,025 629 -- -- 1,406 873 -- -- 

4 137 89 31 21 261 176 60 43 425 291 	104 76 629 437 166 121 873 612 254 183- 

5 89 64 -- -- 176 128 -- -- 291 216 	-- -- 437 326 -- -- 612 460 -- -- 

6 64 48 29 20 128 98 55 40 216 168 	94 70 326 256 149 111 460 363 224 166 

7 48 37 -- -- 98 79 -- -- 168 135 	-- -- 256 208 -- -- 363 297 -- -- 

8 37 30 27 19 79 64 51 37 135 112 	86 64 208 173 134 102 297 249 201 152 

9 30 25 -- -- 64 54 -- -- 112 95 	-- -- 173 148 - -- 249 212 -- -- 

10 25 21 25 18 54 46 47 35 95 82 	79 60 148 128 123 94 212 184 182 140 

11 21 18 -- -- 46 40 -- -- 82 71 	-- -- 128 112 -- -- 184 162 -- -- 

12 18 17 na 17 40 35 na 33 71 63 	na 56 112 99 na 88 162 144 na 129 

NC: nonnal cross slope (2.0 percent assumed). 
2 	'High": maximum radius for corresponding superelevation rate and design speed. "Low": desirable minimum radius. "dv=0": smallest radius for which 

there is no speed reduction. "Mm. dv=x": minimum radius at maximum superelevation and side friction; corresponds to a speed reduction of x km/h. 
"na": radii between the High and Low values are associated with some speed reduction. "tan.": tangent section (i.e., infinite radius). 
All superelevation rate and radius combinations shown in this table represent preferable values for turning roadways. 
A rate of 4.0, 6.0, 8.0, or 10 percent is considered the desirable maximum superelevation rate for low-speed turning roadways. 

design levels. These radii yield average speed reductions of 
3, 4, or 5 km/h, as indicated by the variable x. 

The column labeled "dv = 0" defines the smallest radius 
associated with no speed reduction. The range of radii between 
the values in the columns labeled "dv = 0" and "Mm. dv = 
are associated with speed reductions from 0 to x km/h (where 
x = 3, 4, or 5). For the higher superelevation rates, the range 
of radii denoted by the "High" and "Low" colunms lies within 
the range of radii associated with a speed reduction. In this 
situation, there is no radius available that is associated with 
a "zero" speed reduction; this condition is identified with the 
notation "na." In general, radii associated with a speed reduc-
tion should be avoided for downgrades of 5 percent or more 
on facilities with significant truck traffic. This guidance is 
based on the fact that braking associated with speed reduc-
tion and with speed maintenance on downgrade effectively 
consume some of the friction supply. In combination, these 
factors can significantly reduce the friction margin of safety 
(especially for trucks). 

As noted in Chapter 2, "Effect of Lateral Shift on the 
Travel Path Radius," the effective radius of the travel path 
may be larger than that of the roadway curve. This condition 
is limited to relatively short curves and may not occur fre-
quently in practice. However, if the curve length is less than 
140 m, the effective path radius may be much larger than that 
of the roadway. If this situation exists, the effective radius 
can be computed as the sum of the roadway curve radius and 
the increase-in-radius dr (from Equation 3). This effective  

radius may be considered during the selection of an appro-
priate superelevation rate from Table 19 or 20. 

To illustrate the use of Tables 19 and 20, consider a high-
way with a 951 percentile approach speed of 110 km/h and 
an imposed maximum superelevation rate of 6.0 percent. If a 
radius of 2,000 m is being used by the designer, Table 19 
indicates that the design radius lies in the range of 1,727 to 
2,043 m which corresponds to a superelevation rate of 4.0 
percent. However, if a radius of 900 m is needed, then the 
design superelevation rate will be limited by the 6.0 percent 
imposed rate. Because this value is smaller than the "dv = 0" 
radius of 979 m, a speed reduction will be incurred by 
motorists. This reduction can be estimated as 0.8 km/h by 
interpolation (= 4 * (979 - 900)/(979 - 591)). Alternatively, 
Equation 7 in Appendix A can be used to compute a curve 
design speed of 109.4 km/h, which corresponds to a speed 
reduction of 0.6 km/h. The minimum acceptable radius that 
could be.considered for this design is 591 m, which would - 
correspond to a curve design speed of 106 km/h (= 110— 4). 

Superelevation Distribution Method 
for LS Facilities 

The Green Book distribution of superelevation rate for LS 
facilities (i.e., Method 2) is based on the desire to minimize 
superelevation in urban areas. As a result, this method max-
imizes side friction demand. Moreover, it does not share the 
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two deficiencies associated with Method 5 (as discussed in 
the previous section). Unlike the guidance for RHS facilities, 
the Green Book does not recommend values for the minimum-
radius-with-normal-cross-slope RNC and normal-cross-slope-
rate eNC  áontrols for LS facilities. 

The distribution method recommended herein is intended 
to minimize superelevation as well as to explicitly recog-
nize the RNC control, The recommended distribution method 
is based on providing superelevation equal to the minimum-

as 
predicted by Equation 23. An acceptable speed reduction of 
3.0 km/h is also recommended because this magnitude of 
reduction yields superelevation rates that are very nearly 
equivalent to those obtained from the Green Book's Distri-
bution Method 2. 

It is also recommended that the maximum superelevation 
rates currently used by the state DOTs (i.e., 4.0 and 6.0 per-
cent) be imposed on the recommended distribution. If Equa-
tion 23 yields a superelevation rate larger than the imposed 
maximum superelevation rate, then the latter rate would be 
used instead of that obtained from Equation 23. The recom-
mended distribution is shown in Figure 28 for a 95' per-
centile approach speed of 70 km/h and an acceptable speed 
reduction of 3.0 km/h. 

The recommended distribution shown in Figure 28 is 
"stair-stepped" to illustrate the range of feasible radii for 
integer superelevation rates. As discussed previously, it is 
recommended that integer superelevation rates be used for 
design purposes. It should be noted that the "stair-steps" are 
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Figure 28. Recommended superelevation distribution for 
LSfacilities. 

positioned such that no one rate and radius combination 
yields a side friction demand that exceeds the maximum 
design side friction factor. 

The recommended superelevation distribution table for LS 
facilities is provided in Table 21. The radius ranges in each 
table are designed to yield the desired unique relationship 
among speed, radius, and rate. 

The use of Table 21 follows that for Tables 19 and 20. In 
general, the radii in the columns labeled "High" and "Low" 
define the range of desirable radii for a given 95' percentile 
approach speed and superelevation rate. The column labeled 

TABLE 21 Superelevation distribution table for low-speed urban streets 

Super- 95'  Percentile Approach Speed (km/h) 
elevation 
Rate 

30 	 40 	 50 	 60 	 70 
e4  

(%) Range of Design Radii (m) 

High Low dvO Mm. 
dv=3 

High Low dv=0 Mm. 
dv=3 

High Low dv=0 Mm. 
dv=3 

High Low dv=0 Mm. 
dv=3 

High 

i 

Low dv=0 Mm. 
dv=3 

NC tan. 28 -- -- tan. 57 -- -- tan. 102 -- -- tan. 169 -- -- tan. 266 -- -- 

2 28 23 -- -- 57 47 -- -- 102 83 -- -- 169 134 -- -- 266 205 -- -- 

3 23 22 -- -- 47 45 -- -- 83 79 -- -- 134 127 -- -- 205 193 -- -- 

4 22 21 na 21 45 43 na 43 79 76 na 76 127 121 na 121 193 183 na 183 

5 21 21 -- -- 43 42 -- -- 76 72 -- -- 121 116 -- -- 183 174 -- -- 

6 21 1 	20 na 20 42 40 na 40 1 	72 70 na 70 116 111 na 111 174 166 na 166 

7 20 19 -- -- 40 39 -- -- 70 67 -- -- 11! 106 -- -- 166 159 -- -- 

8 19 19 na 19 39 37 na 37 67 64 na 64 106 102 na 102 159 152 na 152 

9 19 18 -- -- 37 36 -- -- 64 62 -- -- 102 98 -- -- 152 146 -- -- 

10 18 18 na 18 36 35 na 35 62 60 na 60 98 94 na 94 146 140 na 140 

NC: normal cross slope (2.0 percent assumed) 
2 

	

	"High": maximum radius for corresponding superelevation rate and design speed. "Low": desirable minimum radius. "dv'0": smallest radius for which 
there is no speed reduction. "Mm. dv=3": minimum radius at maximum superelevation and side friction; corresponds to a speed reduction of 3 km/h. 
"na": radii between the High and Low values are associated with some speed reduction. "tan.": tangent section (i.e., infinite radius). 
All superelevation rate and radius combinations shown in this table represent acceptable values for turning roadways. They should be considered when 
adverse impacts to adjacent property drainage or the frequency of slow-moving vehicles are important reasons to be conservative in the use of 
superelevation. It is also acceptable to consider the rates and radii in this table for the terminal sections of low-speed turning roadways, especially those 
with a significant number of trucks. 
A rate of 4.0 or 6.0 percent is considered the desirable maximum superelevation rate for low-speed urban streets. 



WN 

"dv = 0" is not used in Table 21 because all radii shown are 
associated with a speed reduction of about 3 km/h. In fact, 
the radii in the columns labeled "Low" and "Mm. dv = 3" are 
equal because both are based on a 3 km/h speed reduction. 

The effective radius of the travel path may be larger than 
that of the roadway curve. In particular, if the curve length is 
less than 140 m, the effective path radius may be much larger 
than that of the roadway. If this situation exists, the effective 
radius can be computed as the sum of the roadway curve 
radius and the increase-in-radius dr (from Equation 3). This 
effective radius may be considered during the selection of an 
appropriate superelevation rate from Table 21. 

To illustrate the use of Table 21, consider an urban street 
with a 95 th  percentile approach speed of 60 km/h and an 
imposed maximum superelevation rate of 6.0 percent. If a 
radius of 120 m is used by the designer, Table 21 indicates 
that the design radius lies in the range of 116 to 121 m, which 
corresponds to a superelevation rate of 5.0 percent. An aver-
age speed reduction of 3.0 km/h will be incurred by motorists. 
A better estimate of the speed reduction can be obtained 
using Equation 7 in Appendix A. This equation indicates that 
the speed reduction will be about 2.6 km/h, which would cor-
respond to a curve design speed of 57.4 km/h (=60— 2.6). 

Superelevation Distribution Method 
for TR Facilities 

The Green Book distribution of superelevation rate for TR 
facilities is not as clearly defined as that for RHS or LS facil-
ities. As described previously for Table 5, the Green Book 
authors offer a relatively wide range of superelevation rates 
for low-speed TR facilities. Examination of these ranges for 
radii from 75 to 1,000 m indicates that the recommended 
rates tend to vary between rates that would be obtained from 
Distribution Methods 1 and 2. However, guidance in the 
Green Book (1, p.  729) indicates that preference should be 
given to rates near those obtained from Method 1. Hence, 
preference is given to the more generous application of 
superelevation. 

Guidance in the Green Book for high-speed TR facilities 
emphasizes interchange ramp design. In contrast, high-speed 
intersection curve design is not discussed in the Green Book. 

—For high-speed interchange, ramps, ,the. Green. Book, authors 
indicate that superelevation rate Tables 111-7 through 111-11 
are appropriate for ramp design. Thus, the recommended 
superelevation rates for these facilities are based on Distri-
bution Method 5. 

The distribution method recommended herein for TR 
facilities complies with the Green Book authors' general 
guidance, as summarized in Chapter 2. However, the recom-
mended distribution also provides more consistency among 
the three facility types in terms of their distribution methods 
and underlying controls. Finally, the recommended distribu- 

tion method includes all types of low- and high-speed TR 
facilities. It should also be noted that maximum supereleva-
tion rates for TR facilities are limited to 4, 6, 8, or 10 percent 
(as described for Table 4). 

It is recommended that the distribution method recom-
mended for RHS facilities (i.e., Tables 19 and 20) be con-
sidered for use with TR facilities. For low-speed TR facili-
ties, it should be considered acceptable to use the distribution 
method recommended for LS facilities (i.e., Table 21) when 
adverse impacts to adjacent property drainage or the fre-
quency of slow-moving vehicles are important reasons to be 
conservative in the use of superelevation. It is also acceptable 
to consider the rates and radii in Table 21 for the terminal 
sections of low-speed turning roadways, especially those 
with a significant number of trucks. 

As indicated in Equation 20, drivers on turning roadways 
have a reduced sensitivity to speed reduction. The result of 
this reduced sensitivity is that the speed reductions cited for 
RHS and LS facilities are effectively doubled when the cor-
responding distributions are applied to TR facilities. Thus, 
the 3-km/h speed reduction cited in the preceding sections 
would be effectively equivalent to a 6-km/h speed reduction 
for a TR facility. To illustrate, consider a superelevation rate 
and radius combination selected from the RHS (or LS) dis-
tribution that is associated with a 2.5-km/h speed reduction. 
If this rate and radius were applied to a turning roadway, it 
would result in a speed reduction of about 5 km/h. 

Evaluation of Existing Horizontal Curves 

The controls developed in the preceding sections (e.g., 
em j, 95 , emax 5, Rm in) can be used to evaluate the geometry of an 
existing horizontal curve. It is recognized that a wide range of 
superelevation rates can adequately serve traffic for a given 
combination of speed and radius. Curves having rates other 
than those recommended in Tables 19, 20, and 21 do not nec-
essarily have poor or unsafe operating conditions; however, 
they may not be consistent with the driver's expectation. 

The evaluation can be based on the concepts described for 
Figure 24. Specifically, Equations 23 through 27 can be used 
to define the minimum and maximum superelevation rates 
for a given speed and radius (Figures 24, 25, and 26 illustrate 
the use of these equations for design speeds of 70, 30, and 
110 km/h, respectively). Existing curves that have a super-
elevation rate falling between the minimum and maximum 
rates (i.e., that fall in Regions A or B) should provide accept-
able operating conditions for a large majority of drivers and, 
as a result, not require reconstruction. Those curves that do 
not satisfy the minimum and maximum rates (i.e., those in 
Regions C, D, and E) may have an undesirable operational 
character. The existence of this condition should be verified 
and, if confirmed, steps should be taken to modify the curve's 
superelevation rate or radius to eliminate the undesirable 
characteristics. 
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CONTROLS FOR SUPERELEVATION 
TRANSITION DESIGN 

This section describes the recommended guidance and 
controls for the design of the superelevation transition sec-
tion that is associated with a horizontal curve. Specifically, 
the following controls are discussed in this section: 

Minimum Length of Superelevation Runoff 
Minimum Length of Tangent Runout 
Portion of Runoff Prior to the Curve 
Limiting Superelevation Rates 
Minimum Transition Grades 

The findings reported in Chapter 2 indicate that state 
DOTs and international agencies are using many different 
controls to establish critical superelevation transition design 
dimensions. An examination of the effect of these control 
values on a vehicle's lateral motion while in the transition 
section indicates that many alternative combinations of these 
controls exist that yield similar operational performance. 
Hence, other factors were considered with regard to defining 
the most suitable combination of control values for transition 
design. Factors considered include drainage, comfort, safety, 
and appearance. The recommended superelevation transition 
controls described in this section reflect the results of this 
examination. 

The most fundamental recommendation is that the super-
elevation transition controls described in this chapter be 
applied to all three facility types. In other words, it is recom-
mended that no distinction be made between the different 
facility types in transition design. It has been noted that many 
state DOTs are currently applying this concept in their design 
practice. The primary advantage of the recommended 
approach is design consistency. It also has the advantage of 
simplicity in terms of the universal application of common 
design methods for all facility types. 

Minimum Length of Superelevation Runoff 

This section describes the recommended method for 
determining the minimum runoff length for the "tangent-to-
curve" design. As noted in Chapter 2, this term is used herein 
to refer to the situation where compound or spiral curvature 
is not used in the transition. Thus, in the tangent-to-curve 
design, the tangent section of the alignment intersects 
directly with the horizontal curve. Recommended controls 
for runoff length, when used with a spiral curve transition, 
are provided in "Length of Spiral." 

In general, the recommended method for determining 
superelevation runoff length is based exclusively on the gra-
dient control. This control is intended to provide both a com-
fortable and aesthetically pleasing transition design. It is also 
recommended that the gradient-based runoff length be 
adjusted for number-of-lanes-rotated, as is currently recom- 

mended by the Green Book authors. Research by Good (16) 
indicates that this adjustment is helpful for minimizing steer-
ing effort. Finally, it is recommended that the travel time 
control not be considered when selecting runoff length. The 
rationale for these recommendations is provided in the sub-
sequent paragraphs. 

Gradient Control 

The Green Book authors indicate that, for appearance and 
comfort, the length of superelevation runoff should be based 
on a maximum acceptable difference between the longitudi-
nal grades of a two-lane roadway's centerline and edge of 
pavement (1, p.  177). More generally, it is the difference 
between the longitudinal grades of the axis of rotation (e.g., 
centerline, profile grade line) and the edge of pavement oppo-
site this axis. Current practice is to limit this difference, 
referred to as the maximum relative gradient, to a value of 
0.75 percent for two-lane roadways. However, to reflect a 
sensitivity to speed (in terms of travel time through the tran-
sition) this limiting maximum relative gradient is decreased 
for the higher design speeds. 

The maximum relative gradients provided in Green Book 
Table 111-13 are also used herein to determine the minimum 
runoff length. As noted for Figure 11, the gradients in the 
1994 Green Book tend to have a flatter slope and a significant 
"break" in this slope at 80 km/h, relative to prior editions. It 
is recommended that the gradients for the higher speeds be 
adjusted slightly to improve their consistency with the gradi-
ents provided in previous editions of the Green Book. The rec-
ommended maximum relative gradients are listed in Table 22. 

Travel Time Control 

The Green Book advises that the runoff length equal or 
exceed 2.0 s travel time at the design speed. Research into the 
basis for this travel time control and its resulting effect on 
road drainage and driver behavior indicate that it should not 
be used to define runoff length for the tangent-to-curve tran-
sition design. The exclusion of this control is based on the 
following findings: 

The Green Book authors do not discuss the need for a 
travel time control for LS or TR facilities. 
Several state DOTs do not use the travel time control 
for defining runoff length. 
According to the Green Book authors, the "appear-
ance" aspect of runoff length is provided through the 
use of the gradient control (1, p.  177). 
Most international highway agencies do not recom-
mend consideration of a travel time control. 
The travel time control tends to aggravate drainage 
problems in the transition section by dictating long 
runoff lengths. 
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TABLE 22 Maximum relative gradients 

95"  Percentile 
Approach Speed 

(km/h)  

Maximum Relative 
Gradient (%) 

Equivalent Maximum 
Relative Slope 

30 0.75 1:133 

40 0.70 1:143 

50 0.65 1:150 

60 0.60 1:167 

70 0.55 1:182 

80 0.50 1:200 

90 0.47 1:213 

100 0.44 1:227 

110 0.41 1:244 

120 0.38 1:263 

The analysis of lateral motion conducted for this 
research indicates that the travel time control is only 
helpful in some situations (and then only in a very 
small way) for minimizing lateral velocity and shift at 
the end of the transition section. 
The Green Book guidance on vertical curve length for 
the edge-of-pavement profile indicates that smooth 
profiles can be attained when the runoff length is less 
than 1.0 s travel time. 

tions are both very small for typical designs. These findings 
led to the conclusion that a minimum runoff length based on 
the gradient control is still likely to be comfortable, even if 
this length is shorter than 2.0 s travel time. Finally, it should 
be noted that simulation studies by Glennon et al. (14) indi-
cate that peak side friction demands are lower when the runoff 
length is shorter than that recommended by the Green Book 
(lengths as short as 1.2 and 1.5 s travel time were studied). 

Recommended Minimum Runoff Length 

It is recommended that the gradient control be used to 
establish runoff lengths for all facility types. An advantage 
of this approach is that runoff length for all facilities will 
have a similar sensitivity to superelevation rate and number 
of lanes rotateth These sensitivities are not reflected in the 
existing equations for computing runoff length for LS facil-
ities. It may be due to this limitation that several state DOTs 
currently use the gradient control to define runoff length for 
LS facilities. 

The following equation and associated table represent the 
recommended method of computing the minimum superele-
vation runoff length: 

L, = - 	ni b 
	

(31) 
An analysis of accelerations acting on the motorist in the 

transition section was conducted to assess the effect of runoff 
length on driver comfort. This analysis considered both the 
change in lateral acceleration and the magnitude of rotational 
acceleration experienced by motorists as a result of the tran-
sition. The results of this analysis indicate that the change in 
lateral acceleration because of superelevation is less than 0.3 
m/s', which is about one-third of the value considered accept-
able for spiral curve transition design. The results also indi-
cate that rotational acceleration is negligibly small (i.e., less 
than 0.01 m/s'). 

The analysis of accelerations also focused on the effect of 
travel time control on lateral acceleration. This analysis indi-
cated that the lateral and rotational acceleration increased 
slightly when the travel time control was not considered. 
However, as noted in the preceding paragraph, the accelera- 

where: 

Lr  = minimum length of superelevation runoff, m; 
= maximum relative gradient, percent; 

b = adjustment factor for number of lanes rotated (as 
listed in Table 23); 

w = width of one traffic lane (typically, 3.6 m), m; and 
ed = design superelevation rate, percent. 

The adjustment factors listed in column 3 of Table 23 for 
1, 2, and 3 lanes rotated are the same as those recommended 
in the Green Book. The factors for 2.5 and 3.5 lanes rotated 
have been included to expand the guidance for alternative 
cross sections. These factors were computed using an equa-
tion reported in the Washington DOT design manual (i.e., 

TABLE 23 Recommended adjustment factor for number of lanes rotated 	- 

Number of Lanes Rotated, n1 Product of "n1 b,," Adjustment Factor, b, 
1 1.0 1.00 
1.5 1.25 0.83 

2 1.5 0.75 

2.5 1.75 0.70 

3 2.0 0.67 

3.5 2.25 0.64 

Note: For other values ofn1, use the equation b, = (1 + 0.5 (n1 - 1)) , n1. 
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Eq. 8). This equation was also used to compute the factor for 
1.5 lanes rotated (i.e., 0.83). As a result, the computed value 
differs slightly from that recommended in the Green Book 
(i.e., 0.80). 

The minimum superelevation runoff lengths obtained 
from Equation 31 are listed in Table 24. The lengths shown 
represent cases where one and two lanes are rotated about the 
pavement edge. The former case can be found on two-lane 
roadways where the pavement is rotated about the centerline 
or on one-lane interchange ramps where rotation is about an 
edge line. The latter case can be found on four-lane undi-
vided roadways where the pavement is rotated about the cen-
terline or on four-lane divided roadways where rotation is 
about an edge line. 

In most cases, the runoff lengths shown in Table 24 are 
equivalent to those obtained using the guidance provided in 
the 1994 Green Book. The recommended maximum relative 
gradients (listed in Table 22) result in a 2.0 to 5.0 percent 
increase in runoff length, depending on speed. Lengths for 
the case of "1.5 lanes rotated" have increased about 4.0 
percent because of the change in the adjustment factor b, (i.e, 
from 0.80 to 0.83). Elimination of the travel time control has 
resulted in shorter lengths for smaller superelevation rates or 
for higher speeds. However, even the shortest lengths (cor-
responding to a superelevation rate of 2.0 percent) have 
travel times of 0.6 s or more. This length is about twice that 
needed for a smooth edge-of-pavement profile using a para-
bolic vertical curve at the beginning and end of the transition. 

The minimum runoff length obtained from Equation 31 
should be considered a "desirable" minimum value. Values  

for the portion-of-runoff-located-prior-to-the-curve control, 
discussed in "Portion of Runoff Prior to the Curve," are 
derived to be consistent with the runoff lengths obtained 
from Equation 31. If larger lengths are used, Equation 12 can 
be used to compute a more appropriate value of the "portion" 
control. In general, larger values of the portion control are 
helpful for larger runoff lengths. 

Minimum Length of Tangent Runout 

Based on the review of Green Book guidance and state 
DOT practice, it is recommended that the relative gradient 
used within the superelevation runoff be maintained through 
the tangent runout section. This approach has the advantage 
of maintaining a smooth pavement edge throughout the tran-
sition section. When the travel time control is not used to 
define runoff length, this recommendation is entirely consis-
tent with Green Book guidance. The following equation rep-
resents the recommended method of computing the mini-
mum tangent runout length: 

Lt =Lr 	 (32) 
ed 

where: 

L, = minimum length of tangent runout, m; and 
eNc = normal cross slope rate, percent. 

The tangent runout lengths obtained from Equation 32 are 
listed in Table 24. 

TABLE 24 Recommended minimum superelevation runoff and runout lengths' 

Design 
Element 

Superelevation 
Rate (%) 

95' Percentile Curve Speed (km/h) 

30 40 50 	1 60 70 80 90 100 110 1 	120 

One Lane Rotated 

Runoff 2 10 10 11 12 13 14 15 16 18 19 

4 19 21 22 24 26 29 31 33 35 38 

6 29 31 33 36 39 43 46 49 53 57 

8 38 41 44 48 52 58 61 65 70 76 

10 48 51 55 1 	60 65 72 77 82 88 95 

12 58 62 66 72 79 86 92 98 105 114 

Runout2  any 10 10 11 12 13 14 15 16 18 19 

Two Lanes Rotated 

Runoff 2 14 15 17 18 20 22 23 25 26 28 

4 29 31 33 36 39 43 46 49 53 57 

6 43 46 50 54 59 65 69 74 79 85 

8 58 62 66 72 79 86 92 98 105 114 

10 72 1 	77  1 	83  1 	90 98 108 115 123 132 142 

12 86 93 100 108 118 130 138 147 158 171 

Runout2  any 14 15 17 1 	18 20 22 23 25 26 28 

Based on 3.6-rn lanes and the maximum relative gradients listed in Table 22. 
2 Based on a 2.0 percent normal cross slope rate. 



TABLE 25 Recommended portion of runoff located prior to the curve',' 

95' Percentile 
Approach Speed 

(km/h) 

No. of Lanes Rotated 

1.0 1.5 2.0-2.5 3.0-3.5 

30-70 0.80 0.85 0.90 0,90 

80-120 0.70 0.75 0.80 0.85 

Values shown should adequately serve drivers traveling at the 5" percentile and higher speeds. 
2 Values shown are based on the maximum relative gradients listed in Table 22. 
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Portion of Runoff Prior to the Curve 

As discussed in Chapter 2, the portion of superelevation 
runoff located prior to the beginning of the curve P, has a sig-
nificant influence on a vehicle's lateral velocity and lane 
position at the end of the transition. Values of P that mini-
mize lateral velocity and shift for both travel directions were 
developed and presented in Table 13. 

The methods used to develop Table 13 were also used to 
develop the recommended values of P, shown in Table 25. 
The values listed in this table are suitable for a range of 
design speeds and number-of-lane s -rotated. It should be 
noted that these values are consistent with the range of val-
ues recommended in the Green Book as well as the findings 
of previous research projects (14,15). 

Limiting Superelevation Rates 

An analysis of the vehicle's lateral motion when traveling 
through the transition section was conducted using the mod-
els described in Appendix D. This analysis indicated that 
upper limits of superelevation rate existed for the lower range 
of 95` percentile speeds. Superelevation rates in excess of 
this limiting value would likely be associated with a lateral 
shift of 1.0 m or more when driven at speeds in excess of the 
95th percentile speed. The recommended limiting superele-
vation rates are listed in Table 26. 

It is recommended that superelevation rates larger than the 
limiting rates listed in Table 26 be avoided when possible. If 
rates larger than these limits are used, some consideration 
should be given to increasing the width of the traveled way 
along the curve to minimize encroachment into the adjacent 
lane or shoulder.  

problem concerns the lack of adequate longitudinal grade 
along both the roadway centerline and the edge of pavement. 
The other problem concerns inadequate lateral drainage 
because of negligible cross slope during pavement rotation. 

Two techniques were recommended by several interna-
tional agencies to minimize transition drainage problems. 
One technique is to use a minimum centerline grade in the 
transition section. The second technique ensures a mini-
mum edge of pavement grade in the transition section. 
Based on this review of international practice, the follow-
ing grade controls are recommended (based primarily on 
guidance in Reference 5): 

A minimum centerline grade of 0.5 percent should be 
maintained through the transition section. 
A minimum edge of pavement grade of 0.2 percent (0.5 
percent for curbed streets) should be maintained through 
the transition section. 

The second grade control is equivalent to the following 
series of equations relating centerline grade and effective 
maximum relative gradient: 

G~!_.*+0.2 
(33) G :!~A*_0.2 

where: 

G = roadway grade, percent; and 
= effective maximum relative gradient (computed with 

Equation 6), percent. 

Minimum Transition Grades 

Two pavement face draih'robléms were described 
in Chapter 2, "Issues Related to Pavement Drainage," as 
being of significant concern in the transition section. One 

The value of "0.2" represents the minimum edge of pave-
ment grade for uncurbed highways (in percent). If Equation 
33 is applied to curbed streets, it is recommended that the 
value "0.2" be replaced with "0.5". 

TABLE 26 Recommended upper limit superelevation rates for low-speed facilities 

955 Percentile Approach Speed (km/h) 

Limiting Superelevation 
R tc'°/''' 

30 40 50 60 70 

8.2 9.8 10.8 11.4 11.8 

Values shown should adequately serve drivers traveling at the 95" percentile and lower speeds. 
2 Values are only applicable to tangent-to-curve transition designs. 
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To illustrate the combined use of the two grade controls, 
consider an uncurbed highway curve having an effective 
maximum relative gradient of 0.65 percent in the transition 
section. The first control would exclude centerline grades 
between - 0.50 and + 0.50 percent. The second grade control 
would exclude grades in the range of— 0.85 to -0.45 percent 
(via the first two components of Equation 33) and those in the 

range of 0.45 to 0.85 percent (via the last two components of 
Equation 33). Given the overlap between the ranges for Con-
trols 1 and 2, the centerline grade within the transition would 
have to equal or exceed ± 0.85 percent to satisfy both con-
trols and provide adequate road surface drainage. 

CONTROLS FOR ALIGNMENT 
TRANSITION DESIGN 

This section describes the recommended guidance and 
controls for the design of the alignment transition section that 
is associated with a horizontal curve. Specifically, the fol-
lowing controls are discussed in this section: 

Maximum Radius for Use of a Spiral Curve Transition 
Minimum Length of Spiral Curve Transition 
Maximum Length of Spiral Curve Transition 
Desirable Length of Spiral Curve Transition 

The review of practice described in Chapter 2 indicated 
that there is a lack of consensus on spiral curve transition use 
and design. Many different controls are currently being used 
to identify conditions suitable for spiral use. Similarly, many 
controls are being used to identify limiting values for the 
length of this spiral. The literature review indicated that spi-
rals may have a safety benefit but only when used with the 
sharpest horizontal curves. A kinematic analysis of the vehi-
cle's lateral motion in the transition indicated that exces-
sively short and excessively long spirals have a negative 
influence on vehicle operations. These findings and others 
were used to develop the recommended spiral curve transi-
tion guidance described in this section. 

The most fundamental recommendation is that the spiral 
curve transition controls described in this section be applied 
to all three facility types. In other words, it is recommended 
that no distinction be made between the different facility 
types in the Green Book with regard to guidance on spiral 
curve transition design. The primary advantage of the rec-
ommended approach is design consistency. It also has the 
advantage of simplicity in terms of the universal application 
of a common design method for all facility types. 

Guidance on the Use of Spiral 
Curve Transitions 

General Guidance 

The findings reported in Chapter 2 suggest that the spiral 
curve transition may offer some safety and operational ben- 

efit. Specifically, there is some evidence that spirals have a 
small safety benefit when used with sharp horizontal curves 
(20,22,23). There is also some evidence that spirals of mod-
erate length can reduce the peak lateral acceleration experi-
enced in the transition (see Figure 18). However, there is also 
evidence that spirals of excessive length can reduce safety 
(18,24). This evidence is not conclusive; however, it suggests 
that any effect a spiral is likely to have on safety and opera-
tions is relatively small and relegated to a narrow range of 
conditions. 

In recognition of the aforementioned findings, it is recom-
mended that the Green Book continue to recognize the use of 
spiral curve transitions. However, as a minimum, additional 
guidance should be provided that identifies the conditions 
where a spiral is likely to offer a tangible benefit, relative to 
the tangent-to-curve transition design. Guidance on spiral 
curve transition length is also needed for the purpose of 
ensuring a safe and comfortable design. 

Maximum Radius for Use 
of a Spiral Curve Transition 

Guidance regarding conditions suitable for a spiral curve 
transition are developed in this section; however, it is offered 
only as guidance to those agencies that desire to use spirals. 
This guidance is not intended to be used as a spiral "warrant." 

The review of state DOT and international agency design 
guidelines indicated a general lack of consistency in identi-
fying conditions suitable for use of a spiral curve transition. 
The trends shown in Figure 15 suggest that a maximum 
radius for use of a spiral curve transition could be conserva-
tively defined by identifying the sharpest radii that satisfy 
most, if not all, of the criteria referenced in Figure 15. By this 
approach, all of the referenced agencies should agree that the 
resulting range of sharp radii are likely to benefit from the use 
of a spiral curve transition. The trends in Figure 15 suggest 
that the maximum radius associated with this "aggregate" (or 
"consensus") range be based on a parabolic relationship 
between speed and radius, as would be obtained by defining 
a "minimum centripetal acceleration." Such a relationship is 
represented by the following equation: 

- (V095 )2  (34) Rsmax 	13a, 

where: 

R, max = maximum radius for use of a spiral, m; 
= 95 th  percentile approach speed, km/h; and 

ar  = minimum centripetal acceleration (= 1.3 m/s'). 

The acceleration used to define the maximum radius 
should logically produce values that are consistent with the 
aggregate range. Moreover, the acceleration rate used should 
be associated with those sharper radii known to realize some 	- 
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safety benefit from the use of spiral curve transitions. In this 
regard, Council (22) found that radii less than 600 m were 
associated with a safety benefit from the use of spirals. This 
range is consistent with the findings reported by Lamm et al. 
(23). A radius of 600 m and a design speed of 100 km/h, 
when combined with Equation 34, yields a minimum cen-
tripetal acceleration of 1.3 rn/s2. 

Based on the aforementioned findings, a minimum cen-
tripetal acceleration of 1.3 m/s' is recommended for use in 
defining the maximum-radius-for-use-of-a-spiral control. 
The resulting relationship between speed and radius is shown 
in Figure 29. 

The thick trend line in Figure 29 represents the maximum 
radius for use of a spiral curve transition, as predicted by 
Equation 34. Radii smaller than this maximum may benefit 
from the use of a spiral for reduced crash potential and 
reduced peak lateral acceleration (relative to the tangent-to-
curve transition design). The shaded area represents the 
range of radii that can be considered for a given speed. The 
lower limit of this range corresponds to the minimum radius, 
as listed in Table 16. The trend line associated with this lower 
limit is based on an ema. of 8.0 percent; any other value of emax  
(e.g., 4, 6, 10, or 12 percent) can be used to define this lower 
limit. Finally, the thin trend lines represent the range of guid-
ance provided in previous editions of the Green Book and by 
various state DOTs. These trend lines were previously 
described for Figure 15 and are provided here for compara-
tive purposes. 

Length of Spiral 

This section describes three controls that can be used to 
determine the length of the spiral curve transition. These con-
trols include a minimum, maximum, and desirable length of 
spiral. Collectively, they can be used to provide a transition 
that is aesthetically pleasing, comfortable, and relatively safe. 

Minimum Length of Spiral Curve Transition 

Several international agencies define a minimum length of 
spiral based on consideration of motorist comfort and lateral 
shift. The comfort control is intended to produce a spiral 
length that allows for a comfortable increase in centripetal 
acceleration associated with the curve. The lateral shift con-
trol is intended to ensure that the spiral is long enough to pro-
vide a shift in the lane that is consistent with that produced 
by the vehicle's natural spiral path. It is recommended that 
these two controls be used together to determine the mini-
mum length of spiral. This minimum spiral length can be 
computed as follows: 

1 
Ls, 	

(Va,95)3 
24 min  = Largerof: [Pmin R; 0.0214 

RC j 
	

(35)  

where: 

mm = minimum length of spiral, m; 

Pmmn = minimum lateral offset between the tangent and 
circular curve (= 0.20 m). 

R = radius of curve, m; 
Va,95 = 95 th  percentile approach speed, km/h; and 

C = maximum rate of change in centripetal accelera- 
tion (= 1.2 mIs3). 

The first component of Equation 35 represents the lateral 
shift control; the second represents the comfort control. 

Two controlling variable values have been specified for 
application of Equation 35. A value of 0.20 mis recommended 
for Prnin  This value is consistent with the minimum lateral shift 
that occurs as a result of the natural steer behavior of most dri-
vers. A value of 1.2 m/s3  is recommended for C. This value 
represents the largest (or maximum) value that should be used, 
which is consistent with the intent of any upper limit control. 
The use of lower values will yield longer, more "comfortable" 
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Figure 29. Maximum radius for use of a spiral curve transition. 



lengths; however, these lengths would not represent the mini-
mum length associated with the comfort limit. 

Maximum Length of Spiral Curve Transition 

Most international agencies recognize the need to limit 
spiral length. This need stems from safety problems occur-
ring on longer spirals (relative to the length of the curve). 
These problems occur when the spiral is so long that the 
driver is misled about the sharpness of the impending curve. 
A conservative maximum length of spiral that avoids these 
problems can be computed as follows: 

Ls,max  = j24max R 	 (36) 

where: 

L max = maximum length of spiral, m; and 

Pmax = maximum lateral offset between the tangent and 
circular curve (= 1.0 m). 

A value of 1.0 m is recommended for Pmax.  This value is 
consistent with the maximum lateral shift that occurs as a 
result of the natural steer behavior of most drivers. It also 
provides a reasonable balance between the length of spiral 
and the radius of the curve. 

Desirable Length of Spiral Curve Transition 

The kinematic analysis of a vehicle's lateral motion in the 
transition section provided considerable insight about the 
effect of spiral length on vehicle operation. Specifically, the 
most desirable operating conditions were noted when the spi-
ral length was approximately equal to the length of the "nat-
ural" spiral adopted by the driver during curve entry. Devia-
tions between these two lengths may result in operational 
problems for a large lateral velocity or shift at the end of the 
transition section. Specifically, a large lateral velocity in an 
outward direction (relative to the curve) requires the driver 
to make a corrective steer maneuver that produces a path 
radius sharper than that of the roadway curve. Such a critical 
radius produces an undesirable increase in peak side friction 
demand. Moreover, a lateral velocity of sufficient magnitude 
to shift the vehicle into an adjacent lane (without corrective 
steering) is also undesirable for safety reasons.  
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The kinematic analysis considered the length of spiral 
curve transition needed by both slower and faster drivers. 
The results of this analysis indicated that the best overall 
operations were obtained when the length of spiral equaled 
2.8 s travel time at the 5"  percentile speed. This travel time 
is representative of the natural spiral path produced by the 
driver's steering motion; hence, it is referred to as the steer-
ing time control. Further consideration of these steering time 
and speed relationships indicated that the length obtained 
from the 5111  percentile speed and 2.8 s steering time was 
equivalent to that obtained from the 95"  percentile speed and 
2.0 s steering time. Because the latter speed is consistent with 
design speed, the recommended desirable spiral length is 
based on 2.0 s travel time. 

Based on the preceding discussion, the following equation 
represents the recommended method of computing the desir-
able length of spiral curve for transition design: 

L=2.o40 	 (37) 
3. 

where: 

L = desirable length of spiral, m. 

This control is intended to provide an operationally efficient 
and functionally safe transition design. Deviations from the 
desirable length will likely increase lateral acceleration, 
velocity, and shift. The spiral length obtained from this con-
trol should also define, and be physically concurrent with, the 
superelevation runoff length. The spiral lengths obtained 
from Equation 37 are listed in Table 27. 

It should be noted that the desirable length obtained from 
Equation 37 does not supercede the minimum spiral lengths 
obtained from Equation 35. In some instances (e.g., lower 
design speeds and sharper radii), the minimum length obtained 
from Equation 35 will be slightly larger than the "desirable" 
value obtained from Equation 37. In these instances, the min-
imum length should be used for spiral design. 

Spiral Length Comparison 

The spiral lengths obtained from the steering time control 
were compared with the lengths obtained from the minimum 
and maximum spiral length controls described previously. 
The result of this comparison is shown in Figure 30. In gen- 

TABLE 27 Recommended desirable length of spiral curve transition 

951h Percentile Approach Speed (km/h) 

Desirable Length of 
Spiral (m) 

30 40 50 60 70 80 90 100 110 120 

17 22 28 33 39 44 50 56 61 67 
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Figure 30. Comparison of minimum, maximum, and desirable spiral 
lengths. 
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control yields lengths that are within the range of maximum 	based on 2.0 s at the design speed). The "feasible" region is 
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CONCLUSIONS 

Several conclusions have been reached as a result of this 
research. These conclusions relate to horizontal curve design, 
superelevation transition design, and alignment transition 
design. They are described in the following three sections. 

This research also led to the formulation of several recom-
mended revisions to the guidance provided in the 1994 edi-
tion of the Green Book (1). These recommendations were 
described in Chapter 3. They are also more formally presented 
in Appendix E, as recommended revisions to the Green Book. 
The material in Appendix E is offered to the AASHTO Task 
Force on Geometric Design for consideration and possible 
inclusion in the next update of the Green Book. 

Conclusions for Horizontal Curve Design 

The major conclusions of the research for horizontal curve 
design guidelines are as follows: 

Drivers slow on sharp horizontal curves. The magnitude 
of their speed reduction reflects a compromise between 
a desire for a comfortable level of lateral acceleration 
and a desire to minimize travel time. From a curve 
design standpoint, designers should avoid curves that 
are so sharp that they promote a speed reduction. How-
ever, a nominal speed reduction of 3 to 5 km/h appears 
to be an acceptable compromise between driver comfort 
and the occasional need for sharp curvature. 
Drivers have similar side friction demands when travel-
ing on street and highway curves. Thus, the use of sepa-
rate side friction factors for the design of curves on low-
and high-speed urban streets does not appear justified. 
Differences among the Green Book design friction fac-
tors for each facility type are likely due to differences in 
(1) the average speed reduction at the facilities studied 
and (2) the method of measurement (e.g., test subject 
interview with inquiry about comfort/discomfort versus 
computation of the 95"  percentile speed and friction 
demand of observed traffic streams). 
In contrast to the observations noted in Item 2 above, 
drivers were observed to accept larger side friction 
demands when traveling on turning roadway curves, rel-
ative to street or highway curves with the same radius. 

The larger demand reflects a significantly larger speed 
differential that typically exists between the turning 
roadway and the through roadways it intersects. 
Measurements of the side friction demands of both pas-
senger car drivers and heavy truck drivers indicate that 
such demands are very nearly the same for the same 
speed and curve geometry. Truck drivers appear to 
have slightly lower friction demands than car drivers 
on low-speed facilities. The reverse of this trend is true 
for high-speed facilities. 
Significant roadway grade depletes the friction supply 
available for cornering. This depletion results from the 
use of a portion of the friction supply to provide the 
necessary tractive or braking forces required to main-
tain speed on up or downgrades, respectively. The 
reduction in side friction supply reduces the margin of 
safety afforded vehicles traveling on horizontal curves 
on grade. The reduction in margin of safety is particu-
larly significant for heavy trucks because of their greater 
weight and higher peak side friction demands. 
A review of the design guidelines developed by several 
international transportation agencies indicates that a 
wide variety of superelevation distribution methods are 
being used. A comparison of the superelevation rates 
obtained from these distribution methods indicates that 
a wide range of rates can be used for the same design 
speed and radius. This finding, combined with addi-
tional analysis of the effect of superelevation on side 
friction demand, leads to the conclusion that there is 
considerable flexibility in the selection of an appropri-
ate superelevation rate for a given roadway curve. 
Superelevation Distribution Method 5, in combination 
with the use of multiple maximum superelevation rates, 
does not promote design consistency. Method 5 can 
yield different superelevation rates for the same speed 
and radius depending on the designer's choice of max-
imum superelevation rate. Field measurements at sev-
eral curves in five states have revealed that this flexi- 
bility in design has resulted in superelevation rates 
ranging from a low of 2 percent to a high of 11 percent 
for the same 250-rn radius design. 
To achieve consistency in curve design, a supereleva- 
tion distribution method is needed that provides a 
unique relationship among design speed, radius, and  
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superelevation rate. This type of distribution method 
was developed for this research and is described in 
Chapter 3. 

Conclusions for Superelevation 
Transition Design 

The major conclusions of the research for superelevation 
transition design guidelines are as follows: 

A kinematic analysis of a vehicle's lateral motion within 
the transition section indicates that proper design of 
this section can minimize or eliminate lateral shift. This 
shift is manifest as a "drift" within the traffic lane; how-
ever, it is actually the result of unbalanced lateral accel-
erations acting on the vehicle as it travels through the 
transition. An outward shift is particularly troublesome 
because it requires a corrective steering action by the 
driver, which precipitates a "critical" path radius that is 
sharper than that of the curve. A critical radius is asso-
ciated with a peak side friction demand that exceeds 
that intended by the designer. 
The kinematic analysis of lateral motion indicated that 
larger superelevation rates, when used with a tangent-
to-curve transition design, are sometimes associated 
with excessive lateral shift. Specifically, rates in excess 
of 8, 10, 11, 11, and 12 percent for 95"  percentile 
approach speeds of 30,40, 50, 60, and 70 km/h, respec-
tively, are likely associated with shifts in excess of 1.0 m. 
The magnitude of shift for speeds of 80 km/h and greater 
are not likely to be excessive provided that the super-
elevation rate is 12 percent or less. 
The kinematic analysis of lateral motion indicated that 
the portion of the superelevation runoff located prior to 
the curve can also influence the magnitude of lateral 
shift. The portion that minimizes this shift varies from 
0.70 to 0.90 (i.e., 70 to 90 percent) and depends on 
speed and the number of lanes in the transition section. 
A review of several state DOT design manuals and the 
guidelines developed by several international trans-
portation agencies indicates that many of these DOTs 
and agencies are not maintaining a minimum super-
elevation runoff length equal to 2.0 s travel time at the 
design speed. Rather, these agencies are using controls 
that dictate runoff length based only on a maximum rel-
ative gradient or a maximum rate of pavement rotation. 
This finding and the results from a kinematic analysis 
of vehicle motion in the transition section indicate that 
adherence to the "travel time" control is not essential in 
tangent-to-curve transition design because it does not 
appear to improve motorist comfort or safety. 
The Green Book does not explicitly address the topic of 
road surface drainage in the transition section. The 
warping of the roadway in this section can result in 
inadequate longitudinal or lateral slope for drainage 

purposes. Poorly drained road surfaces can result in a 
significant reduction in the friction supply during wet 
weather conditions. Inadequate drainage in the transi-
tion section is particularly hazardous because additional 
friction demands are placed on the tire-pavement inter-
face during curve entry. Techniques that can be used to 
avoid drainage problems are described in Chapter 3. 

Conclusions for Alignment Transition Design 

The major conclusions of the research for alignment tran-
sition design guidelines are as follows: 

A review of the literature on the safety and operational 
benefits of spiral curve transitions indicates that these 
benefits are small, relative to the use of tangent-to-
curve transitions. These marginal benefits are likely to 
be one reason why so many state DOTs (estimated to 
exceed 70 percent) do not require the use of spirals. 
A review of several state DOT design manuals and the 
guidelines developed by several international trans-
portation agencies indicate that there is little consensus 
on the conditions suitable for use of a spiral curve tran-
sition. Studies have shown that unneeded or exces-
sively long spirals can increase crash potential. Studies 
have also shown that, under certain conditions, spirals 
can decrease crash potential. Guidelines regarding con-
ditions suitable for use of a spiral curve transition are 
described in Chapter 3. 
There is evidence that spiral curve transition length can 
have a significant effect on operations and safety. Sev-
eral international agencies have adopted controls that 
define both a maximum and a minimum spiral length. 
Excessively long spirals have been found to mislead driv-
ers about the sharpness of the impending curve. Exces-
sively short spirals were found to offer no significant 
operational benefit. A kinematic analysis of a vehicle's 
lateral motion while traveling along the spiral indicates 
that lateral shift in the lane can be minimized when the 
spiral length is equal to the motorist's steering time (i.e., 
about 2.0 s travel time). The spiral length selected for 
design must reflect all of the aforementioned considera-
tions for its operational and safety benefits to be realized. 
GuidelineTegarding minimunTinaxirrium,and  desir 
able spiral curve lengths are described in Chapter 3. 

SUGGESTED RESEARCH 

Several topics for future research were identified during 
the conduct of this research. These topics represent exten-
sions to the research conducted for this report because they 
go beyond its scope. The suggested topics are briefly described 
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in this section. It is believed that this research will provide 
additional insight into the safe and efficient design of road-
way curves for both new and existing alignments. 

Additional research is needed regarding the extension 
of the guidelines developed for this research to "3R" 
(i.e., resurfacing, restoration, and rehabilitation) or 
minor reconstruction projects. Specifically, this research 
should examine the cost-effectiveness of any deviation 
from the recommended control values. The measure of 
effectiveness used should reflect impacts to both safety 
and operations. 
The findings of this research indicate that transition 
design is dependent on many design controls and that 
alternative combinations of control values can yield 
similar levels of safety and comfort. In this regard, 
additional research is needed that (1) evaluates the 
effect of a sub-optimal control value on safety and 
operations and (2) identifies alternative combinations 
of control values that provide similarly acceptable 
operating conditions. Such information could be useful 
when evaluating existing curve designs. 
Additional research is needed regarding driver steer 
behavior during curve entry, because this behavior is 
affected by the transition design and curve geometry. 
The focus of this research should be on (1) defining the 
relationship between geometry and steer behavior and 
(2) quantifying the effect of this behavior on vehicle 
stability and control. The kinematic model developed 
for this research (described in Appendix D) could form 
the basis for further research. However, it is recom-
mended that additional field data be collected to refine 
its formulation and validate its predictive ability. 
Currently available vehicle simulation models (e.g., 
highway-vehicle-object simulation model [HVOSM] 
and PHASE 4) do not appear to have sufficiently 
detailed driver-control algorithms to permit an accurate 
assessment of the effect of transition design or curve 
geometry on vehicle stability and control. In this 
regard, additional research is needed to develop a real- 

istic driver-control algorithm for use in these models. 
In addition, the development of a graphical user inter-
face for these models will be essential to their wide-
spread use. Simulation models have the potential to be 
very helpful in evaluating complicated combinations of 
vehicle type and curve geometry. For example, they 
could be used to simulate a driver-controlled truck trav-
eling on a significant grade under power as it travels 
through a sharp horizontal curve. Unfortunately, 
HVOSM and PHASE IV are not able to accurately sim-
ulate these conditions at this time. 
Additional research is needed on pavement surface 
drainage in the transition section. This research should 
consider the section length, rotated width, longitudinal 
slope of the centerline and edge lines, cross slope rate, 
change in cross slope rate, tire-pavement friction prop-
erties, and rainfall intensity. Such research is especially 
needed for undivided multilane roadways and roadways 
with closely-spaced horizontal curves. This research 
should identify the longest drainage path in the transi-
tion section as well as the depth of water and its veloc-
ity along the path. This research should provide transi-
tion design guidance that, if followed, will minimize 
water depth and drainage path lengths. 
Additional research is needed on the design of the 
transition sections of adjacent horizontal curves when 
separated by a relatively short section of tangent. It is 
likely that drivers' expectations in these sections are 
different from those on longer tangents. In this regard, 
higher levels of lateral acceleration may be tolerated; 
however, the kinematics of lateral motion in the transi-
tion section may dictate excessive lateral shift under 
some conditions. Guidance is needed on the minimum 
length of tangent necessary to develop superelevation 
runoff for both the reverse and broken-back curve 
arrangements. Pavement drainage problems can be par-
ticularly problematic in these sections. The guidelines 
developed for this research should consider the full 
range of design controls for both the superelevation and 
alignment transitions. 
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This appendix describes the development and calibration of 
two models that collectively explain the relationship among 
curve speed, side friction demand, and curve geometry. One 
model is based on an empirical relationship between side 
friction demand and speed; the other model is based on a the-
oretical relationship among curve speed, geometry, and side 
friction demand. The inclusion of side friction demand in 
both models is evidence that friction demand is one of the 
most influential controls used in horizontal curve design. 
Hence, a clear understanding of the factors that affect this 
demand and its relationship to curve geometry is essential to 
effective horizontal curve design. 

SIDE FRICTION AS A DESIGN CONTROL 

The literature is replete with the published results of exam-
inations of curve speed and side friction demand. Examina-
tions of curve speed generally recognize speed as the depen-
dent variable and the geometric attributes of the curve as 
independent variables. Calibrated models from such exami-
nations are often used to predict the expected speed on a 
curve of known radius, superelevation rate, grade, and so 
forth. This type of application is consistent with the infor-
mation needed to assess an alignment's design consistency. 

Examinations of side friction demand generally recog-
nize friction demand as the dependent variable and curve 
speed as the independent variable. Calibrated models from 
such examinations tend to be focused on defining an upper 
limit on comfortable side friction demand for purposes of 
horizontal curve design. It should be noted that the side fric-
tion demand referred to in this appendix is computed from 
a kinematic model of circular motion; it is not a directly 
measured quantity. 

To date, what has not been examined is the combined effect 
of side friction demand and curve geometry on speed. It is 
hypothesized that friction demand and geometry are indepen-
dent variables that influence a driver's curve speed choice. It 
is theorized that this influence is evidenced by a speed reduc-
tion upon entry to the curve (especially sharper curves). The 
extent of the reduction is believed to represent a compromise 
between the driver's desire to maintain speed and the desire 
to minimize the degree of discomfort associated with lateral 
accelerations stemming from side friction demand. 

Current curve design practice (as described in A Policy on 
Geometric Design of Highways and Streets [1]) is based on 
two principles: (1) there is an upper limit on the amount of  

side friction demand deemed comfortable by motorists and 
(2) curve radii used in design should yield side friction 
demands at or below the "comfort limit" when they are driven 
at or below the design speed. In spite of these principles, 
findings from recent curve speed studies (2,3) suggest that 
(1) faster drivers on moderate to sharp curves routinely accept 
side friction demands in excess of the design side friction 
factor, (2) these drivers tend to reduce speed as they enter the 
curve, and (3) larger speed reductions are associated with 
larger side friction demand levels. 

One objective of this research was to develop models of 
curve speed and side friction demand that could be used to 
define appropriate friction factors for horizontal curve design. 
These two models would be used to define the speed and fric-
tion demand experienced by an upper percentile of motorists 
when such speeds are limited by curve geometry. The model 
of curve speed would be used to assess the uniformity of 
speeds along a roadway segment. The model of side friction 
demand could be used to define the limiting (or maximum) 
side friction demand factors used for curve design. 

Side Friction Demand 

When a vehicle moves in a circular path, it undergoes a 
centripetal acceleration that acts toward the center of curva-
ture. This acceleration is sustained by the friction between 
the tire and pavement and, if the road is superelevated, by a 
component of gravity. The relationship among side friction, 
superelevation rate, speed, and radius is commonly expressed 
as follows: 

v2 	e 
(1) 

where: 

fD = side friction demand factor; 
e = superelevation rate, percent; 
v = vehicle speed, m/s; 
g = gravitational acceleration (= 9.807 mIs2); and 
R = radius of curve, m. 

Side friction demand is often considered as dimensionless; 
however, it is sometimes useful to recognize that it represents 
an equivalent number of gravity forces (or g-forces) and thus, 
has units of "g's." 
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Maximum Design Side Friction Factors 

One of the most fundamental controls related to horizon-
tal curve design is the maximum design side friction factor. 
This factor is commonly used to define the minimum radius 
available for curve design. Maximum design side friction 
factors recommended by several international highway agen-
cies are shown in Figure A- 1. 

There are several trends depicted in Figure A-i that are 
worth noting at this point. One trend is the decrease in side 
friction factor with increasing speed. This trend is recognized 
by five of the six agencies represented. Many researchers 
believe the trend reflects a driver's desire to maintain an 
acceptable margin of safety relative to tire-pavement friction 
supply (which has a similar trend with speed). The most 
speed-sensitive factors are those used by the Australians for 
rural highway design (4). In contrast, factors used in the 
U.K. (5) are insensitive to speed. A second trend is the gen-
eral agreement among the U.S. (1), Canadian (6), German (7), 
and Swedish (8) factors for speeds greater than 60 km/h. 

The factors attributed to the "U.S." in Figure A-i are 
obtained from A Policy on Geometric Design of Highways 
and Streets (1) (i.e., the Green Book). This guideline offers 
unique maximum design side friction factors for three dif-
ferent facility types: 

All Rural Highway and High-Speed Urban Streets (RHS); 
Low-Speed Urban Streets (LS); and 
Turning Roadways (TR). 

The factors shown in Figure A-i correspond to RHS and LS 
facilities; those for TR facilities lie between those for RHS 
and LS facilities and range in speed from 15 to 60 km/h. 

The factors recommended in the Green Book for RHS 
facilities are based on five studies conducted in the 1930s and 
1940s. These studies attempted to define the effective side 
friction corresponding to a curve speed that, if exceeded, 
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Figure A-i. Maximum design side friction factors 
recommended by several highway agencies. 

would impart a reaction from passenger car occupants. This 
reaction varied from "awareness of being on a curve" to "dis-
tinct discomfort." The side friction obtained from these stud-
ies ranges from about 0.17 to 0.10—lower values being asso-
ciated with higher speeds. 

The source of the recommended factors for LS facilities is 
not explicitly identified in the Green Book. These factors 
were first introduced in the Green Book's 1984 edition. The 
discussion in this edition of the recommended factors sug-
gests that they are based on the same studies that were used 
to define factors for RHS facilities. 

The friction factors recommended by the Green Book for 
TR facilities were derived from four studies conducted 
between 1948 and 1952. Collectively, these four studies doc-
umented the relationship between driver speed and turn 
radius at 34 locations. The authors of the Green Book syn-
thesized the results of these studies by extracting the 9511  per-
centile speed, superelevation rate, and radius for each curve 
location. In this context, the Green Book authors' acknowl-
edge that the 95' percentile speed is representative of the 
curve's design speed. 

Curve Speed Prediction 

Many curve speed models have been developed in the past 
30 years. All of these models include the effect of curvature 
on speed. Several others also include the effect of approach 
speed. Recently, McLean (9) compared eight of the more 
widely used models and found them to predict fairly similar 
speeds. All of the models reviewed by McLean (9) predict 
the 85t  percentile speed that, in the international design com- 
munity, is generally recognized as the "operating" speed. 

McLean (9) also compared the reported effects of super- 
elevation rate, curve sight distance, lane width, shoulder width, 
and grade on curve speed. On the basis of this comparison, 
he concluded that only lane width appeared to have a practi- 
cally significant effect on speed—specifically, that wider 
lanes were associated with higher curve speeds. However, he 
qualified this finding by suggesting that the observed effect 
of lane width may have truly been due to its correlation with 
the roadway's functional classification. 

An examination of the models reviewed by McLean (9) 
indicates that there are two classes of curve speed model. The 
first class (Class i). includes -those -models based onlyon ______ - 
radius. These models predict higher curve speeds with larger 
radii. The second class (Class 2) includes those models based 
on both radius and approach speed. These models generally 
predict higher curve speeds with higher approach speeds or 
larger radii. 

The approach speed term in the Class 2 models is used as 
a surrogate for the "speed environment" of the roadway. In 
this regard, speed environment represents the driver's 
desired speed, as influenced by terrain, trip length, access 
control, and area type. A roadway's speed environment can 
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be estimated using observed driver speeds on long tangents 
under low-volume conditions. It is worth noting that the R2  
of the Class 2 models (as reported by McLean [9])  was con-
sistently higher than that of the Class 1 models (i.e., 0.87 to 
0.93 vs. 0.65 to 0.80) suggesting that the inclusion of 
approach speed can improve a model's predictive ability. 

The relationship among speed, radius, and approach speed 
for three Class 2 models (10,11,12) is shown in Figure A-2. 
The agreement among the three models is quite good con-
sidering that each has a different mathematical form and was 
calibrated using data from a different country. The inclusion 
of approach speed in these models results in separate curves 
for each approach speed considered. As a result, a curve with 
a 120-rn radius can have a curve speed of 55, 68, or 80 km/h, 
when the approach speed is 60, 80, or 100 km/h, respectively. 

Two points can be made regarding the variation in speeds 
noted in the preceding paragraph. First, drivers reduce speed 
for the curve. It is likely that they do so to maintain an accept-
able level of side friction demand (as experienced through 
lateral acceleration). Second, drivers do not slow to one, 
common curve speed for a given radius. From these two 
points, it appears that drivers seek to find a compromise or 
balance between the conflicting goals of maintaining the 
desired speed and adopting an acceptable level of lateral 
acceleration. 

Equation 1 and the curve speed model reported by 
McLean (12) were used together to examine the relation-
ship between speed reduction and side friction demand. A 
curve with a 120-rn radius and a 6.0 percent superelevation 
rate was considered for the examination. The results are 
shown in Figure A-3. 

The trend shown in Figure A-3 indicates that drivers 
accept higher side friction with higher speed reductions. The 
slope of this line represents a driver behavior characteristic 
in terms of the accepted change in side friction relative to the 
accepted speed reduction. The trend line having a non-zero 
slope is evidence that drivers increase the amount of side 
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Figure A-3. Relationship between speed reduction and 
side friction demand. 

friction they will accept to minimize the speed reduction 
associated with a given approach speed. Extrapolation of the 
trend line shown suggests that drivers on this curve would 
not reduce speed if the approach speed were 50 km/h; this 
speed corresponds to a side friction demand of 0.10. If it can 
be assumed that no speed reduction is "desired" by the 
driver, then the side friction demand that coincides with a 
zero speed reduction (i.e., 0.10 in Figure A-3) can be referred 
to as a "desired" side friction demand. 

To illustrate the implications of the trends in Figure A-3, 
consider a driver approaching a curve with a 120-m radius 
and 6.0 percent superelevation rate. If the driver believes the 
roadway environment supports travel at 100 km/h, the driver 
will slow only to 79 km/h (and accept a side friction factor of 
0.35) to negotiate the curve. However, when this same driver 
believes the environment supports travel at 60 km/h, he or 
she will slow to 57 km/h (and accept a friction factor of 0.15). 
Note that in this latter scenario, the driver does not speed up 
to 79 km/h or maintain the 60-km/h speed. Rather, the driver 
chooses to reduce speed slightly to provide an equitable bal-
ance between the desired side friction demand of 0.10 and the 
desired speed of 60 km/h. 

MODEL DEVELOPMENT 

Side Friction Model 

A two-term side friction model was formulated to reflect 
the trends shown in Figures A-i and A-3. One model term 
recognizes the decrease in side friction demand with increas-
ing approach speed, as suggested by Figure A-i. A second 
term recognizes the increase in friction demand with increas-
ing speed reduction, as suggested by Figure A-3. The form 
of the model is as follows: 

Figure A-2. Curve speed model comparisons for a range 
of radii and approach speeds. 	 fD = b0 - bVa  + b2(Va - VJI, 	 (2) - 
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where: 

fD = side friction demand factor; 
Va  = approach speed, km/h; 
V = curve speed, km/h; 

b0, b 1 , b2  = calibration coefficients; and 
I, = indicator variable (= 1.0 if Va > V; 0.0 other-

wise). 

The model formulation is sufficiently general as to permit 
its application to the prediction of expected side friction 
demand for individual drivers. The model formulation can 
also be used to predict the side friction corresponding to a 
specific percentile speed at a selected curve site. For design 
applications, the model should be calibrated using a specific 
upper percentile speed. A percentile value in the range of 
85 to 95 is generally considered appropriate. 

One objective of this research was to define side friction 
values for design applications. Hence, it was deemed neces-
sary that the data used to calibrate the side friction model 
reflect situations where curve geometry was a dominant fac-
tor influencing speed choice. This need was first pointed out 
by Haile (13). He suggested that one indicator of this influ-
ence is when the vehicle is observed to have a lower speed 
on the curve than on the approach tangent. In this situation, 
it is highly likely that those drivers who decrease their speed 
do so in reaction to curve geometry. It follows then, that side 
friction demands predicted by Equation 2 will be most suit-
able for design application when they reflect the true effect 
of curve geometry on driver behavior. 

Curve Speed Model 

Equations 1 and 2 can be combined to obtain an equation 
for predicting curve speed for a given radius, superelevation 
rate, and approach speed. The variable relationships in these 
two equations require the use of the quadratic formula to 
obtain a closed-form solution for curve speed. The results of 
this combination are the following two equations:  

the approach speed. Any predicted curve speed that is lower 
than the approach speed represents a situation where curve 
geometry influences speed choice. In contrast, when the speed 
predicted by Equation 3 equals the approach speed, curve 
geometry is not likely to have any influence on driver speed 
choice. 

STUDY DESIGN AND DATA COLLECTION 

This section describes the development of the database 
used to calibrate the side friction demand and curve speed 
models. This development includes the identification of rel-
evant database characteristics and a description of the data 
collection methods. At the end of this section, a brief sum-
mary of the database characteristics is provided to demon-
strate the database's depth and breadth of coverage. 

Database Characteristics 

Study Site Characteristics 

The study sites included in the database were selected to 
represent a wide range of street and highway curves. To 
ensure that this representation was attained, curve study sites 
were selected to offer a range of values in several key areas: 

1. Facility Type: 	All rural highways and high- 
speed urban streets (RHS); 
Low-speed urban streets (LS); 
and 
Turning roadways (TR). 

Curve Radius: 50 to 900 m 
Speed Limit: 40 to 120 km/h 
Environment: Urban, Rural 
Superelevation Rate: —2 to +12% 
Curve direction: Left, Right 
Grade: —8 to +8% 
Geographic Diversity: Northern and southern cli- 

mates 
9. Vehicle Type: 	Passenger cars and heavy 

trucks (vehicles with more 
than four tires) 

It should be noted that a "study site" was defined as one 
—direction of travel along one horizontal curve.  

The study sites were also evaluated to ensure that they 
were representative of good design practice and of sufficient 
length to have some impact on driver behavior. Each study 
site was checked to verify that its geometric elements were 
in compliance with the Green Book controls. Finally, all sites 
satisfied the following conditions: 

Lane widths between 3.0 and 3.6 m; 
Sight distance everywhere along the curve in excess of 
stopping sight distance; 

17 	 a 	 (3) A127:)  

with 

C =+ b0  + (b2 - bi )Va 	- - 	 - 	 (4) 

where: 

b1 , b2, b3  = calibration coefficients (obtained from Equa-
tion 2). 

The inequality in Equation 3 results from the indicator 
variable in Equation 2 and serves to ensure that the curve 
speed predicted by the equation does not illogically exceed 



69 

Curve lengths in excess of 3 s travel time at the design 
speed; and 
Travel time on tangent prior to curve in excess of 4 s. 

The type of alignment transition (i.e., with or without 
spiral) was not used to screen sites. The rationale for this 
approach was that the type of transition used would have 
negligible effect on curve speed. 

Traffic Characteristics 

The study sites were also selected to provide a wide range 
in traffic behavior. A study site had to have moderate traffic 
volumes (1,000 veh/daylln or more), some truck activity (10 
percent or more), and a nominal percentage of drivers who 
reduced their speed during curve entry. These attributes were 
needed to calibrate the curve speed and side friction models 
for a design application. Such application requires the speeds 
of free-flowing, car and truck drivers whose speed choice 
was likely influenced by curve geometry. 

Only sites with moderate traffic volumes were included in 
the database because low- and high-volume sites tended to 
yield small sample sizes. Sample sizes at high-volume sites 
were generally low because they tended to have few free-
flowing vehicles. Free-flowing vehicles were considered 
desirable because their speeds are presumably affected pri-
marily by geometry and terrain. A vehicle was defined as 
free-flowing if (1) the headway between it and the vehicle in 
front (i.e., leading headway) was more than 4 s and (2) the 
headway between it and the vehicle in back (i.e., following 
headway) was more than 3 s. The minimum following head-
way was relaxed to 2 s if the subject vehicle was a large truck. 
This modification was instituted because it was believed that 
closely following vehicles had less of an effect on a truck 
driver's speed than on a passenger car driver's speed. 

Data Collection Approach 

The need for geographic representation and a wide range 
of geometric conditions together with a modest field study 
budget required an innovative data collection approach. 
After some investigation, it was determined that the most 
cost-effective means of assembling the database would be to 
aggregate the data collected for several previous research 
projects and to supplement this data with data collected for 
this research project. 

Four previous studies were identified as having the desired 
site and traffic characteristics. Two of these studies (14,15) 

focused on rural two-lane highways, a third (16) addressed 

suburban arterials, and a fourth (17) examined free right-turn 
lanes (a type of turning roadway) at rural highway intersec-
tions. In all cases, the study sites and the data collected at 
each site were evaluated for consistency with the site and 
traffic characteristics established for this research project. 

Only those sites that satisfied these criteria were included in 
the combined database. 

Several different data collection efforts were undertaken at 
each study site. These efforts included a survey of the geo-
metric elements at each site as well as the measurement of 
vehicle speeds in advance of and along the subject horizon-
tal curve. A description of the data collection procedures 
is provided in the following paragraphs. These procedures 
describe the studies conducted for this research project; how-
ever, they are very consistent with the methods used in the 
four previous studies. 

Vehicle Measurements 

Four characteristics were measured for each vehicle 
observed during a study: speed, leading headway, following 
headway, and vehicle classification. Speeds were measured 
using one of two methods. One method was based on the use 
of computer-monitored pavement sensors. The other method 
was based on the use of manually-operated laser speed guns. 
Both methods were designed to collect speeds in advance of 
the curve and at its midpoint. When the sensor method was 
used, a video camcorder was used to record traffic events 
along the curve. This videotape record was used to screen out 
unusual conditions and to verify the accuracy of the processed 
sensor data. 

The preferred method of speed measurement was based on 
the pavement sensors. This preference stems from the sensor 
system's ability to electronically record precise measure-
ments of headway, speed, and wheelbase for each vehicle 
without the immediate presence of the field study team. Laser 
speed guns were used whenever traffic conditions were such 
that deployment of the sensors presented a significant risk to 
the study team. Whenever speed guns were used, each study 
team member was positioned at a vantage point such that he 
or she was hidden from the subject driver's view. 

Both leading and following headways were measured for 
each vehicle. Both were used to screen out drivers whose 
speed might have been influenced by traffic density. 

For a given study site, the method of determining vehicle 
classification was dependent on the method used to measure 
speed. For the sensor method of measurement, the video-
tape record was used in conjunction with the computed 
wheelbase to determine vehicle type. For the laser gun method, 
the vehicle classification was noted at the time of the speed 
measurement. 

Vehicle speed and headway measurements were taken at 
two locations. One location was on the approach tangent, the 
other was at the curve midpoint. These locations are illus- 
trated in Figure A-4 for a two-lane highway or street. For all 
multilane locations, the measurements were taken in the out- 
side (or curb) lane. 

The approach tangent speed was used for two purposes: 
(1) to calibrate the curve speed prediction model and (2) to 
discriminate between drivers who did and did not increase________ - 
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their speed between the approach and curve measurement 
points. Drivers who slowed or maintained their speed wer 
presumed to reflect a speed that was suitable for the curve. It 
was rationalized that those drivers who increased their speed 
did not yield useful information about the impact of the curve 
geometry on their speed choice. Thus, only those drivers who 
slowed or maintained their speed were used to define the 
relationship between side friction demand and speed. 

Site Survey 

The physical layout of the roadway was surveyed for each 
study site. The following geometric elements were measured 
during this survey: 

Curve radius, 
Deflection angle (or curve length), 
Width of traffic lanes and entire roadway, 
Superelevation at curve midpoint, and 
Grade along the curve. 

In addition to these measurements, several other important 
attributes were noted for each study site. One set of attributes 
relates to the type of traffic control signs posted in the site 
vicinity. Also, the speed limit as well as any advisory speed 
in advance of the subject curve was recorded during the site 
survey. A second set of attributes relates to the weather and 
road surface conditions present during the field study. These 
conditions were noted at the onset of each study. It should be 
noted that no studies were conducted when the roads were 
wet or on highways with a highly uneven pavement surface. 

The curve radius was measured using the "chord and off-
set" method. The precision of the computed radius by this 
method is limited by the size of the middle ordinate. A small 
error made while measuring a short middle ordinate can lead 
to a relatively large error in the estimate of radius. In recog-
nition of the limited precision of the chord-and-offset  

method, the measured radius was only used to confirm the 
radius obtained from the as-built plans for the subject curve. 

A surveyor's level and rod were used to facilitate the com-
putation of superelevation rate and grade. For superelevation 
rate, this rate was computed from elevations taken at the edge 
of the subject traffic lane combined with cross section width 
measurements. Superelevation rates were measured at the 
curve midpoint. The longitudinal grade of the roadway was 
estimated by taking elevations at the curve midpoint and at 
the beginning of the curve (i.e., PC). This grade was con-
firmed using the as-built plans for the subject curve. 

Video and photo logs were created to provide a visual 
record of site conditions. The video log was created using a 
camcorder. This camcorder recorded roadway conditions 
during a "drive-through" of the study site. The recording 
started about 10 s in advance of the curve and continued until 
a point about 5 s downstream was reached. The photo log 
consisted of four photos taken at each site; all photos were 
taken facing the travel direction of interest. One photo was 
taken at each of the following locations: (1) just upstream of 
the point where tangent speeds were measured, (2) halfway 
between the tangent point and the curve PC, (3) at the curve 
PC, and (4) at the curve midpoint. 

Data Collection Methods 

Two methods of data collection were used for this project. 
The first method employed computer-monitored. pavement-
sensors. 

avement 
sensors. The second method used manually-operated laser 
speed guns. The first method was used whenever possible; 
however, it was sometimes difficult to install sensors on 
high-volume roadways. This difficulty stemmed from the 
need for two or three 1 -min gaps in traffic to adhere each pair 
of sensors to the pavement. When these gaps were not avail-
able and when discrete vantage points could be obtained, 
laser guns were used instead of the pavement sensors. 

All data were collected during weekday, daytime periods 
between the hours of 7:00 a.m. and 7:00 p.m. The study 
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period generally included the hours of peak traffic demand at 
the study site. Data were not collected during inclement 
weather or during unusual traffic conditions (e.g., traffic 
accident). 

Summary of Database Characteristics 

The combined database represents 55 curve study sites in 
eight states (i.e., Arizona, Minnesota, Nebraska, New York, 
Oregon, Pennsylvania, Texas, and Washington). The data 
obtained from previous studies accounted for 39 sites in 7 
states; 16 sites in 2 states (i.e., Arizona and Texas) were stud-
ied for this research. The distribution of the 55 study sites is 
shown in Table A-i. 

In general, there is broad geographic representation in the 
database. This representation also extends to the various 
facility types listed in Table A-i. One facility type, "low-
speed rural highway," was relatively difficult to find. The 
two sites that were found were in rolling terrain on align-
ments with several closely-spaced, sharp curves. The low-
speed nature of the highway was based on an estimate of the 
likely design speed using the Green Book superelevation 
tables combined with the measured curve radius and super-
elevation rate. 

Table A-2 lists the range of study site characteristics in 
the combined database. As indicated in this table, a wide 
range of values are provided for each facility type. Collec- 

tively, the study sites satisfy the desired site characteristics 
defined previously. 

DATA REDUCTION AND ANALYSIS 

This section describes the reduction and analysis of the 
combined database. Initially, the methods of data reduction 
are summarized. Then, several model variables are examined 
for potentially harmful correlations. Finally, the data are 
examined more rigorously using analysis of variance tech-
niques. This later examination is intended to identify factors 
that have a significant effect on side friction demand. 

Data Reduction 

The combined database  was developed using a four-step 
data reduction process. As a first step, the data collected with 
the computer-monitored pavement sensors was manually 
reviewed for accuracy. This review included a subjective com-
parison of the computed vehicle characteristics with visual 
estimates of the same quantities as obtained from videotape 
recordings. 

The second step in the reduction process involved a com-
plete and thorough review of the materials gathered from the 
four previous studies. These materials included photo and 
video logs, site survey forms, and, when speed guns were 
used, the original data collection forms. These materials were 

TABLE A-i Geographic distribution of study sites in the combined database 

State 
Through Street or Highway 

Turning 
Roadway 

Total Urban Rural 

Low-speed High-speed Low-speed High-speed 

Arizona 3 1 1 5 

Minnesota 1 1 

Nebraska 2 2 

New York 5 5 

Oregon  2 4 6 

Pennsylvania  3 3 

Texas 9 7 10 3 29 

Washington  4 4 

Total: 12 8 2 27 6 55 

TABLE A-2 Range of study site characteristics 

Facility Type 
Posted 
Speed 
(kin/h) 

Radius 
(m) 

Def. 
Angle 

(°) 

Super- 
elevation 

(%) 
Grade 
(%) 

Urban Low-speed 40-64 29-3 15 20-96 -2.9-2.9 -2.8-1.8 

High-speed 72 108-990 13-74 -2.3-3.8 -8.4-1.6 

Rural Low-speed 89 109-125 33-45 5.5-6.5 -0.5-6.0 

High-speed 89-1 13 97-1747 5-91 1.9-12 -7.0-8.0 

Turning Roadways 64-105 48-206 90-290 4.0-9.8 -5.94.5 
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scrutinized for quality of data collection and consistency 
with the site and traffic characteristics needed for this 
research project. More than 100 study sites from the four pre-
vious studies were evaluated in this manner to obtain the 39 
sites ultimately included in the database. 

The third step in the data reduction process was to convert 
all of the existing site and traffic data into a common data-
base format. Frequently, this step required only that an exist-
ing computer data file be converted into the file format 
devised for this project. Several software programs were 
developed for this conversion process. In contrast, speed gun 
data for several sites had to be entered manually into the data-
base. The database constituted 8,219 observations from 55 
curve sites. 

The fourth step in the data reduction process involved the 
examination of the data for inconsistencies. The distribu-
tion of speeds observed at each site was examined for out-
liers. Twenty-eight speed observations were excluded as a 
result of this process. A SAS (18) statistical procedure (i.e., 
UNIVARIATE) was used for outlier identification. The 
cause of each speed "outlier" was investigated by consultation 
with the original data files, videotape, or data collection forms. 
In most cases, the reason for the outlier was obvious (e.g., 
vehicle turning onto the roadway near the curve, transposing 
two numbers when recording them) while in other cases no 
logical reason could be identified. After removal of the out-
liers, 8,191 valid speed observations remained in the database. 

Preliminary Examination 

The data were initially examined to determine the rela-
tionship between curve speed, approach speed, and curve 
speed reduction. As noted previously, drivers observed to 
increase speed from the approach to mid-curve measurement 
points were not considered to offer a valid representation of 
driver curve speed choice, as influenced by curve geometry. 
It is believed that such behavior resulted from drivers going 
slower than their desired speed on the approach tangent and 
accelerating toward this speed as they entered the curve. This 
hypothesis was investigated further through the examination 
of approach speed versus speed reduction at several sites. A 
typical relationship between these two characteristics is 
shown in Figure A-5, as found at one study site. 

The data in Figure A-5 indicate that the drivers who 
increased speed were always the slower drivers. This finding 
is consistent with the aforementioned belief that accelerating 
drivers were not representative of all drivers (just slower 
ones) and that their speed was not likely challenged by curve 
geometry. As a result, it was concluded that these drivers 
conveyed little useful information about the effect of curve 
geometry on desired speed and that these few slow drivers 
should be screened from the database.. 

Further examination of the database indicated that 13 per-
cent of the observed drivers (i.e., 1,098) had higher speeds on 
the curve than on the approach tangent. Moreover, an exam- 

ination of the average speed change for each study site indi-
cated that 95 percent (i.e., 52) of the 55 sites exhibited a 
decrease in average speed from the approach tangent to the 
curve. From this examination, it was concluded that the num-
ber of observations excluded from the analysis was minimal 
and that the curves studied were sufficiently sharp as to have 
some influence on the driver's speed choice. 

Possible correlations between key model variables were 
also investigated. From a statistical standpoint, correlation 
among independent variables can bias the regression coeffi-
cients. This investigation focused on two relationships. The 
first relationship examined was that between the speed 
change V. - V, and approach speed V. variables. Both of 
these variables are included in the side friction model and 
both include the effect of approach speed. The results of this 
examination are shown in Figure A-6. 

The data shown in Figure A-6 indicate that there is no cor-
relation (i.e., R2  = 0.02) between the two variables. The lack 
of correlation stems from the fact that curve speed is a ran-
dom variable that varies with approach speed. As a result, the 
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difference of two highly correlated, random variables is also 
a random variable having little association with either of 
the original two variables. The lack of correlation between 
approach speed and speed reduction is also evidence that 
screening observations associated with a speed increase from 
the database did not introduce a bias into the database. 

The second relationship examined was the possible corre-
lation between superelevation rate e and radius R. This inves-
tigation was motivated by the inclusion of both factors in the 
curve speed model. It is logical that such a correlation might 
exist because the Green Book guidelines recommend the 
selection of superelevation rate based on the magnitude of 
the radius. However, the results of this investigation indi-
cated that there was no correlation (i.e., R2  = 0.004) between 
superelevation rate and radius. This finding is consistent with 
observations made by Krammes et al. (14). 

The relationships between approach speed, speed class, 
area type (i.e., urban vs. rural), vehicle type and side friction 
demand are shown in Figure A-7. The data in this figure rep- 
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Figure A-7. Effect of approach speed on side friction 
demand for cars and trucks. 

resent the 85"  percentile approach speed observed at each 
site and the 85"  percentile side friction demand. For this 
examination, the 85th  percentile side friction was computed 
using Equation 1 and the 85"  percentile curve speed. Similar 
trends were found for the 95"  percentile speeds and side fric-
tion factors. 

The number of observations at each curve site varied 
widely. To minimize the variability resulting from small 
sample sizes, only those sites with 10 or more observations 
are shown in Figure A-7 (this minimum requirement elimi-
nated 12 sites from Figure A-7b). 

Examination of the data in Figure A-7 indicates that sev-
eral trends exist. One trend is that side friction demand gen-
erally decreases with increasing speed. A second trend is that 
there is very little difference in side friction demand among 
urban and rural facilities. A third trend is that heavy trucks 
(i.e., vehicles with more than four tires) have friction demands 
similar in magnitude to those of passenger cars. Figures A-7a 
and A-7b also confirm that the database includes sites that col-
lectively have a wide range of friction demands and approach 
speeds for both passenger cars and trucks. 

Data Analysis 

Statistical Considerations 

A two-stage statistical analysis procedure was used to 
identify the factors affecting side friction demand. The first 
stage of the analysis was based on the use of analysis of vari-
ance to evaluate the effect of several factors that could have 
some influence on curve speed and side friction demand. The 
second stage of the analysis involved the use of nonlinear 
regression to calibrate the curve speed model (i.e., Equation 
3). The regression coefficients obtained from this calibration 
were then used in the side friction model (i.e., Equation 2). 

The SAS nonlinear regression procedure (NUN) was used 
for model calibration. Linear regression was not used to cal-
ibrate the curve speed model because its form does not have 
linear components. While the side friction model has a linear 
form and is suitable for linear regression, it is not the pre-
ferred model for coefficient calibration for three reasons. 
First, the dependent variable (i.e., friction) is a "computed" 
value rather than a truly "measured" quantity. Second, com-
puted friction is not normally distributed as assumed for 
least-squares regression modeling; rather, its standard devi-
ation is linearly related to mean curve speed. Third, com-
puted friction is based on curve speed which, when used with 
Equation 2, effectively puts the effect of curve speed on both 
sides of the equal sign in the friction model. These reasons 
limit the appeal of using Equation 2 as the regression model 
because they can result in biased coefficient estimates. 

The curve speed model as a regression model does not 
share the aforementioned limitations. The nonlinear regres-
sion approach combined with Equation 3 (as the appropriate 

0.5 

0.4 

0.3 

0.2 

0.1 

nfl 

0.5 

0.4 

0.3 

0.2 

0.1 

fin 



74 

model form) offers an unbiased means of quantifying the true 
relationship between curve speed and approach speed. The 
regression coefficients obtained from this regression analy-
sis can then be substituted into Equation 2 to obtain the true 
relationship between speed and side friction demand. 

Analysis of Factor Effects 

The SAS analysis of variance procedure (i.e., GLM) was 
used to identify factors affecting side friction demand. 
Because side friction demand is a fundamental control in 
curve design and also believed to have a fundamental influ-
ence on driver curve speed choice, it was reasoned that the 
analysis of variance should focus on factors affecting friction 
demand. 

The side friction model was used for the analysis of vari-
ance. It was recognized that this model form has the afore-
mentioned limitations regarding coefficient calibration; 
however, it is believed that these limitations are not so sig-
nificant that they would adversely affect an examination of 
influential factors. In general, the GLM procedure is well 
suited to detecting significant factor effects in the presence of 
unbalanced, incomplete data. It is also efficient at detecting 
significant differences in the presence of mild non-normality 
of the residual errors. 

For all analyses, a confidence level of 95 percent (a = 0.05) 
was used as a cutoff value for significance tests. This confi-
dence level limits to 5 percent the probability of erroneously 
concluding that the effect is significant when in fact it is not. 

The analysis of variance was used to evaluate the effect of 
several site-related characteristics. These factors include the 
following: 

Facility type: Low-speed urban streets (LS) 
All rural highways and high-speed 
urban streets (RHS) 
Turning roadways (TR) 

Curve direction: Curve to the left 
Curve to the right 

Grade 
Deflection angle 
Posted speed limit 
Vehicle Type: Passenger car 

Heavy Truck (more than 4 tires) 

The dependent variable (i.e., side friction demand) for this 
analysis was computed using Equation 1. 

The analysis of "vehicle type" was conducted first. This 
analysis compared the individual curve speed measurements 
for both heavy trucks and passenger cars. The results of this 
analysis indicated that truck side friction demand is signifi-
cantly different from passenger car demand. Specifically, it 
was found that truck friction is about 0.028 g's (units of side 
friction) less than that of a passenger car. 

The analysis of the other factors in the preceding list (i.e., 
factors 1, 2, 3, 4, and 5) was conducted using the average 
speed and side friction demand for each study site. Because 
the number of observations at each site was not the same, the 
squared residuals were weighted using the reciprocal of the 
squared standard error of side friction. This quantity was 
computed for each site with the following equation: 

(9R)  
 I 

= 	
2v 	

(5) 

where: 

Wf  = weight function for analysis of variance of side fric- 
tion demand; 

= curve speed variance, m2/s2; 
n = number of observations for the subject site; 
v. = curve speed, m/s; 
g = gravitational acceleration (= 9.807 mis2); and 
R = radius of curve, in. 

Based on the analysis of variance, it was determined that 
curve direction, grade, speed limit, and deflection angle do 
not have significant effects on side friction demand. The lack 
of any significant effect of grade is consistent with a finding 
reported by McLean (9). There was some evidence that side 
friction was higher on curves with larger deflection angles. 
However, this effect was not significant and was strongly 
correlated with facility type. When only LS and RHS facili-
ties were examined, the effect of deflection angle was not sig-
nificant. From this analysis, it was concluded that the effect 
of deflection angle was more likely due to differences in 
driver behavior on turning roadways (TR) (they tended to 
have the largest deflection angles). 

As noted in the preceding paragraph, "facility type" was 
found to be associated with significantly different side fric-
tion demands. Specifically, TR facilities were found to have 
significantly more side friction demand than LS or RHS sites. 
Further examination revealed that the effect of facility type 
was most influential when it was combined with the speed 
reduction term (i.e., V. - V) in Equation 2. In other words, 
the regression coefficient for this term was significantly dif-
ferent for turning roadways than for the other facility types. 
This finding suggested that drivers on TR facilities are more 
willing to reduce their speed; possibly because they-  antici-
pate a "yield" condition where the turning roadway joins the 
crossing street or highway. 

The analysis of variance indicated that both terms in Equa-
tion 2 (i.e., approach speed and speed reduction) were sig-
nificantly correlated with side friction demand. The relation-
ship between side friction and approach speed was noted 
previously in Figure A-7. The effect of speed reduction is 
shown in Figure A-8. The trends shown in this figure indi-
cate that higher side friction is tolerated by motorists when 
they have to significantly reduce their approach speed to 
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Figure A-8. Effect of speed reduction on side friction 
demand for cars and trucks. 

negotiate the curve. This trend is consistent with that noted 
for Figure A-3. 

MODEL CALIBRATION 

Model Calibration 

Based on the findings from the analysis of factor effects, it 
was determined that the side friction model needed revision 
to reflect differences between drivers on TR facilities relative 
to drivers on other facility types. The form of the revised 
model is as follows: 

fD =bO b I Va +(b2 +b TR)(VVc) 	 (6) 

where: 

V, = curve speed, km/h; 
Va = approach speed, km/h;  

b3 = incremental effect of speed reduction on side friction 
demand at TR facilities; and 

'TR = indicator variable (= 1.0 for turning roadways; 0.0 
otherwise). 

Combining Equations 3 and 6 yields the curve speed 
model used for the regression analysis. The form of this 
model is as follows: 

= 63.5R(—(b2 + b3ITR ) + 	+ b3ITR)2 + 
	) 	(7) 

~Va 

with 

e 
cfl.b(bbIb)V 	 (8) 

where: 

b0, b1, b2, b3 = calibration coefficients; and 
e = superelevation rate, percent. 

The number of observations at each site was not the same. 
Thus, the squared residuals were weighted during the regres-
sion using the reciprocal of the squared standard error of 
speed. This quantity was computed for each site using the 
following equation: 

where: 

W. = weight function for nonlinear regression of curve 
speed; 

= curve speed variance, and 
n = number of observations for the subject site. 

The regression analysis was based on both the 85th and 
percentile speeds measured at each site; one model was 
developed for each percentile. The 95' percentile speed 
model provides a defensible relationship between design 
speed and side friction demand. Precedent for this has been 
established in the 1994 Green Book Figure 111-19. 

The 8511 percentile speed model was calibrated to facilitate 
comparison of these research findings with those reported in 
the literature. The 85th percentile speed is generally recog-
nized as an appropriate means of assessing a curve's opera-
tional character in terms of design consistency. In fact, many 
international design agencies define the 851 percentile speed 
as the operating speed. 

The 85th percentile curve speed model may also be useful 
to those design engineers who have some indication of the 
speed limit to be used on the facility under design. This appli-
cation follows the generally accepted practice of equating the 
speed limit with the 85th percentile speed. Thus, the use of 
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both the 85th  and 95th  percentile models in a design situation 
provides a means for establishing a desirable relationship 
between design speed and speed limit. 

The results of the regression analysis are summarized in 
Tables A-3 and A-4 for the 95'  and 85'  percentile speeds. 
The statistics shown in each of these tables indicate that the 
calibrated model is a very reliable predictor of curve speed. 
The quality of fit to the 95 th  percentile curve speeds is shown 
in Figure A-9. The fit for the 85th  percentile speed form of the 
model had a pattern very similar to that shown in this figure. 

It should be noted that the data points shown in Figure A-9 
represent only those sites with more than 10 observations. 
All sites were used for model calibration; however, sites with  

only a few observations were not shown in the figure in order 
to better convey the trends in the data. This restriction only 
affected the number of sites represented in Figure A-9b. 

The regression coefficients from the calibrated curve 
speed model were combined with Equation 6 to form the side 
friction model. The forms of this model for each combination 
of vehicle type and percentile speed are as follows: 

fD,9,pc = 0.243 - 0.00187V95,, 	
(10) 

+ (0.0135 - 0.0067 ITR)(Va,95,pc  

fD,95,tk 0.222 - 0.00140Va,95,fk 	 (11) 
+ (0.0101 - 0.0063 1TR)(Va,95, tk - V.95 fk) 

TABLE A-3 Calibrated speed-comfort equilibrium model statistics_9511  percentile 

Model Statistics Passenger Car Heavy Truck 

R2: 0.95 0.97 

Root Mean Square Error (km/h): 4.1 3.6 

Observations: 55 (sites) 31 (sites) 

Range of Model Variables  

Var. Variable Name Units Mm. Max. Units Mm. Max. 

fn  Sidefnctiondemandfactor g's 0.02 0.41 g's 0.07 0.38 

V Approach speed km/h 66 128 km/h 63 114 

V Curve speed km/h 40 118 km/h 39 106 

Calibrated Coefficient Values 

Coeff. Coefficient Definition Value Std. D. t-stat. Value Std. D. t-stat. 

b0  Intercept 0.243 0.0882 2.8 0.222 0.0585 3.8 

bi  Effect of approach speed 0.00187 0.0009 2.0 0.00140 0.0006 2.3 

b2  Effect of speed reduction 0.0135 0.0018 7.4 0.0101 0.0015 6.6 

b3  I Effect of Turning Roadways -0.0067 1 	0.0017 1 	-4.0 -0.0063 0.0014 -4.4 

TABLE A-4 Calibrated speed-comfort equilibrium model statistics-85t1' percentile 

Model Statistics Passenger Car Heavy Truck 

R2: 0.96 0.99 

RootMean Square Error (km/h): 3.5 2.2 

Observations: 55 (sites) 3 1 (sites) 

Range of Model Variables 

Vai Variable Name Units Mm. Max. Units Mm. Max. 

fD  Side friction demand factor g's 0.02 0.37 g's 0.06 - 	0.35 

V Approach speed km/h 61 119 km/h 61 109 

V Curve speed km/h 38 113 km/h 37 102 

Calibrated Coefficient Values 

Coeff. Coefficient Definition Value Std. D. t-stat. Value Std. D. t-stat. 

b0  Intercept 0.256 0.0750 3.4 0.2580.0456 5.7 

b 1  Effect of approach speed 	. 0.00223 0.0008 2.7 0.00196 0.0005 4.1 

b2  Effect of speed reduction 0.0133 0.0018 7,4 0.0093 0.0013 7.3 

b3  Effect of Turning Roadways -0.0074 1 	0.0016 1 	-4.5 -0.0057 1 	0.0011 1 	-5.0 
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Figure A-9. Comparison of measured and predicted curve 
speeds for cars and trucks. 
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fD, 85,pc = 0.256 - 0.00223V, 	 (12) 
+ (0.0133 - 0.0074 ITR)(Va,85,pe - Vc,ss,pc) 

fD,85,th = 0.258 - 0.00196Va 85 tk 	 (13) 
+ (0.0093 - 0.0057 ITR)(Va,85,tk VC ,85,tk) 

The calibrated side friction model was also examined for 
its quality of fit to the data. Specifically, Equation 1 was used 
to compute the side friction demand for each site based on its 
observed 95th  percentile speed and measured superelevation 
rate and radius. These computed values are compared with 
the side friction demand predicted by Equations 10 and 11 
for each curve site. The results of this comparison are shown 
in Figure A-10. 

The trends shown in Figure A-b indicate a fit nearly as 
good as that obtained from the curve speed model. For the pas-
senger car friction model shown in Figure A-lOa, the R2  value 
is 0.86 and the root mean square error (i.e., the standard devia-
tion of the predicted quantity) is 0.039 g's. For the truck model, 
the R2  value is 0.87 and the root mean square error is 0.034 g's. 

Model Verification 

The calibrated curve speed model was compared with the 
three models described previously for Figure A-2. The 
results of this analysis are shown in Figure A-li. In general, 
the trend lines associated with the proposed model are in very 
good agreement with existing models. This agreement, com-
bined with the quality of model fit to the data collected for 
this study, provides strong support for the hypothesized rela-
tionship between side friction demand and curve speed, as 
modeled by Equation 6. 

Sensitivity Analysis 

The calibrated side friction model was used to examine the 
relationship between side friction demand and approach 
speed. This relationship is shown graphically in Figure A- 12. 
Also shown in Figure A-12 are the maximum design side fric-
tion factors recommended in the Green Book. The proposed 
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Figure A-il. Comparison of the calibrated curve speed 
prediction model with other models. 

model predicts a decrease in side friction demand with an 
increase in approach speed. In addition, the proposed model 
indicates that side friction demand increases with increasing 
speed reduction (i.e., V - Vt ). 

A comparison of the friction factors obtained from the pro-
posed model with those recommended in the Green Book 
indicates that a nominal speed reduction of 5 to 10 km/h is 
expected of drivers traveling on curves designed with near-
minimum radii. In contrast, curves with moderate to large 
radii that yield side friction demands below the "V - = 0" 
trend line are not likely to induce a speed reduction. 

The trend line shown in Figure A- 12 that coincides with a 
5-km/h speed reduction is applicable to RHS and LS facili-
ties. As mentioned previously, the analysis indicated that 
drivers on TR facilities tend to accept about twice the speed 
reduction for the same side friction demand and approach 
speed. Hence, the "V - V = 5" trend line in Figure A-12a 
coincides with a 10-km/h speed reduction for passenger cars 
on TR facilities; that shown in Figure A-12b coincides with 
a 13-km/h reduction for trucks. 

An examination of Figure A- 12b indicates that heavy 
trucks have slightly lower side friction demands than pas-
senger cars on low-speed facilities. The reverse of this trend 
is true for high-speed facilities. Alternatively, it can be sug-
gested that the "flatter" slope of the friction trend line for 
heavy trucks suggests that truck drivers have a reduced sen-
sitivity to speed in their choice of side friction demand. 

DESIGN IMPLICATIONS 

Maximum Design Side Friction Factors 

The calibrated side friction models described in the pre-
ceding section provide a logical basis for establishing maxi-
mum side friction factors for design. Their representation of 
an upper percentile of the driver population provides a con-
servative nature to the design process, consistent with that 
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Figure A-12. Predicted maximum side friction demand 
factors for a range of approach speeds for cars and trucks. 

used to define other design controls in the Green Book. Of the 
two percentiles considered (i.e., 85' and 95tl),  the 951hj  per-
centile provides the more appropriate level of coverage for 
curve design. 

The rationale for selecting the 95th  percentile side friction 
demand as the basis for design is based primarily on consid-
ering the probability of "failure." Unlike the issue of stop-
ping sight distance, where several "rare" events must com-
bine to produce possible failure in the form of a collision, 
curve speed choice is the only random variable that dictates 
the successful negotiation of the curve (as it relates to side 
friction demand and Equation 1). 

Failure in stopping sight distance design requires that the 
reaction time, deceleration rate, and speed criteria will be at 
or below their "worst-case" values for a given driver. For 
example, if 85th  percentile values of each control are used to 
define stopping sight distance, the probability of failure is 
about 1 in 300 (= (1 - 0.85) _3)  If this level of safety were 
also provided in curve design, the 99711  percentile side fric-
tion demand (= 1 - 1/300) would need to be used. Practical 
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considerations preclude the use of such an extreme value; 
however, the 85 percentile side friction demand is likely too 
low because 15 percent of drivers would have side friction 
demands in excess of the design value. Such an excess 
implies motorist discomfort and a possible vehicle control 
failure. 

Based on the discussion in the preceding paragraphs, it is 
recommended that the maximum design side friction factors 
used for curve design be based on the 95t  percentile side fric-
tion demand. Following this recommendation, it is also rec-
ommended that the curve design speed be based on the 95"  

percentile curve speed. It should be noted that this rationale 
and recommendation are consistent with the statements made 
in the Green Book (1, pp.  193-194), as they relate to curve 
design for turning roadways. 

The calibrated side friction model coefficients indicate 
that side friction demand varies by vehicle type. Specifically, 
truck drivers prefer slightly less side friction on low-speed 
facilities than do passenger car drivers. Hence, the maximum 
design side friction factors for low-speed facilities serving a, 
significant percentage of trucks could be based on the side 
friction trends for heavy trucks. However, from a practical 
standpoint, the differences in friction factors are not signifi-
cantly different for the two vehicle types. Hence, it is rec-
ommended that the maximum design side friction factors 
used for curve design be based on those observed for pas-
senger cars because they are effectively equivalent to those 
observed for trucks. 

The calibrated side friction model structure recognizes an 
effect of speed reduction on side friction demand. This natu-
rally raises the question of what degree of speed reduction is 
acceptable for curve design. The side friction demand factor 
coincident with no speed reduction fa,o  logically represents a 
desirable value for the maximum design side friction factor. 
A curve designed to require a side friction demand equal to 
or less than fd,o  would operate with no speed reduction along 
the curve. However, in recognition of the desirability of pro-
viding a balance between motorist safety and construction 
cost, it may be more practical to designate a non-zero speed  

reduction for curve design. This speed reduction would be 
used with the side friction model to define an acceptable 
maximum design side friction factorfa, 

The allowable speed reduction for curve design could be 
based on consideration of facility type, design speed, or both. 
On the other hand, in an effort to minimize the number of 
values associated with the side friction design control, it 
could also be determined that one maximum speed reduction 
should be used for all conditions. Based on the trends shown 
in Figure A-12a, it appears that a reasonable maximum 
allowable speed reduction would be about 5 km/h. 

As a compromise approach, the allowable speed reduction 
used to define the maximum design side friction factors varies 
from 3.0 to 4.55 km/h (for passenger cars). This range was 
selected after consideration of the speed reduction of trucks 
as well as the implications of these factors on corresponding 
minimum radius (at the maximum superelevation rate). The 
resulting maximum design side friction factors deemed suit-
able for both vehicle types are shown in Table A-5. The fac-
tors shown in this table are computed from Equation 10. The 
speed reductions shown are for passenger cars; Equation 11 
can be used to show that these friction factors produce truck 
speed reductions of less than 5.0 km/h. 

Curve Speed Relationships 

The curve speed model developed for this research is based 
on the hypothesis that the speed adopted by a driver when trav-
eling along a curve is based on approach speed, curve radius, 
and curve superelevation rate. In general, a driver's curve 
speed will equal the approach speed except when it is limited 
to lower values through the use of sharp curvature or minimal 
levels of superelevation. The maximum design side friction 
factors recommended in the Green Book correlate with speed 
reductions of 10 km/h or more on the sharpest curves. 

The calibration coefficients listed in Table A-3 were used 
to develop relationships between speed, radius and super-
elevation rate. These relationships are shown in Figures A-13 

TABLE A-S Proposed maximum design side friction factors 

95' Percentile Approach Speed 
(km/h) 

Speed Reduction 
(knilh) 

Maximum Design Side Friction 
Factor, f. 

30 3.00 0.227 

40 3.00 0.209 

50 3.00 0.190 

60 3.00 0.171 

70 3.00 0.153 

80 3.00 0.134 

90 3.00 0.115 

100 3.25 0.100 

110 3.90 0.090 

120 4.55 0.080 
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Figure A-13. Expected curve speeds for streets and 
highways. 
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Figure A-14. Expected curve speeds for turning roadways. 
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and A-14. Those relationships shown in Figure A-13 apply 
to RHS and LS facilities; those in Figure A-14 apply to TR 
facilities. The trends shown are based on the coefficients for 
passenger cars. The trends for trucks were very similar; how-
ever, truck speeds tend to be slightly slower than those of 
passenger cars. The difference in speeds is dependant on 
curve radius with differences as large as 6 percent found on 
the sharper curves. 

The trends shown in Figures A-13 and A-14 indicate that 
speed reductions only occur on the sharper curves. A com-
parison of these figures indicates that speed reductions on 
turning roadways are larger than those on street or highway 
curves. This trend suggests that drivers on turning roadways 
with sharp radii tend to accept larger speed reductions as they 
transition between intersecting facilities. In general, the aver-
age speed reduction on a turning roadway curve is between 
50 and 80 percent larger than that on a RHS or LS facility for 
the same radius and superelevation rate. 

To illustrate the use of Figure A-13, consider a curve with 
a radius of 500 m and a superelevation rate of 2.0 percent. 

Figure A-13 indicates that such a curve on a roadway with 
a 95"  percentile speed of 80 km/h would impose no speed 
reduction. However, if the 95"  percentile approach speed 
was 100 km/h, the 95'  percentile curve speed would be about 
95 km/h. The field data indicate that this 5-km/h speed reduc-
tion would be adopted by all drivers (not just the 95' per-
centile driver). Finally, if the 95' percentile approach speed 
was 120 km/h, the typical speed reduction would be on the 
order of 11 km/h. 

SUMMARY 

The curve speed and side friction models represent an 
improvement over existing models for three reasons. First, 
they offer a human-behavior-based explanation for driver 
curve speed choice. The influence of curve geometry on 
speed is explained using the concept of a motorist-selected 
balance between delay and comfort. Drivers minimize delay 
by limiting the magnitude of speed reduction necessary to 
negotiate the curve; drivers maximize comfort by limiting 



81 

the magnitude of lateral acceleration that stems from side 
friction demand. 

A second improvement offered by the proposed models is 
that they provide a rational, direct linkage between curve 
speed and side friction demand. Calibration coefficients 
obtained from the curve speed model are used directly in the 
side friction model. The side friction model does not require 
explicit calibration. 

A third improvement offered by the proposed models is 
that they include a sensitivity to superelevation rate. The sta-
tistical analysis conducted for this research indicates that 
superelevation rate has a significant effect on curve speed. Its 
effect on speed is illustrated in Figures A-13 and A-14. This 
factor is not considered in many curve speed relationships 
including those reported by McLean (9,12), Kerman et al. 

(10), Kanellaidis et al. (11), and the Green Book (l,p. 197). 
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APPENDIX B 

HORIZONTAL CURVE SPEED CHARACTERISTICS 

This appendix describes the characteristics of free-flowing 
traffic streams on horizontal curves. These characteristics are 
represented as speed statistics and include the average, 511, and 
95th percentile speeds of both cars and heavy trucks. Vehicle 
speed was also measured on the tangent approach to the curve 
to provide statistical control. 

The characteristics described in this appendix were used to 
calibrate the recommended horizontal curve design controls 
described in Chapter 3. In general, simple relationships were 
developed that can be used to predict (1) the 51h  and 95th  per-
centile approach speeds of both cars and trucks, (2) the rela-
tionship between car and truck speeds on the same curve, and 
(3) the reduction in the 51  and 951  percentile approach speed 
of both cars and trucks as a result of curve geometry. These 
relationships permit the evaluation of side friction demand 
for both slow and fast drivers as a function of curve radius 
and superelevation. As such, they were useful in the evalua-
tion and revision of the superelevation distribution methods 
described in A Policy on Geometric Design of Highways and 
Streets (1) (i.e., the Green Book). 

DATABASE DEVELOPMENT 

The database used to quantify and define the aforemen-
tioned speed characteristics is described in Appendix A. This 
database includes the geometry of 55 horizontal curves 
located in eight states. These curves represent all combina-
tions of rural/urban and low-/high-speed conditions. Six of 
the curves are located on turning roadways (including four 
interchange ramps). Data recorded for each curve include 
radius, superelevation rate, grade, deflection angle (or curve 
length), curve direction (i.e., left or right), posted speed limit, 
and advisory speed limit (when applicable). 

DATA REDUCTION AND ANALYSIS 

The database development task for this research included 
several quality-control steps. Specifically, the field data 
were reviewed for accuracy and consistency. The geometric 
data were verified through the use of survey measurements, 
photo logs, and the comparison of survey measurements 
with as-built plans, when available. The speed data that were 
manually recorded on data collection sheets were reduced in 
duplicate by different technicians; the speed data that were 
collected with sensors were verified using videotape records. 

The details of the data reduction and analysis process are 
described in Appendix A. 

The reduced database included 8,191 valid vehicle obser-
vations. Each observation included a measurement of the 
vehicle's approach speed, curve speed, and classification (i.e., 
car or heavy truck). About 90 percent of the observations in 
the database represent passenger cars; the balance represents 
heavy trucks (i.e., those with more than two axles). 

MODEL CALIBRATION 

Three types of model were calibrated for this research: 

Percentile-Speed Model, 
Car-Truck Speed Model, and 
Speed Reduction Model. 

The first model type predicts a percentile speed using aver-
age speed as the independent variable. Separate variations of 
this model were developed to predict the 511  and 95t  per-
centile speeds. The second model type predicts average truck 
speed using the average passenger car speed as the indepen-
dent variable. Finally, the third model type predicts a per-
centile speed reduction using average speed reduction as the 
independent variable. Separate variations of this model were 
also developed to predict the 5` and 95'  percentile speed 
reductions. 

The calibration of each model is described in the remain-
der of this section. This calibration includes a regression 
analysis, a presentation of the calibrated model form, and an 
assessment of its quality of fit. 

Percentile Speed Models 

This section describes the development of regression 
relationships between the average and selected percentile 
approach-speeds for both cars and trucks. Specifically, two-- - - 
relationships are defined, one between the average and 
percentile speed and a second between the average and 511  

percentile speed. 

95th Percentile Approach Speed 

The relationship between the 95"  percentile and average 
speeds is shown in Figure B-i. Each data point shown repre-
sents the speeds measured at one study site (i.e., one travel 
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Figure B-i. Relationship between the 951I  percentile and 
average approach speeds. 

direction of one horizontal curve). The trends shown indicate 
that the 95 percentile speed is about 10 to 20 km/h greater 
than the average speed. The data corresponding to heavy 
trucks suggest that truck speeds are slightly slower than pas-
senger car speeds. However, the truck data are also slightly 
more variable than the car data because of lower numbers of 
observations underlying each 'truck" data point. 

The data shown in Figure B-i were used to calibrate a rela-
tionship between the average and 95'  percentile speeds. 
Based on the distribution of data in this figure, it was deter-
mined that least-squares regression would be appropriate. 
However, because the number of observations differed among 
the various curve sites, the regression residuals were weighted 
using the reciprocal of the squared standard error of speed. 
This quantity was computed for each site using the following 
equation: 

WV= 
Gv 

(1) 

where: 

W. = weight function for regression of curve speed, 
= variance of curve speed, and 

n = number of observations for the subject site. 

Several alternative model forms were considered to 
account for any differences in passenger car versus truck 
speeds. The model form that was found to offer the best com-
promise between simplicity and sensitivity to vehicle type 
was as follows: 

Va,95  = (b0  + bl I(k)V 2 	 (2) 

where: 

Va, 95  = 9511  percentile approach speed, km/h; 
Va' = average approach speed, km/h; 

'fk = indicator variable (1.0 for heavy trucks; 0.0 for pas- 
senger cars); and 

b, = calibration coefficients (i = 0, 1, 2). 

The results of the regression analysis are summarized in 
Table B-i. The statistics shown in this table indicate that the 
calibrated model is a very reliable predictor of the 951h  per-
centile speed. 

The regression coefficients from Table B-i were com-
bined with Equation 2 to form the 9511  percentile approach 
speed model. The form of this model is as follows: 

Va, 95  = (1.681 0.0571t9) Va10917 	 (3) 

In application, this equation can be used to predict the 95'
percentile speed for either passenger cars or trucks. When 
applied to passenger cars, the average speed used in Equation 
3 would correspond to the average passenger car speed. Sim-
ilarly, the average truck speed would be used to predict the 
9510 percentile truck speed. 

U 
0 Passenger Car 

------------------------- 

----------------- 

---------------------------- ------------------------------------ 

TABLE B-i Calibrated 95"  percentile approach speed model 

Model Statistics 

R2: 0.96 

Root Mean Square Error (km/h): 3.2 

Observations: 86 (55 sites with cars and 31 sites with trucks) 

Range of Model Variables Passenger Car Heavy Truck 

Var.  Variable Name Units Mm. Max. Units Mm. Max. 

95' percentile approach speed km/h 66 128 km/h 42 113 

V' Average approach speed km/h 54 111 km/h 42 99 

Calibrated Coefficient Values 

Coeff. Coefficient Definition 	. Value Std. Deviation t-statistic 

b0  Intercept 1.681 0.169 9.9 

b 1  Effect of heavy trucks -0.057 0.016 -3.6 

b 2  Effect of average speed 0.917 0.021 43.7 
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The relationship between the average and 95 1h  percen-
tile speeds, as predicted by Equation 3, is shown in Figure 
B:2. Also shown in this figure is the relationship between 
design speed and average running speed (under low-volume 
conditions) as shown in Green Book (1) Figure 11-22 and 
Table 111-12. 

The trends shown in Figur B-2 indicate that the 951h  per-
centile speed is approximately equal to the design speed for 
average speeds between 70 and 90 km/h. On the other hand, 
these trends imply that design speed is above the 99•9th  per-
centile for average speeds greater than 100 km/h and below 
the 60th  percentile for average speeds of 40 km/h. These per-
centiles appear to be overly conservative for high speeds and 
overly liberal for low speeds. It should be noted that the 
Green Book authors do not document the rationale for the 
relationship shown in their Figure 11-22. However, in their dis-
cussion of turning roadway design, the Green Book authors 
indicate that the 95th  percentile speed can be assumed to be 
representative of design speed (1, p.  194). 

5th Percentile Approach Speed 

The relationship between the 5'  percentile and average 
speeds is shown in Figure B-3. Each data point shown repre-
sents the speeds measured at one study site. The trends shown 
indicate that the 5' percentile speed is about 10 to 20 km/h 
lower than the average speed. 

The data shown in Figure B-3 were used to calibrate a rela-
tionship between the average and 5i  percentile speeds. As 
with the 95th  percentile speed analysis, several alternative 
model forms were considered to account for differences in 
passenger car and truck speeds. The model form that was 
found to offer the best compromise between simplicity and 
sensitivity to vehicle type was as follows: 

Va5  = (b0  + bll fk)Va 	 (4) 
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Figure B-2. Predicted relationship between the 95f 
percentile and average approach speeds. 

- DPassengerCar------------------------ 
Heavy Truck 

—x=Y 	 0 

ocL. 

30 40 50 60 70 80 90 100 110 120 

Average Speed (km/h) 

Figure B-3. Relationship between the 5' percentile and 
average approach speeds. 

where: 

Va,5 = 5'  percentile approach speed, km/h. 

The results of the regression analysis are summarized in 
Table B-2. The statistics shown in this table indicate that the 
calibrated model is a very reliable predictor of the 5 th  per-
centile speed. 

The regression coefficients from Table B-2 were com-
bined with Equation 4 to form the 511  percentile approach 
speed model. The form of this model is as follows: 

V 	= (0.616 - O.O2lI(k )Va 	 (5) 

In application, this equation can be used to predict the 5' per-
centile speed for either passenger cars or trucks. When applied 
to passenger cars, the average speed used in Equation 5 
would correspond to the average passenger car speed. Simi-
larly, the average truck speed would be used to predict the 5" 
percentile truck speed. 

The relationship between the average and 5th  percentile 
speeds, as predicted by Equation 5, is shown in Figure B-4. 
The trends shown suggest that the 51h  percentile speed for 
heavy trucks is slightly higher than that of the passenger cars, 
for the same average speed. However, this does not mean that 
the 51  percentile truck has a faster speed than the 5th  per-
centile speed of a passenger car on a given curve. In fact, the 
reverse is generally true because the- average truck speed- is 
typically slower than the average passenger car speed. This 
relationship between the average speed of cars and trucks on 
the same curve is described in more detail in the next section. 

Car-Truck Speed Model 

The relationship between the average speeds of cars and 
'trucks on the same highway segment is shown in Figure B-S. 
The trends shown in this figure indicate that the average truck 
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TABLE B-2 Calibrated 511 percentile approach speed model 

Model Statistics 

R 2 : 0.93 

Root Mean Square Error (km/h): 3.5 

Observations: 86 (55 sites with cars and 3 1 sites with trucks) 

Raiigeof Model Variables Passenger Car Heavy Truck 

Vai Variable Name Units Mm. Max. Units Mm. Max. 

v 5  5" percentile approach speed km/h 42 94 km/h 20 91 

1<,,' Average approach speed km/h 54 111 km/h 42 99 

Calibrated Coefficient Values  

Coeff. Coefficient Definition Value Std. Deviation t-statistic 

b0  Intercept 0.616 0.076 8.1 

b 1  Effect of heavy trucks 0.021 0.009 2.3 

b2  Effect of average speed 1.070 0.032 33.4 
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speed is slightly below the average car speed. One study site 
was not consistent with this trend. It is represented in Figure 
B-5 as the data point with an average truck speed of 40 km/h. 
This particular site was on a significant downgrade and had 
signing for the truck drivers advising them to remain in a 
lower gear and maintain a low speed. This site was excluded 
from further analysis of these data. 

An analysis of the distribution of data shown in Figure B-5 
indicated that least-squares regression would be appropriate. 
However, because of the variation in the number of car and 
truck observations at each site, it was determined that the 
regression residuals should be weighted..The following equa-
tion was used to compute the weight for each site: 

2  1 
	 . 	 (6) 

cQjk 
nPC 	nrk  

As with the previous analysis, several alternative linear 
model forms were considered. The model form that was 
found to offer the best compromise between simplicity and 
sensitivity to vehicle type was as follows: 

V,=b0V'. 	 . 	 (7) 

where: 

V= average heavy truck approach speed, km/h; and 
Vu'. = average passenger car approach speed, km/h. 

The results of the regression analysis are summarized in 
Table B-3. The statistics shown in this table indicate that the 
calibrated model is a very reliable predictor of the average 
truck speed. 
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Figure B-S. Relationship between average passenger car 
and heavy truck speeds  



TABLE B-3 Calibrated average truck approach speed model 

Model Statistics 

R2: 0.92 

Root Mean Square Error (km/h): 2.2 

Observations: 31 (sites with both cars and trucks) 

Range of Model Variables Passenger Car Heavy Truck 

Vai Variable Name Units Mm. Max. Units Mm. Max. 

V' Average approach speed km/h 54 111 km/h 42 99 

Calibrated Coefficient Values 

Coeff. 
I 	

Coefficient Definition Value Std. Deviation t-statistic 

b0 I Effect of average passenger car speed 0.941 0.008 1 	117.6 
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The regression coefficient from Table B-3 was combined 
with Equation 7 to form the average truck approach speed 
model. The form of this model is as follows: 

V=0.941V. 	 (8) 

The relationship between the average truck and car speeds, 
as predicted by Equation 8, is shown in Figure B-6. Also 
shown in this figure are data reported in Table 2-26 of the ITE 
Traffic Engineering Handbook (2). This table liststhe mean 
speeds of both cars and trucks as measured on facilities with a 
specified speed limit. The speed limits included in Table 2-26 
range from 40 to 90 km/h. The data indicate that the average 
truck speed is about 93 percent (± 4 percent) of the average 
car speed. These data provide some validation of the cali-
brated regression model. 

Speed Reduction Models 

The relationship between the approach and curve speed 
distributions was also examined. This relationship was exam- 
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Figure B-6. Predicted relationship between the average 
car and truck approach speeds. 

med in the context of the reduction in 95th  and 5th  percentile 
speeds relative to the reduction in average speed. Models for 
predicting these relationships are described in the following 
paragraphs. 

95th Percentile Speed Reduction 

The relationship between the reduction in 	percentile 
and average speeds is shown in Figure B-7. In general, there 
is a one-to-one relationship between the 9511  and average 
speed reductions. However, there is a tendency for some 
deviation from this trend when the speed reduction is large. 

The data shown in Figure B-7 were used to calibrate a 
relationship between the average and 95' percentile speed 
reductions. Specifically, a linear model was calibrated using 
weighted least-squares regression. The weight function was 
similar to Equation 6; however, the approach and curve 
speed variances (O .a /fla  and a/n) were used to compute 
the weight instead of the car and truck speed variances 

and (T fk/nk). 
Several alternative model forms were considered to evalu-

ate the effect of vehicle type. However, the results of this pre- 
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TABLE B-4 Calibrated 95"  percentile speed reduction model 

Model Statistics 

R2: 0.97 

Root Mean Square Error (km/h): 4.3 

Observations: 86 (55 sites with cars and 31 sites with trucks) 

Range of Model Variables Passenger Car Heavy Truck 

Var. Variable Name Units Mm. Max. Units Mm. Max. 

dv95 95th  percentile speed reduction km/h -5 51 km/h -3 45 

dv' Average speed reduction km/h -4 44 km/h -13 42 

Calibrated Coefficient Values  

Coeff. Coefficient Definition Value Std. Deviation t-statistic 

b0 I Effect of average speed reduction 1.13 0.02 56.5 
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liminary analysis indicated that there was no significant dif-
ference between the speed reductions of cars and trucks. Thus, 
the form of the model used for calibration was as follows: 

dv95  = b0  dv' 	 (9) 

where: 

dv95 = 95'  percentile speed reduction (= V,95  - V, 95), km/h; 
dv' = average speed reduction (= V' - Vt'), km/h; 

Va95 = 951 percentile approach speed, km/h; 
= 95' percentile curve speed, km/h; 

Va' = average approach speed, km/h; and 
V' = average curve speed, km/h. 

The results of the regression analysis are summarized in 
Table B-4. The statistics shown in this table indicate that the 
calibrated model is a very reliable predictor of the 95"  per-
centile speed reduction. 

The regression coefficient from Table B-4 was combined 
with Equation 9 to form the 95 percentile speed reduction 
model. The form of this model is as follows: 

dv95 =1.l3dv' 	 (10) 

In application, this equation can be used to predict the 95 
percentile speed reduction for either passenger cars or trucks. 
When applied to passenger cars, the average speed reduction 
used in Equation 10 would correspond to the average pas-
senger car speed. Similarly, the average truck speed reduc-
tion would be used to predict the 95' percentile truck speed 
reduction. 

5th Percentile Speed Reduction 

The relationship between the reduction in 5 th  percentile 
and average speeds is shown in Figure B-8. In general, there 
is a one-to-one relationship between the 5"  and average  

speed reductions. However, there is a tendency for some 
deviation from this trend for larger reductions. 

The data shown in Figure B-8 were used to calibrate a rela-
tionship between the average and 5"  percentile speed reduc-
tions. Several alternative model forms were considered to 
evaluate the effect of vehicle type. However, the results of 
this preliminary analysis indicated that there was no signifi-
cant difference between the speed reductions of cars and 
trucks. Thus, the form of the model used for calibration was 
as follows: 

dv5  = b0  dv' 

where: 

dv5 = 5"  percentile speed reduction (= V,.5 - V 5), km/h; 
and 

dv' = average speed reduction (= V' - Va'), km/h. 

The results of the regression analysis are summarized in 
Table B-5. The statistics shown in this table indicate that the 
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Figure B-8. Relationship between 5' percentile and 
average speed reduction. 



TABLE B-5 Calibrated 5"  percentile speed reduction model 

Model Statistics 

R2: 0.96 

Root Mean Square Error (km/h): 4.3 

Observations: 86 (55 sites with cars and 31 sites with trucks) 

Range of Model Variables Passenger Car Heavy Truck 

Var. Variable Name Units Mm. Max. Units Mm. Max. 

dv5  5' percentile speed reduction km/h -3 39 km/h -9 37 

dv' Average speed reduction km/h -4 44 km/h -13 42 

Calibrated Coefficient Values 

Coeff. Coefficient Definition Value Std. Deviation t-statistic 

b0  Effect of average speed reduction 0.862 0.020 43.1 
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calibrated model is a very reliable predictor of the 5th  per-
centile speed reduction. 

The regression coefficient from Table B-5 was combined 
with Equation 11 to form the 5'  percentile speed reduction 
model. The form of this model is as follows: 

dv5 =0.862dv' 	 (12) 

the magnitude of the percentile speed reduction deviates 
from the average reduction in direct proportion to the amount 
of reduction. In addition, the slope for the 9511  percentile 
speed reduction is greater than 1.0 and that for the 5'  per-
centile speed reduction is less than 1.0. These slopes suggest 
that the variance in the distribution of curve speeds decreases 
with increasing speed reduction. 

In application, this equation can be used to predict the 5 th  per-
centile speed reduction for either passenger cars or trucks. 
When applied to passenger cars, the average speed reduction 
used in Equation 12 would correspond to the average pas-
senger car speed. Similarly, the average truck speed reduc-
tion would be used to predict the 511  percentile truck speed 
reduction. 

The relationship between the average and the percentile 
speed reductions, as predicted by Equations 10 and 12, is 
shown in Figure B-9. The trends shown in this figure suggest 
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Figure B-9. Relationship among average, 95th,  and 5t/ 

percentile speed reductions. 

SPEED RELATIONSHIPS 

Equations 3, 5, and 8 were used to define the relationship 
between passenger car and truck approach speeds. This rela-
tionship is shown in Table B-6 for the average, 95th,  and 5 
percentile speeds for each vehicle type. The 95"  percentile 
speed for the passenger car was defined in 10 km/h incre-
ments; all other speeds shown were computed using Equa-
tions 3, 5, and 8. 

The data in Table B-6 suggest that a curve with a 95"  per-
centile passenger car speed of 70 km/h would likely have an 
average passenger car speed of 58.4 km/h and a 51h  percentile 
speed of 47.8 km/h. Furthermore, the 95"  percentile, aver-
age, and 5th  percentile truck speeds on this same curve are 
likely to be 64.0, 54.9, and46.3 km/h, respectively. 

Equations 10 and 12 can be used to convert the approach 
speeds shown in Table B-6 into curve speeds once an appro-
priate speed reduction is identified. As described in Appen-
dix A, the amount of speed reduction is dependent on curve 
geometry and approach speed. Specifically, the curve speed 
model in Appendix A can be used to determine the resulting 
speed reduction for a selected radius, superelevation rate, and 
approach speed. 

To illustrate the use of Equations 10 and 12, assume that a 
curve geometry is selected that results in a 3-km/h reduction 
in the 95' percentile speed. This speed reduction translates 
into a 2.7-km/h (= 3.0/1.13) average speed reduction and a 
2.3-km/h (= 2.7 * 0.862) 5th  percentile speed reduction. Thus, 



TABLE B-6 Relationship between passenger car and heavy truck approach speeds 

Passenger Car Approach Speed Heavy Truck Approach Speed 

95' Percentile 
(km/h) 

Average 
(km/h) 

51  Percentile 
(km/h) 

95th Percentile 
(km/h) 

Average 
(km/h) 

51  Percentile 
(km/h) 

30.0 23.2 17.8 27.4 21.8 17.2 

40.0 31.7 24.9 36.5 29.8 24.1 

50.0 40.4 32.3 45.7 38.1 31.3 

60.0 49.3 39.9 54.8 46.4 38.7 

70.0 58.4 47.8 64.0 54.9 46.3 

80.0 67.5 55.8 73.1 63.5 54.1 

90.0 76.8 64.1 82.2 72.2 62.1 

100.0 86.1 72.5 91.4 81.0 70.2 

110.0 95.5 81.0 100.5 89.9 78.5 

120.0 105.0 89.6 j 	109.6 98.9 86.8 
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when the 95' percentile passenger car approach speed is 70 
km/h and the curve is sufficiently sharp as to warrant a 3-km/h 
95th percentile speed reduction, the 5" percentile passenger 
car curve speed can be estimated as 45.5 km/h (= 47.8 - 2.3) 
and the 5"  percentile truck curve speed can be estimated as 
44.0 km/h (= 46.3 - 2.3). 
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APPENDIX C 

VEHICLE DYNAMICS ON ROADWAY CURVES 

This appendix examines the factors affecting side friction 
demand and supply. These factors include speed, curve radius, 
superelevation rate, vehicle type, and roadway grade. In the 
context of vehicle type, the effects of a vehicle's suspension, 
weight distribution, and physical dimension are considered. 
Special attention is given to an examination of the effect of 
grade on friction supply and demand. This examination pro-
vides a theoretic insight into the concept of side friction 
demand and supply, as it relates to the roadway design 
process. These insights formed the basis for the side friction 
demand model described in Appendix A. 

The factors affecting side friction demand and friction 
supply are described in the next section. Then, a kinematic 
model is developed to predict side friction demand as well as 
the impact of selected geometric factors on this demand. 
Next, two friction supply models are developed. One of these 
models describes the slide failure mode and another describes 
the roll failure mode. Finally, the demand and supply mod-
els are compared using a margin of safety analysis. 

SIDE FRICTION DEMAND AND SUPPLY 

Side Friction Demand 

The following equation is given in the Green Book (1) 
as defining the relationship among side friction demand, 
superelevation, speed, and radius: 

f,o= 
v2  
-— e gR j00 

(1) 

where: 

e = superelevation rate, percent; 

fy,D = side friction demand factor; 
v = vehicle speed, m/s; 
g = gravitational acceleration (= 9.807 mIs2); and 
R = radius of curve, m. 

This equation is based on the representation of the vehicle 
as a "point-mass." With this approach, all force vectors are 
assumed to intersect at the vehicle's center of gravity; the 
distribution of forces to the individual tires is neglected. As 
a result, differences in vehicle type (e.g., small car, large truck) 
are not explicitly recognized by the model. 

Equation 1 represents a force balance in the lateral direc-
tion. As a result, a factor for grade is not included because its 
primary effect is in the longitudinal direction. 

Equation 1 is derived to predict the side friction demand at 
the tire-pavement interface for a given driver-selected speed 
v when traveling on a curve of radius R and superelevation 
rate e. However, the friction demand predicted by Equation 
1 is more of a conceptual convenience than it is a true mea-
sure of tire-pavement friction. The predicted friction demand 
offers an intuitive means of understanding speed choice as a 
function of curve geometry. Specifically, the predicted fric-
tion is approximately equal to the lateral acceleration (in g's) 
experienced by the driver (in fact, motorists experience a 
slightly larger level of acceleration because of vehicle body 
roll). Logically, drivers would reduce speed if the lateral accel-
eration that is expected (or experienced) during curve entry 
exceeds a level that is deemed comfortable or, if they are in 
a hurry, tolerable. 

Influence of Grade 

The Green Book authors discuss the effect of grade on sev-
eral roadway design controls. This discussion suggests that 
grade has a significant effect on climbing lane design and 
highway level of service. In these situations, the effect of grade 
stems from the performance capabilities of heavy trucks. The 
Green Book authors also describe the effect of grade on stop-
ping sight distance; however, there are no firm recommen-
dations offered regarding the use of adjusted values of stop-
ping sight distance on grades. With regard to controls for 
horizontal curve design, those discussed in the Green Book 
do not have a sensitivity to alignment grade. 

The Green Book authors do recognize a possible effect of 
grade on horizontal curve design. Specifically, the Green 
Book authors suggest that speeds may increase in the down-
grade direction resulting in an increase in lateral acceleration. 
They suggest that separate consideration of the upgrade and 
downgrade directions (with regard to design speed and 
superelevation rate) is an option, although it is generally not 
necessary. It should be noted that, in a recent review of pub-
lished studies of curve speed, McLean (2) found that grade 
did not have a significant effect on curve speed. 

Dunlap et al. (3) re-examined the point-mass model with 
a focus on the effect of grade. They found that grade did have 
a secondary effect in that the vehicle weight component (and 
hence the normal force) was reduced slightly as a result of 
grade. The equation they derived is as follows: 

v2  
fy.D = - cos(0.Ole) - sin(0.Ole) cos(G) 	 (2) 



where: 

G = roadway grade, rn/rn. 

Dunlap et al. (3) compared Equations 1 and 2 and concluded 
that grade had a negligible effect on side friction demand. 
They found that the difference in predicted friction demands 
equated to about 0.7 percent of the side friction demand pre-
dicted by Equation 2. More important, they found that grade 
had negligible effect on this difference. Based on this exam-
ination, Dunlap et al. Concluded that "... the AASHTO 
curve design formula [Equ. 1] is virtually equivalent to the 
exact formula [Equ. 2] and is essentially independent of 
grade" (3, p.  443). 

Dunlap et al. (3) also used simulation to examine the effect 
of grade on turning vehicle performance. Specifically, they 
used the HVOSM (4) simulation program to simulate a pas-
senger car traveling along a horizontal curve. They used this 
program to determine the maximum safe speed VLOC that 
could be sustained on a given curve without "loss of control." 
The results of this examination are consistent with those 
noted previously. Specifically, that grade had negligible effect 
on a vehicle's turning ability. 

Other Factors Affecting Side Friction Demand 

Two additional factors have been identified that influence 
side friction demand. The first factor relates to the friction 
demands of heavy vehicles. Specifically, a study by MacAdam 
et al. (5) indicated that the side friction demand for large 
trucks exceeds that predicted by Equation 1 by about 10 per-
cent because of variations in tire-to-tire friction. 

A second factor relates to the radius of the vehicle path. 
Glennon and Weaver (6) found that drivers tend to track 
transient paths sharper in curvature than that of the roadway. 
They found that the radius of the highway curve was 1.1 to 
1.5 times larger than the radius of the tracked path at a "crit-
ical" point along the curve. These findings are also consis-
tent with those of MacAdam et al. (5) who reported that side 
friction demand is 15 percent higher than that predicted by 
Equation 1 because of "steering fluctuations" along the 
curve. 

The tendency for the path radius to oscillate about the 
curve radius was observed again by Glennon et al. (7) in a 
second study. This study observed the critical radius to occur 
just after the beginning of the curve. 

Based on the aforementioned factors, the following equa-
tion can be used to more accurately predict the maximum 
side friction demand on curves: 

fy,D = b(b 
gRlOO) 	

(3)  
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where: 

= side friction demand factor, 
b. = vehicle-type adjustment factor (1.0 for passenger 

cars, 1.10 for large trucks), and 
b. = steering fluctuation factor (= Racjuai/Rcrjtjcai  1.15). 

Side Friction Supply 

Two types of failure are possible when traversing a high-
way curve: slide or roll. A failure occurs when the lateral 
acceleration (i.e., 0R - g e/100) is sufficient to (1) overcome 
the offsetting force of friction or (2) provide an overturning 
moment that rotates the vehicle about its outside tires. In gen-
eral, the center of gravity of most passenger cars is suffi-
ciently low that slide failure occurs before roll failure. How-
ever, the reverse is true for many trucks because of the greater 
height of their mass center, particularly when fully loaded. 

The next two sections describe the side friction supply for 
both cars and trucks. The first section describes the friction 
supply associated with slide failure. The second section 
describes the friction supply associated with roll failure. 

Side Friction Supply Based on Slide Failure 

The friction supply applicable to travel along a curved path 
is more precisely referred to as the peak side friction supply 
provided by the tire-pavement interface under a minimal slip 
(i.e., "static") condition. When side friction demand exceeds 
the static friction supply, the vehicle will slide off the road-
way. The Green Book does not report static friction supply 
factors; however, it does provide the friction factors for a 
locked-wheel, forward skid. The factors for a locked-wheel 
skid represent a maximum slip (or "dynamic") condition as 
the tire is moving relative to the pavement surface. 

The dynamic friction factors provided in the Green Book 
are shown in column 2 of Table C-i. These factors are 
applicable to a locked-wheel skid on a worst-case combina-
tion of poor, wet pavement and worn tires. More representa-
tive dynamic friction factors can be found in Figure Ill-i of 
the Green Book. Such values are more useful in the compar-
ison of typical friction supply and demand values. The val-
ues selected from Figure 111-1 as representative of the median 
dynamic friction factor are shown in column 3 of Table C-i. 
They compare favorably with the median friction factors 
measured by Wehner (8) (as reported by Lamm [9] ) on Ger-
man highways. 

Olson et al. (10) have developed an equation that can be 
used to estimate the maximum side friction supply for slide 
failure (i.e., the static friction factor) using the friction fac-
tors for the forward skid: 

fy, max, si = 0.20 + 1.12fx,max,sk :passenger car 
(4) 

fy, max, a! = 1.0 1f, max, sic 	 : passenger car 



TABLE C-i Side friction supply for slide failure 

Design 
Speed 
(km/h) 

Max. Design Forward 
Friction Factor, 

fx, d,max 

Max. Forward Friction 
Supply for Skid Failure, 

f, n 

Maximum Side Friction Supply 
for Slide Failure, f 

Passenger Car Heavy Truck 

30 0.40 0.53 0.79 0.54 

40 1 	0.38 0.48 0.74 0.49 

50 0.35 0.44 0.69 0.45 

60 0.33 0.40 0.65 0.41 

70 0.31 0.36 0.60 0.37 

80 0.30 0.34 0.58 0.35 

90 0.30 0.33 0.57 0.33 

100 0.29 0.31 0.55 0.31 

110 0.28 0.30 0.54 0.30 

120 0.28 1 	0.29 1 	0.52 0.29 

Design friction values reported in Table 111-1 of the Green Book (1). 
2 Median friction values based an trends in Figures 111-lA and Ill-lB of the Green Book (1). 
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where: 

fy, max, SI = maximum side friction supply for slide failure 
(median value for wet pavement); and 

f, max, sk = maximum forward friction supply for skid fail-
ure (median value for wet pavement). 

These equations were used to compute median values of the 
maximum side friction factor for slide failure. These factors 
are shown in Table C-i in columns 4 and 5 as they apply to 
passenger cars and heavy trucks, respectively. 

Kontaratos et al. (11) examined the effect of grade on the 
minimum curve radius control. This examination required 
quantification of the maximum side friction factor for design. 
They postulated that this factor represents the maximum side 
friction supply provided by the tire-pavement interface less 
that friction used to overcome the forces retarding forward 
motion (e.g., air resistance and grade). The tractive force 
applied to the drive wheels uses some of the friction supply 
to counter the retarding forces. This approach is based on an 
elliptic representation of friction supply in the longitudinal x 
and lateral y directions and the recognition that the use of 
friction in one direction reduces the available friction supply 
in the other direction. 

The friction ellipse concept leads to the following equation 
for predicting the available maximum side friction supply for 
slide failure: 

fy m, si 	 Gx, 

 fy, max,si
f. D  

max, si 	
(5)

J 

where: 

fy*, max, si = available maximum side friction supply for slide 
failure; 

fy, max, si = maximum side friction supply for slide failure;  

f, max, SI = maximum forward friction supply for slide fail-
ure (approximately equal to fy, max, Si); and 

f, D = tractive or braking friction demand factor. 

The analysis by Kontaratos et al. (11) revealed that an 
upgrade can have a significant effect on side friction supply 
because the vehicle's tractive forces expend some of the fric-
tion otherwise available in the lateral direction. Based on 
their analysis, Kontaratos et al. suggested that there was a 
need to increase the minimum curve radius for upgrade con-
ditions beyond that recommended by the Green Book. 

Side Friction Supply Based on Roll Failure 

In addition to slide failure, a vehicle can roll over as it tra-
verses a curve if its center of gravity is sufficiently high as to 
produce an overturning moment. A static force and moment 
analysis of a vehicle traveling on a curved path yields the fol-
lowing relationship between the height of the center of grav-
ity, track width, superelevation, and the centripetal accelera-
tion term at impending roll failure: 

b 	b 2  e 	 6 
r - 2h - 5 gR 100 

where: 

= track width of the 'vehicle,m; 
h = height of the vehicle's center of gravity, m; and 
b, = calibration factor (typically, 0.4 < b,. < 0.8). 

The calibration factor b, included in this equation is based on 
the work reported by Ervin et al. (12). They found that the 
quantity t/(2h) in Equation 6 overestimated a vehicle's roll 
stability (especially for trucks) because it did not account for 
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the vehicle's suspension system and the tendency for the 
sprung mass (i.e., vehicle engine and body) to "roll" or lean 
out while turning. 

Equation six can be combined with Equation 3 to yield 
the equivalent side friction supply at impending roll failure 

fy, max, . This friction level can be considered a maximum or 
limiting value because "failure" (by rollover) occurs when 
it is exceeded by actual demand (as predicted by Equation 1). 
As a result,f max  is considered a maximum side friction sup-
ply for the purposes of this research. This representation of 
friction-demand-at-roll-failure as a side friction supply facil-
itates the comparison of it with actual side friction demand 
and with the side friction supply for slide failure. The equiv-
alent maximum side friction supply for roll failure can be 
computed as follows: 

fy, max, r = b(RT - 0.Ole) 

bbr± 	 (7) 
2h 

with 

RT=br + 	 (8) 

where: 

fy, max,. = equivalent maximum side friction supply for roll 
failure, 

RT = rollover threshold factor, and 
b. = vehicle-type adjustment factor (1.0 for passenger 

cars, 1.10 for large trucks). 

Equation 7 predicts a maximum side friction factorf, max, 

of about 1.2 for passenger cars and about 0.4 for trucks of 
"average" load condition. Ervin et al. (12) suggest that the 
rollover threshold RT can be in the range of 0.24 to 0.34 for 
a truck with a full load of low-density material when travel-
ing on an unsuperelevated roadway. In this situation, fy, max, 

can vary from 0.26 to 0.36 based on a roadway cross slope of 
2.0 percent. 

Comparison of Side Friction 
Supply and Demand 

At this point, it is useful to compare the side friction sup-
ply and demand values obtained from the relationships 
described in the previous two sections. For this comparison, 
Equation 3 was used to compute the side friction demand for 
both cars and trucks. The radius used in this equation was set 
to the minimum radius values recommended in the Green 
Book. For speeds less than or equal to 70 km/h, the minimum 
radii recommended for low-speed urban streets were used. 
For speeds 80 km/h and greater, the minimum radii recom-
mended for rural highways and high-speed urban streets  

were used. In all cases, a superelevation rate of 6.0 percent 
was used. 

Equation 5 was used to estimate the available maximum 
side friction supply for slide failure. The maximum side fric-
tion supply factors were obtained from Table C-i. A nomi-
nal tractive/braking friction factor of 0.05 was used in Equa-
tion 5 to replicate typical friction demands used to propel or 
slow the turning vehicle. 

Finally, Equation 7 was used to estimate the equivalent 
maximum side friction supply for roll failure. These friction 
factors were previously estimated as 1.2 and 0.43 for average 
cars and trucks, respectively. Because the value of 1.2 is sig-
nificantly larger than the car's side friction supply for slide 
failure, almost all cars will fail by sliding out rather than by 
rolling over. 

The predicted supply and demand friction factors are 
shown in Figure C-i. Also shown are the maximum design 
side friction factors recommended in the Green Book for 
three roadway facility types. 

Side Friction Factor 

Friction demand 

ow-S 	

Friction demand 
esign values (1) 

Passenger Car, R = R,, / 1.15, e = 6% 

30 40 50 60 70 80 90 100 110 

Speed (km/h) 

Passenger car. 

Side Friction Factor 

I - Friction supply - roll 
- Friction supply - slide 
- Friction demand 

I - - Design values (1) 

Heavy Truck, R = Ra, / 1.15, e = 6% 

30 40 50 60 70 80 90 100 110 

Speed (km/h) 

Heavy truck 

Figure C-i. Preliminary comparison of side friction 
supply and demand 
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The trends shown in Figure C-i indicate that passenger 
cars have a larger margin of safety than trucks because cars 
have a lower peak friction demand and a higher friction sup-
ply. Moreover, the trends indicate that trucks can experience 
either slide or roll failure, depending on their speed and cen-
ter of gravity height. In general, a fully loaded truck traveling 
on a low-speed curve of near-minimum radius is more likely 
to overturn than slide out. On the other hand, trucks are more 
likely to slide out under moderate- to high-speed conditions. 

SIDE FRICTION DEMAND MODEL 

This section describes the development of a side friction 
demand model. This model is based on a static analysis of the 
forces acting on a turning vehicle. A primary focus of this 
examination is the effect of grade on side friction demand, 
however; other factors such as speed, radius, and superele-
vation rate are also considered. The side friction demand 
model is based on a "bicycle" representation of a two-axle 
vehicle. The bicycle representation is shown in Figure C-2. 

The bicycle representation provides an added level of 
modeling complexity, relative to the point-mass representa- 

tion. Specifically, the normal and longitudinal forces are dis-
tributed among the two axles, as opposed to being combined 
at the center of gravity. This extension to the point-mass rep-
resentation provides additional sensitivity to the effect of 
gravity because it recognizes the uneVen distribution of forces 
to the two axles. 

Model Development 

Two or more coordinate systems can be defined to represent 
the system of forces acting on the vehicle. One coordinate sys-
tem is fixed to the earth. The forces acting in this system can 
be described by a triplet of unit vectors (X, Y, Z). In this sys-
tem, the X axis points in the direction of the roadway center-
line and the Y axis points to the right; both axes lie in a hori-
zontal plane relative to the direction of gravity. The Z axis 
points downward in the direction of gravitational acceleration. 

The other coordinate systems are fixed to the vehicle; the 
number of systems is somewhat dependent on the represen-
tation of the vehicle system. For the bicycle representation, 
two coordinate systems can be used. One system is fixed to 
the vehicle's center of gravity and the other is fixed to its 

a. Forces acting on the vehicle as viewedfrom the side. 

Rg 

Fxr  

b. Forces acting on the vehicle as viewedfrom above. 

Figure C-2. Bicycle model representation of two-axle vehicle (adapted 
from Ref. 13). 
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front tire. The system fixed to the center of gravity would 
have the x axis pointing in the forward direction of the vehi-
cle, they axis pointing to the right side of the vehicle, and the 
z axis pointing perpendicular to the x-y plane in a downward 
direction. This system is shown in Figure C-3. The system 
fixed to the front tire would have the same z axis; however, 
the x axis would be pointing in the direction the front tire is 
pointing and they axis would be pointing to the right side of 
the front tire. 

Each vehicle coordinate system has its own yaw angle a 
(i.e., angle of rotation about the z axis. For the system fixed 
to the center of gravity, this angle represents the angle between 
the vehicle's x axis and the velocity vector (i.e., X axis). This 
angle is defined as: a1  = - OR, where a is the slip angle of 
the rear tire. For the system fixed to the front tire, the yaw angle 
represents the angle between the x axis and the velocity vector 
of the front tire, this angle is defined as: a2  = 5 + a - OR, 
where 6 is the steer angle. 

Development of a side friction demand model using two 
vehicle coordinate systems results in a relatively intractable 
model that requires an iterative solution approach. A sim-
plified system is obtained by assuming that the two yaw 
-angles (a1  and (X2)  are approximately equal and can be rep-
resented by one variable a (i.e., a = a1  = a2  = (x - cIR). 
This angle a is sometimes referred to as the vehicle sideslip 
angle P. 

The compromise vehicle coordinate system is essentially 
a system that is referenced to the vehicle center of gravity. As 
will be shown in the remainder of this section, the use of this 
system yields a closed-form solution for side friction 
demand. An examination of the error that results from the 
aforementioned assumption indicated that side friction 
demand is underestimated by no more than 5.0 percent for 
grades ranging from —10 to +10 percent, the error of magni-
tude increasing with the absolute value of grade. 

The relationship between the earth coordinate system and 
the compromise vehicle coordinate system is defined by the 
yaw angle a, the grade G, and the superelevation rate e as 
each represent angles of rotation about the Z, Y, and X axes,  

respectively. The transformation matrix between the earth 
and vehicle coordinate systems is as follows: 

rZY] 

[1 Ge—a G+aeI [xl
= aaGe + 1 aG - e y 	 (9) 

[—G 	e 	1 	LzJ 

This transformation matrix takes advantage of the fact that 
the angles of rotation about each of the three axes are small. 
Specifically, it is assumed that tan(@) = G, sin(®) = G and 
cos(®) = 1, where ® is the angle of incline of the roadway. 
A similar, small-angle assumption is made for a and e (in this 
instance e is defined as a rate in m/m in Equation 9 and not 
as a percentage). An examination of the implications of the 
small-angle assumption was conducted wherein the trigono-
metric functions were used to develop the aforementioned 
matrix. A comparison of the predicted side friction demands 
obtained from the two forms of the matrix indicated that the 
matrix shown in Equation 9 introduced less than 1.0 percent 
error relative to the use of the functions. 

The forces acting on a cornering vehicle are shown in Fig-
ure C-2. These forces and their vector directions are summa-
rized as follows: 

Weight: 	 WZ 
Rolling Resistance: -(Rf + R r)1 
Air Resistance: 	AX 

Traction/Braking: 	(F 1  + Fxr) K (+ traction, - brake) 
Side Friction: 	(F f  + Fyr)Y 
Normal: 	 —(Wf  + Wr) 

In addition, the accelerations acting on the vehicle can be 
represented as forces to facilitate the static force analysis. 
These "equivalent" forces and their vector directions are as 
follows: 

Centripetal Acceleration Force: -. Y 
Thrust/Braking 

Acceleration Force: 	FT  3E (+ thrust, - brake) 

z 

Figure C-3. Vehicle coordinate system (adapted from Ref. 13) 
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with 	 DA = 0.6082CD Afv2 	 (17) 

F v2W 	 (10) 
RX =Rxf +RX,=W(bO +blVb2) 	 (18) 

, =—  

C 
(19) 

FT -a 	 (11) 
g 

F, - W(0.01e) 
CCxW 	

(20) where: 	 a,— 

v = vehicle speed (on the curve), m/s; 
a = forward acceleration rate, m/s2; and 
W = vehicle weight, N. 

In addition to the assumptions discussed in this section, the 
following assumptions were made for this analysis: 

The driver will apply sufficient engine power to main-
tain a desired curve speed. Upgrades that require more 
power than is available are not considered. 
The driver slows upon entry to the curve. Field obser-
vations reported in Appendix A indicate that drivers 
reduce speed to negotiate sharper curves. Observations 
by Lamm et al. (14) indicate that a deceleration rate of 
0.85 mis2 is representative of most vehicles. Hence, the 
"acceleration" rate a is equal to —0.85 mis2. 
The vehicle has rear wheel drive (i.e., F f = 0 when a 
tractive force is exerted). A preliminary analysis indi-
cated that rear-wheel drive vehicles have a larger side 
friction demand than those with front-wheel drive. 
All two or three factor products in the transformation 
matrix (Equation 9) are assumed to be effectively equal 
to zero and thus; can be eliminated from the matrix. 
The height of the center of gravity h and the height of 
the center of the frontal area ha are effectively equal. 

Based on these assumptions, the following equations are 
derived by summing the forces in the x, y; and z directions: 

F: 	—WG —F,a —DA Rx,Rx1+ (Fxr +F,j) = ax W (12) 

F: W(0.Ole)—Fc +Fyr +Fy1=0 
	

(13)  

where: 

Fx = tractive or braking force, N; 
Tj = drive train efficiency (= 0.90); 
P = mass/power ratio, kgikw; 

Fx, max = maximum tractive force available from engine, 
N; 

DA = aerodynamic drag force, N; 
CD = aerodynamic drag coefficient of vehicle; 
A1 	frontal area of the vehicle, m 2 ; 
R = rolling resistance of the front R 1 and rear R, 

wheels, N; 
b0, b,, b2 = calibration coefficients; 

a = yaw angle, radians; 
a, = slip angle of the rear tire, radians; and 

CC = cornering coefficient of tires, radians-'. 

Wr[W+Fc(O.O1e)I1+ (DA +WG+Fca) 	 (21) 

Moments taken about the front and rear tire-pavement 
interfaces (i.e., points B and A, respectively, in Figure C-2a) 
yield the following equations: 

W1 =[W+FC(0.01e)] — (DA +WG+F,(x) 	(22) 

F 1.=[F,—W(0.01e)] (23) 

Fyr= [F - W(0.Ole)] b 
	

(24) 

Finally, the side friction demand for the front and rear tires 
F,: 	W + F,(0.Ole) - W1 - W, 0 	 (14) 	can be computed as follows: 

Equation 12 can be rewritten to yield the traction/braking 	
,- - 	. 	 ,- 	 '25 

force necessary to yield the acceleration rate a: 	 D 
- Wr' 	Jf, D 

- W1 

FX =aX +DA+RX +WG+F,a !!~Fxmax 
g 

with 

(15) 	The larger of the friction demands is considered to represent 
the "critical" side friction demand. If this demand were to 
exceed the side friction supply, a failure in the form of slide 
or rollover would occur. Therefore, the critical side friction 
demand is defined as follows: 

F ma, 	vP g 
=1000T1.y 	 (16) 

fy, D = Larger of: [ fyf, D fyr, D] 	 (26) 
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Sensitivity Analysis 

Equation 26 was used to compute the side friction demand 
for a range of vehicle types and geometric conditions. The 
focus of the examination was the effect of grade on side fric-
tion demand; however, the effect of speed, radius, superele-
vation, and vehicle type were also considered. To highlight 
differences between the side friction predicted by Equation 
26 and that predicted by Equation 1, their ratio was computed 
as follows: 

= 	100 	 (27) 
fy,D,I 

where: 

rD  = friction demand ratio, percent. 

Three vehicle types are included in the investigation. 
Two of the vehicle types represent passenger cars: a com-
pact and a full-size sedan. The other vehicle represents a 
single-unit truck. The characteristics of these vehicles are 
listed in Table C-2. 

In general, the characteristics in Table C-2 were selected 
to represent "typical" vehicles. However, two exceptions 
were incorporated to provide a conservative representation of 
the vehicle population. Specifically, the tire properties (i.e., 
cornering coefficient and maximum side friction factor) for 
all vehicle types were selected to represent relatively poor 
tires, as might be found on about the 10"  percentile of all 
tires. Second, the single-unit truck was configured to repre-
sent a vehicle that is fully loaded with a low-density cargo 
(i.e.: it has a high center of gravity). 

The side friction demand model was exercised for a range 
of speeds, radii, superelevation, vehicle types, and grades. In  

general, a full range of values for each variable was consid-
ered. These ranges are as follows: 

Speed(km/h): 	50,110 
Radius (m): 	for 50km/h: 45, 60, 120 

for 110km/h: 230, 335, 825 
Superelevation (%): 0,12 
Vehicle types: 	Compact car, Full-size car, Single- 

unit truck 
Grade (%): 	—10, —8, —6, —4, —2,0,2,4, 6, 8, 10 

A non-zero deceleration rate a complicates the applica-
tion of the side friction demand model because this model 
includes a variable for speed, which is by definition not con-
stant. However, recognizing that the speed change is typi-
cally small, a constant speed is used to simplify the analysis. 
Thus, the speed used in the model is conservatively consid-
ered to represent that occurring on the curve near the end of 
the deceleration. Subsequent. to the deceleration, this speed 
is maintained for the remaining travel along the curve. 

Two conditions were considered for the assessment of 
maximum side friction demand. The first condition repre-
sents the side friction demand of a braking vehicle (i.e., 
a = —0.85 mIs2); the second represents the demand with no 
braking (i.e., a = 0). The first condition produces a larger 
friction demand on downgrades whereas the latter condition 
produces the larger friction demand on upgrades. Of the two, 
that condition producing the larger friction demand is recog-
nized as the one that defines the maximum side friction 
demand for this analysis. 

The results of the analysis are shown in Figures C-4 and 
C-S. These figures illustrate the combined effect of speed, 
radius, superelevation, and grade beyond any effect accounted 
for in Equation 1. In other words, values of the friction 

TABLE C-2 Vehicle characteristics for side friction demand analysis 

Characteristic Vehicle Type Source 

Compact Car Full-Size Car Single-Unit Truck 

Vehicle weight, W(N) 8,900 17,800 80,100 Ref. 15, p.  30 

Wheelbase, L (m) 2.39 3.02 6.10 -- 

Rear axle to C.G. dist., c (m) 1.31 1.61 3.05 -- 

Height ofC.G., h (m) 0.56 0.56 1.40 Ref 13, p.  312 

Frontal area, A1(m2 ) 2.07 2.29 5.29 -- 

Drag coefficient, CD  0.40 0.40 0.70 Ref. 15, p.  35 

Rolling resistance, b0  0.011 0.010 0.0066 Ref. 13, pp. 117-118 

1.70 x 10 1.21 x 10.6  103 x 10.6  

2.5 2.5 1.0 

Mass/Power ratio, P (kg/kw) 18.2 13.4 42.6 Ref. 13, p. 24; 
Ref. 1, p. 232 

Cornering coeff., CC (rad:') 6.88 6.88 6.88 Ref. 13, p.  352 
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Figure C-4. Effect of grade, speed, and superelevation on 
side friction demand. 

demand ratio rD  that are different from 100 percent indicate 
that the effect of a factor is not fully represented by Equation 
1. Values less than 100 percent indicate that the effect is 
overestimated; values greater than 100 percent indicate that 
the effect is underestimated. In the case of speed, radius, and 
superelevation, any deviation from 100 percent represents an 
incremental effect because these terms are included in Equa-
tion 1. In contrast, the full effect of grade shown in Figures 
C-4 and C-5 as a grade term is not included in Equation 1. 

Figure C-4 illustrates the effect of grade, speed, and super-
elevation. The trends shown indicate that side friction demand 
increases with positive or negative grade. However, the 
trends also indicate that the effect of grade is relatively small. 
In fact, it is generally within 5.0 percent of the value pre-
dicted by Equation 1 for most typical grades and supereleva-
tion rates. This trend is consistent with that found by Dunlap 
et al. (3) (i.e., Equation 2). However, the magnitude of the 
effect is larger than that suggested by Equation 2. 

The trends shown in Figure C-4 also suggest that Equation 
1 generally underestimates side friction demand, especially  

for curves that are not superelevated. In contrast, Equation 1 
generally overestimates side friction demand for curves that 
have significant superelevation and smaller grades. 

Speed tends to shift the "low point" of the curve left or 
right. In general, higher speeds shift the curve to the left. 
Closer examination indicates that this low point is approxi-
mately equal to the grade that requires a forward thrust that 
is equal and opposite to the combined forces of gravity, 
rolling resistance, and aerodynamic drag. 

Figure C-S illustrates the effect of grade and radius on side 
friction demand. The trends shown indicate that Equation 1 
overestimates side friction demand for small radii and moder-
ate grades. In contrast, it underestimates side friction demand 
for large radii. It should be noted that the 825-rn radius curve 
was believed sufficiently flat to preclude the need to decel-
erate, unlike the two sharper curves. It is for this reason that 
the trend line for the 825-rn radius overlaps that of the other 
trend lines. 

The HVOSM simulation model (4) was used to examine 
the side friction demands of a full-size sedan for two differ-
ent combinations of speed and radius over a wide range of 
grades. The results of this examination are shown in Figure 
C-6. Also provided in this figure is the side friction demand 
predicted by Equation 1. 

The trends shown in Figure C-6 indicate that grade has a 
small effect on side friction demand; however, the magnitude 
of the effect is not necessarily consistent over the range of 
grades nor is it consistent between the two speed/radius com-
binations. There is some evidence that side friction is higher 
for upgrades than for level roadways. The trends shown also 
suggest that side friction demand increases on downgrades 
for low speeds but decreases on high-speed highways. The 
former trend is consistent with that predicted by the side fric-
tion demand model. In general, the variability within the 
plotted data points suggests that the small effect of grade may 
be obscured by the limited precision of the simulation model 
output. 
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Figure C-S. Effect of grade and radius on side friction 
demand. 
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Figure C-6. Effect of grade on side friction demand as 
predicted by HVOSM. 
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SIDE FRICTION SUPPLY MODELS 

Two types of failure are possible when traversing a high-
way curve: slide or roll. A failure occurs when the lateral 
acceleration is sufficient to (1) overcome the offsetting force 
of friction or (2) provide an overturning moment that rotates 
the vehicle about its outside tires. This section describes two 
models, one for each failure condition. This description will 
show that the friction supply available for turning is affected 
by the physical attributes of the vehicle. Hence, some of the 
equations developed for the side friction demand model are 
also used in the side friction supply models. 

Slide Failure Model 

Model Development 

This section describes the development of a side friction 
supply model for slide failure. It is generally recognized that 
friction supply is based primarily on tire and pavement sur-
face properties (although vehicle speed and weight also have 
some effect). However, in the analysis of side friction sup-
ply, it is useful to assume that the supply available for cor-
nering is, that remaining after the friction demand for accel-
erating or braking has been removed. The mechanism for 
"removing" this friction demand is based on the "friction-
ellipse" concept. The mutually orthogonal vectors of forward 
and side friction are combined using the mathematical repre-
sentation of the ellipse. From this modeling approach, the 
available maximum side friction factor for a slide failure can 
be computed as follows: 

_ 
fy max, a! = fy, max, si 

__ _ (fX1 

fx,o 
 max, S1) 	

(28) 

with 

rFx 	
:F>0 ' 

fx.D 	
(29) 

F
Wr 
  

:F <0 Lw 

where: 

fy'  max,,/ = available maximum side friction supply for slide 
failure; 

fy, max, = maximum side friction supply for slide failure; 

f, max, si = maximum forward friction supply for slide fail- 
ure (approximately equal tof, max, a,); 

f, D = tractive or braking friction demand factor; 
F = tractive or braking friction force, N (see Equa-

tion 15); and 
W = normal force on the rear tires, N (see Equation 21). 

As with the side friction demand model, two conditions 
were considered for the assessment of available side friction 
supply. The first condition represents the side friction 
demand for a braking vehicle (i.e., a = — 0.85 mIs2); the sec-
ond represents the demand with no braking (i.e., a = 0). Of 
the two, that producing the larger friction demand and 
thereby, smaller friction supply, is the one that defines the 
available side friction supply for slide failure. 

Sensitivity Analysis 

The slide failure model was used to compute the available 
side friction supply for a range of speeds, radii, supereleva-
tion rates, vehicle types, and grades. Of these factors, speed, 
vehicle type, and grade were found to have the most signifi-
cant effect. To facilitate a uniform comparison of the relative 
effect of these factors, the following variable was computed: 

, 
100l 

 
(f,f, 

D  = 	

- 	max, sIJ 	

, 	 (30) 

where: 

r5, = friction supply ratio for slide failure, percent. 

The value obtained from this equation represents the ratio of 
the available side friction supply fy'  max, , to the absolute 
maximum side friction supplyf max, si 

The results of the sensitivity analysis are shown in Figure 
C-7. As the trends in this figure indicate, the available side 
friction supply decreases significantly with an increasing rate 
of upgrade. It also decreases significantly with an increasing 
rate of downgrade for the single-unit truck. The trend lines 
are not extended beyond the +4 percent for the truck because 
its engine has insufficient power to maintain speed on steeper 
grades. The trends shown are for the high-speed (110 km/h) 
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Figure C-7. Effect of vehicle type and grade on side 
friction supply for slide failure. 
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condition. The friction supply ratio is less sensitive to grade 
for lower speeds. 

Roll Failure Model 

Model Development 

This section describes the development of a side friction 
supply model for roll failure. The side friction supply defined 
by this model is not a true friction "supply." Rather, it is side 
friction demand that would have to be developed to create a 
side force sufficient to cause the vehicle to roll over. Refer-
ring to it as a friction supply facilitates the comparison of 
actual friction demand to friction levels that would promote 
either a slide or a roll failure. 

The roll failure model developed in this section is based 
on a static analysis of the forces acting on a cornering vehi-
cle. Development of this model requires expansion of the 
bicycle representation described previously. This expansion 
introduces the width of the vehicle as a key parameter defin-
ing roll failure. It also incorporates the effect of body roll. 
This roll results from the lateral load transfer that occurs 
when a vehicle travels along a curve. The load "transfers" by 
shifting a portion of the vehicle's weight from the inside to 
the outside tires as a result of the vehicle body rotating in the 
cradle of the suspension system. 

The forces acting on a cornering vehicle are shown in Fig-
ure C-8. The vehicle body is represented as a "sprung" mass 
whose center of gravity is located a distance h above the 
roadway. During cornering, the body's mass center rotates 
about the vehicle's roll center, which is located a distance hr  
above the roadway. 

Summing the moments about the roll center yields the fol-
lowing equation for predicting the vehicle roll angle (p as a 
function of centripetal acceleration, vehicle weight, and roll 
stiffness properties of the vehicle suspension: 

Figure C-8. Forces acting on a vehicle turning to the left 
(adapted from Ref. 13). 

F - (0.Ole)W 
(31) 

Kr+K —(0.01e)F— W 
ps(hr) 

where: 

= roll angle, radians; 
K(pr  = roll stiffness for the rear axle, N-rn/radian; 
K f  = roll stiffness for the front axle, N-rn/radian; and 

p. = sprung/total mass ratio. 

In a similar manner, summing the moments about the outside 
(right) tires yields the following equations for the normal 
forces on the inside front and inside rear tire: 

F f1, r = 7[Wr( - (p(h - hr)) - hFyr] 	 (32) 

[Wf  ( - (p(h - hr)) hFyf] 	 (33) 

The condition necessary to precipitate a roll over is that the 
normal force on the inside front or rear tire equals zero. 
Inspection of the variable relationships in Equations 31, 32, 
and 33 indicates that it is impossible to algebraically manip-
ulate them to achieve a closed-form solution for the speed or 
radius that would satisfy the roll failure condition. As a 
result, an iterative solution technique is required. 

The solution technique begins with an initial assumption 
of radius (for a given speed, superelevation, vehicle type, and 
grade). The resulting normal forces on the inside tires are 
then computed. If neither of the normal forces equals zero 
then a new, smaller estimate of the radius is chosen. The 
process repeats until a radius is found that yields a normal 
force of zero for the front or rear inside tire. After there is 
convergence in this manner, the equivalent maximum side 
friction supply at roll over can be computed as follows: 

fy, max, r Sma11"0f: [fyr; ff_Y_f] 	 (34) 
Wr  

where: 

equivalent maximum side friction supply for roll 
failure. 	 - 

The smaller of the computed front and rear axle friction 
values in Equation 34 (as opposed to the larger) is used to 
facilitate a conservative comparison with the side friction 
demand computed by the side friction demand model in 
"Side Friction Demand Model." This model uses the larger 
of the friction demands on the front or rear axle to define the 
side friction demand. Together, the larger friction demand 
and smaller supply yield a conservative estimate of the mar-
gin of safety for the specified conditions. 
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As with the side friction demand model, two conditions 
were considered for the assessment of equivalent side fric-
tion supply. The first condition represents the effect of a 
braking vehicle (i.e., a = - 0.85 m/s2); the second represents 
the effect of no braking (i.e., a = 0). Of the two, that condi-
tion producing the smaller friction supply is the one that 
defines the equivalent side friction supply for roll failure. 

Sensitivity Analysis 

Equation 34 was used to compute the maximum side fric-
tion factor for a range of vehicle types and geometric condi-
tions. The focus of the examination was the effect of grade 
on side friction supply; however, the effect of speed, radius, 
superelevation, and vehicle type were also considered. To 
highlight differences between the side friction supply pre-
dicted by Equation 34 and that predicted by Equation 7 
(using b, = 1.0 and b, = 1.0), their ratio was computed as fol-
lows: 

r =fy,rn,34  100 	 (35) 
fy, max, r, 7 

where: 

r = friction supply ratio for roll failure, percent; and 

fy, max,, 7 = equivalent maximum side friction supply for roll 
failure from Equation 7 (evaluated with b, = 1.0 
and b,.= 1.0). 

By using this approach, the friction supply ratio i, is alge-
braically equal to the product of two calibration factors: b, 
and b, (i.e., r r  = 100 b, b,). As mentioned previously, these 
factors are included in the computation of friction demand to 
reflect a sensitivity to differences in the tire and suspension 
characteristics of trucks and passenger cars. 

Three vehicle types are included in the investigation of roll 
failure. Two of the vehicle types represent passenger cars: a 
compact and a full-size sedan. The other vehicle represents a 
single-unit truck. The characteristics of these vehicles are  

listed in Table C-3. The characteristics in this table were 
selected to represent "typical" vehicles. 

The side friction supply model for roll failure was exer-
cised for a range of speeds, superelevation rates, vehicle 
types, and grades. In general, a full range of values for each 
variable was considered: 

Speed (km/h): 	50, 110 
Superelevation (%): 0,12 
Vehicle types: 	Compact car, Full-size car, Single- 

unit truck 
Grade (%): 	—10, —8, —6, —4, —2,0,2,4, 6, 8, 10 

The results of the analysis are shown in Figure C-9. This 
figure illustrates the combined effect of superelevation, vehi-
cle type, and grade beyond any effect accounted for in Equa-
tion 7. In other words, values of the friction supply ratio r, 
that are different from 100 percent indicate that the effect of 
a factor is not fully represented by Equation 7. As the trends 
in Figure C-9 suggest, the ratio is always less than 100 per-
cent indicating that the value computed by Equation 7 over-
estimates the true side friction supply for roll failure. 

The trends shown in Figure C-9 indicate that Equation 7 
lacks a reasonable sensitivity to the vehicle's body roll effect. 
This effect significantly reduces the side friction supply for 
roll failure because of the lateral shift of the vehicle's weight 
during cornering. Equation 7 is most notably in error for 
trucks. It should also be noted that the friction supply ratio r, 
found for the single-unit truck (about 0.55 after conversion 
to portion) is nearly equal to the value of 0.60 recommended 
by Ervin et al. (12) for br. 

Figure C-9 indicates that superelevation and grade have a 
small effect on side friction supply for roll failure. There is a 
trend toward reduced supply with larger superelevation rates. 
Grade has a minimal effect on supply. The analysis also 
found that speed and radius have a negligible effect on side 
friction supply for roll failure. It should be noted that the 
truck has insufficient power to maintain a speed of 100 km/h 
or more on grades in greater than 4 percent. No significant 
difference in supply was found between the full-size sedan 
and the compact passenger cars. 

TABLE C-3 Vehicle characteristics for side friction supply analysis 

Characteristic Vehicle Type Source 

Compact Car Full-Size Car Single-Unit 
Truck 

Track width, t (m) 1.40 1.57 1.78 Ref. 13, p. 312 

Roll center height. h, (mm) 91 150 560 Ref. 16, p. 413 
Ref. 17. p. 45 

Sprung/total mass ratio, p, 0.90 0.90 0.89 -- 

Front Roll Stiff., K(N-mIrad) 17,600 36,600 38,800 Ref. 16, P.  413 
Ref. 17 p.  47 

Rear Roll Stiff., Kç, (N-m/rad) 16,300 16,300 64,700 
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Figure C-9. Effect of vehicle type and grade on side 
friction supply for rollfailure. 

MARGIN OF SAFETY ANALYSIS 

The margin of safety against slide or roll failure is tradi-
tionally defined as the difference between the side friction 
demand and supply. This latter quantity represents an upper 
limit on the amount of side friction demand that is available 
for cornering. If side friction demand reaches or exceeds the 
maximum available, then a skid or roll failure is eminent. 
The particular type of failure that occurs is represented by the 
failure condition with the smaller maximum side friction sup-
ply. In accordance with these definitions, the margin of safety 
can be computed as follows: 

MSfy, max fy, o 	 (36) 

with 

fyrnax = Smaller of. (F*y,max,sI, fy,rnax,r) 	 (37) 

where: 

MS = margin of safety against failure, and 
fy, max = maximum side friction supply. 

The models developed in the preceding sections were used 
to examine the combined effect of speed, vehicle type, and 
grade on side friction demand and supply. For this examina-
tion, the side friction demand factor, available maximum side 
friction supply for slide failure, and the equivalent maximum 
side friction factor for roll failure were computed and com-
pared graphically. The objective of this examination was to 
obtain a general sense of the margin of safety, as influenced 
by the aforementioned factors. 

It was determined that conditions at the "critical" point on 
the curve would be considered in this examination of demand 
and supply. The radius chosen for a given speed would have 
the minimum value, based on the maximum design side fric-
tion factors recommended in Appendix A (Table A-5). This  

radius would be divided by 1.15 to account for the impact of 
steering fluctuations on path radius. The result of this divi-
sion yields the critical radius that was used in the side fric-
tion demand model for the margin-of-safety analysis. Thus, 
the critical radius is computed as follows: 

v2 	1 
R 	

g(0.Ole +fd rnax)< 	
(38) i'i 

where: 

fd, max = maximum design side friction factor; and 
R = path radius at the critical point, in. 

A superelevation rate of 6.0 percent and grades ranging from 
—10 to +10 percent were considered for this analysis. 

The findings reported in Appendix A indicated that driv-
ers tend to reduce their speed prior to and through the initial 
portion of sharp horizontal curves. On downgrades, this 
speed reduction likely requires the application of the vehicle's 
brakes; on upgrades, the speed reduction is likely achieved by 
a reduction in the applied engine power (i.e., through a reduc-
tion in pressure on the accelerator pedal). This observed 
behavior was considered in the margin-of-safety analysis by 
the separate analysis of two conditions, one with a braking 
force applied and one with a tractive force applied (in an 
amount necessary to maintain speed). 

Figures C- 10 and C-li illustrate the effect of speed, grade, 
and braking on the margin of safety for passenger cars and 
trucks, respectively. In each figure, two scenarios are repre-
sented: one scenario represents a downgrade condition where 
the driver will likely brake to achieve a nominal speed reduc-
tion; the second scenario represents an upgrade condition 
where it is assumed that the driver will use the available 
engine power to maintain speed (i.e., no speed reduction). 
Both of these scenarios represent realistic, albeit worst-case, 
combinations of traction/braking and grade. It is recognized 
that the upgrade scenario is particularly conservative because 
it is possible that many drivers (especially truck drivers) will 
allow some speed reduction and thereby, increase the avail-
able side friction supply above that shown in Figures C- lOb 
and C-lib. 

The side friction supply shown in Figure C-10 is based on 
the slide failure condition. The equivalent factors for the roll 
condition were much larger than those for the slide condition; 

—hence, slide failure is always the dominant failure mode for 
passenger cars on curves. The friction demands shown reflect 
values larger that those recommended for design in Chapter 
3 because of the use of a critical path radius. 

The trends in Figures C-10 and C- il illustrate the effect of 
grade on side friction demand, side friction supply, and their 
difference (margin of safety). In general, friction demand and 
supply (for slide failure) both decrease with increasing speed. 
This trend tends to yield a margin of safety that is relatively 
constant over the range of speeds. Also, the trends indicate 
that both upgrades and downgrades yield an increase in side 
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Figure C-li. Comparison of side friction supply and 
demand for single-unit trucks. 

curves. This trend is due to the larger friction demands asso-
ciated with trucks. Tire-to-tire variations tend to increase the 
friction demand by 10 percent. Trucks are also associated 
with larger tractive and braking friction demands because of 
their greater weight. As noted with regard to Equation 28, 
these forward friction demands reduce the friction supply 
available for cornering. 

Also shown in each figure are trend lines reflecting the 
level (no grade) condition. Comparison of these lines in Fig-
ures C-bOa and C-lOb (or C- ha and C-ilb) indicates that 
deceleration because of braking reduces the side friction sup-
ply and is associated with an increase in the side friction 
demand. Together, these changes result in a significant reduc-
tion in margin of safety because of braking (about 17 percent 
and 35 percent for cars and trucks, respectively). 

In summary, drivers tend to slow on sharp horizontal 
curves. When these curves are located on significant grades 
(up or down), both cars and trucks have a lower margin of 
safety than they would on a level roadway. Sharp.curves on 
downgrades are of greater concern because (1) most drivers 
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Figure C-JO. Comparison of side friction supply and 
demand for passenger cars. 

friction demand and a decrease in side friction supply. The 
result is a significant decrease in the margin of safety result-
ing from roadway grade. 

Figure C-il illustrates the relationship between friction 
supply and demand for the single-unit truck. The side friction 
demand trend lines shown in Figure C-il were adjusted to 
account for variations in tire-to-tire friction (as discussed 
previously for variable b. in "Other Factors Affecting Side 
Friction Demand"). The adjustment was in the form of a 10 
percent increase in friction demand. 

The truck side friction supplies for both roll and slide fail-
ure are shown in Figure C-li. With the exception of the 
slowest speeds, the supply trend lines indicate that slide fail-
ure will occur before roll failure. The friction supply for the 
10 percent upgrade condition in Figure C-i lb does not 
extend beyond 65 km/h because the engine has insufficient 
power to maintain higher speeds on this grade. 

A comparison of the trends shown in Figures C-10 and 
C- li indicates that trucks are provided significantly less 
margin of safety than passenger cars on sharp highway 
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will be compelled to brake to maintain a safe speed and 
(2) most drivers are also likely to brake an added amount to 
reduce speed during curve entry. These two events combine 
to significantly reduce the margin of safety for most vehicles. 
Finally, the reduction in margin of safety because of grade, 
braking, or both tends to be more critical for trucks than cars 
because a significant portion of the friction supply is effec-
tively used to slow (or propel) the heavier truck. 

SUMMARY 

Three models were developed to examination the rela-
tionship between side friction supply and demand. A primary 
focus of this examination is the effect of grade on side fric-
tion supply and demand; however, other factors such as speed, 
radius, and superelevation rate were also considered. The 
side friction demand model is based on a "bicycle" repre-
sentation of a two-axle vehicle. This modeling approach rep-
resents an improvement over the point-mass model because 
it provides additional sensitivity to the distribution of forces 
to the axles. 

Three vehicle types are included in the investigation. Two 
of the vehicle types were passenger cars: a compact and a 
full-size sedan. The other vehicle was a single-unit truck. In 
general, the side friction models were exercised for a range 
of speeds, radii, superelevation, vehicle types, and grades. 
The examination of side friction demand indicated that 
demand increases with positive or negative grade. However, 
the effect of grade is relatively small. In fact, the expected 
friction demand is generally within 5.0 percent of the value 
obtained from the point-mass model (i.e., Equation 1). The 
marginal effect of grade on friction demand is consistent with 
the findings of several other researchers. 

The point-mass model generally underestimates side fric-
tion demand on most curves, especially those that have steep 
grades, little superelevation, or large radii. In contrast, it gen-
erally overestimates side friction demand for curves with flat 
grades, significant superelevation, and small radii. Condi-
tions where Equation 1 underestimates side friction demand 
is of the most concern because this situation represents a 
compromise in the margin of safety. 

The available side friction supply for slide failure decreases 
significantly with an increasing rate of upgrade. This reduc-
tion in available side friction stems from the use of some fric-
tion for tractive forces. For the single-unit truck, the side fric-
tion supply also decreases significantly with an increasing 
rate of downgrade. This reduction in friction supply stems 
from the use of some friction for braking. As a result, it 
appears that trucks experience a significant reduction in their 
margin of safety on grades, especially downgrades where 
braking is very likely to occur. 

Vehicle body roll during cornering significantly reduces the 
equivalent side friction supply for roll failure. This roll effect 
is most notable for trucks because of their high center of gray- 

ity. Superelevation has a very small effect on side friction sup-
ply for roll failure. The analysis also found that speed and 
grade have negligible effects on side friction supply for roll 
failure. No significant difference in the roll friction supply was 
found between the full-size and compact passenger cars. 

When considering both side friction supply and demand 
on sharp horizontal curves, it was found that significant 
grades (up or down) yield lower margins of safety than 
would otherwise be attained on level roadways. Sharp curves 
on downgrades are likely to be most problematic because 
driver braking reduces the margin of safety even further. 
Finally, the reduction in margin of safety because of grade, 
braking, or both tends to be larger for trucks than for cars. 
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APPENDIX D 

VEHICLE KINEMATICS IN CURVE TRANSITIONS 

This appendix describes the effect of horizontal curve 
transition design on a vehicle's lateral speed and position in 
the traffic lane. Models are described in this appendix that 
relate the forces acting laterally on a vehicle as it travels 
through the superelevation and alignment transition sections. 
It is shown that these forces accelerate the vehicle in the lat-
eral direction producing some shift (or drift) away from the 
center of the traffic lane. The models described in this appen-
dix were used to develop the recommended transition design 
guidelines described in Chapter 3. 

Two lateral motion models are described in this appendix. 
Both models consist of an equation for predicting the lateral 
velocity and an equation for predicting the lateral shift of a 
vehicle after it exits the transition section. One model has 
been developed for the tangent-to-curve transition design 
and a second has been developed for the spiral curve transi-
tion design. Both models were calibrated using published 
data describing observed vehicle shift on several curves. The 
calibrated form of the equations were then used to evaluate 
the sensitivity of lateral velocity and shift to various transi-
tion design values (e.g., design speed, radius, superelevation 
rate, length). 

Initially, this appendix describes a review of the literature 
as it relates to driver behavior during curve entry and the 
resulting path of the vehicle. Driver behavior, in the context 
of steering input for vehicle control, is examined first. Then, 
models of this behavior are introduced and reviewed for their 
application to the curve negotiation process. Next, the model 
is calibrated using published data. Finally, an analysis of the 
relationship between driver steering behavior and the result-
ing lateral shift is described. 

LITERATURE REVIEW 

This section provides a review of the research literature on 
the topic of vehicle control and lane position. This topic is 
addressed first by reviewing research related to vehicle—
con-trol as it relates to the driving process while entering a hori-
zontal curve. Then, research into vehicle path and lane posi-
tion during curve entry is reviewed. 

Vehicle Control Through the Transition Section 

trol model. Donges (1) and Godthelp (2) each describe a 
variation of this type of model as it relates to curve negotia-
tion. This type of model uses anticipatory and compensatory 
response mechanisms to simulate driver behavior. The antic-
ipatory mechanism serves the vehicle guidance function 
because it uses visual input about road conditions ahead to 
prepare and initiate appropriate vehicle control inputs (e.g., 
steer angle). This mechanism avoids errors in lane position, 
speed choice, or vehicle direction. The selection of an appro-
priate control input in response to this information is based 
largely on the driver's recollection of similar geometric con-
ditions and successful responses (i.e., the driver's expectancy). 

The compensatory mechanism serves the vehicle control 
function because it uses information about current vehicle 
lane position, speed, heading angle, and lateral acceleration 
to continuously revise the vehicle control inputs. This mech-
anism minimizes the magnitude of errors (or undesirable devi-
ations) in vehicle control once they occur. Information for 
this mechanism is based on visual and kinesthetic sensory 
inputs. The control response to this information is based on 
the driver's understanding of their vehicle's performance in 
terms of the effect of changes in steering and speed control 
on vehicle position, heading angle, and stability. 

Both Donges (1) and Godthelp (2) applied their vehicle 
control models to the study of driver behavior during curve 
entry. They calibrated their models by observing subject dri-
vers negotiate a test course with curves of various radii and 
direction. All curves incorporated the tangent-to-curve tran-
sition design. Both researchers concluded that drivers start 
the steering action a short time before the curve begins (i.e., 
the PC) and end a short time after the PC. This time interval 
was defined as the "anticipatory time" ta  as it relates to the 
anticipatory response mechanism. 

The finding by both Donges (1) and Godthelp (2) regard-
ing drivers initiating their steering based on road curvature is 
important for alignment transition design. Their finding indi-
cates that the break in alignment at the P_isakey piece of 
information available to the driver's anticipatory response 
mechanism. However, this apparent benefit of a tangent-to-
curve transition is not generally acknowledged in the field of 
highway design. In fact, the AASHTO Green Book (4) indi-
cates that one of the principal advantages of a spiral curve 
transition is that it ". . . avoids the noticeable breaks at the 

Vehicle Control—The Driving Process 	 beginning and ending of circular curves [that use the tangent- 
to-curve design] ..... (4, p.  175). In the context of the afore- 

Numerous researchers (1, 2, 3) have described the driving 	mentioned vehicle control model, the use of a spiral curve 
process in the form of a real-time, closed-loop vehicle con- 	transition may require drivers to rely more on the "reactive" 
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compensatory response mechanism than on the "proactive" 
anticipatory mechanism. 

Driver Steering Behavior During Curve Entry 

Figure D- 1 describes the relationship between steering 
wheel angle and curvature during the curve negotiation 
process. The curve shown in this figure uses the tangent-to-
curve design. The trends shown indicate that the driver initi-
ates the steer t seconds prior to the PC. Thereafter, the slope 
of steering-wheel angle increases at a constant rate until the 
angle needed to negotiate the curve 8,c  is reached. This type 
of steering maneuver is sometimes referred to as "ramp" 
steering and the duration of the ramp slope is referred to as 
the "steering time" t. The steering oscillations that follow the 
ramp slope result from the compensatory response mecha-
nism as the driver attempts to stabilize the vehicle's lateral 
motion and adopt a circular, path-following driving mode. 

Donges (1) measured the anticipatory time during a series 
of experiments using a driving simulator. He found that antic-
ipatory time ta  averaged 1.1 sand that it was insensitive to vehi- 

Cr 	Rp 
p \ PT 

PC 

to 

or 

tb 	 to 
Time (s) 

co 

I 
tel 	

Time(s) 

Figure D-1. Steering-wheel angle during curve entry 
(adapted from Ref. 2). 

cle speed. Donges also provided a plot of measured steering-
wheel angle versus time (similar to that shown in FigureD- i). 
Examination of this plot indicates that the ramp steering input 
continues beyond the PC for a time approximately equal to ta. 
This finding suggests that the steering time is approximately 
equal to twice the anticipatory time (i.e., t = 2 ta). 

Stewart (5) examined the relationship between steering-
wheel angle and curve PC at one 164-m curve on a rural high-
way. Specifically, he measured the time used to turn the steer-
ing wheel during curve entry (i.e., from S. = 0.00 to 8s  = 
He found this steering time t3  ranged from 2.0 to 3.1 s. He 
also noted that the steering time was approximately centered 
on the PC. A plot of the steering-wheel angle versus time 
provided by Stewart indicates a consistency with the ramp 
steering input described previously. 

The mechanics of a vehicle's steering system produces the 
following relationship between steering-wheel angle and 
path curvature: 

cr = 1000 rL(1 +0.00199v2) 
	 (1) 

where: 

cr  = roadway curvature (= 1000/R), km; 
R = radius of curve, m; 

= steering-wheel angle, rad; 
r = steering-wheel to front-wheel angle ratio (typically 

about 20: 1 for passenger cars); 
L = wheelbase, m; and 
v = vehicle speed, m/s. 

The constant in the denominator of Equation 1 (i.e., 0.00199) 
represents the relationship between tire slip angle and speed 
for a typical passenger car. Slip angle increases with speed 
reflecting the higher friction demand associated with high-
speed curves. 

Equation 1 indicates that there is a linear relationship 
between steering-wheel angle and curvature. A unit change 
in steering-wheel angle produces a unit change in curvature. 
A constant rate of change in angle over time (or travel dis-
tance) produces a corresponding constant rate of change in 
curvature. Because the spiral shape represents a constant rate 
of change in curvature, the ramp steering behavior produces 
a spiral travel path. This point is noted by the Green Book 
authors (4, p.  174) and is also discussed by Stewart (5) and 
by Glennon et al. (6). 

Stewart (5) examined the issue of differences between the 
steering-induced, "natural" spiral and the spiral curve .used for 
highway design. Specifically, he considered the issue of dif-
ferences in their length. After conducting a limited number of 
experiments of driver behavior on a highway curve and on a 
test track, he expressed some concern about spiral curve 
lengths that are different from the steering-induced spiral 
length. As noted previously, Stewart found that the steering-
induced spiral length ranged from 2.0 to 3.1. s travel time. 
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Glennon et al. (6) measured the path curvature of vehicles 
entering six, two-lane rural highway curves. All curves had 
the tangent-to-curve transition design. Path curvature was 
estimated from videotape recordings of each vehicle using a 
grid of markers placed on the roadway. The typical travel path 
curvature observed by Glennon et al. is shown in Figure D-2. 

Based on their analysis of vehicle path and curvature data, 
Glennon et al. (6) reported several findings that are consis-
tent with those described in previous paragraphs. First, they 
found that vehicle path curvature increased in a linear man-
ner from 0.0 km' to C in the vicinity of the PC. This linear 
change in curvature is consistent with a spiral travel path and 
is a product of the ramp steering behavior. Second, they 
found that the steering-induced spiral path was approxi-
mately centered on the PC. Third, they found that the spiral 
path was approximately 75 to 90 m in length during curve 
entry. Fourth, they estimated that very similar behavior 
occurred during curve exit (i.e., at the PT) except that the spi-
ral path was slightly shorter (i.e., about 45 to 75 m). These 
spiral lengths correspond to about 3 to 4 s steering time dur-
ing curve entry and 2 to 3 s during curve exit (based on the 
reported average speeds). 

Glennon et al. (6) noted that a significant number of dri-
vers deviated from the typical travel path curvature shown 
in Figure D-2. These drivers were observed to adopt a path 
radius sharper than that of the roadway (i.e., a "critical" 
radius) at some point along the curve. This steering behavior 
is depicted in Figure D-2 by the thin line oscillating about the 
roadway curvature. In the context of the vehicle control 
model described previously, the critical radius is likely a 
result of steering adjustments during the compensatory stage 
of the curve negotiation process. 

Vehicle Path Through the Transition Section 

Two accelerations act laterally on the vehicle during curve 
entry or exit. The first acceleration is due to driver steering 
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Figure D-2. Relationship between roadway Curvature and 
travel path Curvature in a tangent-to-curve transition design. 

behavior. This behavior introduces a friction-related cen-
tripetal acceleration that increases linearly with path curva-
ture. The second acceleration is that due to gravity as affected 
through roadway superelevation. Prior to curve entry, these 
two accelerations are equal and opposite as the driver adopts 
a slight (almost imperceptible) steering angle to compensate 
for the normal cross slope. After curve entry, they combine 
to provide the centripetal acceleration needed to follow the 
highway curve. In between these two points, an unbalanced 
acceleration is realized that produces some lateral velocity 
and corresponding drift. 

Two research teams (7, 8) have measured the magnitude 
of vehicle drift during curve entry. Segal et al. (7) measured 
vehicle lane position by photographing study vehicles from 
a chase vehicle. Reference markers were placed along the 
roadside at 6.1- to 1 2.2-m intervals. Measurements were 
taken at two interchange off-ramp curves with a tangent-to-
curve design and one interchange on-ramp curve with a spi-
ral design. 

Wong et al. (8) measured vehicle lane position by video-
taping the subject vehicle from a series of cameras strategi-
cally located prior to and within the curve. Reference mark-
ers were placed at 10- to 12.5-rn intervals along the lane lines 
at each site. Lane position measurements were taken at two, 
two-lane highway curves with spiral curve transitions. 

Typical lateral shift distances reported from these two 
studies are reproduced in Figure D-3. The trends shown in 
both figures indicate that vehicles shifted inward during 
curve entry. The previous discussion suggests that this shift 
is a consequence of the two lateral accelerations acting on the 
vehicle during curve entry. It has also been suggested by 
Stewart et al. (9) and Emmerson (10) that this shift is the 
result of a driver's desire to flatten their path radius (i.e., cut 
the corner). However, models described in this appendix sug-
gest that the shift results from lateral acceleration—a result 
that drivers take advantage of but do not explicitly seek 
during the initial stages of curve entry or exit. 

The amount of lateral shift shown in Figure D-3 varies from 
0.6 to about 1.5 m. This range is consistent with the shifts mea-
sured by Segal et al. (7) and Wong et al. (8) at the other curves 
they studied. Moreover, it is consistent with the lateral shifts 
of —0. ito 0.9 m reported by Glennon et al. (6) for six highway 
curves. The observations provided by Segal et al. indicate that 
heavy trucks may shift slightly more than passenger cars. The 
observations provided by both Segal et al. and Wong et al. 
suggest that the shift amount is not significantly affected by 
transition design (spiral vs. tangent-to-curve). 

Figure D-3b provides some clue regarding the relationship 
between steering initiation and curve beginning for the spi-
ral transition design. Specifically, the trend lines in this fig-
ure indicate that a ramp steering input takes place along the 
spiral curve and that the corresponding steering time is about 
3.0 s. There is some evidence that the steer may begin prior 
to the beginning of the spiral (TS) and end after the end of 
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Figure D-3. Lateral shift in lane position during curve 
entry. 

spiral (SC). An examination of a similar plot provided by 
Segal et al. (7) also suggests that the steering input occurs 
during the spiral; however, the steering appears to begin very 
near the TS and end near the SC. 

As mentioned previously, the spiral curve transition does 
not have a visually distinct point where the tangent ends and 
the curve begins. As a result, a spiral curve transition design 
may make the driver more reliant on kinesthetic information 
(e.g., superelevation change) to confirm the roadway's chang-
ing curvature. If so, the use of a spiral curve transition may 
require drivers to rely more on the compensatory response 
mechanism than on the anticipatory mechanism which could 
lead to the greater likelihood of steering oscillation (and adop-
tion of a critical radius) following the ramp steering input. 
However, it is also possible that such oscillations may be 
damped significantly if the spiral curve transition length is 
about equal to the spiral path induced by the ramp steering 
behavior. 
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LATERAL MOTION MODELS 

This section describes two kinematic models for predict-
ing a vehicle's lateral motion after traveling through a tran-
sition section. One model is developed for the tangent-to-
curve transition design; the other is developed for the spiral 
curve transition design. Both models consist of two equa-
tions. One equation is used to predict the vehicle's lateral 
velocity at the end of the transition section and the other is 
used to predict its lateral shift. 

The lateral motion models -are intended to provide a first-
order approximation to the vehicle's lateral velocity and shift. 
They are based on an idealized ramp steering model and its 
associated duration (i.e., steering time). The model predic-
tions are intended to be sufficiently accurate to estimate the 
relative merits of alternative transition design element values. 

These models are not intended to be precise predictors of 
lateral velocity or shift because it is recognized that steering 
behavior is more complicated than can be described by the 
ramp steering model. Rather, the ramp steering behavior is 
believed to represent a "desirable" steering response. Thus, 
the models can be used to identify geometric conditions that 
enable drivers to reproduce a desirable steering response and 
thereby, minimize the need for corrective steering oscilla-
tions (and adoption of a critical path radius). 

The HVOSM (11) simulation model was also considered 
to evaluate the effect of alternative transition design element 
values. However, exercise of this model indicated that simu-
lation of transition sections was problematic and, as a result, 
not likely to produce information beyond that already avail-
able in the literature (6, 7). (These problems are described 
"HVOSM Simulation Data.") More generally, simulation 
results are inherently difficult to interpret in terms of cause-
and-effect and difficult to extrapolate to other conditions. On 
the other hand, the lateral motion models have a theoretic 
basis that is intuitive, bounded, and transferrable. 

The remainder of this section is devoted to describing the 
lateral motion models. Initially, the tangent-to-curve transi-
tion model and associated equations are developed using a 
kinematic analysis of accelerations acting on the vehicle. 
Then, the spiral curve transition model equations are devel-
oped following a similar process. - 
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Tangent-to-Curve Transition 
Model Development 

The tangent-to-curve transition model is based on the lat-
eral accelerations acting on the vehicle as it traverses the 
transition section. In general, there are two sources of lateral 
acceleration acting on the vehicle: (1) acceleration as a result 
of gravity and (2) acceleration as a result of tire-pavement 
friction. The first acceleration results from roadway super-
elevation and the second results from steering input. These 
accelerations tend to be equal and opposite prior to the tran-
sition and combine to equal the centripetal acceleration of the  
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curve after the transition. The variation of these accelerations 
through the transition section tends to result in lateral motion. 
These accelerations are shown in Figures D-4 and D-5 for 
curves to the left and right, respectively. 

Sign Conventions and Assumptions 

A comparison of Figures D-4 and D-5 indicates that many 
elements of the lateral accelerations are similar between the 
left- and right-hand curves. In particular, the steering-related 
and curve-related accelerations are identical between the left- 

and right-hand curves except for the fact that their magnitudes 
are opposite in sign. This characteristic is exploited in the sub-
sequent model development by adopting a sign convention that 
allows the model to be applied to either left- or right-hand curves 
with only a change in the sign of selected variable values. 

The sign convention adopted in this development is gener-
ally consistent with that used in the vehicle dynamics commu-
nity. The positive x axis points in the forward direction of the 
vehicle, the positive y axis points to the right side of the vehi-
cle, and the positive z axis points perpendicular to the x-y plane 
in a downward direction. Using this reference system, a side 
slope downward from left to right is positive. In addition, the 
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vehicle is assumed to move from left to right in any graphic 
rendition such that its motion is in a positive direction along 
the x axis. 

Based on the aforementioned sign convention, the sign 
conventions listed in Table D- 1 have been adopted to permit 
the tangent-to-curve model to be used for both left- and right-
hand curves. The model developed herein is for the inside or 
right-hand curve. The signs of the variable values listed in 
Table D- 1 should be reversed when used in the correspond-
ing equations for analysis of a left-hand curve. For example, 
a positive radius value would be used for the analysis of a 
right-hand curve; a negative radius value would be used for 
a left-hand curve. 

In addition to the sign conventions, the following assump-
tions were made in developing the tangent-to-curve model: 

The driver exerts whatever steering effort is needed to 
counter the normal cross slope and maintain a constant 
lane position up until ta  (= t/2) seconds prior to the PC. 
At this point in time, the driver is assumed to initiate 
the ramp steering behavior for t. seconds. 
Curve length exceeds the distance traveled during 
steering time (L. > t. v). This assumption should be fairly 
strong for rural applications because the Green Book 
recommends that curve length.on.highways exceed 10 
s travel time. 



TABLE D-1 Sign conventions 

Variable Outside (Left-Hand) Curve Inside (Right-Hand) Curve 

Normal Cross Slope Rate, eNC positive positive 

Design Superelevation Rate, ed negative positive 

Radius of Curve, R - 	 negative positive 

Maximum Relative Gradient, A negative positive 

Minimum Length of Tangent Runout, L, negative positive 
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The superelevation runoff length is equal to the mini-
mum length recommended in the Green Book (4), as 
computed using the following equation: 

wed 
n1 b. 

Lr = larger of: 	 - 

3.6 

where: 

Lr = minimum length of superelevation runoff, m; 
A = maximum relative gradient (Green Book Table 

111-13), percent; 
= adjustment factor for number of lanes rotated 

(desirable minimum b = 1.0, acceptable mini-
mum b equals 1.0, 0.80, 0.75 and 0.67 for n1 
equal to 1.0, 1.5, 2.0, and 3.0); 

w = width of one traffic lane (typically 3.6 m), m; 
ed = design superelevation rate, percent; 
Vd = design speed, km/h; and 
n1 = number of lanes rotated, lanes. 

The tangent runout length equals that recommended in 
the Green Book, as computed using the following: 

(3) 
ed 

where: 

L = minimum length of tangent runout, m; and 
éNC = normal cross slope rate (typically 2.0 percent), 

- - 

 

percent.-- ercent 

The The runoff length obtained from Equation 2 can be used to 
determine the effective maximum relative gradient. This 
effective gradient can be computed as follows: 

- 	 - 	 (4) 
Lr 

where: 

= effective maximum relative gradient; percent.  

Lateral Acceleration As a Result of Superelevation 

The acceleration as a result of superelevation can be corn-
puted'as follows: 

ae(x)=ge(x)0.01 	 (5) 

[eNC 	 x!~x1 

- 

e(x) = (ed - eNc) 
x x1 

- - + 	: x1 <x <x3 	 (6) 

[ e 
x1 = Xpc (PLr L) 	 (7) 

x3 xpc+0Pr)L,. 	 (8) 

where: 

a(x) = acceleration sustained by superelevation at a dis-
tance x along the transition, m/s 2; 

g = gravitational acceleration (= 9.807 mIs2); 
e(x) = superelevation rate at a distance x along the transi-

tion section, percent; 
Pr = portion of superelevation runoff located prior to 

the curve; 
x1 = location where superelevation begins its change 

from eNc to e,, relative to the PC; and 
= location where superelevation ends its change 

from eNC to ed relative to the PC. 

Lateral Acceleration As a Result of Friction 

The acceleration as a result of tire-pavement friction that 
results from the ramp steering .behavior can be.computed as 
follows: 

—e(x)gO.01 	 :x<xa 

(V 2 —  --g+ -  --g XX p es g 

a1(x) 
= k Rp 100 	100 )xb -xa 100 	 (9) 

Xa < X <Xb 

:x~xb 
R 100 

(2) 	
with 
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with 

(ed — eNc) 
Xa - 	

I e, :x>x 

es 	
X3X1 	

(10) 

x ~ x1 e,\,, 

R=R—w(n,-0.5) 	 (11) 

Xb=XpC+ Is V 	 (12) 

Xa =XpC+V 	 (13) 

where: 

of (x) = acceleration sustained by friction at a distance x 
along the transition, mis2 ; 

v = vehicle speed, m/s; 
R = radius of travel path, m; 
e, = superelevation rate at the start of ramp steering, 

percent; 
= steering time, 5; 

Xa = location where ramp steering begins relative to the 
PC; and 

Xb = location where ramp steering ends relative to the 
PC. 

The accelerations resulting from superelevation and steer-
ing must combine to provide the centripetal acceleration 
required to track the traffic lane, as shown in the bottom por-
tion of Figures D-4 and D-5. Any deviation from this require-
ment results in a lateral shift, as shown in Figure D-3. In fact, 
it is extremely unlikely that a driver could provide the 
instantaneous centripetal acceleration equal to that required 
at the PC because it would take a minimum nominal time to 
turn the wheel. Hence, a lateral shift is an evitable conse-
quence of the two applied accelerations and their relation-
ship to the required lane-tracking acceleration required by 
the curve. 

Based on the observations made in the previous paragraph, 
it was determined that the difference between the applied lat-
eral accelerations and the curve tracking acceleration equaled 
the acceleration available for lateral motion. 'this resultant 
lateral acceleration can be computed as follows: 

Equations 5 through 14 were applied to a typical two-lane 
highway curve having a radius of 249 in and a superelevation 
rate of 8 percent. The average speed was assumed to be 61 
km/h and the steering time was assumed to be 2.8 s. The 
resulting lateral accelerations are shown in Figure D-6. 

The trend line shown in Figure D-6 (i.e., the thick line) 
indicates that the resultant lateral acceleration is initially 
equal to zero because the acceleration as a result of friction 
is equal and opposite to that required to maintain lane posi-
tion on a normal cross slope. The driver initiates the ramp 
steering at 1.4s (24 m) before the PC. At 21 in before the PC, 
the superelevation transition section is encountered and addi-
tional acceleration from gravity is introduced. The resultant 
acceleration increases to its maximum value just prior to the 
PC as the steering wheel angle and superelevation rates are 
gradually increased. As a result of these two accelerations, 
the vehicle drifts to the right. 

After the PC, the centripetal acceleration required by the 
curve is large and not fully matched by the combined steer-
ing and superelevation-related accelerations: The resultant 
acceleration is also large and in a direction opposite to that 
experienced prior to the PC. As a result, the vehicle drift to 
the right begins to slow. As the vehicle moves further along 
the transition, the applied accelerations continue to increase 
until they match that required to track the curve radius. At 
this point (+24 m), the drift is significantly slowed (and pos-
sibly stopped). 

The question of whether the drift is completely stopped 
can be answered by examining of the shaded areas of Figure 
D-6. Specifically, these areas can be integrated over travel 
distance to obtain lateral velocity. The area in the positive 
half of the y axis has a positive change in velocity; the area 
in the negative half has a negative change in velocity. When 
these two areas are equal, they balance in acceleration by the 
end of the transition section. this balance coincides with 
zero lateral velocity at the end of the transition. However, an 
inward lateral velocity still exists everywhere between the 
beginning and end of the transition. As a result, some lateral 
shift is guaranteed. 

Lateral Acceleration (m/s2) 
------------------------------------------------------ 

R249m V=6lkm/h 

PC 	Curve direction: right 
L,50m Lt=13m Pr 0.67 

0.3 

0.9 

0.6 

a,(x)=a(x)+a1(x)—a, 	 (14) 	
0.0 

-0.3 
where: 

a, (x) = resultant lateral acceleration at a distance x along 
the transition, m/s2; and 

a = centripetal acceleration (= OR, if x > xpc; other-
wise = 0.0), mis2. 

-0.6 
-25 -20 -15 -10 -5 0 5 10 15 20 25 

Distance Along Curve From PC (m) 

Figure D-6. Lateral acceleration during curve entry. 
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Lateral Velocity 

Lateral velocity at any point can be computed by the inte-
gration of acceleration over time or distance. It was deter-
mined that integration over distance would be most helpful 
in satisfying the objectives of this project because many of 
the transition elements are represented by length along the 
roadway rather than travel time. Thus, the integral had the 
following basic form: 

v1(x)=-5ai(x)dx 	 (15) 

where: 

Based on this analysis, it is desirable that lateral velocity 
equal zero at the end of the transition section. However, if 
the design has to produce a small lateral velocity, it would 
be preferable that this velocity be inward. In this manner, 
the probability that a driver incurs a critical path radius (i.e., 
R <R) can be minimized. 

While knowledge of the lateral velocity at various points 
along the transition is useful, knowledge of this velocity at 
the end of the transition section is the key to understanding 
the effect of alternative transition designs. In recognition of 
this fact, Equation 15 was integrated to yield the following 
equation for predicting lateral velocity at the end of the 
tangent-to-curve transition: 

[g* 0.01 
[(0.5tv)2 - L(l - Pr)2] 	: > 

0.5tv + L 

L 

2v2wn1 	 L, 
v,= 	 (16) 

g/* 0.01 
[(PrL. - L)2 - L(1 - Pr)2] : P, ~ 0.5tv + L 

2v2wn1 

where: 

v, = lateral velocity at the end of the transition, rn/rn. 

The two forms of the equation are needed because of the 
independence of the two applied accelerations. The first equa-
tion is appropriate when the ramp steering is initiated after the 
superelevation rotation begins. The second equation applies 
when the ramp steering is initiated prior to the point where 
superelevation rotation begins. It should be noted that the 
resultant lateral velocity predicted by Equation 16 is applica-
ble to either curve entry or exit due to the integration process. 

Lateral Shift 

Lateral shift at any point can be computed by the integra-
tion of velocity over time or distance. It was determined that 
integration over distance would be most helpful in satisfying 
the objectives of this project. Thus, the integral had the fol-
lowing basic form: 

y,(x) = Jv,(x) dx 
	

(17) 

where: 

y1 (x) = lateral shift at a distance x along the transition, m......._ 	- 

Figure D-8 illustrates the lateral shift resulting from the 
example curve described for Figure D-6. The thick trend line 
shown indicates that the lateral shift is positive, denoting a 
drift to the right (inward). The shift reaches its maximum 
value of about 0.42 m at the end of the steering time (as iden-
tified by point A). 

The thin trend line shown in Figure D-8 illustrates the effect 
of placing more of the superelevation runoff on the curve. The 
combined steering and superelevation accelerations are so 

v1 (x) = lateral velocity at a distance x along the transition, 
rn/rn. 

The lateral velocity obtained from this equation represents 
meters of lateral shift for each meter of forward progress. 
Hence, it has units of meters per meter (i.e., rn/rn). 

Figure D-7 illustrates the lateral velocity resulting from 
the example curve described for Figure D-6. The thick trend 
line shown indicates that lateral velocity is positive denoting 
a drift to the right (inward). This drift reaches its maximum 
value at the PC and then slows to a smal positive quantity. 
This non-zero lateral velocity at the end of the transition 
would require a small steering correction by the driver or 
inward drifting will continue. 

The thin trend line shown in Figure D-7 illustrates the 
effect of placing more of the superelevation runoff on the 
curve (i.e., P, = 0.50). The result is that there is less lateral 
acceleration prior to the PC and more after. In fact, the com-
bined steering and superelevation accelerations are so large 
after the PC that they induce a negative (or outward) drift. 
This non-zero drift will require a small steering correction. 
More important, the outward direction of drift suggests that 
the correction required will be one of increased steering 
angle, which will create a critical path radius that is smaller 
than that of the highway curve. 

0.025 Lateral Velocity (rn/rn) 
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Figure D-7. Lateral velocity during curve entry 
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Figure D-8. Lateral shift during curve entry. 

large after the PC that they induce a negative (or outward) drift 
that returns the vehicle to nearly the same lateral position it had 
prior to curve entry (as identified by point B). However, the 
outward lateral velocity that also exists at B (see Figure D-7) 
will require an increase in the steering angle to negate. This 
increase will create a critical path radius that is smaller than 
that of the highway curve. 

In contrast to point B, the lateral velocity associated with 
point A is inward. A critical radius is not adopted; rather, the 
steering angle is decreased and the path radius flattened. As 
a result, the transition design represented by the thick trend 
line should be preferred to that represented by the thin line 
(provided the 0.42-rn lateral shift can be safely accommo-
dated in the roadway). 

While knowledge of the lateral shift at various points 
along the transition is useful, knowledge of this shift at the 
end of the transition section is key to understanding the effect 
of alternative transition designs. Equation 17 was integrated 
to yield the following equation for predicting lateral shift at 
the end of the tangent-to-curve transition: 

yl=ys + yg — yR 	 (18) 

with 

[1 	gL*  0.01 	lFx 
Ys=[_ 	(xp)][-++c] 	 (19) 

g* 0.01 
= v2wn, (x)(++) 	 (20) y  

(21) 

[0.5tsV+Lr(1 Pr) :Pr> 
0.5tv + L, 

 
Lr  

XP 	 (22) 

L 	
L,—L, 	 :pr<OS 

tsv 
 +t 

Lr  

Xb = larger of: [0.5tv, Lr (1 - Pr)] 	 . 	 (23) 

xS =xb 0.5tSv 	 (24) 

Xg =XbLr(lPr ) 	 (25) 

where: 

y j  = lateral shift at the end of the transition, rn/rn. 

The two variations within Equation 22 are needed because 
of the independence of the two applied accelerations. The 
first equation is appropriate when the ramp steering is initi-
ated after the superelevation rotation begins. The second 
equation applies when the ramp steering is initiated prior to 
the point where superelevation rotation begins. It should be 
noted that the resultant lateral shift predicted by Equation 18 
is applicable to, either curve entry or exit due to the integra-
tion process. 

Spiral Curve Transition Model Development 

The spiral curve transition model is based on the lateral 
accelerations acting on the vehicle as it traverses the transition 
section. As with the tangent-to-curve model, there are two 
sources of lateral acceleration acting on the vehicle in this sec-
tion: (1) acceleration as a result of gravity and (2) acceleration 
as a result of tire-pavement friction. The variation of these 
accelerations through the transition section tends to result in 
lateral motion. These accelerations are shown in Figures D-9 
and D-10 for curves to the left and right, respectively. 

Sign Conventions and Assumptions 

As with the tangent-to-curve model, the use of a sign con-
vention allows the spiral model equations to be applied to 
either inside or outside curves with only a change in the sign 
of selected variables. This sign convention is the same as that 
listed in Table D-1. 

The spiral model is developed for the inside (or right-
hand) curve. The signs of the variables listed in Table D-1 
should be reversed when used in the corresponding equations 
for analysis of an outside (or left-hand) curve. 

In addition to the sign conventions, the following assump-
tions were made in developing the spiral curve transition 
model: 

The driver exerts whatever steering effort is needed to 
counter the normal cross slope and maintain a constant 
lane position up until t, seconds prior to the SC. At this 
point in time, the driver is assumed to initiate the ramp 

	

steering behavior for t seconds. -- -. 	- 
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Figure D-9. Lateral accelerations during entry to a left-hand curve 
with a spiral curve transition design. 
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2. The spiral length is assumed to be equal to the mini-
mum superelevation runoff length, as compütdusing 
Equation 2. 

Lateral Acceleration As a Result of Superelevation 

The acceleration as a result of superelevation can be com-
puted as follows:  

with 

eNc 	 :x!~x1 

e(x) = (ea - eNc) X 
- X1 + 

eNc 	: x1 <x < xsc 	(27) 
Xsc - XI 

ed 	 :x~!xsc 

xi xsc (LLr) 	 (28) 

ae(x)=ge(x) 0.01 	 (26) 	where: 
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Figure D-1O. Lateral accelerations during entry to a right-hand curve 
with a spiral curve transition design. 

ae(x) = acceleration sustained by superelevation at a dis- 	 —e(x)g 0.01 	 : x !~ Xa 
tance x along the transition, m/s'; 

= length of spiral (L. from Equation 2), m; and 	 (-_ed _ + -- x - — 
= location where superelevation begins its change 	 \ R 	

100g 100g
) XII -Xa  

from eNc to ed relative to the SC. 	 aj(x) 	 : x0 <x <xsc (29) 

Lateral Acceleration As a Result of Friction 	
[i - 	

g 	 : x Xsc 

The acceleration as a result of tire-pavement friction 
resulting from the ramp steering behavior can be computed 
as follows: 
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with 

L 

(ed - eNc) 	+ eNc 
xa - xl 

xsc - xi 
e5 = 

ef/ 

Xa = Xsc - t V 

The accelerations resulting from superelevation and steering 
must combine to provide the acceleration required to track the 
traffic lane. This acceleration is shown in the bottom portion of 
Figures D-9 and D-10. Any deviation from this requirement 
results in a lateral shift. This deviation between the applied lat-
eral accelerations and the curve tracking acceleration repre-
sents the lateral acceleration that creates lateral motion. This 
resultant lateral acceleration can be computed as follows: 

al(x)=ae(x)+af(x)— ar(x) 	 . 	 (32) 

with 

0.0 

v 2 
a(x)= XRL :r<x<xsc 	

(33) 

v2 
x ~_' XSC 
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b. Lateral velocity. 
Equations 26 through 34 were applied to a typical two-

lane highway curve having a radius of 249 in and a super- 

	

elevation rate of 8 percent. The average speed was assumed 	00 
Lateral Shift (m) 

to be 61 km/h and the steering time was assumed to be 2.8 s. 

	

The resulting lateral acceleration, velocity, and shift are 	-01 
shown in Figure D- 11. The latter two characteristics were 

	

obtained by integrating the acceleration and velocity func- 	-0.2 
tions over distance, respectively. 

	

The trend line shown in Figure D-1 la (i.e., the thick line) 	-03 
indicates that the resultant lateral acceleration is initially 

	

equal to zero because the acceleration from friction is equal 	-0.4 
and opposite to that required to maintain -lane positionon a-  
normal cross slope. The driver initiates the ramp steering at 
2.8 s (47 m) before the SC. At 38 in before the SC, the super- 	-55 -50 -45 -40 -35 -30 -25 -20 -15 -10 -5 0 	5 
elevation transition is encountered and additional accelera- 	 Distance Along Curve From SC (m) 
tion from gravity is introduced. The resultant acceleration is 
maximum at this location and decreases thereafter until it 	c. Lateral shift. 

reaches zero at the SC. As a result of these two accelerations, 	Figure D-1 1. Lateral motion during entry to a curve with 
the vehicle drifts to the left (outward). 	 spiral transition. 

It should be noted that the peak lateral acceleration within 
the spiral curve transition is about one-third that of the tangent- 

R=249m V61kmTh 
Curve direction: flght

----------------------------- 

O. 
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to-curve design. This trend is consistent with the observa-
tions of both Glennon et al. (6) and Segal et al (7) in separate 
simulation experiments comparing spiral and tangent-to-curve 
transitions. 

Figure D-1 lb indicates that the lateral velocity reaches its 
maximum value at the SC. After this point, the driver will need 
to make a small steering correction to negate the associated 
drift. The negative (outward) direction of drift suggests that the 
correction required will be one of increased steering angle. 
This increase will create a critical path radius that is smaller 
than that of the highway curve. It should be noted that the lat-
eral velocity at the end of the spiral curve is about three times 
larger than that found for the tangent-to-curve design. 

Figure D- 1 lc indicates the lateral shift reaches its maxi-
mum value at the SC. Additional outward shift is inevitable 
because the driver makes additional steering corrections to 
stop the lateral velocity. It should also be noted that the mag-
nitude of the shift at the end of the spiral curve is approxi-
mately equal to that found for the tangent-to-curve design. 

These results illustrate the tangent-to-curve and spiral 
curve transition design models. Different variable values will 
produce different results. It is shown in Chapter 3 that opti-
mum design values can be selected for both transition design 
types such that their resulting lateral velocity and shift are 
about the same. 

Lateral Velocity 

The equations for lateral acceleration were integrated to 
yield the following equation for predicting lateral velocity at 
the end of the spiral curve transition section: 

tv — L. 	
:L>tv+L 

2R 

V1 	t5v—L3 g \* 0.01 	 (35)  
2R + 2v2wn1 

L, !!~ tv+L 

where: 

VI = lateral velocity at the end of the transition, m/m. 

The two forms of the equation are necessitated by the 
independence of the two applied accelerations. The first 
equation is appropriate when the ramp steering is initiated 
after the superelevation rotation begins. The second equation 
applies when the ramp steering is initiated prior to the point 
where superelevation rotation begins. It should be noted that 
the resultant lateral velocity predicted by Equation 35 is 
applicable to either curve entry or exit due to the integration 
process. 

Lateral Shift 

The equations for lateral velocity were integrated to yield 
the following equation for predicting lateral shift at the end 
of the spiral curve transition section: 

(tv)2—L 	
:L>tv+L 

6R 

Y'= (tv)2 —L g *o.ol 
+ 	

[(L. - L)3 - (tv)2 (L, - Li)] 
(36) 

6R 	6v2 wn1  
L, !~ tv + L 

where: 

Yi = lateral shift at the end of the transition, in: 

The resultant lateral shift predicted by Equation 36 is applic-
able to either curve entry or exit due to the integration 
process. 

MODEL CALIBRATION 

This section describes the calibration of the tangent-to-
curve and spiral curve transition models. The calibration step 
consisted primarily of defining the value of steering time t 
that most accurately reproduced observed lateral shifts. Two 
sources were considered for the calibration data. The first 
source was the lateral shift data published by Segal et al. (7). 
The second data source considered was the HVOSM simula-
tion model. 

HVOSM Simulation Data 

The HVOSM model was used to generate lateral shift data 
for passenger cars with different speeds traveling on transi-
tions with different geometric properties. However, a stabil-
ity problem was encountered during the use of the model. 
This problem relates to the model's generation of unsteady 
travel path data. Specifically, the simulated vehicle exhibited 
transient peaks (perhaps oscillatory in nature) in lateral shift 
that suggested a deficiency in some aspect of the model struc-
ture. Such transients have been noted by Glennon et al. (6), 
who used a modified, Roadside Design version of HVOSM 
to simulate vehicles entering and traveling along a curve. 
Glennon et al. (6) rationalized that the HVOSM steering 
control model (that they had incorporated from the Vehicle 
Dynamics version) was the source of the instability. As a 
result, they made several enhancements to the HVOSM con-
trol model source code to minimize this instability. 

In contrast to the approach used by Glennon et al. (6), the 
Vehicle Dynamics version of HVOSM was used for this 
research. A steering control model is distributed with this 
version of HVOSM; although, it is not well documented in 
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Figure D-13. Lateral shift based on HVOSM output. 
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the User's Manual (11). This model allows the "desired" 
travel path to be defined by a series of five line segments. 
A preprocessing software package was developed for this 
research to define the center of the traveled lane in terms of 
these five line segments. 

HVOSM reads nine input parameters to describe the dri-
ver preview, reaction time, and speed-control processes. 
Default values are not explicitly described in the User's Man-
ual; however, typical values were obtained from an example 
input file included in the manual. 

The stability of the steering control model was initially 
evaluated for its ability to smoothly track the segmented 
travel path. This evaluation was based on an examination of 
the steer angle provided in the HVOSM output for each 0.5-s 
time step. The results of one such evaluation are provided in 
Figure D-12. The steering-wheel angles represented in this 
figure are based on a steering-wheel-angle-to-steer-angle 
ratio of 20: 1. Steering-wheel angle is shown instead of steer 
angle because it is believed to be easier to interpret. 

The trend line shown in Figure D-12 that is attributed to 
the HVOSM steering model has some characteristics that are 
similar to those of the ramp steering model. Specifically, the 
HVOSM model has a steering behavior that closely resem-
bles ramp steering, although HVOSM "smooths" the transi-
tion to and from the slope of constant steering-wheel rota-
tion. Another similarity is that the HVOSM steering model 
approximately centers the steering time on the curve PC. 

The HVOSM and ramp steering models shown in Figure 
D-12 also have a major difference. Specifically, the steering 
time is only about 1.0 s for the HVOSM model whereas that 
for the ramp steering model is 2.8 s. The 1.0 s duration is 
shorter than any of the steering times reported in the literature. 
The literature review described in the Background section 
indicated that steering time typically varies from 2.2 to 3.5 s. 
It should also be noted that this tendency of HVOSM to pro-
duce a short steering time was observed by both Glennon 
et al. (6) and Segal et al. (7). In fact, Glennon et al. (6, p.  164) 
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Figure D-12. Steering-wheel angle as afunction of travel 
time based on HVOSM output. 

included a figure in their final report that is very similar to 
Figure D-12; even though, they used a modified version of 
HVOSM with an enhanced steering control model. 

The relatively short steering time .produced by HVOSM 
resu]ts in a much more rapid introduction of lateral accel-
eration. This "burst" of acceleration appears to introduce a 
dynamic response in the vehicle's sprung mass that causes 
some unsteady, oscillatory behavior in the vehicle's lateral 
motion. 

Figure D- 13 illustrates the lateral shift that corresponds to 
the steering behavior shown in Figure D-12. This shift data 
was obtained from the x-y coordinates of the sprung mass 
(obtained from the HVOSM output) and the corresponding 
coordinates for the roadway centerline (computed externally). 
These coordinate pairs were used to compute the lateral shift 
for each 0.5-s time step. 

The trend line shown in Figure D-13 illustrates the unreal-
istic oscillatory response in the HVOSM output. This response 
is believed to be due to the short steering time associated with 
HVOSM's steering control model. The oscillations are 
inconsistent with the lateral shift trends reported in the liter-
ature (as shown in Figure D-3) and are believed to be aber-
rations of the HVOSM model logic rather than replication of 
true driver behavior. 

Additional simulations were conducted for left- and right-
hand curves with speeds ranging from 20 to 110 km/h and 
radii ranging from 30 to 1,300 m. Trends similar to those 
shown in Figures D-l2 and D-13 were found in all cases. As 
a result, the HVOSM model was not used to calibrate the lat-
eral motion models. 

Published Lateral Shift Data 

Segal et al. (7) measured the lateral shift of passenger cars 
and trucks on three curves. Two of these curves used the 
tangent-to-curve transition design. The third curve used the 
spiral curve transition design. The curves using the tangent- 
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Curve direction: right 
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to-curve design had 46- and 55-rn radii and were located on 
interchange off-ramps. The curve with the spiral transition 
had a 46-rn spiral length and a 218-rn radius; it was located 
on an interchange on-ramp. With one exception, the lateral 
shifts of 30 passenger cars and 30 trucks were observed on 
each curve. The only exception was for the spiral curve where 
only 20 trucks were observed. Data describing the superele-
vation rate at 13 to 16 points along the transition section of 
each curve location were also reported by Segal et al. (7). 

The model calibration consisted of obtaining a visual 
"best fit" between the predicted and the average of the 
observed lateral shifts. The model calibration pararneter was 
steering time t. Once the speed, radius, and superelevation 
information were input to the model, the steering time 
parameter was varied until the best fit was obtained for the 
entire shift trace. This process was repeated for each of the 
two vehicle types and for each of the three curves studied by 
Segal et al. (7). 

A comparison of the observed and predicted lateral shifts 
are shown in Figures D-14, D-15 and D-16. In general, the 
model fit to the observed data was believed to be quite good 
given the simplicity of the assumed ramp steering model. 
Steering time values for the passenger cars ranged from 2.40 
to 3.04 5; those for the trucks were slightly higher, ranging 
from 2.70 to 3.70 s. Unfortunately, the limited number of 
sites does not allow for generalization about differences in 
steering time between the tangent-to-curve and spiral curve 
transition designs. However, the data shown in Figures D- 14, 
D- 15, and D- 16 do not make a strong case for concluding that 
there is a difference in driver behavior between the two tran-
sition designs. 

Based on this calibration process, it is conëluded that the 
ramp steering model represents a reasonable, first-order 
approximation of driver steering behavior. Thus, it is con-
cluded that the tangent-to-curve and spiral curve models are 
sufficiently accurate to define acceptable design control val-
ues. Finally, it is concluded that the model is most accurate 
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Figure D-14. Comparison of observed and predicted 
lateral shift on a curve with a 46-m radius and a tangent-
to-curve transition design.. 
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Figure D-15. Comparison of observed and predicted 
lateral shift on a curve with a 55-rn radius and a tangent-
to-curve transition design. 

for a wide range of conditions when a steering time of 2.8 s 
is used. The choice of this value is based partly on the results 
of the calibration process and partly on the findings from the 
literature review. 

SENSITIVITY ANALYSIS 

This section describes an examination of the sensitivity of 
lateral motion to a wide range of transition design variables. 
In particular, the equations for predicting lateral velocity and 
lateral shift were used to make relative assessments of alter-
native control values. The evaluation focused on the effects 
of the following variables: 

Superelevation rate (2.0 to 12 percent); 
Width of rotated roadway (3. and 7.2 m); 
Runoff length with and without imposition of the travel 
time control; 
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Figure D-16. Comparison of observed and predicted 
lateral shift on a curve with a 218-rn radius and a spiral 
transition design. 	 - -. 
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-3 

4• 9511  Percentile Curve Speed (30, 70, and 100 km/h), 
and; 

5. Portion of runoff located prior to the PC (Q7 and 1.0). 

Superelevation rate was considered a fundamental variable; 
hence, it was included in the evaluation of Variables 2 
through 5. The underlined values for Variables 2 through 5 
are defined as the "base" condition. The sensitivity analysis 
was based on changing one variable value at a time, relative 
to the base condition. 

Equations 16, 18, 35, and 36 were used to compute the lat-
eral velocity and shift for the tangent-to-curve and spiral 
curve transition designs for each of the five aforementioned 
variables. Lateral velocity and shift were computed for the 
inside (i.e., right-hand) and outside (left-hand) curve direc-
tions. The spiral length was set equal to the minimum super-
elevation runoff length, as obtained from Equation 2. Because 
of the mathematical relationship among superelevation rate, 
curve radius, and design speedimplied by the superelevation 
distribution method, it was determined that radius would be 
computed from the superelevation rate and 95' percentile 
speed. The distribution method used is that recommended in 
Chapter 3 for application to RHS facilities. 

Several points need to be made regarding the interpreta-
tion and assessment of lateral velocity and shift. These points 
are made here to provide some context for later statements 
about the effect of each variable considered. Many of these 
points have been discussed in previous sections; however, 
they will be restated here for convenience. First, the lateral 
velocity and shift for both curve directions (i.e., inside and 
outside) should be considered together because most road-
ways serve two-way traffic flows. Thus, acceptable values of 
velocity or shift are necessary for both directions when 
assessing the merits of a specific design element value. 

Second, lateral velocities near zero at the end of the tran-
sition are most desirable; however, they are not achievable in 
both travel directions for most variable combinations. Hence, 
small lateral velocities should be considered acceptable pro-
vided that they are in an "inward" direction (i.e., positive for 
the inside direction and negative for the outside direction). A 
consequence of lateral velocity in an outward direction is that 
the driver will likely increase the steering angle and thereby, 
adopt a critical path radius (i.e., a travel path radius sharper 
than that of the roadway). 

Specification of an upper limit of lateral velocity based on 
a corresponding critical radius was attempted; however, 
additional assumptions about driver steering behavior were 
required. One model relating this velocity and radius was 
considered but the resulting relation was unduly complex. As 
a result, this work is not reported herein. However, based on 
this analysis and an examination of predicted velocities for a 
range of typical design values, it was determined that inward 
lateral velocities up to 0.01 rn/rn were considered acceptable. 

Finally, the lateral shift should not be excessively large. 
Large shift values will likely result in the vehicle encroaching  

on an adjacent lane or shoulder. Thus, predicted shift values of 
up to 1.0 in were considered acceptable for most conditions. 

Effect of Superelevation Rate 

The results of the evaluation of superelevation rate are 
shown in Figures D-17 and D-18. The base condition value 
for each of Variables 2 through 5 was used for this evalua-
tion. The trends shown in Figures D- 17 and D- 18 indicate 
that the tangent-to-curve design produces an acceptable lat-
eral velocity and shift over the range of superelevation rates. 
The lateral velocity for the spiral curve transition design is 
slightly larger than that of the tangent-to-curve design for 
superelevation rates of 7.0 percent or less. However, the veloc-
ity and shift for the spiral design increase significantly as the 
superelevation rate exceeds 7.0 percent. This increase is a 
consequence of the spiral length exceeding the steering time 
(represented in terms of travel distance, i.e., t v). The super-
elevation rate that corresponds to this length is referred to 
hereafter as the "critical" superelevation rate. 

While it might be argued that the driver would adopt a ramp 
steering duration that matched the spiral (i.e., from TS to SC) 
to avoid lateral motion, this behavior is not likely to occur 
because drivers rely extensively on visual cues toinitiate the 
steering maneuver (e.g., the PC). The beginning of a spiral 
(TS) is intentionally imperceptible; hence, drivers are more 
likely to initiate their steering response based on (1) their per-
ception of sharp curvature ahead in the vicinity of the spiral 
end (SC), (2) a sensation of superelevation being introduced, 
(3) their perception of significant lateral shift, or (4) some 
combination of all of these stimuli. All stimuli considered, 
drivers are most likely to initiate their steering after the start 
of "long" spirals (i.e., spiral lengths that exceed the ramp 
steering time). 

The extreme velocity and shift corresponding to large 
superelevation rates (and spiral lengths) are not likely to be 
realized in actual curve driving. This belief is based on the 
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Figure D-1 7. Effect of superelevation rate and transition 
design on lateral velocity. 
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Figure D-18. Effect of superelevation rate and transition 
design on lateral shift. 

likelihood that drivers would notie significant lateral shift 
and modify their steering behavior accordingly to minimize 
this shift. However, such steering modifications would likely 
e continuous and oscillatory in nature (because they would 

stem from the compensatory steering response mechanism). 
If they occur, these characteristics would be undesirable 
because they are likely to (1) require greater driving effort 
and (2) produce critical path radii. 

Effect of Rotated Width 

The effect of rotating a two-lane section of pavement (as 
opposed to one lane) in the supereleation transition section 
is shown in Figure D- 19. This figure illustrates the effect of 
rotated width on lateral velocity for both the tangent-to-curve 
design (in Figure D-19a) and the spiral design (in Figure 
D 1 9b). The thick trend lines represent the expected lateral 
velocity for the two-lane condition. The thin trend lines rep-
resent one lane o' rotated pavement and are equivalent to 
those in Figures D-17 or D-18 for the tangent-to-curve or spi-
ral design, respectively. These thin lines are provided to 
clearly illustrate the effect of rotated width on velocity for a 
range of superelevation rates. The trends shown in Figure 
D-19 indicate that rotated width has an inconsistent effect on 
lateral velocty over the range of superelevation rates and 
transition design ty5es shown. For the tangent-to-curve 
design, the effect varies from a slight decrease to a slight 
increase in lateral speed, depending on the superelevation 
rate. For superelevation rates larger than 8.5 percent, the 
resulting lateral velocity is in the undesirable outward direc-
tion for both curve directions. For the spiral design, the 
increased spiral length (resulting from the wider rotated 
width) reduces the critical superelevation rate to about 4.5 
percent. 

The effect of increasing the rotated width on lateral shift 
was also examined. For the tangent-to-curve design, the 
increase in rotated width reduced the lateral shift slightly for 
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Figure D-19. Effect of superelevation rate and rotated 
width on lateral velocity.' 

superelevation rates of 6.0 percent or more. For the spiral 
design, the lateral shift was found to be excessively large for 
rates of 7.0 percent or more. 

Effect of the Travel Time Control 
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As indicated by Equation 2, runoff (and spiral) length is 
based on consideration of a travel time control and a maxi-
mum relative gradient control. As this equation was used for 
all previous evaluations, the effect of both controls has been 
reflected in Figures D- 17 to D- 19. Consideration of the travel 
time control ensures that the runoff length will exceed 2 s of 
travel time. Travel time typically controls runoff length when 
the rotated width is only one lane wide and the supereleva-
tion rate is small. For this evaluation, the travel time control 
was not used when computing the runoff length (i.e., runoff 
length was based on only the maximum relative gradient 
control). The results of this evaluation are shown in Figure 
D-20 as they relate to lateral velocity.  
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Tangent-to-curve transition design. 
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Figure D-20. Effect of.superelevation rate and travel time 
control on lateral velocity. 

The trends shown in Figure D-20 indicate that the effect of 
excluding the travel time control is evident only for superele-
vation rates of 6.0 percent or less. Further examination of this 
trend indicates that runoff lengths corresponding to superele-
vation rates below 6.0 percent are based on the travel time 
control; lengths corresponding to rates above this value are 
based on the gradient control. As before, the thin dashed lines 
represent the lateral velocity expected for the base condition 
(which includes consideration of the travel time control).. 

The trends shown in Figure D-20 are not-consistent 
between the tangent-to-curve and spiral designs. For the 
tangent-to-curve design, exclusion of the travel time control 
has negligible effect on the lateral velocity for the inside lane; 
but.it  increases this velocity for the outside direction. For the 
spiral design, elimination of the travel time control increases 
the lateral velocity for the inside lane and reduces it (in terms 
of absolute value), for the outside lane. Similar trends were 
observed for lateral shift. 

In general, the travel time control reduces the combined 
lateral velocity slightly for both the tangent-to-curve and spi- 

ral designs over a range of small to moderate superelevation 
rates. It has no effect on the lateral velocity or shift associ-
ated with larger superelevation rates. 

Effect of Speed 

The effect of lower or higher travel speed through the 
superelevation transition section is shown in Figures D-21 
and D-22, respectively. These figures illustrate the effect of 
speed on lateral velocity for both the tangent-to-curve and spi-
ral designs. The thin lines replicate the trends in Figures D-17 
and D- 18 and are provided to clearly indicate the effect of 
speed on lateral velocity for a range of superelevation rates. 

The trends shown in Figure D-2 1 indicate that low speed 
introduces a critical superelevation rate for the tangent-to-
curve design (analogous to that noted for the spiral design). 
Superelevation rates larger than the critical rate produce large 
and undesirable outward lateral velocities. For the tangent-to- 
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Figure D-21. Effect of superelevation rate and low speed 
on lateral velocity. 	 - 
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b. Spiral curve transition design. 

Figure D-22. Effect of superelevation rate and high speed 
on lateral velocity. 

curve design, the critical radius appears to be about 7.5 per-
cent for the 30 km/h analysis speed. For the spiral design, the 
reduction in speed to 30 km/h lowers the critical rate to about 
4.5 percent. 

The effect of a decrease in speed on lateral shift was also 
examined. For the tangent-to-curve design, decreasing the 
speed from 70 to 30 km/h increased the lateral shift, signif-
icantly so for superelevation rates above the critical rate. 
For the spiral design, the lateral shift was also found to be 
excessive (i.e., in excess of 1.0 m) for rates above the crit-
ical rate. 

As shown in Figure D-22, increasing the speed from 70 to 
110 km/h had a negligible effect on lateral velocity for the 
tangent-to-curve design. A negligible effect on lateral shift 
was also noted for this design. For the spiral design, the 
increase in speed increased the critical superelevation rate to 
about 9.0 percent. In addition, the lateral velocity and shift 
for superelevation rates below the critical rate were reduced 
slightly by the increase in speed. 

In general, it appears that low-speed transition designs may 
be more sensitive to design element values for the resulting 
lateral velocity and shift. Relatively low critical supereleva-
tion rates for both the tangent-to-curve and spiral curve 
transition designs emerge when their corresponding lengths 
exceed the steering time t. (in terms of the corresponding 
travel distance t v). 

Effect of Portion-of-Runoff-Prior-to-the-Curve 
Control 

Equation 16 was used to examine the relationship between 
the portion of superelevation runoff located prior to the PC 
and lateral velocity. For this examination, a two-lane high-
way curve with a superelevation rate of 6.0 percent was con-
sidered,as was entry to the curve from both directions. The 
results of this analysis are shown in Figure D-23. 

The trends shown in Figure D-23 indicate that "portion" 
does not have the same effect on lateral velocity in the two 
travel directions. For the outside direction, lateral velocity 
decreases with increasing portion. It reaches a desirable lat-
eral velocity of zero when the portion is about 0.3. For the 
inside direction, lateral velocity increases with increasing 
portion. It reaches a desirable velocity of zero when the por-
tion is about 0.67. 

Two line thicknesses are used in Figure D-23 for each of 
the trend lines. The part of the line that is thin denotes an 
undesirable outward lateral velocity, relative to the travel 
direction. The thick part ofthe line denotes an acceptable 
inward lateral velocity. Based on this identification, a portion 
of 0.67 appears to offer the best compromise value for the 
conditions analyzed. This portion should have negligible 
drift in the inside direction and an inward drift in the outside 
direction that is very near the acceptable limit. Portions 
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above or below the value of 0.67 produce either undesirable 
outward drift or undesirably large lateral velocities. 

SUMMARY 

Based on the results of the sensitivity analysis, some con-
trol values appear to be consistent with minimum lateral 
velocity and shift. Specifically, it appears that larger superel-
evation rates may be associated with larger lateral velocities 
and shifts; this is especially true for the spiral curve transi-
tion design. Increasing the rotated width (and corresponding 
spiral length) further increases the aforementioned effect of 
superelevation rate. Large lateral velocities and shifts are 
associated with moderate to large superelevation rates when 
the rotated width is increased. 

The travel time control appears to have a small beneficial 
effect on the magnitude of lateral velocity. Specifically, the 
travel time control tends to make the combined lateral veloc-
ity from the two travel directions smaller for small to mod-
erate superelevation rates. 

Low speeds tend to make the transition operation more 
sensitive to control values, especially those transitions with 
moderate to large superelevation rates. 

The portion of runoff kcated prior to the curve appears to 
have a significant effect on lateral velocity. More important, 
it appears that there may be a small range of values for this 
control that offer the best compromise in terms of an accept-
able combination of lateral velocity for both travel directions. 

Finally, it appears that lateral velocity and shift are most 
likely to be large when the length of the spiral curve transi-
tion differs significantly from the steering time (expressed as 
a travel distance, i.e., t v). Thus, spiral length should desir-
ably be as consistent as possible with driver steering time. 

REFERENCES 

Donges, E., "A Two-Level Model of Driver Steering Behav-
ior." Human Factors, Vol. 20(6) (1978) pp. 69 1-707. 
Godthelp, H., "Vehicle Control During Curve Driving." Human 
Factors, Vol. 28(2) (1986) pp.  211-221. 
McLean, J.R., "Driver Behavior on Curves—A Review." 
ARRB Proceedings, Vol. 7, Part 5, Australian Road Research 
Board (1974) pp.  129-143. 
A Policy on Geometric Design of Highways and Streets. Amer-
ican Association of State Highway and Transportation Offi-
cials, Washington, D.C. (1994). 
Stewart, D., "The Case of the Left-Hand Bend." The Highway 
Engineer, Vol. 24(6). Institution of Highway Engineers, (1977) 
pp. 12-17. 
Glennon, J.C., T.R. Neuman, and J.E. Leisch, Safety and 
Operational Considerations for Design of Rural Highway 
Curves. Report No. FHWA/RD-86/035, Federal Highway 
Administration, U.S. Department of Transportation, Washing-
ton, D.C. (1985). 
Segal, D.J. and T.A. Banney, Evaluation of Horizontal Curve 
Design. Report No. FHWA-RD-79-48, Federal Highway 
Administration, U.S. Department of Transportation, Washing-
ton, D.C. (1980). 
Wong, Y. and A. Nicholson, "Speed and Lateral Placement on 
Horizontal Curves." Road and Transport Research, Vol. 2, No. 
1 (March 1993) pp.  74-87. 
Stewart, D. and C.J. Chudworth, "A Remedy for Accidents at 
Bends." Traffic Engineering & Control, Vol. 31, No. 2 (Febru-
ary 1990) pp.  88-93. 
Emmerson, J., "Speeds of Cars on Sharp Horizontal Curves." 
Traffic Engineering & Control (July 1969) pp. 15-137. 
Segal, D.J., Highway-Vehicle-Object Simulation Model-1976 
User's Manual. Report No. FHWA-RD-76-162, Federal High-
way Administration, U.S. Department of Transportation, 
Washington, D.C. (1976). 



APPENDIX E 

RECOMMENDED REVISIONS TO THE AASHTO GREEN BOOK 

127 

INTRODUCTION 

This appendix presents the recommended revisions to the 
design guidelines in the 1994 AASHTO publication A Pol-
icy on Geometric Design of Highways and Streets, known as 
the Green Book. These recommendations are intended for 
consideration by the AASHTO Task Force on Geometric 
Design for possible incorporation in a future edition of the 
Green Book. 

The recommended revisions are derived from the findings 
of this research. These revisions focus on design controls 
applicable to superelevation distribution methods and tran-
sition designs. However, the findings of this research also 
address design side friction factors because of their funda-
mental relationship to horizontal curve design. 

The recommended revisions contain controls that are in 
general agreement with those provided in the Green Book. 
However, in many instances, the material has been reorga-
nized, simplified, or modified to better promote design con-
sistency and safe traffic operations. The more extensive mod-
ifications are based on the analysis of field data and a review 
of design guidelines used by numerous state and interna-
tional transportation agencies. 

The safety benefits associated with the recommended 
modifications are based on rational arguments regarding the 
effect of design consistency, driver behavior, and vehicle 
performance on motorist safety. More consistency in curve 
design corresponds to a reduced driver workload, which  

translates into a reduced crash potential. Design consistency 
relates to (1) the uniform application of design controls such 
that drivers can develop expectancies (i.e., a "library" of suc-
cessful responses to driving situations) and (2) design con-
trols that are based on observed driver behavior under "nor-
mal" operating conditions. 

Sections of the Green Book affected by the recommended 
revisions are primarily located in Chapter III. However, some 
material in Chapters II, IX, and X is also affected. The remain-
der of this report presents the text of the Green Book that has 
been modified. It is believed that designers will find the 
revised material easy to understand and apply. The basic 
assumptions underlying most of the design controls are 
included in the recommended text; however, references to 
this final report are also included where appropriate for those 
readers who desire additional background information. 

CHAPTER lI—DESIGN CONTROLS 
AND CRITERIA 

The text provided on the following pages represents the 
recommended modifications to selected paragraphs in Green 
Book Chapter II. These paragraphs are located in a section 
that addresses the relationship between design speed and 
running speed. Recommended deletions of text are shown 
as 3trlkcout3 and additions to the text are shown in bold 
typeface. 
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Chapter II 

DESIGN CONTROLS AND CRITERIA 

Running Speed 

In design it is necessary to know actual vehicle speeds for traffic on massc to be expected on highways roadways of different 
design speeds and various volume conditions. Speed of operation is one measure of the service that a highway roadway ren-
ders, and it affords a means of evaluating road-user costs and benefits. Of several speed measures available, running speed 
is the most appropriate for evaluating level of service and road-user costs. The running speed is the speed of a vehicle 
over a specified section of highway roadway, being the distance traveled divided by the running time (the time the vehicle is 
in motion). Similarly, the average running speed for all traffic or component of traffic is defined as the summation of 
distances traveled divided by the summation of running times. 

One means of obtaining an cguivalont estimate of the average running speed on an existing facility where flow is reason-
ably continuous is to measure the spot speed. The average spot speed is the arithmetic mean of the speeds of all traffic as mea-
sured at a specified point. For short sections of highway roadway on which speed characteristics do not vary materially, the 
average spot speed may be considered as being rcprcscntativo an approximation of the average running speed. On longer 
stretches of rural highway roadway, spot speeds measured at several points, where each point represents the speed charac-
teristics pertinent to a selected segment of highway roadway, may be averaged (taking relative lengths into account) to fepm
rcsont provide a better approximation of the average running speed. 

It is desirable that the running speed of a large proportion of drivers be lower than the design speed. Experience 
indicates that deviations from this desired goal are most evident and problematic on sharper horizontal curves. In par- 
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ticular, curves with a low design speed (relative to driver expectation) are frequently overdriven and tend to have poor 
safety records. Therefore, it is important that the design speed used for horizontal curve design be a conservative reflec-
tion of the expected speed on the constructed facility. 

For horizontal curve design, an appropriate design speed is considered equivalent to the expected (or anticipated) 
95th percentile running speed of the passenger car traffic stream during low-volume conditions. Because the average 
spot speed is a more commonly measured speed statistic on curves than is running speed, it is useful to quantify the 
relationship between. the 95°' percentile and average spot speeds. The relationship between 95"  percentile speed and 
average spot speed is illustrated in Figure 11-19. This relationship is applicable to volumes ranging from low to inter-
mediate because most speed-flow relationships indicate that speed is insensitive to volumes within this range. 

A design that satisfies the requirements for average running speed at low volume is adequate for traffic using the highway 
when the volumes are higher and the speeds afe lower. At low volumes, about 50 percent of all vehicles travel at speeds within 
8 km/h of the average running speeds, as shown by the speed distribution cur'es in Figure II 18. For volumes in the intee 
diate range, about 90 percent of all vehicles travel at or less than the average running speed representative of low volumes. 
For this reason, low volumes control ceain highway elements, such as lane and shoulder widths, treatment of intersection 
cu'es, and speed change lanes. 

Average running speed on a given highway roadway varies somewhat during the day, depending primarily on the volume 
of traffic. Therefore, when reference is made to running speed it should be clear whether this speed is for peak hours or off-
peak hours or whether it is an average for the day. The first two are of concern in design and operation; the latter is of impor-
tance in economic analyses. 
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conditions. 
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CHAPTER Ill—ELEMENTS OF DESIGN 

This section presents recommended revisions to the sec-
tion in Green Book Chapter III that addresses horizontal 
alignment design. Specifically, the text presented in this sec-
tion is a complete replacement for the section "Horizontal 
Alinement" in Chapter III. Some of the guidance provided in 
this section of the Green Book has been retained, but the rec-
ommended changes are sufficiently extensive that a corn- 

plete rewriting of the text was considered the most efficient 
method of presenting the material. 

In preparing the revised text, the presentation of topical 
material was reorganized. A new section emphasizing the 
concept of "curve design speed" was added, as were individ-
ual sections for each of the alternative transition design types 
(i.e., tangent-to-curve, spiral curve, and compound curve). A 
revised table of contents for this section and the revised text 
follow. 
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Chapter III 

ELEMENTS OF DESIGN 

HORIZONTAL ALIGNMENT 

Theoretical Considerations 

For balance in roadway design all geometric elements should, as far as economically feasible, be determined to provide safe, 
continuous operation at a speed likely to be observed under the general conditions for that roadway. For the most part, this is 
done through the use of design speed as the overall control. In the design of roadway curves, it is necessary to establish the 
proper relation between design speed and curvature and also their joint relations with superelevation and side friction. 
Although these relations stem from the laws of mechanics, the actual values for use in design depend on practical limits and 
factors determined more or less empirically over the range of variables involved. These limits and factors are explained in the 
following paragraphs, as they would be used for the logical determination of controls for roadway curve design. 

When a vehicle moves in a circular path, it undergoes a centripetal acceleration that acts toward the center of curvature. 
This acceleration is sustained by the vehicle mass component related to the roadway superelevation, the side friction devel-
oped between the tires and surface, or by a combination of the two. As a matter of conceptual convenience, centripetal accel-
eration is sometimes equated to centrifugal force. However, this force is an imaginary force that motorists believe is pushing 
them outward while cornering when, in fact, they are truly feeling the vehicle being accelerated in an inward direction. Cen-
tripetal acceleration is used hereafter because it is fundamentally correct. 

From the laws of mechanics, the basic point mass (curve) formula for vehicle operation on a curve is the following: 

0.Ole +f - v 0.0079 V 2 	V 2  
1-0.OlefgR 	R 	127R 

where: 

e = rate of roadway superelevation, percent; 

f= side friction (demand) factor; 
v = vehicle speed, m/s; 
g = gravitational constant, 9.807 m/s2; 
V = vehicle speed, km/h; and 
R = radius of curve, m. 

The value of the product "ef" in this equation is always small. As a result, the "1 - 0.01 ef" term is normally omitted in 
roadway design. Omission of this term yields the following basic side friction formula: 

This equation yields slightly larger (and thus, more conservative) estimates of friction demand than would be obtained by the 
previous equation. 	 - - ------- 	- 	 - -------_______ 

The side friction factor represents the driver's side friction need (or demand); it also represents the lateral acceleration aj  
that acts on the vehicle. This acceleration can be computed as the product of the side friction demand factorf and the gravita-
tional constant g (i.e., af=fg). It should be noted that the lateral acceleration experienced by the vehicle occupants tends to be 
slightly larger than that predicted by the product "fg"  because of vehicle body roll. 

From accumulated research and experience, maximum values of superelevation rate and side friction demand (i.e., ema,, and 
frnax) have been established  for curve design. Using these maximum values in the basic formula permits determination of a min-
imum curve radius. Use of curves with radii larger than this minimum calls for superelevation, side friction, or both to have 
values below their respective maximums. The amount that each factor is below its respective maximum is based on an equi-
table contribution of each toward sustaining the resultant centripetal acceleration. The methods used to achieve this equity for 
different design situations are discussed in the next section. 
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General Considerations 

Curve Design Speed 

Safe and efficient operations require harmony between the design speed and the observed distribution of traffic speeds. The 
design speed should equal or exceed the speed ultimately adopted by the large majority of drivers on the constructed facility. 

Drivers tend to base their speed choice on the roadway environment as they perceive it. These environmental features are 
represented by the roadway's degree of access control, pavement surface roughness, urban or rural location, and the frequency 
of horizontal and vertical curves (especially those with sharper curvature). In general, drivers will adopt lower speeds on road-
ways with frequent access points, rough or uneven pavement surfaces, curbside parking, frequent curves, or hilly terrain. Selec-
tion of a design speed that is below that deemed appropriate by drivers should be avoided because it results in a significant 
percentage of vehicles exceeding the design speed (18). 

For horizontal curve design, an appropriate curve design speed is considered to be the expected 95"  percentile speed of the 
passenger car traffic stream on the curve during low-volume conditions. Desirably, this curve design speed should equal the 
95th percentile passenger car speed on the tangent approach to the curve. However, a recent study (19) indicates that a small 
speed reduction may be acceptable when conditions warrant the use of sharper curves. If a small speed reduction is allowed, 
then the curve design speed will be lower than the expected 95'  percentile approach speed by the amount of the reduction. 

Subsequent sections of this policy that address horizontal alignment design are based on the concept of "curve design speed." 
However, this speed may reflect an acceptable speed reduction on the curve. Therefore, to facilitate consistency with the con-
trols for other design features, all curve design controls are referenced to the expected 95'  percentile approach speed. The 95"  

percentile approach speed is assumed to closely represent the design speed used to size other elements of the roadway. 
Unless explicitly noted otherwise, the expected 95th1  percentile approach speed is defined to represent a passenger car traf-

fic stream during low-volume conditions. This speed is that expected (or anticipated) on the facility at any time during its 
design life. For major reconstruction projects, this speed may be measured directly. For new construction, it can be estimated 
using speed data for existing facilities in the vicinity of the proposed roadway that have a similar function and environment. 

Facility Types 

Horizontal curve design is influenced by the functional classification, movement type, and design speed of the associated road-
way. For example, side friction demand is recognized to vary depending on whether the curve is on an open highway or an 
interchange ramp. Similar sensitivities to function and speed are recognized in the selection of a superelevation rate. In recog-
nition of these influences, three facility types are defined to simplify the discussion of horizontal curve design controls: 

All rural highways and high-speed urban streets, 
Low-speed urban streets, and 
Turning roadways. 

The "speed" referred to in the facility-type names is the design speed. Facilities with a design speed of 70 km/h or less are 
referred to as low-speed facilities; those with a design speed of 80 km/h or greater are referred to as high-speed facilities. 

Turning roadways are connecting roadways serving traffic turning between two intersecting through roadways. Turning 
roadways include exit terminals, central sections, and entrance terminals—all of which can include one or more curves. They 
can be further categorized as either interchange ramps or intersection curves. Interchange ramps have horizontal alignments 
that (1) have a loop or diamond configuration and (2) may include tangent sections, as needed, to minimize the right-of-way 
requirement. In contrast, intersection curves have alignments that have a diamond configuration and generally consist only of 
curves. Finally, turning roadways have design speeds of 20 km/h or greater and, at intersections, are associated with a chan-
nelizing island. In addition to this chapter, guidance related to these two categories of turning roadway is provided in Chap-
ters IX and X. 

Superelevation 

There are practical upper limits to the rate of superelevation. These limits relate to considerations of climate, constructability, 
adjacent land use, and frequency of slow-moving vehicles. In recognition of these limits, all states have adopted one or more 
maximum superelevation rates. The maximum values used by most states include 4.0, 6.0, 8.0, 10, and 12 percent. A discus-
sion of the aforementioned considerations and the rationale used to establish a particular rate as the maximum rate is provided 
in "Maximum Superelevation Rates." 
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Side Friction Factor 

A primary objective in horizontal curve design is to have a curve design speed that equals or exceeds the expected speed of most 
motorists. This objective can be accomplished by providing a radius and superelevation rate that combine to yield a safe and 
comfortable lateral acceleration for a reasonably large percentage of drivers. The safety aspect is satisfied when the side fric-
tion factor used in design provides a significant margin of safety against slide or roll failure for both passenger cars and trucks. 
The comfort aspect is satisfied when lateral acceleration is less than a threshold value associated with motorist discomfort. 

The comfort aspect is used herein to define the maximum side friction factors for design. This approach is conservative in 
that it inherently yields design side friction factors that also provide an adequate margin of safety against failure. "Margin of 
safety" is defined as the difference between side friction demand and side friction supply. Friction supply for slide failure is 
based on the tire-pavement friction properties. Friction supply for roll failure is a conceptual limit that reflects the friction coin-
cident with vehicle rollover. This concept is useful for relative comparisons of the margin of safety for slide and roll failure. 
For design purposes, roll failure is considered only for trucks and other vehicles with a high center of gravity. 

The maximum side friction factor for design represents an upper limit on the motorist's side friction demand. This limit 
coincides with the point at which the lateral acceleration is sufficient to cause the driver to experience a feeling of discomfort 
such that he or she reacts instinctively to avoid higher speed. 

Two field study techniques have been used to determine maximum side friction factors for design based on comfort crite-
ria. Both techniques measure curve speed and then use this speed in the basic side friction formula to compute a correspond-
ing side friction demand. One study uses test subjects in controlled experiments. These subjects indicate when uncomfortable 
curve speeds are reached on a curve. A second study relies on the roadside observation of drivers traveling along a curve. For 
this study technique, the distribution of the observed speeds is used as a surrogate means of defining the side friction factor 
associated with discomfort. An upper percentile speed is assumed to represent the comfortable limit of lateral acceleration. 

Both field study techniques have advantages and disadvantages. The first study type has the advantage of direct assessment 
of motorist comfort; however, its resource requirements can be significant. In contrast, the second study type has the advan-
tages of minimal resource requirements and broad geometric coverage; however, there is less assurance that motorist comfort 
is being measured. 

A modified form of the second study type was proposed by Haile (20). His modification was intended to improve the like-
lihood that the speeds recorded are representative of motorists at their comfort limits. He suggested that only those drivers 
who reduce speed during curve entry be recorded. He argued that those drivers who do not reduce speed are likely traveling 
below the speed they would consider to be the maximum comfortable or safe for the curve. Hence, these drivers would likely 
convey no information regarding the maximum side friction factor based on comfort criteria. 

A recent NCHRP study (19) examined the relationship between side friction demand and speed for a wide range of curves 
located on streets, highways, and turning roadways. This study re-examined previously published findings on this topic and 
analyzed new data collected at numerous horizontal curves. The approach suggested by Haile (20) was adopted during the data 
reduction process. In addition, speeds of both cars and trucks were measured and analyzed separately to assess the side fric-
tion demands of both vehicle types. For each vehicle type and study site, the 95th percentile speed was used to compute a cor-
responding 951h  percentile side friction demand. 

The study found that side friction demand is dependent on the speed to which the driver slowed when entering the curve. Those 
drivers slowing significantly experienced larger side friction demand. Figure 111-4 illustrates the threshold friction factors below 
which no speed reduction was observed. This figure also illustrates the friction factors found when drivers slowed 5 km/h. Finally, 
the thick trend line represents the side friction factors recommended in the NCHRP study (19) for design applications. 

The side friction demand factors associated with the thick line in Figure 111-4 are generally consistent with the side friction 
factors reported in the literature and in previous editions of this policy. It should be noted that these factors are representative 
of both passenger cars and trucks. 

Figure 111-4 also illustrates conservative values of maximum side friction supply for both passenger cars and trucks. Slightly 
lower values may be realized for steep downgrades because some of the friction suppl)iis used for deceleration purposes (19).—
The 

19) 
The vertical distance between the friction demand and supply trend lines reflects the margin of safety for a given design speed. 
In general, the margin of safety for both cars and trucks is relatively constant over the range of speeds. Although, it should be 
noted that the margin of safety available to trucks is less than one-half that available to cars. 

Methods of Distributing Superelevation and Side Friction 

In general, a range of radii are available for use at each alignment deflection. The minimum radius available is based on the 
use of maximum values of superelevation rate and side friction demand (i.e., em , andfmax). Radii larger than this minimum 
generally require a superelevation rate, side friction, or both that are below their respective maximums. This section describes 
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Side Friction Factor 
Maximum side friction supply for passenger 
cars with worn tires on wet pavement. 

Maximum side friction supply for trucks with 
worn tires on wet pavement or with high center of gravity-7  

I
duction 
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95th Percentile Approach Speed (km/h) 

Figure 111-4. Comparison of side friction supply and 
demand factors. 

alternative methods for defining the proportion of superelevation and side friction appropriate for a given curve radius, curve 
speed, and facility type. 

Historically, several methods have been used to define or distribute the proportions of superelevation and side friction over 
the range of curve radii. These methods are generally described using curvature (= l/R), as opposed to radius, for the inde-
pendent variable. This approach stems from the simple, linear relationship that exists between superelevation rate (or side fric-
tion demand) and curvature, as indicated in the basic side friction formula. 

Distribution methods used can be generally described as belonging to one of two basic categories. One category empha-
sizes the generous use of superelevation; the other emphasizes the conservative use of superelevation. Both of these funda-
mental distribution methods are shown in Figure 111-5. They are described in more detail in the next few paragraphs. 

The distribution method based on the generous use of superelevation is generally used for rural highways and high-speed 
urban streets. This method implies that superelevation will be used to counteract much of the centripetal acceleration. With 
this method, superelevation is provided over the full range of curvature at an amount sufficient to fully meet the centripetal 
acceleration needs of slower drivers and most of the needs of faster drivers. In this manner, faster drivers wouid only have to 
rely on a minimum amount of side friction. The advantage of this method is that it minimizes reliance on side friction and 
thereby, provides an added degree of safety against slide or roll failure. The emphasis on the needs of slower drivers reflects 
a desire to avoid negative side friction. Negative side friction requires the driver to steer against the direction of the curve 
which is uimatural and may lead to erratic driving. 

The distribution method based on the conservative use of superelevation is generally used for low-speed urban streets. This 
method implies that side friction is used to counteract most, if not all, of the centripetal acceleration. With this method, supr-
elevation is only provided on the sharpest curves when the side friction demand of the faster drivers equals the maximum level 
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considered acceptable for design. In this manner, the side friction demand of slower drivers is lower than the design maxi-
mum. The advantage of this method is that it generally allows the designer to avoid superelevation when conditions justify its 
limited use. 

The conditions that justify the conservative use of superelevation relate to (1) drainage, (2) access, (3) terminal transition, 
and (4) slow speed. Drainage conditions may limit the use of superelevation when the earthwork associated with the super-
elevated cross section creates some type of impediment to runoff from properties adjacent to the roadway.. Access conditions 
may limit the use of superelevation when such superelevation results in large grade breaks when transitioning to or from the 
alignment of an intersecting road or driveway. Large grade breaks can be uncomfortable to side street drivers when crossed 
at moderate speed and can pose a safety risk if crossed at slow speeds. Terminal transition conditions may limit the use of 
superelevation at short turning roadway terminals when such superelevation makes it difficult to safely transition to or from 
the alignment of the through roadway without excessive pavement surface warping. This warping along the cross over crown 
line may compromise the stability of large trucks and make vehicle control difficult. Finally, exceptionally slow curve speed 
conditions may limit the use of superelevation when such speeds are so slow as to precipitate negative side friction. These 
slow speeds may be caused by traffic congestion, frequent access points, or traffic control devices (i.e., signals or signs). 

By definition, the two distribution methods represent extreme applications of either superelevation or side friction. Super-
elevation rates between these extremes (as represented by the region between the thick trend lines in Figure 111-5) are likely 
to provide acceptable levels of side friction for all drivers. On the other hand, these levels many not provide the advantages 
noted previously for the two methods. 

Superelevation rates obtained from either distribution method (and values in between) have been used for turning roadways. 
In general, the first distribution method offers definite safety benefits because of its generous use of superelevation while main-
taining a sensitivity to the friction demands of both slow and fast drivers. However, the second distribution method is more 
appropriate when any one of the four previously mentioned conditions justifying the conservative use superelevation apply. 
Thus, the first distribution method is considered preferable for application to turning roadways. However, the second method 
is acceptable for low-speed turning roadways when drainage, terminal transition, or slow-speed conditions are evident. 

Curve Design Controls 

This section describes several design controls that can be used to size selected curve design elements. These controls include 
the maximum superelevation rate, the maximum design side friction factor, minimum radius (with maximum superelevation), 
and the minimum radius with normal cross slope. 

Maximum Superelevation Rates 

The maximum rates of superelevation usable on horizontal curves are controlled by four factors: (1) climate conditions, (2) con-
structability; (3) adjacent land use (i.e., as they relate to drainage and access), and (4) frequency of very slow-moving vehicles. 
With regard to factors 1 and 3, the range of conditions likely to be encountered within the United States leads to the conclu-
sion that no single maximum superelevation rate is applicable to all roadway curves on a nationwide basis. However, using 
only one maximum superelevation rate within a region of similar climate and land use should be considered desirable because 
such a practice would promote design consistency. 

Design consistency relates to the uniformity of the highway alignment and its associated design element dimensions. This 
uniformity allows drivers to improve their perception-response skills by developing expectancies. Design elements that are 
not uniformly sized for similar types of roadways will be counter to a driver's expectancy and result in an increase in driver 
workload. Logically, there is an inherent relationship between design consistency, driver workload, and motorist safety with 
"consistent" designs being associated with lower workloads.and safer roadways.  

A superelevation rate of 12 percent represents a maximum practical value where snow and ice do not exist. Current prac-
tice indicates that rates in excess of 12 percent are beyond practical limits with regard to difficulties associated with con-
struction and maintenance of steep cross slopes. 

Where snow and ice are factors, experience indicates that a superelevation rate of 8 percent is a logical maximum. A rate 
of 8 percent or less will minimize the potential for a vehicle to slip across an ice-covered highway when stopped or attempt-
ing to slowly gain momentum from a stopped position. This conclusion is consistent with the findings from a study that 
reported friction values measured on roadways covered with ice, snow, or both (21). It should also be noted that some agen-
cies believe that 8 percent represents a logical maximum rate, regardless of snow or ice conditions. Such a limit tends to reduce 
the likelihood that slow drivers will experience negative side friction, which can result in excessive steering effort and erratic 
driving. 
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Conditions in urban areas often require the use of a low maximum rate of superelevation, usually 4 to 6 percent. In these 
areas, traffic congestion, traffic control, or extensive marginal development act to create slow speeds that can result in nega-
tive side friction. In addition, a low maximum rate of superelevation is desirable in urban areas because it minimizes the 
adverse impact of the roadway on adjacent property access and drainage. 

A superelevation rate of 10 percent represents a practical maximum value for low-speed turning roadways when other fac-
tors do not dictate the use of a lower rate. This maximum recognizes the practical difficulty of attaining superelevation with-
out creating an abrupt cross-slope change at the turning roadway terminal, primarily because of sharp curvature and short 
lengths of turning roadway. 

In summary, it may be concluded that (1) several rates, rather than a single rate, of maximum superelevation should be rec-
ognized for design controls for highway curves, (2) one maximum rate should be used in areas of similar climate and land use, 
(3) a rate of 12 percent should not be exceeded, (4) a rate of 8 percent should not be exceeded in areas with frequent ice or 
snow, (5) a maximum rate of 4 to 6 percent is applicable to urban areas, and (6) a maximum rate of 10 percent is applicable 
to low-speed turning roadways. Accordingly, five maximum superelevation rates-4, 6, 8, 10, and 12 percent—are used 
herein. 

Maximum Design Side Friction Factors 

The maximum side friction demand factors recommended for design are listed in Table 111-6. These factors are intended for 
use in the design of all facility types. Hereafter, these factors are referred to as the "maximum design side friction factors" to 
denote they represent maximum values for design applications. 

Field observations indicate that the maximum design side friction factors listed in Table 111-6 are associated with a small 
speed reduction (19). Observation of speeds on street and highway curves suggest the speed reductions range from 3 to 5 km/h. 
Similar levels of side friction demand were also observed on turning roadways; however, the observed speed reduction ranged 
from 6 to 10 km/h. This larger speed reduction is logical because drivers on turning roadways anticipate sharp curves and 
accept such reductions as they transition between intersecting roadways. 

Minimum Radius 

The minimum radius is a limiting value of curvature that is associated with a side friction demand equal to the design maxi-
mum when the curve has maximum superelevation and is traveled at the curve design speed. Use of sharper curvature would 
call for superelevation beyond the limit considered practical, side friction beyond what is considered comfortable by many 
drivers, or both. Thus, the minimum radius is a significant control in horizontal alignment design. 

The minimum radius Rm j, can be calculated directly from the basic side friction formula described previously. In fact, this 
formula can be restructured to yield the following equation for calculating the minimum radius: 

Rmn  
- 127(0.01emax  +frnax) 

Design Speed 	 Maximum Design Side Friction Factor, 
(km/h) 

30 	 0.227 

40 0.209 

50 0.190 

60 0.171 

70 0.153 

80 0.134 

90 0.115 

100 0.100 

110 0.090 

120 0.080 

Table 111-6. Maximum design side friction factors. 
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where: 

Rm in  = minimum radius, in; 
V = curve design speed, km/h; 

emax  = maximum superelevation rate, percent; and 
fmax = maximum design side friction factor (from Table 111-6). 

Minimurp radii for each combinatiop of design speed, maximum design side friction factor, and maximum superelevation rate 
are listed in Table 111-7. 

The curve design speed listed in Table 111-7 is equal to the roadway design speed less an acceptable speed reduction. The 
speed reductions listed in this ttble correspond to values observed on sharper curves (19). Larger reductions will likely result 
if curve radii smaller than those listed are used. experience indicates that the speed reductions listed in Table 1I1-7 represent 
a reasonable compromise between the designers' occasional need to use sharp radius curves and their desire to maintain a con-
sistent design speed along the roadway. 

It is useful to note that the radii referred to in this section have different  referene locations, depending on the facility type. 
Cup'e radius is generally referenced to the centerline of a street or highway. On the other hand, the reference location is corn-
moply moved to the inner edge of the traveled way for a turping roadway. 

Minimum Radius for Sectioii  with Normal Cross Slope 

In general, flat horizpntal curves require no superelevation. Traffic entering a flat curve to the right has some superelevation 
because of the no,rrnal cross slope. As a result, the side friction demand is negligible. In contrast, traffic entering a flat curve  
to the left has an adverse or negative superelevation because of the normal cross slope. As a result, the side friction required 
to counteract botj1 the centripetal acceleration and the negative  superelevation is not necessarily negligible, but it is within an 
acceptable range. 

For a given design speed a minimum radius can be associated with a combined maximum desirable side friction demand 
and adverse cross slope The radius associated with this limiting condition is defined as the minimum radius for which the nor-
mal cross slope yields an acceptable level of lateral acceleration. Hereafter, this radius is referred to as the "minimum radius 
with normal cross slope." Curves with radii sharper than this minimum value should use superelevatipn to counter some of 

e centripetal acceleration. 
The basic side frictipp formula can be mpdified to develop an equation for computing the minimum radius with normal cross 

slope. The resulting e quation is as follows: 

R- NC 	127(0.01eNc  ±Jc) 

where: 

RNC = minimum radius with normal crqss slope, m; 
eNC = normal cross slope rate (-2.0 percent assumed), percent; and 
fNc = maximum side friction demand with adverse cross slope. 

Design 
Speed 
(km/h) 

Assumed 
Speed 

Reduction 
(km/h) 

Curve 
Design 
Speed 
(km/h) 

Minimum Radius (m), R,,1 , 
Max. Superetevation Rate, 1 

4 	6 	8 	10 12 

30 - 	3 00__ 27 - - 	21 20 	19 	18 - 	17 

40 3.00 37 43 40 	37 	35 33 

50 3.00 47 76 70 	64 	60 56 

60 3.00 57 121 111 	102 	94 88 
70 3.00 67 183 166 	152 	140 129 

80 3.00 77 268 241 	218 	200 184 

90 3.00 87 385 341 	306 	277 254 
100 3.25 96.75 526 461 	409 	369 335 
110 3.90 106.10 682 591 	521 	467 422 
120 4.55 115.45 875 750 	656 	583 525 

Table 111-7. Minimum radius with maximum superelevation and side friction. 
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As the terms in this equation indicate, the minimum radius with normal cross slope is dependent on the normal cross slope 
rate and the maximum friction with adverse cross slope. The normal cross slope rate is expressed as a negative value in this 
equation because it is in an adverse direction relative to the more critical, left-hand curve direction. 

The normal cross slope is generally determined by drainage requirements. The usually accepted minimum values range from 
1.5 to 2.0 percent. Additional information is available on this topic in Chapter IV. For the purpose of defining the minimum 
radius with normal cross slope, a value of 2.0 percent is used herein as a single representative value. 

The maximum side friction to be used in the preceding equation is dependent on the method used to distribute supereleva-
tion and side friction. Specifically, a method which emphasizes the generous use of superelevation should limit the level of 
adverse side friction to a relatively small value. As noted in "Methods of Distributing Superelevation and Side Friction," this 
type of method is appropriate for rural highway and high-speed urban street design. A review of current practice indicates that 
a value of fNc  equal to 0.04 is consistent with the objectives of this distribution method. 

In contrast to the conclusion reached in the preceding paragraph, a distribution method that emphasizes the conservative 
use of superelevation implies that a large amount of side friction is accepted by the driver. When this method is applied to low-
speed urban streets, it is assumed that superelevation will only be provided when the side friction demand would otherwise 
exceed the maximum design side friction factor. Thus, for low-speed urban streets, the minimum radius with normal cross 
slope is based onfNc being equal to the maximum design side friction factorfma. (shown in Table 111-6). 

Based on the preceding discussion, the minimum radii available for use with normal cross slope are listed in Table 111-8. 
The speed reductions shown in this table are expected amounts based on the corresponding maximum side friction demand 
factorfNc. For rural highways and high-speed urban streets, this factor is sufficiently small as to result in no speed reduction 
except for the highest approach speeds. In contrast, the large amount of side friction used to define minimum radii for low-
speed urban streets will likely result in a 3.0 km/h speed reduction. In general, larger speed reductions will occur if smaller 
radii are used with a normal cross slope. 

Design Superelevation Tables 

This section describes the superelevation rates and corresponding radii recommended for horizontal curve design. These rates 
and radii are based on the distribution methods described in "Methods of Distributing Superelevation and Side Friction." Specif-
ically, values for rural highways and high-speed urban streets are based on the generous use of superelevation. In contrast, val-
ues for low-speed urban streets are based on the conservative use of superelevation. The rates and radii for rural highways and 
high-speed urban streets are preferable for use on turning roadways; however, the values recommended for low-speed urban 
streets are acceptable for low-speed turning roadways when conditions justify their use (see "Methods of Distributing Super-
elevation and Side Friction"). 

Design Rural Highways and High-Speed Low-Speed Urban Streets 
Speed Urban Streets  
km/h) Assumed 	Curve Minimum Assumed Curve Minimum 

Speed 	Design Radius 2  Speed Design Radius 2  
Reduction' 	Speed RNC Reduction' Speed RNC 

(km/h) 	(km/h) (m) (km/h) (km/h) (m) 

30 000 	30 354 3.00 27 28 

40 0.00 40 630 	3.00 	37 	57 

50 0.00 50 984 	3.00 	47 	102 

60 0.00 60 1,417 	3.00 	57 	169 

70 0.00 70 1,929 	3.00 	67 	266 

80 0.00 80 2,520 	-- 	-- 	-- 
90 0.00 90 3,189 	-- 	-- 	-- 

100 0.00 100 3,937 	-- 	-- 	-- 
110 0.20 109.80 4,746 	-- 	-- 	-- 
120 1.58 118.42 5,521 	-- 	-- 	-- 

I  Expected speed reduction for the associated maximum side friction demand factorfmc  based on the trends 
shown in Figure 111.4. 

2  Normal cross slope is assumed to equal -2.0 percent. 

Table 111-8. Minimum radius for section with normal cross slope.  
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Superelevation for Rural Highways and High-Speed Urban Streets 

The method used to define superelevation rates and corresponding radii for rural highways and high-speed urban streets is 
based on the generous use of superelevation. However, excessive superelevation can result in negative side friction for slower 
drivers. Thus, this method is developed to yield superelevation rates that are generous for the corresponding radius range but 
not so generous as to produce negative side friction for a large majority of drivers. 

Consistent with the use of an upper percentile speed to define curve design speed, a lower percentile speed is appropriate 
for defining the side friction needs of slower drivers. The 511 percentile speed is a logical cutoff value because it is consistent 
in coverage with 951h percentile speed used for other curve design controls. The 5` percentile speed of the truck traffic stream 
is the most appropriate control in this instance because truck speeds tend to be slightly lower than those of passenger cars. 

Previous editions of this policy used a distribution method that provided for the generous application of superelevation. How-
ever, this method provided separate distributions for each of the five possible maximum superelevation rates. As a consequence, 
as many as five different superelevation rates were available to the designer for a given design speed. A recent survey of 138 
highway curves found that this flexibility has resulted in there being little correlation between radius, superelevation rate, and 
curve design speed (18). This lack of uniformity complicates the driving task and is contrary to the goal of design consistency. 

Based on the preceding discussion, the superelevation distribution method described in this section was developed to pro-
vide a unique radius and superelevation rate combination for each curve design speed. The following equations were used in 
calculating the design superelevation rate for a given speed and radius: 

ed=eax
(R ~*.in )n (1) 

with 

- ln(-0.OleNC) - 1n(0.01eax) 	 (2) e 	 ln(RI)—ln(RNC) 

where: 

- ed = design superelevation rate, percent; 
e ax = defining maximum superelevation. rate, percent; 

min = defining minimum radius, m; 
n = shape factor; 	 - 	 - 

R = radius of curve, m; 
RNC = minimum radius with normal cross slope, m; 

ln(x) = natural log of x; and 
eNc = normal cross slope rate (-2.0 percent assumed), percent. 

Two fundamental variables in Equations 1 and 2 are the "defining" maximum superelevation rate and the "defining" mini-
mum radius. These two variables represent the one combination of rate and radius that is common to both distribution meth-
ods (i.e., it is the point of intersection of thedashed and thick trend lines in Figure 111-5). Sharper radii are not feasible because 
they would require either friction demand in excess Of fmax or superelevation sufficiently large as to cause slower drivers to 
incur a negative side friction. These two variables can be computed as follows: 

e*a. = 100 rvfmax + 0.015 - 	 -    	(3) 
1 — r y ----__-- 

and 

V 2 R*= 	C 	 (4) 
127(0.01e*Max ±frnax) 

with 

1 	 A 	\2 
V 5, tk - uV5 ik) 

ru-
17 	

2 
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V5 Ik =0.3256 V 1167 	 (6) 

dy5 rk = 0.763 dv 	 (7) 

where: 

frnax = maximum design side friction factor (from Table 111-6); 
V. = curve design speed (= V- dv), km/h; 
V = design speed, km/h; 

dv = assumed speed reduction, km/h (from Table 111-7); 
V5 fk 

= 51 1  percentile truck approach speed, km/h; 
dy5 rk = 5" percentile truck speed reduction, km/h; and 

r,, = ratio of truck to passenger car curve speeds. 

Equation 1 satisfies two logical boundary.conditions. First, it predicts a design superelevation rate equal to e ax  when the 
curve radius equals 	Second, it predicts a design superelevation rate equal to the normal cross slope rate when the curve 
radius equals RNC. Equations 6 and 7 are regression relationships based on extensive measurements of car and truck speeds on 
horizontal curves (19). 

Equations 3 through 7 were used to develop the defining maximum superelevation rate and minimum radius for a range of 
design speeds. These defining values are listed in Table 111-9. 

Because the defining maximum superelevation rates listed in Table 111-9 are typically larger than .12 percent, an agency's 
maximum superelevation rate must be "imposed" on the distribution represented by Equation 1. If Equation 1 yields a super-
elevation rate larger than the agency's recognized maximum superelevation rate, then the recognized maximum rate should 
be used instead of that obtained from Equation 1.. 

The values of the shape factor n are also shown in Table 111-9. This factor introduces curvature into the distribution func-
tion (i.e., Equation 1). The factor is computed using Equation 2. This equation is derived to yield the aforementioned bound-
ary conditions. The factors obtained from Equation 2 range from 0.589 to 0.759 for design speeds ranging from 30 to 120 
km/h. Because these values are all less than 1.0, the distribution curve has a concave shape that emphasizes superelevation 
over side friction. 

The distribution of superelevation rates for a range of curvatures is shown in Figure 111-6. The trend shown coincides with 
a design speed of 70 km/h; similar trends result for other, speeds. 

The distribution shown in Figure 111-6 is "stair-stepped" to illustrate the range of feasible radii for integer superelevation 
rates. Experience indicates that superelevation rates based on integer values are acceptable from the standpoint of traffic oper-
ations. and consistency with construction tolerances. With regard to traffic operations, superelevation rates differing by less 
than 1 percent are not likely to have a significant effect on driver speed. 

The design superelevation rates presented later in this section are based on integer superelevation rates (e.g., 3,4, 5 percent) 
and a corresponding range of radii. Values at.each stair "corner" represent the application of Equation ito compute the radius 
R twice; once using ed -  0.5% and then again using e + 0.5%. This approach corresponds to a superelevation rate of precision 
o.±0.5 percent.. 

Design Speed Assumed Curve Defining Defining Shape 
(km/h) Speed Design Maximum e, Minimum R, Factor, n 

Reduction Speed e m  (%) R min  (m) 
(km/h) (km/h) 

30 3.00 27 12.2 16.4 0.589 

40 3.00 37 13.5 31.4 0.635 

50 3.00 47 14.1 	. 52.5 0.667 

60 3.00 57 14.3 81.4 0.689 

70 3.00 67 14.3 119.5 0.707 

80 3.00 77 13.9 171.2 0.720 

90 3.00 87 13.2 241.6 0.730 

100 	. 3.25 96.75 12.6 326.4 0.739 

110 3.90 106.10 12.3 416.2 0.746 

120 4.55 115.45 11.9 527.7 0.759 

Table 111-9. Defining maximum superelevation rate and minimum radius. 
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Figure 111-6. Superelevation distribution method for 
rural highways and high-speed urban streets. 

There is one exception to the general use of integer superelevation rates. For higher speeds, the precision is reduced to ±0.25 
percent such that superelevation rates of 2.5, 3.5, 4.5, 5.5, and 6.5 percent may also be used. This modification ensures unique 
radius and superelevation combinations for these higher speeds. For example, if 2.5 percent were not used to define a range 
of radii for 90 km/h, the resulting radius ranges for integer rates of 2 and 3 percent would overlap with those for 80 and 100 
km/h speeds. As discussed previously, unique combinations of rate and radius are desirable because they promote design 
consistency. 

The maximum superelevation rate established by an agency (based on practical considerations) should be imposed on the 
distribution represented by Equation 1. Figure 111-6 illustrates the imposition of an 8.0 percent agency-established maximum 
superelevation rate on the distribution for 70 km/h. By this imposition, the agency disregards superelevation rates predicted 
by Equation 1 that exceed 8.0 percent (i.e., it disregards the stair-steps in Figure 111-6 greater than 8.0 percent). Instead, the 
agency uses 8.0 percent superelevation for radii in the range of 152 to 249 m (i.e., 6.6 to 4.0 km). The two extreme values 
in this range correspond to the end points of the line labeled "Imposed ema  = 8.0%" in Figure 111-6. It should be noted that 
radii in this range are associated with a small (i.e., less than 5 km/h) speed reduction. 

In summary, the superelevation distribution is represented by the stair-stepped line for rates up to the recognized maximum 
rate (i.e., 4.0, 6.0, 8.0, 10, or 12 percent). Thereafter, the recognized maximum rate is used for a range of sharper radii, the 
sharpest of which is represented by the minimum radius Rmin. 

Tables 111-10 and 111-11 show the recommended range of radii associated with specific design superelevation rates. Table 
111-10 presents superelevation rate and radius combinations for high-speed streets and highways. Table 111-11 presents simi-
lar combinations for low-speed rural highways. As indicated in the previous paragraphs, the radius ranges in each table are 
intended to yield the desired unique relationship between speed, radius, and rate. The only exception is for the lowest super-
elevation rates and highest speeds; however, the degree of range overlap for these conditions is minimal. 

To illustrate the use of Table 111-10, consider a highway with a design speed of 110 km/h and an agency-recognized, max-
imum superelevation rate of 6.0 percent. If a radius of 2,000 m is being used by the designer, Table 111-10 indicates that the 
design radius lies in the range of 1,727 to 2,043 m, which corresponds to a superelevation rate of 4.0 percent. However, if a 
radius of 900 m is needed, then the design superelevation rate will be limited to the.6.0.percent maximum rate..Because.this 
value is smaller than the desirable minimum radius of 1,030 m, a small speed reduction will likely be incurred by motorists. 
The minimum acceptable radius that could be considered for this design is 591 m; this radius would correspond to a speed 
reduction of 3.9 km/h (as indicated in Table 111-7). 

As mentioned previously, radii between the desirable minimum and minimum values are likely to result in a small speed 
reduction. In general, such speed reductions (and corresponding radii) should be avoided whenever possible to promote uni-
form traffic speeds. On downgrades, such avoidance is particularly important because the braking required for speed reduc-
tion consumes some of the available friction supply. While such braking consumes only a small portion of the friction supply 
for passenger cars, it can consume a significant portion of the supply for trucks. Therefore, on roadways with significant truck 
volume and a downgrade in excess of 5 percent, it is suggested that the curve radius be selected such that it equals or exceeds 
the desirable minimum value. 
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Super- Design Speed (km/h) 
elev. 80 I 	90 I 	100 I 	110 I 	120 
Rate 

ed  Range of Design Radii (m)  

(%) Max. 
_______________ 

Des. Mm. Max. Des. Mm. Max. Des. Mi Max. Des. Mm. Max. Des. Mm. 
R Mm. R R Mi R R Mi R R Mm. R R Mm. R 

NC tan. 2,520 -- tan. 3,189 -. tan. 3,937 -. tan. 4,746 -- tan. 	5,521 -- 

2 2,520 2,139 -- 3,189 2,714 -. 3,937 3,356 -- 4,746 4,053 -- 5,521 	4,727 -- 

2.5 2,139 1.619 -- 2,714 2,062 -- 3,356 2,557 -- 4,053 3,097 -- 4,727 3,628 -- 

3 1,619 1,283 -- 2,062 	1,640 -- 2,557 2,039 -- 3,097 2,475 -- 3,628 2,911 -- 

3.5 1,283 1,052 -- 1,640 	1,348 -- 2,039 	1,680 -- 2,475 2,043 -- 2,911 	2,411 -- 

4 1,052 884 268 1,348 	1,136 385 1,680 	1,418 526 2,043 	1,727 682 2,411 	2,044 875 

4.5 884 757 -- 1,136 	975 -- 1,418 	1,219 -- 1,727 	1,488 -- 2,044 	1,765 

5 757 618 -- 975 	798 -- 1,219 	1,065 -- 1,488 	1,301 -- 1,765 	1,547 -- 

5.5 -. -- -- -- 	-- -. 1,065 	941 -. 1,301 	1,151 -- 1,547 	1,372 -- 

6 618 490 241 798 	635 341 941 	797 461 1,151 	1,030 591 1,372 	1,230 750 

6.5 -- -- -- -. 	-- -- -- 	-- -- 1,030 	929 -- 1,230 	1,111 -- 

7 490 402 -- 635 	522 -- 797 	657 -- 929 	806 -- 1,111 	967 -- 

8 402 337 218 522 	440 306 657 	554 409 806 	682 521 967 	820 656 

9 337 289 -- 440 	377 -- 554 	477 -- 682 	587 -. 820 	708 -- 

10 289 251 200 377 	329 277 477 	416 369 587 	513 467 708 	620 583 

11 251 222 -- 329 	290 -- 416 	368 -- 513 	454 -- 620 	550 -- 

12 222 197 184 290 	259 254 368 	335 335 454 	422 422 550 	525 525 

Notes: 
"Max. R": maximum radius, "Des. Mm.": desirable minimum radius; "Mn. R": minimum radius (with 
maximum superelevation); "NC": normal cross slope; "tan.": tangent section; " -- ": minimum radius not 
available. 
Radii between the desirable minimum and the minimum should only be used with the maximum superelevation 
rate. It is preferable that this range be avoided when the alignment grade exceeds 5.0 percent and truck volumes 
are significant. 
Design speeds for high-speed urban streets should be limited to 80, 90, or 100 km/h. 
All superelevation rate and radii combinations in this table represent preferable values for turning roadways. 

Table 111-10. Superelevation distribution table for high-speed streets and highways. 

Superelevation for Low-Speed Urban Streets 

The method used to define superelevation rates for low-speed urban streets is based on the conservative use of superelevation. 
With this method, side friction is used to counter centripetal acceleration on all but the sharpest curves. On sharp curves, super-
elevation is provided in the amount needed to maintain side friction demand at the maximum acceptable level for design. The 
advantage of this method is that it minimizes the need for superelevation and the adverse impact it can have on adjacent prop-
erty access and drainage. 

As with high-speed urban streets, the 95"  percentile passenger car speed is appropriate for defining the design speed for 
low-speed urban streets. The 95'  percentile speed yields a conservative estimate of the superelevation needed by all but the 
fastest drivers. In addition, the passenger car is the controlling vehicle type because passenger car drivers tend to travel at 
higher speeds than truck drivers on moderate to sharp curves. 

The following equation is used to calculate the recommended design superelevation rate for curves on low-speed urban 
streets: 

/V2  
ea= 100(FC _R_fm127 ax) (8) 

where: 

ed = design superelevation rate, percent; 
R = radius of curve, m; 
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Super- Design Speed (km/h) 
dcv. 30 40 I 50 I 60 70 
Rate 

Range of Design Radii (m) _______________ _______________ 
(%) Max. Des. Mi Max. Des. Miii. Max. Des. Mm. Max. Des. Miii. Max. Des. Mm. 

R Miii. R R Mi R R Mi R R Mi R R Miii. R 

NC tan. 354 -- tan. 630 -- tan. 984 -- tan. 1,417 -- tan. 1,929 -- 

2 354 243 -- 630 443 -- 984 704 -- 1,417 1,025 -- 1,929 1,406 -- 

3 234 137 -- 443 261 -- 704 425 -- 1,025 629 -- 1,406 873 -- 

4 137 89 21 261 176 43 425 291 76 629 437 121 873 612 183 

5 89 64 -- 176 128 -- 291 216 -- 437 326 -- 612 460 -- 

6 64 48 20 128 98 40 216 168 70 326 256 111 460 363 166 

7 48 37 -- 98 79 -- 168 135 -- 256 208 -- 363 297 -- 

8 37 30 19 79 64 37 135 112 64 208 173 102 297 249 152 

9 30 25 -- 64 54 -- 112 95 -- 173 148 -- 249 212 -- 

10 25 21 18 54 46 35 95 82 60 148 128 94 212 184 140 

11 2118 --4640 --8271 --128112 --184162 -- 

12 1 	18 17 17 40 35 33 I 	71 63 56 1 	112 99 88 162 144 129 

Notes: 
1 	"Max. R": maximum radius, "Des. Mm.": desirable minimum radius: "Mi R": minimum radius (with 

maximum superelevation); "NC": nonnal cross slope; "tan.": tangent section; " -- ": minimum radius not 
available. 
Radii between the desirable minimum and the minimum should only be used with the maximum superelevation 
rate. It is preferable that this range be avoided when the alignment grade exceeds 5.0 percent and truck volume 
is significant. 
When used with the tangent-to-curve transition design, the underlined radii and corresponding superelevation 
rates may cause turning vehicles to drift laterally to the extent that they may encroach into an adjacent lane or 
shoulder. 
All superelevation rate and radii combinations in this table represent preferable values for turning roadways. 
A rate of 4, 6, 8, orlO percent is considered to be the desirable maximum superelevation rate for low-speed 
turning roadways. 

Table 111-11. Superelevation distribution table for low-speed rural highways. 

V. = curve design speed, km/h; and 

frnax = maximum design side friction factor (from Table 111-6). 

The distribution of superelevation rates for a range of curvatures is shown in Figure 111-7. The trend shown coincides with 
a design speed of 70 km/h; similar trends result for other speeds. 

The distribution is shown in Figure 111-7 as being stair-stepped to illustrate the range of feasible radii for integer superele-
vation rates. As discussed in the preceding section, experience indicates that superelevation rates based on integer values are 
generally acceptable from the standpoint of traffic operations and consistency with construction tolerances. It should be noted 
that the stair-steps are positioned such that no one rate and radius combination yields a side friction demand that exceeds the 
maximum design side friction factor. 	 - 

As with the distribution for rural highways and high-speed urban streets, the maximum superelevation rates recognized by 
an agency can be imposed on the distribution for low-speed urban streets. In this manner, the radius corresponding to the max-
imum superelevation rate represents the minimilniradius; smaller radii or larger superelevation rates are not considered. It 
should be noted that superelevation rates obtained from this distribution are associated with a small (i.e., 3. km/h) speed reduc-
tion (see Table 111-7). 

Table 111-12 shows the recommended range of radii associated with specific design superelevation rates. The use of this 
table follows that of Tables 111-10 and 111-11. In general, the radii in the columns labeled "Maximum" and "Desirable Mini-
mum" define the range of desirable radii for a given design speed and superelevation rate. By definition, the desirable mini-
mum and minimum radii are equal; however, both values are listed in the table for consistency with Tables 111-10 and 111-11. 

Superelevation rates and radii shown in Table 111-12 are applicable to facilities that require the conservative use of super-
elevation. As described previously in "Methods of Distributing Superelevation and Side Friction," there are several conditions 
that justify the conservative use of superelevation. These conditions include adjacent property drainage, adjacent property 
access, and frequent slow-moving vehicles. Because such considerations are frequently important in urban design, Table 111-12 
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Figure 111-7. Superelevation distribution method for 
low-speed urban streets. 

should be used for all low-speed urban streets. When such considerations also control low-speed turning roadways, the val-
ues in Table 111-12 represent acceptable design values. When conditions that require the conservative use of superelevation 
are not present, superelevation rate and radii combinations in Table 111-11 are preferable to those in Table 111-12. 

Superelevation rates shown in Table 111-12 range from 2 to 10 percent. This range is provided because the table is applica-
ble to both urban streets and turning roadways. However, a rate of 4.0 or 6.0 percent is considered the desirable maximum 
superelevation rate for low-speed urban street conditions. 

Super- Design Speed (km/h) 
elev. 30 F 40 50 60 70 
Rate 

_______________ Range of Design Radii (m)  

(%) Max. Des. Mm. Max. Des Mm. Max. Des. Mm. Max. Des. 
IMin.1R 

Mm. Max. Des. Mm. 

I R Mm. R R Mm. R R Mm. R R R Mm. R 

NC tan. 28 -- tan. 57 -- tan. 102 	-- tan. 169 -- tan. 266 -- 

2 28 23 -- 57 47 --. 102 83 	-- 169 134 -- 266 205 -- 

3 23 22 -- 47 45 -- 83 79 	-- 134 1`27 -- 205 193 -- 

4 22 21 21 45 43 43 79 76 	76 127 121 121 193 183 183 

5 21 21 -- 43 42 -- 76 72 	-- 121 116 -- 183 174 -- 

6 21 20 20 42 40 40 72 70 	70 116 111 111 174 166 166 

7 20 19 -- 40 39 -- 70 67 	. 	-- 111 106 -- 166 159 -- 

8 19 19 19 39 37 37 67 64 	64 106 102 102 159 152 152 

9 19 18 -- 37 36 -- 64 62 	-- 102 98 -- 152 146 -- 

10 18 18 18 36 35 35 62 60 	60 1 	98 94 94 1 	146 140 140 

Notes: 	 - 
"Max. R": maximum radius, "Des. Mm.": desirable minimum radius; "Mm. R": minimum radius (with 
maximum superelevation); "NC": normal cross slope; "tan.": tangent section; " -- ": minimum radius not 
available. 
When used with the tangent-to-curve transition design, the underlined radii and corresponding superelevation 
rates may cause turning vehicles to drift laterally to the extent that they may encroach into an adjacent lane or 
shoulder. 
A rate of 4 or 6 percent is considered to be the desirable maximum superelevation rate for low-speed urban streets. 
All superelevation rate and radii combinations shown in this table represent acceptable values for turning 
roadways. They should be considered when adverse impacts to adjacent property drainage or the frequency of 
slow-moving vehicles are important reasons to be conservative in the use of superelevation. It is also acceptable 
to consider the rates and radii in this table for the terminal sections of low-speed turning roadways, especially 
those with a significant number of trucks. 	 - 

Table 111-12. Superelevation distribution table for low-speed urban streets. 	- 	 -- 
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To illustrate the use of Table 111-12, consider an urban street with a design speed of 60 km/h and a required maximum super-
elevation rate of 6.0 percent. If a radius of 120 m is being used by the designer, Table 111-12 indicates that the design radius 
lies in the range of 116 to 121 m, which corresponds to a superelevation rate of 5.0 percent. A speed reduction of about 3.0 
km/h will likely be incurred by motorists on this curve. 

Superelevation for Turning Roadways 

A wide range of superelevation rates have been used for turning roadway design. This flexibility indicates the wide range of 
conditions to which turning roadways must often be adapted. Tables 111-10, Ill-li, and 111-12 have been developed to provide 
this flexibility. 

In general, the significant speed reductions often observed on turning roadways suggest a need for a sensitivity to safety. 
Therefore, the distribution method associated with the generous use of superelevation is considered preferable for application 
to turning roadways. Tables 111-10 and 111-11 define these preferable combinations of superelevation and radius for turning 
roadways. 

In some situations, conditions will exist that justify the conservative use of superelevation. These conditions include 
drainage, frequent slow-moving vehicles, and terminal transition. With regard to terminal transition, relatively short turning 
roadway terminals may limit the use of superelevation when such superelevation makes it difficult to safely transition to or 
from the alignment of the through roadway without excessive pavement surface warping. This warping along the crossover 
crown line may compromise the stability of large trucks and make vehicle control difficult. In these situations, the distribu-
tion method associated with the conservative use of superelevation is considered acceptable for turning roadways. Table 111-12 
defines these acceptable combinations of superelevation and radius for.low-speed turning roadways. 

Effects of Grade 

On long or fairly steep grades, drivers tend to travel somewhat faster in the downgrade than in the upgrade direction. In a 
refined design, this tendency should be recognized and some adjustment in superelevation rates would follow. 

In the case of a divided roadway with both travel directions independently superelevated (or on a one-way ramp), adjust-
ments in the superelevation rate can be made readily. In the simplest practical form, values from Tables 111-10 and 111-11 can 
be used directly by assuming a somewhat higher speed for the downgrade and a somewhat lower design speed for the upgrade. 
The variation of design speed necessarily would depend on the particular conditions, especially the rate and length of grade 
and the relative value of the radius of the curve as compared with other curves on the approach roadway section. 

In the case of an undivided roadway, it is questionable whether any adjustment to superelevation rate should be made. In 
one respect, the two directions of traffic tend to balance each other and adjustment of superelevation is not needed. However, 
the downgrade speed is the most critical and adjustment for it may be desirable in some cases. One option for this adjustment 
is to select a superelevation rate suitable for the whole traveled way based on the downgrade speed. In this situation, the extra 
cross slope would not significantly affect upgrade travel (with the possible exception of heavy trucks on long upgrades). The 
disadvantage of this option is that it requires a change in design speed that is counter to the concept of design consistency. In 
general, superelevation adjustments on undivided roadways should be avoided. 

Experience indicates that drivers reduce speed as they enter sharp curves. The braking required for this speed reduction con-
sumes some of the available friction supply. On downgrades, braking for speed maintenance also consumes some of the friction 
supply. While such braking consumes only a small portion of the friction supply for passenger cars, it can consume a significant 
portion of the friction supply for trucks. Therefore, on roadways with significant truck volume and a downgrade in excess of 
5 percent, it is suggested that the curve radius be selected such that it equals or exceeds the desirable minimum values (as listed 
in Tables 111-10 and 111-11). 

Expected Curve Speed 

The speed adopted by a driver when traveling along a curve is based on several factors. These factors include running speed 
on the approach to the curve, curve radius, and curve superelevation rate. In general, a driver's curve speed will equal the 
approach speed except when it is limited to lower values through the use of sharp curvature or minimal levels of supereleva-
tion. The controls described in previous sections have been developed such that any reduction in speed because of geometry 
will be small (i.e., less than 5 km/h) for street and highway curves. 
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The information presented in this section is intended to provide a means for the designer to estimate the expected 95' per-
centile curve speed. This estimate is based on the selected curve geometry and the 95th  percentile approach speed. From the 
perspective of good design practice, the expected curve speed should coincide with a speed reduction of 10 km/h or less because 
large speed reductions are counter to the concept of design consistency and may increase accident potential. 

A recent study (19) developed a relationship between curve speed, radius, and superelevation rate. This relationship was 
calibrated using data collected on numerous street and highway curves. These relationships are shown in Figures 111-8 and ffi-9 
for a range of approach speeds. 

The relationships in Figure 111-8 and 111-9 are based on passenger car speeds. The trends for trucks were very similar; how-
ever, truck speeds tend to be slightly slower than those of passenger cars. The difference in speeds is dependent on curve radius 
with differences as large as 6 percent being found on sharper curves. 

To illustrate the use of Figure 111-8, consider a curve with a radius of 500 m and a superelevation rate of 2.0 percent. Fig-
ure 111-8 indicates that such a curve on a roadway with a 95' percentile speed of 80 km/h would impose no speed reduction. 
However, if the 95'  percentile approach speed was 100 km/h, the 95' percentile curve speed would be about 95 km/h. This 
5-km/h speed reduction would be adopted by all drivers (not just the 95"  percentile driver). Finally, if the 95th  percentile 
approach speed was 120 km/h, the typical speed reduction would be approximately 11 km/h. 

The trends shown in Figures 111-10 and 111-11 are applicable to horizontal curves on turning roadways. A comparison of 
these trends with their counterparts in Figures 111-8 and 111-9 indicates that the magnitude of the speed reduction is greater on 
turning roadway curves than on street or highway curves. This trend suggests that drivers on turning roadways accept larger 
speed reductions as they transition between intersecting facilities. In general, the speed reduction on a turning roadway curve, 
for a given radius and superelevation rate, is between 50 and 80 percent larger than on a street or highway curve. 
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Figure 111-8. Expected curve speeds for high-speed 
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Curve Speed, 95th % (km/h) 
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Figure 111-10. Expected curve speeds for high-speed 
turning roadways. 

Occasionally, the average speed is also needed during the highway design process. In these situations, the relationship 
between 95'  percentile speed and average speed shown in Figure 11-19 can be used in combination with Figures 111-8, 111-9, 
111-10, and 111-11 to compute the average curve speed. 

Transition Design Controls 

General Considerations 

This section describes the controls and criteria applicable to horizontal curve transition design. The design of the transition sec-
tion includes consideration of the transition in roadway cross slope and a possible transition in horizontal alignment. The for-
mer consideration is referred to as superelevation transition and the latter is referred to as alignment transition. In most instances, 
both transition components occur over a common section of roadway at the beginning and end of the main circular curve. 

The superelevation transition section consists of the superelevation runoff and tangent runout sections. The superelevation 
runoff section represents the length of roadway needed to accomplish a change in outside lane cross slope from zero (flat) to 
full superelevation, or vice versa. The tangent runout section represents the length of roadway needed to accomplish a change 
in outside lane cross slope from the normal cross slope rate to zero (flat), or vice versa. For purposes of safety and comfort, the 
pavement rotation in the superelevation transition section should be achieved over a length that is sufficient to make such rota-
tion imperceptible to drivers. To be pleasing in appearance, the pavement edges should not be distorted as the driver views them. 
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With regard to alignment transition, a spiral or compound curve transition can be used to introduce the main circular curve 
in a natural manner (i.e., one that is consistent with the driver's steered path). Such transition curvature consists of one or more 
curves aligned and located to yield a gradual decrease in alignment radius. As a result, an alignment transition introduces the 
centripetal acceleration associated with the curve in a gentle manner. While this attribute is appealing, there is no definitive 
evidence that transition curves are essential to the safe operation of the roadway and, as a result, they are not used by many 
state highway agencies. 

When a transition curve is not used, the roadway tangent directly intersects with the main circular curve. This type of tran-
sition design is referred to herein as the "tangent-to-curve" transition. 

Tangent-to-Curve Transition 

This section describes design controls applicable to the tangent-to-curve transition design. These controls include minimum tran-
sition length and location. Similar controls for the spiral and compound curve transition design are described in later sections. 

Minimum length of superelevation runoff. For appearance and comfort, the length of superelevation runoff should be 
based on a maximum acceptable difference between the longitudinal grades of the axis of rotation and the edge of pavement. 
The axis of rotation is generally represented by the alignment centerline for undivided roadways; however, other pavement 
reference lines can be used. These lines and the rationale for their use are discussed in "Methods of Attaining Superelevation." 

Current practice is to limit the grade difference, referred to as the maximum relative gradient, to a value of 0.50 percent at 
80 km/h. This maximum is varied with design speed to yield longer runoff lengths at higher speeds and shorter lengths at lower 
speeds. Experience indicates that 0.75 and 0.38 percent yield acceptable lengths for design speeds of 30 and 120 km/h, respec-
tively. Interpolation between these values yields the maximum relative gradients listed in Table 111-13. 

Previous editions of this policy have suggested that runoff lengths should be at least equal to the distance traveled in 2.0 s 
at the design speed. This control dictated the runoff lengths of curves with a small superelevation rate, high speed, or both. 
Experience with this control indicates that its appearance benefits are outweighed by its tendency to aggravate problems asso-
ciated with pavement drainage in the transition section. In fact, some agencies do not use this control. From this evidence, it 
is concluded that a comfortable and aesthetically pleasing runoff design can be attained through the exclusive use of the max-
imum relative gradient control. 

On the basis of the preceding discussion, the minimum length of runoff is as follows: 

(wn)e 

where: 
L, = minimum length of superelevation runoff, m; 

= maximum relative gradient, percent; 
= number of lanes rotated, lanes; 
= adjustment factor for number of lanes rotated; 

Design Speed 	Maximum 	Equivalent 
(km/h) 	 Relative 	Maximum 

Gradient (%) 	Relative Slope 

30 	 0.75 	 1:133 

40 0.70 1:143 

50 0.65 1:150 

60 0.60 1:167 

70 0.55 1:182 

80 0.50 1:200 

90 0.47 1:213 

100 044 1:227 

110 0.41 1:244 

120 0.38 1:263 

Table 111-13. Maximum relative gradients. 
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w = width of one traffic lane (typically 3.6 m), m; and 
ed = design superelevation rate, percent. 

This equation can be used directly for undivided streets or highways where rotation is about the centerline and n1  equals one-
half the number of lanes in the cross section. More generally, it can be used for rotation about any pavement reference line 
provided that the rotated width (= w n) has a common superelevation rate and is rotated as a plane. 

A strict application of the maximum relative gradient yields runoff lengths for four-lane undivided roadways that are double 
those for two-lane roadways; those for six-lane roadways would be triple. While lengths of this order may be considered desir-
able, it is frequently not feasible to provide such lengths in design. On a purely empirical basis, it is concluded that minimum 
superelevation runoff lengths be adjusted downward to avoid excessive lengths for multilane roadways. The recommended 
adjustment factors are listed in Table 111-14. 

The adjustment factors listed in Table 111-14 are directly applicable to undivided streets and highways. Runoff development 
for divided highways is discussed in more detail in the section "Axis of Rotation with a Median." The topic of runoff design 
for turning roadway terminals is discussed in Chapters IX and X. 

Typical minimum superelevation runoff lengths are listed in Table 111-15. The lengths shown represent cases where one and 
two lanes are rotated about a pavement edge. The former case can be found on two-lane roadways where the pavement is 
rotated about the centerline or on one-lane interchange ramps where rotation is about an edge line. The latter case can be found 
on undivided roadways where the pavement is rotated about the centerline or on four-lane divided roadways where each direc-
tion is separately rotated about an edge line. 

Number of Adjustment Length increase 
Lanes Rotated, Factor, b,' relative to one-lane 

rotated (n, b,,,) 

1 1.00 1.0 

1.5 0.83 1.25 

2 0.75 1.5 

2.5 0.70 1.75 

3 0.67 2.0 

3.5 0.64 2.25 

For other values ofn,, use the equation b, = (1 + 0.5 (n, - 1)) - 

Table 111-14. Adjustment factor for number of 
lanes rotated. 

Design Super- Minimum Runoff and Runout Length (m) 
Element elevation Rate Design Speed (km/h) 

30 40 50 60 	70 80 90 100 110 120 

One Lane Rotated 
Runoff' 2 10 10 11 12 	13 14 15 16 18 19 

4 19 21 22 24 	26 29 31 33 35 38 

6 29 31 33 36 	39 43 46 49 53 57 

8 38 41 44 48 	52 58 61 65 70 76 

10 48 51 55 60 	65 72 77 82 88 95 

12 58 62 66 72 	79 86 92 98 105 114 

Runout2  any 10 10 11 12 	13 14 15 16 18 19 

Two Lanes Rotated  
Runoff1  2 14 15 17 18 	20 22 23 25 26 28 

4 29 31 33 36 	39 43 46 49 53 57 

6 43 46 50 54 	59 65 69 74 79 85 

8 58 62 66 72 	79 86 92 98 105 114 

10 72 77 83 90 	98 108 115 123 132 142 

12 86 93 100 108 	118 130 138 147 158 171 

Runout2  any 14 15 17 18 	20 22 23 25 26 28 

Based on 3.6-rn lanes, 
2  Based on a 2.0 percent normal cross slope. 

Table 111-15. Minimum superelevation runoff and tangent runout lengths. 
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Elimination of the travel time control has resulted in shorter lengths for smaller superelevation rates and higher speeds. 
However, even the shortest lengths (corresponding to a superelevation rate of 2.0 percent) have travel times of 0.6 s which is 
sufficient to provide a smooth edge-of-pavement profile. 

For high-type alignment, superelevation runoff lengths longer than those in Table 111-15 may be desirable. The requirements 
of drainage or smoothness in the traveled way edge profiles may call for a small increase in runoff length. 

The values given in Table 111-15 are based on 3.6 m lanes. For other lane widths, the lengths of runoff vary in proportion to 
ratio of the actual lane width to 3.6 m. Shorter lengths could be applied for design with 3.0- and 3.3-m lanes, but considera-
tions of consistency and practicality suggest that the values for 3.6-rn lanes should be used in all cases. 

Minimum length of tangent runout. The length of tangent runout is determined by the amount of adverse cross slope to 
be removed and the rate at which it is removed. To achieve a smooth edge of pavement profile, the rate of removal should 
equal the relative gradient used to define the supereleation runoff length. Based on this rationale, the following equation can 
be used to compute the minimum tangent runout length: 

L - eNc L 
ed 

where: 

L = minimum length of tangent runout, m; and 

eNc = normal cross slope rate, percent. 

The tangent runout lengths obtained from this equation are listed in Table 111-15. 

Location with respect to end of curve. In the tangent-to-curve design, the location of the superelevation runoff length with 
respect to the point of curvature (PC) must also be addressed. The rationale for division of this length between the tangent and 
the circular curve is based on avoiding the extreme locations. With full superelevation attained at the PC, the runoff lies entirely 
on-the approach tangent, where theoretically no superelevation is needed. At the other extreme, placement of the runoff entirely 
on the circular curve results in the initial portion of the curve having less than the desired amount of superelevation. Both of 
these extremes tend to be associated with a large peak lateral acceleration. 

Experience indicates that locating a portion of the runoff on the tangent, in advance of the PC, is preferable because it min-
imizes the peak lateral acceleration and the resulting side friction demand. The magnitude of side friction demand incurred 
during travel through the runoff can vary with the actual vehicle travel path. Observation indicates that a spiral path results 
from the driver's natural steering behavior during curve entry or exit. This natural spiral usually begins on the tangent and 
ends beyond the beginning of the circular curve. Most evidence indicates that the length of this natural spiral ranges from 2 to 
4 s travel time; however, its length may also be affected by lane width and the presence of other vehicles. 

Based on the preceding discussion, locating a portion of the runoff on the tangent is consistent with the natural spiral path 
adopted by the driver during curve entry. In this manner, the gradual introduction of superelevation prior to the curve com-
pensates for the gradual increase in centripetal acceleration associated with the spiral path. As a result of this harmony, theo-
retic considerations indicate that the peak lateral acceleration (incurred at the PC) is about equal to 50 percent of the centripetal 
acceleration associated with the circular curve. 

In recognition of the aforementioned benefits, most agencies locate a portion of the runoff length on the tangent prior to the 
curve. The portions used vary from 0.6 to 0.8 (i.e., 60 to 80 percent) with a large majority of agencies using 0.67 (i.e., 67 per-
cent). In addition, most agencies use one value for all street and highway curves. 

Theoretical considerations confirm the desirability of placing a larger portion of the runoff length on the approach tangent 
rather than on the circular curve. Such considerations are based on analysis of the acceleration acting laterally on the vehicle 
while it travels through the transition section. This lateral acceleration can induce a lateral velocity and lane shift that could 
lead to operational problems. Specifically, a lateral velocity in an outward direction (relative to the curve) requires the driver 
to make a corrective steering maneuver that produces a path radius sharper than that of the roadway curve. Such a critical 
radius produces an undesirable increase in peak side friction demand. Moreover, a lateral velocity of sufficient magnitude to 
shift the vehicle into an adjacent lane (without corrective steering) is also undesirable for safety reasons. 

Analysis of these theoretical considerations has led to the conclusion that desirable values of the "portion" control exist that 
minimize the operational problems (19). The values obtained from this analysis are listed in Table 111-16. 	- 

If used in design, the values listed in Table 111-16 should minimize lateral acceleration and the vehicle's lateral motion. Val-
ues smaller than those listed tend to have larger outward lateral velocities. Values larger than those listed tend to have larger 
lateral shifts. 	 - 	 - 
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Design 	 Portion of Runoff Located Prior to the Curve 
Speed 	 No. of Lanes Rotated 
(km/h) 

1.0 	 1.5 	2.0- 2.5 	3.0-3.5 

	

30-70 	 0.80 	 0.85 	 0.90 	 0.90 

	

80- 120 	 0.70 	 0.75 	 0.80 	 0.85 

Table 111-16. Runoff locations that minimize the vehicle's lateral motion. 

In summary, most agencies use one value of the portion control. The value used generally ranges from 0.6 to 0.8. Theoretical 
considerations indicate values in the range of 0.7 to 0.9 offer the best operating conditions; the specific value in this range 
being dependent on design speed and rotated width. Experience obtained from existing practice indicates that deviation from 
the values in Table 111-16 by ±10% should not lead to measurable operational problems. Use of one value of the portion con-
trol in the range of 0.6 to 0.9 for all speeds and rotated widths is considered acceptable. However, refinement of this value, 
based on the trends shown in Table 111-16, is desirable when conditions allow. 

Limiting superelevation rates. Theoretic considerations of a vehicle's lateral motion when traveling through a tangent-to-
curve transition indicate that large superelevation rates are associated with large lateral shifts. In general, such shifting is min-
imized by the proper location of the runoff section, as described in the preceding section. However, excessively large lateral 
shifts must be checked by the driver through corrective steering action. 

In recognition of the adverse effect that an excessive lateral shift can have on safety, the threshold superelevation rates asso-
ciated with a shift of 1.0 m are identified as 8, 10, 11, 11, and 12 percent for design speeds of 30, 40, 50, 60, and 70 km/h, 
respectively. Limiting rates do not apply for speeds of 80 km/h or greater when combined with superelevation rates of 12 per-
cent or less. 

Designs that incorporate superelevation in excess of the limiting rates.may have excessive lateral shift. Therefore, it is rec-
ommended that these superelevation rates be avoided. However, if they are used, some consideration should be given to 
increasing the width of the traveled way along the curve to avoid encroachment into the adjacent lane. 

Spiral Curve Transition 

A recent study of transition design issues (19) found that spiral curve transitions provide some operational and safety bene-
fits. However, this study also found that these benefits are realized only for certain conditions and only when the spiral is appro-
priately designed. Deviation from these conditions or the use of excessive spiral lengths has been correlated with an increased 
accident potential. 

The main operational benefit from a spiral curve transition is that it produces a relatively low peak lateral acceleration in 
the transition section. Specifically, theoretic considerations indicate that drivers experience a peak lateral acceleration that is 
about equal to 30 percent of the centripetal acceleration of the circular curve. This peak is much lower than that experienced 
in transitions with the tangent-to-curve design (noted previously to be about 50 percent of the centripetal acceleration). 

Research on spiral curve safety indicates that they have a small safety benefit when used on sharper horizontal curves (22). 
However, there is also evidence that excessively long spirals can increase accident potential (23). Also, spirals used in moun-
tainous terrain have been found to increase accident potential. In recognition of these findings, guidance is offered in this sec-
tion regarding (1) the conditions where spirals may be most beneficial and (2) the appropriate spiral curve length. 

Maximum radius for use of a spiral. A review, of guidance on the use of spiral curve transitions indicates a general lack 
of consistency among agencies. In general, much of this guidance suggests that an upper limit on curve radius can be estab-
lished such that only radii below this maximum would likely exhibit some safety and operational benefit. Several agencies 
have established such a limiting radius in terms of a minimum centripetal acceleration rate. These rates have been found to 
vary from 0.4 to 1.3 rn/s2. Of these rates, the latter is consistent with the maximum radii for which some reduction in accident 
potential has also been noted. For these reasons, the maximum radius for use of a spiral is based on a minimum acceleration 
of 1.3 m/s'. These radii are listed in Table 111-17. 

The radii listed in Table 111-17 are intended for use by those agencies that desire to use spiral curve transitions. When com-
bined with a spiral curve transition, horizontal curves with these radii may have slightly fewer accidents (relative to a transition-
to-curve transition). Table 111-17 is not intended to define radii that require the use of a spiral. 
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Design Speed (km/h) 

30 40 50 60 70 80 90 100 110 120 

Maximum 53 95 148 214 291 380 481 594 718 855 
Radius (m) 

The safety benefits of spiral curve transitions are likely to be negligible for larger radii. 

Table 111-17. Maximum radius for use of a spiral curve transition.' 

Minimum length of spiral. Several agencies define a minimum length of spiral based on consideration of motorist com-
fort and lateral shift. The comfort control produces a spiral length that allows for a comfortable increase in centripetal accel-
eration of the curve. The lateral shift control ensures that the spiral is long enough to provide a shift in the lane that is consis-
tent with that produced by the vehicle's natural spiral path. It is recommended that these two controls be used together to 
determine the minimum length of spiral. Thus, the minimum spiral length can be computed as follows: 

mm = Larger of:[J24pmmnR;  0.0214k] 

where: 

mm = minimum length of spiral, in; 

Pmin = minimum lateral offset between the tangent and circular curve (= 0.20 m); 
= radius of curve, in; 

V = design speed, km/h; and 
C = maximum rate of change in centripetal acceleration (= 1.2 mIs3). 

A value of 0.20 in is recommended for 	This value is consistent with the minimum lateral shift that occurs as a result 
of the natural steering behavior of most drivers. A value of 1.2 m/s' is recommended for C. This value represents the maxi-
mum value that should be used, which is consistent with the intent of an upper limit control. The use of lower values will yield 
longer, more "comfortable" lengths; however, these lengths would not represent the minimum length associated with the com-
fort limit. 

Maximum length of spiral. International experience indicates that there is a need to limit spiral length. This need stems 
from safety problems occurring on longer spirals (relative to the length of the curve). These problems occur when the spiral 
is so long that it misleads the driver about the sharpness of the impending curve. A conservative maximum length of spiral 
that avoids these problems can be computed as follows: 

L5  max = v/24pmaxR 

where: 

max = maximum length of spiral, m; and 

Pmax maximum lateral offset between the tangent and circular curve (= 1.0 m). 

A value of 1.0 in is recommended for Pmax  This value is consistent with the maximum lateral shift that occurs as a result of 
the natural steering behavior of most drivers. It also provides a reasonable balance between spiral length and curve radius. 

Desirable length of spiral. A recent study of the operational effects of spiral curve transitions (19) found that spiral length 
is an important design control. Specifically, the most desirable operating conditions were when the spiral curve length was 
approximately equal to the length of the natural spiral adopted by the driver. Deviations between these two lengths resulted in 
operational problems such as a large lateral velocity or shift at the end of the transition section. Specifically, a large lateral 
velocity in an outward direction (relative to the curve) requires the driver to make a corrective steering maneuver that pro-
duces a path radius sharper than that of the roadway curve. Such a critical radius produces an undesirable increase in peak side 
friction demand. Moreover, a lateral velocity of sufficient magnitude to shift the vehicle into an adjacent lane (without cor-
rective steering) is also undesirable for safety reasons. 
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Based on these considerations, desirable lengths of spiral curve transition are listed in Table 111-18. These lengths cone-
spond to 2.0 s travel time at the design speed. This travel time has been found to be representative of the natural spiral path 
for most drivers (19). 

The spiral lengths listed in Table 111-18 are offered as desirable values for street and highway applications. Theoretical con-
siderations suggest that significant deviations from these lengths increase the lateral shift in the lane, which may precipitate 
crowding of an adjacent lane or shoulder. The use of larger lengths (but less than L max) is acceptable. However, if they are 
used, some consideration should be given to increasing the width of the traveled way along the curve to minimize encroach-
ments into the adjacent lane. 

Spiral lengths larger than those in Table 111-18 may be needed at turning roadway terminals to adequately develop the desired 
superelevation. Specifically, spirals twice the length of those in Table 111-18 may be necessary for such development. The lat-
eral lane shift that results may exceed 1.0 m; however, such a shift is consistent with driver expectancy at a turning roadway 
terminal and can be accommodated by the additional lane width typically provided on these turning roadways. 

Finally, the desirable spiral length should not supercede the minimum spiral length. In some instances, the minimum length 
equation will yield lengths that are slightly larger than the desirable length. In these instances, the minimum length should be 
used for spiral design. 

Length of superelevation runoff. In transition design with a spiral curve, it is recommended that the superelevation runoff 
be achieved over the length of the spiral. In this manner, the length of runoff is set equal to the length of spiral, as determined 
using the spiral length controls described in the previous three sections. The change in cross slope begins by introducing a tan-
gent runout section just in advance of the spiral. Full attainment of superelevation is then achieved over the length of spiral. 
By this design technique, the whole of the circular curve has full superelevation. 

Limiting superelevation rates. One consequence of equating runoff length to spiral length is that the resulting relative gra-
dient of the pavement edge may exceed the values listed in Table 111-13. However, small increases in gradient have not been 
found to have an adverse effect on comfort or appearance. The adjustment factors listed in Table 111-14 effectively allow for 
a 50 percent increase in the maximum relative gradient when three lanes are rotated. 

The superelevation rates that are associated with a maximum relative gradient that is 50 percent larger than the values in 
Table 111-13 are listed in Table 111-19. If the superelevation rate used in design exceeds the rate listed in this table, the maxi-
mum relative gradient will be at least 50 percent larger than the maximum relative gradient allowed for a tangent-to-curve 
design. In this situation, special consideration should be given to the transition's appearance and the abruptness of its edge of 
pavement profile. 

Length of tangent runout. The tangent runout length for a spiral curve transition design is based on the approach used for 
the tangent-to-curve design. Specifically, a smooth edge of pavement profile is desired such that a common edge slope gradi- 

Design Speed (km/h) 

30 	40 	50 	60 	70 	80 	90 	100 110 120 

Spiral Length (m) 	17 	22 	28 	33 	39 	44 	50 	56 61 67 

Table 111-18. Desirable length of spiral curve transition. 

No. of Lanes Limiting Superelevation Rates (%) 
Rotated 

Design Speed (km/h) 

30 	40 	50 	60 	•70 	80 	90 	100 110 120 

1 5.2 	6.5 	7.5 	8.3 	8.9 	9.3 	9.8 	10.2 10.4 10.6 

2 2.6 	3.2 	3.8 	4.2 	4.5 	4.6 	4.9 	5.1 5.2 5.3 

3 1.7 	2.2 	2.5 	2.8 	3.0 	3.1 	3.3 	3.4 3.5 3.5 

Note: 
1. 	Based on the desirable !ength  of spiral transition curve from Table 111-18. 

Table 111-19. Superelevation rates associated with large relative gradients. 
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ent is maintained throughout the runout and runoff sections. Based on this rationale, the following equation can be used to 
compute the tangent runout length: 

L5  = eNc  
ed 

where: 

L = length of tangent runout, m; 
= length of spiral, m; 

ed = design superelevation rate, percent; and 
eNc = normal cross slope rate, percent. 

The tangent runout lengths obtained from this equation are listed in Table 111-20. The lengths in this table tend to be long for 
combinations of low superelevation rate and high speed. Such lengths can present safety problems when there is insufficient 
profile grade to provide adequate pavement surface drainage. These problems can be avoided when the profile grade controls 
described in the section titled "Minimum Transition Grade" are applied to the spiral curve transition. 

Compound Curve Transition 

In general, the compound curve transition is most commonly considered for application to low-speed turning roadways at inter-
sections. In contrast, tangent-to-curve or spiral curve transition designs are more commonly used on street and highway curves. 

Guidance regarding compound curve transition design for turning roadways is provided in Chapters IX and X. The guid-
ance in Chapter IX applies to low-speed turning roadway terminals at intersections whereas that in Chapter X applies to inter-
change ramp terminals. 

Methods of Attaining Superelevation 

Four methods are used to transition the pavement to a superelevated cross section. These methods include (1) revolvIng a trav-
eled way with normal cross slopes about the centerline profile, (2) revolving a traveled way with normal cross slopes about the 
inside-edge profile, (3) revolving a traveled way with normal cross slopes about the outside-edge profile, and (4) revolving a 
straight cross-slope traveled way about the outside-edge profile. Figure 111-12 illustrates these four methods diagrammatically. 

The profile reference line provides control for the roadway's vertical alignment through the horizontal curve. Although 
shown as a horizontal line in Figure 111-12, the profile reference line may correspond to a tangent, a vertical curve, or a com-
bination of the two. In Figure III-12A, the profile reference line corresponds to the centerline profile. In Figures III-12B and 
III- ! 2C, the profile reference line is represented as a "theoretical" centerline profile because it does not coincide with the axis 
of rotation. In Figure III-121), the profile reference line corresponds to the outside edge of the traveled way. The cross sec-
tions at the bottom of each diagram in Figure 111-12 indicate the traveled way cross slope condition at the lettered points. 

The first method, as shown in Figure III- 12A, revolves the traveled way about the centerline profile. This method is the most 
widely used because the required change in elevation of the edge of the traveled way is made with less distortion than with 
the other methods. Thus, one-half of the required change in elevation is made at each edge. 

Superelevation Tangent Runout Length (in) 
Rate (%) Design Speed (km/h) 

30 	40 	50 	60 	70 	go 	90 100 110 120 

2 17 	22 	28 	33 	39 	. 	44 	50 56 61 67 

4 8 	11 	14 	17 	19 	22 	25 28 31 33 

6 -- 	7 	9 	11 	13 	15 	17 19 20 22 

8 -- 	-- 	-- 	8 	10 	11 	13 14 15 17 

10 -- 	-- 	-- 	-- 	-- 	-- 	10 11 12 13 

Notes: 
Based on 2.0 percent normal cross slope. 
Superelevation rates above 10 percent and cells with 	coincide with a pavement edge grade that 
exceeds the maximum relative gradient in Table 111-13 by 50 percent or more. These limits apply to roada 
where one lane is rotated; lower limits apply when more lanes are rotated (see Table 111-19). 

Table 111-20.. Tangent runout length for spiral curve transition design. -.--- 
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Figure 11142. Diagrammatic profiles showing methods of attaining superelevation for a curve to the right. 

The second method, as shown in Figure III-12B, revolves the traveled way about the inside-edge profile. In this case, the 
inside-edge profile is determined as a line parallel to the profile reference line. One-half of the required change in elevation is 
made by raising the actual centerline profile with respect to the inside-edge profile and the other one-half by raising the outside-
edge profile an equal amount with respect to the actual centerline profile. 

The third method, as shown in Figure III-12C, revolves the traveled way about the outside-edge profile. This method is sim-
ilar to that shown in Figure 111-1 2B except that the elevation change is achieved below the outside-edge profile instead of above 
the inside-edge profile. 

The fourth method, as shown in Figure 111-1 2D, revolves the traveled way (having a straight cross-slope) about the outside-
edge profile. This method is often used for two-lane one-way roadways where the axis of rotation coincides with the median 
edge of the traveled way. 

The methods for attaining superelevation are nearly the same for all four of the methods. Cross section A at one end of the 
tangent runout is a normal (or straight) cross slope section. At cross section B, the other end of the tangent runout and the begin-
ning of the superelevation runoff, the lane or lanes on the outside of the curve are made horizontal (or level) with the actual 
centerline profile for Figures 111-1 2A, III- 12B, and III- 12C; there is no change in cross slope for Figure III- 12D. 

At cross section C, the traveled way is a plane, superelevated at the normal cross slope rate. Between cross sections B and 
C for Figures Ill- i 2A, III- 1 2B and III- 12C, the outside lane or lanes change from a level condition to one of superelevation at 
the normal cross slope rate and the normal cross slope is retained on the inner lanes. There is no change between cross sec-
tions B and C for Figure III-12D. Between cross sections C and E the pavement section is revolved to the full rate of super- 
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elevation. The rate of cross slope at any intermediate point (e.g., cross section D) is proportional to the distance from cross 
section C. 

In an overall sense, the method of rotation about the centerline shown in Figure Ill-i 2A is usually the most adaptable. On 
the other hand, the method shown in Figure III-12B is preferable where the lower edge profile is a major control, as for 
drainage. With uniform profile conditions, its use results in the greatest distortion of the upper edge profile. Where the over-
all appearance is to be emphasized, the methods of Figures III-12C and III-12D are advantageous because the upper-edge 
profile—the edge most noticeable to drivers—retains the smoothness of the control profile. Thus, the shape and direction of 
the centerline profile may determine the preferred method for attaining superelevation. 

Considering the infinite number of profile arrangements and in recognition of such specific problems as drainage, avoid-
ance of critical grades, aesthetics, and fitting the roadway to the adjacent topography, the adoption of any specific axis of rota-
tion cannot be recommended. To obtain the most pleasing and functional results, each superelevation transition section should 
be considered an individual problem. In practice, any pavement reference line used for the axis of rotation may be the most 
adaptable for the problem at hand. 

Design of Smooth Profiles for Traveled Way Edges 

In the diagrammatic profiles shown in Figure 111-12, the tangent profile control lines result in angular breaks at cross sections 
A, C, and E. For general appearance and safety, these breaks should be rounded in final design by insertion of vertical curves. 
Even when the maximum relative gradient is used to define runoff length, the length of vertical curve required to conform to 
the break in grade need not be great. 

Several methods are available for the development of smooth edge profiles in superelevation transition sections. One method 
defines the edge profiles on a straight-line basis, as shown in Figure 111-12, and then develops the profile details based on insert-
ing parabolic vertical curves at each edge break. In such cases, the minimum vertical curve length is often set equal to about 
0.7 s travel time at the design speed. 

A second method uses a graphical approach to define the edge profile. The method essentially is one of spline-line devel-
opment. The natural bending of the spline almost always satisfies the requirements for minimum smoothing. Once the edge 
profiles are drawn in the proper relation to one another, elevations can be read at the appropriate intervals (as needed for con-
struction control). 

Divided highways warrant a greater refinement in design and greater attention to appearance than do two-lane highways 
because they serve much greater traffic volumes. Moreover, the cost of such refinements is insignificant compared with the 
construction cost of the divided highway. Accordingly, there should be greater emphasis on the development of smooth-flowing 
traveled way-edge profiles for divided highways. 

Axis of Rotation with a Median 

In the design of divided highways, streets, and parkways, the inclusion of a median in the cross section alters somewhat the 
superelevation transition design. This effect stems from the different possible locations for the axis of rotation. The most appro-
priate location for this axis is dependant on the width of the median and its cross section. Common combinations of these fac-
tors and a corresponding axis location are described in the following three cases: 

Case I—The whole of the traveled way, including the median, is superelevated as a plane section. 
Case Il—The median is held in a horizontal plane and the two traveled ways are rotated separately around the median edges. 
Case Ill—The two traveled ways are separately treated for runoff with a resultant variable difference in elevation at the 

median edges. 

Case I necessarily is limited to narrow medians and moderate superelevation rates to avoid substantial differences in ele-
vation of the extreme traveled way edges because of the median tilt. In this regard, a narrow median is a median having a width 
of 4 in or less. Superelevation can be attained using a method similar to that shown in Figure 111-i 2A except for the two median 
edges, which will appear as profiles only slightly removed from the centerline. 

Case II can apply to any width of median but has most application to those having a width between 4 and 12 in. By hold-
ing the median edges level, the difference in elevation of the extreme traveled way edges is limited to that needed to super-
elevate the roadway. Superelevation transition design for Case II usually has the median-edge profiles as the control. One trav-
eled way is rotated about its lower edge and the other about its higher edge. Superelevation can be attained using any of the 
methods shown in Figures 111-1 2B, 111-1 2C, and 111-1 2D, the profile reference line being the same forthe two traveled ways. 
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Case Ill design can be used with wide medians (i.e., those having a width of 12 m or more). For this case, the differences 
in elevation of the extreme traveled way edges are minimized by a compensating slope across the median. With a wide median, 
it is possible to design separately the profiles and superelevation transition for the two roadways. Accordingly, superelevation 
can be attained by the method otherwise considered appropriate (i.e., any of the methods in Figure 111-12 can be used). 

Superelevation runoff lengths may vary for each of the three cases. For Case I designs, the length of runoff should be based 
on the total rotated width (including the median width). Runoff lengths for Case II designs should be the same as those for 
undivided highways with a similar number of lanes. Finally, runoff lengths for Case III designs are based on the needs of the 
separate one-way roadways, as defined by their superelevation rates and rotated widths. 

Minimum Transition Grades 

Two pavement surface drainage problems are of concern in the superelevation transition section. One problem relates to the 
potential lack of adequate longitudinal grade. This problem generally occurs when the grade of the axis of rotation is equal to 
the effective relative gradient but opposite in sign. It results in the edge of pavement having negligible longitudinal grade, 
which can lead to poor pavement surface drainage, especially on curbed cross sections. 

The other drainage problem relates to inadequate lateral drainage because of negligible cross slope during pavement rota-
tion. This problem occurs in the transition section where the cross slope of the outside lane varies from an adverse slope at the 
normal cross slope rate to a superelevated slope at the normal cross slope rate. This length of the transition section includes 
the tangent runout section and an equal length of the runoff section. Within this length, the pavement cross slope may not be 
sufficient to adequately drain the pavement laterally. 

Two techniques can be used to alleviate these drainage problems. One technique is to provide a minimum profile grade in 
the transition section. The second technique is to provide a minimum edge of pavement grade in the transition section. Both 
techniques can be incorporated in the design by using the following grade controls: 

A minimum profile grade of 0.5 percent maintained through the transition section. 
A minimum edge of pavement grade of 0.2 percent (0.5 percent for curbed streets) maintained through the transition 
section. 

The second grade control is equivalent to the following series of equations relating profile grade and effective maximum 
relative gradient: 

(1) 

with 

= (wnf)ed 
Lr  

(2) 

where: 

G = profile grade, percent; 
= effective maximum relative gradient, percent; 

Lr  = length of superelevation runoff, m; 
n1 = number of lanes rotated, lanes; 
w = width of one traffic lane (typically 3.6 m), m; and 
ed = design superelevation rate, percent. 

The value of "0.2" in Equation 1 represents the minimum edge of pavement grade for uncurbed roadways (in percent). If this 
equation is applied to curbed streets, it is suggested that the value "0.2" be replaced with "0.5". 

To illustrate the combined use of the two grade controls, consider an uncurbed roadway curve having an effective maxi-
mum relative gradient of 0.65 percent in the transition section. The first control would exclude profile grades between - 0.50 
and + 0.50 percent. The second grade control would exclude grades in the range of - 0.85 to - 0.45 percent (via the first two 
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components of Equation 1) and those in the range of 0.45 to 0.85 percent (via the last two components of Equation 1). Given 
the overlap between the ranges for Controls 1 and 2, the profile grade within the transition would have to be outside the range 
of - 0.85 to + 0.85 percent to satisfy both controls and provide adequate pavement surface drainage. 

Turning Roadway Design 

Turning roadways can be categorized as interchange ramps or intersection curves. At interchanges, they have a 1oop or dia-
mond configuration and consist of combinations of tangents and curves. At intersections, they have a diamond configuration 
and consist of curves (often compound curves). Turning roadways have design speeds of 20 km/h or more and, at intersec-
tions, are associated with a channelizing island. Turning roadway design does not apply to the case of minimum edge-of-
traveled-way design for turns at intersections. Here it is a matter of closely fitting compound curves to the inside edge of the 
design vehicle's swept path (as described in Chapter IX). 

When the design speed of the turning roadway is 70 km/h or less, compound curvature can be used to form the entire align-
ment of the turning roadway. When the design speed exceeds 70 km/h, the exclusive use of compound curves is often imprac-
tical because it requires a large amount of right-of-way. Thus, most high-speed turning roadways follow the interchange ramp 
design guidelines in Chapter X and include a mix of tangents and curves. By this approach, the design can be more sensitive 
to right-of-way impacts as well as driver comfort and safety. 

For compound curves at intersections, it is preferable that the ratio of the flatter radius to the sharper radius not exceed 2: 1. 
This ratio results in approximately a 10 km/h reduction in average running speeds for the two curves. 

For compound curves at interchanges, it is preferable that the ratio of the flatter radius to the sharper radius not exceed 
1.75: 1. However, general observations on ramps having differences in radii with a ratio of 2: 1 indicate that both operation 
and appearance are satisfactory. 

Curves that are compounded should not be too short or their effect in enabling a change in speed from the tangent or flat 
curve to the sharp curve is lost. In a series of curves of decreasing radii, each curve should be long enough to enable the dri-
ver to decelerate at a reasonable rate. At intersections, the assumed maximum rate is 5 km/h/s (although 3 km/h/s is desirable). 
The desirable rate indicates very light braking, because deceleration in gear alone generally results in overall rates between 
1.5 and 2.5 km/h/s. Minimum compound curve lengths on this basis are given in Table 111-21. 

The compound curve lengths in Table 111-21 are developed on the premise that travel is in the direction of sharper curva-
ture. For the acceleration condition, the 2: 1 ratio is not as critical and may be exceeded. 

Control 	 Minimum Length of Circular Are (m) 
Condition 	 Radius (m) 

30 	50 	60 	75 	100 	125 	lS0ormore 

Acceptable 	12 	15 	20 	25 	30 	35 	45 

Desirable 	20 	20 	30 	35 	45 	55 	60 

Table 111-21. Lengths of circular arc for different compound curve radii. 
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CHAPTER IX—INTERSECTIONS 

The text provided on the following pages represents the 
recommended modifications to selected paragraphs in Green 
Book Chapter IX. These paragraphs are located in two sec-
tions. The first section addresses turning roadway terminal 
design (p. 690-695). The second section addresses superele- 

vation at turning roadways (i.e., general considerations and 
superelevation runoff; p.  726-730). Both sections apply to 
low-speed turning roadways at intersections. 

Some of the guidance provided in the Green Book has 
been retained but the recommended changes are sufficiently 
extensive that a complete rewriting of the text was consid-
ered the most efficient method of presenting the material. 
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Chapter IX 

INTERSECTIONS 
APPLICATION AT TURNING ROADWAY TERMINALS 

An important part of intersection design is the design of the alignment where the turning roadway departs from or joins the 
through roadway. Ease and smoothness of operation result when the turning roadway terminal is designed with spiral or com-
pound curves. The shape and length of these curves should be such that they (1) allow drivers to avoid abrupt deceleration 
before they leave the through roadway, (2) permit development of superelevation in advance of the maximum curvature, and 
(3) enable vehicles to follow natural turning paths. 

The design speed of the turning roadway may vary between the terminal and the central section. The design speed of the 
turning roadway terminal should equal that of the through roadway, unless the terminal forms a stop-controlled intersection. 
The design speed of the central section of the turning roadway should be based on the values in Table X- 1. Guidance associ-
ated with this table indicates that turning roadways at intersections should use the "upper-range" design speeds; although, the 
"middle-range" speeds are acceptable when practical considerations dictate. 

Various degrees of turning roadway terminal design are illustrated in Figure IX-30. For this illustration, the through road-
way is assumed to have a design speed of 40 km/h and a maximum superelevation rate of 10 percent. Right-of-way conditions 
are assumed to require the use of sharp curvature. 

Based on the given information, the relevant design controls can be identified. First, the turning roadway terminal design 
speed is 40 km/h. Table 111-11 indicates that a minimum radius of 35 in (and superelevation rate of 10 percent) is acceptable 
for a 40-km/h design speed. Because of right-of-way constraints, a radius of 35 in is used. An extrapolation of the trends in 
Table X- 1 indicates that the desirable design speed of the central section of the turning roadway should be 30 km/h (i.e., based 
on the upper range); however, this information is not used for this illustration of terminal design. 

Figure IX-30A illustrates the tangent-to-curve transition, as applied to a turning roadway terminal. This design has the 
advantage of simplicity; however, it does not provide adequate length for deceleration (from 40 to 30km/h) off of the through-
traffic lane. Moreover, the development of superelevation is problematic because there is no transition curve provided. As a 
result, the slope change at the crossover crown line may be undesirably abrupt. Hence, this design is not recommended. 

Figure IX-30B illustrates the use of a spiral curve transition. Its length is 22 in based on the desirable lengths recommended 
in Table 111-18. Operationally, this curve is a substantial improvement over the simple curve shown in Figure IX-30A. This 
design is acceptable when the design superelevation rate can be developed in a manner that provides an attractive and com-
fortable transition. Unfortunately, the spiral is too short for the development of the 10-percent superelevation rate used for this 
illustration. 

Figure IX-30C illustrates the use of a long spiral curve transition. The length of the spiral is increased by an amount suffi-
cient to develop the desired rate of superelevation. This length is estimated as 41 in, based on a change in cross slope of 8 per-
cent (from 2 percent on the through roadway to 10 percent on the turning roadway) and a maximum relative gradient of 0.70 
percent. 

Figure IX-30D illustrates the use of a compound curve transition. The radius of the initial curve is 70 in, based on the 2: 1 
ratio established for turning roadway design. This design is similar to Figure IX-30B in that it yields acceptable operation pro-
vided that the length of the transition curve is sufficient to develop the design superelevation rate. Unfortunately, the 70-rn 
transition curve is too short (i.e., 24 m) to develop the 10-percent superelevation rate used for this illustration. 

Figure IX-30E illustrates the use of a three-step compound curve transition. In this case, the 35-rn radius is preceded by 70 
and 140-rn radii curves of approximately the minimum lengths, as given in Table 111-21. This arrangement requires more space 
as indicated by the 10-rn lateral offset p to the 35-in radius curve; however, it is quite likely to have sufficient length to develop 
the design superelevation rate. This design is particularly useful when the turning volumes are relatively large or when large 
trucks need to be accommodated. Where this design is not feasible due to space limitations, arrangements similar to those shown 	- 
in Figures IX-30B, IX-30C and IX-30D should be used. 

Figure IX-30 illustrates turning roadway terminal design for exit points. However, similar arrangements are applicable to 
turning roadway terminal designs for entrance points. One exception is that the approach nose for the entrance becomes a 
merging end without offset from the edge of the traveled way. 

The arrangements shown in Figure IX-30 are applicable when joining a parallel auxiliary or speed change lane. If the right- 
hand lane is a deceleration lane, the pavement taper beyond the nose would be that shown by the dashed line in Figure IX-30E, 
joining the edge of through traveled way at "e." 

For an alternate method of designing turning roadway terminals, a straight taper to an offset circular curve may be used 
instead of a spiral or compound curve. This arrangement requires more paved area than a compound curve, but it provides a 
gradual turnout and some additional length for deceleration off the through traffic lanes. 
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Figure IX-30. Use of spiral and compound curves at a turning 
roadway terminal. 
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SUPERELEVATION FOR TURNING ROADWAYS 
AT INTERSECTIONS 

General Design Guidelines 

The general factors that control the maximum rates of superelevation for open highway conditions as discussed in Chapter III 
also apply to turning roadways at intersections. Maximum superelevation rates up to 10 percent may be used where climatic 
conditions are favorable. However, maximum rates up to 8 percent generally should be used where snow and icing conditions 
prevail. 

In intersection design, the feasible curves for turning roadways are often of limited radii and length. When speed is not 
affected by other vehicles, drivers on turning roadways anticipate the sharp curves and accept operation with higher side fric-
tion than they accept on open highway curves of the same radii. This behavior stems from their desire to maintain their speed 
through the curve, although some speed reduction typically occurs. When other traffic is present, drivers will travel slower on 
turning roadways thai) on open highway curves of the same radii because they must diverge from and merge with through traf-
fic. Therefore, in designing for safe operation, periods of light traffic volumes and corresponding speeds generally will control. 

It is desirable to provide as much superelevation as practical on turning roadways. Designs with gradually changing curva-
ture, achieved by the use of compound curves, spirals, or both, pennit desirable development of superelevation. For these 
designs, the design superelevation rates and corresponding radii listed in Table 111-11 are desirable. 

The practical difficulty of attaining superelevation without abrupt cross-slope change at turning roadway terminals, pri-
marily because of sharp curvature and short lengths of turning roadway, sometimes can prevent the development of a gener-
ous rate of superelevation. Abrupt changes in cross slope can adversely affect the stability of trucks and other vehicles with 
high centers of gravity. The design superelevation rates and corresponding radii listed in Table 111-12 can be used when con-
ditions justify the conservative use of superelevation. 

Superelevation Runoff 

The principles of superelevation runoff design discussed in Chapter III generally apply to turning roadways at intersections. 
In general, the rate of change in cross slope in the runoff section should be based on the maximum relative gradients A listed 
in Table 111-13. The values listed in this table are applicable to a single lane of rotation. The adjustment factors b listed in 
Table 111-14 allow for slight increases in the effective gradient for wider rotated widths. The effective maximum relative gra-
dients (equal to is -- b) that can be used for a range of turning roadway widths are listed in Table IX- 12. 

Design Speed (km/h) Effective Maximum Relative Gradient (%) 

Rotated Width (m) 

3.6 	 5.4 	 7.2 

30 0.8 0.90 1.00 
40 0.7 0.84 0.93 
50 0.7 0.78 0.87 
60 0.6 0.72 0.80 

- -- 	-_ 	70 0.6 - 	0.66. -________ - 0.73 

80 0.5 0.60 0.67 
90 0.5 0.57 0.63 

100 0.4 0.53 0.59 

110 0.4 0.49 0.55 
120 0.4 0.46 0.51 

Note: 
Based on maximum relative gradients listed in Table 111-13 and the adjustment factors in 
Table 111-14. One lane is assumed to equal 3.6 m. 
Gradients for speeds of 80 km/h and above are applicable to turning roadways at 
interchanges (i.e., ramps). 

Table IX-12. Effective maximum relative gradients. 
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[delete existing Table IX- 12 and add Table IX- 12 above] 

Usually, the profile of one edge of the traveled way is established first, and the profile on the other edge is developed by 
stepping up or down from the first edge by the amount of desired superelevation at that location. This step is done by plotting 
a few control points on the second edge by using the maximum relative gradients in Table IX-12 and then plotting a smooth 
profile for the second edge of traveled way. Drainage may be an additional control, particularly for curbed roadways. 

[delete existing Table IX- 13] 
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CHAPTER X—GRADE SEPARATIONS 
AND INTERCHANGES 

The text provided on the following pages represents the 
reëommended modifications to selected paragraphs in Green 
Book Chapter X. These paragraphs are located in two sec-
tions. The first section addresses turning roadway curvature  

(p. 919). The second section addresses superelevation and 
cioss slope at turning roadways (p. 923). Both sections apply 
to turning roadways at interchanges. 

Some of the guidance provided in the Green Book has 
been retained but the recommended changes are sufficiently 
extensive that a complete rewriting of the text was consid-
ered the most efficient method of presenting the material. 
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Chapter X 

GRADE SEPARATIONS AND INTERCHANGES 

Ramps 

General Ramp Design Considerations 

Curvature. The design guidelines for turring roadways at interchanges are described in Chapter III. They apply directly to 
the design of ramp curves. Compound or spiral curve transitions are desirable to (1) achieve the desired shape of ramps, (2) pro-
vide a comfortable transition between the design speeds of the through and turning roadways, and (3) fit the natural paths of 
vehicles. Caution should be exercised in the use of compound curvature to prevent unexpected and abrupt speed adjustments. 
Additional design information on the use of compound curves is contained in Chapter III. 

Superelevation and cross slope. The following guidance should be used for cross slope design on ramps: 

Superelevation rates, as related to curvature and design speed on ramps, are given in Tables 111-10 and 111-11. Where 
drainage impacts to adjacent property or the frequency of slow-moving yehicles are important considerations, the super-
elevation rates and corresponding radii in Table 111-12 can be used. 
The cross slope on portions of ramps on tangent normally are sloped one way at a practical rate that may range from 1.5 
percent to 2 percent for high-type pavements. 
In general, the rate of change in cross slope in the superelevation runoff section should be based on the maximum rela-
tive gradients A listed in Table 111-13. The values listed in this table are applicable to a single lane of rotation. The adjust-
ment factors b listed in Table 111-14 allow for slight increases in the effective gradient for wider rotated widths. The 
effective maximum relative gradients (equal to A -- b) applicable to a range of roadway widths are listed in Table IX-12. 
The superelevation development is started or ended along the auxiliary lane of the ramp terminal. Alternate profile lines 
for both edges should be studied to determine that all profiles match the control points and that no unsightly bumps and 
dips are inadvertently developed. Spline profiles are very useful in developing smooth lane and shoulder edges. 
Another important control in developing superelevation along the ramp terminal is that of the crossover crown line at 
the edge of the through traffic lane. The maximum algebraic difference in cross slope between the auxiliary lane and the 
adjacent through lane is shown in Table IX-14. 
Three segments of a ramp should be analyzed to determine superelevation rates that would be compatible with the design 
speed and the configuration of the ramp. The exit terminal, the ramp proper, and the entrance terminal should be stud-
ied in combination to ascertain the appropriate design speed and superelevation rates. 

With regard to Item 5, the guidance offered can vary depending on the type of ramp configuration. Three ramp config-
urations are described in the following paragraphs. The dkamond  ramp usually consists of a high-speed exit terminal, tangent 
or curved alignment on the ramp proper, and stop or yiela conditions at the entrance terminal. Deceleration to the first con-
trolling curve speed should occur on the auxiliary lane of t q exit terminal and continued deceleration to stop or yield con-
tions would occur on the ramp proper. As a result, superelevation rate and radii used should reflect a decreasing sequence of, 
design speeds for the exit terminal, ramp proper, and entrance terminal. 	 - 	- 

The loop ramp, as at a cloverleaf interchange, consists of a moderate-speed exit terminal connecting to a slow-speed ran-jp 
proper, which in turn connects to a mOderate-speed acceleration lane. The curvature of the ramp proper could be a simple curve 
or combination of curves The curvature of the ramp proper would be determined by the design speed and superelevdtion rate 
used. Superelevation would have to be gradually deyeloped into and out of the curves for the ramp proper, as detailed later in 
this discussion. 

Direct and semi-direct ramps generally are designed with a high-speed exit, a moderate or high-speed ramp proper, and a 
high-speed entrance. As a result, the design speed and superelevation rates used are comparable to open-road cOnditions. 	- 
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Abbreviations used without definitions in TRB publications 

AASHO 	American Association of State Highway Officials 
AASHTO American Association of State Highway and Transportation Officials 
ASCE 	American Society of Civil Engineers 
ASME 	American Society of Mechanical Engineers 
ASTM 	American Society for Testing and Materials 
FAA 	Federal Aviation Administration 
FHWA 	Federal Highway Administration 
FRA 	Federal Railroad Administration 
FTA 	Federal Transit Administration 
IEEE 	Institute of Electrical and Electronics Engineers 
ITE 	Institute of Transportation Engineers 
NCHRP 	National Cooperative Highway Research Program 
NCTRP 	National Cooperative Transit Research and Development Program 
NHTSA 	National Highway Traffic Safety Administration 
SAE 	Society of Automotive Engineers 
TCRP 	Transit Cooperative Research Program 
TRB 	Transportation Research Board 
U.S.DOT United States Department of Transportation 
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