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Foreword

The seven papers in this Record are sponsored by the Committees on Geometric Design, on
Operational Effects of Geometrics, and on Photogrammetry and Aerial Surveys. They are
related by their coverage of geometric design or the operational and safety effects of design
issues.

The Record begins with a paper by Fwa, who describes an optimization program that he
developed to produce vertical highway profiles from preselected horizontal alignments. The
program can model most of the critical cost items for highway construction and the effects
of different geometric design alternatives on project costs.

In the next paper, Chang discusses the feasibility of using an expert system with LISP
programming and AutoCAD® for the typical intersection design process. An expert system
interfaced with the normal drawing functions of a CADD package can assist engineers in the
decision making and design processes, taking into consideration the operational effectiveness
and trade-offs among a number of design factors.

Two papers examine the safety effects of left-turn lanes or medians. McCoy and Malone
evaluate accident experience at signalized and unsignalized intersections on urban four-lane
roadways to assess the safety effects of left-turn lanes. Their analysis indicates that the left-
turn lanes reduced rear-end, sideswipe, and left-turn accidents significantly at both signalized
or unsignalized intersections. At uncontrolled intersections, however, right-angle accidents
were significantly increased. Squires and Parsonson provide an accident rate comparison of
raised medians and continuous two-way left-turn lanes used as medians on four- and six-lane
roads and develop regression equations to model the expected accident experience for each.

Rymer and Urbanik describe the use of the TRANSYT-7F model to develop a method-
ology, based on an evaluation of the reduced delay benefits to the cost of a grade separation,
that can assist traffic engineers and planners in choosing proposed grade separation improve-
ments.

Batz evaluates the effectiveness of a new painted gore design for the beginning of passing
zones. His results indicate that the gore design actually decreased passing efficiency in the
short length passing zone (less than 0.5 miles) but also produced a slight increase in efficiency
for the longer zone (greater than 0.5 miles).

In the final paper, Berg et al. describe the development of computer software that can
transform digitized photolog data into a highway alignment data base. This data base can
then be used for inventory studies, deficiency analysis, and preliminary design studies. The
program can also be used to determine maximum speeds and provide estimates of stopping
or passing sight distance restrictions due to horizontal or vertical alignment.
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Highway Vertical Alignment Analysis
by Dynamic Programming

T. F. Fwa

In this paper, an optimization program developed to produce an
optimum vertical highway profile for a preselected horizontal
alignment is described. The aim of the program was to provide
local highway engineers and planners in Singapore with a practical
aid for highway geometric design and location analysis. A dynamic
programming formulation was adopted to minimize the overall
cost, which includes earthwork, land acquisition, materials, and
vehicle operating costs. The program’s versatility allows it to model
most of the cost items important in highway construction and can
also be used to provide quick information on the effects of different
geometric design parameters on project costs and to determine the
relative importance of different cost categories. A real-life numer-
ical example is presented to illustrate program application.

In the process of constructing new highways and relocating
existing highways, a highway location study is usually per-
formed to position the proposed highway within a corridor
according to engineering, social, economic, and environmen-
tal considerations. Such an analysis typically involves a num-
ber of conflicting construction and operational requirements.
A highway designer is required to achieve an economical
design that is adequate operationally.

Vertical alignment design, a subproblem of the broad three-
dimensional highway location problem, is of great practical
significance because its solution has direct bearing on highway
construction and vehicle operating costs. Vertical alignment
design has attracted much research interest in the last two
decades, particularly in the area of highway vertical alignment
optimization. Comparisons with conventional manual designs
have shown that an average savings of 15 percent of construc-
tion costs could be achieved by using computer-derived opti-
mum alignments (Z,2).

The optimization techniques that have been used for ver-
tical road alignment studies include linear programming (2),
quadratic programming (3), dynamic programming (4), and
relaxation methods (5). Methods of search—direct search,
random search, and gradient search (6,7)—have also been
used.

In this paper, an optimization program that was developed
to produce a preliminary vertical highway profile for a pre-
selected horizontal alignment is described. The aim was to
provide local highway engineers and planners in Singapore
with a practical aid for highway geometric design and location
analysis. A dynamic programming formulation was adopted
to minimize the overall cost, which included earthwork, land
acquisition, materials, and vehicle operating costs. Con-
straints were carefully selected and modeled to suit local con-
ditions and design and construction practices. Parametric and

Department of Civil Engineering, National University of Singapore,
Kent Ridge, Singapore 0511.

sensitivity studies were conducted, based on a real-life exam-
ple, to illustrate the salient features of the program.

MODELING OF ALIGNMENT PROBLEM

Three basic elements can be identified in modeling the prob-
lem of vertical alignment optimization of a highway: (a) rep-
resentation of input ground profile and output road align-
ment, (b) formulation of objective function, and (c) definition
of construction constraints and operational requirements.
Detailed descriptions of these aspects of the optimization pro-
gram are included below.

Ground Profile and Road Alignment

The natural ground profile is established along the central
axis of the proposed highway, the horizontal alignment of
which has been predetermined and fixed. This profile is input
as a series of straight-line segments, each spanning an equal
horizontal distance measured along the central axis of the
highway. These equal horizontal intervals, which are deter-
mined by the grid size selected for a particular problem, also
determine the line segment intervals over which the output
road alignment will be represented. Smoothing of the piecewise-
linear alignment by a design engineer is required to give a
practical curved profile.

The dynamic programming optimization process uses a set
of vertical data grid lines spaced at the horizontal grid intervals
mentioned above, as shown in Figure 1. Both the piecewise-
linear input ground profile and output road alignment pass
through one grid point each on each vertical grid line. The
optimization algorithm determines one point on each grid line
to represent the output alignment that satisfies specified con-
straints and yields the lowest overall cost.

Objective Function

The objective function is the overall cost that represents the
sum of the following four cost components: (a) earthwork
cost, (b) pavement cost, (c) land acquisition cost, and (d)
vehicle operating cost.

Earthwork Cost

Earthwork cost may be divided into two major components:
(a) cost of cutting when the computed road alignment level
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FIGURE 1 Data grid for vertical alignment optimization.

is lower than the existing ground level and (b) cost of filling
or embankment construction when the required road align-
ment lies above ground level. These two cost components can
be further subdivided into excavation or backfilling cost,
transport cost, and roadbed preparation cost according to the
size of project.

Excavation and backfilling costs arc basically functions of
the volume of earth involved, although the unit rate of exca-
vation may vary with the depth of cut and the type of soil.
Transport costs can be computed once the hauling distance
is known. Locations of dumping sites and borrow pits are
required as input to the optimization program. Roadbed prep-
aration costs vary with the type of soil upon which the pro-
posed road is to be constructed.

For the purpose of cut- or fill-earth volume calculation, the
cross sections of finished roadbed were simplified (see Figure
2). The cross-sectional area of cut or fill at any grid point is
completely defined by three variables: (a) roadbed width, w;
(b) cut or embankment slope represented, 6; and (c) the
difference between computed road alignment level and ground
level, h. End area method was used to compute the volume
of cut or fill required between any two grid lines.

Pavement Cost

Pavement cost, computed from pavement thickness and unit
costs of pavement materials used, is basically a function of
the quality of roadbed soil. In most highway projects, soil
type and strength are found to vary along the length of the
route. Pavement thickness requirement is also likely to vary
between fill and cut sections, as well as among different depths
of cut at a given point.

Because the type and strength of soil is a function of grid
line location, as well as the relative vertical position of roadbed
with respect to ground surface, it is necessary to compute unit
pavement cost for each grid point. The pavement cost for
each road segment between two vertical grid lines was com-
puted by multiplying the length of the road segment by the
arithmetic mean of the unit pavement costs at the two grid
points which defined the road segment.

Land Acquisition Cost

Land acquisition cost was defined as the product of unit area
land cost multiplied by the area of land requirement for high-
way right-of-way. The unit cost of land may vary along the
length of the proposed route. Depending upon the type of
construction (cut or fill) and the nature of land development
on the two sides of road, right-of-way width may also vary
along the length of the route.
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FIGURE 2 Simplified cross section for earth
volume computation.

When the unit land cost and width of right-of-way require-
ment are known, the land acquisition cost at each grid point
can be computed. Figure 2 shows that the right-of-way width
at a grid point depends on the construction width, b, at the
ground level. The magnitude of width b is, in turn, related
to the difference between road alignment and ground level.
To obtain the land acquisition cost for any line segment, the
arithmetic mean of land acquisition costs at the two corre-
sponding grid points was computed, and the mean value was
multiplied by the road segment length to calculate the desired
land acquisition cost.

Vehicle Operating Cost

Two elements that influence the cost incurred by road users
were considered—length and gradients. These factors can be
conveniently combined into a single input variable expressed
in terms of total user cost/percent gradient/kilometer (or mile)
of road length. This cost was computed based on a period
equal to the design service life in the highway. The total
highway traffic volume expected over this period must be
estimated for computing the unit user cost.

Constraints

The following constraints were included in the optimization
program: (a) a maximum gradient, (b) curvature require-
ments, and (¢) control points with fixed levels. The numerical
controi values for each consiraini were based on the design
standards and requirements provided by the Singapore Public
Works Department ().

Gradient control is a traffic operational requirement to ensure
smooth vehicle movement. The maximum allowable gradient
is a function of design highway speed, as well as the types of
vehicles included in the design traffic stream. The constraint
on gradient can be dealt with in the following manner:

Y, - Y._|=Gd i=1,2--+N M

where

Y, = road alignment level at grid line i;

G = maximum allowable gradient;

d = horizontal distance between two successive grid lines;
and

N = total number of grid intervals.

I

I

Curvature requirements were achieved by controlling the
magnitude of algebraic change in gradient between two con-
secutive line segments. Adopting the recommended practice
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of Singapore Public Works Department (8), the absolute value
of gradient change, g, which was derived from considerations
of highway safety, aesthetics, and comfort of ride, were spec-
ified separately for crest and sag vertical curves as follows:

For crest vertical curves:

g = 425/(25 — L)
g =< 425L/S*

when L = § 2
when L > § (3)

For sag vertical curves:

g = (122 + 3.58)/2S — L)
g = (122 + 3.5S)L/S?

when L = § 4)
when L > § %)

where

g = absolute algebraic difference in gradient (%);
L = length of vertical curve (m); and
§ = sight distance (m).

I

The sight distance, S, is a function of design speed, vehicle
type and roadway gradient. The allowable gradient change,
g, would therefore also vary with the geometric parameters
selected by the designer.

The third constraint, control points with fixed levels, is
commonly encountered in actual highway design problems.
The levels of the start and end points of a new highway are
typically fixed. Intermediate fixed-level control points are
needed where a new highway intersects existing roads.

DYNAMIC PROGRAMMING FORMULATION

The dynamic programming formulation for the vertical align-
ment problem is summarized in this section. The objective
was to minimize the total sum of selected costs incurred in
the construction of a new highway. The objective function
was

Min 3 [C(U) + CAU) + CU) + CU)] (6)

Subject to the following constraints:

Slope

U)J=Gd k=0,1,---,N-1 @)
Curvature

|Uksr — Ul =2d(g/100) k=0,1,---,N-1 (8)
System equations

U=Y..,-Y k=01---N-1 9)

For boundary conditions, Y, and Y are prescribed.

All the variables and symbols in the constraint equations
7, 8, and 9 have been explained in the preceding section and
are graphically represented in Figure 3. C,(U,), C,(U,), C5(U,),
and C,(U,) represent earthwork, pavement, land acquisition,

and vehicle operating costs, respectively, for the line segment
k bounded by grid lines k and k + 1. Each of the four cost
components is a function of the positions of ground level f(x)
and road alignment y(x), where x is the horizontal distance
measured from the start point along the roadway central axis.
The four cost components can be computed once the relative
position of road alignment with respect to ground surface is
known, as represented by &, = y(x,) — f(x,) in Figure 3.

APPLICATION

The work reported in this paper was a response to a need to
provide local highway engineers and planners in Singapore
with a practical aid for highway location analysis and prelim-
inary geometric design. The program can be used to provide
quick solutions concerning the impacts of different geometric
design parameters on project costs and to determine the rel-
ative importance of different cost categories. A real-life
numerical example is presented here to illustrate program
application.

Numerical Example

The optimization program was used to conduct a preliminary
construction cost analysis for a proposed four-lane highway
connecting an industrial town to a residential area with a
population of 500,000. The horizontal alignment of the pro-
posed highway had been fixed. The highway would shorten
the one-way traveling distance between the two locations from
11.5 km to 5.9 km. Figure 4 shows the ground surface profile
along the central axis of the proposed route. The total hori-
zontal length was 5875 m (19,275 ft).

The cost data used in the optimization analysis are sum-
marized in Table 1. The proposed road was located within
government land reserved for highway construction. Because
sufficient right-of-way width had been reserved, land acqui-
sition constraints of cost and width became irrelevant and
were not considered in this example. The following discussion
presents the results of vertical alignment analysis in the fol-

Ground Profile f{x)

%

—_
=
A
b o i i
—=
=

...
&

—
- L
e ———

|

P
[ e ——

0
s
¥
.4

(a) Representation of Ground Profile

y(x) Road Alignment

df(x) Ground Profile

(b) Definition of Symbols
FIGURE 3 Dynamic programming model.
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FIGURE 4 Ground profile input for example problem.

TABLE 1 COST DATA AND CONSTRAINT
CONDITIONS FOR EXAMPLE PROBLEM

Parameter Value

4% maximum
(See equations 2-5)

Vertical gradient control
Vertical curvature

Filling cost $$10.00/m?

Cutting costs
Depth < 1.5 m $$10.00/m?
1.5-3.0 m $$14.40/m?
3.0-4.5m $$18.20/m?
4.5-6.0 m $$25.00/m?
6.0-7.5m $$30.00/m?
>7.5m $$50.00/m?

Pavement cost S$80/m?

Vehicle operating costs Tangent running costs on
grades recommended by
AASHTO (9) for
passenger cars on

multilane highways.

NoTtE: One Singapore dollar (S$) is approximately 0.5 U.S.
dollar.

lowing aspects: (a) sensitivity of results in terms of total cost
with respect to horizontal and vertical grid sizes; (b) effect of
maximum gradient constraint on optimum total cost; (c) effect
of minimum survature gontrol on oplimum total cost; (@)
effect of earth filling cost on optimum total cost; (e) effect of
earth cutting cost on optimum total cost; and (f) effect of
vehicle operating cost on optimum total cost.

Following the local practice of project cost computation,
the first five analyses did not consider vehicle operating cost.
The sixth analysis was performed to give an indication of the
effect of including vehicle operating cost. Because no infor-
mation was available on the magnitude of vehicle operating

50 55 60 65 70 75 B0 6%

Distance (x 58-75 m)

costs in Singapore, values for passenger cars recommended
in an AASHTO Manual (9) were used as examples only. Only
tangent running costs on grades were included in the analysis.

Selection of Horizontal and Vertical Grid Intervals

The input ground profile and the final computed road align-
ment are each represented by a series of line segments passing
through one grid point on each vertical grid line. As shown
by the data grid in Figure 1, the accuracy of the computation
depends to a great extent on the horizontal grid interval, d,
as well as the length of each division, v, on the vertical grid
lines.

A sensitivity analysis of the computed total cost with respect
to the grid variables v and d was performed. The results of
this analysis are presented in Tables 2 and 3. Data in Table
2 indicate that with a horizontal grid interval, d, fixed at 62.5
m, sufficiently accurate solution could be obtained with ver-
tical division spacing v equal to 0.5 m or less. When fixing v
at 0.25 m (Table 3), acceptable results were obtained for
values of d equal to 62.5 m or less.

Analyses conducted on highways in other regions of Sin-
gapore also showed similar ranges of acceptability for hori-
zontal and vertical grid intervals. For Singapore terrain it was,
iliciciuie, rccummcnded that ihe borizoital and vertcal grid
intervals be not more than 60 m and 0.5 m, respectively.

It is of importance to impose another control on the values
of horizontal and vertical grid intervals selected. The values
of d and v used must be such that their ratio (v/d) is less than
the maximum gradient constraint specified. The results in
Tables 2 and 3 indicated that a (v/d) ratio of less than 1.0
percent would provide an acceptable solution for a maximum
vertical gradient control of 4 percent. Because the allowable
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TABLE 2 EFFECT OF VERTICAL GRID DIVISION ON COST ANALYSIS

Vertical Division, Horizontal Interval, Total Cost

v(m) d(m) (S$) (vid) x 100% Remarks
1.0 62.5 18,106,219 1.60 No good
0.75 62.5 17,030,170 1.20 Marginal
0.5 62.5 16,244,489 0.80 Satisfactory
0.25 62.5 16,239,328 0.40 Satisfactory

NoTE: Input data and constraint conditions are given in Table 1. One Singapore dollar (S$) is approximately

0.5 U.S. dollar.

TABLE 3 EFFECT OF HORIZONTAL GRID INTERVAL ON COST ANALYSIS

Horizontal Interval Vertical Division Total Cost

d(m) v(m) (S$) (vid) x 100% Remarks

250.0 0.25 11,907,072 0.10 No good
125.0 0.25 14,421,626 0.20 No good
62.5 0.25 16,239,328 0.40 Satisfactory
31.25 0.25 16,423,647 0.80 Satisfactory

Note: Input data and constraint conditions are given in Table 1. One Singapore dollar (S$) is

approximately 0.5 U.S. dollar.

range of maximum vertical gradient is between 4 and 8 percent
in Singapore (8), it has been suggested that a (v/d) ratio of
not more than 1 percent be used.

Effect of Maximum Gradient Constraint

A highway designed with a stricter gradient control—by
imposing smaller values of maximum vertical gradient con-
straint on a hilly terrain—allows for a more comfortable ride
and a smoother flow of traffic. Savings on vehicle operating
costs could also be achieved by using stricter gradient control,
a direct consequence of which is the increase in highway con-
struction cost due primarily to the increased carthworks
required. Cost computation of highway construction for dif-
ferent maximum gradient controls could therefore provide
useful information for a benefit/cost analysis to aid in the
selection of gradient control in highway planning and geo-
metric design.

Figure 5 shows the variation of construction cost (excluding
vehicle operating costs) with different values of maximum
allowable vertical gradient. As expected, highway construc-
tion cost decreased as higher maximum gradient was allowed.
It should be noted that the computed road profiles were dif-
ferent for different values of gradient control imposed. Figure
6 shows the profiles for maximum gradient control of 4 percent
and 6 percent. The 6-percent gradient profile conformed more
closely to the ground surface, resulting in a saving on the
amount of earthwork cutting and filling.

Although considerable changes in construction costs were
observed when vertical gradient control was changed in this
example, it is clear that the sensitivity of computed construc-
tion costs against gradient control is a function of ground
terrain. The construction cost of a highway to be built on a
flat terrain would not vary much with changes in vertical
gradient control.

Note:

Other problem

data are given in
items 2, 3, &L and 5
of Table 1.

Total Construction Cost (x 1085$)

k 1 1 1
- 2 b 6 8

Allowable Max. Vertical Gradient (%)

FIGURE 5 Effect of vertical gradient control
on highway construction cost.

Effect of Minimum Curvature Control

Curvature control was achieved by setting an upper limit on
the value of allowable gradient change, g, which is defined
in equations 2 through 5. Small g values allow gradual changes
of vertical road alignment, leading to design of highways with
smooth riding profile. Construction costs, however, tend to
be higher with smaller g values because of the higher quantity
of earthwork needed to satisfy the constraint.
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FIGURE 6 Effect of maximum vertical gradient control on highway alignment in example problem.

Total Construction Cost (x10°S$)

16
Note: (1) Other problem data are
given in items 1,2,3, 4
and 5 of Table 1
{2) Allowable gradient change,
15k g, is defined in Equalions
{2) through (5)
A 1 i 1
[ 8 12 16
Allowable Gradient Change, g (%)

FIGURE 7 Effect of curvature control on
highway construction cost.

The relationship between construction cost and curvature
control was studied using the example problem, and the results
were plotted in Figure 7 for the range of g values commonly
used in highway design. The changes in construction costs
caused by varying the value of g were relatively small com-
pared with the changes caused by varying vertical gradient
control. This finding has also been found true for highways
constructed in other regions of Singapore.

Figure 8 shows the effect of curvature control on the com-
puted optimum road alignment. The alignment computed with
a higher value of minimum curvature value, g, conformed
better to the natural ground profile.

Effect of Earth Filling Costs

Earth filling cost may vary with the type of filling malerial
and hauling distance, when more than one borrow pit is avail-
able for a construction project. Construction cost analyses for
different borrow materials and hauling distances are useful
for highway designers and project planners.

Figure 9 shows the impact of varying earth filling costs for
the example problem. The construction cost increased with
rising earth filling cost. The amount of increase for each unit
rise in filling cost became lower at higher filling costs as the
optimum alignment moved toward a profile with less and less
volume of fill. Figure 10 illustrates this trend by comparing
the optimum profiles for two cases of different earth filling
costs.

Effect of Earth Cutting Costs

The effect of varying earth cutting costs on highway construc-
tion cost is similar to the effect of earth filling costs in many
aspects, as illustrated by Figures 11 and 12. The curve in
Figure 11 tended to level off as cutting costs were increased,
reflecting the smaller unit impact on construction cost when
cutting costs became higher. This trend could be explained
by the fact, as depicted in Figure 12, that the volume of cut
diminished as cutting costs escalated.
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FIGURE 8 Effect of gradient change constraint on highway alignment in example problem.
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FIGURE 9 Effect of earth filling cost on highway construction cost.

Effect of Vehicle Operating Costs

Although vehicle operating costs have not been commonly
considered in cost analyses for highway construction projects
in Singapore, examination of how the inclusion of vehicle
operating costs would affect engineering designs and project
costs is instructive.

For the purpose of illustration, the cases analyzed in Figure
5 were recomputed with the addition of vehicle operating costs
defined in item 6 of Table 1. The results of this analysis were
plotted in Figure 13. Vehicle operating cost increased as higher
values of vertical gradient were permitted in highway design,

which had the effect of offsetting the savings in construction
cost caused by reduced earthwork when higher vertical gra-
dients were used. As a result, in contrast to the trend in Figure
5, the total costs shown in Figure 13 were relatively insensitive
to the changes in allowable maximum vertical gradient used
in highway geometric design.

The impact on total highway cost of construction prices and
vehicle operating costs depends very much on the relative
magnitudes of these two major cost items. In countries where
vehicle operating costs are very high, it is possible on certain
terrain that the total highway cost might increase as a higher
maximum vertical gradient is allowed in design.
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CONCLUSIONS

Highway vertical alignment analysis is useful for highway
designers and planners in the location study, benefit/cost anal-
ysis, and geometric design of new highways. The dynamic
programming formulation developed in Singapore has been
found to be a valuable tool for local highway planners and
designers. The formulation of the optimization program is
simple in concept, yet has the versatility of modeling practi-
cally all of the cost itcms importa tion.

ntan hio congtriie

+h
11 ot thic cost itcms i i1 nAEAAvva_y' construdc

The numerical example presented, based on a real-life ground
profile and cost data, illustrated these points.
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Interactive Intersection Design Using
an Expert Systems Approach

EpMmonD CHIN-PING CHANG

The development of ‘‘expert systems’” for microcomputer appli-
cations has received increasing attention in the transportation engi-
neering field. Expert systems are computer programs that include
simulations of the logical reasoning and prohlem-snlving pracesses
of human experts for specific applications. Proper implementation
of this concept offers a possible means to effectively use the specific
knowledge and experience of recognized professionals, efficiently
use limited highway resources and revenue, and provide safe,
efficient transportation programs. The major advantage of expert
systems is that they permit specific human knowledge used in the
decision-making process to be systematically examined, organized,
and applied to particular engineering problems. During the typical
intersection design process, highway engineers make many deci-
sions concerning the operational effectiveness and trade-offs among
a number of design factors. These important decisions may be
bounded by either the planning budget, the potential total project
costs, the maximum lane width of each typical highway lane, or
the potential traffic demand volumes. This study illustrates the
prototype applications of expert system design and LISP pro-
gramming in the highway design process using the AutoCAD®
package. AutoLISP®, a version of LISP supported by AutoCAD,
was used to create a small-scale expert system to interface with
the normal drawing functions. This study demonstrates the fea-
sibility of implementing built-in functions of the AutoCAD system
through AutoLISP programs to assist end users in completing the
decision making for potential highway design applications.

This study illustrates an application of expert systems through
the LISP programming using the AutoCAD package in the
highway design process (7). The AutoCAD® drafting pack-

age is a powerful engineering tool, which allows engineers to
prepare drawings that look vzrtually identical to drawings pre-
pared by hand. AutoCAD supports AutoLISP, a version of
the LISP computer programming language commonly employed
in the field of artificial intelligence. AutoLISP can be used to
create an expert system that can implement normal drawing
functions (2). Functions are applied in AutoCAD through
AutoLISP to assist end users in completing the decision-
making process during the simplified highway designs appli-
cation. These decisions may be bounded by either the plan-
ning budget, the potential total project costs, the maximum
lane width of each typical highway lane, or the potential traffic
volumes (3,4).

STUDY APPROACH

An expert system is a computerized decision-making assist-
ance system. It can be designed to handle complex real-world

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

~OLCEC siald T3-3133.

problems through an expert’s interpretation and solves these
engineering problems by using a computer representation of
the human reasoning process. If the system is properly designed
and implemented, the computer will be able to assist users
by offering suggestions, the way that human experts make
recommendations in comparable situations.

This study was started to examine the feasibility of creating
a highway design expert system with the built-in features of
AutoCAD and AutoLISP. The programs apply some typical
decision-making rules on the basis of information supplied by
users and output suggestions or conclusions for users. A sim-
plified set of production rules was defined to guide the com-
puter program in assisting the user in reaching a viable con-
clusion. The simplified knowledge depends on compromises
among the different highway design elements, such as the
construction budget or environmental factors affecting the
highway. The system applies a set of production rules to the
input and gives its decisions back to the user. The data can
be input interactively, retrieved from the existing input data
file, or obtained from the existing design specifications.

STUDY BACKGROUND

The development of “expert systems” for microcomputer
applications has received increasing attention in the trans-
portation engineering field. Expert systems are computer pro-
grams that include simulate logical reasoning and problem-
solving processes of human experts for specific applications.
Proper implementation of these programs effectively uses spe-
cific knowledge and experience of recognized professionals,
efficiently uses limited highway resources and revenue, and
provides safe and efficient transportation programs. Expert
systems permit users to systematically examine, organize, and
apply specific human decision-making knowledge to particular
engineering problems.

In addition to the basic requirements, the acceptance and
operational use of this estimation process depends on the
simple to use but nevertheless highly sophisticated user inter-
faces to assist in the complicated calculations. Historically,
the information required for the highway user benefit and
cost evaluations has been fairly complex (3,4). Familiarity
with and training in the analysis procedures are often required
of users. Usefulness of the design in the operating agencies
is often constrained by lack of incentive for performing oper-
ational reviewing that can further improve the data quality.
To improve user implementation, computer and graphics
interfaces are increasingly used. This effectively lowers resis-

¢ the new applications and reduce a user’s training
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requirements. Through these changes, an improved, overall
system functional design can then be built. Different types of
user interface have been used in many highway management
systems, although the software necessary for implementation
has not yet been fully developed. Consequently, effective use
of the expert system in design relies on efficient implemen-
tation of available techniques and tools.

A useful highway design system must provide the end user
with a fast, powerful, and easy information management method
to interactively access, accumulate, update, and assimilate
road information. Such a system can take advantage of the
effective, graphics oriented environment which local author-
ities or divisional offices can download and operate in a famil-
iar visual display format. The data base information may be
represented through a combination of graphic displays similar
to maps, general layouts of their road system, and associated
installations and facilities. This paper explores the necessary
interface and data requirements for such a system. Conse-
quently, this prototype could be expanded further to enhance
the interaction with different interface from the potential user’s
perspective. In addition, changes can easily be made to pro-
vide a good prototype which avoids potential problems
encountered during user testing and product upgrade before
final system implementation.

Design Considerations

During the typical highway design process, highway engineers
make certain decisions to determine the operational trade-
offs among a number of design factors. Some important traffic
engineering design considerations may include expected traffic
demand volumes, number of traffic lanes, and necessary lane
width.

One of the important underlying design objectives is to
evaluate the required highway capacity that not only accom-
modates the current traffic demands but also provides the
necessary near-term traffic demands. However, the maximum
number of traffic lanes and achievable lane widths are usually
bounded by the maximum available right-of-way road. There-
fore, the design of highway lanes and lane widths is often
constrained to certain working ranges.

In addition to these design considerations, engineers also
need to consider the operating budget constraints and poten-
tial allowable total costs in certain highway improvement proj-
ects. The cost of building highway facilities can usually be
broken down into fixed portions of the construction costs as
well as the variable costs of constructing an additional lane.
The variable cost for constructing each traffic lane may depend
on the number of additional lanes, lane widths, and some
other traffic related factors.

AutoCAD System

AutoCAD™, a commercially available computer-aided design
(CAD) tool, is one of the most powerful CAD packages used
on IBM PC/XT/AT/386-compatible microcomputers. It is also
available for many other minicomputers and engineering
workstations. The system operation requires the basic com-
puter system, which includes the processor, keyboard, text
display screen, disk drives, and a graphics monitor capable
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of reasonably high resolution. A plotter, or printer plotter,
can be connected to the system to provide a hard copy of the
drawing files. A number of graphics input or pointing devices
can be used, such as the mouse, digitizing tablet, or TouchPen®.

On some computer systems AutoCAD may use two display
monitors—one for command prompts and text output and
the other for graphics. On other systems a single monitor may
be used for both graphics and text purposes. In these situa-
tions, three lines at the bottom of the screen are reserved for
command entry and prompts, and the right edge may contain
a screen menu. When AutoCAD runs on a single-monitor
system, it remembers a full 24 lines (or more) of text, just as
it does on the regular text display. AutoCAD automatically
switches to the text display when it outputs a large amount
of information and automatically returns to the graphics dis-
play when drawing graphically.

When users enter AutoCAD’s Drawing Editor, a screen
menu will appear along the right edge of the screen, as shown
in Figure 1. Users can move the mouse or digitizer cursor to
select items in the menu and perform actions as needed. They
can also extend AutoCAD’s capabilities and customize them
for particular application by designing their own menus and
submenus to complement those supplied with the program.

Program Operation

AutoCAD operates on two shell levels to reduce both the
effort required to generate a drawing and the time needed to
learn the system. At the outer level, AutoCAD provides a
menu-driven interface, the Main Menu, that allows it to ini-
tiate various working tasks, such as creating new drawings,
modifying previously stored drawings, and producing plots.
The main menu is displayed on the screen at the beginning
of AutoCAD execution, and users can use this screen to end
an AutoCAD session. It provides quick access to various parts
of AutoCAD, such as the interactive Drawing Editor and the
plotter interface.

The Drawing Editor provides easy access to the drawing,
as a text editor accesses a document. When users create a
new drawing or edit an existing one, AutoCAD automatically
loads the Drawing Editor, which displays the drawing and
provides commands to create, modify, view, and plot draw-
ings. When users have finished working with a given drawing,
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FIGURE 1 Typical single-screen configuration of the
AutoCAD system.
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any changes made can be saved or discarded before returning
to the Main Menu. All information on the drawing—the size
and position of every element, the size of the drawing itself,
and its display characteristics—is automatically updated with
each command. Also, users can zoom, move, pan, or rotate
the drawing automatically with each command. This infor-
mation will be stored when the AutoCAD system is exited.

A user can specify different points in the drawing in a
variety of ways. From the keyboard, points can be designated
by typing in absolute coordinates or coordinates relative to
the last point specified. A user can use keyboard control keys
to move the cursors around the graphics monitor and visually
locate the desired point(s). A graphics input device can also
be used to designate points, which can be locked or snapped
to a user-defined grid.

Commands can be entered in several ways. A command
can be typed in directly or selected from any of the menus.
Customized menus can be constructed through the screen,
tablet, and button menus. The screen menu can be displayed
on the graphics monitor while the Drawing Editor is active
and allows command entry by simply pointing to the command
on the display screen with a pointing device or with the key-
board.

A tablet menu includes up to four menus of AutoCAD
commands on the digitizing tablet, permitting a command to
be entered by pointing to it with the stylus and pushing a
button. If the tablet stylus or mouse has multiple buttons, the
button menu can be used to enter often used commands.

An auxiliary function box can also be used. It has buttons
for command selection, but it cannot be used as a pointing
device. A user can also plot a hardcopy of the drawing at any
stage in its development. Check-plots can also be generated
while the drawing is in progress to check for positioning and
dimensioning errors that might not be immediately apparent
on screen. When the drawing is complete, the final plot is
done to produce the finished drawing.

AutoLISP is an implementation of the LISP programming
language embedded within the AutoCAD system. A popular
computer programming language used in artificial intelligence
programs, LISP is a very powerful language suitable for
the expert system development on engineering designs be-
cause of its ability to intcrface with AutoCAD. AutoLISP
allows users and AutoCAD developers to implement macro
programming in a very powerful high-level programming
language format well suited to the interactive graphics
applications.

EXPERT SYSTEM DESIGN
Concept Design

To maximize flexibility, a dual design approach has been used
to providc intcractive interscction design in this prototype
cxpell sysiem. As shown in Figure Z, the design analysis
approach can be specified through the objectives required by
the users, according to their functional requirements and eval-
uation priorities. Users may wish to find the desired inter-
section configuration and total construction costs according
to the traffic demands, or they may want to use the system
to find the best design on the basis of budgetary concerns.
The first approach allows users to evaluate costs on the
basis of traffic demand inputs and specified design require-
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FIGURE 2 Functional design of the interactive
intersection design system.

ments. Users input the number of lanes and lane widths to
be used, and the program evaluates estimated costs for con-
structing the intersection. Another approach is for users to
suggest the number and widths of traffic lanes on the basis of
available financial resources and input the total budget and
traffic volumes. The output suggests the total cost, number
of traffic lanes, and lane widths to be usecd.

Design Parameters

The estimated costs of designing the intersection can be bro-
ken down into fixed and variable portions, which can be used
by the program and stored in existing data file. During pro-
gram initialization, the computer can retrieve these design
parameters from historical files and save the values in some
memory variables. These design parameters can be modified
at any time during the program evaluation. When finished,
the computer will automatically update the external param-
eter file with the new values.

In addition, a user can also review or modify the data file
directly and store design parameters outside the graphics sys-
tem. In this way, interactive design systems can use the same
set of parameters for consistent design evaluation each time.
The program runs continuously until values are modified. The
design parameters used in this prototype program develop-
ment include (a) maximum capacity of a traffic lane, (b) max-
imum and minimum width of a traffic lane, (¢) fixed cost per
lane, and (@) variable cost per lane-toot.

Production Rules

Several production rules are also implemented. The set of
rules is preset and stored externally outside the AutoCAD
system. The decision rules can be turned on or off during
program evaluation. Similar to the design parameter file, these
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production rules can also be stored or updated by editing the
disk file of production rules directly. Three production rules
are illustrated in this program:

1. If the total evaluated cost is greater than the total budget,
either adjust the lane width to lower the total cost or ignore
the budget and stick with the evaluated cost.

2. If the number of lanes input by the user does not meet
the requirement of the traffic volume, increase the number
of lanes.

3. If the lane width input by the user or evaluated by the
program is not a whole number, either truncate or round the
number off.

System Development

Because a fairly large amount of memory is usually required
in the AutoCAD operations, development of the interactive
design system through interfacing with other languages is lim-
ited. This is due to the standard memory of the IBM PC/XT/
AT/386-compatible microcomputers under the MicroSoft Disk
Operating System (MSDOS) environment. Therefore,
AutoCAD allows only a limited memory size for loading
AutoLISP or other high-level languages on the IBM AT under
MSDOS version 3.2 with 1024K main memory.

Compared with the commercial GCLISP system, a popular
version of the common LISP program available on micro-
computers, AutoLISP is not as powerful in system building,
data and knowledge analysis, and logical reasoning. GCLISP
provides many more built-in functions. However, AutoLISP
is a programming language that is embedded within the
AutoCAD system, designed to provide interfacing capability
directly with the AutoCAD graphics functions. It can activate
all available functions in AutoCAD directly, such as drawing
a circle or setting the system variables. Therefore, AutoLISP
is more appropriate for building a prototype expert system
for interactive intersection design.

Program Implementation

To run AutoCAD and load the interactive intersection design
system, the user needs only to run the batch file HIW.BAT,
which loads the AutoCAD main program, drawing files, and
the AutoLISP environment program automatically. As shown
in Figure 3, after the user points the mouse cursor to “START”
on the drawing screen and activates it by clicking the button

HIGHWAY - TAMUTTI TRAFFIC OPERATIONS
Layout - Draws the intersection

Rules - Display the production rules
Criteria - Display the criteria

Vol In - Input the Traffic Volume

Budget - Input the Project Budget

Calc - Do the calculation

Results - Summarize results in a table
HELP - Display the HELP Information
Exit - Exit this program

FIGURE 3 Main menu of the interactive system.
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on the mouse, AutoCAD will load HIW1.LSP and HIW2.LSP.
The following are brief descriptions of these program files.

Drawing Files

As shown in Figure 4, the drawing file “HIW.DWG” inter-
actively displays the physical layout of the study intersection,
illustrates detailed design requirements, shows active design
objective, tabulates evaluation results in the table, and dis-
plays descriptions of the recommended system design. At the
end of the evaluation, the expert system automatically outputs
the results and draws suggested lane lines onto the screen.

AutoLISP Programs

Two AutoLISP programs were developed in this prototype
intersection design to perform the necessary data input, deci-
sion making, output interpretation, and graphics illustration
support. The first system component provides global system
initialization and user’s input. The second system component
applies the linkage to the user-defined AutoLISP functions
and built-in AutoCAD system drawing functions.

The first system component (“HIW1.LSP”’) provides the
initialization and interpretation of the LISP program. It reads
the prestored parameter file, production rules, number of
input lanes, and traffic volume input and keeps all user-selected
values as accessible memory variables. The following example
illustrates the system initialization:

; RESET SYSTEM VARIABLES

(setvar “cmdecho” 0) ; NO COMMAND ECHO
(setvar “blipmode” 0) ; NO BLIP MODE

(setvar “expert” 1) ; NO CONFIRM QUESTIONS
(setvar “menuecho” 3) ; NO MENUS ECHO

; BLANK THE MENUS AREA
(menucmd

“S=BLANK")

(command ““layer” “off” “help” “on” “wait
; INITIALIZE BUDGET, COST AND WIDTH AS WELL
; AS VARIOUS FLAGS
(setq budget 0)

(setq cost 0)

(setq width 8)

(setq chg_made nil)

9 6 99 ¢¢9

; PRE-SET BUDGET

; COST OF HIGHWAY

; LANE WIDTH

; ANY GLOBAL

; VARIABLES CHANGE

4 Total Budget
$150000.00
Lane Width I Total Cost
is 156 ft $140000.00
—2
1
DIR VOLUME LANES Evaluation
1 1600 3 [ +(1)Cost — Lanes
2 300 1 (2)Lanes — Cost
2 1000 2
4 700 2

FIGURE 4 Display screen of the interactive system.
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; FUNCTION TO TRUNCATE A REAL NUMBER
; TO INTEGER
(defun truncate (r)

(= 1 (tem 1 1)))

In addition, the following example program defines ini-
tialization of all the traffic input design considerations as default
values:

; INITIALIZE PRM (VOLUMES, MIN LANE WIDTH, MAX
: LANE WIDTH, FIXED COST AND VARIABLE COST
: PER LINE)

(setq prm (if (or (null (setq f1 (open “hiw.prm” “r’})))
(null (setq line (read-line f1))))
’((vol 500) (min 8) (max 16) (fix 10000.0)
(var 500.0))
(read line)))
(if (oull (assoc ’vol prm))
(setq prm (cons ’(vol 500) prm)))
(if (null (assoc 'min prm}))
(setq prm (cons ’(min &) prm)))
(if (null (assoc *max prm))
(setq prm (cons ’(max 15) prm)))
(if (null (assoc ’fix prm)
(setq prm (cons ’(fix 10000.0) prm)))
(if (null (assoc ’var prm
(setq prm (cons ’(var 500.0) prm)))

| INITIALIZE VARIABLES |
1

/ INPUT RULES FROM
HIW RUL
||

INPUT PARAMETERS
FROM HIW.PRM

INPUT LANES AND
WIDTH FROM HIW . DAT;

LOAD FUNCTIONS

e

DRAW INTERSECTION
AND DISPLAY SOME
VALUES

,.l ALLOW USERS TO WRNI-—@
ON OR OFF RULES

ALLOW USERS TO
GE CRITERIA

DISPLAY RESULTS |
IN A TABLE

ENTER THE VOLUMES

IN EACH DIRECTION

BUDGET

DO THE CALCULATION
1. BUDGET -> LANE WIDTH [—™
2 EVALUATE COST

o)

FIGURE 5 Program flowchart of the interactive system.
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The second component, or “HIW2.LSP” file, applies the writ-
ten AutoLISP functions for program execution. Specificaily,
the program will perform the following functions according
to the program flowchart as shown in Figure 5. It illustrates
the overall conceptual design of the prototype expert system.

First, the system draws the simplified intersection sche-
matics to illustrate all design elements. Next, the user will be
asked to update both the production rules and the evaluation
criteria from the historical data files stored previously. Then,
the user can select to start the evaluation objectives from the
known budget constraints or the preliminary design to purely
satisfy the traffic demands. The system will then acquire addi-
tional input data based on the approach selected. Basic cal-
culations include the computation of allowable numbers of
approach lanes from the available operating budget, com-
putation of potential project costs, and the basic requirements
of number of approach lanes from traffic demands. Finally,
the system will summarize recommendations and provide the
preliminary design configuration.

The following section presents an example of AutoLISP
program application to determine the minimum design
requirements of various types of inputs when a design com-
promise needs to be made. A user may encounter three types
of decision-making processes during the analysis. According
to the production rule design in this prototype system, the
program will respond with three responses when determining
the lane widths based on the following three conditions. The
corresponding program codes being implemented are:

1. If any variable is zero, prompt the user for it;

2. If the result width is too wide, set it to the upper limit;
and

3. If the result width is too narrow, no solution.

; IF ANY VARIABLE IS ZERO, PROMPT THE USER FOR IT
(if (<= budget 0)
(setq budget (getreal “Enter your total budget: )))
(if (equal vol *(0 0 0 0))
(progn
(setq vol ())
(terpri) (setq i 0)
(repeat 4
(setqi (1+ 1))
(princ “Enter volume in direction’) (princ i)
(setq vol (append vol (list (getint “: )))))))
(setq lanes (findlanes vol))
(terpri)
(setq width (truncate (/ (- (/ budget (sumup lanes))
(cadr (assoc *fix prm))) (cadr (assoc ’var prm)))))

IF THE RESULT WIDTH IS TOO WIDE, SET IT TO THE
; UPPER LIMIT
(if (> width (cadr (assoc 'max prm)))

(setq width (cadr (assoc *max prm))))

; IFTHE RESULT WIDTH IS TOO NARROW, NO SOLUTION
(if (< width (cadr (assoc ’min prm)))
(progn
(setq cost 0)
(textscr)
(terpri) (princ “No solutions!”’) (terpri)
(terpri) (princ “Not enough budget!”) (terpri)
(setq width (cadr (assoc ‘min prm)))
(setq cost (* (sumup lanes)
(+ (cadr (assoc ’fix prm))
(* (cadr (assoc >var prm)) width))))
(terpri) (princ “Hit (RETN) to continue”)
(read-char) (read-char))



Chang
System Operations

The AutoCAD screen drawing speed is rather slow compared
with interpreting and running AutoLISP functions in the over-
all operation. Therefore, 11 drawing layers have been imple-
mented at the beginning of program initialization. These graphic
layers appear to make the program run faster. During pro-
gram execution, different calculation results and roadway ele-
ments are displayed on different drawing layers on the screen.
When there is a need to display another screen, the program
switches to the corresponding program layer for that partic-
ular display instead of erasing the entire screen and drawing
the other screen from scratch. Using different graphics layers,
the drawing file can be prepared all at one time during pro-
gram initialization and take much less time to load the drawing
file and speed up the screen display.
Eleven graphics layers are used in this program:

1. 0 (display values, such as budget, cost, volumes).
2. DISPLAY (number of lanes, lane width, as shown in
Figure 4).
3. HIDDEN (for the purpose of drawing hidden lines).
4. CENTER (for the purpose of drawing center lines).
5. OBJECTIVE (display the evaluation objectives, as
shown in Figure 6).
6. CRITERIA (display the criteria, as shown in Figure
7).
7. RULES (display the production rules, as shown in
Figure 8).
8. BORDER (draw the border of the screen).
9. RESULT (tabulation of evaluation results, as shown
in Figure 9).
10. LAYOUT (display the intersection and the recom-
mended design).
11. LANES (layer for drawing the lanes, asshown in Figure
10).

In addition to the preparation of these 11 drawing layers,
a “WAIT” layer has also been implemented to display the
“Please Wait”” message during program execution. A custom-
ized menu has been created for using this system and includes
a HELP menu to provide a brief description of each item on
the custom menu, as shown in Figure 3. The menu items on
the right-hand side of the drawing screen can be activated
individually by pointing the mouse or digitizer cursor to a
particular item and pressing the button to activate the selec-
tion. In this sample run, as illustrated in Figures 6-10, only

Evaluation Objectives
1. Suggest number of lanes in

Criteria

1. One lane every 600 vehicles.
2. Lane width between 8-15 ft.
3. Fixed cost each lane $10,000.
4. Width costs $500. per foot.

FIGURE 7 Evaluation criteria of the interactive system.

Production Rules:

#1, If Cost > Budget, Use cost and Update
budget. {Otherwise, reduce cost.}

2. It original number of lanes not enough
for the volume, overwrite no. of lanes.

3. Round off lane width to nearest integer.
{Otherwise, Truncate lane width.}

# - Rule is turned on

FIGURE 8 Production rules of the interactive

system.
DIR VOLUME LANES
1 1600 3
2 300 1
3 1000 2
4 700 2
COST = $140000.00
WIDTH = 15ft

FIGURE 9 Evaluation results of the interactive
system.

15

4 Total Budget
$150000.00
Lane Width Total Cost
is 15 ft $140000.00

each direction and the total cost
according to the input volumes

| !
and budget. DIR VOLUME LANES | || Evaluation
1 1600 3 »(1)Cost — Lanes
2, Calcula_te the tota_l cost 2 soo 9 I | |iohanse— oot
according to the input number of 3 1000 2 ! al
4 700 2 | |

lanes and volume in each direction.

FIGURE 6 Evaluation objectives of the interactive system. FIGURE 10 Final drawing of the interactive system.
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one menu is constructed; however, this prototype system can
be expanded further with a number of submenus to provide
additional design features. Users can also switch to different
submenu items by pointing to the submenu name on the
menu, or entering the command, for switching among menu
selections.

CONCLUSIONS AND RECOMMENDATIONS

Intersection design involves the interactive evaluation of auto-
mobile, truck, public transit, taxi, pedestrian, and bicycle
movements through the operating, regulatory, and service
policies to achieve maximum efficiency. By properly identi-
fying and reviewing the required traffic design improvements
when developing adequate transportation facilities, many low-
cost TSM strategies could be applied to improve intersection
operations and achieve desired air, environmental, and com-
munity qualities, as well as fuel and economic efficiency. Many
TSM type strategies may be applied through implementation
of the practical, low-cost, short-range planning and program-
ming projects. However, many current highway design and
plan review procedures are difficult to implement because of
the complex manual analysis process involved (5,6).

This study examines the possibilities of integrating analysis
procedures and existing review processes into an interactive
portable system that can interface with the existing graphics
design systems. During a typical intersection design process,
highway engineers have to make many decisions and deter-
mine the operational trade-offs among a number of design
factors. These decisions may be bounded either by the plan-
ning budget, potential total project costs, maximum lane width
of each typical highway lane, or the potential traffic demand
volumes. This study illustrates the prototype applications of
expert system design and LISP programming in the highway
design process using the AutoCAD package. AutoLISP, the
version of LISP supported by AutoCAD, was used to create
a small-scale cxpert system to interface with the normal draw-
ing functions.

This study demonstrated the feasibility of implementing
some built-in functions of the AutoCAD system through
AutoLISP programs. This implementation will assist end users
in the decision making for the potential intersection design
and highway planning applications. It is possible that this
prototype system can be expanded into an interactive eval-
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uation and plan review system to assist in designing and eval-
uating many TSM improvements.

The prototype can be used to identify potential problem
areas, define study frameworks, develop evaluation criteria,
warn of unfeasible alternatives, refine candidate actions, and
recommend workable solutions for improving the design and
operational analysis of the integrated intersection graphics
design. The implementation of these design evaluation and
plan review procedures, based on the expert systems designs
and graphics design concept, can greatly assist end users in
the design and plan review of various strategies, which are
recommended for improving the design, planning, plan review,
and implementation of the intersection design.
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Safety Effects of Left-Turn Lanes on
Urban Four-Lane Roadways

PaTrick T. McCoy AND MICHAEL S. MALONE

As part of research conducted to develop a more definitive guide
for the selection of divided and undivided sections on urban four-
lane roadways in Nebraska, accident experience at signalized and
unsignalized intersections on urban four-lane roadways was ana-
lyzed to assess the safety effects of left-turn lanes. Results of this
analysis are presented. Multivehicle accidents on intersection
approaches with left-turn lanes were compared with those on sim-
ilar approaches without left-turn lanes. The degree to which left-
turn lanes on signalized and on uncontrolled approaches reduced
acccidents was computed. The statistical significance of the percent
reductions was determined using the chi-squared test. Left-turn
lanes at intersections on urban four-lane roadways were found to
significantly reduce rear-end, sideswipe, and left-turn accidents.
However, on the uncontrolled approaches of intersections on urban
undivided roadways, left-turn lanes were found to significantly
increase right-angle accidents, as well as reduce rear-end, side-
swipe, and left-turn accidents.

The Nebraska roadway design manual (/) contains a guide
for the selection of typical sections on urban roadways.
According to the guide, four-lane undivided sections should
be selected for roadways with projected design hourly vol-
umes (DHVs) between 400 and 600 vehicles per hour (vph),
and four-lane divided sections should be selected for roadways
with projected DHVs between 1,800 and 3,200 vph. For road-
ways with projected DHVs between 600 and 1,800 vph, the
guide suggests using either a four-lane undivided or divided
section, depending on the character of the roadway, traffic,
and surrounding area.

The experience of the Nebraska Department of Roads
(NDOR) with the guide indicates that it is too ambiguous to
use for urban roadways with projected DHVs between 600
and 1,800 vph. Frequently, four-lane undivided sections have
been selected and later found to be inadequate well in advance
of their design years because they do not provide for left-turn
lanes at the intersections. Therefore, research was undertaken
to develop a more definitive guide to consider the need for
left-turn lanes at intersections on urban roadways with pro-
jected DHVs between 600 and 1,800 vph.

The need for left-turn lanes was determined on the basis
of intersection capacity and the safety effects of left-turn lanes.
Intersection capacities were evaluated to determine the traffic
volumes at which left-turn lanes would be required in order
to provide design levels of service. Accident experience
at intersections on urban four-lane roadways was analyzed
to assess the safety effects of left-turn lanes. The accident
analysis is presented in this paper. The capacity analysis
and the section selection guide developed are presented
elsewhere (2).

Department of Civil Engineering, W348 Nebraska Hall, University
of Nebraska-Lincoln, Lincoln, Neb. 68588-0531.

PREVIOUS RESEARCH

Several studies have been conducted of the safety effects of
left-turn lanes. Only a few of those conducted at intersections
on four-lane roadways, however, have been reported in the
literature.

A before-and-after study of 53 left-turn channelization proj-
ects at urban and rural intersections in California found that
the installation of left-turn lanes resulted in significant reduc-
tions in accidents (3). Rear-end, left-turn, and total accidents
at unsignalized intersections were reduced by 85 percent, 37
percent, and 48 percent, respectively. However, right-angle
accidents increased significantly by 153 percent. At signalized
intersections, left-turn and total accidents were reduced by
54 percent and 17 percent, respectively. No significant changes
in right-angle and rear-end accidents were reported.

Accident experience over a 2-year period on 363 intersec-
tion approaches on rural state highways in Ohio was analyzed
to evaluate the safety effects of left-turn lanes (4). Approaches
were classified with respect to signalization, number of lanes,
presence of a left-turn lane, and intersection type. Approaches
with left-turn Janes were found to have lower accident rates
than approaches without left-turn lanes.

On four-lane roadways at unsignalized approaches with left-
turn lanes, left-turn and total accident rates were 27 percent
and 32 percent lower, respectively, and at signalized approaches
with left-turn lanes, left-turn and total accident rates were 39
percent and 9 percent lower, respectively. None of these dif-
ferences was found to be statistically significant at the 5 per-
cent level of significance. However, the results of the study
showed that the number of approach lanes and the type of
intersection control must be considered in the evaluation of
the safety effects of left-turn lanes.

A study of the relationships between accidents and roadway
conditions revealed that there were significantly higher acci-
dent rates at intersections with opposing left-turn lanes than
at intersections without left-turn lanes (5). The addition of
left-turn lanes at signalized intersections without left-turn phases
was found to increase accident rates, a situation that led to
the recommendation that left-turn lanes be used as a means
to increase intersection capacity and not as an accident-reduc-
tion measure. However, these findings were confounded by
the failure to differentiate between one-lane and two-lane
approaches.

Five years of accident data for intersections in Lexington,
Kentucky, were used to investigate the relationship between
left-turn accidents and left-turn lanes (6). The study definition
of left-turn accidents included three types of collisions: (a) a
vehicle turning left into the path of an oncoming vehicle; (b)
a left-turning vehicle that is struck from behind while waiting
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to turn left; and (c) a vehicle that weaves around a vehicle
stopped to turn left and is struck by a third vehicle. The left-
turn accident rates for intersections with left-turn lanes were
found to be substantially lower than those for intersections
without left-turn lanes. The left-turn accident rate was 77
percent lower at unsignalized intersections and 54 percent
lower at signalized intersections without protected left-turn
phases.

The accident reduction factors from the literature cited pre-
viously are summarized in Table 1. Except for right-angle
accidents at unsignalized intersections and rear-end accidents
at signalized intersections, left-turn lanes were consistently
found to be associated with fewer accidents. However, only
the accident reductions found in the California study (3) were
reported as statistically significant. None of the accident-
reduction factors was reported as being computed exclusively
from accident experience at intersections on urban four-lane
roadways.

PROCEDURE

Accident experience at intersections on urban four-lane road-
ways in Nebraska was analyzed to determine the safety effects
of left-turn lanes at these locations. The first step was to select
the intersections for the study from among urban four-lane
roadways with DHVs between 600 and 1,800 vph, the focus
of the research. According to NDOR traffic count data (7),
the DHV on an urban roadway is about 10 percent of the
annual average daily traffic (AADT). Therefore, the (NDOR)
computerized state highway system inventory was searched
to identify all urban four-lane segments with AADTSs between
6,000 and 18,000 vpd. The NDOR traffic signal inventory and
photolog data were then used to locate and classify the inter-
section approaches on these segments.

Intersection approaches were classified according to type
of control and presence of left-turn lane:

Signalized approach without a left-turn lane,
Signalized approach with a left-turn lane,
Uncontrolled approach without a left-turn lane, and
Uncontrolled approach with a lett-turn lane.

el .

Signalized approaches with protected left-turn phases, stop-
sign controlled approaches, and yield-sign controlled approaches
were not included in the study. Only approaches at intersec-
tions with AADTs on the crossroads of at least 1,000 vpd
were classified.

TABLE 1 ACCIDENT REDUCTION FACTORS FOR LEFT-
TURN LANES FROM PREVIOUS RESEARCH

. a0y vy - 1 1 o - Ko
SALLIUL uviniguansLou viglianseud

Type Intersections (%) Intersections (%)

Right angle —1532 (3) None reported

Rear-end 85% (3) =15 (3)

Left turn 37° (3), 27 (4) 54% (3), 39 (4)
77¢ (6) 54¢ (6)

All 48° (3), 32 (4) 17 (3), 9 (4)

“Without protected left-turn phases.
bStatistically significant at the 5 percent level of significance,
Includes left-turn related rear-end and sideswipe accidents
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A minimum of 10 intersection approaches in each of the
four approach categories were to be used in the accident
study. Ten intersections from each category were selected
initially at random. Photologs, construction records, and traffic
volume data were examined to determine if the roadway and
traffic conditions had remained the same since 1984 at each
of the intersections selected. Approaches at intersections where
the conditions had changed were not used as study sites.

The approaches in the two signalized approach categories
were compared to ensure that they had similar roadway and
traffic conditions and that the only major distinction between
them was the presence of left-turn lanes. Likewise, the
approaches in the two uncontrolled approach categories were
compared. Approaches with conditions that differed from the
majority were not used as study sites. If the elimination of
some intersections reduced the total number of study sites in
any category to fewer than 10, additional intersections were
selected at random to increase the number to at least 10.

Current 8-hour turning movement counts and copies of all
accident reports for 1984, 1985, and 1988 for the study sites
were obtained from NDOR. The turning movement counts
were expanded to AADTSs, which were used to compute mean
accident rates for each approach category.

Accident rates for the approach categories with left-turn
lanes were compared with those for the corresponding approach
categories without left-turn lanes to compute the reductions
in accident rate attributed to left-turn lanes. The statistical
significance of the percent reductions was determined using
the chi-square test (8), which has also been referred to as the
Poisson comparison of means test (9).

STUDY SITES

A total of 63 intersections were found to have approaches
that met site selection criteria. See Table 2 for the number
of intersections in each approach category. Ten intersections
were initially selected at random from each category. Four of
the 40 were eliminated because the roadway and traffic con-
ditions had not remained the same since 1984. These were
not replaced, however, because the remaining intersections
provided more than 10U study sites in each category. A total
of 46 study sites were used. Table 3 presents the number of
study sites in approach categories.

All of the study sites were on tangent sections of urban
four-lane roadways in outlying commercial areas with street-
lights. All were approaches to four-leg, right-angle intersec-
tions. Most were on level grades, and the rest were on slight
to moderate grades. None was on a hillcrest or had sight
distance restrictions caused by the alignment of the roadway.

TABLE 2 TUTAL NUMBEK OF INTERSECTIUND IN EAUCH

APPROACH CATEGORY

Approach Category Number of Intersections

Signalized® without left-turn lane 20
Signalized® with left-turn lane 15
Uncontrolled without left-turn lane 14
Uncontrolled with left-turn lane 14
Total 63

“Without protected left-turn phases
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Posted speed limits of 30 and 35 mph were found at sites in
the signalized approach categories; at sites in the uncontrolled
approach categories, they were between 35 and 45 mph. Table
4 gives the distribution of study site speed limits.

Sites without left-turn lanes were on four-lane undivided
roadways and had two 12-foot lanes—one through/left-turn
lane and one through/right-turn lane. Sites with left-turn lanes
were on four-lane divided roadways with 16-ft raised curb
medians and had three 12-ft lanes—one left-turn lane, one
through lane, and one through/right-turn lane. The opposing
approach at each site also had a left-turn lane.

ACCIDENT ANALYSIS

Left-turn lanes are intended to reduce multivehicle accidents
on intersection approaches, particularly those accidents related
to left-turning traffic. Therefore, accident rates were com-
puted for each approach category for the following types of
multivehicle accidents: (a) right-angle, (b) rear-end, (c) side-
swipe (same direction), (d) sideswipe (opposite direciton),
(e) head-on, (f) left-turn, and (g) right-turn. The volumes
used to compute each rate were the volumes of the turning
movements involved in the particular type of accident. The
turning-movement combinations involved in each accident
category and the turning-movement volumes used to compute
each accident rate are presented in Table 5.

For example, the turning-movement combinations involved
in accidents defined as rear-end accidents were:

1. Two left-turn movements on the study approach (move-
ments 1 and 1);

2. Aleft-turn and a through movement on the study approach
(movements 1 and 2);

3. A left-turn and a right-turn movement on the study
approach (movements 1 and 3);

4. Two through movements on the study approach (move-
ments 2 and 2);

TABLE 3 NUMBER OF STUDY SITES IN EACH
APPROACH CATEGORY

Approach Category

Number of Study Sites

Signalized® without left-turn lane 1
Signalized® with left-turn lane 10
Uncontrolled without left-turn lane 12
Uncontrolled with left-turn lane 13
Total 46

“Without protected left-turn phases.
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5. A through and a right-turn movement on the study
approach (movements 2 and 3); and

6. Two right-turn movements on the study approach
(movements 3 and 3).

Therefore, the volume used to compute the rear-end accident
rate was the sum of the left-turn, through, and right-turn
volumes on the study approach.

However, only three movement combinations were defined
for the left-turn accident:

1. A left-turn movement on the study approach and a left-
turn movement on the opposing approach (movements 1 and
7;

2. A left-turn movement on the study approach and a through
movement on the opposing approach (movements 1 and 8);
and

3. A left-turn movement on the study approach and a right-
turn movement on the opposing approach (movements 1
and 9).

Therefore, the volume used to compute the left-turn accident
rate was the sum of the left-turn volume on the study approach
and the total volume on the opposing approach.

The accident rates were computed using the accidents that
occurred on the study approaches during 1984, 1985, and
1986. For each of the four approach categories, each accident
rate was computed using the total number of accidents and
the total turning-movement volumes on all study approaches
in the approach category.

The percent reductions in the accidents associated with the
presence of left-turn lanes were computed as follows:

R = [(B — A)/B] - 100% (1)

where

R
B

percent reduction in accidents (%),

number of accidents on approaches without left-turn
lanes, and

number of accidents on approaches with left-turn lanes.

A=

Percent reductions were computed for the signalized and the
uncontrolled approach categories. The statistical significance
of the percent reductions was checked using the chi-squared
test. In Equation 1, the numbers of accidents on approaches
with left-turn lanes were computed by applying the accident
rates for these approaches to the turning-movement volumes
for the approaches without left-turn lanes. Thus the number
of accidents, with and without left-turn lanes, were for the
same volumes.

TABLE 4 SPEED LIMITS ON STUDY SITES

Signalized Approach*

Uncontrolled Approach

Speed Without With Without With
Limit LT Lane LT Lane LT Lane LT Lane
30 5 3 0 0

35 6 7 6 4

40 0 0 1 2

45 0 0 5 ]

Total Study Sites 11 10 12 13

“Without protected left-turn phases.
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TABLE 5 ACCIDENT TURNING MOVEMENTS*

Turning Movement

Turning Movement Volumes Used to

Accident Type

Combinations Involved

Compute Accident Rates

right-angle

1-4,1-5,1-6,1-10,1-11,

1,2,3,4,5,6,10,11

2~4,2-5,2-6,2-10,2-1},

3-10,3-11
rearend 1-1,1-2,1-3,2-2,2-3,3-3 1,2,3
sideocwipe
(same direction) 1-1,1-2,1-3,2-2,2-3,3-3 1,2,3
sideswipe
(opposite direction) 2-8,2-9,3-8,3-9 2,3,8,9
head-on 2-8,2-9,3-8,3-9 2,3,8,9
left-turn 1-7,1-8,1-9 1,7,8,9
right-turn 3-4,3-5,3-6 3,4,5,6
ATurning Movements:
12 10
11 9
1
Study approach * 8
- 2
l 5 7
3 4 6

FINDINGS

The accident rates computed for each category are given in
Table 6, as well as the number of accidents and turning-
movement AADTs used to compute the accident rates. The
percent reductions in the accident rates associated with the
presence of left-turn lanes are presented in Table 7.

The presence of left turn lanes was never associated with
siaiisiically siguiicani teductions i sideswipe (upposite diree-
tion), head-on, or right-turn accident rates. This finding was
expected because these types of accidents seldom occurred
on the study approaches. It is consistent with previous research,
which has not reported any relationships between the occur-
rence of these types of accidents and the presence of left-turn
lanes (3,4,5,6,10).

The presence of left-turn lanes on the signalized intersection
approaches was not associated with any statistically significant

change in the right-angle accident rate. However, the pres-
ence of left-turn lanes on the uncontrolled approaches was
associated with a statistically significant 68 percent increase
in the right-angle accident rate. This finding is consistent with
the California study (3) cited previously, which also found a
significant increase in right-angle accidents after left-turn lanes
were installed at unsignalized intersections in urban areas. It
should bc noted, howcver, that the incrcasc in the right-angle
accident rdie wds dewermined tiirough a compdrison of
approaches on four-lane undivided roadways without left-turn
lanes and on approaches on four-lane divided roadways with
left-turn lanes. The increase in the right-angle accident rate
probably reflects the greater degree of difficulty cross-street
drivers have determining adequate gaps to accept (when cross-
ing a four-lane divided street with a 16-ft median), as well as
the longer distances that cross-street drivers must travel.
Therefore, although the installation of left-turn lanes on



McCoy and Malone 21

TABLE 6 NUMBER ACCIDENTS, TURNING MOVEMENT AADTS, AND ACCIDENT RATES

Accident __ Signalized Approach® =~ Uncontrolled Approach
Type Without LTLP With LTL Without LTL With LTL
_Number of Accidents:<
right-angle 37 25 23 48
rearend 61 26 27 4
sideswipe
(same dir.) 14 4 b 3
sideswipe
(opp.dir) 2 0 0 0
head-on 0 0 0 0
left-turn 31 11 40 T
right-turn 0 1 0 0
Turning Movement AADTs:
right-angle 128,550 138,550 95, 443 118,620
rearend 94,720 99,287 82,350 103,900
sideswipe
(same dir.) 94,720 99,287 82,350 103,900
sideswipe
(opp. dir.) 178,870 187,440 154,700 187,380
head-on 178,870 187,440 154,700 187,380
left-turn 100,960 104,860 87,340 109,980
right-turn 28,510 31,712 12,730 13,810
Accident Rates (accidents/million entering vehicles):
right-angle + 28 .16 22 .37
rearend .59 .24 .30 .035
sideswipe
(same dir.) .14 .037 055 .026
sideswipe
(opp. dir.) .010 0 0 0
head-on 0 0 0 0
left-turn .28 .096 .42 .058
right-angle 0 .029 0 0
2Without protected left-turn phases.
PLTL - left-turn lane.
CNumber of accidents during three-year period.
uncontrolled intersection approaches on four-lane undivided CONCLUSION

roadways would be expected to increase right-angle accidents,

their installation on uncontrolled intersection approaches on
four-lane divided roadways would not necessarily be expected
to increase right-angle accidents.

Left-turn lanes are intended to reduce conflicts between
through and left-turning traffic. As expected, the presence of
left-turn lanes on signalized and uncontrolled approaches was
associated with statistically significant reductions in rear-end,
sideswipe (same direction), and left-turn accident rates. This
finding is consistent with the results of previous studies
(3,4,6)andindicatesthatleft-turnlanes are effective in reducing
these types of accidents at intersections on urban four-lane
roadways.

The results of this research are consistent with those of pre-
vious studies. Left-turn lanes are demonstrated to be effective
in reducing rear-end, sideswipe (same direction), and left-
turn accidents at intersections on urban four-lane roadways
with DHVs between 600 and 1,800 vph and cross-traffic AADTs
above 1,000 vpd. Contrary to accident experience reported
on two-lane roadways (5,11), the results of this study show
that opposing left-turn lanes on four-lane roadways do not
increase left-turn accidents.

However, the results of this research also indicate that left-
turn lanes on the uncontrolled approaches of intersections on
urban four-lane undivided roadways increase right-angle acci-
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TABLE 7 PERCENT REDUCTION IN NUMBERS OF ACCIDENTS

Signalized Uncontrolled
Accident Type Approach (%) Approach (%)
Right-angle 37 - 68"
Rear-end 592 88"
Sideswipe (same direction) 732 52
Sideswipe (opposite direction) 100 0
Head-on 0 0
Left-turn 66" 86"
Right-turn — 0

NoTE: Percent reductios in numbers of accidents associated with the presence
of left-turn lanes. Negative percent reductions indicate higher numbers of accidents
when left-turn lanes are present.

“Without protected left-turn phases.

*Pereent reduction is statistically significant at the 5 percent level of significance.
‘Undefined percent reduction, because there were no accidents without lelt-turn

lanes, but a non-zero number of accidents with left-turn lanes.

dents. Consequently, the trade-off between the reductions in
rear-end, sideswipe, and left-turn accidents and the increase
in right-angle accidents should be considered when evaluating
the cost-effectiveness of installing left-turn lanes at these
locations.

ACKNOWLEDGMENTS

This paper was based on research conducted as part of Nebraska
Department of Roads Project “Criteria for Left-Turn Bays.”
The research was performed by the Civil Engineering Depart-
ment, University of Nebraska-Lincoln, in cooperation with
the Nebraska Department of Roads. Special recognition is
given to David J. Peterson of the Traffic Engineering Divi-
sion, Nebraska Department of Roads for his suggestions and
assistance during the conduct of the research.

REFERENCES

1. Road Design Manual. Nebraska Department of Roads, Lincoln,
March 1984,

2. P. T. McCoy and M. S. Malone. Criteria for Left-Turn Bays: A
Guide for Selection of Divided and Undivided Sections on Urban
Four-Lane Roadways. Research Report TRP-02-18-87, Proj. RES
1 (0099) P409. Nebraska Department of Roads, Lincoln, Feb.
1988,

3. C. G. Hammer, Jr. Evaluation of Minor Improvements, Tn High-
way Research Record 286, HRB, National Research Council,
Washington, D.C., 1969, pp. 33—-45.

4. T. ). Foody and W. C. Richardson, Evaluation of Left-Turn Lanes
as a Traffic Control Device. Proj. 148210. Bureau of Traffic Con-
trol, Ohio Department of Transportation, Columbus, Nov. 1973,

5. N. A. David and J. R. Norman. Motor Vehicle Accidents in
Relation to Geometric and Traffic Features of Highway Intersec-
tions. Vol. 2—Research Report FHWA-RD-76-129. FHWA, U.S.
Department of Transportation, July 1975.

6. K. R. Agent. Development of Warrants for Left-Turn Lanes.
Research Report 526. Burcau of Highways, Kentucky Depart-
ment of Transportation, Lexington, July 6, 1979.

7. 1986 Continuous Traffic Count Data and Traffic Characteristics
on Nebraska Streets and Highways. Nebraska Department of
Roads, Lincoln, April 1987.

8. R. M. Michaels. Two Simple Techniques for Determining the
Significance of Accident-Reducing Measures. Traffic Engineer-
ing, Vol. 36, No. 12, Sept. 1966, pp. 45-48.

9. J. C. Laughland, L. E. Haefner, J. W, Hall, and D. R. Clough.
NCHRP Report 162: Methods for Evaluating Highway Safety
Improvements. TRB, National Research Council, Washington,
D.C., 1975.

10. Synthesis of Safety Research Related to Traffic Control and Road-
way Elements. Vol. 1, Chapt. 5S—Intersections. FHWA-TS-82-
232. FHWA, U.S. Department of Transportation, Dec. 1982.

11. P. T. McCoy, W. J. Hoppe, and D. V. Dvorak. Cost-Effective-
ness Evaluation of Turning Lanes on Uncontrolled Approaches
of Rural Intersections. Research Report TRP-02-15-84. Proj. HPR
79-3. Nebraska Department of Roads, Lincoln, Oct. 1981.

The content of this report reflects the views of the authors, who are
responsible for the facts and the accuracy of the data. The content does
not necessarily reflect the official views or policies of the University of
Nebraska-Lincoln or the Nebraska Department of Roads. This report
does not constitute a policy, standard, specification, or regulation.

Publication of this paper sponsored by Committee on Operational
Effects of Geometrics.



TRANSPORTATION RESEARCH RECORD 1239

23

Intersection, Diamond, and Three-Level
Diamond Grade Separation Benefit-Cost
Analysis Based on Delay Savings

BrRUCE RYMER AND THOMAS URBANIK I

A method for determining when traffic flow should be grade sep-
arated would be an invaluable tool for the traffic engineer/planner.
The results of this study facilitate choosing proposed grade sep-
aration improvements on the basis of an evaluation of the reduced
delay benefits to the cost of a grade separation. This methodology
can assist decision-makers in determining when grade separations
are appropriate. The analysis is centered on the Federal Highway
Administration’s TRANSYT 7F model. An economic analysis that
presents the benefit/cost methodology for ranking a grade sepa-
ration project is included.

Transportation engineers and planners are often required to
rank intersection-to-interchange improvement projects on the
basis of a minimal amount of input. The objective of grade
separation is to enhance total overall traffic movement, to
rank traffic movement on one functional class of roadway
over another, or to perform both of these functions. Grade
separation increases operational efficiency and therefore
improves the overall traffic movement at the junction of the
roadways by increasing the amount of traffic the roadway
junction can accommodate, lowering overall delay, and
decreasing certain types of accidents.

No guidelines currently exist for warranting a grade sepa-
ration at a roadway intersection. The possible operational
improvement that the grade separation will have on the inter-
section has not been adequately evaluated. Typical measures
of operational improvement are the delay savings and the
increased capacity of the interchange versus the intersection.
Delay can be used for a relative comparison of the improve-
ment and also in an economic analysis by assigning a value
to this delay time. This study was conducted to establish a
procedure for evaluating grade-separation projects based on
quantifying vehicle-delay improvement. Vehicle delay can then
be used as one of the criteria for considering grade separation
at an intersection.

A grade separation, prompted by the desire for a gain in
operational efficiency, can be accomplished by many different
types of interchanges. One set of through movements can be
grade separated by a single-point urban interchange, a con-
ventional diamond, a three-point diamond, or a split dia-
mond. Two sets of through movements can be grade separated
by a three-level diamond or a stacked diamond. There are
many other interchange configurations, with varying levels of
operational efficiency. The fully directional interchange serves
as the upper limit in efficiency and cost. This analysis focuses

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

on delay improvements gained by grade separation from a
high-type intersection to a conventional diamond interchange
to a three-level diamond interchange.

STUDY PROCEDURE

The study was not an attempt to acquire data for estimating
delay for every possible variety of intersection and inter-
change. Rather, its purpose was to identify major character-
istics to permit comparison of one type of improvement with
another.

A major portion of potential project benefits can be attrib-
uted to delay reductions. At an interchange, traffic consists
of two components: the grade-separated vehicles and the vehi-
cles that are operating at grade and passing through the signal
system. Separate procedures are necessary for evaluating the
at-grade and grade-separated portion of interchanges. This
report explores the at-grade signalized portion of inter-
changes. For purposes of this study, grade-separated through
volumes less than or equal to 1,800 vph/lane will contribute
a negligible amount to the system delay.

After evaluating a variety of alternatives, the TRANSYT
7F computer model was selected for developing relationships
among various at-grade configurations. TRANSYT 7F is
capable of optimizing the signal controls at intersections, dia-
mond interchanges, and three-level diamond interchanges.

Setting Input Variables

TRANSYT 7F is a macroscopic deterministic traffic model.
The required input data for the TRANSYT 7F model (1)
include geometrics, phasing, clearance intervals, saturation,
and traffic volumes. There are an infinite number of combi-
nations of these variables. The comparison presented here is
for planning purposes and is intended to be as equitable
as possible for evaluation of the operational upgrades from
intersection to diamond interchange to three-level diamond
interchange.

To simplify the evaluation, all of the at-grade intersections
considered had separate left-turn and right-turn bays. Figures
1-3 show the geometric layout of the various types of at-
grade signalized intersections. The saturation flow rate was
estimated to be 1,700 vph for left turns and 1,750 vph for
through and right-turning traffic. Right-turning traffic was
phased with its corresponding through movement. Phasing at
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FIGURE 2 Diamond geometrics used in T7F
simulation.

FIGURE 3 Three-level diamond geometrics used in T7F
simulation.
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the high-type intersection consisted of four phases with lead-
ing left turns. The diamond interchange operated on three
phases, with an appropriate offset between the two intersec-
tions. The three-level diamond ran on a coordinated two-
phase pattern.

A minimum cycle length of 30 seconds was used on the
three-level diamond interchange, and a minimum cycle length
of 40 seconds was used on the intersection and diamond inter-
change. A clearance interval of 3 seconds was used throughout
the simulations. Another simplifying assumption was that the
cross-road directional volume split was 1 to 1, or 50/50. Each
right- and left-turn movement was light (10 percent) or heavy
(20 percent) on each approach. This provided two scenarios
on each configuration: light turning movements (right + left
= 20 percent of through movement) and heavy turning move-
ments (right + left = 40 percent of through movement).

STUDY RESULTS

Figure 4 presents the total system delay (stopped delay +
approach delay) calculated by TRANSYT 7F at the intersec-
tion on the basis of hourly volume and turning movement
percentages and the other assumptions made with the geo-
metrics, phasing, and clearance intervals. The curves were
obtained by starting with a low initial traffic volume and incre-
mentally increasing the volume in each succeeding computer
simulation until oversaturation occurred.

The plots in Figure 4 appear to approach a vertical asymp-
tote, much like the underlying TRANSYT 7F delay function.
When the total of all four approaches is 6,000 vph, average
delay per vehicle is approximately 60 seconds, making the
overall system delay 100 vehicle hours.

A diamond, in essence, removes two through movements
from the at-grade intersection and replaces one signal with
two coordinated signals. When interpreting the delay calcu-
lations of TRANSYT 7F, the overall delay of the two-signal
diamond interchange system will be compared with the overall
delay of the one-signal at-grade intersection system. The same
methodology is used when comparing the system delay of the
four-signal, three-level diamond with the two-signal diamond
and the one-signal at-grade interscction. As a result, the sys-
tem delay on the ordinate represents a summation of all of
the intersection(s) delay within the system. This siep was
taken to provide an equitable operational comparison of the
different grade separation options.

In Figure 5, which is a plot of the diamond interchange
simulation results, the same asymptotic relationship is evi-
dent. The abscissa is marked with three different scales; the
top scale reflects the total number of vehicles in the inter-
change system. From this total, two of the through movements
have been removed by the grade separation, leaving the
accompanying turning movements to negotiate the at-grade

ciovmnale Tha hattnm twrn cnalan wnflant ¢ha natial cvvcndas A
Gignaas. 208 OOwONHLD 1O 5ULU0 ITLUUL UIv uliudl Huinuel Ul

vehicles entering the at-grade intersections. The two-diamond
interchange curves are very similar in shape to the at-grade
intersection curves once the abscissa is rescaled or com-
pressed. The three-phase, coordinated signals of the at-grade
portion of the diamond interchange approach 100 vehicle hours
of delay when total at-grade entering volume is 6,000 vph.
In Figures 1-3, the initial assumptions is that each move-
ment would have at least one lane to travel through the at-
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grade portion of the system. Both frontage road traffic and
u-turning traffic were negated to provide a consistent com-
parison throughout. This is an appropriate assumption for an
arterial-arterial interchange, where no frontage roads would
exist. Also, frontage road and u-turning volumes are rarely
known at the planning stage.

Figure 6 demonstrates that the same asymptotic relation-
ship exists in the three-level diamond interchange. The top
abscissa scale is the total number of automobiles in the three-
level diamond system. Four through movements have been
grade separated or removed from the at-grade intersection.
The remaining turning movements must negotiate the at-grade
signals. The two lower abscissa scales reflect the residual of
the through movements and are a combination of the right
turns plus the left turns. With two through lanes in each
direction (Figure 3), the total system capacity for this roadway
junction is 4 ditections X 2 lanes/direction X 2,000 vph/lane
= 16,000 vph. Therefore, the maximum volume that can enter
the 4 x 4 system is 16,000 vph.

A three-level diamond interchange would probably have
three or more lanes on each at-grade approach. Figure 3
represents the geometrics assumed for this analysis only. Each
turning movement had a separate lane while it negotiated a
signal controlled intersection. Note that with 40 percent (left
+ right) of the grade separated through movements exiting,
the cxit ramp is approaching its capacity [(0.40 X 2 lanes X
2,000 vph/lane) = 1,600 vph]. This factor will act as a con-
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straint on the at-grade capacity of the system. Once the two
lower abscissa scales are compressed, a delay relationship very
similar to the intersection and diamond relationships is formed.
The at-grade, signalized portion of the three-level diamond
reaches its capacity at 6,000 vph entering volume when the
system is approaching its maximum entering volume of 16,000
vph and there are 20 percent left turns and 20 percent right
turns on all approaches.

A family of curves has been developed for the three dif-
ferent geometric scenarios. Figure 7 shows a relative com-
parison of system delay with total vehicles in the system and
a comparison of the amount of hourly traffic that each system
can accommodate. Each roadway junction type has an upper
and lower limit that is actually set by the severity of the left-
turning movement demand and the number of through lanes
on cach roadway.

Iligure 7 also plots the range of intcrscction dclays within
each system. This analysis neglects any delay on the free-
moving through lanes. By definition, the delay on the grade-
separated portion should also be included with the overall
system delay if the free-moving through lanes become con-
gested. However, with at least 20 percent or more of the traffic
(10 percent right turns and 10 percent left turns) negotiating
the at-grade portion of the interchange, this leaves 1,800 vph/
lane on the through lanes on the three-level diamond. The
grade-separated through lane delay has been omitted and
could best be computed by a speed/density analysis. The grade-
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FIGURE 7 At-grade delay versus system capacity.

separated lanes on the diamond interchange are operating at
1,000 vph/lane when the at-grade delay reaches 60 seconds
per vehicle, incurring a small amount of delay on the grade-
separated through lanes and adding very little delay to the
overall diamond system. There are additional volume bene-
fits unaccounted for on the through lanes of the diamond
interchange.
The underlying asymptotic delay relationship, as demon-
—strated in Figures 4-6, follows the same general shape for
each at-grade signalized portion of the three types of roadway
junctions (with these assumed geometrics). The approximate
capacity of all three at-grade intersection systems is 6,000 vph.
At the transitions from an at-grade intersection to a diamond
interchange to a three-level diamond interchange, it appears
that any efficiencies gained by losing a phase and removing
two through volumes are counterbalanced by increasing the
number of coordinated traffic signals. Therefore, for planning
purposes, a single delay equation can be developed for eval-
vating the delay incurred on the signalized, at-grade portion
of these three types of roadway junctions.

DEVELOPMENT OF A DELAY EQUATION

A delay relationship based on assumed geometrics and an
hourly volume has now been established. The delay calcu-
lation routine can be greatly shortened by fitting an equation
to the relationship and using hourly traffic as the only inde-
pendent variable for calculating delay. This equation can then
be used in an hour-by-hour, day-by-day, year-by-year eco-

nomic planning analysis for evaluating a grade separation under
the assumed geometrics.

The similarity among the intersection, diamond, and three-
level diamond at-grade delay curves can be used to an advan-
tage. This similarity in shape means that direct comparisons
can be made from intersection to diamond, diamond to three-
level diamond, and intersection to three-level diamond.
Therefore, any amount of traffic removed from the at-grade
portion of the intersection becomes a benefit.

By using the SAS curve fitting routine, an equation was
derived for the observed delay relationship (2). An 2 of 0.92
was obtained. Fora4 X 4 high-type intersection (four through
lanes by four through lanes), the at-grade delay equation is:

Delay 4 x 4 = 1.1778 v(00072452)

where delay is in vehicle hours per hour and v = total volume
entering at-grade intersection (veh/hr).

By using the same procedure, a similar equation may be
developed for a 6 X 6 high-type intersection. Only an addi-
tional through lane has been added to the geometrics; all other
variables remain the same.

Delay 6 X 6 = 1.2662 g+(-:00056726)

Delay and v have been defined previously.

In Figure 8, the 6 X 6 delay function yields a higher amount
of capacity. The extra capacity comes from the additional
through lanes. The delay also goes up in a corresponding
manner. An upper limit was placed on the curves. It is rec-
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FIGURE 8 Derived delay equations.

ommended that the derived delay relationships be used only
for projected demands that are no greater than 20 percent in
excess of capacity because it is likely that traffic will divert
to other routes. The following economic analysis limits
delay when the capacity reaches 120 percent of the at-grade
capacity.

ECONOMIC ANALYSIS

The derived equation(s) can be used in an economic analysis
to determine if the benefits to the motorists of reduced delay
will offset the cost of a grade-separated structure. The pro-
cedure is to take an average daily traffic (ADT) volume and
an assumed hourly distribution of vehicles and calculate the
delay using the derived delay equation. The delay is then
summed over the year. A monetary value is assigned to the
delay time and a delay cost calculated. The ADT is increased
to reflect an average yearly growth rate, and the process is
repeated. A net present worth can then be computed and a
relative comparison made.

Grade separatione cast -nmewhere hetween %2 and 5+
million, depending on site-specific conditions. If the public’s
delay reduction over the project’s life is equal to or exceeds
the construction cost of a grade separation, then the grade
separation is warranted.

The economic evaluation assumed a Texas urban and rural
traffic distribution developed by Urbanik (3). These specific
distributions were obtained from a previous study of urban
and rural facilities, and the k factors are 7.63 percent and

8.78 percent respectively. For purposes of this example, occu-
pancy of each automobile was set at 1.25 persons. A value of
$7.80 per vehicle-hour was allotted for the delay time. The
value of commercial truck time was estimated as $19.00 per
vehicle-hour. These values reflect the value of time to the
motor vehicle occupants and associated vehicle operation costs
(4). Yearly delay was based on 250 working days. A net
present worth approach with 5 percent interest rate and a 20-
year project life was used to assess the current economic value

of delay. Truck traffic was assumed to be 10 percent. Traffic
ornwfh was assumed to be 2 percent per year duru'lg the 20-
year project life.

Oversaturated conditions in any signal system will yield
extremely high delay numbers. For planning purposes, a max-
imum saturation ratio of 1.2 was arbitrarily designated. There-
fore if the assumed capacity of a junction were 6,000 vph, the
maximum capacity that could pass through the junction would
be 6,000 vph x 1.2 = 7,200 vph. This limits the amount of
benefits that a planner can take by putting a maximum upper
limit on the hourly volume. No excess volume is carried over
into the next hour. It is believed that this is a more conserv-
ative procedure, and no undue delay credit is taken.

The fnl]r\unnn tahlec were nAnprand with the derived rlnla\l
relationships. Tables 1 and 2 apply only to high-level, 4 X 4
and 6 X 6 roadway junctions. Any combination of grade
separations may be evaluated, for example, intersection to
diamond, intersection to three-level diamond, or diamond to
three-level diamond. These comparisons can all be made
because the benefits are a function of the volume of traffic
removed from the at-grade signalized portion of the inter-
change only.
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Tables 1 and 2 represent the total delay costs to the motor-
ing public. To determine if grade separation is warranted on
the basis of a savings of delay, the existing at-grade ADT
must be known. The benefits are found by determining the
amount of traffic removed from the at-grade volume and tak-
ing the difference between the delay costs of the existing ADT
and the remaining at-grade ADT. The following three exam-
ples illustrate this procedure.

® Urban upgrade from 4 X 4 high-type intersection to dia-
mond interchange.

— Known: Existing at-grade volume = 50,000 ADT
Will remove 20,000 ADT from intersection
Remaining at-grade ADT = 30,000

— Net present worth of delay reduction benefits (millions)

= $7.536 — $3.497 = $4.039.

A saving of $4,039,000.00 in delay to the motoring public is
achieved over a 20-year period by building a diamond inter-
change to replace the intersection. The delay saving benefit
for this example is roughly equivalent to the cost of building
a diamond interchange.

e Rural upgrade from 4 X 4 high-type intersection to a
three-level diamond interchange.

— Known: Existing at-grade volume = 60,000 ADT
Will remove 40,000 ADT from at-grade ADT
Remaining at-grade ADT = 20,000

— Net present worth of delay reduction benefits (millions)

= $19.874 — $2.220 = $17.654.

TABLE 1 NET PRESENT WORTH DELAY EVALUATION

Total Delay Costs,
4 x 4 High-Type
Intersections(s) (§ x 10)

Average At-Grade Daily Traffic Rural Urban
10,000 1.421 1.414
20,000 2.220 2.178
30,000 3.642 3.497
40,000 6.232 5.831
50,000 11.051 7.536
60,000 19.874 17.826
70,000 33.728 30.542
80,000 51.724 45.977

TABLE 2 NET PRESENT WORTH DELAY EVALUATION

Total Delay Costs
6 x 6 High-Type _
Intersections(s) (§ x 10°)

Average At-Grade Daily Traffic Rural Urban
10,000 1.396 1.392
20,000 1.954 1.930
30,000 2.822 2.749
40,000 4.194 4.014
50,000 6.390 4.554
60,000 9.957 9.135
70,000 15.824 14.181
80,000 24.884 22.386
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A saving of $17,654,000.00 in delay to the motoring public is
achieved over a 20-year period by replacing the intersection
with a three-level diamond interchange. The delay reduction
benefits for this example exceed the cost of building a three-
level diamond interchange.

e Urban upgrade from a diamond interchange to a three-
level diamond interchange (on a 4 X 4 roadway junction).

— Known: Existing at-grade volume = 60,000 ADT
Will remove 20,000 ADT from at-grade ADT
Remaining at-grade ADT = 40,000

— Net present worth of delay reduction benefits (millions)

= $17.826 — $5.831 = $11.995.

A saving of $11,995,000 in delay to the motoring public is
achieved by building a three-level diamond interchange to
replace the diamond interchange. This delay reduction benefit
exceeds the cost of building a three-level diamond inter-
change.

When a diamond is upgraded to a three-level diamond, the
number of through lanes on the at-grade portion of the road-
way intersection determines which of the two tables to select.
The variables that have an impact on the net present worth
calculations are value of delay time and operating costs, occu-
pancy of the vehicles, interest rate, ADT, hourly distribution
of ADT, yearly growth rate of ADT, project life, and per-
centage of commercial trucks. All of these variables are used
with the delay equation(s) and can easily be incorporated into
a computer spreadsheet program.

CONCLUSIONS

For planning purposes, the operational efficiency of a given
geometric intersection and its corresponding grade-separated
improvements can be quantified by a single delay equation.
This equation may be used for estimating the operational
effectiveness of a grade separation project for use in a benefit/
cost analysis.

REFERENCES

1. TRANSYT-7F User’s Manual (Release 5). Transportation Research
Center, University of Florida, Gainesville, July 1987.

2. SAS User’s Guide: Basics and Statistics. SAS Institute, Inc., Cary,
N.C., 1985.

3. T. Urbanik II. Speed/Volume Relationships on Texas Highways.
Texas Transportation Institute, Texas A&M University, College
Station, April 1984.

4. M. K. Chui and W. F. McFarland. The Value of Travel Time: New
Estimates Developed Using a Speed-Choice Model. Texas Trans-
portation Institute, Texas A&M University, College Station, May
1986.

Publication of this paper sponsored by Committee on Operational
Effects of Geometrics.



30

TRANSPORTATION RESEARCH RECORD 1239

Accident Comparison of Raised
Median and Two-Way Left-Turn Lane

Median Treatments

CHRISTOPHER A. SQUIRES AND PETER S. PARSONSON

It is accepted that the installation of a median will reduce accident
occurrence along a previously undivided road. This report pro-
vides an accident comparison of raised medians and continuous
two-way left-turn lanes used as median treatments on four- and
six-lane roads. A statistical comparison of accident rates for the
two section types and regression equations to model expected acci-
dent experience for each section were developed. Four- and six-
lane roadway study sections in Georgia were analyzed separately.
The accident rate of raised medians was found to be lower than
the rate of two-way left-turn lanes for both four- and six-lane
roadway sections. Regression equations were developed for raised
median and two-way left-turn lane sections, four- and six-lane
sections, total and midblock accidents, and accidents per million
vehicle miles and accidents per mile per year. Tables of expected
accident rate values were developed from the regression equations.
On the basis of expected total accidents per million vehicle miles
the tables indicated that for four-lane sections, raised medians had
a lower accident rate over the range of data studied. Results from
six-lane sections were mixed. The regression equations indicated
that raised medians would have lower accident rates for most
conditions. However, two-way left-turn lanes had a lower accident
rate where few concentrated areas of turns, such as signalized
intersections and unsignalized approaches, existed.

This study was intended to provide a basis of comparison
between two median treatment types frequently used on arte-
rial roads. Both raised medians and continuous two-way left-
turn lanes (TWLTLs) are often used on high-volume four-
and six-lane roads. Implementing either type of median treat-
ment will reduce the number of accidents experienced on an
undivided road that has the same number of through lanes.
This study compares the relative safety of these two median
treatments.

A TWLTL is a lane in the center of a road that is dedicated
to left turn movements by both directions of traffic. TWLTLs
provide excellent service to the land adjoining the roadway
by offering an area for deceleration and stopping before a left
turn from the road. As a result, TWLTLs reduce the fre-
quency and severity of rear-end collisions and allow drivers
additional perception time in making left turns. These lanes
are also used by vehicles turning from cross streets and drive-
ways onto the arterial. TWLTLs allow more tlexible use of
the entire roadway because, for example, temporary work
zones can easily be established.

Raised medians facilitate the movement of through traffic
along a roadway. Turning movements are concentrated at

C. A. Squires, Kimley-Horn and Associates, Inc., 3885 20th Street,
Vero Beach, Fla. 32960. P.S. Parsonson, Georgia Institute of Tech-
nology. School of Civil Engineering, Atlanta, Ga. 30332,

relatively few points, where they can better be accommo-
dated. This concentration reduces both the total number of
conflict points for vehicles turning onto or off of the roadway
and the number of driveway maneuvers allowed. Raised medi-
ans may also be used for their aesthetic qualities.

The purpose of the study was to provide a quantitative basis
for determining whether raised medians or TWLTLs would
have a lower accident rate for a given situation. As many
study sites as possible throughout the State of Georgia were
identified for the study. The study was undertaken in con-
junction with the Georgia Institute of Technology School of
Civil Engineering. The Georgia Department of Transporta-
tion (GaDOT) provided information that could not be readily
collected in the field.

The study was limited to roads with either four or six travel
lanes. Data for these two types of sites were analyzed inde-
pendently. Accident data were obtained for fatal, injury, and
property-damage-only accidents occurring along each section.
Full data analysis was performed for both total and midblock
accident occurrence.

PREVIOUS RESEARCH

A Federal Highway Administration (FHWA) report by Azzeh
et al. (1) advocated the use of either TWLTLSs or raised medi-
ans to reduce accidents and delay caused by an undivided
roadway. When accident reductions for raised medians and
those for TWLTLs are compared, it appears that TWLTLs
would be safer for low and moderate levels of development
(measured as having fewer than 60 commercial driveways per
mile). Raised medians would be considered safer for high
levels of development. The relative safety of the two median
types remained constant for all average daily traffic (ADT)
levels studied (fewer than 5,000, 5,000 to 15,000, and more
than 15,000 vehicles per day).

The same report included general comments about each
median typc. A TWLTL is attractive because it keeps left
wrning veiicies from tough taiiic wilie providiug waxi-
mum left-turn access. A TWLTL should be used, in lieu of
an undivided road, when there are frequent rear-end conflicts
caused by left-turning vehicles and on moderate- to high-
volume highways that have few cross streets and many
driveways.

Raised medians reduce the number of conflicting vehicle
maneuvers at driveways. However, there will be some increase
in other conflicts because of indirect left-turn maneuvers when
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drivers move vehicles into minor driveways. Raised medians
are used on major arterials with a moderate to high number
of driveways per mile. A cross-street spacing of one-half mile
or greater is desired.

Perhaps the most often quoted report is Parker’s 1983 Vir-
ginia study (2). Regression equations were produced for the
accident occurrences of raised median, traversable median
(including TWLTL), and undivided highway sections. Gen-
eral guidelines were also presented for using the various median
types. The report indicated that if stopping sight distance is
less than AASHTO standards, a TWLTL should not be used.
A raised median should not be used where speeds exceed 45
mph unless the curb face is mountable. Raised medians are
desirable when access points are limited to major intersec-
tions, there are large pedestrian volumes, or a grid pattern
permits circuitous flow of traffic without disrupting residential
traffic. Additionally, TWLTLs should not be used when access
is required on only one side of the street.

Harwood and St. John (3) listed characteristics and appro-
priate implementations of raised medians and TWLTLs. Raised
medians discourage new strip development, whereas TWLTLs
may encourage such development. However, raised median
sections increase travel time for drivers who wish to turn left
if median openings are not provided. They also reduce oper-
ational flexibility, such as allowing for emergency vehicle
operations, lane closures, and work zones. Raised medians
are best suited to major arterials with a high volume of through
traffic and limited access points and are also appropriate when
a highway agency makes a conscious choice to favor the traffic
movement function through an area.

Two-way left-turn lanes generally reduce delay to left-turn-
ing vehicles and enhance operational flexibility. However,
they do not provide any refuge area for pedestrians. Inap-
propriate use of TWLTLs by drivers may cause vehicular
conflicts. Harwood and St. John indicated that TWLTLSs should
be used when there are low to moderate volumes of through
traffic.

DATA COLLECTION
Site Selection

Roadway sections that had a continuous TWLTL or a con-
tinuous curb-and-gutter raised median were considered for
the study. Other than the following restrictions, there were
no predefined limits on the range of data to be expected from
these sites. The parameters used for selection were

® ADT at least 9,500 vehicles per day,

e Location on a state route,

@ A constant four- or six-through lane cross section, and
@ Free access to the road at grade (uncontrolled access).

To ensure that the study incorporated only urban type sec-
tions, ADT values were kept above 9,500 and there was free
access to the road. Sites located on a state route enabled
collection of accident data that were uniformly reported.

Some of the sites chosen were suggested by Vargas (4).
The remaining sites were determined through computer
searches of the GaDOT road inventories. These inventories
provided the preliminary information needed to identify po-
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tential sites, including number of through lanes, ADT, access
control, type of median treatment, and lane widths.

In the Atlanta metropolitan area, 16 suitable TWLTL sites
were identified; however, only 4 raised median sites were
located. Several potential sites were eliminated because of
depressed or flush medians along portions of the site length.
Broadening the search area to encompass the entire state
resulted in the addition of 15 raised median sites and 4 TWLTL
sites.

The 20 of the TWLTL sites have a total length of 74.86
miles. The 19 raised median sites have a total length of 47.60
miles. Each site was subdivided into sections wherever pos-
sible. Sections for analysis were established for lengths greater
than 0.75 miles to ensure that the data for all sections would
be representative of actual conditions. Short analysis sections
would tend to yield highly fluctuating data. The researchers
also wanted to define the analysis sections so that reported
ADT values would remain constant through the section. Ana-
lyzing sections with a relatively constant ADT was a secondary
consideration in establishing the analysis sections. Table 1
provides a summary of basic site and section characteristics.

Data Collected
Data for the analysis sections were obtained from three sources:
® Road inventories from GaDOT Planning Data Services,

® Field collection, and
e Accident data from GaDOT Traffic and Safety Division.

TABLE 1 SITE AND SECTION CHARACTERISTICS

TWLTL Raised

Medians

Number of Sites

4 Lane sections 17 13

6 Lane sections 3 6

Totals 20 19
Number of Sections

4 Lane sections 42 15

6 Lane sections 8 17

Totals 50 32
Site Lengths

4 Lane sections 62.48 24.68

6 Lane sections 12.38 22.92

Totals 74.68 47.60
Million Vehicle Miles per year

4 Lane sections 691.48 228.25

6 Lane sections 149.05 264.42

Totals 840.53 492.68
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Road inventories provided ADT and mileage points reported
to the nearest one Yiooth of a mile and were used to further
subdivide sites into analysis sections. Accident data were
obtained in summary form, which indicated fatal accidents,
injury accidents, and total accidents for each analysis section.
The data were provided for the total length of the analysis
section and for midlock portions of the section. Accident data
were available for 1984, 1985, and 1986 on all but two sites;
for each of these, data were available for only two years. Data
collected in the field for each section consisted of the number
of driveways, signalized intersections, unsignalized approaches
(streets), and, for raised median sections, median openings
other than at signalized intersections.

Data Summary
The accident data obtained from GaDOT were used to cal-

culate accidents per million vehicle miles (MVM) and acci-
dents per mile per year. The number of accidents per million
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vehicle miles was believed to be the best indicator for com-
parison between median types because of the great variation
of ADT present in the sites analyzed. However, the numbers
of accidents per mile per year were calculated for use in com-
paring this study with other research.

Table 2 summarizes the accident calculations for injury acci-
dents, fatality accidents, and total accidents. No determina-
tion was made of the number of injuries or tatalities associated
with each section because these numbers are dependent on
variables outside the scope of this research.

The summary rates presented in Table 2 were not obtained
by averaging the accident rates for individual sections, which
would have created an error because the site lengths and
ADTs vary. Instead, accidents per MVM were obtained for
each section type by summing the number of accidents per
year and dividing that number by the total number of million
vehicle miles traveled per year. Accidents per mile per year
were found by dividing the total number of accidents per year
by the sum of the analysis section lengths for each cross-
section type.

TABLE 2 SUMMARY OF ACCIDENT DATA

Total Midblock
Accidents Accldents
TWLTL RM % Diff TWLTL RM % Diff

Accidents / MVM

4 Lane sections 8.99 7.67 -14.7% 3.50 1.34 -61.7%

6 Lane sections 10.82 8.15 -24.7% 4.19 1.92 -54.2%
Accidents /Mi / Yr

4 Lane sections 99.45 7091 -28B.7% 38.78 12.39 -68.1%

6 Lane sections 130.26 94.07 -27.8% 50.46 22.13 -56.1%
Injury Accidents / MVM

4 Lane sections 2.00 1.70 -15.0% 0.81 0.32 -60.5%

6 Lane sections 367t 1.90 -47.4% 1.09 0.43 -60.67%
Injury Accidents /Mi/ Yr

4 Lane sections 22.14 1576 -28.8% 8.91 292 -67.2%

6 Lane sections 43.46 21.87 -49.7% 13.14 493 -62.5%
Fatal Accldents / IMVI*

4 Lane sections 0.01 0.03 -66.7% 0.01 0.01 0.0

6 Lane sections 0.03 0.03 0.0 0.02 0.01 -50.0%
Fatal Accidents /Mi / Yr

4 Lane sections 0.14 0.29 -51.7% 0.06 0.08 -25.0%

6 Lane sections 0.38 -2.6% 0.30 0.10 -66.7%

0.39
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The data obtained from road inventories and field collection
were converted to a per mile basis (signals per mile, for exam-
ple). Table 3 summarizes the site data.

Data were plotted in the form of scatter diagrams. Each of
the independent variables was plotted against accidents per
MVM and against accidents per mile per year for each of the
section types so that the data could be checked for outliers.
The relevant scatter diagrams plot total accidents per MVM
against the independent variables found to be significant in
the regression analysis. Figures 1-4 show that none of the
data points used in developing the regression equations (for

accidents per MVM) appears to be an outlier.

DATA ANALYSIS AND RESULTS

Comparison of Accident Rates

The accident data were tested to determine the error level at
which there was a significant difference between two-way left-

TABLE 3 SUMMARY OF SITE DATA
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turn lane and raised median accident rates. Table 4 lists the
alpha error at which the two accident rates were found to be
significantly different. The figures indicate the alpha error
associated with the conclusion that raised medians are safer
than TWLTLs. The last two columns also indicate whether
the two rates are statistically significant at different alpha
values of 0.10 and 0.05.

The calculations were based on a one-sided student’s
t-distribution. The assumption that p.; = wg,, (mean of TWLTL
accident rates equals mean of raised median accident rates)
was tested, with the alternate hypothesis being that pr > pgy
(mean of TWLTL accident rates is greater than mean of raised
median accident rates). With the initial hypothesis, any dif-
ference in accident rates is due to chance alone. The alternate
hypothesis, for which the alpha error has been calculated,
states that the difference in rates is not attributable to chance
alone and that the mean of TWLTL accident rates is higher
than the accident rate for raised median cross sections.

There is never certainty, statistically speaking, that rates
of finite sample sizes are definitely different. However, some

TWLTL RAISED MEDIAN
Slane 4lane Slane 4lane
ADT Minimum 237212 9500 20360 10180
Maximum 47685 52240 47180 59070
Mean 32769 30542 31994 24605
Stnd Dev. 8308 9881 7969 10866
Drives/mi  Minimum 36.90 10.08 18.18 5.00
Maximum 144.34 103.53 106.40 76.74
Mean 71.29 50.16 45.62 33.73
Stnd Dev. 33.96 21.67 22.84 19.30
Signals/mi  Minimum 1.07 0.00 0.00 0.00
Maximum 5.66 7.06 4.76 8.14
Mean 2.63 2.10 225 2.26
Stnd. Dev. 1.54 1.56 1.08 1.97
Openings/mi Minimum ---1 = 0.00 1.14
Maximum s W 7.43 13:79
Mean = bt 2.89 3.98
Stnd. Dev. e e 1.91 3.37

! Openings per mile not applicable to two-way left-turn lane sections.
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of the extremely low alpha errors found in this study are
as close as could reasonably be expected to ascertaining a
difference in accident rates for the two cross-section types
analyzed.

As expected, raised medians were found to be safer in terms
of the number of midblock accidents. However, this deter-
mination should not be a decisive factor in comparison of the
two median types. Raised medians shift many conflicts from
midblock locations to surrounding intersections. Concep-
tually, the minimization of total accidents, not just midblock
accidents, should be important in comparing the effects of
median type.

As mentioned, the number of accidents per million vehicle
miles (MVM) is preferred to the number of accidents per mile
per year as an indicator of relative safety. The use of the
accident per MVM rate accounts for differences among sites
in traffic volumes and, therefure, in differences in the oppor-
tunity for accidents.

Elimination of the study of accidents per mile per year
reduces the most useful comparisons to those of total accidents
per MVM for four- and six-lane sections. The rates indicate
that raised medians had a lower accident experience than
TWLTLSs for the range of variable data tested. However, the
question of determining an acceptable alpha error is crucial
because the difference in accident rates for four-lane sections
has a high alpha error.

Regression Models

Regression equations were developed to model data obtained
for each section type. Four basic section types were analyzed
(raised median and TWLTL, each with four- and six-lane
sections). Additionally, data were further subdivided by total
and midblock accidents and accidents per MVM and accidents
per mile per year. This grouping led to the development of
16 regression equations.

Regression equations were found by using three Biomedical
computer program (BMDP) statistical software on the Geor-
gia Tech mainframe computer (Cyber B). Data were initially
tested with BMDPYR and BMDP2R to determine which vari-
ables were significant in the regression analysis. These two
programs serve to eliminate variables that are redundant or
have a high correlation to significant variables. BMDPIR was
then used to find the final regression equation based on the
variable sets found by the first two programs.

BMDPOR is an “all-possible-subset’ regression program.
In other words, the program will test all of the possible com-
binations of data, from single variables to all of the inde-
pendent variables. The best set of variables is then chosen
from the tested combinations on the basis of Mallow’s C,,.
This statistic provides a measure of whether the regression
equation has enough information in it. Use of this indicator
serves to maximize both the squared multiple correlation (R?)
and the F ratio (also called F statistic). Neither of these sta-
tistics, when used individually, provides an accurate descrip-
tion of an equation’s utility. Although it is desirable to max-
imize R?, excess variables in an equation tend to inflate this
value. Although the Fratio does not describe the relationship
between the regression and residual sum of squares, as R?
does, this statistic reacts inversely with the addition of unnec-

S ]
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TABLE 4 SIGNIFICANT DIFFERENCE OF ACCIDENT RATES BETWEEN

TWLTL AND RAISED MEDIANS

Sectiontype  Accident type

point of significant

Alpha-error at

Significant difference

at alpha-error

difference =0.10 =0.05
Total Accidents
4 Lane sections Acc/MVM 0.2168 no no
Acc/mile/yr 0.0980 yes no
6 Lane sections Acc/MVM 0.0549 yes no
Acc/mile/yr 0.0883 yes no
Midblock Accidents
4 Lane sections Acc/MVM 0.0009 yes yes
Acc/mile/yr 0.0128 yes yes
6 Lane sections Acc/MVM <0.0005 yes yes
Acc/mile/yr 0.0224 yes yes

essary variables. The F ratio is used with the R? statistic to
find the best regression equation.

BMDP2R was then used to find what it considered to be
the best set of variables. BMDP2R, a stepwise regression
program, attempts to enter a variable into an equation and
then seeks to remove a variable based on the equation’s F
ratio. Often this process results in a smaller variable list than
those suggested by other programs.

All of the suggested variables combinations from the two
programs were used with BMDPIR (a multiple linear regres-
sion program) to find the final regression equation for each
section type. When alternate variable lists were compared,
the equation that produced the best combination of R* and
F ratio was chosen.

Table 5 lists the variables selected as significant for regres-
sion equations for each section type, along with the corre-
sponding R? and F ratio values. Regression equations were
found that fit total accidents well for almost all section types.
Raised median six-lane section accidents per MVM were the
exception. On the other hand, half of the midblock accident
models fit poorly, which probably indicates that the type
of data obtained was not adequate to explain midblock
accidents.

Regression equations developed are linear. That is, they
are of the form

y=aX, +bX, + - +f

Table 6 lists regression coefficients for the variables. As can
be seen all of the total accident equations rely on the number

of signals per mile. Further, all of the total accident per mile
per year equations (and none of the total accident per MVM
equations) incorporate ADT.

Expected Value Tables

Tables of expected accident rates, developed from the regres-
sion analysis, list the accident rates estimated by the regression
equations. The tables cover only data ranges that were present
at the sections studied. This approach has led to different
variables value ranges for four- and six-lané sections. For
instance, ADTs range from 20,000 to 50,000 for six-lane sec-
tions, but four-lane section ADTs range from 10,000 to 50,000.

However, in some places, the tables give rates at combi-
nations of independent-variable values that were not observed
at the sections studied. The table of expected accidents per
MVM on four-lane sections has no rates that were not covered
by the data obtained. This situation results from the limited
number of independent variables found to be significant in
the corresponding regression equations. On the other hand,
the table for accidents per MVM on six-lane sections has
several areas that were not found in the study sections. In
this table, all of these were predicted TWLTL rates because
of the paucity of TWLTL six-lane sections. For all values of
ADT, data range combinations that were not found in the
field were

@ One signal per mile, 30 drives per mile, and 6 approaches
per mile;
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TABLE 5 VARIABLE SETS USED IN REGRESSION EQUATIONS
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Section type Variable sets Multiple F Ratio
R2
TOTAL ACCIDENTS
TWLTL 6 Lanes -Acc/mi/yr ADT, Drives/mi, 0.9861 53.088
Signals/mi, Apprch/mi
-Acc/MVM  Signals/mi, Apprch/mi 0.9572 29.823
Drives/mi

TWLTL 4 Lanes -Acc/mi/yr ADT, Signals/mi, Apprch/mi 0.6018 19.146
-Acc/MVM  Signals/mi 0.4443 31.980

R.Med. 6 Lanes -~Acc/mi/yr ADT, Signals/mi 0.6242 11.629
-Acc/MVM  Signals/mi 0.2639 5.378

R. Med. 4 Lanes -~Acc/mi/yr  ADT, Signals/mi 0.7670 19.752
-Acc/MVM  Signals/mi 0.7990 51.661

MIDBLOCK ACCIDENTS

TWLTL 6 Lanes -~Acc/mi/yr  ADT 0.8294 29.167
-Acc/MVM  ADT 0.6281 10.131

TWLTL 4 Lanes ~Acc/mi/yr  ADT, Drives/mi, Apprch/mi 0.4772 11.563
-Acc/MVM  Drives/mi, Apprch/mi 0.3939 12671

R. Med. 6 Lanes -~Acc/mi/yr ADT 0.2768 5.741
-Acc/MVM  Openings/mi, Signals/mi 0.0749 0.567

R. Med. 4 Lanes -Acc/mi/yr  ADT, Signals/mi 0.7579 18.781
-Acc/MVM  Drives/mi, Signals/mi 0.7175 13.236

e One signal per mile, 60 drives per mile, and 4 or 6
approaches per mile;

@ One or 2 signals per mile and 90 drives per mile;

® Two signals per mile, 30 drives per mile, and 4 or 6
approaches per mile;

® Three signals per mile and 30 drives per mile;

e Three signals per mile, 60 drives per mile, and 6 approaches
per mile; and

® |hree signals per mile, YU drives per miie, and 4 or o
approaches per mile.

The tables use the same variable format—even if some of
the variables do not affect the accident rate—to facilitate
comparisons and promote clarity. The purpose of the tables
is not to show an absolute accident rate; rather, they are
intended to present trends in the data and the relative dif-
ference between median types.

Tables 7 and 8 present the expected total accidents per
MVM for four- and six-lane sections, respectively. Table 7
reveals that raised medians are safer than TWLTLs over the
range of data studied for four-lane sections. However, it is
significant that the difference between accident rates drops
from 26 to 3 percent as the number of signalized intersections
increases from one per mile to four per mile. The accident
ratcs were calculated from regression equations that were
dependent only on tie nwnber of siguais pe: wile.

Table 8 gives the expected total accident rates for six-lane
sections. As can be seen, accident rates for TWLTLs and
raised medians did not depend on the same variables. In an
effort to provide a common basis for comparison, Table 9
was created. Table 9 is similar to Table 8 in all respects, except
that raised median accidents were modeled as being depen-
dent on the same variables as TWLTL accidents. A regression
equation was derived through computer analysis, as with the
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Total Accidents
Coefficients
Section Accident ADT Drives Signals Apprch Open. Constant
Type per mi per mi per mi per mi

TWLTL 6 Lanes Acc/MilYr .00508438 -0.89517 32.37220 6.48221 ... -73.91125

Acc/MVM 0 -0.08598 3.08711 0.44833 .- 7:53150

TWLTL 4 Lanes Acc/MilYr .0038777 0 22.68622 -8.85380 - .- -21.86862

Acc/MVM 0 0 2.29131 0 - 4.01780

Raised Median 6 Lanes Acc/Mi/Yr 0.00455 0 22.46702 0 0 -96.48022

Acc/MVM 0 0 1.96196 0 0 3.85559

Raised Median 4 Lanes Acc/Mi/Yr .0019168 0 16.13910 0 0 -14.79288

Acc/MVM 0 0 2.72091 0 0 1.91835

Midblock Accidents
Coefficients
Section Accident ADT Drives Signals Apprch Openings Constant
Type per mi per mi per mi per mi
TWLTL &-Lanes Acc/Mi/Yr| 0.0033571 0 0 0 ---| -60.86993
Acc/MVM .0001292 0 0 0 .- - -0.36498
TWLTL 4 Lanes Acc/Mi/Yr .0016209 0.52512 0 -8.74647 - - 4.19088
Acc/MVM 0 0.05632 0 -0.61905 .- 3.29801
Raised Median 6 Lanes Acc/Mi/Yr| 0.0009661 0 0 0 0 -8.13549
Acc/MVM 0 0 0.16643 0 -0.10956 1.86028
-19.32438
Raised Median 4 Lanes Acc/Mi/Yr| 0.0010357 0 2.51833 0 0 0.98599
Acc/MVM 0 -0.04567 0.78479 0 0

other regression models. This model was originally not used
because the additional variables do not provide enough infor-
mation to be statistically significant.

With regard to six-lane section total accidents, the expected-
value tables indicate that raised medians are safer for all ADT
levels except when there is 1 signalized intersection per mile
and at least 75 driveways per mile or when there are 2 sig-
nalized intersections per mile, at least 80 driveways per mile,
and 5 or fewer unsignalized approaches per mile.

These results should be viewed in light of the aforemen-
tioned independent variable combinations not covered by study
data. Specifically, rates for the conditions where TWLTLs
were found to be safer represent an extrapolation from vari-
able combinations present in the study sections. Of course,
the same holds true for many of the conditions for which
raised medians were found to be safer.

For four-lane total accidents per MVM, raised medians
were found to be safer for all conditions.

COMPARISON WITH PAST RESEARCH

Parker’s 1983 Virginia study (2) presented expected-value tables
and a set of general guidelines, all developed from a study of
four-lane roads. The expected-value tables in that report indi-
cate that with ADTs from 10,000 to 30,000, TWLTLs have a

lower number of accidents per mile when there are fewer than
30 driveways per mile and fewer than 5 streets per mile.

The expected-value table for accidents per mile for four-
lane sections in the current study revealed a different rela-
tionship. Drives per mile was not found to be significant for
either median type. Further, ADT is definitely significant. At
an ADT of 10,000, TWLTLs are safer except when the num-
ber of approaches per mile is low. At an ADT of 30,000,
raised medians are safer except with seven or more approaches
per mile and two or fewer signals per mile.

The relative safety of TWLTLs under conditions of few
signals per mile and a high number of approaches is probably
attributable to the characteristics associated with less devel-
oped areas. Under such conditions, there are probably few
points of concentrated left-turn vehicle manuevers. Such points
seem to adversely affect TWLTL safety. The correlation
between ADT and accidents per mile per year is to be expected.
As opposing traffic increases, left-turn movements should
become safer at concentrated and controlled points such as
those found with raised medians.

Parker’s general guidelines were also found to apply to the
sections studied in this project only when the number of acci-
dents per mile per year was under consideration. Parker rec-
ommends a TWLTL median when there are fewer than 12
streets per mile and the number of driveways per mile exceeds
50. Although the results of this project agree with these guide-
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TABLE 7 TOTAL ACCIDENTS/MVM EXPECTED: FOUR-LANE SECTIONS
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Signals Drives Approach ADT = 10,000 ADT = 30,000 ADT = 50,000
per mile per mile per mile TWLTL RM TWLTL RM TWLTL RM
1 25 2 6.31 4.64 6.31 4.64 6.31 4.64
4 6.31 4.64 6.31 4.64 6.31 4.64
6 6.31 4.64 6.31 4.64 6.31 4.64
8 6.31 4.64 6.31 4.64 6.31 4.64
50 2 6.31 4.64 6.31 4.64 6.31 4.84
4 6.31 4.64 6.31 4.64 6.31 4.64
6 6.31 4.64 6.31 4.64 6.31 4.64
8 6.31 4.64 6.31 4.64 6.31 4.64
2 25 2 8.60 7.38 8.60 7.36 8.60 7.36
4 8.60 7.36 8.60 7.36 8.60 7.36
6 8.60 7.36 8.60 7.36 8.60 7.36
8 8.60 7.36 8.60 7.36 8.60 7.36
50 2 8.60 7.36 8.60 7.36 8.60 7.36
4 8.60 7.386 8.60 7.36 8.60 7.36
6 8.60 7.36 8.60 7.36 8.60 7.36
8 8.60 7.36 8.60 7.36 B.60 7.36
3 25 2 10.89 10.08 10.89 10.08 10.89 10.08
4 10.89 10.08 10.89 10.08 10.89 10.08
6 10.89 10.08 10.89 10.08 10.89 10.08
8 10.89 10.08 10.89 10.08 10.89 10.08
50 2 10.89 10.08 10.89 10.08 10.89 10.08
4 10.89 10.08 10.89 10.08 10.89 10.08
6 10.89 10.08 10.89 10.08 10.89 10.08
8 10.89 10.08 10.89 10.08 10.89 10.08
4 25 2 13.18 12.80 13.18 12.80 13.18 12.80
4 13.18 12.80 13.18 12.80 13.18 12.80
6 13.18 12.80 13.18 12.80 13.18 12.80
8 13.18 12.80 13.18 12.80 13.18 12.80
50 2 13.18 12.80 13.18 12.80 13.18 12.80
4 13.18 12.80 13.18 12.80 13.18 12.80
6 13.18 12.80 13.18 12.80 13.18 12.80
8 13.18 12.80 13.18 12.80 13.18 12.80

lines on the basis of the number of accidents per mile per
year, a TWLTL median would not be recommended for a
four-lane road on the basis of accidents per MVM.

Harwood and St. John (4), within subjective guidelines such
as the need to accommodate pedestrians, suggested that
TWLTL should be used instead of raised medians when the
number of driveways per mile exceeded 45 and when there
were low to moderate volumes of through traffic. Some of
the expected-value tables developed in this report suggest the
same thing. For TWLTLSs to be safer, the number of driveways
per mile should be high. Although accidents per MVM remained
constant with changing ADTs, accidents per mile per year
preclude the use of TWLTLs at higher ADT levels.

The relative safety of TWLTLs and raised medians may be
inferred from the Azzeh et al. FHWA report (/). As discussed
previously, the application of the FHWA work is based on
anticipated accident reduction from a previously undivided
roadway. The accident-rate reductions were determined for
a four-lane highway. From the comparison of expected acci-
dent reductions for each median type, for all ADT ranges,
TWLTLs were expected to be safer when land development

et

was low to moderate. Low to moderate land development
was used to describe areas with several concentrated sources
of traffic and few low-volume driveways. The implication of
the FHWA report is that for high-development areas, which
are assumed to have no high-volume driveways and a large
number of low-volume driveways, raised medians are safer.
Further, when more high-volume driveways and fewer low-
volume driveways are present, TWLTLs would be safer. This
implication is contrary to the results obtained in the current
study and in other studies (2,3). The unusual results obtained
from the FHWA report most likely mean that the relative
safety of median types cannot be inferred from the accident-
reduction rates oi those median types.

CONCLUSIONS

This study provides a comparison of accident rates occurring
in situations with raised medians and two-way left-turn lanes
(TWLTLs). Regression equations have also been developed
to model accident occurrence for each median type. In all,



TABLE 8 TOTAL ACCIDENTS/MVM EXPECTED: SIX-LANE SECTIONS

Signals  Drives  Approach ADT = 20,000 ADT = 30,000 ADT = 40,000 ADT = 50,000
per mi per mile per mile TWLTL RM TWLTL RM TWLTL RM TWLTL ’M
1 30 2 8.94 5.82 8.94 5.82 8.94 5.82 8.94 5.82
4 9.83 5.82 9.83 5.82 9.83 5.82 9.83 5.82
6 10.73 5.82 10.73 5.82 10.73 5.82 10.73 5.82
60 2 6.36 5.82 6.36 5.82 6.36 5.82 6.36 5.82
4 7.26 5.82 7.26 5.82 7.28 5.82 7.26 5.82
6 8.15 5.82 8.15 5.82 8.15 5.82 8.15 5.82
90 2 3.78 5.82 3.78 5.82 3.78 5.82 3.78 5.82
4 4.68 5.82 4.68 5.82 4.68 5.82 4.68 5.82
6 §:57 5.82 5.57 5.82 5.57 5.82 5.57 5.82
2 30 2 12.02 7.78 12.02 7.78 12.02 7.78 12.02 7.78
4 12.92 7.78 12.92 7.78 12.92 7.78 12.92 7.78
6 13.82 7.78 13.82 7.78 13.82 7.78 13.82 7.78
60 2 9.45 7.78 9.45 7.78 9.45 7.78 9.45 7.78
4 10.34 7.78 10.34 7.78 10.34 7.78 10.34 7.78
6 11.24 7.78 11.24 7.78 11.24 7.78 11.24 7.78
90 2 6.87 7.78 6.87 7.78 6.87 7.78 6.87 7.78
4 7.77 7.78 7.77 7.78 7.77 7.78 7.77 7.78
6 8.66 7.78 8.66 7.78 8.66 7.78 8.66 7.78
3 30 2 15.11 9.74 15.11 9.74 16.11 9.74 15.11 9.74
4 16.01 9.74 16.01 9.74 16.01 9.74 16.01 9.74
6 16.90 9.74 16.90 9.74 16.90 9.74 16.90 9.74
60 2 12.53 9.74 12,58 9.74 12.53 9.74 12.53 9.74
4 13.43 9.74 13.43 9.74 13.43 9.74 13.43 9.74
6 14.33 9.74 14.33 9.74 14.33 9.74 14.33 9.74
90 2 9.96 9.74 9.96 9.74 9.96 9.74 9.96 9.74
4 10.85 9.74 10.85 9.74 10.85 9.74 10.85 9.74
6 11.75 9.74 11.75 9.74 11.75 9.74 11.75 9.74
TABLE 9 TOTAL ACCIDENTS/MVM EXPECTED USING SAME VARIABLES: SIX-LANE SECTIONS
Signals Drives  Approach ADT = 20,000 ADT = 30,000 ADT = 40,000 ADT = 50,000
per mi__per mile per mile TWLTL RM TWLTL RM TWLTL RM TWLTL RM
1 30 2 8.94 5.34 8.94 5.34 8.94 5.34 8.94 5.34
4 9.83 5.77 9.83 5.77 9.83 5.77 9.83 5.77
6 10.73 6.20 10.73 6.20 10.73 6.20 10.73 6.20
60 2 6.36 5.36 6.36 5.36 6.36 5.36 6.36 5.36
4 7.28 5.78 7.26 5.78 7.26 5.78 7.26 5.78
6 8.15 6.21 8.15 6.21 8.15 6.21 8.15 6.21
90 2 3.78 5.37 3.78 5.37 3.78 5.37 3.78 5.37
4 4.68 5.80 4:68 5.80 4.68 5.80 4.68 5.80
6 5.57 6.23 5.57 6.23 5.57 6.23 5.57 6.23
2 30 2 12.02 7.15 12.02 7.15 12.02 715 12.02 7.15
4 12.92 7.58 12.92 7.58 12.92 7.58 12.92 7.58
6 13.82 8.00 13.82 8.00 13.82 8.00 13.82 8.00
60 2 9.45 7.186 9.45 7.16 9.45 7.16 9.45 7.16
4 10.34 7.59 10.34 7.59 10.34 7.59 10.34 7.59
6 11.24 8.02 11.24 8.02 11.24 8.02 11.24 8.02
90 2 6.87 7.18 6.87 7.18 6.87 7.18 6.87 7.18
4 7.77 7.60 7.77 7.60 177 7.60 7.77 7.60
6 8.66 8.03 8.66 8.03 8.66 8.03 8.66 8.03
3 30 2 15.11 8.95 15.11 8.95 15.11 8.95 15.11 8.95
4 16.01 9.38 16.01 9.38 16.01 9.38 16.01 9.38
6 16.90 9.81 16.90 9.81 16.90 9.81 16.90 9.81
60 2 12.53 8.97 12.53 8.97 12.53 8.97 12.53 8.97
4 13.43 9.40 13.43 9.40 13.43 9.40 13.43 9.40
6 14.33 9.82 14.33 9.82 14.33 9.82 14.33 9.82
90 2 9.96 8.98 9.96 8.98 9.96 8.98 9.96 8.98
4 10.85 9.41 10.85 9.41 10.85 9.41 10.85 9.41
6 11.75 9.84 11.75 9.84 11.75 9.84 11.75 9.84
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50 TWLTL and 32 raised median sections were studied, lend-
ing stability to the analysis performed.

Comparisons were made for total and midblock accidents,
four- and six-lane sections, accidents per million vehicle miles
(MVM) and accidents per mile per year, and injury, fatal,
and all accidents occurring. Although the comparisons of all
of these combinations are interesting, total accidents per MVM
is considered to give the best indication of the relative safety
of a median type. The comparison of accidents occurring on
six-lane sections showed, with a low statistical error, raised
medians to be safer than TWLTLs. The accident comparison
for four-lane sections also showed raised medians to be safer,
but with a higher statistical error.

The relative safety of raised medians probably resulted from
the range of ADTs used. With higher volumes of opposing
traffic, left-turn movements seem to be safer at concentrated
points, such as those provided by raised medians. When turns
are concentrated at certain points, the area in which conflicts
occur is greatly reduced. The turns may also be better accom-
modated at concentrated points; by using traffic signals, for
example.

Regression equations were developed for 16 conditions:
raised medians and TWLTLSs, four- and six-lane sections, total
and midblock accidents, and accidents per mile per year and
accidents per MVM. Total accidents per MVM were used to
accurately reflect the relative safety of the sections. The fol-
lowing are regression equations developed for the four
sections:

TWLTL 6-lane:

accidentssMVM =
3.087 * S — 0.086 * D + 0.448 * A + 7.532

TWLTL 4-lane:

accidentssMVM = 2.291 * § + 4.018
Raised median 6-lane:
accidentsMVM = 1.962 * S + 3.856
Raised median 4-lane:
accidentsMVM = 2.721 * § + 1.918

Where

§ = Signals per mile;
D = Driveways per mile; and
A = Approaches per mile.
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Tables presenting the expected accident rates were gen-
erated for all regression models developed. The expected-
value tables for the regression equations produced results
comparable to the accident-rate comparison performed
earlier.

For four-lane sections, raised medians were always safer
than TWLTLs. However, the difference in rates was found
to decrease with increasing numbers of signals per mile. For
six-lane sections raised medians were, again, found to be safer
except under certain conditions. TWLTLs were safer when
all the following conditions were met: high numbers of drive-
ways per mile (at least 75), low numbers of signals per mile
(2 or fewer), and low numbers of approaches per mile (a
maximum of 5 or 6, depending on signals per mile).

Results of this study compared fairly well with those of
other research when viewed using the parameters of the other
studies. The general guidelines developed in other research
appear to be applicable, especially in relation to the six-lane
sections studied. For TWLTLs to be safer than raised medi-
ans, traffic should be low with few concentrated sources of
traffic entering or leaving the road.
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Evaluation of New Passing Zone Gore

Design

Taomas M. Batz

The purpose of this research was to determine the effects of a new
passing zone gore design on traffic characteristics. The new design
was a painted gore at the beginning of the passing zone to guide
the traffic into the right lane, thereby directing the slow-moving
vehicles out of the left lane. The project was to determine whether
the new gore design is more efficient than the old design because
it allows more vehicles to pass and reduces illegal and erratic
maneuvers and whether it has any effect on the safety of the
roadway. The study demonstrated that when the new passing zone
gore design was used, passing efficiency within the passing zone
actually decreased at the 0.4-mile site, although it increased slightly
at the 0.9-mile site. The number of illegal or erratic maneuvers,
such as passes on the right and platoon leaders staying left or going
through the gore, was reduced at the longer site, but increased at
the shorter site. Safety did not appear to be affected by either
passes on the right or going through the painted gore. From these
findings came the following recommendations: (a) the new passing
zone gore design should not be implemented at this time on passing
zones of one-half mile or less in length; (b) the new passing zone
gore design could be implemented on passing zones greater than
one-half mile; (c) further research to deal with such factors as
total passes and different passing zone lengths should be carried
out to determine more specifically the effects of this new design
on the traffic characteristics.

In the past, when a sufficient number of safe passing sections
could not be afforded on two-lane roadways because of the
vertical or horizontal alignment, transportation departments
designed and installed additional passing lanes to improve the
quality of service of the through lanes by eliminating the
interference caused by slower vehicles. This approach pre-
vented the development of bottlenecks. These passing lanes
usually extended for less than 1 mile.

The additional lanes have always been added on the right-
hand side, as shown in Figure 1. Under this design, slower
vehicles should move to the right to allow faster vehicles to
pass on the left. At the end of the passing lane, the slower
traffic moved back to the left, into the through lane. There-
fore, slower traffic must voluntarily make two distinct lane
changes for this design to work effectively. However, drivers
of some slower vehicles are hesitant to move to the right
because they will need to merge back to the left in a short
distance. This situation causes a dilemma for drivers of the
vehicles in the rear that want to go faster: They must either
pass on the right, which is illegal in New Jersey and creates
a safety problem, or stay behind the slower vehicle and not
pass, which makes the roadway less efficient and defeats the
purpose of installing the added lane.

Because of these problems, personnel from the New Jersey
Division of Transportation’s (NJDOT) Division of Design

Division of Research & Demonstration, New Jersey Department of
Transportation, Trenton, N.J. 08625.

have introduced a new design (Figure 2) that leads all traffic
to enter the added right lane, creating the new lane to be
used for passing on the left. The slower vehicles should no
longer remain in the left lane, thereby allowing more vehicles
to pass properly and improving the efficiency of the roadway.
At the end of the passing zone, the right-lane traffic will merge
into the left lane, which is the current practice.

A literature search revealed that this design has been used
for other purposes. However, it has never been used for the
addition of a passing lane on a two-lane roadway. This design
project was initiated to determine whether the new passing
zone gore design is more effective than the old design because
it allows more vehicles to pass, and reduces illegal and erratic
maneuvers, and whether it has any effect on the safety of the
roadway.

PROCEDURE
Literature Search

A literature search determined that the gore design had been
used but not at the beginning of a passing zone. Bennett (1)
showed how the use of this gore at intersections to introduce
left-turn lanes could reduce accidents. The new median lanes
of the eight-lane Garden State Parkway in New Jersey, were
reserved for high occupancy vehicles (HOVs). To make sure
that only HOVs were in these lanes, consultants for NJDOT
proposed a striping plan very similar to the new gore design,
which brought the new median lane in on the left, so that
vehicles had to make a lane change to enter it (2). Botha and
May developed a computer model for a passing lane with this
gore design, but never actually implemented or studied it (3).
No data were found to describe how the new gore design
would affect traffic operations in a passing zone.

Field Study Design

The next step was the design of the field studies. The first
phase was to determine what data to collect and the data-
collection method. The size of platoons entering the passing
zone was an essential element of the evaluation. This variable
would provide the number of drivers that wanted to pass the
platoon leader and indicate whether the same population would
exist when both the traditional design and new gore design
were studied. To determine who the platoon leaders were was
difficult, however.

Platoons have been defined as groups of vehicles with head-
ways ranging from as little as 2 sec to as much as 5 sec. For



42

TRANSPORTATION RESEARCH RECORD 1239

Direction of Travel —— o
/s .
5_/
3 not to scale
" 180 gl
FIGURE 1 Traditional passing zone design.
o 8" Double Yellow Paint Lines
T —— X
e @ AD Pr \\\f\\\,\\yfl_._
" RE A2 w] 50
| LFT -J
l»———— 123 ——l— 149 I 164 [—36
Curve Data
Radius Length Tangent A
@ 3000.00 122.79 61.40 2° 20'42.23"
(? 4000.00 I83.72 81.87 2°20'42.23"

FIGURE 2 New passing zone design.

the New Jersey study, vehicles were included in the same
platoon if they were within 3 sec of each other. This definition
was based on the fact that at 50 mph, the headway between
two cars would be 200 ft, or approximately 10 car lengths. At
this distance, the car in the rear would not be influenced by
the car that it was following.

A videotape camera, positioned at the beginning of the
passing zone, collected data. The time in 100ths of a second
was superimposed on the tape. The camera recorded the time
at which each vehicle crossed a strip of reflectorized tape on
the pavement; from this information the platoon leaders and
size of platoon were determined. The reflectorized tape, from
all observations, had no effect on traffic characteristics. Figure
3 for NJ-31 and Figure 4 for NJ-206 show the location of both
the camera and reflectorized tape. The criteria for selecting
these routes will be discussed later. Because the new passing
gore was not expected to have an effect on platoon size, this
variable was not expected to change.

Determining the speeds of platoon leaders was another way
to assure that the same population existed when both tradi-
tional and new gore designs were studied. The videotape cam-
era at the beginning of the passing zone recorded the time it
took the platoon leader to travel 100 ft between two strips of
reflectorized tape. With this time and distance, the speed
could be calculated. Figures 3 and 4 show the configuration.
Because the new passing 7zone gore was not expected to have

not to scale

an effect on platoon leader speed, this variable was expected
not to change.

The number of platoon leaders that stay in the left lane is
a measure of those vehicles that do not obey the “keep right
except to pass” law, as well as of the vehicles that cause others

newly installed gore was illegal because to do so, a vehicle
would have to cross a double yellow line. For these reasons,
tracking the location of platoon leaders was essential. Two
videotape cameras, positioned to capture essentially the entire
passing zone area, recorded this information. Camera loca-
tions are identified in Figures 3 and 4.

Platoon leaders were classified in four groups:

® Those who moved right;

® Those who stayed left with the traditional design or who
traveled through the gore and stayed left with the new gore
decion-

® Those who stayed or moved left for approximately one-
half of the passing zone’s length; and

® Those who—using the new design—followed the gore
and then immediately returned to the left lane.

The new passing zone gore design was expected to move
almost all platoon leaders into the right lane, leading to the
expectation of a large decrease in the number of platoon
leaders remaining to the left.



Speed Marking 8
Y, lane width B

Top of bridge,
Sight Distance for Camera |

o
n
]
/
/
g e
‘n
v 2 ® ss
s
o Yo ¢,
I " wg
v

115 Lane Width NB

not to scale

FIGURE 3 Rt. 31 test and control sites; data collection locations.

Speed Marking

Caomera 2 Location




44

Speed Morking

Speed Morking

Y% Lone width
Camera | Locolion

Skip Line

]

; 240'
Errolic Maneuver

Location —
{420 From Taper)

I I 500
Camera Comero 2 8
Blind 3 Location
Spoi l I
450"
= —_—
1 l
l 1
88s’

Side Street _J

(County R1.616) I |

I | 555
Skip Line —f———— _t
460"

Errotic Moneuver
Location ——

(1413 Lane Width)

250
Y3 Lane Width A

FIGURE 4 Rt. 206 test site; data collection location (not to
scale).

Followers passing through the new gore were acting ille-
gally. Therefore, collecting data about this maneuver was very
important to the evaluation of the design. Two road tubes
(shown in Figure 5) placed on the roadway recorded car move-
ment. It was possible to observe if a vehicle were more than
halfway into the left lane or gore area. Data were also col-

TRANSPORTATION RESEARCH RECORD 1239

lected using the traditional design at the NJ-206 site. Of inter-
est was whether the area now covered by the new gore (420
ft) was previously used by followers to pass. If this pattern
were true, the loss of this distance could be critical to short
passing zones by reducing the effective distance a vehicle had
to pass. The new passing zone gore design was expected to
move the followers to the right lane, a maneuver that was not
considered to be a future problem.

One of the two possible consequences of platoon leaders’
staying to the left is that followers must pass them on the
right, which is illegal in New Jersey. Data about this behavior
would demonstrate whether the new gore design was meeting
its objectives. Information about passes on the right within
the platoon among followers was also important. Two video-
tape cameras that viewed the entire passing zone were used
to collect data. Because platoon leaders were expected to be
moved into the right lane, passing on the right was expected
to decrease substantially.

The total number of passes by platoon leaders was the main
measure used to determine whether a passing zone was effi-
cient. Unless a follower passes the platoon leader, it cannot
increase its speed. These essential data were also collected
by the two videotape cameras that viewed the entire passing
zone.

Because the new gore was expected to force the slower
platoon leaders into the right lane, the efficiency of the passing
zone was also expected to improve. Therefore, total passes
of platoon leaders were expected to increase.

When the new design was used, it was anticipated that more
of the slower vehicles would be in the right lane. Concern
arose that these vehicles would not be able to move into the
single lane at the end of the passing lane and, as a result,
would cross the shoulder edgeline. Information about this
erratic maneuver was collected by using a road tube in the
transition area from two lanes to one lane, as shown in Figure
6. This variable was not expected to be affected by the new
passing zone gore design.

The major problem with erratic and illegal maneuvers is
that they are not anticipated by other drivers and may create
conditions that result in accidents. An important element for
analysis was if this new gore design had an effect on safety.
Accident reports from sites using the traditional and new gore
designs were reviewed to determine the causes of accidents
at study sites and at the control site. Because of the infrequent
occurrence of accidents and the brief study period, conclu-
sions about accidents were not expected.

After the types of data to be collected and hypotheses were
determined, a decision was made when to collect data. Peak
hours were selected because traffic volumes were the highest
during these periods. It was expected that the highest passing
rates would occur at these times. In other words, it was assumed
that the peak hours are when added passing lanes are needed
the most. The decision was made to collect data for three
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such as an upstream accident, and to obtain a larger sample.
Data were to be collected from 4:00 p.m. to 6:00 p.m. on
3 days at the site with the traditional design and on 3 days at
the sites with the new gore design. The data were to be com-
pared to determine it a difference existed. Studies would be
performed in July and August in successive years. It was
anticipated that the same type of traffic would be present for
both designs and that there would be ample time between
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installation of the new gore design and collection of data to
eliminate “newness” of the gore as an influence on the data.

Another decision involved the type of sites to be studied.
Major considerations included good sight angles and locations
for the videotape cameras that were to collect data, minimal
effects from traffic signals upstream of or within the passing
zone, different volume levels, and different passing zone lengths.
Twenty-five passing zone locations were reviewed. Due to
budget limitations, only two sites were to be studied: one
approximately 1 mile long and the other approximately one-
half mile long. Southbound NJ-206 in Burlington County,

from milepost 21.2 to milepost 22.1, and northbound NJ-31
in Mercer County, from milepost 6.8 to milepost 7.2, were
chosen as the test sites for the new gore design. Southbound
NJ-31 at the same location was chosen as the control site. The
NJ-206 site is a straight roadway with one cross street and a
few driveways. The NJ-31 site, on the other hand, is an S-
curve, with no cross streets and a few driveways.

The study of the traditional design was performed in 1984
for NJ-31; data were collected in 1985 for the new gore design
study. The NJ-206 traditional design study was delayed by
construction until 1985; data for the new gore design study
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were collected in 1986. Because the NJ-31 control site data
had to be collected for all three years and because the NJ-31
study site was simply the opposite direction, the decision was
made to collect and analyze a second year of new gore design
data for the NJ-31 study site.

All data collected on videotape were brought back to the
office for reduction. The data were then run through the
Statistical Analysis System computer package to determine
the means and standard deviations for some of the variables.

RESULTS

The literature review yielded no studies concerning the use
of the new gore design at the beginning of a passing zone.
The New Jersey investigation amassed such data. The results
of the data collection and analysis effort are presented here.

Once the data were reviewed, it became clear that certain
vehicles should not be included in the analysis. These included
any vehicle traveling by itself, all vehicles in a platoon where
a turn off or turn on to the highway affected the performance
of the platoon, and all vehicles in a platoon in which the
platoon leader stayed left to pass a member of another pla-
toon. In this way, only platoons that were not affected by
other vehicles or other platoons were analyzed.

Table | presents the data by platoons and vehicles for the
NIJ-31 control site for the three study periods. Tables 2 and
3 present the equivalent data for the NJ-31 study site and the
NJ-206 study site. Approximately 45 to 55 percent of the
platoons for each site were considered in the analysis that
made up approximately 70 to 80 percent of the total volume.

Eight specific variables were analyzed, and an overall eval-
uation of the effect of the new passing zone gore on traffic
characteristics was prepared. Table 4 presents data about pla-
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toon size by day and by study period for each of the three
sites. At all sites the platoon size increased slightly in suc-
cessive years. However, it was concluded that these changes
in platoon size were not caused by the new gore design and
did not have an effect on the number of vehicles passing the
platoon leader. This result was as anticipated.

Data concerning platoon leaders’ speed, by day and by
study period for each of the three sites, are presented in Table
5. The speeds increased slightly at the two study sites, but it
was concluded that these changes were not caused by the new
gore design and would not affect the passing maneuvers in
the platoons. This result was as anticipated.

Platoon leaders’ locations by day and by study period for
cach of the three sites are profiled in Table 6. At the control
site the number of platoon leaders staying in the left lane
increased in each successive year (1984, 378; 1985, 442; and
1986, 505). However, with the installation of the new passing
zone gore at both study sites, the number of platoon leaders
going through the new gore and staying in the left lane (NJ-
31: 1985, 6; 1986, 7; NJ-206: 1986, 4) combined with those
that followed the new gore and then immediately returned to
the left lane (NJ-31: 1985, 20; 1986, 25; NJ-206: 1986, 8) was
much lower than the number of platoon leaders staying in the
left lane with the traditional striping (NJ-31: 1984, 168; NJ-
206: 1985, 207). The objective of decreasing these illegal
maneuvers was reached.

The number of followers traveling through the new gore
for the study sites is displayed in Table 7. Almost 400 of the
followers traveled through this gore (new gore studies). The
expected result—that the number of illegal maneuvers would
not be large—did not occur. This maneuver is potentially
dangerous: vehicles that follow the new gore correctly and
then start moving to the left to pass do not expect anyone to
be going through the gore.

TABLE 1 RT. 31 CONTROL SITE: SIX-HOUR TOTAL PLATOONS AND VEHICLES, BY STUDY PERIOD

TRADITIONAL - 1984

TRADITIONAL - 1985 TRADITIONAL - 1986

Platoons Vehicles

Platoons Vehicles Platoons Vehicles

PLATOONS ANALYZED 817 3545
SINGLE VEHICLES 847 847
SINGLE VEHICLES 7 7
WITH TURNS
OTHER PLATOONS 8 27
WITH TURNS
SINGLE VEHICLES 17 17
WITH LEADER PASSING
OTHER PLATOONS 12 59
WITH LEADER PASSING
SINGLE VBHLICLES 5 6
WITH BOTH
OTHER PLATOONS XL 2
WITH BOTH
TOTAL 1710 4505
AVERAGE PER HOUR 285 7251

947 4082 1008 4451
750 750 828 828
6 6 8 8

i | 53 17 63
24 24 21 21
10 39 21 79

2 z n 0

0 0 1 5
1749 4955 1904 5455
292 826 317 909




TABLE 2 RT. 31 STUDY SITE: SIX-HOUR TOTAL PLATOONS AND VEHICLES, BY STUDY PERIOD

TRADITIONAL - 1984 NEW GORE - 1985 NEW GORE - 1986
Platoons Vehicles Platoons Vehicles Platoons Vehicles
PLATOONS ANALYZED 915 2932 913 3074 1005 3451
SINGLE VEHICLES 1059 1059 999 999 940 940
SINGLE VEHICLES 10 10 13 13 9 9
WITH TURNS
OTHER PLATOONS 12 36 33 140 27 121
WITH TURNS
SINGLE VEHICLES 25 25 20 20 21 21
WITH LEADER PASSING
OTHER PLATOONS 16 53 19 59 13 34
WITH LEADER PASSING
SINGLE VEHICLES 1 1 0 0 2 1 1
WITH BOTH
OTHER PLATOONS 0 0 2 5 0 0
WITH BOTH
TOTAL 2038 4116 1999 4310 2016 4577
AVERAGE PER HOUR 340 686 333 717 336 763

TABLE 3 RT. 206 STUDY SITE: SIX-HOUR TOTAL PLATOONS AND VEHICLES, BY
STUDY PERIOD

TRADITIONAL - 1985 NEW GORE - 1986
Platoons Vehicles Platoons Vehicles
VEHICLES ANALYZED 707 2615 760 2854
SINGLE VEHICLES 664 664 645 645
SINGLE VEHICLES 6 6 17 17
WITH TURNS
OTHER PLATOONS 17 82 18 82
WITH TURNS
SINGLE VEHICLES 51 51 48 48
WITH LEADER PASSING
OTHER PLATOONS 36 122 37 126
WITH LEADER PASSING
SINGLE VEHICLES 0 0 i 1
WITH BOTH
OTHER PLATOONS 0 0 0 0
WITH BOTH
TOTAL 1481 3540 1526 3773

AVERAGE PER HOUR 247 590 254 629




48

TRANSPORTATION RESEARCH RECORD 1239

TABLE 4 SUMMARY, PLATOON SIZE (VEHICLES/PLATOON)

ROUTE 31 CONTROL SITE

TRADITIONAL - 1984

TRADITIONAL - 1985

TRADITIONAL - 1986

4.29 4.15
4.26 4.66
4.38 4.45
4.31 4.42

ROUTE 31 STUDY SITE

NEW GORE - 1985

NEW GORE - 1986

3.39 3.31
3.29 3.39
3.42 3.60
3.37 3.43

ROUTE 206 STUDY SITE

DAY 1 4.26

DAY 2 4.21

DAY 3 4.53

AVERAGE 4.34
TRADITIONAL - 1984

DAY 1 3.14

DAY 2 3.06

DAY 3 3.40

AVERAGE 3.20
TRADITIONAL - 1985

DAY 1 3.60

DAY 2 3.80

DAY 3 3.70

AVERAGE 3.70

NEW GORE - 1986

3.64
3.97
3.62

3.76

TABLE 5 SUMMARY, PLATOON LEADER SPEED (MILES/HOUR)

ROUTE 31 CONTROL SITE

TRADITIONAL -~ 1984

TRADITIONAL - 1985

TRADITIONAL -~ 1986

45.6 46.7
46.1 45.9
45.0 46.3
45.5 46.3

ROUTE 31 STUDY SITE

NEW GORE - 1985 NEW GORE - 1986

47.0 46.6
46.8 47.7
45.8 47.0
46.5 47.1

ROUTE 206 STUDY SITE

DAY 1 44.9

DAY 2 45.8

DAY 3 48.0

AVERAGE 46.3
TRADITIONAL - 1984

DAY 1 45.8

DAY 2 46.2

DAY 3 45.6

AVERAGE 45.9
TRADITIONAL - 1985

DAY 1 52.6

DAY 2 52 .3

DAY 3 51.9

AVERAGE 52.2

NEW GORE - 1986
53.0
51.9
52.0

52.3

When the area now occupied by the new gore was studied
with the traditional design at the NJ-206 site, the results showed
that at the point where the gore would be the widest, approx-
imately 50 percent of all the leaders were in the left lane,
whereas 75 to 80 percent of the followers were in this lane.
This compares with 1 percent of the platoon leaders and 18
percent of the followers that went through the gore area with
the new gore installed.

The data show that although a large number of the followers
were in the left lane with the traditional striping and in a

position to use this future gore area to pass, most ot them
couldn’t because at this same point, more than half of the
platoon leaders were also in the left lane. This situation may
be caused by drivers who do not follow the shoulder edgeline
and take 400 to 500 ft to move to the right lane. Therefore,
it is concluded that although the loss of this new gore area
(420 ft) from the possible passing distance may have reduced
passing opportunities slightly, it did not have a major effect.

Table 8 summarizes data by day and study period at all
sites for total passes on the right. These data are in two groups—



TABLE 6 SUMMARY, PLATOON LEADER LOCATION (VEHICLES)

ROUTE 31 CONTROL SITE

TRADITIONAL - 1984 TRADITIONAL - 1985 TRADITIONAL - 1986
A B c A B c A B C
DAY 1 131 118 13 142 144 21 140 177 27
DAY 2 113 136 17 153 150 11 135 162 40
DAY 3 141 124 24 149 148 29 126 166 35
TOTAL 385 378 54 444 442 61 401 505 102
ROUTE 31 STUDY SITE
TRADITIONAL - 1984 NEW GORE - 1985 NEW GORE - 1986
A B C A B C D A B C D
DAY 1 239 57 1 274 3 0 5 290 2 16 8
DAY 2 253 55 1 293 1 0 11 332 4 14 9
DAY 3 253 56 0 312 2 8 4 315 1 6 8
TOTAL 745 168 2 879 6 8 20 937 7 36 25
ROUTE 206 STUDY SITE
TRADITIONAL - 1985 NEW GORE - 1986
A B C A B c D
DAY 1 150 60 11 234 1 17 3
DAY 2 137 57 14 241 3 29 4
DAY 3 180 90 8 212 0 15 1
TOTAL 467 207 33 687 4 61 8
LEGEND
A = Right Lane B = Left Lane or Going Through the Gore
C = Left Lane For Approximately Half the Passing Zone Distance
D = Followed Gore Then Returned to Left Lane

TABLE 7 SUMMARY, FOLLOWERS TRAVELING THROUGH NEW GORE (VEHICLES)

kkkhkhkkhkhkhkkkhhhhkhkhkdhhhhhhkhhhhkARhAA A hrr ARk Rk IARA KRRk kAT hh kAR Rk hhkhhkhhhkhhrhhdhhhdhk

DAY 1
DAY 2
DAY 3

TOTAL

DAY 1
DAY 2
DAY 3

TOTAL

NEW
A
126
121
139

386

NEW
A
133
124
121

378

ROUTE 31 STUDY SITE

GORE -~
B
673
698
790

2161

1985
C
18.7
17.3
17.6

17.9

NEW GORE -
A B
102 729
141 859
139 858
382 2446

ROUTE 206 STUDY SITE

GORE -
B
674
822
598

2094

1986
C
19.7
15.1
20.3

18.1

0wy
o

ROUTE 206 STUDY SITE
TRADITIONAL - 1985

1986
C
14.0
16.4
16.2

15.6

LEGEND

Followers Through the Gore
Total Followers
Percent of Followers Through the Gore

A B C D E F
DAY 1 438 575 76.2 105 221 47.4
DAY 2 451 582 77.4 98 208 47.3
DAY 3 598 751 79.6 155 278 55.7
TOTAL 1487 1908 77.9 358 707 50.6

LEGEND

A = Followers Through Future Gore Area B = Total Followers
C = Percent of Followers Through the Future Gore Area
D = Platoon Leaders Through the Future Gore Area E = Total Platoon Leaders
F = Percent of Platoon Leaders Through the Future Gore Area



TABLE 9 SUMMARY, TOTAL PASSES OF PLATOON LEADER (VEHICLES)

TABLE 8

SUMMARY, TOTAL PASSES ON RIGHT (VEHICLES)

ROUTE 31 CONTROL SITE

TRADITIONAL - 1984

TRADITIONAL -~ 1985

TRADITIONAL - 1986

A B A B A B
DAY 1 38 25 48 42 65 58
DAY 2 38 43 41 64 53 83
DAY 3 32 42 38 67 47 91
TOTAL 108 110 127 173 165 232
ROUTE 31 STUDY SITE
TRADITIONAL - 1984 NEW GORE - 1985 NEW GORE - 1986
A B A B A B
DAY 1 10 8 2 1. 3 0
DAY 2 9 1 2 1 8 1
DAY 3 9 5 0 4 2 0
TOTAL 28 14 4 6 13 1
ROUTE 206 STUDY SITE
TRADITIONAL - 1985 NEW GORE - 1986
A B A B
DAY 1 47 41 0 11
DAY 2 29 25 6 12
DAY 3 53 72 0 6
TOTAL 129 138 6 29
LEGEND

A
B

agses of the Platoon Leader

= P
= Other Passes Within the Platoon

TRADITIONAL - 1984

ROUTE 31 CONTROL SITE

TRADITIONAL - 1985
A c

TRADITIONAL - 1986
A

A B c D B D B c D
DAY 1 168 38 854 24.1 172 48 1009 21.8 150 65 1082 19.9
DAY 2 141 38 855 20.9 200 41 1025 23.5 217 53 1233 21.9
DAY 3 162 32 1019 19.0 174 38 1101 19.3 195 47 1128 21.5
TOTAL 471 108 2728 21.2 546 127 3Bi135 21.5 562 165 3443 21.1

ROUTE 31 STUDY SITE

TRADITIONAL - 1984 NEW GORE - 1985 NEW GORE - 1986

A B c D A B c D A B C D
DAY 1 197 10 637 32.5 187 2 673 28.1 177 3 729 24.7
DAY 2 195 9 637 32.0 194 2 698 28.1 181 8 859 22.0
DAY 3 229 9 743 32.0 203 ¢} 790 25.7 204 2 858 24.0
TOTAL 621 28 2017 32.2 584 4 2161 27.2 462 13 2446 23.5

ROUTE 206 STUDY SITE

TRADITIONAL - 1985 NEW GORE- 1986

A B C D A B [ad D
DAY 1 222 47 575 46.8 315 0 674 46.7
DAY 2 223 29 582 43.3 352 6 822 43.6
DAY 3 2606 53 i5L 42.5 3Ub U 258 Tled
TOTAL 711 129 1908 44.0 973 6 2094 46.8

LEGEND
A = Passes on the Left B = Passes on the Right
C = Total Followers D = Percent of Followers That Passed



TABLE 10

SUMMARY, ERRATIC MANEUVERS AT PASSING ZONE END (VEHICLES)

ROUTE 31 CONTROL SITE

TRADITIONAL - 1984 TRADITIONAL - 1985 TRADITIONAL - 1986
A B c A B © A B €
DAY 1 80 1588 5.0 87 1739 5.0 80 1871 4.3
DAY 2 92 1606 Bie 7 83 1748 4.7 96 1888 5.1
DAY 3 94 1634 5.8 95 1787 543 102 2013 5%l
TOTAL 266 4828 5.5 265 5274 5.0 278 5772 4.8
ROUTE 31 STUDY SITE
TRADITIONAL - 1984 NEW GORE - 1985 NEW GORE - 1986
A B c A B (0 A B C
DAY 1 167 1411 11.8 232 1361 17.0 221 1416 15.6
DAY 2 164 1302 12.6 163 1443 11.3 297 1580 18.8
DAY 3 161 1422 11.3 198 1517 13.1 160 1554 10.3
TOTAL 492 4135 11.9 593 4321 13.7 678 4550 14.9
ROUTE 206 STUDY SITE
TRADITIONAL - 1985 NEW GORE - 1986
A B C A B c
DAY 1 3 1243 0.2 11 1377 0.8
DAY 2 13 1237 Lok 16 1524 1.0
DAY 3 13 1490 0.9 9 1249 0.7
TOTAL 29 3970 047 36 4150 0.9
LEGEND
A = Erratic Maneuvers B = Total Volume
C = Percent Making Erratic Maneuvers
TABLE 11 SUMMARY, ACCIDENTS IN PASSING ZONES
1984 1985 1986 1-6/1987
A B [e: A B C A B (e A B C
RT. 31 CONTROL SITE 5 3 NA 1 0 NA 0 NA 0 NA
RT. 31 STUDY SITE o] 0 NA 2 0 0 2 0 0 1 0 0
RT. 206 STUDY SITE 6 0 NA 9 0 NA 11 0 0 3 [+] (o]
RT. 206, MP. 16.6-17.5 4 0 NA 2 0 0 10 0 0 3 0 0
RT. 206, MP. 11.1-12.5 6 1 NA 5 0 0 3 0 0 3 0 0
TOTAL 21 4 NA 19 0 0 27 0 0 10 0 0
LEGEND
A Total Accidents B = Passes on the Right Accidents

(9]
nn

NA =

Going Through the Gore Accidents
Not Applicable, No Gore Present
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passes of platoon leaders on the right and passes on the right
within the platoon among followers. Illegal maneuvers at NJ-
31 control site increased in successive years. However, with
the introduction of the new passing zone gore design, the
number of total passes on the right was reduced greatly at
both study sites. Therefore, it is concluded that the objective
of reducing this illegal maneuver was met.

Table 9 summarizes the total passes of platoon leaders by
day and by study period for all the sites. The number of total
passes at the NJ-31 control site increased, whereas the per-
centage of followers passing their platoon leaders stayed rel-
atively constant. At the NJ-206 study site, both the number
and the percentage of followers passing their platoon leaders
increased slightly when the new passing gore design was intro-
duced. However. at the NJ-31 study site, both the number
and their percentage decreased in successive years after the

TABLE 12 SUMMARY, ILLEGAL MANEUVERS (VEHICLES)

TRANSPORTATION RESEARCH RECORD 1239

new gore was introduced. Results for this variable were mixed
and were not the expected one—that is, increasing passing
efficiency at both study sites.

Table 10 gives the number of vehicles crossing the white
edgeline near the transition from two lanes to one lane at the
end of the passing zones, by day and study period. The data
include all vehicles that went through the passing zone because
there was no way to determine original platoons at the end
of the passing zone. At the NJ-31 control site, the number of
vehicles crossing the edgeline stayed relatively the same in
successive years, but the percentage of the vehicles doing it
decreased. At each of the study sites, both the number and
percentage increased slightly. The large difference between
the findings at NJ-31 and at NJ-206 was believed to be caused
by the geometrics of the sites. NJ-206 was straight and level,
with low edgeline crossings, while end conditions on Rt. 31

ROUTE 31 CONTROL SITE

TRADITIONAL TRADITIONAL TRADITIONAL
1984 1985 1986
PASSES OF PLATOON LEADER ON THE RIGHT 108 127 165
OTHER PASSES ON THE RIGHT WITHIN THE PLATOON 110 173 232
PLATOON LEADERS STAY LEFT OR GO THROUGH GORE 378 442 505
PLATOON LEADERS FOLLOW GORE & RETURN TO LEFT LANE NA NA NA
FOLLOWERS GOING THROUGH THE GORE NA NA NA
TOTAL 596 742 902

ROUTE 31 STUDY SITE
TRADITIONAL NEW GORE NEW GORE

1984 1985 1986
PASSES OF PLATOON LEADER ON THE RIGHT 28 4 13
OTHER PASSES ON THE RIGHT WITHIN THE PLATOON 14 6 il
PLATOON LEADERS STAY LEFT OR GO THROUGH GORE 168 6 7
PLATOON LEADERS FOLLOW GORE & RETURN 1O LEFT LANE NA 20 25
FOLLOWERS GOING THROUGH THE GORE NA 386 382
TOTAL 210 422 428

PASSES OF PLATOON LEADER ON THE RIGHT
OTHER PASSES ON THE RIGHT WITHIN THE PLATOON

PLATUUN LEADERS STAY LEFT UR GO TARCUGH GORE

PLATOON LEADERS FOLLOW GORE & RETURN TO LEFT LANE

FOLLOWERS GOING THROUGH THE GORE

TOTAL

ROUTE 206 STUDY SITE

TRADITIONAL NEW GORE

1985 1986
129 6
138 29
257 S

NA 8

NA 378
474 425
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were downhill and curved to the right, with thus a greater
number of edgeline crossings. It was concluded that the increase
did not represent a practical change. This result was the one
anticipated.

Table 11 presents the actual number of accidents that occurred
from January 1984 to the middle of 1987 at the three sites
studied. Also included are two other sections of NJ-206 that
had the passing zone gore installed but were not studied. Only
four accidents associated with passing on the right occurred
during this 3.5-year period at the five sites. Three of these
occurred in 1 year at the control site. No accidents associated
with the new passing gore were found. Such small accident
numbers do not justify concerns about the safety problems
and possible accidents caused by the two illegal maneuvers.

The best approach to take in determining the effect of the
new passing zone gore design on the traffic characteristics is
to look at how this study’s objectives were met.

The first objective was to determine whether the new gore
created a more efficient passing zone by allowing more fol-
lowers to pass their platoon leaders. The results are mixed.
The data in Table 9 indicate that the efficiency increased
slightly for the NJ-206 study area but decreased tremendously
for the NJ-31 study area.

As for the second objective, reducing the number of illegal
and erratic maneuvers, Table 12 summarizes all illegal maneu-
vers for the three sites by study period. The maneuvers are
different for the two striping plans. With the traditional strip-
ing, passes on the right and staying left (leaders only) are the
illegal maneuvers; with the new gore striping, going through
the gore (leaders and followers) are the illegal maneuvers.
Again, mixed results were found. The NJ-206 study site
improved slightly, but the NJ-31 study site worsened mark-
edly.

Finally, no safety problems were associated with the new
passing zone gore. There were hardly any accidents at the
sites, and none was associated with the new gore. However,
the belief that passing on the right is unsafe was not found
to be justifiable from this study either, again because of the
low number of accidents.
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RECOMMENDATIONS

1. Because of the increase in illegal and erratic maneuvers
and the decrease in passing efficiency at the NJ-31 site, the
new passing zone gore design should not be implemented at
this time on passing zones of one-half mile or less in length.

2. Because illegal and erratic maneuvers and passing effi-
ciency remained relatively the same or improved slightly at
the NJ-206 site, the new passing zone gore design could be
implemented on passing zones of greater than one-half mile.

3. Further research dealing with such factors as total passes
and different passing zone lengths should be carried out to
determine more specifically the effects of this new design on
the traffic characteristics.
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Development of Highway Alignment
Information from Photolog Data

W. D. Berg, J. CHoi, aAnD E. J. KUIPERS

The Wisconsin Department of Transportation operates an instru-
mented vehicle that collects both photolog and digitized geometric
data on roadway bearing, grade, and cross slope. These data are
recorded every 0.01 mile. The objective of the research was to
develop the methodology and computer software necessary to
transform the digitized roadway data into a highway alignment
data base for use in inventory studies, deficiency analyses, and
preliminary design studies. The software created locates horizontal
curves and provides estimates of the radius, length, superelevation,
and maximum recommended speed. A vertical profile can be plot-
ted, and the location of segments with either stopping or passing
sight distance restrictions due to horizontal and vertical alignment
are identified. The software was tested and validated by using as-
built plan and profile data for a case study highway.

The Wisconsin Department of Transportation (WisDOT)
operates an instrumented vehicle equipped with a Techwest
Photologging System (1) to collect both photolog and digitized
geometric data for highways under its jurisdiction. This infor-
mation (referred to in this paper as the datalog file and shown
in Figure 1) is recorded at 0.01-mile intervals, or every 52.8
ft. The department’s goal is to create a videodisk and com-
puter software system for retrieving and displaying high-
resolution photographic images concurrently with corre-
sponding geometric data. This system would provide highway
planners and engineers with a high-quality, accessible data
base for conducting inventory studies, deficiency analyses,
and preliminary design studies.

The objective of this research was to develop the meth-
odology and computer software necessary to transform the
digitized roadway data into a highway alignment data base,
which was to include information on horizontal and vertical
alignment as well as sight distance restrictions.

DATA BASE

When the driver of the instrumented vehicle arrives at a high-
way segment to be measured, he or she manually sets the
highway name, county name, and beginning odometer read-
ing. A plus or minus sign is specified for the odometer reading,
according to the direction of travel. If one direction is listed
as plus, the opposite direction will have a minus sign. Usually,
a omne-directional datalog file is created because the north-

W. D. Berg, Department of Civil and Environmental Engineering,
University of Wisconsin-Madison, Madison, Wis. 54481. J. Choi,
Korea Institute of Construction Technology, 61 Yeoeuido-Dong, Yeong
Dungpo-Gu, Seoul, The Republic of Korea. E. J. Kuipers, Lantz
Construction Co., P.O. Box 515, Broadway, Va. 22815.

bound and southbound runs will have different file names.
This information is stored in the datalog file.

The bearing of the vehicle is automatically determined by
a gyro compass. Percent grade is recorded by using an elec-
trically powered gyro as a reference platform. Transverse slope
is recorded by using the grade gyro with a sensor perpendic-
ular to the grade sensor. This sensor indicates the total trans-
verse slope of the road, plus any slope contributed by the
vehicle due to static or dynamic loading. This bearing and
slope information is recorded every 0.01 mile.

DEVELOPMENT OF VERTICAL ALIGNMENT

A two-step methodology was used to develop vertical align-
ment information from the datalog file. The first step involved
adjustment of the original grade readings; the second involved
calculation of the elevation of the highway at each record.

Because the raw data collected by the instrumented vehicle
contained a substantial amount of noise, due largely to the
bouncing motion of the vehicle, it was necessary to smooth
these data before attempting to establish the elevation at each
record along the highway section. The grade readings from
the datalog file were plotted against the true grades, using
several case study sites for which a current set of plan and
profile drawings were available. Regression analysis was then
performed to develop a set of adjustment models that would
be able to eliminate much of the noise in the raw data. It was
found that the errors were a function of whether the vehicie
was operating on a positive or negative grade. The resulting
regression models are

G = 0.0744 + 0.847 (+ G) (1)
G = - 0.151 + 0.980 (- G) (2)
where

+ G = positive grading reading,

— G = negative grade reading, and
G = adjusted prade.
The R? for the models are 0.937 and 0.926, respectively.
The software uses the regression models to adjust the grade

readings, after which the elevations at each successive record
are calculated as

E(i) = E(i — 1) — 52.8 sin [G(i)/100] (3)

where E(i) is the elevation at record i/ and G(i)is the adjusted
grade at record i. A graphical piot of the highway profile may
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FIGURE 1 Format of the datalog file.
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FIGURE 2 Horizontal alignment test conditions.

then be requested. The location of the points of curvature
(PC) and tangency (PT) could not be successfully pro-
grammed because of the difficulty in separating the inherent
remaining noise in the adjusted grades from the gradual grade
changes associated with the beginning or end of a parabolic
curve. Further research is underway to overcome this prob-
lem.

DEVELOPMENT OF HORIZONTAL
ALIGNMENT

The algorithm developed to locate the points of curvature
(PC) and tangency (PT) for a horizontal curve involves the
following steps. The conditions tested in Steps 3 through 5
are illustrated in Figure 2.

1. The program reads the compass bearing at every record
i and filters out inconsistent records by checking three con-

0jojo
7 78 79 80 ®1 B2 B3 B4

0 ojojo ojojo ojojo
uuuuoomszo:uosnnuum

secutive compass bearings: C;, C,,,, and C;,. If C, = C,,,,
then C,,, is set equal to C;, and the process is repeated for
the next record.

2. The program calculates changes in compass bearings for
each record between the current record i and record i + 3.
These are then referenced with respect to the current record:

8, = C —Cryi (4)
8i,z N Ci+l = Gy (5)
;5 = Ciia — Cis (6)

where C,, C;.,, C;,,, C,, are compass bearings for records
i,i+1,i + 2,and i + 3, respectively, and i is the current
record.

3. If §;, * §,, < 0, then record i is identified as being on
a tangent. Select the next record, and return to Step 2. Other-
wise, go to Step 4.

4. If 3,, = 3;, = 0, then it is assumed that the driver of
the datalog vehicle has made a steering error on a tangent
section. Select the next record and return to Step 2; otherwise
go to Step 5.

5. If neither condition 3 nor condition 4 is satisfied, it is
assumed that record { + 1 is within a curve. However, the
program does not pick the PC until it encounters the PT of
a curve. The program finds the PT first, and it counts the
frequency of events, n, where the condition e was satisfied.
The program then establishes the PC by subtracting n from
the PT.

6. If §,; = 0, go to Step 7; otherwise select the next record
and return to Step 2.

7. The PT is found at record i + 3. Subsequently, the
program resets all flags associated with a curve by increasing
the curve number. In addition, the highway name, county
name, and direction of a curve are reported in this step.

Once the PC and PT for a horizontal curve are found, the
program computes the following parameters. The calculation
of radius of curvature accounts for the position of the center
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of gravity of the datalog vehicle that is assumed to be approx-
imately 6 ft to the right of the highway centerline.

L = 5280(ODM,; — ODM,;.) (7
R = [LI(Cpr — Cp)](180/a) + 6 right-hand curve ®)
R =[L/(Cpr — Co)](180/7) + 6 left-hand curve
D = 5730/R )
where
L = length of curve (ft);
ODM;;, ODM;. = odometer readings at the PT and PC;
Cpr, Cpc = compass bearing at the PT and PC,
respectively;
D = degree of curvature; and
R = radius (ft).

The superelevation of the curve, e, is obtained by taking the
average of the transverse slope readings from the datalog file:

B TS
~ (ODM;; — ODM,)100

e

(10)

where ODM,- and ODMj, are odometer readings for the PC
and PT, and TS is the sum of the transverse slope readings
on a horizontal curve.

After these three parameters are calculated, the program
determines the maximum recommended speed on the curve.
The speed at which a driver will travel around a horizontal
curve when not restrained by a vehicle ahead is dependent
primarily on two factors: the driver’s sense of safety as judged
from the sight distance ahead and the comfort as judged by
the centrifugal force. On a horizontal curve the centrifugal
force tending to keep the vehicle in a straight path is opposed
by the side frictional force developed at the area of contact
between the tire and the roadway surface. Additionally, the
speed may be influenced by roadside markings of the safe
speed. Assuming that sight distance is adequate, the maxi-
mum recommended speed is governed by the radius of cur-
vature, the superelevation, and the allowable coetticient ot
friction between the tires and pavement surface:
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where
V = maximum recommended speed (mph),
e = superelevation, and
f = allowable side friction.

The program calculates the maximum recommended speed
by using the computed values for radius and superelevation
and a representative limiting side friction value of 0.12.

When two horizontal curves are within two records (105.6
ft) of each other, the two curves are merged. The program
also identifies concurrent records for a highway segment. A
concurrent record is created when the driver of the datalog
vehicle encounters a highway segment that carries more than
one route designation and for which a datalog file was created
during a prior run. The program prints a report of the hori-
zontal alignment data (Figure 3). Only the horizontal curve
sections of a highway segment are listed in the horizontal
alignment table; therefore, records not included in these curve
sections are on tangent sections. A listing of any concurrent
records is provided at the bottom of the horizontal alignment
information table.

SIGHT DISTANCE EVALUATION

The availability of the horizontal alignment data permitted
identification of those locations having either a stopping or
passing sight distance restriction. For purposes of this research,
the American Association of State Highway and Transpor-
tation Officials (AASHTO) definition (2) of stopping sight
distance and both the Manual on Uniform Traffic Control
Services (MUTCD) and the WisDOT definitions (3,4) of no-
passing zone sight distance were used.

Minimum stopping sight distance (MSSD, in feet) is expressed
as

MSSD = 1.47 Vi + V¥[30/(f = G)] (12)
where
V = design speed (mph),

1l

t = perception-reaction time (2.5 sec),
£ — coefficient of f}'lction, and

J LocLaliCnn O

G = grade (percent).
Driver’s eye height and object height are assumed to be 3.5

V = [15R(e + f)]*® (11) and 0.5 ft, respectively.
- HOR [ ZONTAL ALIGNMENT INFORMAT [ON -

[ HIGHWAY 1 DIR 1  COUNTY I DATE I PC(Odm)l PT(Odm)I DO I R(FT) I  L(FT) 1 Pl I e 1 DSN SPEED I
I STHe17 1 N I LIN...01 [ 84-4-29 1 27.52 1 27.54 1 1.9R 1 3025.9 I 105.6 1 27.53 1 .836 | B4, |
I STHe!17 | N 1 LIN...@1 [ 84— 4-291 27.731 27.751 1.9R | 3025.9 | 105.6 |  27.74 1| .e30 1 83. I
! STHet7 | N I LIN,..e1 { 84- 4291 28071 28.09 1 1.9R | 30259 | 1056 | 28.08 1 @17 I 790 1
I STHe17 | N 1 LIN,..@1 | 84— 4-29 1 2835 | 28371 1.9R 1 3025.9 | 105.6 1  28.36 | @14 | 78. 1
1 STHe17 | N | LIN...01 | 84- 429 [ 28.99 | 29,04 | 1.9L | 3025.9 1 264.6 1 29.02 1 .041 1 86. I
! SsTHe17 I N | LIN...@1 | 84— 4291 29.6 1 29.18 | 2.1L 1 2793.1 1 633.6 1 2912 1 @037 | 81 I
1 sTHe17 | N | LIN...e1 [ 84- 4-29 1 29.76 | 29.83 | 1.9L | 3025.8 1 369.6 1 29.80 1| @19 | 79. 1
1 STHe17 I N | LIN...et | 84— 4-29 1 29.851 29.87 | 1.9L 1 3025.9 | 185.6 | 29.86 1 .ei8 I 79. 1
1 STHe17 | N I LIN...ef | 84— 429 1 29.92 1 29.97 1 1.9L 1 3025.7 1 264.0 1 29.94 I .12 I 77, 1
I STHe17 | N I LIN...@1 1 84-4-29 1 29.99 1 30.83 [ 1.9L | 3025.9 I 211.2 1 3e.01 1 .e12 | 7. 1
FIGURE 3 Typical horizontal alignment information table,
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The marking of a no-passing zone at a horizontal or vertical
curve is based on the availability of a minimum passing sight
distance at the prevailing off-peak 85th percentile speed of
traffic (Table 1). The sight distance is evaluated using 3.5-ft
eye and object heights.

Vertical Curve Sight Distance Deficiencies

The algorithms that were developed to locate stopping and
passing sight distance deficiencies are virtually identical, except
for the different sight distances and object heights used. The
task was to locate the beginning and ending points of each
zone in which there was either a stopping or passing sight
distance restriction.

The algorithm used to locate vertical sight distance deficient
segments involves the following steps:

1. Specify the design or 85th percentile speed and deter-
mine the appropriate sight distance requirement.

2. Calculate the elevation of Station (X + sight distance).

3. Calculate the elevation at each record between Station
(X) and Station (X + sight distance).

4. Calculate the elevation of the sight line at each record
between Station (X) and Station (X + sight distance).

5. If for any record between Station (X) and Station (X +
sight distance) the sight line elevation is less than the profile
elevation, then the sight distance is considered to be inade-
quate. When this condition takes place for the first time, the
beginning point of a sight distance deficient segment is
established.
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6. Keep checking Step 4 until the available sight distance
again becomes greater than the minimum value. At a record
where this condition is satisfied, the ending point of a sight
distance deficient segment is established.

The length of a sight distance deficient segment is calcu-
lated on the basis of the above beginning and ending points.
The highway name and county name associated with a sight
distance deficient segment are found by using the datalog
records.

After the passing sight distance deficient segments are iden-
tified, a criterion is used to determine whether the distance
between two successive segments is so short that the two
segments should be connected. For this purpose, the MUTCD
criterion of 400 ft is used.

The percentage of no-passing zones is then computed and
displayed at the bottom of a no-passing zones summary table.
Figure 4 illustrates the output reports.

TABLE 1 NO-PASSING ZONE CRITERIA

Minimum Passing

Sight Dist f
85th Percentile ight Distance (ft)

Speed (mph) MUTCD  Wis. MUTCD
30 500

35 528
40 600

45 686
50 800

55 845
60 1,000

65 1,108
70 1,200

- VERTICAL  ALIGNMENT INFORMAT ION -

P00006000000000 000 C0C0C0000COIVPERNTRECOIOORTIOICNSIOP0CEOI0RTCIOIOSGEOIIBDRYS

. PASSING SIGHT

DISTANCE DEFICIENCY SEGMENTS .

0000000000009 000¢ 0000000000000 00d 0000000000000 000COBIOIOIRIGPOET

I HIGHWAY [ DIR | COUNTY I FROM(Odomt r) 1 TO(Odomt r) I L(FT) I
I STHe17 1 N 1 LIN...01 | 27.56 1 27.74 1 950.4 i
1 STHe17 I N 1 LIN...@1 1 27.99 I 28.06 1 369.6 1
1 STHR17 I N I LIN...OYV | 28.46 1 28.61 I 792.0 1
1 STHe17 I N I LIN...O1 | 28.99 1 29.06 1 369.6 I
% NO PASSING ZONE = 15.61(%)

TOTAL LENGTH DRIVEN

15892.8(FT)

$5555555555555555555555555555555S5555555555555555555555558S5S

S

STOPPING SIGHT DISTANCE

DEFICIENCY  SEGMENT S

SS5S555555555SSS55555555555555SSSSSSSSSSSSSSSSSSSSSSSSSSSSSS

I HIGHWAY | DIR 1 COUNTY 1 FROM(Odomt r) { TO(Odomt r) i L(FT) |
| STHe17 | N I LIN...01 | 27.53 I 27.67 I 739.2 I
I STHe17 1 N 1 LIN...®1 | 28.41 I 28.57 I 844.8 |

FIGURE 4 Typical vertical alignment information table.
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Horizontal Curve Sight Distance Deficiencies

Sight distance at a horizontal curve is measured along the
center of the lane of travel. The sight line is, however, a
straight line that connects the driver’s position and the end
of the required sight distance. An algorithm was designed to
check if an obstruction cuts off the sight line. The required
middle ordinate, a distance from the sight line to the arc of
the vehicle path, varies according to the driver’s position and
the radius of a horizontal curve. If the calculated middle ordi-
nate, m, is less than a user-specified actual lateral clearance
on a curve, then the current highway location is considered
to have inadequate sight distance.

As described previously, the computer program calculates
the radius of a curve with respect to the centerline of the
highway. The user is asked to specify the available middle
ordinate, m, with respect to the centerline of the highway.
Therefore, to determine horizontal sight distance deficient
segments, the program adjusts the radius and the middle ordi-
nate to account for the position of the datalog vehicle in the
center of the inside lane. Three sight distance evaluation pro-
cedures were designed to reflect the possible roadway geom-
etry downstream from the driver’s assumed position: tangent-
to-curve, curve-to-curve, and tangent-to-tangent.

The tangent-to-curve situation involves a driver on a tan-
gent section in advance of a curve and the end of the sight
line on the curve section. This condition is illustrated in Figure
5. To determine a required m, the program performs a series
of computations for a side angle ¢. Also, two simultaneous

MRSD

m = Required Middle Ordinate(ft)

MRSD= Minimum Required Sight

'N\\ Distance(ft)

Centerline of
Vehicle Path

FIGURE 5 Tangent-to-curve sight distance situation.
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equations are solved to find lengths of line segments A - D,
and A - D,. Once these values are determined, the program
calculates m to the center of the vehicle path as follows:

SD - A -
= A BC

R (radians) (13)
R' cosa = R' — A -D,sind (14)
cosa =1 — (A-D,/R')sin (15)
hence,
a =cos [l - (A DJ/R') -sin ¢] (16)
d=a+ 86 a7
m' = R'[1 — cos (8/2)] (18)
and
R=R-6 right-hand curve (19)
R'"=R+6 left-hand curve

When both the driver and the end of the sight line fall
within a curve section as illustrated in Figure 6, the middle
ordinate, m', can be obtained using thc following expression:

m' = R'[1 — cos 0/2] (20)

To determine m' under the condition where both the driver
and the end of the sight line are on two different tangent
sections separated by a horizontal curve, it is necessary to
calculate the X and Y positions shown in Figure 7. The length
of a long chord that connects X and Y depends on the side
angle ¢. The procedure used to determine the middle ordinate

Centerline of
Vehicle Path

FIGURE 6 Curve-to-curve sight distance situation.
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when the driver and the end of sight line are on different ‘/\/9
tangent sections is as follows: D py = a ¥
B0 —0-9
1. Calculate the central angle of the horizontal curve: ch ¥ 2 . :
/ . D,
0 =1Ir (radians) 2D
X ,
x =R’'sin @ (22) / ?
y = R'(1 — cos 9) (23) " 7
a é

2. Calculate the x and y components for the straight line & rc m X/ °
PT- B: =
a=PT-Bsing (24)
b =PT: Bcos8 (25) 8

D

3. Determine the angle ¢:
DB=a+y (26)
b =t DBy @) ’

A-PC + D-PC

4. Calculate the angle a: A s

a = cos™![1 — (A - D/R’) sin ¢] (28) Centerline of
Vehicle Path

5. Calculate the angle . This requires the same procedure A
shown in Steps 1 through 4, except that the driver is assumed
to be at point B, as shown in Figure 8: FIGURE 7 Tangent-to-tangent sight distance

situation.

m=0©00-6¢)-(0-p=p-¢ (29)

_(@B-PTcosq + 2R sinm) + VZ

B- D, > (30)
2B-PTcosm + 2R'sinm) — VZ
5D, - ( n ) (1)
2
where
Z=(2B-PTcosm + 2R sinm)> — 4B-PT? (32)
Hence,
B-D,sinm=R'(1 - cosv) (33)
vy = cos! [1 — w] (34)
R

6. Compute the required middle ordinate, m':
8-0+a+xy (35)
m' = R' (1 — cos §)12 (36)
m=m + 6 right-hand curve (37) sz:z:i:i;‘:t:f
m=m-—6 left-hand curve

A majority of stopping or passing sight distance deficient
segments can be located using these three situations. How- FIGURE 8 Diagram for angle vy.



60

TRANSPORTATION RESEARCH RECORD 1239

- HORIZONTAL PASSING SIGHT DEFICIENCY SEGMENT -

I HIGHWAY | OIR 1 COUNTY 1 FROM(Odmtr) I TO(Odmtr) I L(FT)

I STHO17 | N 1 LIN, . .01 1 28.93 | 29.06 I 686.4

| STHe17 | N I LIN, . .01 i I 29.92 I 1214 .4
FIGURE 9 Typical horizontal passing distance sight deficiency information.

TABLE 2 COMPARISON HORIZONTAL CURVE DATA
Manual Computer Program

Curve # PC PT D e R PC PT D e R L

(odm) (odm) (o) (ft)  (fr) (odm)  (odm)  (°) (fr)  (fr)

1 27 .46 28.48 1 «03 5730 27452 27.54 2 .04 3026 106

27.73 27 73 2 .03 3026 106

28.07 28.09 2 .02 3026 106

28.35 28,37 2 .01 3026 106

2 28.97 29.18 2 .04 2865 1138 28.99 29.04 2 .04 3026 264

29.06 29.18 2 .04 3026 634

3 29.72 30.09 1.5 .04 3820 1915 29 .86 29.83 2 .02 3026 370

29.85 29,87 2 .02 3026 106

29.92 29..97 2 .01 3026 264

29.99 30.03 2 .01 3026 211

ever, when two or more horizontal curves are separated within
the required sight distance, the computer program may not
produce reasonable results. When two successive horizontal
passing sight distance deficient segments are separated by a
tangent less than the 400-ft MUTCD criterion, they are com-
bined to form a single no-passing zone. Finally, the program
generates a summary of the horizontal passing sight distance
deficient segments as illustrated in Figure 9.

SOFTWARE VALIDATION

The computer program was applied to a case study highway
3CChion 10 VEiily wastiel Uie 30liwarc Lould avcunpiisit 1is
intended functions. The computer-generated information was
compared with manual solutions developed near the as-built
plan and profile drawings for the case study highway.

A comparison of the horizontal curve data is provided in
Table 2. The relatively long curves were divided into several
shorter curves by the computer program. This is probably due
to the inherent noise in the data and the fact that such noise
would have a more noticeable effect on low-degree curves.

A comparison of the sight distance deficient segments is pre-
sented in Tables 3-5. When the computer-generated data
were visually compared with photolog images, a very close
correspondence was immediately apparent with respect to the
beginning and ending points of horizontal and vertical curves,
as well as no-passing zones.

CONCLUSIONS

Overall, the evaluation of the software indicated that it was
possible to develop reasonably accurate highway alignment
a1id 3ight distance daia ftown e phiotuiuy sysiein used Dy tie
Wisconsin Department of Transportation. The data are of
sufficient accuracy to be used in an inventory data base or
geographic information system and for deficiency analysis and
preliminary project development. The system has the further
advantage of eliminating the need for an existing set of plan
and profile drawings. It is only necessary to operate the instru-
mented vehicle over the highway of interest and then to proc-
ess the data using the software package.
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TABLE 3 COMPARISON OF STOPPING SIGHT DISTANCE DEFICIENT SEGMENTS
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Manual Computer Program Difference
Zone From To L From To L From To L
No. (odm) (odm) (ft) (odm) (odm) (fv) (odm) (odm) (ft)
1 27.517 2715 950 27.53 27.67 739 —0.04 -0.08 =211
2 28.48 28.62 739 28.41 28.57 845 -0.07 -0.05 +106
TABLE 4 COMPARISON OF NO-PASSING ZONES AT VERTICAL CURVES
Manual Computer Program Difference
Zone From To L From To L From To L
No. (odm) (odm) (ft) (odm) (odm) (ft) (odm) (odm) (ft)
1 27.57 2775 950 27.56 27.74 950 -0.01 -0.01 0
2 27.95 28.06 581 27.99 28.06 370 +0.04 0.00 —221
3 28.43 28.60 898 28.46 28.61 792 +0.03 +0.01 - 106
4 28.97 29.05 422 28.99 29.06 370 +0.02 +0.01 =52
TABLE 5 COMPARISON OF NO-PASSING ZONES AT HORIZONTAL CURVES
Manual Computer Program Difference
Zone From To L From To L From To L
No. (odm) (odm) (ft) (odm) (odm) (ft) (odm) (odm) (ft)
1 28.89 29.10 1,108 28.91 29.08 898 +0.02 -0.02 —210
2 29.62 29.98 1,901 29.67 29.94 1,426 +0.05 -0.04 —475
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