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Foreword

The 24 papers in this volume were peer reviewed by the TRB Committee on Geometric Design,
Committee on Roadside Safety Features, Committee on Photogrammetry, Remote Sensing, Survey-
ing, and Related Automated Systems, Committee on Landscape and Environmental Design, and
Committee on Operational Effects of Geometrics.

Carrasco describes a computer-aided design and drafting application that provides an interactive
means of simulating turning vehicles. Medina and Kahl use a geographic information system for
determining the feasibility of alternative corridors for an Illinois highway. Krammes et al. describe the
development of a module for evaluating horizontal alignment consistency to be incorporated in an
interactive highway safety design model. Kahl and Fambro propose a change in object height for
stopping sight distance calculations. Hassan et al. discuss horizontal sight distances with continuous
lateral obstructions around a curve or complicated horizontal alignments.

Mak et al. describe the development and testing of a slotted rail terminal for W-beam guardrails. Seo
et al. discuss efforts in Japan to develop guardrails for high speed impacts. Gauthier et al. developed
and tested a side impact system that will project a crash test vehicle in a side skid at a specified yaw
angle. Menges et al. describe the development and crash testing of the Truck Thrie beam Transition,
called the Triple T. Alberson et al. discuss the design and performance of two bridge railings tested at
AASHTO performance Level 1 specified for low-volume rural roads. At the other end of the spectrum,
Menges et al. describe two bridge railings designed to restrain and redirect commercial trucks and
buses and tested at AASHTO performance Level 3. Rosson et al. discuss the development and testing
of two bridge railings for longitudinal timber bridges, tested at AASHTO performance Level 2 and at
NCHRP report 350 test Level 4. Viner uses accident data to evaluate rollovers in ran-off-road crashes.
Mak et al. present results of a study to determine appropriate and cost-beneficial clear zones along
suburban high-speed arterial highways.

Mastandrea et al. describe a comprehensive automated infrastructure inventory and management
system. Ksaibati et al. summarize the findings of a study of national trends in the effectiveness of scenic
loop tours.

The final eight papers in this volume are related by their examination of the role that roadway geom-
etry plays in traffic operations and accidents.

vii
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Turning Vehicle Simulation:
Interactive Computer-Aided Design and

Drafting Application

MILTON S. E. CARRASCO

The use of computer-aided design and drafting (CADD) systems in
transportation engineering is having a profound effect on the design
process being undertaken by the designers of transportation facilities.
The spatial requirements and turning capabilities of vehicles are impor-
tant factors in the design of such facilities. Until now, designers have
depended for the most part on the use of plastic turning vehicle tem-
plates to guide them in the design process. This paper describes a

CADD application that provides an interactive means of simulating

turning vehicles and determining their tire and swept paths in a flexible,
efficient, and accurate way. As a result vehicle simulation and design
development are maintained in the same graphics environment. The
paper describes the use of the program and demonstrates its accuracy
for design purposes. Several advantages of the program are noted,
including the increased efficiency that can result from working in a
single CADD environment, the ability to review alternative paths and
vehicle types quickly, the ability to work in either metric or English
units of measurement, and the ability to analyze the turning maneuvers
of vehicles still in the development stage.

The design of a transportation facility such as a roadway intersec-
tion or truck terminal is influenced by the turning capability of one
or more design vehicles and their swept paths.

Until the late 1970s, most highway design projects were com-
pleted “on the drawing board,” that is, the designs were generated
either manually or through a combination of stand-alone computer
programs and manual drafting. The typical design process included
the use of plastic turning vehicle templates to determine manually
the swept paths of design vehicles. Designers manually placed
the plastic templates or other generated plots onto the design to
determine the location of appropriate design features such as curbs
and gutters, traffic islands, lane widths and lane markings, pave-
ment edges, retaining walls, and other physical features. Several
design iterations were typically required before the design could be
finalized. '

The advent of the personal computer (PC) and computer-aided
design and drafting (CADD) software has had a significant impact
on the design and drafting procedures in all areas of engineering.
These systems allow for an integrated design and drafting process.
An interactive program that can simulate vehicle turning maneuvers
and operates seamlessly in a CADD environment can enhance the
efficiency of the design of transportation facilities and the prepara-
tion of design drawings.

In this paper the algorithm that is the basis of the CADD model
presented is described. The extension of the basic algorithm for
determining tracking and swept paths is also described.

PBK Engineering Ltd., 2150 West Broadway, Vancouver, British Colum-
bia, V6Y 1J5 Canada.

Finally, a model known as AutoTURN, which is based on the
principles and algorithms described above, is described. An
overview of the model’s operation is described demonstrating its
flexibility and ease of use. Output from the CADD program is com-
pared with other methods including turning templates, analytical
methods, and field measurements.

EXISTING SIMULATION PROGRAMS

Despite the various mathematical and graphical methods that have
been developed over the years, only a few computer programs have
been developed in North America to simulate vehicle offtracking
and swept paths. The programs are all based on the “constant pur-

- suit method” (also known as the “incremental method of analysis”

or “bicycle” model) and, as such, are kinematic models.

A program developed by Sayers (/) of the University of Michi-
gan Transportation Research Institute (UMTRI) is one of the first
computer simulations of turning vehicles to be documented. The
program uses Cartesian coordinate geometry to calculate a vehicle’s
position as it traverses a given geometric path and was originally
written for the Apple Il computer. It provides a relatively quick way
to produce swept paths for most vehicle combinations. The devel-
opers of the program note, however, that a major disadvantage of
the program is the long execution time (from several minutes to
about 20 mins) to produce plots of the desired path.

Fong and Chenu (2) have adapted the simulation portion of the
UMTRI program and have developed a mainframe version of the
program (known as “TOM”), which is being used at the California
Department of Transportation (Caltrans) to improve the processing
speed and plot quality. A major advantage of TOM (and by associ-
ation, the UMTRI program) over other methods described previ-
ously is its flexibility in path and vehicle inputs. Virtually any
simple and compound circular curves can be used as the vehicle
path, and virtually any vehicle type and tractor-trailer combination
can be modeled.

The Ministry of Transportation and Highways of British Colum-
bia (3) has developed a PC DOS-based program known as
“TRACKER,” which is similar to TOM but has an added advantage
in that the program output can be exported in DXF format to CADD
software such as AutoCAD or MicroStation.

A major disadvantage of these computer programs is that they do
not work in an interactive manner. As a result the designer must
complete a simulation by inputting detailed vehicle path geometry
on a separate computer or outside the CADD platform, then import
the output into CADD or manually check the design.




To overcome this disadvantage an interactive turning vehicle
simulation program that works directly within the CADD environ-
ment is required. Such a program must allow the designer to work
directly within the design base (i.e., the drawing file), input a steer-
ing path, select or define the design vehicle’s dimensions, and deter-
mine its swept path. The resulting output will allow the designer to
evaluate or set design details, such as edge of pavement and traffic
islands, and prepare detailed drawings all within the same working
environment—the CADD environment.

In the following section the principles on which the CADD model
presented in this paper is based are discussed. The term swept path
refers to the aerial space between the outer and inner extremities of
a vehicle, which may consist of vehicle units that are significantly
wider than the axle widths. The term tracking path represents the
path resulting from the tracing of the outer tire walls of outermost
tires of a vehicle’s steering and rear axles (or the geometric center
of the rear axle group in the case of a multiaxle rear bogey).

CADD-BASED MODEL

The CADD model in this paper utilizes an algorithm based on the
graphical method developed by Vaughan and Sims (4) and on

(a)

(b)
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Sayers’ (1) model, that is, the incremental method of analysis or the
constant pursuit method. The algorithm consists essentially of an
analytical means of duplicating the operation of the tractrix inte-
grator, and uses CADD routines to simplify input for analysis and
to facilitate plotting of the desired vehicle paths. A geometry-based
approach was selected because tire mechanics, in most practical
situations, do not significantly affect offtracking.

Figure 1 (a) and (b) illustrate the basis of the algorithm as it
applies to a single-unit vehicle and a multiple-unit vehicle, respec-
tively. These vehicle units are represented by a “bicycle” model,
with multiple axles represented by the geometric center of the axle
group.

In coordinate geometry terms, the analysis for a single-unit vehi-
cle reduces to the solution of the following equations to obtain the
coordinates of the center of the rear axle:

Xp = (xy — x(i—l)Z)/[(li(i—l) - lwb)/(li(i—l))] + Xi-1p2 1)
Yo = i = Yo/ [(Lig-1 — Lop)/(Li=1y)] + Yi-12 ()
where

i = the incremental location for which
1 = the geometric center of the front axle or towing point,

AS = VEHICLE INCREMENT
ALONG STEERING PATH

AS = VEHICLE INCREMENT
ALONG STEERING PATH

FIGURE 1 Application of algorithm to (a) single-unit vehicles and (b) multiple-unit vehicles (tractor semitrailer plus

fulltrailer).
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2 = the geometric center of the rear axle,
Lig-1y = [y — x(i—n)z)2 + a — )’(,'—1)2)2]”2
and is the distance from the steering or towing point at
the ith location to the rear axle at the (i — 1)th location,
and
1., = simple wheelbase of vehicle unit.

Derivation of this and other key equations pertaining to the
CADD model is presented elsewhere (5).

The incremental position of the steering or towing point is set at
a fixed distance equal to some small number relative to real-world
vehicle and turning dimensions. In this model the incremental dis-
tance is set at 1/100th of a vehicle width, equaling about 25 mm.
This incremental distance is selected because it represents the point
at which smaller increments provide no appreciable change in off-
tracking values. Through coordinate geometry calculations, the
coordinates of the incremental points and the rear axle point are
obtained by solving Equations 1 and 2.

The same principle can be used for a vehicle consisting of sev-
eral units, because there will always be two similar equations to
solve to obtain the rear axle coordinates. Towing points such as a
fifth wheel or a hinge point can be obtained once the position of the
towing vehicle has been determined.

Application of Algorithm to Tracking and Swept Paths

The algorithm applies to the bicycle model concept and, in this con-
figuration, is only good for obtaining offtracking values for a par-
ticular vehicle. For the model to be useful in determining tracking
and swept paths, it must be enhanced. The bicycle model is used
because it has been found to be reasonably accurate for design pur-
poses, and it simplifies the analysis of the tracking and swept paths.
Consequently it provides a shorter execution time. The following
sections describe the process used to determine vehicle tracking
paths and vehicle swept paths.

Determination of Vehicle Tracking Path

Figure 2 illustrates the concept used to develop the vehicle tracking
path from the base bicycle model. The following briefly describes
the step-by-step process that is built into the model.

1. For each incremental step, after the new bicycle position
has been determined, the axle configurations of the vehicle in
its new position are located using the vehicle body and axle
dimensions.

2. The coordinates of the outer extremities of the axles are then
calculated based on the axle width and are stored in a data base.

3. These calculations are repeated for each incremental step pro-
ducing coordinates for the outer edges of the tires of the first and the
last axles (or geometric center of the axle groups) of the vehicle.
The data are stored in the data base until the analysis of the entire
path is complete.

4. The coordinates of the stored tracking path points are then
plotted and lines are drawn connecting the points. In this manner
complex curves representing the path of the steering and the rear-
most axles are plotted. These curves represent the tracking path of
the vehicle.

Determination of Vehicle Swept Path

Using the basic bicycle model to determine the swept path of a
vehicle requires a slightly different approach. Figure 3 illustrates
the method used in this model and the following describes the
procedure that is incorporated in the model for developing the
swept path:

1. As in the development of tracking paths, coordinates for the
body of the vehicle are calculated for each incremental step. The term
“body” includes any oversize loads that may be carried on the vehicle.

2. Screen lines are established along the travel path at close inter-
vals (the model uses an interval of 1/10 of the vehicle width—

TRACKS OF FRONT/STEERING WHEELS

= —— =

44

Y,

4
2

FIGURE 2 Vehicle tracking path.

TRACKS OF REAR WHEEL GROUP
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FIGURE 3 Vehicle swept path model.

approximately 250-mm intervals). The screen lines are typically set
normal to the travel path.

3. As the vehicle crosses the screen lines with each incremental
calculation, the coordinates at the intersection of the vehicle body
with the screen line are calculated and stored. As the vehicle pro-
gresses along the travel path with each successive increment, the
position of the extremities of the vehicle at each of the screen lines
is compared with the previous vehicle position. In the process the
maximum cut is determined and stored into a data base.

4. The coordinates of the maximum cut at each screen line are
then plotted and a curve is drawn between the points to obtain the
swept path of the vehicle.

Incorporating Vehicle Turning Limitations

This model and the tracking and swept path enhancements by them-
selves are insufficient to simulate fully “real world” turning condi-
tions. Because the CADD model is essentially a kinematic model,
the only way to incorporate the effects of turn limitation is through
empirical means. Field tests were conducted using a tractor with a
semitrailer to verify model results and to obtain an understanding of
turn limitations.

Field tests showed that in a tight cornering situation, with steer-
ing wheels at their maximum turn position, a tractor with a semi-
trailer reaches a position where side frictional forces acting on the
rear tandem axles become so large that the vehicle cannot proceed
any further. Field measurements for the test vehicle showed the
maximum steering angle to be approximately 27 degrees and the
angle between the tractor and the semitrailer, under tight turn con-
ditions, to be approximately 76 degrees.

A review of vehicle specifications of newer tractors shows that
the maximum steering angle has steadily increased from previous
values of 27 degrees to 30 degrees to values of as much as 40
degrees, making it possible for the new vehicles to negotiate sharper
radii turns than older tractors.

%&m LINES

AXLE WIDTH = 2.6m
TRAILER WIDTH = 4.0m

T MAX. "CUT" AT SCREEN UNE
INITIAL "CUT® AT SCREEN LINE

With each incremental step in the CADD model, the steering
angle and tractor-to-trailer or trailer-to-trailer angle (for multi-
trailer-unit vehicles) is calculated using the vehicle and path dimen-
sions provided. The calculated values can then be compared with
the limitations of the specified vehicle. If the calculated values
exceed the specified turn limitations, it is possible to flag such an
occurrence, warning the user of a problem with the simulation.

AUTOTURN—A CADD APPLICATION FOR
SIMULATING TURNING VEHICLES

This section describes a working CADD model, known as Auto-
TURN, that is based on the model algorithm described previously.
Enhancements pertaining to the determination of tracking and swept
paths have also been included in this CADD model. The AutoTURN
program is a CADD-based program and is written in the C pro-
gramming language. It is a menu-driven graphics program that oper-
ates on a Cartesian coordinate system. This capability makes it ideal

for undertaking the design and drafting of transportation facilities,

because the determination of tracking and swept paths is an impor-
tant element in setting or evaluating the design of such facilities. In
turn, relating these parameters to the real world involves establish-
ing coordinates of the design geometry utilizing either a local or uni-
versal system of coordinates and elevation data. CADD is an ideal
environment for completing coordinate geometry calculations and
for preparing design drawings to exact coordinates. As a result it
permits total automation of the design and drafting process.

AutoTURN allows the user to establish a vehicle’s turn require-
ments or check a vehicle’s turning maneuver, and to finalize design
and produce final drawings in a single working environment. This
advantage is further enhanced by its interactive capability, whereby
the user can quickly refine or review other alignments and compare
the paths of other vehicles. The program will trace the path of spe-
cific points on the vehicle as it traverses a defined path and can even
be used to determine turning needs of vehicles in the development
stage.
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Program Logic

The logic of the program as it applies within an AutoCAD environ-
ment is illustrated in Figure 4. Data entry, execution, and output are
achieved through three distinct processes.

Data is entered via the CADD environment. Vehicle dimensions
and the steering path are input by simply editing predefined vehicle
dimensions and selecting predefined path entities. After being
entered, data files are prepared for use in the execution phase.

Execution of the program is undertaken using C language to
perform the coordinate geometry calculations; coordinates are cal-
culated for the incremental points on the steering path and for the
vehicle’s axle and tire points. The resulting coordinates are then
written to a Path.dxb file. The Path.dxb file is the data base file that
is imported into CADD for drawing preparation.

CADD software provides a suitable environment in which not
only is the data entry considerably simplified, but also the user is
allowed to receive directly plots of the resulting paths. Program
execution typically takes between 15 and 30 sec (using a 486 PC)
from the time selection of vehicle and path configuration is com-
pleted to the time an “on-screen” plot of the desired path is
produced.

*AUTOCAD=* *DISK*

INPUT
OUTPUT | i «DWG I

| EDIT VEHICLE DIMENSIONS
AUTOLISP)

| DRAW VEHICLE PATH |

AUTOUISP
EXTRACT PATH GEOMETRY
AND

VEHICLE DIMENSIONS

“EEL——{ PATHDATA.FIL |

*EXIT TO DOS*
TO RUN "C" PROGRAM
" AUTOTURN"

CALCULATE INCREMENTAL INPUT
POINTS ON VEHICLE PATH

€1
CALCULATE VEHICLE AXLE
POINTS

c
WRITE AXLE POINTS TO
FILE

mﬂBW———-| PATH.DXBI

*AUTOCAD=*
[ IMPORT "Dxg" FILE NPT

AUTOLISP

FIGURE 4 Program logic.

Ease of Use

The purpose of this section is to illustrate the ease of using the pro-
gram. Figure 5 provides an overview of the steps involved, and a ser-
vice road access design, shown in Figure 6(a), is used to demon-
strate a practical application of the program. AutoTURN will be
used to evaluate the design for accommodation of a WB-12 standard
Road and Transportation Association of Canada (6) design vehicle,
which is equivalent to a WB-40 AASHTO (7) design vehicle.

Step 1—Select Design Base

The designer selects the design base in AutoCAD. This may involve
a drawing showing the layout of a proposed or existing facility such
as a roadway intersection, parking lot, or a transit terminal. In the
case of frontage road, the design base consists of the road layout
prepared using AutoCAD.

Step 2—Draw Vehicle Path

The program requires as input the vehicle’s steering path, which is
the path to be followed by the center of the front axle of the vehicle.
In the case of a roadway this path will typically be the centerline of
the lane (Figure 6) and consists of a contiguous series of line and arc
entities. Setting the steering path generally requires a knowledge of
the start and end positions of the vehicle. Two vehicle paths, the
major and minor left turns, will be tested in the example.

Step 3—Load AutoTURN

After the drawing containing the steering path is loaded into Auto-
CAD, the AutoTURN program is loaded by selecting the Load
AutoTURN command from the AutoTURN pull-down menu.

Step 4—Set Configuration Menu

The next step is to set simulation parameters using the configuration
menu of the program. This menu contains parameters relating to the
type of vehicle being studied, the vehicle’s start position, the type
of simulation (i.e., tracking or swept path), the type of output files
desired, drawing layering, and dimension units desired. The first
three parameters affect the simulation output, and hence the design.
The remaining parameters aid the drawing preparation process.

Step 5—Run Simulation

After the configuration menu parameters have been selected, the
program is executed by selecting the Run Simulation option from
the pull-down menu. The user is then prompted to select the steer-
ing path entities in the order and direction of travel.

Step 6—FEvaluate Vehicle Path

Once the drawing of the required vehicle path is produced, the pro-
posed steering path can be evaluated against available maneuvering
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Select Draw Load Set
Design Vehicle - AutoTURN Configuration
Base Path Menu
Step 1 Step 2 Step 3 Step 4
Run Evaluate Prepare
Simulation Vehicle Drawings
Step 5 Step 6 Step 7

FIGURE 5 Program use.

space, taking into account conflicts with curbs, utility poles, build-
ings, or structural elements. If conflicts occur, the user can modify
the path, if feasible, or consider the possibility of relocating the con-
flicting elements so that they lie outside the vehicle’s swept path.
Figure 6b shows the resulting swept paths for the vehicle paths
selected. The design appears to accommodate the WB-12 design
vehicle adequately except for the service road curb return radius. The
adjusted radius is set using AutoCAD and is shown by a broken line.

Step 7—Prepare Drawings

Design details and drawings can be completed without leaving the
AutoCAD graphics environment once an acceptable swept path and
alignment has been obtained.

Program Validation

Validation of the AutoTURN outputs was undertaken through
comparison with several offtracking methods and turning templates,
as well as with field measurements. The following comparisons
were made:

. AASHTO templates;

. Caltran’s offtracking software (TOM);

. Jindra’s (8) and Woodroofe’s (9) equations;
. Jensen’s (10) tire mechanics model; and

. Field measurements.

WA W -

AASHTO'’s turning templates and Caltran’s TOM program are
both used for design purposes. AutoTURN outputs matched
AASHTO templates well with no noticeable differences in the
swept paths. TOM and AutoTURN produced identical tire tracking
outputs. Fong and Chenu (2) note that the results from TOM were
found to be accurate to within 2 percent when compared with field
measurements.

Jindra’s (8) and Woodroofe’s (9) equations are numerical
approximations for estimating transient and steady-state values of
offtracking. In addition the equations use an equivalent wheelbase

to represent articulated vehicles. A comparison of the results of the
equations with the outputs from AutoTURN is illustrated in Figure
7. The comparison shows that Jindra’s (8) equations and Auto-
TURN produce results similar to within 14 percent when actual
vehicle dimensions are used in the AutoTURN program. Results
from Woodroofe’s (9) equations match AutoTURN output (based
on actual vehicle dimensions) to within 8 percent. Neither of these
comparisons can be considered conclusive evidence of the absolute
accuracy of the AutoTURN program, because the author is not
aware of the level of validation of these equations with field mea-
surement or the extent of any such testing.

Comparison with Jensen’s (/0) tire mechanics model (Figure 8)
shows that offtracking values generated by AutoTURN agree to
within 6 percent; the AutoTURN results tending to be larger in
value and therefore more conservative.

Of these methods, only conducting field measurements provides
a measure of the absolute accuracy of the AutoTURN program. All
of the other methods provide a measure of the relative accuracy of
the program. Unfortunately, not only are extensive field measure-
ments impractical but conducting field measurements requires con-
siderable planning and careful execution to obtain valid measure-
ments, as Morrison (/1) noted. In a field test conducted by the
author, AutoTURN produced results accurate to within 3.5 percent
of the maximum offtracking width, with a maximum difference of
165 mm (Figure 9).

Discussion

A factor that must be considered in determining an acceptable
degree of accuracy for the program is the design consideration in
accommodating vehicle turning maneuvers. The designer of trans-
portation facilities, in particular, highways, must be considerate of
the skills and abilities of the drivers and vehicle types and configu-
rations that will use those facilities. To account for these conditions,
good design practice suggests allowing for a forgiving clearance on
either side of the swept path. The author suggests that a forgiving
clearance of a minimum of 0.6 m on each side of a vehicle’s actual
swept path (for a total widening of 1.2 m) be provided to establish
the minimum travel path for the design turn. In absolute terms, the
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author suggests that the calculated path widths should not encroach
into this forgiving space by more than 25 percent. The CADD
model described here appears to provide an accuracy that is well
within this suggested limit.

Jensen’s research (10), however, shows that there are potential
limitations in using a kinematic model such as AutoTURN to sim-
ulate nonstandard vehicles, for example, those having multiple,
widely spaced fixed-axle bogeys with short wheelbases, steerable or
freely castering rear bogeys, or other vehicle or axle configuration
in which frictional effects on the wheels can have a significant effect
on offtracking dimensions. The program is also unable to model
slippery or icy pavement surfaces, which can affect offtracking. A

further limitation of the program is the effect of vehicle speed and
the resulting centrifugal forces that act on a high-speed turning vehi-
cle. This effect tends to produce lower offtracking values than lower
speed maneuvers.

CONCLUSIONS

The AutoTURN program, which is based on the CADD model dis-
cussed in this paper, is an interactive CADD application that pro-
vides the designer with an alternative means of simulating turning
vehicles. The advantages of this program include the following:
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1. By operating directly within a CADD environment, it elimi-
nates the need for importing simulation plots generated externally
as most other programs do, and it eliminates the need for manual
verification of vehicle swept paths.

2. The program enhances the automation capability of CADD in
that it works directly within the design base (i.e., design drawings),
produces vehicle paths that can be evaluated, and allows changes to
be made to the design as required.

3. It can be used to simulate virtually any vehicle type with non-
standard dimensions.

4. It can be used to evaluate the turning maneuvers of vehicles
still in the development phase.

5. Unlike turning templates, which are generally provided for a
single radius of turn, AutoTURN can simulate any steering path
geometry consisting of circular curves and tangent sections.

6. It is easy to operate and produces outputs relatively quickly.

7. It can determine both tracking and swept paths.

8. The program can identify maneuvers in which turn limitations
are likely to be exceeded.

9. It can operate with any unit of measurement, that is, English
or metric.

The AutoTURN program has been validated through compar-
isons with other methods of analysis, computer programs, and field

measurements. The comparisons show that offtracking values gen-
erated by AutoTURN agree to within 6 percent with similar values
generated by Jensen’s (/0) tire mechanics model, with the Auto-
TURN results tending to be larger in value. In absolute terms the
maximum difference is approximately 200 mm. AutoTURN results
also compare well against field measurements, producing a maxi-
mum error of 165 mm or 3.5 percent of offtracking values.

These comparisons and comparisons with other commonly used
design methods confirm the acceptability of AutoTURN as a design
tool for establishing vehicle tracking and swept paths for the design
of roadways and other transportation facilities.

Although the program appears to produce acceptable results for
most standard vehicle types, further research is required to establish
its suitability or limitations when simulating certain nonstandard
vehicles.

RECOMMENDATIONS

As noted above, a CADD model such as the AutoTURN program
clearly has several advantages when compared with other non-
CADD programs or any other methods that currently exist. The pro-
gram can be improved further if the following features can be
included:
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1. The effects of tire mechanics;

2. Reverse maneuvers of articulated vehicles;

3. Simulation of other types of vehicles such as aircrafts, trains,
street cars and light rail transit, and trolley buses;

4. Steerable or freely castering rear bogeys; and

5. Interactive user-controlled steering simulations.

It is recommended that further research and development be
undertaken to develop a program that includes these enhancements
to make a more complete and versatile turning vehicle simulation
program.
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Geographic Information System
Applications in the Heart of Illinois
Highway Feasibility Study

IsaBEL CANETE MEDINA AND KAREN B. KAHL

Local governments and businesses in central Illinois believe that a new
highway connection between the metropolitan areas of Peoria and
Chicago will shorten travel times and foster economic development. A
geographic information system (GIS) that was used to determine the
feasibility of alternative corridors being considered for an improved
highway within the 10-county, 7,700-km? (3,000 mi®) study area is dis-
cussed. The development of the GIS required the compilation and inte-
gration of large amounts of geographic and environmental data. The
data base was developed using a personal computer based GIS. Over-
lay analysis was used to map environmentally sensitive areas and
possible engineering constraints. Previously developed corridor alter-
natives were entered into the GIS, and their locations and alignment
designs were adjusted to avoid major engineering obstacles and envi-
ronmental impacts. After the corridor locations were finalized, the GIS
was used in the alternatives evaluation to assess the effects of the
proposed corridors.

Geographic information systems (GIS) in transportation have been
widely used in such applications as travel demand modeling, traffic
forecasting, intelligent vehicle highway systems and traffic man-
agement systems, and road management systems, including high-
way facilities inventory and pavement data management. However,
only recently have the capabilities of GIS been explored for high-
way planning and route location studies.

A GIS was developed for the Heart of Illinois Highway Feasibil-
ity Study to serve as a decision support tool in determining suitable
corridor locations and in evaluating their potential impacts. The GIS
was used to (a) inventory the location and feature descriptions of
known environmental resources, (b) revise and adjust corridor
alignment, and (c) evaluate corridor impacts. In addition, the GIS
was used for address-matching of origin-and-destination (O-D) data
and for map and report production.

PROJECT BACKGROUND

Support for a direct highway connection between Peoria and
Chicago has continued to grow among business and government
leaders in north central Illinois. The Heart of 1llinois Highway Fea-
sibility Study was conducted to examine potential corridor locations
for a new freeway or expressway between the two metropolitan
areas. The feasibility of corridor alternatives was based on engi-
neering, environmental, and economic considerations.

1. C. Medina, CM Technologies, 1034 Asbury Avenue, Evanston, I11. 60202.
K. B. Kahl, CH2M Hill, 411 E. Wisconsin, Suite 1600, Milwaukee, Wis.
53202.

The Heart of Illinois Highway Feasibility Study began in May
1993 and is scheduled for completion in the spring of 1995. The
project is funded by the Illinois Department of Transportation
(IDOT) and the FHWA. The study area covers more than 7,700 km?
(3,000 mi®) encompassing rural and metropolitan areas within 10
counties, as well as scenic and environmentally sensitive regions
along the Illinois River. More than 1,000 km (620 mi) of corridor
alternatives (80 segments) were developed from previous studies
and reports, field reconnaissance, and extensive input by members
of the Study Advisory Group and the community (Figure 1).
Because of the large project area, the corridor alternatives were
divided into three bands representing directions of travel: north,
northeast, and east.

After the identification of alternatives, the corridors within each
study band were evaluated using a three-step screening process in
which each level of screening increased in detail. The initial screen-
ing eliminated alternatives that clearly did not merit further analy-
sis. The criteria used in the elimination process included: redun-
dancy because of an existing freeway, adverse travel conditions
discontinuity or overlap, and diagonal severance of agricultural
land. The second step was a preliminary screening of several groups
of corridor alternatives, which would provide essentially the same
traffic service over slightly different routes. The corridors were
evaluated and one alternative in each group was selected for inclu-
sion in the more detailed screening. The third step involved the
evaluation of the remaining corridors based on transportation cost,
planning and accessibility, and environmental factors to select one
or more corridors for each study band. After the three-step screen-
ing process, the “finalist” corridors were then the subject of more
detailed engineering, environmental, and economic analyses. The
GIS was used in the assessment of corridor alternatives in the
preliminary and detailed screening steps.

DATA BASE DEVELOPMENT
Hardware and Software

The GIS was implemented using a personal computer (PC)-based
system. The computer hardware included a 486 DX/66 MHz work
station with 8 megabytes of extended memory and 350 mega-
bytes of disk storage. A Summagraphics 30.48 X 45.72cm (12-in.
X 18-in.) digitizing tablet was used for data input. The software
chosen for implementation was Atlas GIS, version 2.1, by Strategic
Mapping, Inc. (Palo Alto, Calif.). An import and export utility from
the same company was used in translating existing GIS data bases
such as TIGER/Line and Arc/Info files into Atlas GIS format. The
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Excel spreadsheet program was also used for entering data base
information such as street addresses, which were later imported into
Atlas GIS.

Data Sources

The sources of information for the GIS data base are shown in Table
1. The data were available in both digital (computer file) and ana-
log (printed map) formats and were provided in various scales and
map projections. The geographic and environmental features were
originally compiled using latitude-longitude coordinates. The geo-
graphic data were later projected to Universal Transverse Mercator,
Zone 16 (UTM-16) coordinates.

Data Integration

The compilation and integration of data for such a large study area
involved considerable work, with an enormous amount of data
entered into the GIS. The base map for the data base was developed
from TIGER/Line files translated to Atlas GIS format. GIS data
bases from state agencies also were imported into Atlas GIS. Prob-
lems occasionally occurred in file translation, requiring manual edits
of imported data. After the base map was completed, other types of
geographic data were entered into the system. The most common
problem encountered during data input was discrepancies with map
information provided by different sources (e.g., United States Geo-
logical Survey maps versus county plat books). Researchers had to
decide which sources provided the most accurate information for
various types of geographic data. Information also was updated
based on the most recent aerial photographs and field reconnais-
sance. Wetlands and flood plain information were not included in
the GIS because the data were too detailed and extensive.

GEOGRAPHIC INFORMATION SYSTEM
APPLICATIONS

The implementation of a GIS for the Heart of Illinois Highway
Feasibility Study provided opportunities for developing new tech-
niques in highway planning and route location studies. GIS appli-
cations are compared with current practices and methods in the
following sections.

Origin-and-Destination Study

An (O-D) study was performed as part of the Heart of Iilinois High-
way Feasibility Study. The results of the O-D study were used to
project travel demand between Peoria and Chicago for the purpose
of identifying alternative highway corridors. The data collection for
the O-D study used a combination of roadside personal interviews
and mail-back questionnaires at 14 sites. The primary data collected
from approximately 11,000 motorists included the trip origin and
destination by address or nearest cross streets.

The survey processing required developing traffic analysis zone
(TAZ) codes for each origin and destination address. The TAZ were
based primarily on 1990 census tract boundaries and were delin-
eated in the GIS using tract boundaries from TIGER/Line files.
With information from the TIGER/Line data base such as street
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names and street numbers, the GIS was able to match 75 percent
(572 of 747) of the addresses collected on the O-D survey forms to
their corresponding TAZ codes. Approximately 6 person hours
were required to process the address matches, which were primar-
ily performed on origins and destinations in the Peoria metropoli-
tan area. For the remaining data, the TAZ codes were determined
by locating addresses using detailed street maps. The results of the
O-D study were used to develop traffic forecasts to compare the
costs and benefits of various corridor alternatives.

Environmental Resources Inventory

The base map for the environmental resources inventory consisted
of county and municipal boundaries, roadways, railroads, and
hydrographic features. Other geographic features were added to the
base map using various data sources (see Table 1). The boundaries
of some environmental features were digitized using printed maps.
Others were available in digital format from state agencies. The
location of hazardous waste sites and historic resources was entered
into the system by matching their addresses to corresponding map
coordinates.
The geographic features considered in the inventory include:

e Archaeological sites e Prime farmland

o Cemeteries e Protected agricultural
lands

o Community facilities e Pumping stations

e Other developed areas ¢ Quarries, pits

e Gas storage areas * Radio towers

¢ Hazardous waste sites (CERCLIS) e Sewage disposal areas

¢ Historic resources ¢ Steep slopes

¢ Surface and underground mines e State parks, conserva-

tion areas and recre-
ation areas
o Natural areas and wildlife refuges e Other public lands and

parks
¢ Nature preserves o Park trails
e Pipelines (gas) ¢ Threatened and endan-

gered species
e Power lines (transmission lines) ¢ Unique and highly val-
ued aquatic resources
e Power plants and substations ¢ Woodlands

Each feature was represented as a single layer on the GIS. The
layers were combined and overlaid to produce an environmental
resources inventory map. The most sensitive land uses are located
along the Illinois River and included archaeological sites, devel-
oped areas, hazardous waste sites, historic resources, natural areas
and nature preserves, public lands and parks, habitats of threatened
and endangered species, wooded areas, and steep slopes. The
remaining sections of the study area are primarily composed of
prime farmland.

The conventional procedure for developing an environmental
resources inventory map is to compile the necessary information
and manually draw or delineate the features on an aerial photo
mosaic or USGS map. Maps of environmental features are usually
provided in various scales (Table 1) and have to be manually trans-
formed or translated into the appropriate scale and coordinate sys-
tem used for the base map. Because of the time and work effort



TABLE 1 Sources of Information

Date Data Map Map
Data/Map Name Source Compiled Format(1) Scale(2) Projection(3)
TIGER/Line Census Files Bureau of Census 1990 F 1:100,000 Latitude-Longitude
USGS Topographic Maps US Geological Survey 1985-1991 M 1:100,000
1:24,000 UTM-16
1,250,000
County Plat Books Rockford Map Publishers 1988-1993 M ns ns
General Soil Maps Soil Conservation Service 1972-1993 M various ns
Illinois Coal Mines Illinois State Geological Survey Jan. 1989 M 1:62,500 UT™M
Coal Industry in Illinois Illinois State Geological Survey July 1984 M 1:500,000 Lambert Conformal Conic
Biologically Sensitive Areas Illinois Natural History 1993 F ' 1:52,000 Latitude-Longitude
Survey (Arc/Info)

Hlinois Official Highway Map IL Department of Tansportation 1993 M 1"=12 miles ns
Official Highway Map Peoria County 1993 M 1"=1 mile ns
General Highway Maps IL Department of Tansportation 1987-1990 M "=2 miles State Plane Coordinate
Archaeological Sites Illinois State Museum 1993 F ns Lambert Conformal Conic
The National Register of Illinois Historic 1993 D na na

Historic Places Preservation Agency
Historic Illinois Places Illinois Historic M ns ns

Preservation Agency

A Directory of Illinois Nature IHinois Department of 1991 DM ns ns

Preserves Conservation
Inventory of Public Recreation Illinois Department of 1977 D:M ns ns

Lands Transportation
Forest Park Foundation Forest Park Foundation M
Illinois Land Atlas & Gazetteer Delorme M )
CERCLIS List US EPA Superfund Program 1993 D na na
Gas Storage Areas Ancona Gas Company 1993 M ns ns
Protected Agricultural Lands US Dept. of Agriculture 1993 M ns ns

(1)} F=Computer Files; M =Printed Maps;
{2) na=not applicable; ns =not specified
{3)na=not applicable; ns =not specified

D =Documents
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involved, not all features are added to the base map. Instead, sev-
eral maps are compiled and used as references for the engineering
and environmental analysis.

With GIS, geographic features can be digitized using their spe-
cific map scale and coordinate system and translated into the scale
used for the base map. Moreover, a variety of environmental data
from state agencies are already available in GIS format, allowing the
integration of data in an inventory map. Using GIS, it took two peo-
ple approximately 4 months to develop the data base. With manual
techniques, it may take less time to prepare an inventory because not
all environmental features are added to the base map. A GIS map~
containing a variety of features, however, provides a more compre-
hensive description or visual representation of the study area.

Location Engineering

The preliminary alternatives for the study represented the broadest
range of possible corridor locations and were the starting point for
alternatives evaluation. Before screening the alternatives, the GIS
was used to revise and adjust corridor locations and alignments.

Preliminary alignments of the corridor alternatives were entered
into the GIS and represented more than 1,000 km (620 mi) of poten-
tial highway. These initial locations disregarded any impacts to the
surrounding areas and were based mostly on the alignment of exist-
ing roads and highways. The corridors were plotted as a 1-km
(0.62-mi) band on an overlay to the environmental resources inven-
tory map. The corridors were narrowed to a width of 0.5 km
(0.31 mi) within the I-km band, avoiding as much of the major engi-
neering obstacles and environmentally sensitive areas as possible.
If a large impact area could not be avoided within the 1-km band,
the preliminary alignments were adjusted to reduce or eliminate the
impacts. For example, a bypass around a town was relocated from
the south side to the north side to avoid a forested area and a new
residential development. The corridor alternatives were never nar-
rowed to the width of a highway right-of-way, because the objec-
tive of the study was to determine the feasibility of corridors and not
to determine the best alignment. ' o

Current methods for adjusting corridor locations involve a
process of mapping corridors, assessing impacts, and revising cor-
ridors. Often, adjustments made to avoid impacts on one resource
result in additional impacts to other resources. Several corridor
revisions are usually required to minimize overall impacts.

With a GIS base map, route locations are adjusted and revised not
only to avoid impacts on certain resources, but also to reduce over-
all impacts on the environment and avoid major engineering obsta-
cles. The cumulative effects of corridor impacts can be visually rep-
resented when the alternatives are overlaid on an environmental
resources map. GIS allows the designer to adjust route locations and
at the same time visually assess environmental effects. This process
can be performed without the use of GIS as long as a base map is
developed containing most, if not all, of the environmental data.
The use of a GIS, however, facilitates the integration of information.
from various sources.

Environmental Impact Assessment

After the corridor locations were finalized, the GIS was used to cal-
culate the impacts of the proposed corridors. Two methods were
employed in assessing environmental impacts. The first method
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used the printed environmental resources inventory map with cor-
ridor overlays. The second method utilized GIS analytical opera-
tions such as buffering and intersection techniques.Impacts were
calculated by counting the number or extent of resources within the
0.5-km (0.31-mi)-wide corridors. Aerial photographs and other
more detailed maps (e.g., flood plain and wetlands maps) also were
used as references in assessing the effects of the corridor alterna-
tives. Table 2 provides examples of impact calculations.

Existing methods for evaluating impacts involve overlaying cor-
ridor alternatives on maps compiled for the environmental analysis.
Areas, lengths, and number of sites affected are calculated using a
planimeter and a scale. If the environmental data are not contained
in one base map, corridor overlays must be prepared for each envi-
ronmental map to be analyzed, especially if the maps are of differ-
ent scales. With GIS, the base map contains most of the environ-
mental features to be analyzed, hence requiring only one corridor
overlay. Areas, lengths, and number of sites affected can be calcu-
lated by the system in one-fourth the time it would take using
manual methods.

Maps and Presentation Graphics

For this project, maps were easily generated by the GIS for report
production and graphic display purposes. An environmental
resources inventory map was produced using a Novajet Inkjet Plot-
ter and printed on photographic bond at a scale of 1:50,000. Maps
of corridor alternatives (approximate scale 1:150,000) were also
generated using a Versatec Color Plotter and printed on bond paper.
The GIS maps were mounted on boards and used as exhibits in pub-
lic meetings and informational drop-in centers. For report produc-
tion, 30.48 X 45.72 cm (8-in. X 11-in.) maps were produced using
a Hewlett Packard Laserjet printer and a Versatec Color Plotter.
Color transparencies of corridor alternatives also were generated for
presentations to IDOT officials and the study advisory group.

The GIS was able to produce maps in one-eighth the time it
would normally take using manual or other computer graphics
methods. This capability is extremely valuable for future studies
and evaluations and for presentations of study results to a concerned
and perhaps more demanding public when it comes to environmen-
tal assessments.

Costs and Benefits of Using Geographic Information
System

The development of the data base was the most time-consuming and
costly aspect of the GIS implementation. Nevertheless, the use of
GIS for analysis and map production provided many benefits. GIS
reduced the work effort involved in matching addresses to TAZ
codes, in assessing environmental impacts, and in generating graph-
ics for presentation purposes. The data base that was developed will
also be used for future planning studies in the project area, provid-
ing deferred cost savings. Most importantly, it was the ability of
GIS to integrate and visually represent data that was beneficial to
the designers, planners, and decision makers.

The application of GIS did not significantly affect the overall cost
of the project because of the extensive data input process. The tech-
niques that were developed for the study, however, made significant
contributions in improving the planning and design process.



TABLE 2 Environmental Impact Assessment

Alt. N3 Alt. N4 Alt. N5 Alt. N6
Farmland Impacts
Illinois Agricultural Areas
Affected - Number 4 2 3 1
- Area 570 ha (1,410 ac) 220 ha (540.ac) 510 ha (1,260 ac) 160 ha (400 ac)
Prime Farmland Affected
Area > 75% prime 2,690 ha (6,640 ac) 1970 ha (4,870 ac) 3,100 ha (7,660 ac) 2,330 ha (5,760 ac)
25-75% prime 840 ha (2,070 ac) 870 ha (2,150 ac) 700 ha (1,730-ac) 460 ha (1,140 ac)
< 25% prime 350 ha (860 ac) 350 ha (860 ac) 220 ha (540 ac) 220 ha (540 ac)
Conservation/Natural Arcas o Root Cemetery o Root Cemetery - o Root Cemetery 0 Root Cemetery
Affected, Area Nature Preserve, Status Nature Preserve, Status Nature Preserve, Status Nature Preserve, Status
Pending, 1 ha (2 ac) Pending, 1 ha (2 ac) Pending, 1 ha (2 ac) Pending, 1 ha (2 ac)
o Magnolia Hill Prairies o Magnolia Hill Prairies o Sparland State Conservation o Sparland State Conservation
Natural Area, 10 ha (25 ac) Natural Area, 10 ha (25 ac) Area, 10 ha (25 ac) Area, 10 ha (25 ac)
Threatened and Endangered Invertebrate found along Invertebrate found along
Specie Sites Encountered 0 0 IL River adjacent to corridor IL River adjacent to corridor
Parkland Affected Adjacent to Forest Adjacent to Forest Adjacent to Forest Adjacent to Forest
Park Foundation Land Park Foundation Land Park Foundation Land Park Foundation Land
Area of Woodland Affected 480 ha (1,190 ac) 480 ha (190 ac) 410 ha (1,010 ac) 330 ha (820 ac)
Cultural Resources
Encountered
Archaeological sites 11 small sites 8 small sites 10 small sites ‘ 7 small sites
1 medium site 1 medium site
Cemeteries 0 0 0 1
Hazardous Waste Sites
(CERCLIS) Encountered Adjacent to site 0 Adjacent to site 0
Steep Slopes Encountered 330 ha (820 ac) 330 ha (820 ac)
Mining Areas Encountered 1 gravel pit; 1 mining area 1 mine 1 gravel pit; 1 mining area 0
10 ha (20 ac) 10 ha (20 ac)
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CONCLUSION

For the Heart of Illinois Highway Feasibility Study, the GIS was
used to process O-D survey forms, compile and integrate data to
create an environmental resources inventory map, revise and adjust
corridor locations and alignments, quantify the effects of proposed
alternatives on environmentally sensitive areas, and produce maps
and exhibits for presentation and report production. These functions
were performed using a PC-based system,which did not require
software customization. The development of the GIS data base for
an area covering 7,700 km? (3,000 mi?) was the most expensive and
time-consuming aspect of GIS implementation. When the data base
was completed, however, the GIS was able to produce maps quickly
and easily, and reduce the work effort involved in assessing and
quantifying corridor impacts.

The experience gairied from the Heart of Illinois study indicates
how GIS can influence decision making and improve the process of
identifying and evaluating corridor alternatives. If state agencies
continue to inventory their resources using GIS, then data base
development may become less costly and state departments of
transportation may use geographic information systems more fre-
quently for roadway location studies. Furthermore, as planners and
engineers are required to consider environmental issues along with
engineering and cost issues, GIS can be used to synthesize and ana-
lyze data for highway planning. GIS has the potential to affect
roadway planning as significantly as computer-aided design has
changed the process of roadway design.

GLOSSARY

TIGER/Line files: GIS data base developed by the Bureau
of Census containing a variety of information, including
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roadways, municipal boundaries, hydrographic features, rail-
roads, etc.

Arc/Info files: GIS data bases developed and stored using Arc/Info
software by Environmental Research Systems, Inc.

Buffering techniques: A type of GIS operation in which an area is
generated or delineated around a point or a line. For example, a
5-mi radius buffer around a point results in the generation of a
circle 10 mi in diameter around the point.

Intersection techniques: A type of GIS operation in which two
areas are overlaid and a new area is generated or delineated based
on their intersection.
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Highway Geometric Design Consistency

Evaluation Software

RAYMOND A. KRAMMES, KETHIREDDIPALLI S. RAO, AND HOON OH

Previous research has concluded that horizontal curves on which design
speeds are less than drivers’ desired speeds exhibit operating speed
inconsistencies that increase accident potential, and that current
AASHTO design policy is unable to identify and address these incon-
sistencies. One step to address these concerns is the development by the
FHWA of an Interactive Highway Safety Design Model that incorpo-
rates a consistency module. A Highway Geometric Design Consistency
Program has been developed to serve as a basis for this consistency
module. The program is a menu-driven microcomputer procedure for
evaluating horizontal alignment consistency on rural two-lane high-
ways using two preliminary models: an operating speed profile model
and a driver workload profile model. This paper reviews these prelimi-
nary models, describes the menu-driven procedure for using them, and
recommends future development of the models and procedure.

Previous research on rural two-lane highway operations and safety
has concluded that horizontal curves on which design speeds are
less than drivers’ desired speeds exhibit operating speed inconsis-
tencies that increase accident potential (/-3). Current AASHTO

~ design policy is unable to identify and address operating speed
inconsistencies (4). Therefore, it has been recommended that the
design process for horizontal alignments on rural two-lane high-
ways on which design speeds are less than 100 km/hr (62.1 mi/hr)
be modified to incorporate a consistency evaluation that identifies
and addresses operating speed inconsistencies (/). FHWA is taking
steps toward implementing this recommendation by incorporating
a consistency module in its Interactive Highway Safety Design
Model (5).

This paper describes a program that has been developed to serve
as the basis for the consistency module (6). The program is a menu-
driven microcomputer procedure for evaluating horizontal align-
ment consistency on rural two-lane highways using two preliminary
models: an operating speed profile model and a driver workload
profile model. Both models have the same modest data require-
ments: the stationing of the point of curvature (PC) and the point of
tangency (PT) of each horizontal curve along an alignment and each
curve’s radius or degree of curvature. Currently, the procedure
requires the user to extract these data from roadway plans and enter
it into an input data screen. In the ultimate implementation in the
Interactive Highway Safety Design Model, the data required for the
consistency module would be extracted automatically from the data
base of the commercial computer-aided design (CAD) package that
will be the hub of the model.

This paper is organized into three main sections. First, prelimi-
nary speed profile and workload profile models, which have been
reported elsewhere, are reviewed. Next, the microcomputer proce-
dure for using these models is described. Last, recommendations are

Texas Transportation Institute, Texas A&M University, College Station,
Tex. 77843-3135.

made for further development of both the preliminary models and
the procedures for using them.

PRELIMINARY MODELS FOR EVALUATING
CONSISTENCY

Conceptual Framework

The causes and consequences of geometric inconsistencies are best
explained within the context of driver-vehicle-roadway interac-
tions. The driving task is principally an information-processing and
decision making task. Driver workload is a principal measure of dri-
ver information processing and is defined as “the time rate at which
drivers must perform a given amount of work of driving task” (7).
The roadway geometry and other factors (including the roadside
environment, weather, traffic control devices, traffic conditions,
etc.) are the primary inputs to the driving task. The outputs are con-
trol actions that translate into vehicle operations that, in turn, can be
observed and characterized by traffic measurements (e.g., operating
speed).

Drivers generally devote sufficient attention to accommodation
of the workload demands they expect of the roadway. Most rural
highways have relatively low workload demands; therefore, drivers
often have relatively low attention levels on them. Geometric incon-
sistencies, however, impose higher workloads and demand more
attention than are typically required and, therefore, more than dri-
vers expect. Drivers who recognize the disparity between their
expectation and the actual workload requirements of a feature
increase their attention level and appropriately adjust their speed or
path. Drivers who fail to recognize or are slow to recognize the dis-
parity may make speed or path errors that increase the likelihood of
accidents. Therefore, abrupt speed or path changes are common
manifestations of the unexpectedly high workload demands associ-
ated with geometric inconsistencies. In theory, geometric inconsis-
tencies could be measured by either increases in driver workload
requirements or decreases in operating speeds between successive
features (8).

Operating Speed-Based Consistency Evaluation

Concerns about and procedures for evaluating consistency on rural
two-lane highways have focused on horizontal curves. Curves have
higher average accident rates than tangent sections (9), and average
accident rates on curves increase as the required speed reduction
from an approach tangent to a curve increases (3).

Most of the procedures for evaluating horizontal alignment con-
sistency are based on operating speed reductions. Switzerland was
probably the first country to incorporate into their design procedures
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a speed-profile model for evaluating speed reductions (10). Leisch
and Leisch (/1) were the first in the United States to publish an
operating speed-based procedure for evaluating horizontal and ver-
tical alignment consistency. Lamm et al. ({2), Lamm and Choueiri
(13), and Lamm et al. (/4) played a significant role in renewing U.S.
concerns about consistency considerations.

The speed profile model in the microcomputer program described
in this paper has the same form as the Swiss model (10), uses the
basic equations and assumptions reported by Lamm et al. (/4), and
was calibrated by Ottesen and Krammes (2). The speed profile
model estimates the 85th percentile speed at each point along a hor-
izontal alignment. This profile is used to calculate the decrease in
85th percentile operating speed from an approach tangent to a
curve, which is the measure of consistency associated with a curve.

Calibrating the speed-profile model required three types of
information:

¢ A regression equation for the 85th percentile speed on a hori-
zontal curve as a function of curve geometry;

e The 85th percentile desired speed on long tangents, which is
defined as the speed maintained by the 85th percentile driver on the
portion of long tangents outside the influence of adjoining horizon-
tal curves; and

e Deceleration and acceleration rates entering and departing
curves.

The regression equation for 85th percentile speed on a horizon-
tal curve was developed based on free-flow passenger vehicle speed
data from 138 curves in five states (New York, Oregon, Pennsylva-
nia, Texas, and Washington). The roadways on which data were
collected were low- to moderate-volume rural collectors or minor
arterials in level to rolling terrain (i.e., grades = 5 percent). Other
characteristics of the roadways included: design speed = 100 km/hr
(62.1 mi/hr), lane widths between 3.05 and 3.66 m (10 and 12 ft),
and shoulder widths between 0 and 2.44 m (0 and 8 ft).

Twelve curve geometry, cross-section, and approach-condition
variables were considered as predictors of 85th percentile speed on
curves, and several equation forms were tested. The following
multiple-linear regression model, with an R? value of 0.82, a root
mean square error of 5.1 km/hr (3.1 mi/hr), and a P value of 0.0001;
was recommended (2):

V85 = 102.45 — 1.54D + 0.0037L — 0.10/ )
where

V85 = 85th percentile speed on the curve (km/hr),
D = degree of curvature (degrees),
L = length of curve (m), and
I = deflection angle (degrees).

The desired speed on long tangents was based on speed data from
78 approach tangents that were long enough for drivers to reach and
maintain a maximum desired speed. Attempts to model the desired
speed on long tangents using predictor variables, including tangent
length, parameters of the adjoining curves, cross-section width, ter-
rain type, and geographical region of the United States, were unsuc-
cessful. Therefore, the model uses 97.9 km/hr (60.8 mi/hr), the
mean of the 85th percentile speed on the 78 long tangents, as the
desired speed on long tangents.

The speed profile model assumes that speeds are constant through
horizontal curves and that deceleration and acceleration occur only
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on the tangents approaching and departing the curve. These
assumptions are simplifications of reality; the research literature
reports some results supporting these assumptions and other results

. suggesting that acceleration and deceleration occur within curves.

The error in estimated speed reductions resulting from these sim-
plifications, however, is likely to be small. Acceleration and decel-
eration rates are assumed to be equal. The 0.85-m/sec? (2.8 ft/sec?)
rate reported by Lamm et al. (/4) was used in the model without val-
idation. This rate is similar to the 0.8-m/sec? (2.6 ft/sec?) rate
assumed in the Swiss procedure (10).

The speed profile model uses basic equations of motion in com-
bination with the calibration data (speeds on curves, speeds on long
tangents, and deceleration and acceleration rates) to estimate the
85th percentile speed at each point along a horizontal alignment.
The equations of motion are used to determine what speed could be
attained on the tangent and over how much of the tangent decelera-
tion and acceleration would occur so that the appropriate speed (esti-
mated by Equation 1) would be reached on the horizontal curves and
the desired speed on long tangents would not be exceeded.

Driver Workload-Based Consistency Evaluation

The use of driver workload as a measure of consistency has been
much more limited than operating speed. Messer et al. (7) devel-
oped a model for estimating driver workload based on roadway
geometry and incorporated it into a procedure for evaluating rural
highway design consistency. Preliminary evaluations suggest that
these workload estimates are good indicators of high accident loca-
tions on rural two-lane highways (15,16). The procedure is manual,
however, and has had only very limited application.

One strength of driver workload as a measure of consistency is
that, in theory, it can be applied to any geometric feature, unlike
operating speed reduction, which is limited in application to hori-
zontal, and possibly vertical, alignment. The principal weakness of
driver workload is that it is difficult to measure. The Messer et al.
model (7) is based on subjective appraisals rather than objective
measurements, which makes it difficult to validate and, therefore,
limits its credibility.

The workload profile model used in the microcomputer proce-
dure described herein was developed by Shafer et al. (/7). To
address the criticism about the subjective basis of driver workload
estimates, they used the vision occlusion method, which is an objec-
tive method for measuring driver workload.

In the vision occlusion method, drivers voluntarily occlude their
vision, opening their eyes only when they think it necessary to
extract information for the guidance task. If vehicle speed is con-
stant and lane integrity is not violated, then the amount of time that
drivers are unwilling to have their vision occluded over a fixed
length of roadway represents the mental workload required for the
guidance task. Workload is defined as the proportion of total driving
time that drivers need to look at the roadway. The lower the infor-
mation-processing demands for guiding the vehicle along the road-
way, the longer the drivers will voluntarily keep their vision
occluded. Conversely, the greater the information-processing
demands, the more a driver will need to look at the roadway and
thus the higher the mental workload.

Calibrating the workload profile model requires two types of
information: a regression equation for driver workload on a hori-
zontal curve as a function of curve geometry and driver workload
on tangents.
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The vision occlusion method was used to measure driver work-
load on curves (without superelevation) and tangents on test courses
laid out on former airport runways at the Texas A & M Proving
Ground Research Facility. Selected degrees of curvature (3 degrees,
6 degrees, 9 degrees, and 12 degrees) and deflection angles (20
degrees, 45 degrees, and 90 degrees) were studied. Shafer et al. (17)
describe the test method in detail. For each curve and tangent, the
workload measurements of all subjects were averaged. A total of 55
subjects participated in the tests.

A regression equation was developed for the average workload
on curves. Degree of curvature and deflection angle were tested as
predictor variables. The following simple-linear regression equa-
tion for average workload as a function of degree of curvature was
recommended:

WL = 0.193 + 0.016D @)

where WL is the average workload of curve and D is the degree of
curvature (degrees).

This equation had an R? value of 0.90, a root mean square error of
0.020, and P value of 0.0001. Driver workload on curves increases
approximately linearly with increasing degree of curvature.

The mean of the workload observations on tangent sections of the
test courses, 0.176, was used as the driver workload on tangents in
the workload profile model. This value indicates that subjects
required vision only 17.6 percent of the time on the tangent sections
of the test courses.

The workloads measured are likely to be lower than would be
experienced by drivers on an actual highway. The test courses were
flat, and nothing in the environment beyond the courses required the
subjects’ attention. The workload estimates are considered a rela-
tively pure measure of the workload demands of the guidance task
of path-following on curves and tangents.

The current form of the workload profile model is very prelimi-
nary. The model consists only of the mean workload value on tan-
gents and the workload estimates from Equation 2 for curves.
Workload changes abruptly at the beginning and end of a curve. The
gradual transitions in workload that were observed during data
collection have not been represented in the model.

MICROCOMPUTER PROCEDURE FOR
USING PRELIMINARY MODELS

The Highway Geometric Design Consistency Program facilitates
the use of these preliminary models for consistency evaluations of

rural two-lane highway horizontal alignments. This menu-driven .

microcomputer program provides tabular screens for entering and
editing input data and creates output files of model results that can
be presented in tabular or graphical form. The program is available
in both metric- and English-units versions (6,18). The hardware
requirement is an IBM-compatible, DOS-based microcomputer
with a minimum of 270K RAM.

The data for which the models were calibrated limit the scope
of the consistency evaluations that can be performed using the
program to horizontal alignments consisting of horizontal curves
and tangents on rural two-lane highways with design speeds = 100
km/hr (62.1 mi/hr) in level to rolling terrain. There is no provision
for evaluating transition curves. The speed profile model applies to
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horizontal radii =58 m (190 ft) and vertical grades =<5 percent. The
workload profile model applies to horizontal radii =145 m (476 ft)
and deflection angles =90 degrees.

Input Data

The data requirements to perform consistency evaluations using the
metric units version of the program are modest: stationing of the PC
and PT of each horizontal curve, radius of each curve, and station
equations. These data can be obtained from standard roadway plans.

Figure 1 is the tabular input data screen. By way of example, data
for an 8-km section of rural two-lane highway in Texas have been
entered and are shown on the screen.

The screen includes columns for:

e Curve number (in consecutive order);

e PC station (in metric stationing notation);

e PT station (that should be used in calculating the curve’s
length);

e Station equation (i.e., the PT station that should be used in
calculating the subsequent tangent’s length);

e Radius in meters;

e 85th percentile speed in km/hr (calculated automatically by the
program using the regression equation for 85th percentile speeds on
curves in the speed profile model based on the radius that has been
entered); and

e Drive workload (calculated automatically by the program
based on the regression equation for driver workload on curves in
the driver workload profile model based on the radius that has been
entered).

Output

The procedure provides both tabular and graphical output of the
measures of consistency and profiles of 85th percentile speed and
workload. Figure 2 shows the form of the procedure’s tabular out-
put from the speed and workload profile models. The output corre-
sponds to the input data in Figure 1. For each curve, the tabular out-
put indicates the estimated reduction in 85th percentile speed and
the increase in driver workload from the approach tangent to the
curve. These measures of consistency are computed from the speed
profile and workload profile that are illustrated graphically in
Figures 3 and 4, respectively.

Both Figures 3 and 4 have two parts. The top part is a bar chart
depicting the sharpness of each horizontal curve along the align-
ment. The height of a bar represents the radius of the curve in
meters; the higher the bar, the smaller the radius and, therefore, the
sharper the curve. The width of a bar represents the length of curve
in kilometers. The bottom part of the graphical output is either the
speed profile or the workload profile. On the speed profile in Figure
3, the horizontal elements represent speed on a curve or on the por-
tion of a long tangent on which the 85th percentile desired speed is
attained; the diagonal lines represent deceleration and acceleration
on the tangent approaching and departing a curve. The workload
profile in Figure 4 illustrates the increase in workload on a curve
relative to the base workload value of 0.176 for tangents.

Designers can use the 85th percentile speed profile to check the
appropriateness of their design speed selections and to identify
probable locations of operating speed inconsistencies that may
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FIGURE 2 Tabular output screen.
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FIGURE 3 Graphical speed profile output screen.

require special attention in the design process. Statistical analyses
indicate that the speed reduction estimates from the model are good
indicators of accident potential on horizontal curves, with expected
accident rates increasing approximately linearly as the estimated
speed reduction increases (3). Leisch and Leisch (/1) and Lamm et
al. (14) have suggested that required speed reductions between suc-
cessive alignment elements should not exceed 16 to 20 km/hr (10 to
12 mi/hr). If greater speed reductions are estimated, then accident
experience should be checked to determine what safety improve-
ments, if any, are warranted.

In summary, the microcomputer program provides an easy-to-
use, menu-driven procedure for performing consistency evaluations
of rural two-lane highway horizontal alignments using preliminary
speed and workload profile models. Both tabular output of measures
of consistency for each horizontal curve along an alignment (includ-
ing the reduction in 85th percentile speed and increase in workload

from the approach tangent to each curve) and graphical output
(including speed and workload profiles) are provided.

RECOMMENDED FUTURE DEVELOPMENTS

Although the speed profile model is at a more refined stage than the
driver workload model, both are considered preliminary models that
require further development. Furthermore, the menu-driven micro-
computer procedure is intended for interim use until the consistency
module is implemented in the Interactive Highway Safety Design
Model.

Speed profile models similar to the one described herein have
been used for many years in other countries; therefore, the basic
approach and assumptions are probably reasonable. Furthermore,
the speeds on curves and on long tangents have been calibrated
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FIGURE 4 Graphical workload profile output screen.
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using a moderately large data base of 138 curves and 78 of their
approach tangents in five states representing three regions of the
United States. The data are believed to be representative of rela-
tively isolated horizontal curves (i.e., with relatively long approach
tangents and sight distance) on typical state-maintained rural, two-
lane collectors and minor arterials with design speeds =100 km/hr
(62.1 mi/hr) in level to rolling terrain (i.e., with grades <5 percent).
However, additional validation of the model is recommended to
determine its accuracy for alignment conditions and geographical
regions different from those for which the model was calibrated.
Validation is also recommended on the assumptions about deceler-
ation and acceleration rates: that is, that the rates are equal to 0.85
m/sec? (2.8 ft/sec?), and the deceleration and acceleration occur only
on the tangents approaching and departing the curve. Furthermore,
consideration should be given to enhancing the model to account for
other factors that may influence operating speeds, including verti-
cal alignment, at-grade intersections, and changes in cross-section,
and to estimate speed profiles for heavy vehicles as well as passen-
ger cars. Additional analysis is also required to establish guidelines
on desirable or absolute maximum speed reductions between suc-
cessive geometric features and between vehicle types.

The workload profile model is very preliminary. It was calibrated
based on data for 55 subjects on curves without superelevation on
test courses that simulate actual roadways but lack such roadways’
richness of visual inputs to drivers. It is recommended that the
model be validated using data obtained with the vision occlusion
method on actual roadways. It is also recommended that the model
be refined to reflect more accurately the gradual transitions that
occur in workload (much as they occur in speeds) approaching and
departing curves. Finally, consideration should be given to apply-
ing the vision occlusion method for measuring driver workload to
other geometric features (e.g., at-grade intersections and narrow
bridges) that exhibit higher-than-average accident experience.

The menu-driven microcomputer procedure is an easy-to-use
interim tool that can be used until the Interactive Highway Safety
Design Model is completed. The consistency module in this model
should, as planned, extract the required input data automatically
from the data base of the commercial CAD package integrated with
the model.

Previous research and experience in other countries suggest that
consistency evaluations of rural two-lane highways with design
speeds less than 100 km/hr (62.1 mi/hr) can promote the design of
safer alignments. Implementation of consistency evaluations in
U.S. design practice may have been slowed, in part, by the lack of
easy-to-use procedures. It is hoped that the microcomputer proce-
dure reported herein will encourage experimentation with the pre-
liminary models for consistency evaluation so that the state of the
art in the United States can be improved and, in time, enhanced
models can be incorporated as a consistency module in FHWA’s
Interactive Highway Safety Design Model.
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Investigation of Object-Related Accidents
Affecting Stopping Sight Distances

KAREN B. KAHL AND DANIEL B. FAMBRO

Stopping sight distance (SSD) is an integral part of the highway design
process because it is the minimum sight distance required at all points
along the roadway. The current SSD model uses a critical sight distance
situation in which the driver detects a small object in the roadway, rec-
ognizes it as a hazard, and stops before striking it. Some researchers
have questioned the assumptions and variables used in the SSD model
because they do not appear to represent a realistic, real-world situation
when combined in the existing model. The 150-mm (6-in.) object is one
of these questionable variables because this height was not based on the
probability of encountering such an object in the roadway environment.
The objective of this research was to investigate the characteristics of
objects encountered in the roadway that represent a realistic hazard for
the driver. A detailed examination of accident data was performed to
evaluate the characteristics. Three types of accidents in two states were
studied: other-object, animal, and evasive-action. The study results
showed that only 0.07 percent of the reportable accidents involved
small objects in the roadway. More than 90 percent of these objects
accidents occurred at night on straight, flat roadways (conditions in
which sight distance is not limited by the roadway’s geometry), and
they did not result in serious injuries. These findings suggest that acci-
dents with small objects are neither frequent enough nor severe enough
to justify their use as the critical situation in the SSD model. The authors
recommend that the object height used in the design should represent
the smallest object that poses a hazard to the driver: the minimum legal
taillight height of a vehicle.

Stopping sight distance (SSD) is an integral part of the highway
design process because it is the minimum sight distance required at
all points along the roadway. The current SSD model uses a critical
sight distance situation in which the passenger car driver, traveling
at or near the design speed on a wet pavement, detects a small object
in the roadway, recognizes it as a hazard, performs a locked-wheel
brake, and stops before striking the object. The same parameter
values are used for all types of roadways and conditions. Over time,
several of these model parameters (including the object height)
have changed, resulting in longer vertical curve length require-
ments; however, it has not been proven that longer curve lengths
improve safety or that shorter curve lengths increase the potential
for accidents (7).

The current SSD model is based on detection and recognition of
a 150-mm (6-in.) object; however, several researchers have ques-
tioned this value and the assumptions in the SSD model because
they do not appear to represent a realistic, real-world situation (2).
The selection of the object height was not based on the frequency
or severity of encountering such objects, and the selection appears
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to have been unrelated to the operational requirements for safe stop-
ping sight distances (3). The initial rationale for the object height
was a tradeoff between the cost of excavation and the ability of the
driver to see the roadway, however in recent years it has been
related to the height of the vehicle’s undercarriage. Regardless of
the rationale, objects of this size do not represent a hazardous situ-
ation for motorists if they do not cause accidents. Woods (4) found
that a driver is 125 times more likely to be in an accident involving
another vehicle than in an accident involving a small unknown
“object.”

In addition to the probability of striking a 150-mm (6-in.) object,
research has not considered whether the chosen object height is
actually visible to the average, or 85th percentile, driver. At night,
the driver’s visibility is limited to the headlight illumination dis-
tance, which is generally less than the required SSD. If the driver
cannot recognize the object as a hazard or even see it at the required
SSD, then the design criteria are not compatible with a driver’s
visual abilities.

The objective of this study was to investigate the characteristics
of objects encountered in the roadway environment that could affect
safe SSD. A secondary objective of the study was to determine
whether any of these characteristics were different for different
types of roadways.

HISTORY OF THE OBJECT HEIGHT

The need for sight distance on roadways was recognized in text-
books on highway engineering as early as 1914 (5). In 1921, Harger
(6) was one of the first to attach lengths and heights to sight distance
requirements by creating a line of sight between two points 1.7 m
(5.5 ft) above the ground. In 1936, Gutmann (7) introduced the Ger-
man standard for sight distance, which used two objects to deter-
mine the sight distance over a crest vertical curve: a standard
passenger car 1.5 m (4.9 ft) high and an object 200 mm (8 in.) above
the roadway surface.

Since the development of the first SSD models, object height has
been a controversial topic. Throughout the 1930s, many highway
agencies in the United States considered an approaching vehicle to
be the critical encounter for evaluating sight distance; in 1940, the
AASHO’s SSD publication provided a standard by defining the crit-
ical object as a 100-mm (4-in.) object (8), the so-called “dead cat”
rule (9). The 1954 AASHO policy (10) further supported the choice
of the 100-mm (4-in.) object height by concluding that it offered a
compromise between the cost of excavation and the ability of the
driver to see the road ahead. “A 4-in. control was considered the
approximate point of diminishing returns.”

In the 1965 AASHO policy (/1), the object height was increased
from 100 to 150 mm (4 to 6 in.); however, the rationale used to
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justify the 150-mm 6-in.) object was the same rationale used for the
100-mm (4-in.) object in 1954. It represented the approximate point
of diminishing returns between excavation and visibility. The liter-
ature at that time did not contain data to support the increase, but it
has been suggested that the object height was increased to offset a
decrease in driver’s eye height and thus keep the required lengths
of crest vertical curves relatively constant.

In 1984, the rationale for using the 150-mm (6-in.) object
changed. The 1984 and the 1990 Green Books (12,13) emphasize
that a 150-mm (6-in.) object represents the lowest object that can
create a hazardous situation. They state that an object height of 150
mm (6 in.) is “largely an arbitrary rationalization of possible haz-
ardous objects and a driver’s ability to perceive and react to a haz-
ardous situation.” In summary, neither the original object height of
100 mm (4 in.) nor the current object height of 150 mm (6 in.) has
supporting research to show that either represents an object or situ-
ation that is hazardous to a driver.

DATA COLLECTION

Accident records and narratives provide the best information for
researchers studying what types of objects are encountered on the
roadway as well as what circumstances are associated with object-
related accidents. This study reviewed the records and narratives of
object-related accidents from two large states to determine what
types of objects are being struck on the roadways and the charac-
teristics of the resultant accidents. Three types of single-vehicle
accidents were examined in this study: other-object, animal, and
evasive-action. These accident types were selected because they
had the closest representation to the SSD situation: an unsuspecting
driver encountering an unexpected object in the roadway. After
these three accident data subsets were compiled, the characteristics
of the object-related accidents were compared with characteristics
of all accidents to investigate whether there were differences asso-
ciated with object-related accidents.

The object-related accident characteristics were obtained from
computerized data bases compiled from state accident reports;
therefore, the type and amount of accessible data were limited to the
information found in the state accident reports. The accident vari-
ables extracted from the data base included the object type, the acci-
dent severity, and the roadway type. The narrative accident reports
were reviewed to determine the actual objects or animals struck and
their approximate heights.

The accident data were separated according to the type of road-
way to investigate whether the types of object struck differed by
roadway classification. The roadway classification categories were
limited by the variables available in the data bases; therefore, the
variables were used to create a set of roadway classifications that
could be applied to the data in both states. The classification cate-
gories were organized according to features that affected the geo-
metric design of the road, such as the type of area (rural or urban),
access control, number of lanes, median treatment, and shoulder
treatment. Five road classifications were developed in a hierarchi-
cal order: freeways, multilane divided, multilane undivided, two-
lane with shoulder, and two-lane without shoulder. These classifi-
cations were further divided into rural and urban areas, with four
annual average daily traffic groups within each category.

Characteristics of unreported object-related accidents could not
be investigated and therefore were a concern to the authors. For
example, Griffin (14) reported that because fewer noninjury acci-
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dents are being reported, a larger percentage of the total number of
accidents reported is composed of injury accidents. Griffin stated
that accident data bases created through local, state, or federal gov-
ernments tend to only include accidents that resulted in physical
injury or property damage. This limitation could also apply to
object-related accidents. For instance, if the object in the roadway
did not cause physical injury or property damage, then it may not
have been reported; however, these unreported accidents did not
create a critical situation for the driver. Discounting these accidents
would skew the data toward accidents with higher objects and more
severe injuries. Thus, although unreported object-related accidents
may be missing from the data base, the results will overestimate the
percentage of critical situations caused by objects in the road.

State 1 Data Base

The first accident data set was obtained directly from the accident
data base in State 1. The data base only included roadway informa-
tion for the state-maintained highway system (on-system acci-
dents); therefore, only those accidents occurring on state roads
could be evaluated. There were 381,446 reported accidents in the
state in 1991, but only 187,024 (49 percent) of the accidents were
on the state-maintained system and could be included in the data
base for this study.

The accidents used in the study were limited to single-vehicle
accidents that occurred on the roadway. (If several vehicles were
involved, then the accident description focused on the collision and
not necessarily on the object that caused it.) The accident also had to
occur on the roadway to directly pertain to the SSD critical situation.
Single-vehicle, on-roadway accidents represented 9 percent (34,414)
of all accidents in 1990. Within the single-vehicle, on-roadway acci-
dent subset, there were 523 object-related accidents and 2,619 ani-
mal-related accidents. Evasive-action accidents were also investi-
gated; however, the accidents reviewed were not limited to
single-vehicle accidents because the analysis focused on the cause of
the evasive maneuver. There were 377 evasive-action accidents in
which drivers swerved or slowed to avoid objects and 1,042 evasive-
action accidents in which they swerved or slowed to avoid animals.

State 2 Data Base

The second set of accident data was taken from a highway safety data
base developed by the FHW A Highway Safety Information System
(HSIS). HSIS is a location-based accident system that combines
accident, roadway, and traffic data in a computer-linkable format
(15). The five states involved in HSIS have provided different infor-
mation about their respective accidents; therefore, each data base had
to be reviewed to determine which had variables that most closely
matched those in the State 1 data base. As with State 1, the selected
state data base contained only those accidents that could be linked to
a specific location reference; these were usually accidents on higher
order roadways that belonged to the state-maintained system.
Approximately 400,000 accidents were reported in State 2 in
1990; however, only 153,796 accidents were entered in the data
base because of the location reference requirement. Twenty-one
percent (32,233 accidents) of the accidents in the data base were sin-
gle-vehicle accidents. Within the single-vehicle accident subset,
619 were object-related accidents and 6,237 were animal-related
accidents. In summarizing the evasive-action accidents in State 2,
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there were 164 accidents in which drivers swerved or slowed to
avoid objects and 731 accidents where in which drivers slowed or
swerved to avoid animals.

DATA ANALYSIS

The three subsets of accidents that involved objects on the roadway
were other-object, animal, and evasive-action. All other-object acci-
dent reports and a random sample of animal accident reports (14 per-
cent) and evasive-action accident reports (38 percent) were reviewed
to determine what objects were struck. The objects that caused these
accidents were recorded, and their heights were established. Six
height categories were created to help organize the data. If the object
height was unknown, then the location of the damage and the vehi-
cle damage severity were used to estimate an object height.

Other-Object Accidents

Other-object accidents occur when the driver strikes something that
would not normally be encountered in the roadway environment
and the encounter results in an accident. As mentioned previously,
only those accidents that occurred on the roadway were examined
because they represented situations that could result from limited
SSD. Other-object accidents had the closest representation to the
critical situation in the SSD model: a driver encountering an unex-
pected object on the roadway.

All of the single-vehicle, other-object accident reports were
reviewed to determine what objects caused the accidents and if the
objects or their characteristics differed according to roadway clas-
sification. In State 1 there were 238 other-object accidents on rural
roads (45 percent) and 285 other-object accidents on urban roads
(55 percent). The largest percentage of other-object accidents in
State 1 occurred on freeways: 37 percent occurred in rural areas and
79 percent in urban areas. In State 2, 186 of the other-object acci-
dents occurred on rural roads (30 percent) and 433 on urban roads
(70 percent). As with State 1, the largest percentage of other-object
accidents occurred on freeways: 48 percent in rural areas and 46
percent in urban areas.

Some of the more common objects struck on all types of roads
included tires, hay bales, car parts, poles (lights or signs that had
fallen across the road), trees or branches, construction barrels, rail-
road ties, and metal debris. On rural two-lane roads without shoul-
ders, 53 percent of the accidents involved striking trees that had
fallen across the road. Some of the more common objects struck on
urban freeways appeared to be items that had fallen from moving
vans or trucks, as well as poles that had fallen across the roadway.

Animal Accidents

An animal accident occurs when an animal is struck on the road-
way. The accident data bases had limited reporting capabilities,
which prompted questions about the nature of the animal accidents;
the animal could have darted in front of the vehicle just before
impact or it could have been standing in the roadway and the driver
was unable to stop before striking it. In the first case, SSD was not
a problem; however, in the latter case, it might have been a con-
tributing factor to the accident. Because the purpose of this study
was to determine the probability of encountering an object or ani-
mal in the roadway, all types of animal accidents were considered.
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In State 1, 2,619 single-vehicle, animal accidents were reported
in 1990. A random sample of 270 (10 percent) of these accident
reports were reviewed. Ninety percent of the animal accidents
occurred on rural roads and 10 percent occurred on urban roads. In
State 2 there were more than 6,616 single-vehicle, animal accidents;
96 percent of them involved deer, and 4 percent involved other ani-
mals. Seventy-three percent of the animal accidents occurred on
rural roads, 21 percent on urban roads, and 6 percent were not clas-
sified. One noticeable difference between the two states was the sig-
nificantly higher number of deer accidents in State 2 than in State 1.

The animals were identified from the accident reports and
separated according to size. Large animals were taller than 600 mm
(24 in.) and included cows, horses, deer, or goats. Ninety-four
percent of the animals struck in State 1 and more than 96 percent of
the animals struck in State 2 were large animals. A medium-sized
animal had an average height of between 450 and 600 mm (18 and
24 in.). They included dogs, pigs, and sheep and represented
5 percent of the animal-related accidents in State 1. Small animals
had average heights of between 50 and 150 mm (2 to 6 in.) and
included rabbits, raccoons, squirrels, skunks, armadillos, or other
small animals. Small animals represented 1 percent of the animal
accidents in State 1. The height of the animals from the random
sample of 270 accidents was considered representative of all animal
accidents. In State 2, however, the animal heights were heavily
weighted toward large animals because of the large number of
accidents with deer.

Evasive-Action Accidents

Evasive-action accidents occur when a driver attempts to avoid a
hazard on the roadway. The drivers are usually successful in their
attempt to avoid the hazard but subsequently strike another roadway
element. In a study by Ketvirtis (16), subjects were given the choice
to stop completely, go around, or pass over an object in the road-
way; most chose to pass over almost all objects up to 100 mm (4 in.)
in height. When the object was 150 mm (6 in.) high, approximately
half chose to pass over and half chose to go around the hazard. Most
subjects elected to perform an evasive maneuver and go around an
object higher than 200 mm (8 in.).

The accidents that occurred because the driver attempted to avoid
an object in the roadway were reviewed because they could be
related to SSD. These accidents are relevant because they describe
drivers’ actions when faced with a situation similar to the one
described by the SSD model: a driver encountering an unexpected
object in the roadway. In State 1, pertinent evasive-action accident
categories included: swerved to avoid object, swerved to avoid ani-
mal, slowed to avoid object, and slowed to avoid animal. These
accidents represented 0.8 percent (1,419 accidents) of the total num-
ber of on-system accidents in State 1. Objects were avoided more
often on urban roads and animals were avoided more often on rural
roads. In State 2, evasive-action accidents were labeled “avoided
foreign object” and “avoided animal.” These accidents represented
approximately 0.06 percent (895 accidents) of all accidents in the
data base.

Accident Severity

The severity of the object accidents was determined using severity
ratings based on human injury. These severity ratings did not nec-
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essarily have a direct correlation to the cause of the accident
because the severity could have been influenced by other factors,
including the use of seat belts or the size and type of the vehicle. In
addition, the accident severity depended on the size of the object
struck and the impact location on the vehicle. If the vehicle struck
a piece of tire, lost control, and rolled over, then it probably sus-
tained more damage than if it had simply struck the tire and pulled
onto the shoulder. The five levels of severity included: no injury,
possible injury, nonincapacitating injury, incapacitating injury, and
fatality. Low-severity accidents included those in which there was
no injury, possible injury, and nonincapacitating injury. Severe-
injury accidents included those that resulted in fatalities and inca-
pacitating injuries.

When considering the percentage of accidents resulting in severe
injuries for the different types of accidents in State 1, other-object
and animal accidents had two of the three lowest percentages of
severe injury accidents. In State 2, other-object and animal acci-
dents also had some of the lowest percentages of severe injury acci-
dents. Animal-related accidents had the lowest percentage of injury
accidents on rural roads.

To further investigate differences in accident severity, the occu-
pant severity for object-related accidents in State 1 was compared
with the occupant severity for all accidents. Table 1 shows that
object and animal accidents on rural roads resulted in more low-
severity accidents than all other types of accidents in 1990. On
urban roads, the percentage of moderate-severity accidents was
similar for all types of accidents. These results suggest that acci-
dents with objects or animals on rural roads do not represent the
most severe or the most hazardous situations for drivers.

Accident Characteristics
The accident characteristics may have contributed to the cause of

the accident; therefore, they offer a comparison of the object-related
accidents in this study with all types of accidents. The object-related
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accidents were an average of the other-object, animal, and evasive-
action accidents reviewed from State 1. The characteristics that
were reviewed included light, surface, and road conditions;
weather; and alignment. Table 1 presents the percentage of acci-
dents that occurred under the given conditions for all accidents and
for object-related accidents. The percentages in the tables were an’
average of all 1990 accidents in State 1. The following situations
were chosen for comparison from each accident condition: dry sur-
faces; clear weather; straight, level alignment; no roadway defects;
and dark lighted and unlighted roadways.

A large percentage of object-related accidents occurred in clear
weather on dry pavements; therefore, the roadway surface condition
was the same for object-related accidents as it was for all accidents.
The roadway alignment was also not a significant factor for most
object-related accidents; thus, there was not a large difference
between all accidents and object-related accidents. In addition, there
were slightly fewer roadway defects in object-related accidents than
in all accidents.

The light condition was an important contributory factor for the
object-related accidents reviewed in this study. On rural and urban
roads, approximately 30 to 40 percent more object-related accidents
occurred under dark, unlighted conditions. Under dark, lighted con-
ditions on urban roads, there also were more object-related acci-
dents than other types of accidents. Although light conditions may
have been important for all types of accidents, it was a more criti-
cal feature for accidents involving objects in the road.

RESULTS

The critical situation assumed by AASHTO is that the driver
encounters a small unexpected object, recognizes it as a hazard, and
then stops within the available SSD. The results of this study dis-
cuss the frequency at which these small obstacles result in a
reported accident. This section also analyzes the accident conditions
as they relate to the SSD critical encounter.

TABLE 1 Comparison of Critical Accident Characteristics in State 1 (by

Percentage)
Rural Urban
Accident
Characteristics All Object All Object
Accidents Accidents® Accidents Accidents®
Occupant Severity :
Low Severity 89.2 94.6 95.6 96.2
Light Condition
Dark Unlit 272 70.0 7.4 337
Dark Lit 7.7 4.7 20.2 25.1
Surface Condition
Dry 81.1 85.3 80.5 88.2
Weather
Clear/Cloudy 86.4 87.7 86.0 90.4
Alignment
Straight, Level 85.4 89.3 96.6 . 97.5
Road Condition
No Defects 89.2 95.5 80.5 92.7

evasive-action accidents.

Object-related accidents are an average of other-object, animal, and
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TABLE 2 Number of Rural Accidents in State 1 According to Height

Object Heights, mm”®

Roadway
Classification 0-50  50-150 150-300 300-450 450-600 > 600
Freeway 4 26 27 19 65 204
Multilane Divided 1 4 3 6 54 185
Multilane Undivided 0 4 4 5 42 176
Two-Lane High 0 8 16 9 129 754
Two-Lane Low 1 9 4 7 304 1091
Summary 6 51 54 46 594 2410
02% 1.6% 1.7% 1.5% 188%  76.2%

“ There were 82,705 rural accidents in the State 1 data base in 1990. This
table summarizes other-object, animal, and evasive-action accidents.

1 inch = 25.4 mm.

Critical Object Heights

The object accident study has considered three types of accidents in
which the driver could encounter a situation similar to that assumed
by the SSD model: object, animal, and evasive-action. A break-
down of the results of the object heights in State 1 is presented in
Tables 2 and 3. When considering all reported accidents in State 1,
only 2 percent involved objects or animals; of those 2 percent, less
than 4 percent involved an object smaller than 150 mm (6 ins.).
More than 96 percent involved objects taller than 150 mm (6 ins.).
Therefore, approximately 0.07 percent of the accidents in the State
1 data base involved objects less than 150 mm (6 ins.) high. Simi-
lar tables are not presented for State 2 because the accident reports
for evasive-action accidents were not available. Thus, the distribu-
tion of actual object heights could not be determined.

The study also showed that many of the object-related accidents
occurred at night when better roadway geometry would not have
improved the drivers’ sight distance because their visibility was
limited by the headlight illumination distance and not the roadway
geometry. Therefore, the only accidents that might be eliminated by
increasing SSD would be those that took place during the day. In

State 1, the percentage of total accidents involving small objects
during the day was only 0.026 percent. Furthermore, it was assumed
that a severe injury accident would represent the most critical occur-
rence to be avoided. The data showed that accidents involving small
objects resulted in severe injuries only 0.004 percent of the time.

Considering these percentages, an accident with a small object
that occurs in the daylight and results in a severe injury represents
less than 0.001 percent of all accidents. In addition, the accident
must also occur on or near a curve to apply to the SSD critical situ-
ation. Thus, the encounter becomes even less probable because only
0.7 percent of the small-object accidents occurred on vertical or
horizontal alignment.

The results of this study were extrapolated to the 11.5 million
accidents that occurred in the United States in 1990 (/7) to deter-
mine the number of accidents that might be eliminated by increas-
ing the curve length (i.e., decreasing the object height). Using the
preceding percentages there would be approximately 3,000 acci-
dents in the United States in 1 year in which an object 150 mm
(6ins.) or smaller would have been struck during daylight (11.5 mil-
lion X 0.00026 = 3,000). Only 460 small object accidents would
result in severe occupant injuries (11.5 million X 0.00004 = 460).

TABLE 3 Number of Urban Accidents in State 1 According to Height

Object Heights, mm®

Roadway
Classification 0-50 50-150  150-300 300-450 450-600 > 600
Freeway 10 59 90 27 107 118
Multilane Divided 0 3 5 1 45 63
Multilane Undivided 1 4 2 2 32 62
Two-Lane High 0 3 1 3 24 50
Two-Lane Low 0 1 1 1 24 35
Summary 11 70 99 34 232 328
1.4% 9.0% 128% 4.4% 30.0% 42.4%
? There were 298,741 urban accidents in the State 1 data base in 1990. This

table summarizes other-object, animal, and evasive-action accidents.

1 inch = 25.4 mm.
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Thus, the probability of an accident resulting from an encounter
with a small object during the day on vertical alignment that caused
a severe injury would be quite small.

Roadway Functional Classification

When the accidents were grouped into different roadway classifica-
tion categories, no significant differences were observed among the
types of objects struck in each category. However, some roadway
classifications did not have enough data to make general conclu-
sions about all roadways of ‘that type; a future study using larger
samples might yield different results.

The roadway classifications did show a difference among the
heights of objects struck on rural and urban roads. On urban roads,
10.4 percent of the objects struck were below 150 mm (6 ins.) in
height, but on rural roads only 1.8 percent were below 150 mm
(61ins.) in height. The visibility conditions would not explain this dif-
ference because urban roadways tend to be better lighted than rural
roadways; however, drivers in urban areas may not be able to swerve
to avoid an object in their lane because of high traffic volumes or the
conditions of the roadway environment outside their lane. Drivers in
rural areas with less traffic may have more opportunity to avoid an
object. Given that urban and rural areas represent unique environ-
ments, perhaps SSD should be related to the area type.

CONCLUSIONS

The objective of this study was to analyze a representative sample
of accidents to evaluate the characteristics of objects encountered on
the roadway that would affect SSD. Currently, the SSD model uses
a 150-mm (6-in.) object as the critical object height. The critical sit-
uation is the moment at which the driver detects an object on the
roadway as a hazard just in time to stop before striking it. The con-
clusions, as stated below, do not support the current object height of
150 mm (6-in.) nor the critical situation used in the SSD model.

1. Two percent of all reported accidents involved objects or ani-
mals on the roadway, and only 0.07 percent of all reported accidents
involved objects or animals less than 150 mm (6 in.) high. There-
fore, small objects and animals were not struck often enough to
justify their use as the critical encounter in the SSD model.

2. More than 90 percent of the object-related accidents occurred
on straight, level roads where the driver’s visibility was not limited
by the geometry of the roadway. Therefore, available SSD was not
a major contributory factor in the object-related accidents.

3. Most of the object-related accidents occurred at night when
longer SSD and curve lengths would not necessarily increase the
driver’s visibility in these situations.

4. More than 95 percent of the accidents studied resulted in low-
severity injuries; therefore, a small object is not the most critical,
hazardous encounter in the SSD situation.

5. The study results did not substantiate the use of roadway clas-
sifications for identifying different critical object heights for differ-
ent roadway classes; however, the study did suggest a difference in
objects struck between roads in rural and urban areas.

The results of this study do not support the continued use of the
existing 150-mm (6-in.) object height; therefore, the following
recommendations are made.
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1. The object height should represent the smallest realistic haz-
ard encountered in the roadway; therefore, it appears that the height
should be greater than 150 mm.

2. The taillight height of a vehicle is an object height that is fre-
quently encountered and can be seen during both daytime and
nighttime. Future research on the object height should focus on a
380-mm (15-in.) vehicle taillight because it represents a realistic
hazard to the driver.

3. Research also should consider the drivers’ visual abilities and
limitations because the object height should represent an object that
the driver can see.
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