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FOREWORD

By Staff
Transportation Research
Board

This report describes the development of recommended revisions to the stopping sight
distance (SSD) design policy that appears in portions of Chapters II and III of the 1994
AASHTO publication, A Policy on Geometric Design of Highways and Streets (referred to
as the Green Book). It also proposes modifications to other sections of the Green Book that
currently reference stopping sight distance. The contents of this report are, therefore, of
immediate interest to highway designers; highway-operations, capacity, and traffic-control
personnel; and others concerned with highway safety. The report’s conclusions are derived
from field observations of driver performance, driver visual capacity, driver eye heights,
and vehicle heights, as well as safety and operational studies.

The current AASHTO stopping sight distance model has two components: (1) percep-
tion-reaction time, which is equated to the distance a vehicle travels at a fixed speed while
these actions occur, and (2) braking distance, the distance the vehicle travels during the
braking maneuver. This model has been altered only slightly since its inception in the
1940s, and it continues to result in well-designed roads. However, the hypothesis that the
worst-case scenario—with its conservative assumptions of reaction time and pavement fric-
tion values and unproven driver visual capabilities—combined with an assumed below
average driver, results in a model that provides a considerable margin of safety but is dif-
ficult to justify or defend as representative of either a real-life environment or a safe driving
behavior.

The Texas Transportation Institute (TTI) at Texas A&M University was awarded
NCHRP Project 3-42, Determination of Stopping Sight Distances, to evaluate, on the basis
of the impact on vertical and horizontal curve design, the current AASHTO methodology
and alternative approaches to establishing stopping sight distance. TTI produced five work-
ing papers describing their research, under controlled testing environments, into the differ-
ent aspects that make up the components of the SSD: (/) Driver Braking Performance,
which studied drivers’ perception and reaction times in unexpected situations, deceleration
characteristics of unexpected braking, and braking distances associated with those events;
(2) Driver Visual Capacity, which measured driver capability in detecting and recognizing
objects of various sizes and contrasts under different lighting conditions; (3) Driver Eye
and Vehicle Heights, which collected real-world data to construct a cumulative distribution
of driver eye, headlight, taillight, and vehicle heights as determined by a more current
(1994) vehicle fleet; (4) Safety Effects, which collected and analyzed accident data for iden-
tified roadway segments containing limited sight distance crest vertical curves; and (5)
Operational Effects, which evaluated the relationship between design and operating speeds
at crest vertical curves with limited stopping sight distance. The information developed in
these working papers is the basis for this report.

The recommended SSD model remains conceptually the same as the existing
AASHTO model, that is, SSD equals reaction distance plus braking distance, but with ini-



tial speed equal to design speed and design deceleration substituted for friction coefficient.
As with the current model, the minimum SSD, driver eye height, and object height values
are used to calculate required minimum length of vertical curve (VC) and required mini-
mum rate of curvature or lateral clearance on horizontal curves. The recommended changes
result in proposed SSDs that fall between current AASHTO minimum and desirable design
values, crest K values (K is the VC length divided by the algebraic difference of adjoining
grades) that are slightly below AASHTO current minimum design values, sag K design val-
ues that fall between current AASHTO minimum and desirable design values, and hori-
zontal curve offsets that are also between AASHTO current minimum and desirable design
values. This research was undertaken, not because of safety concerns with the current
AASHTO SSD model, but to propose scientifically-based, reproducible, rational SSD
design values reflecting driver capabilities and performance.
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SUMMARY

DETERMINATION OF
STOPPING SIGHT DISTANCES

According to the American Association of State Highways and Transportation Offi-
cials (AASHTO) A Policy on Geometric Design of Highways and Streets (herein
referred to as the Green Book), sight distance is the length of roadway ahead that is vis-
ible to the driver. The Green Book also states that the minimum sight distance at any
point on the roadway should be long enough to enable a vehicle traveling at or near the
design speed to stop before reaching a stationary object in its path. Although greater
length is desirable, sight distance at every point along the highway should be at least
that required for a below average driver or vehicle to stop in this distance.

Problem Statement. The current procedure for determining required stopping sight
distances (SSDs) is intended to allow a normally alert passenger-car driver, traveling
at or near the design speed on wet pavement, to react and stop the vehicle before strik-
ing a stationary object in the road. AASHTO’s basic model to describe this situation
was developed in 1940. Although parameter values within the model have changed to
reflect changes in the driver/vehicle fleet, the basic model has remained unchanged.
Recently, several researchers have questioned the model’s validity and applicability to
a stopping situation. Additionally, the safety benefits of longer or shorter stopping sight
distances have never been documented.

Research Objective. This research evaluated the AASHTO and other stopping sight
distance models in the literature and developed recommended design procedures for
AASHTO’s consideration. Specific tasks were as follows:

Review Pertinent Literature
Evaluate Existing Data Bases
Critical Analysis of SSD Models
Prepare Interim Report

Driver Performance Studies
Driver Visual Capability Studies
Driver Eye and Vehicle Height Studies
Accident Studies

Operating Speed Studies

Tort Liability Survey

Prepare Final Report



Background. The AASHTO stopping sight distance model consists of two compo-
nents (perception-reaction and braking) and is based on the simple laws of physics; that
is, the vehicle travels a certain distance during perception-reaction time and a certain
distance while braking to a stop. Parameter values within the model are based on a
below average driver, vehicle, and roadway, and the driver’s capability to detect and
stop for a small object in the roadway; however, the probability of all parameters being
critical at the same time is extremely small. Thus, the resultant model includes a con-
siderable margin of safety.

Why Change? Despite the criticisms in the literature, most people agree that the
AASHTO stopping sight distance model results in well-designed roads; i.e., roads that
are safe, efficient, and economical. If so, why initiate a research project to develop a
revised model? The major criticism of the current model is that its parameters are not
representative of the driving environment or safe driving behavior. Thus, even though
its use results in a good design, it is difficult to justify, validate, and defend as a good
model.

Driver Performance SSD Model. This research proposed a revised stopping sight
distance model based on driver capabilities and performance in response to an unex-
pected object in the road. The recommended model is as follows:

SSD = 0.278Vt + 0.039 V*/a

where: SSD = stopping sight distance (m);
V = initial speed (km/h);
t = driver perception-brake reaction time (sec);
a = driver deceleration (m/s?).

An implicit assumption of a driver performance SSD model is that the tire-pavement
friction must meet or exceed the driver’s demands for stopping. The following sections
describe the calibration and validation studies that support the proposed SSD model.

Comparison with Other Countries. When comparing the current AASHTO stop-
ping sight distance model with those used by other countries, it was noted that many
countries use measured or estimated 85th percentile operating speeds as the design
speed. In addition, many countries use shorter perception-brake reaction times and fric-
tion values than those assumed by AASHTO. As aresult, AASHTO stopping sight dis-
tance values are near the top of the range of values.

AASHTO eye heights are in the middle of the range of values and their object
heights are near the bottom of the range of values. Thus, AASHTO vertical curve
lengths (K values) are near the top of the range of values. In summary, AASHTO’s
stopping sight distances and vertical curve lengths are longer than those of most other
countries; that is, AASHTO’s values are more conservative.

Vehicle Braking. Several authors have debated locked-wheel versus controlled
braking as the assumed behavior for a stopping sight distance model. Controlled brak-
ing requires longer braking distances, but offers greater steering control. Antilock brak-
ing distances can approach locked-wheel braking distances without loss of steering
control. Braking simulation and field studies documented in the literature support these
general statements.

Large trucks require longer braking distances than passenger cars; however, most
large trucks are capable of stopping within AASHTO design braking distances on dry
pavements. With antilock braking systems, they are also capable of stopping within
AASHTO design braking distances on wet pavements.

Pavement Friction. Pavement friction data were obtained from California, Texas,
and a North American data base. These data showed that the friction capabilities for
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the large majority of roadways exceeded the friction values assumed by the AASHTO
stopping sight distance model. Thus, the roadway provides an additional factor of
safety even in wet weather conditions.

Driver Performance. This task involved assessing perception-brake reaction times
and driver deceleration in response to an unexpected object in the roadway. In addition
to a review of the literature, 45 drivers and 3,000 braking maneuvers were recorded and
analyzed under a variety of geometric, weather, and surprise conditions. Data were col-
lected under closed-course and open-roadway conditions.

The perception-reaction time results showed 2.5 sec as a 90th to a 95th percentile
value; that is, most drivers were capable of perception-brake reaction to a stopping sight
situation within 2.5 sec. These findings were consistent with those in the literature. The
braking studies and the literature also showed no differences in the perception-brake
reaction times of younger and older drivers.

The driver deceleration results showed 3.4 m/sec? as the 10th percentile value; that
is, when asked to stop as quickly as possible on wet pavements, most drivers selected
decelerations of 3.4 m/sec? or greater. This value can be attained without a loss of
steering control and is near values defined as “comfortable” by traffic engineering
textbooks.

Driver Visual Capabilities. This task involved assessing driver visual capabilities
in detecting objects in the roadway. In addition to a literature review, the ability of
65 drivers to detect 13 different objects (450 driver-object combinations) during both
day and night were recorded and analyzed. Data were collected under closed-course
conditions.

The driver visual capability results showed that during daytime conditions most dri-
vers were able to detect (but not recognize) small, high contrast objects at the minimum
stopping sight distance for most rural highways (130 m). Under nighttime conditions,
however, drivers could not detect or recognize objects of any size at 130 m unless the
object was illuminated or retro reflective.

Driver Eye and Vehicle Heights. This task involved assessing driver eye and vehi-
cle heights important to stopping sight distance models. In addition to a literature
review, more than 1,500 driver eye, headlight, taillight, and vehicle heights were col-
lected and analyzed. Passenger-car, multipurpose vehicle, and large truck data were
collected in four different geographic regions.

The passenger-car results showed 10th percentile driver eye, headlight, and taillight
heights of 1,080 mm, 600 mm, and 640 mm, respectively. The 90th percentile vehicle
height was 1,315 mm. The data and the literature also showed the vehicle fleet as
approximately 2/3 passenger cars and 1/3 multipurpose vehicles. These values are
higher than the current AASHTO parameter values.

Safety Studies. This task involved assessing the safety impacts of providing less
than the minimum stopping sight distances required by the AASHTO Green Book.
Forty-three limited stopping sight distance sites (439 accidents) in three states were
identified and studied. Detailed geometric and accident data were collected and ana-
lyzed to determine the frequency of limited stopping sight distance as a causal factor
in accidents on these roadways.

The safety study results showed that neither limited stopping sight distance nor mod-
erate reductions in available sight distance appeared to create a safety problem on the
roadways in the study’s data base. Additionally, moderate reductions in stopping sight
distance do not appear to create a safety problem for large trucks or older drivers.

Operational Studies. This task involved assessing the operational effects of provid-
ing less than the minimum stopping sight distances required by the AASHTO Green
Book. Thirty-six limited stopping sight distance sites were identified in three states.
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Detailed geometric data and paired speeds were collected and analyzed for more than
3,500 vehicles to determine the effect of limited stopping sight distance on desired oper-
ating speeds of drivers.

The operational study results showed that the 85th percentile free flow speeds were
well above the inferred design speed of the crest vertical curves. The results also sug-
gested that reductions in available sight distance resulted in reductions in operating
speed; however, the reduction is less than that assumed by AASHTO.

Recommendations. For consistency, it is recommended that the parameters within
the stopping sight distance model represent common percentile values from the under-
lying probability distributions. Specifically, 90th (or 10th) percentile values are rec-
ommended for design. The resultant values for design are as follows:

One design speed and stopping sight distance;
Perception-brake reaction time—2.5 sec;
Driver deceleration—3.4 m/sec?;

Driver eye height—1,080 mm; and

Object height—600 mm.

Impacts of Recommended Changes. The impacts of the recommended changes are
design stopping sight distances that are between current minimum and desirable val-
ues. Also, K values for crests will be slightly below current minimum values and
K values for sags will be between current minimum and desirable values. Finally, off-
sets for horizontal curves will be between current minimum and desirable values.

The recommended changes should have no impact on safety as there is no evidence
that accident rates increase when stopping sight distance and vertical curve lengths are
decreased by small amounts unless there is a nearby intersection or horizontal curve.
Because there is no evidence of an SSD-related accident problem for large trucks or
older drivers, the recommended changes should also have no impact on large truck or
older driver safety.

Necessary Changes to the Green Book. To implement the recommended changes,
the following changes to AASHTO’s 1994 A Policy on Geometric Design for Streets
and Highways will be required:

e Revise design, operating, and running speed definitions;

e Delete locked-wheel braking and friction discussion and replace it with driver
deceleration discussion;

e Revise driver eye and object height discussions; and

e Revise related tables and graphs.

Advantages of the Recommended Model. The recommended model is based on
driver capabilities and performance that can be validated and defended as representa-
tive of the driving environment and safe driving behavior. These findings and recom-
mendations have been presented to the AASHTO Task Force on Geometric Design for
its consideration in future revisions of the Green Book.




CHAPTER 1

INTRODUCTION AND RESEARCH APPROACH

According to the American Association of State Highway
and Transportation Officials (AASHTO) A Policy on Geo-
metric Design of Highways and Streets (1, 2, 3) (referred to
herein as the Green Book), sight distance is the length of
roadway ahead that is visible to the driver. The Green Book
also states that the minimum sight distance available on a
roadway should be sufficiently long to enable a vehicle trav-
eling at or near the design speed to stop before reaching a sta-
tionary object in its path. Although greater length is desir-
able, sight distance at every point along the highway should
be at least that required for a below-average driver or vehi-
cle to stop in this distance.

The current procedures for determining stopping sight dis-
tance (SSD) are intended to allow a normally alert passenger-
car driver, traveling at or near the highway design speed on
a wet pavement, to react and bring the vehicle to a stop before
striking a stationary object in the road. The basic model for
this situation was formalized by the then American Associa-
tion of State Highway Officials (AASHO) in 1940 (4). Over
the past 50 years, several of the model’s parameters have
been modified to account for changes in the vehicle-driver-
roadway system (5, 6, 7).

PROBLEM STATEMENT

NCHRP Report 270, Parameters Affecting Stopping Sight
Distance, (1984) raised concerns about the model’s validity
as well as the appropriateness of certain parameter values
used to calculate stopping sight distance (8). Subsequent
research has revealed additional concerns about the validity
of the model. Examples of such research are cited in the
Transportation Research Record 1208, Highway Sight Dis-
tance Design Issues (1989) (9).

Stopping sight distance influences the geometric design of
streets and highways, most notably horizontal and vertical
alignment. These design features add to the cost of new high-
way construction and can dramatically increase the cost of
major roadway construction. Use of decreased pavement-tire
values, and lower eye and object heights (as recommended
in NCHRP Report 270) in the current AASHTO SSD model
would lengthen the desirable stopping sight distance and
increase vertical curve length. State highway agencies report
that increasing SSD would create serious problems and

substantially increase costs without a demonstrated safety
benefit.

Some older research studies, attempting to relate stopping
sight distance to safety, appear to be inconclusive and incon-
sistent. Research results also have suggested that the current
SSD model does not properly reflect the actual driving envi-
ronment. Some recent studies, however, have shown that
safety is apparently not compromised when actual stopping
sight distances are marginally less than current standards.
Considering the high construction costs and uncertain safety
benefits associated with longer stopping sight distances, state
highway officials concluded that a substantial research effort
was needed to evaluate available information, add to it, and
recommend improvements to current practice.

RESEARCH OBJECTIVES

The objective of this research was to evaluate, on the basis
of the impact on vertical and horizontal curve design, the cur-
rent AASHTO methodology and alternative approaches to
establishing stopping sight distance. Based on areview of cur-
rent and alternative practices, updated vehicle-performance
characteristics, and updated driver-behavior data, the re-
search team was to develop recommended design procedures
for specific applications. Issues such as the variability of
the roadway facility, cost-safety-effectiveness of the design
and ease of applying the SSD model were to be taken into
account.

To accomplish this objective, this research was performed
in two phases and ten tasks. The phases and tasks are
described briefly as follows.

Phase |

Task 1—Critical Review of Pertinent Literature. This
task involved reviewing the literature to identify and analyze
the state of the art as it pertains to stopping sight distance for
driver-vehicle-roadway relationships; accident data, tort lia-
bility exposure, and cost-safety effectiveness methodologies;
and alternative SSD models including those considered or
adopted by other countries.

Task 2—Assessment of Existing Data Bases. This task
involved assessing the adequacy and accessibility of existing
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local, state, and national data bases to identify pertinent
information on national vehicle fleet, roadway pavement
characteristics, measures of effectiveness of changes in stop-
ping sight distances, and accident experience to assess the
impact of various stopping sight distance models.

Task 3—Critical Analysis of SSD Models. This task
involved critical analysis of the AASHTO and other promis-
ing SSD models including the parameters in each model.
Advantages and disadvantages of each model were docu-
mented, including model practicality, complexity, and repre-
sentativeness of the driver-vehicle-roadway system. Defi-
ciencies in the data needed to accurately assess the model’s
impact, validity, or practicality were documented. Finally,
recommendations were made concerning retention or refine-
ment of the current AASHTO SSD model or an alternative
to the AASHTO SSD model.

Task 4—Preparation of Interim Report. This task
involved preparation of an interim report in two parts. The
first part of the report documented the results of Tasks 1, 2,
and 3. The second part of the report was a detailed revision
of the Phase II portion of the original work plan describing
the rationale, methods, required data, and data collection plan
and schedule.

Phase Il

Task 5—Driver Braking Performance Studies. This task
involved assessing perception-brake reaction times and dri-
ver deceleration in response to an unexpected object in the
roadway. In addition to a literature review, more than 3,000
braking maneuvers were recorded and analyzed under a vari-
ety of geometric, weather, and surprise conditions.

Task 6—Driver Visual Capability Studies. This task
involved assessing driver visual capabilities in detecting
objects in the roadway. In addition to a literature review, the
ability of approximately 100 drivers to detect a variety of
common objects (450 driver-object combinations) during
both day and night were recorded and analyzed.

Task 7—Driver Eye and Vehicle Height Studies. This
task involved assessing driver eye and vehicle heights impor-
tant to stopping sight distance models. In addition to a liter-
ature review, more than 1,500 driver eye, headlight, taillight,
and vehicle heights were collected and analyzed. The data
were collected in four geographic regions.

Task 8—Safety Studies. This task involved assessing the
safety impacts of providing less than the minimum stopping
sight distances required by the AASHTO Green Book. Forty-

three limited stopping sight distance sites in three states were
identified. Detailed geometric and accident data were col-
lected and analyzed to determine the frequency of limited
stopping sight distance as a causal factor in accidents.

Task 9—Operational Studies. This task involved assess-
ing the operational effects of providing less than the mini-
mum stopping sight distances required by the AASHTO
Green Book. Thirty-six limited stopping sight distance sites
were identified in three states. Detailed geometric data and
paired speeds were collected and analyzed for more than
3,500 vehicles to determine the effect of limited stopping
sight distance on desired operating speeds of drivers.

Task 10—Preparation of Final Report. This task
involved preparation of a final report covering the entire
project. The final report contains the research findings, the
recommended model and parameter values, recommenda-
tions for implementation, and the associated data to support
these recommendations.

REPORT ORGANIZATION

This report is divided into four chapters and nine appen-
dixes. Of the appendixes, only Appendix I is published
herein. Chapter 1 describes the research problem, objective,
and approach. Chapter 2 presents the research findings
including the recommended SSD model. Chapter 3 describes
the implications and practical applications of the recom-
mended model. Chapter 4 presents the conclusions and rec-
ommendations from this research.

Appendix A discusses the history of the AASHTO stopping
sight distance model and provides comparisons with interna-
tional models. Appendix B describes vehicle braking and
pavement friction characteristics of importance to stopping
sight distance models. Appendix C describes driver braking
performance measures (perception-reaction time and deceler-
ation) in response to an unexpected object in the roadway.
Appendix D discusses driver visual capabilities in detecting
unexpected objects in the roadway.

Appendix E discusses driver eye, taillight, and vehicle
heights that could be used in stopping sight distance models.
Appendix F discusses the safety studies of limited stopping
sight distance. Appendix G discusses the operating studies of
limited stopping sight distance. Appendix H discusses tort
liability issues. Appendix I describes the recommended revi-
sions to the design policies in the AASHTO publication, A
Policy on Geometric Design of Highways and Streets, known
as the Green Book.




CHAPTER 2
FINDINGS

This research examined the current AASHTO methodol-
ogy, alternative approaches, and related driver, vehicle, and
roadway parameters for establishing stopping sight distances
for vertical and horizontal curve design. This chapter pre-
sents a summary of the major findings—from previous
research documented in the literature and the field studies—
that were a part of this research.Topics include stopping sight
distance models and issues, vehicle and roadway perfor-
mance, driver braking performance, driver visual capabili-
ties, driver eye and vehicle heights, safety effects, and oper-
ational effects. Each of these topics is discussed in the
sections that follow.

BACKGROUND AND ISSUES

Sight distance is the length of roadway ahead that is visible
to the driver. From a geometric design standpoint, the mini-
mum sight distance available on a roadway should be long
enough to enable a vehicle traveling at or near the design speed
to stop before reaching a stationary object in its path. Although
greater length is desirable, sight distance at each and every
point along the highway should be at least the same as that
required for a below-average driver or vehicle to stop.

The current procedures for determining stopping sight dis-
tance are intended to allow a normally alert passenger-car
driver, traveling at or near the highway design speed on wet
pavement, to react and bring the vehicle to a stop before
striking a stationary object in the road. The basic model for
this situation was formalized by AASHO in 1940 (4). Since
that time, several modifications of the model’s parameters
have been made to account for changes in the vehicle-driver-
roadway system; however, differences of opinion exist con-
cerning the appropriateness of the model and the parameter
values used to determine minimum required stopping sight
distances.

Despite the alleged shortcomings of the current model (1),
no evidence has been found to show that use of the AASHTO
stopping sight distance model (SSD model) results in unsafe
or badly designed roadways. Roadways with limited stop-
ping sight distance may have safety problems, but these
problems do not appear to be related to the available stopping
sight distance. In addition, driver visual capabilities and
vehicle headlights during nighttime conditions limit the vis-
ible length of roadway to distances less than the minimum

stopping sight distance. Thus, from both a safety and a prac-
tical point of view, there is no apparent basis for recom-
mending longer stopping sight distances for design.

The lack of a safety problem is the result of the AASHTO
SSD model’s use of extreme (upper percentile) values
for each individual parameter in the model. In reality, the
probability that all of the parameters will be critical at the
same time is extremely low. For example, assuming inde-
pendent events, the probability of occurrence of a driver
with an 85th percentile speed and perception-brake reaction
time and a 15th percentile deceleration and eye height is
0.0005; whereas, the probability of occurrence of a driver
with a 90th percentile speed and perception-brake reaction
time and a 15th percentile deceleration and eye height is
0.0001. The probability of occurrence is extremely small
even if the events are dependent. Add the probability of
there being an unexpected object in the roadway located
over the crest of a hill, and the probability of occurrence is
even smaller.

Given that the current AASHTO model appears to be con-
servative, and its use does not result in unsafe or badly
designed roadways, why pursue a study to develop a new
model? The need for such a study has been described else-
where (10) as follows:

¢ The current SSD model was based on common sense,
engineering judgment, and the laws of physics; how-
ever, the parameters within the model are not represen-
tative of the driving environment. Thus, the parameters
are difficult to justify, validate, and defend.

« It has never been established on the basis of data that the
provision of longer sight distance on curves results in
fewer accidents. Conversely, it has never been estab-
lished on the basis of data that, at least for marginal
reductions, provision of shorter sight distance on curves
results in more accidents.

Several problems with the individual SSD model pa-
rameters have been identified. For example, individual
model parameters have been criticized as representative of
drivers that do not exist; objects that do not exist and can-
not be seen; and an assumed braking condition that does not
exist, is unsafe, and not representative of real-world driver
behavior. The question then becomes, what to do with a














































































































































































































































































































































































