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Expected Traffic Conflict Rates and Their Use in

Predicting Accidents

W. D. GLAUZ, K. M. BAUER, and D. J. MIGLETZ

ABSTRACT

The purpose of this research was to establish relationships between traffic
conflicts and accidents and to identify expected and abnormal conflict rates
given various circumstances. The data on which the conclusions and recommenda-
tions are based were collected during the summer of 1982 at 46 signalized and
unsignalized intersections in the greater Ransas City area. The conclusions are
limited to daytime (7:00 a.m. to 6:00 p.m.) and weekday (Monday-Thursday) traf-
fic and to dry pavement conditions. Accident/conflict ratios have been statis-
tically determined for several types of collisions for each of four types of
intersections (signalized high volume, signalized medium volume, unsignalized
medium volume, and unsignalized low volume). These ratios can be applied to
comparable intersections to obtain an expected accident rate of a specific type
after the appropriate conflict data are collected. Also, statistical procedures
were developed to determine conflict rate values that could be considered
abnormally high. Overall, traffic conflicts of certain types are good surrogates
for accidents in that they produce estimates of average accident rates nearly
as accurate, and just as precise, as those produced from historical accident
data. Therefore, if there are insufficient accident data to produce an estimate,
a conflicts study should be very helpful.

The traffic conflicts technique (TCT) has been
studied and applied since its early development in
1967 by Perkins and Harris (l). Although it was
originally developed to investigate whether General
Motors vehicles were driven differently than others,
the method was soon used by several agencies to
evaluate accident potential and operational defi-
ciencies of intersections. It was believed that a
direct relationship existed between accidents and
conflicts. However, efforts to verify such a rela-
tionship were generally unsuccessful, for a variety
of reasons to be discussed subsequently. A review in
1980 by Glauz and Migletz (2) identified 33 previous
studies that dealt, at least in part, with conflict-
accident relationships.

The use of the TCT did not continue to increase
in the United States in the late 1970s; in fact, it
declined. However, research did become international
in scope, led originally by Canada and England. Now
the efforts are widespread and include those of many
European and other countries.

Partly in recognition of the widespread interest
in TCT and because of the diversity of opinions on
its usefulness as well as the definitions and opera-
tional procedures, an international workshop was
convened in Oslo, Norway, in 1977 (3). That workshop
has been followed by others in France, Sweden, West
Germany, and Belgium. Although investigators
throughout the world have not agreed on the specific
operational definitions of traffic conflicts, a
universal, generalized definition was generated at
the Oslo workshop (3):

A traffic conflict is an observable
situation in which two or more road users
approach each other in space and time to
such an extent that there is a risk of col-
lision if their movements remain unchanged.

Because the situations are observable and happen
at a high frequency (relative to that of accidents,

say), conflicts are an enticing traffic measure. The
operational differences between investigators are
primarily in relation to the severity of the situa-
tion--how great the potential risk of a collision
was.

Despite such differences, most traffic engineers
and analysts believe that traffic conflicts are of
value in describing or identifying operational prob-
lems at intersections. However, there exist no stan-
dards or norms against which to base judgments. How
many conflicts per hour or per day suggest a problem?
One of the purposes of this paper is to suggest
normal and abnormal levels of conflict rates in the
United States for certain classes of intersections
and types of conflicts.

Perhaps the most important potential application
of the TCT, however, is in identifying safety defi-
ciencies. Conventionally, safety 1is measured in
terms of accidents and accident rates--the ultimate
measures. Unfortunately, accidents are so rare,
statistically, that one must often wait for years,
and for many accidents to happen, before enough data
are available to enable rational decisions. If a
surrogate measure such as traffic conflicts could be
used, decisions might be made much more quickly. As
noted earlier, however, the heretofore lack of
satisfactory agreement between conflicts and acci-
dents has cast this role of the TCT in doubt. The
second purpose of this paper is to illustrate that,
in fact, a reasonable agreement does exist.

DATA COLLECTION

To be useful, the TCT procedures must be formalized
and standardized so that investigators can duplicate
each other's work. This step was taken in the United
States with NCHRP Project 17-3 (2). In that research,
the TCT methodology was refined and a standardized
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gset of operational definitions and procedures that
were cost-effective was developed.

A traffic conflict was defined in that study, in
general agreement with the 1977 international defi-
niction (3), as [OLLOWS:

A traffic conflict is a traffic event
involving two or more road users, in which
one user performs some atyplcal or unusual
action, such as an change in direction or
speed, that places another user in Jjeopardy
of a collision unless an evasive maneuver is
undertaken.,

Given this overall conceptual definition, precise
operational descriptions for a number of types of
conflicts were developed. Of those, 12 were con-
sidered in this study:

1. Left turn same direction,
2. Slow vehicle,

3. Lane change,

4. Right turn same direction,
5. Opposing left turn,

6., Left turn from left,

7. Cross traffic from left,
8. Right turn from left,

9, Left turn from right,
10. Cross traffic from right,
11. Right turn from right,
12, Opposing right turn on red.

Detailed definitions of these and other conflicts
can be found elsewhere (2). Let it suffice here to
provide a few examples. All the conflicts become
observable, by definition, when the offending or
conflicted vehicle undertakes an evasive maneuver,
typically by braking or swerving. Conflict 4, for
example, occurs when a vehicle slows to make a right
turn, which causes the following vehicle to evade a
rear-end collision, Type 5 is instigated by a vehicle
turning left in front of an oncoming vehicle. Type 7
involves a vehicle to the left, on a cross street,
proceeding across in front of another vehicle, which
causes the latter to take evasive action.

Experimental Plan

The methodology pwblished in NCHRP Report 219 (2)
was used by Migletz et al. (4) to produce the data
required for this paper. The data were collected in
the Kansas City metropolitan area (population about
1.5 million). The results are believed to be appro-
priate for much of the United States, but because of
regional differences in driving habits, they may not
be directly applicable elsewhere. The results are
undoubtedly not usable, numerically, in many coun-—
tries outside the United States. However, the re-
search approach should be universally applicable.

Traffic conflict and accident data were collected
at 46 urban intersections located in four cities in
the greater Ransas City metropolitan area. These
intersections were stratified, first, according to
whether they were signalized and then within sig-
nalization class according to intersection traffic
volume 1level (not accident history). The volume
levels assigned were

* High: more than 25,000 vehicles per day,
* Medium: 10,000 to 25,000 vehicles per day,
* Low: 2,500 to 10,000 vehicles per day.

was as follows:
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High Medium Low
Signalized 14 12 0
Unsignalized 0 10 10

each of these intersections for 4 days (replicates)
during the period from 7:00 a.m. to 6:00 p.m. over
the summer months of 1982. The 1ll-hr period was
sampled in 16 sets of 25-min periods, and the sample
counts were then adjusted to be representative of
the entire period. Three years of accident data
(1979-1981) for these same intersections were also
obtained and reduced, as well as special 1l-day
volume and turning-movement counts.

Conflict Data

Aside from a few rare instances of missing data (in
most cases of difficulty, additional data were col-
lected), a total of 576 observer-days of conflict
data, representing nearly 90,000 traffic conflicts,
was obtained. Table 1 shows the raw conflict counts
(along with the accidents) obtained in the study. Of
these, 64,210 conflicts were used in the analyses.
There were comparatively few wet-pavement accidents
and conflicts. Because it was suspected that traffic
bebavior might be different under dry and wet condi-
tions, the latter were not analyzed in depth. Also,
a number of secondary conflicts were observed. These
are conflicts created or caused by a vehicle in the
process of taking evasive action because of a prior
conflicting event. They were dropped from further
analysis because corresponding accidents were found
to be very rare. Table 2 displays the adjusted
conflict rates (conflicts per 1ll-hr day) by conflict
type and intersection class.

Accident Data

Hard-copy accident reports of all accidents occurring
at the 46 intersections over the 3-year period (1979-
1981) were reviewed, A total of 1,292 accidents made
up this data base, given in Table 3. The following
types were not used in the ultimate analyses, how-
ever:

* Secondary road accidents,

* Wet-road accidents,

* Other accidents such as single vehicle and
pedestrian,

* Nighttime accidents (those not occurring
between 7:00 a.m. and 6:00 p.m.),

* Weekend accidents (not occurring on Monday
through Thursday), and

* Multiple-vehicle accidents not matching ore
of the 12 conflict types.

TABLE 1 Conflicted-Related Accidents and Conflicts by Road
Condition

Signalized Intersection Unsignalized Intersection

(N =26) (N =20)
No. of No. of No, of No, of
Road and Condition  Accidents Conflicts Accidents Conflicts
Dry
Primary 244 49,337 T3 14,873
Secondary 2 14,111 1 3,933
Wet
Primary 42 3,865 25 972
Secondary 0 1,274 _2 255
Total 288 68,587 103 20,033
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TABLE 2 Conflict-Related Accidents and Conflicts by Type

Signalized Intersection

Unsignalized Intersection

Medium Volume

Medium Volume

High Volume (N =12) (N=14) (N=10) Low Volume (N =10)
Conflict
Accidents/ Conflicts/ Accidents/ Conflicts/ Accidents/ Conflicts/ Accidents/ Conflicts/
No. Type 3yr Day 3yr Day 3yr Day 3yr Day
1 Left turn same direction S 1,003.73 3 1,886.14 6 1,327.45 2 706.45
2 Slow vehicle 4 8,028.61 3 5,291.13 1 1,518.31 1 1,018.61
3 Lane change | 218.53 5 106.70 3 2797 0 1.05
4 Right turn same direction 2 2,623.50 2 1,742.66 1 616.95 0 579.12
1 Opposing left turn 73 264.01 44 406.80 7 89.82 1 36.40
6 Left turn from left 0 7.57 0 6.48 0 39.13 1 33.66
7 Cross traffic from left 26 1.68 30 4.05 14 32.50 19 66.98
8 Right turn from left 0 0.75 2 4.67 0 1.65 0 5.67
9 Left turn from right 1 5.00 1 7.21 0 43.33 0 49.93
10 Cross traffic from right 19 3.47 14 3.21 6 33.27 12 52.28
11 Right turn from right 7 31.23 1 51.89 1 89.72 0 55.46
12 Opposing right turn on red 1 2.72 0 1.32 - - - -

Note: The values tabulated are totals over the number of intersections in each class (e.g., there were 5/(12)(3) or 0.139 accident/yr of the Left-turn same-direction type of acci-

dent at an average high-volume, signalized intersection,

TABLE 3 Accidents by Road Condition

Multiple-Vehicle Accidents by Road Condition

Dry Wet Other or Unknown

Signalization and Other
Volume Class Primary Secondary Primary Secondary Primary Secondary Accidents? Total
Signalized

High (N =12) 392 11 103 2 48 1 19 576

Medium (N=14) 314 2 60 1 28 1 31 437
Unsignalized

Medium (N=10) 105 1 30 3 8 0 2 149

Low (N =10) 82 1 29 0 14 1 3 130
Total 893 15 222 6 98 3 55 1,292

2For example, single-vehicle or pedestrian accidents.

A common example of the last type is a rear-end
collision at a red traffic signal involving a stopped
or stopping vehicle. (The conflict definition does
not consider stopping for a red traffic signal to be
an "atypical or unusual® action.) The 319 accidents
retained are included in Table 3.

EXPECTED AND ABNORMAL CONFLICT RATES

One objective of this paper is to suggest, on the
basis of data collected, conflict rates that might
be expected or typical for intersections like those
studied, as well as abnormal rates. "Abnormal" im-
plies rates significantly greater than average, in a
statistical sense. The user who finds such abnormal
rates at an intersection should be suspicious, either
of the data or of the traffic behavior at that in-
tersection.

One defines abnormal or extreme values statisti-
cally by examining the probability distribution of a
number of observations. This is typically done by
calculating the mean and standard deviation, or
variance, and using them to represent the properties
of the distribution. However, whereas it is common
to establish 1limits in terms of the mean plus or
minus some number of standard deviations, this method
is not correct for traffic conflicts or many other
traffic measures because it indirectly assumes that
the data follow a normal distribution. Traffic con-
flict data do not behave in that way. The counts can
never be negative, for example, and their distribu-
tion tends to be skewed, with a longer tail at the
higher conflict-count values.

This property of nonnormality for traffic data is
well known. Researchers have long used the Poisson
distribution for certain data, such as queue lengths,
headways, and accidents. The Poisson distribution
has a variance equal to its mean. Cursory examination
shows this to be far from the truth for conflict
data--the variance is often 10 to 100 times as large
as the mean. Therefore, a more general distribution
should be used.

Early in the research (4), it was suggested (E.
Hauer, University of Toronto, unpublished data) that
the gamma probability distribution be used. It is
very general and can be made to fit a variety of
data sets. However, it is more difficult to work
with than are the normal or Poisson distributions.

The probability density function [f(c)] for the
gamma distribution is

f(c) = te~Ct (ct)S~1/r(s) (1)
where T is the gamma function, and t and s, both

positive, are called the parameters of the distribu-
tion. The random variable c is taken to be the daily
number of conflicts of a given type associated with
one intersection in this paper.

The parameters t and s are defined in terms of
the expected value or mean [E(c)] and variance
[Var (c)] of the distribution through the following
equations:

t = E(c)/Var(c) (2)

s = t E(c) (3)



An examination of some typical plots of Equation
1 for selected types of conflicts follows. Figure 1
shows the distribution of all-same-direction con-
flicts (the sum of types 1 through 4) for signalized
medium-volume intersections; it looks much 1like a
normal distribution. The mean value in this case is
about 645, and the standard deviation is 159 [=
(25,338)1/51, so individual sample counts can be
expected to be much greater than =zero but fairly
tightly clustered about the mean. Note, however,
that the curve is not guite symmetrical. The average
value for this type of conflict (645) is slightly to
the right of the peak at 605. The value of ¢ at the
peak of the curve is called the mode of the distri-
bution. The mode and the mean are the same for a
normal distribution; the more they differ, the more
the distribution is skewed.

Also shown in Figure 1 are the 90th and 95th
percentiles. In this case, 90 percent of all inter-
sections of this class are expected to have less

0.008 -
O
.§ 0.006 -
5
2
L
>
= 0.004 £
c
8 b
2
& 0.002
2 ®
& &l »
EY
0 1 L 1 I L |
0 200 400 &00 800 1000 1200

Conflicts /Day, ¢

FIGURE 1 Distribution of all-same-direction conflicts for
signalized medium-volume intersections.

than 860 conflicts per day of this type, and 95
percent are expected to have less than 930 con-
flicts per day. In other words, only 10 percent (or
5 percent) of all intersections should be worse than
these values indicate. In the remainder of this
discussion, limits of 10 and 5 percent will be used
as alternative definitions of abnormal conflict
rates.

A quite different shape results when the gamma
distribution is applied, for example, to opposing-

Probability Density Function, f(c)
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left—-turn conflicts for signalized high-volume in-
tersections, as shown in Figure 2. It is highly
skewed, with the mean value 5 times as large as the
mode (4.8). Por this type of conflict, most of the
intersections may be expected to have fairly Ilow
daily conflict rates--in fact, half will have less
than 16 (the median). However, many will have quite
large values, so the idea of abnormality takes on a
different aspect. Whereas in the previous case the
95th percentile (930) was only 1.44 times as large
as the average, in this case an intersection would
be required to have nearly three times as many con-
flicts as the average to be considered abnormal.

A final example shows an even more extreme case
(Figure 3). The variance for this type of conflict
is so large that the standard deviation, 108 =
(11,613.'-")1/2 is greater than the mean of about
84 conflicts per day. In such a case, the gamma
distribution has no mode or peak. The value of f(c)
becomes increasingly large as ¢ approaches zero. The
median is about 42 conflicts per day, so half the
intersections should experience less than that rate.
The average, however, is about twice as large as the
median (°84), and the 95th percentile is nearly
4.5 times the average (360 conflicts per day).

It remains to explain how these limits and other
numerical values are determined. The mode is easily
calculated as

Mode = (s - 1)/t (4)

which is only meaningful if s is greater than 1. The
90th percentile is the value of c¢ (say, cgqg) for
which

[ f(c)dc = 0.10 (5)
Cg90

That is, cgg is chosen so that the area under the
curve to the right of that point is only 10 percent
of the total.

Equation 5 could be solved by numerical integra-
tion with the expression for f(c) given in Equation
1. Alternatively, the integral can be transformed to
the probability integral [Q(x2%/v)] of the x?-distri-
bution, which has been tabulated by several authors
(5,pp.978-983) .

To use these tables, simply replace v by 2s and
x? by 2tc. For example, for the data used in Figure
2, s and t are 1.281 and 0.05824, respectively. In-
terpolating in the table for v = 2.562, it is found
that Q = 0.10 (approximately) for x§g = 5.55. Then
Cgg = X9p/2t = 47.6. Values of cgg, and so on, are
obtained in a similar fashion.

30
Conflicts/Day, ¢

40 50 &0 70

FIGURE 2 Distribution of oppusing-ieii-iurn contilicis fur signalized high-

volume intersections.

I E
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Tables 4 through 7 summarize these calculations.
The expected conflict rates (conflicts per 1l-hr
day) are given in the column headed Mean. The preci-
sion of an expected conflict rate is expressed as
the standard error of the mean, or (Variance/Nll/z,
where N is the number of intersections in the sample.
For example, from Table 4 the standard error of the
mean for left-turn same-direction conflicts is

(11,613.7/14)1/2 = 28.8. When conflict types are
so rare that it might be considered abnormal to
observe any, no quantitative percentile values are
given.

The results given here are based on data obtained
from the sample of intersections in this study. It
is expected that other users, at least in the United
States, should obtain roughly comparable values,

TABLE 4 Daily Conflict Rates for Signalized High-Volume Intersection

Conflict Percentile®
No. Type Mean Variance Mode? 90th 95th
1 Left turn same direction 83.644 11,6137 - 265.0 360.0
2 Slow vehicle 669.051  23,994.7 633.0 870.0 940.0
3 Lane change 18.211 160.6 9.4 35.0 43.0
4 Right turn same direction 218.625 7,587.5 184.0 470.0 510.0
5 Opposing left turn 22.001 3717 4.8 48.0 60.0
6 Left turn from left 0.631 0.824 - 1.7 2.5
7 Cross traffic from left 0.140 0.135 = - -
8 Right turn from left 0,062 0.022 - - -
9 Left turn from right 0.417 0.261 - 1.1 1.4
10 Cross traffic from right 0.290 0.215 - - =
11 Right turn from right 2,603 2.268 0.9 4.6 5.4
12 Opposing right turn on red 0.227 0.124 - - -
14 All same direction 989.531 67,198.4 921.0 1,340.0 1,460.0
7+10 Through cross traffic 0.430 0335 - 1.1 1.5

Iytaximum value of the gamma distribution of conflicts (c) for f(c) = te™*"(c)*"! /T(s), if a maximum exists.
For the rarest types of conflicts, no values are given; any observed conflicts should be viewed with suspicion. Other-
wise, values given suggest limits, at two levels, for normally expected conflict rates.

TABLE 5 Daily Conflict Rates for Signalized Medium-Volume Intersection

Conflict Percentile®

No. Type Mean Variance Mode? 90th 95th
1 Left turn same direction 134,724  10,298.3 58.0 270.0 340.0
2 Slow vehicle 377.938 4,928.9 365.0 470.0 500.0
3 Lane change 7.621 52.8 0.7 17.0 22.0
4 Right turn same direction 124,476 2,445.1 105.0 190.0 220.0
S Opposing left turn 29.057 21.1.2 22.0 490 56.0
6 Left turn from left 0.463 0.466 - 13 1.9
7 Cross traffic from left 0.289 0.240 -~ - -
8 Right turn from left 0,333 0.188 = 0.8 1l
9 Left turn from right 0.515 0.125 0.3 1.0 12

10 Cross traffic from right 0.229 0.118 - 0.7 1.0

11 Right turn from right 3.707 2.839 29 6.0 7.0

12 Opposing right turn on red 0.094 0.058 = - -

14 All same direction 644.760  25,338.4 605.0 860.0 930.0

7+10 Through cross traffic 0519 0.215 0.1 1.1 1.4

a;\!:lximum value of the gamma distribution of conflicts (c) for f(c) = !e'Ct(ct)s'l/I‘(s), if a maximum exists.
For the rarest types of conflicts, no values are given; any observed conflicts should be viewed with suspicion. Other-
wise, values given suggest limits, at two levels, for normally expected conflict rates.
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TABLE 6 Daily Conflict Rates for Unsignalized Medium-Volume Intersection

Conflict Percentile®
No. Type Mean Variance Mode? 90th 95th

1 Left turn same direction 132.745 11,6434 45.0 215.0 350.0

2 Slow vehicle 151.831 5,921.8 113.0 255.0 290.0

3 Lane change 2.797 22.6 - - -

4 Right turn same direction 61.695 1,156.5 43.0 105.0 125.0

5 Opposing left turn 8.982 39.8 4.6 17.0 21.0

6 Left turn from left 3913 6.452 2.3 7.0 9.0

7 Cross traffic from left 3.250 4.644 1.8 6.0 15

8 Right turn from left 0.165 0.077 - - -

9 Left turn from right 4,333 21.2 - 10.0 14.0
10 Cross traffic from right 3.327 4.297 2.0 6.0 7.5
11 Right turn from right 8.972 99.4 - 210 29.0
12 Opposing right turn on red - - - - -

14 All same direction 319.068  28,650.5 229.0 540.0 640.0
7+10 Through cross traffic 6.577 15,7 4.2 12.0 14.0

AMaximum value of the gamma distribution of conflicts (c) for f(c) = te

'Ct(ct)s_llf‘(s), If a2 maximum exists.

For the rarest types of conflicts, no values are given; any observed conflicts should be viewed with suspicion. Other-
wise, values given suggest limits, at two levels, for normally expected conflict rates,

TABLE 7 Daily Conflict Rates for Unsignalized Low-Volume Intersection

Conflict Percentile®
No. Type Mean Variance Mode? 90th 95th

1 Left turn same direction 70.645 1,005.0 56.0 110.0 130.0

2 Slow vehicle 101.861 9,648.2 7.1 2250 295.0

3 Lane change 0.105 0.050 - - -

4 Right turn same direction 57.912 2,197.3 20.0 120.0 150.0

5 Opposing left turn 3.640 8.300 1.4 7.5 9.0

6 Left turn from left 3.366 7.790 1.1 7.0 9.0

7 Cross traffic from left 6.698 42.0 0.4 1.5 19.0

8 Right turn from left 0.567 0.828 - - -

9 Left turn from right 4993 727 - 16.0 23.0
10 Cross traffic from right 5.228 11.6 3.0 10.0 12.0
11} Right turn from right 5.546 1201 34 10.0 120
12 Opposing right turn on red - - - - -

14 All same direction 230.523 17,929.2 153.0 410.0 490.0
7+10 Through cross traffic 11.926 To:2 5.6 240 29.0

3Maximum value of the gamma distribution of conflicts (c) for f(c)= te—Ct(ct)s'l/I‘(s), if 2 maximum exists.
For the rarest types of conflicts, no values are given; any observed conflicts should be viewed with suspicion. Other-
wise, values given suggest limits, at two levels, for normally expected conflict rates,

although this statement is made without proof, If
other parts of the country produce different con-
flict rates, the user can establish his own expected

and abnormal conflict rates by using the proced

explained here.

ACCIDENT PREDICTION

Philosophy

ures

If one wants to know how many accidents have occurred
at a specified location, one should review the acci-
dent records. Bypassing such records and using a
surrogate such as traffic conflicts cannot possibly
produce the correct answer.

Unfortunately, this rather obvious concept has
usually been overlooked or is unappreciated by re-
searchers and practicing traffic engineers in their
search for some measure that might supplant accident
data and be used to support difficult decisions. The
general approach used to validate a surrogate measure
has been to compare observed accidents with the
observed surrogate measure, and then to be quickly
discouraged and disappointed by the lack of agree-
ment. For example, correlation coefficients of 0.4,
0.6, or even 0.8 are quickly rejected as not being
large enough to adequately estimate or predict acci-
dents. Any attempt to match conflicts (or anv other
surrogate) with accidents in this manner is doomed
to failure.

To look at this differently, why would one even
want to consider using surrogates? It would not be
to identify high-accident locations-~the accident
data do this. It might be to identify leacations with
a high accident potential--locations that may be
suspected to have safety problems although the acci-
dent data do not yet support this. Perhaps it is to
determine whether a redesign or countermeasure can
be expected to be effective in improving safety
without a wait of months or years to establish an
accident data base. It might be to determine whether
the recent occurrence of a few accidents at an in-
tersection previously presumed safe means that, in
fact, the intersection is becoming or has become
less safe, for whatever reason. All these potential
applications require an estimation or prediction of
what may happen in the future--not a duplication of
what has happened in the past. In reality, engineers
commonly use accident data not just to determine
what has already happened; they surmise that the
history predicts the future unless changes are made.

Accidents are, in a way, random events. They
cannot be predicted except in a statistical sense.
Given a substantial accident history for an inter-
section, one can estimate the expected number of
accidents for that intersection in a succeeding
year. The actual number of accidents in the succeed-
ing year will undoubtedly be numerically different
from this ewpectation, either higher or lower, but
the number will normally be within statistically
expected bounds.
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It is a major purpose of this research to deter-
mine how well traffic conflicts can be used to esti-
mate expected accident rates as distinguished from
the number or rate actually observed in any given
period. A difficulty then arises--what is the ex-
pected accident rate? Two viewpoints will be taken.
One is to compare the expected accident rate as
predicted by traffic conflict data with the expected
accident rate as predicted by historical accident
data. The latter is, in effect, the traditional
approach; the degree to which the two predictions
agree will provide an indication of the validity of
traffic conflicts as an accident surrogate. Second,
by pooling actual accident data from a number of
intersections, years, and so on, another estimate of
accident expectations can be derived; both of the
foregoing predictions can be compared with this
expectation.

In addition to a comparison of estimates of the
expected accident rates based on conflicts and on
accidents, the gquality of the estimates will be
assessed as measured by the variance of the esti-
mate. The smaller the variance, the better is the
estimate. Whether a certain variance of the estimate
is deemed acceptable depends on the variance ob-
tained by other methods of estimation and on the
relative costs of estimation by different methods.

Finally, it may be noted that many attempts to
prove that conflicts or other measures are satisfac-
tory surrogates failed because the accidents were
not suitably disaggregated. Reference to Table 2
shows that most of the conflicts at signalized in-
tersections, for example, involve vehicles traveling
in the same direction (types 1 through 4), whereas
most of the accidents involve vehicles crossing or
meeting head on. If one compared total conflicts and
total accidents, one would in effect be comparing
conflict movements of one type with accident move=-
ments of another type. They are basically unrelated,
so no valid statistical relationship should be ex-
pected.

Therefore, in this paper only like types of events
were analyzed. This has the obvious advantage that
if the surrogate (conflicts) is found to be statis-
tically acceptable, it is also logical and defens-
ible. The disadvantage is that it does not deal with
total accidents, the ultimate measure that most
people feel most comfortable with.

Use of Accident/Conflict Ratios

It is proposed that accident expectation be pre-
dicted for an intersection by using conflict data
from that intersection in conjunction with accident
and conflict data from other intersections of the
same class (signalization and volume 1level). The
appropriate equations are

110 = Coﬁ (6)
Var(ay) = Var(C)Var(R) + CgVar(R) + R2Var(C) (7
where

AO = expected number of accidents,

Co = expected conflict rate obtained from the
field study at the intersection, and

R = estimate of the accident/conflict ratio for
that class of intersections (6).

A summary of conflicts and conflict-related acci-
dents by type and class of intersection was given in
Table 2. The fractional conflict values arise pri-
marily from the interpolation process used to cover

the time periods when conflict observations were not
made (7).

Accident/conflict ratios were determined on the
basis of reported accident data for 3 years and
observed conflict data for 4 days adjusted to 3
years. The accidents and conflicts from a group of
similar intersections (for example, signalized high
volume) were used to calculate accident/conflict
ratios for types of collisions within that group of
intersections. Each accident/conflict ratio for a
signalization-volume class is the mean value of the
accident/conflict ratios of the intersections in
that class. The variance of the ratio was taken to
be the sample variance of the individual intersec-
tion ratios.

Accident Types Subject to Prediction

In the development of accident/conflict ratios, not
all types of collisions were analyzed because of a
lack of accident or conflict data or both, and some
types were pooled to facilitate analysis. The reasons
for the choice of the types of collisions analyzed
are briefly presented next.

The number of accidents and corresponding con-
flicts varied considerably from type to type. For
most types there was less than one accident per
intersection in 3 years. For signalized intersec-
tions, because there were so few accidents of types
1, 2, 3, and 4--too few to enable meaningful rate
calculations-=-they were pooled to form a category
entitled All Same Direction. In each case, the con-
flicts are the result of vehicles traveling in the
same direction. Even for this pooled category, how-
ever, there were no accidents at 12 of the 26 signal-
ized intersections. The opposing-left-turn accidents
and conflicts (type 5) showed the best distribution
of all the types at signalized intersections. Even
here, 7 of the 26 signalized intersections experi-
enced no opposing-left-turn accidents in the 3 years
studied.

Note that for signalized intersections, a red-
light violation must occur if there is to be a cross-
traffic conflict or accident of any kind (types 6
through 11). Such conflicts were observed only
rarely. For example, there was a total of only 14
cross-traffic-from-right conflicts observed in 4
days for the 26 signalized intersections (7). This is
an average of about 0.13 conflict/day per intersec-
tion. To state it differently, one would have to
observe all four approaches of an intersection for
an average of 7 days to see one conflict of this
type. Clearly, such a rare event would not be
economically practical as an accident surrogate.

Thus, it is obvious that some sort of pooling is
necessary to make cross-traffic conflicts practical.
Examination of Table 2 revealed that the most fre-
quent cross-traffic conflict at signalized inter-
sections is type 11, right turn from right, which
commonly occurs with illegal right-turn-on-red ma-
neuvers. However, only 6 of the 26 intersections
experienced any accidents of this type in 3 years,
and none had more than two. The second most common
cross-traffic conflicts are those involving left
turns, either from the left or from the right (types
6 and 9). Yet there were only two accidents alto-
gether for these two types over the set of 26 inter-~
sections. The two conflict types involving through
movements of cross traffic (types 7 and 10) were
exceedingly rare yet represent the most common type
of cross-traffic accident.

In summary, although it might appear desirable to
pool the cross-traffic conflicts and accidents, it
does not appear legitimate to do so. If pooling did
occur, it would be almost equivalent to comparing



through-cross-traffic accidents with right-turn-
from-right conflicts. Therefore, no further work on
cross—-traffic accident/conflict ratios at signalized
intarsentinne anneara warranted.

Finally, the opposing-right-turn-on-red category
(type 12) yielded very few conflicts and just one
accident. This type involves right-turning vehicles
conflicting with opposing-left-turn vehicles with a
protected phase (2). Therefore this type, too, was
dropped from further analyses.

Examination of the data from the unsignalized
intersections also led to decisions about the sub-
sequent analyses of accident/conflict ratios. The
left-turn-same-direction data (type 1) for the
medium-volume intersections were deemed adeguate
(marginally) for analysis. They were not combined
with the data from the other three same-direction
types (2-4), or the type 1 data from low-volume
intersections, however. Accidents for conflict types
2 and 4 were very rare. There were very few con-
flicts of Lype 3, and although Lhere were three
acecidents, all occurred at one intersection when one
vehicle sideswiped a left-turning vehicle when the
first vehicle attempted to pass the second on the
shoulder.

As expected, the unsignalized intersections ex-
perienced more cross-traffic conflicts than the
signalized intersections, Inasmuch as all but one of
the cross-traffic accidents involved through move-

the other cross-traffic data were dropped from
further analyses. The opposing-left-turn (type 5)
data were retained for the medium-volume intersec-
tions but not for the low-volume sites.

To recapitulate, the following accident and con-
flict types were used in the analysis of accident/
conflict ratios:

1. Signalized high- and medium-volume intersec-
tions
a., All same direction (pooled)
(1) Left turn same direction
(2) Slow vehicle
(3) Lane change
(4) Right turn same direction
b. Opposing left turn
2., Unsignalized medium-volume intersections
a. Left turn same direction
b. Opposing left turn
c. Through cross traffic (pooled)
(1) Cross traffic from left
(2) Cross traffic from right
3. Unsignalized low-volume intersections: through
cross traffic (pooled)

TABLE 8 Accident/Conflict Ratio Statistics
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a. Cross traffic from left
b. Cross traffic from right

BramniAant Dradimbine Naba

The accident/conflict ratios in Table 8 reveal the
large differences from type to type. The all-same-
direction type has the smallest accident/conflict
ratios, with an average of about 2 x 10°° ac-
cident/conflict. The opposing-left-turn and through-
cross—-traffic types have ratios of the order of 500
% 10"° accident/conflict. Thus, it is evident that
some types of conflicts are far more likely to vield
an accident than other types. Indeed, the differ-
ences are of 2 to 3 orders of magnitude.

One might be tempted to impute meanings to the
differences in accident/conflict ratios for a given
type between intersection classes. For example, the
mean all-same-direction ratio for signalized medium-
volume intersections is twice that for signalized
high-volume inlersections (2.663 x 10°% versus
1,428 x 10°°%). However, the corresponding standard
deviations are fairly large compared with the means,
which indicates that the data have a lot of scatter.
Therefore, the apparent difference might not be
statistically significant.

To test for differences in means, one commonly
uses the t-test, which 1s not applicable 1in this
instance because the data are not from a normal
distribution, a requirement for using the t-test.
Instead, the distributions of the two sets of acci-
dent/conflict ratios were compared by using the
Kolmogorov-Smirnov test (8), which did not show a
significant difference in the distributions. How-
ever, this test is known to be conservative when the
data sets contain many ties. In this case, 12 of the
26 signalized intersections had no accidents in the
all-same-direction category. Repeating the test on
the remaining 14 intersections indicated that the
two distributions were significantly different at
the 5 percent significance level. That is, for sig-
nalized intersections having accidents of this type,
those with medium volume had higher accident/con-
flict ratios than those with high volume.

There is a legitimate argument against deleting
intersections without accidents--these data are just
as valid as those for intersections with accidents.
In this case, the accident data base is just too
sparse to enable strong conclusiongs to he drawn.
Despite the fact that the difference in the two
complete data sets is not statistically significant,
combination of the two sets is not believed to be
appropriate. Given more data, one might be able to
show that a difference exists.

Mean Variance Coefficient of Variation (%)

Type of Conflict and No. of Accident/Conflict  Standard =
Intersection Class Intersections Ratio® Deviation® Var(R)? Var(C)®  Ratio  Accidents Conflicts
Left turn same direction, unsignalized

medium volume 10 15.024x 107® 31.810 x 1076 101.204 x 10712 11,643 211.8 151.8 81.3
All same direction

Signalized high volume i) 1.428 x 1076 1.500x 1076 0.189 x 1071* 67,198 105.4 112.8 26.2

Signalized medium volume 14 2.663x 107° 3.703 x 107 0979x 10712 25338  139.1 129.9 24.7
Opposing left turn

Signalized high volume 12 671.087 x 107 1,002.990 x 1076 83.832 x 107° 337.7 149.5 1303 88.3

Signalized medium volume 14 184.906 x 1076 187.500 x 1076 2.511x 107° 211.2 1014 105.1 50.0

Unsignalized medium volume 10 212.456 x 1076 293.010 x 107° 8.586 x 1077 39.8 1379 1355 70.2
Through cross traffic

Unsignalized medium volume 10 735.425 x 107¢ 1,088.780 x 107°  118.544 x 10°° 15.7 1480 1155 60.3

Unsignalized low volume 9 489.229 x 107 302.292 x 1078 10.153 x 10°° 752 61.8 78.2 121

a(Acciclents/:‘) yr) + (conflicts/3 yr).
Y[(Accidents/3 yr) + (conflicts/3 yr)] %,
C(Conﬂicts/day)z,

L n
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The same arguments can be made regarding the
opposing-left-turn ratios at signalized bhigh- and
medium-volume intersections and those for through
cross traffic at unsignalized medium~ and low-volume
intersections. Although the mean values differ con-
siderably, statistical tests are unable to prove the
differences to be significant. Nevertheless, it is
probably wise not to pool the data.

The standard deviations of the accident/conflict
ratios are fairly large. Another way of examining
the variability in these ratios is through the coef-
ficients of variation (CVs). The CV is the standard
deviation divided by the mean of the accident/con-
flict ratio., It gives a measure of the relative
variation, or imprecision, of the ratio. The Cvs
obtained are rather high, ranging from 61.8 to 211.8
percent (see Table 8).

A more careful review of the raw data suggests
that these high values are largely the result of the
variability in the accident data rather than in the
conflict data, as is seen in Table 8. In general,
higher relative variations in accidents parallel
higher relative wvariations in accident/conflict
ratios. The CVs of the conflicts are about half
those of the corresponding ratios.

Validation

The procedure for validating the use of traffic
conflicts as accident surrogates was as follows.
Within each class of intersections, two locations
were randomly selected. Accident/conflict ratios
were then computed as described earlier but based
only on the data from the remaining 38 1locations.
With the conflict rates and variances obtained from
the study, the expected accident rates and their
variances were then computed for the selected inter-
sections and compared with those based on the aver-
age of the actual accident counts during the years
1979, 1980, and 198l. (No corrections were made for
other covariates, such as volume changes, accident
trends, etc.)

The computations of the expected accident rates
and their variances will be demonstrated on the
all-same-direction type of conflict at one of the

TABLE 9 Expected Accident Rates

signalized high-volume sites (Location 19). With the
notations given earlier, the computation is as fol-
lows:

1,386 conflicts/day from the study;

1.308 x 10°%, the average accident/conflict
ratio for signalized high-volume intersections
(note that this is not the finally recommended
value in Table 8, based on all intersections);

Var(R) = 2.6462 x 10°'?; and

var (C) 65,697.8 (conflicts/day)?2.

CQ=
R

Thus,
be

the expected accident rate per 1ll-hr day will

Rg=Cypx R=1,386 x 1.308 x 10°° = 1073

accident/day.

1.813 =x

Var(ﬁo) = Var (C) Var(ﬁ) + C%y Var(ﬁ) + R? Var (C) =
0.6381 x 10°° (accident/day)?.

In summary, the expected dally all-same-direction
accident rate at Location 19 is 0.0018 accident/day,
with a standard deviation of 0.0008 accident/day
[ square root of Var(go)]. In units of accidents per
year on weekdays (Monday-Thursday), these results
are adjusted by a multiplication factor of 4/7 x
365, giving 0.38 accident/year with a standard
deviation of 0.17 accident/year. This prediction is
for that specific type of accident on dry pavement
and during daylight hours only. The CV of the ex-
pected number of accidents of this type at this
intersection is 44.1 percent. These values, based on
conflicts and conflict/accident ratios, are to be
compared with the expected accident rate of 0.67
accident/year, standard deviation of 1.15, and CV of
173.2 percent based on previous accident rates.
These results, along with those for the other vali-
dation locations and conflict types, are given in
Table 9.

Overall, for this set of intersections and these
types of conflicts, the total number of expected
accidents based on conflicts is 18.20, very close to
the expected number based on accidents (19.67). Both
expectations are in good agreement with the observed

Expected Accidents/Yr

Based on Conflicts

Based on Accidents

Validation Coefficient Coefficient
Intersection and Intersection Accidents/ Standard of Variation Accidents/ Standard of Variation
Volume Class No. Type of Conflict Yr Deviation (%) Yr Deviation (%)
Signalized
High volume 19 All same direction 0.38 0.17 44,1 0.67 L.15 173.2
20 0.26 0.13 48.8 0.33 0.58 173.3
19 Opposing left turn 3.88 3.54 91.2 8.33 L.53 18.3
20 6.51 4,52 69.4 3.33 2.08 62.5
Medium volume 12 All same direction 0.39 0.19 48.6 0.0 0.0 -
26 0.35 0.18 50.9 0:33 0.58 173.3
12 Opposing left turn 0.67 0.64 95.4 1,33 0.58 43.3
26 1.14 0.70 61.3 0:33 0.58 173.3
Unsignalized
Medium volume 34 Left turn same direction 0.24 0.56 233.4 0.0 0.0 -
46 0.26 0.56 220.7 0.0 0.0 -
34 Opposing left turn 0.12 0.24 205.6 0.33 0.58 173.3
46 0.08 0.23 2997 0.33 0.58 173.3
34 Through cross traffic 1.42 113 79.5 1.67 1.15 69.3
46 0.70 0.88 126.6 0.33 0.58 173.3
Low volume 27 Through cross traffic 0.93 0.97 104.4 1.0 1.0 100.0
33 0.87 0.97 111.4 1.33 1:15 86.6
Total? 18.20 19.67

? Actual total in 1982 = 20.
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number of 20 in 1982. This suggests that conflicts
are nearly as good as accidents in predicting ex-
pected accidents, at least for the total from this
sample of 1A predimtinne.

One can then ask how the two sets of 16 predic-
tions fit the set of 16 observations. Do the predic-
tions from one set tend to be better (closer) than
those from the other? The expectations based on
accidents were closer in nine cases, the expecta-
tions based on conflicts were closer in six cases,
and there was one tie. Statistically, there is no
evidence that either set of predictions is more
likely to be closer more often than the other. Pur-
suing this a little farther, one can ask whether the
magnitudes of the errors in fitting the two predic-
tions to the set of observations are the same. Wil-
coxon's signed rank test (8) was used to test this
hypothesis, showing no significance at the 95 per-
cent level. At the 90 percent confidence level, the
accident-based predictions are marginally closer
than the conflict-based predictions. It is noted
that the conflict-hased expectations were closer
than the accident-based expectations more often for
unsignalized intersections, and the reverse was true
for signalized intersections. However, the data set
is too small to allow convincing generalizations,

Another way of comparing the two estimation pro-
cedures 1s to examine theilr variances (precision).
This can be done by comparing the CVs (standard
deviation/mean) obtained in both cases. Again, Wil-
coxon's signed rank test was used. It showed no
evidence that one method produces, on the average,
more precise predictions than the other method. .In
some instances the conflict-based expected value is
more precise, and in other instances the accident-
based value is more precise.

Effect of Volume

It has been noted that conflicts and accidents are
both correlated with intersection volumes (2), sug-
gesting that conflict-accident relationships may
exist because of this volume effect. In order to
minimize the influence of volume, the intersections
were stratified by volume level, as discussed ear-
lier. It is nevertheless appropriate to question
whether the stratification effectively removed the
volume effect.

Volume counts were obtained during the research.
The actual volumes in any cell of the design dif-
fered only by a factor ranging from 1.85 to 2.50
(7). Correlation analyses were performed, within
cells, between the conflict types in Table 8 and the
corresponding intersection volumes, with the results
shown in Table 10. In most cases the correlations
are far from significant, and in some instances they
appear to be negative. The exception is for siynal-
ized medium-volume intersections where the correla-
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tions for the two conflict types considered are
significant (p = 0.07 and 0.04, respectively). In
these cases the regression accounts for 25 or 31
poroent DIy nf shs wscdsaes doathe-conslict-csuntas

Thus, although some of the variation in conflict
counts can be explained by differences in volumes
for signalized medium-volume intersections, the
amount explained is not large. And for the other
intersections there is no detectable effect of
volume.

Minimum Variance Predictions

Two sets of predictions (expectations) have been
discussed~-one based on conflicts and one based on
accidents. There is no conclusive evidence that one
is more accurate or precise than the other. However,
the two sets of expectations can be combined to vield
expected values with variances less than those for
either set alone. If aa is the expected accident

rate based on accident data, then ﬂm, the expected
accident rate with minimum variance, can be computed
as follows:

Ay = [Ag/Var (By) + Ay/Var (Ay)1Var (Ap) (8)
where
Var(Ap) = 1/[1/Var(Ag) + 1/Var(Ap)] (9)

Thus, Equation 8 yields a more precise estimate of
the expected accident rate than do either accidents
or conflicts alone. The results are shown in Table
11.

CONCLUSIONS
This study culminated in the following conclusions:

1. A fundamental difficulty with a study of
this kind is the rarity of accidents, the very rea-
son that one searches for accident surrogates in the
first place. The 1,292 total accidents in the 3-year,
46-intersection data base yielded an average of only
about 28 accidents per intersection. After those
accidents that involved single vehicles, nighttime,
adverse pavement conditions, and so on, were deleted,
only 319 accidents (about 7 per intersection in 3
years) remained that could be considered conflict-
related. Further subdivision into 12 conflict types
yielded a sparse data set indeed.

2., There are 12 basic conflict types that are
possible, according to NCHRP Report 219 (2). Of
these, some are fairly common, but others are so
rare that they are impractical tor operational ap-
plications. At signalized intersections same-direc-

TABLE 10 Correlations Between Intersection Volumes and Conflicts

Intersection and

Correlation
Coefficient  Probability

Volume Class Type of Conflict N (R) (p)
Signalized
High volume All same direction 12 0.34 0.28
Opposing left turn 12 -0.26 0.41
Medium volume All same direction 14 0.50 0.07
Opposing left turn 14 0.55 0.04
Unsignalized
Medium volume Left turn same direction 10 -0.04 0.91
Opposing left turn 10 -0.04 0.91
1 hrough cross trattic 10 0.10 0.77
Low volume Through cross traffic 10 0.37 0.30
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TABLE 11 Minimum Variance Accident Expectations

11

Expected Accidents/Yr

Variance
Validation With
Intersection and Intersection Conflict- Accident- Minimum Conflict- Accident-
Volume Class No. Type of Conflict Based Based Variance Based Based Minimum
Signalized
High volume 19 All same direction 0.38 0.67 0.39 0.029 1.32 0.028
20 0.26 0.33 0.26 0.017 0.34 0.016
19 Opposing left turn 3.88 8.33 7.63 12.5 2.34 1.97
20 6.51 3.33 3.88 20.4 4.33 3549
Medium volume 12 All same direction 0.39 0.0 0.0 0.036 0.0 0.0
26 0.35 0.33 0.35 0.032 0.34 0.029
12 Opposing left turn 0.67 1.33 1.03 0.41 0.34 0.19
26 1.14 0.33 0.66 0.49 0.34 0.20
Unsignalized
Medium volume 34 Left turn same direction 0.24 0.0 0.0 0.31 0.0 0.0
46 0.26 0.0 0.0 0.31 0.0 0.0
34 Opposing left turn 0.12 0.33 0.15 0.058 0.34 0.050
46 0.08 0.33 0.11 0.053 0.34 0.046
34 Through cross traffic 1.42 1.67 1.54 1.28 1.32 0.65
46 0.70 0.33 0.44 0.77 0.34 0.24
Low volume 27 Through cross traffic 0.93 1.00 0.96 0.94 1.00 0.48
33 0.87 1,38 1.06 0.94 1.32 0.55

tion conflicts are common, as are opposing-left-turn
conflicts. Cross-traffic conflicts at signalized
intersections can occur only if a driver violates
the red signal phase and are exceedingly rare (with
the exception of the right-turn-from-right conflict,
which is observed more frequently although it still
indicates a violation of the usual right-turn-on-red
ordinances). At unsignalized intersections, all-
same-direction conflicts are also common, except for
those resulting from lane changes. Cross-traffic
conflicts are much more prevalent at such intersec-
tions compared with signalized intersections.

3. Considering the rarity of certain conflict
types and the infrequent occurrence of some accident
types, emphasis in applying the TCT as a safety
indicator must be placed on a limited subset of
conflict types. It is not practical to use conflict
types that require excessively long periods to ob-
serve adequate samples. Likewise, there is little
incentive to collect data on conflict types for
which corresponding accidents hardly ever occur.
Thus, the practical, usable conflict types are the
following:

1. Signalized intersections

a. Same direction (pooled types 1, 2,
3, and 4)

b. Opposing left turn (type 5)

2. Unsignalized intersections [through
cross traffic from left and right (pooled types 7
and 10)]

3. Unsignalized
ume only

a. Opposing left turn (type 5)
b. Left turn same direction (type 1)

intersections, medium vol-

4. An estimate of the expected rate of acci-
dents of a specified type and for a specified class
of intersections can be computed from data obtained
in a field conflict study. If the conflict study at
the intersection produces an average conflict rate
of Cp, the expected accident rate is 30 = coﬁ. Values
of §, which are the accident/conflict ratios obtained
in this research for the various conflict types and
intersection classes, are presented in Table 8,
along with their variances. The latter can be used
to estimate the variance in the expected accident
rate by using Equation 7.

5, Accident/conflict ratios differ substantially
from conflict type to conflict type, ranging from as

low as 1 or 2 accidents/million conflicts for same~
direction conflicts at signalized intersections to
as high as about 700 accidents/million conflicts of
the opposing-left-turn and through-cross-traffic
types. (The latter ratios are for unsignalized in-
tersections only; at signalized intersections there
are about 10,000 accidents/million through-cross-
traffic conflicts, but the rarity of this type of
conflict precludes an accurate estimate.)

6. The variation in accident/conflict ratios is
generally quite large (CVs up to about 200 percent),
indicating a substantial difference among intersec-
tions of normally the same type. This variance arises
primarily from the intersection-to-intersection dif-
ferences in accidents, whose CVs match those of the
ratios gquite well. The CVs of the conflicts, on the
other hand, are only about half as large.

7. Comparisons of accident/conflict ratios
between classes of intersections suggest that there
are differences, but statistical tests, for the most
part, are not able to establish this with confidence.
This is because of the large variances noted earlier,
as well as the substantial number of intersections
having no accidents of a specified type during the 3
years analyzed. Despite the lack of proof of such
differences between intersection classes, it is
probably unwise to combine the data from different
classes of intersections to obtain universal ratios.

8. The conflict rates obtained and used to
determine the accident/conflict ratios are the aver-
age or expected values. Procedures were developed to
determine values that could be considered abnormally
high. Basically, the procedure utilized calculated
probability distributions (the gamma distribution)
and accepted as abnormal by definition those rates
that exceeded the 90th percentile (alternatively,
the 95th percentile). The values obtained are given
in Tables 4 through 7.

9, If a potential TCT user determines that his
conflict rates and variances differ substantially
from those obtained in the U.S. Midwest during this
study, he will have to adjust the wvalues given in
Tables 4 through 7. The procedure is described in
the text.

10. The proper use of conflicts is to estimate
an expected rate of accidents as opposed to predict-
ing the actual number that might occur in a partic-
ular year, Accident data fluctuate greatly from year
to year; the best one should expect is to be able to
estimate the average (expected) value with accept-
able accuracy and precision.
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11. An additional year of accident data (1982)
for eight intersections was used to determine the
validity of the proposed accident estimation proce-
Anrae. Amnident estimates based on conflicts were
compared with accident estimates based on accident
history. Overall, for the eight intersections, both
methods produced about the same estimates--18.20
accidents on the basis of conflicts, 19.67 on the
basis of previous accidents. (There were actually 20
conflict-related accidents in 1982 at the eight in-
tersections.) Breaking these down to the 16 possible
combinations of intersections and conflict types
indicated that both procedures sometimes overesti-
mated and sometimes underestimated the actual number
of accidents. In this respect, the accident~based
procedure yielded closer estimates more often than
the conflict-based procedure, but only marginally so.

12. Of the 13 out of 16 sets of accident esti-
mates for which CVs could be calculated, those based
on accidents were more precise in 8 cases and those
based on conflicts were more precise in 5 cases,
This difference is not statistically significant; in
other words, the conflicts procedure produces esti-
mates equally as precise as those based on accident
histories.

13. If one has estimates of expected accidents
based on both accident history and conflict data,
they can be combined to produce an estimate that is
more precise (smaller variance) than would be ob-
tained by using either cone separately.

14. Overall, traffic conflicts of certain types
are indeed good surrogates of accidents in that they
produce estimates of average accident rates nearly
as accurate and precise as those produced from his-
torical accident data. Therefore, if there are in-
sufficient accident data to produce an estimate, a
TCT study should be very helpful.
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Stopping Sight Distance Parameters

DONALD E. CLEVELAND, LIDIA P. KOSTYNIUK, GARY R. WAISSI,

PAUL L. OLSON, and PAUL S. FANCHER

ABSTRACT

A review of stopping sight distance parameters has recently been completed for
NCHRP. AASHTO currently recommends a driver perception-response time of 2.5 sec
and this value was found to be satisfactory. AASHTO currently uses braking
distances based on locked-wheel skidding on poor-condition wet pavement sur-
faces. It was concluded that this is not appropriate for speeds above 30 mph if
a vehicle with minimum legal tire tread is to be stopped in its own lane on a
wet pavement of this type. For a vehicle to be able to make such a stop it was
concluded that braking distances should be increased. At a speed of 40 mph, the
distance increases to 360 ft and at 80 mph it increases to 1,630 ft. Examina-
tion of recently measured speed distributions showed that drivers continue to
select the same speeds on wet pavements as they do on dry roads and that the
AASHTO policy of using the same initial speed for both wet and dry conditions
should be retained. Lowering the driver eye height to 40 in. from the current
AASHTO value of 42 in. would accommodate more than 95 percent of the automobile
driver-vehicle combinations expected to be in use late in this decade. Such a
change was recommended because a 42-in. eye height would not accommodate 25
percent of the vehicles. No research on the appropriate height of the object
was performed. Ten vertical curve locations at which there was less than AASHTO
policy minimum available stopping sight distance were found to have an average
of about 40 percent more accidents than nearby locations with adequate sight
distance. Several horizontal- and vertical-curve geometric design aids based on

derivations made in the research are presented.

Stopping sight distance (SSD) is one of the most
important criteria in geometric design, affecting
both operations and safety. It is defined as the
minimum sight distance that will allow a vehicle
traveling at or near the design speed to stop just
before reaching an object in its path, and it is
important that this design element be frequently re-
viewed in response to changing vehicle and driver
characteristics. The University of Michigan's
Transportation Research Institute (UMTRI) was
selected to carry out such a study. The final report
was recently published in the NCHRP series (l). This
paper summarizes the research, emphasizing those
findings believed to be of particular importance in
highway design and traffic control.

SSD application involves considering two con-
cepts, the stopping distance (STD) and the available
sight distance (ASD). The ASD depends on the loca-
tions of the eye of the driver, the object to be
seen on the road, and obstructions to the 1line of
sight caused by the geometry of the road and road-
side. SSD is adequate when ASD is greater than STD
and inadequate when the opposite condition exists.

STD consists of a perception-response distance
(PRD) added to the braking distance (BD). When the
speed (V) of the vehicle is considered, PRD is
derived from the perception-response time (PRT). The
STD on a level road is expressed as follows:

STD = 1.47 V PRT + V?/30 f (1)

where f is the average deceleration from V to a stop
(g) . Although every significant parameter in the STD
model is stochastic, the model is treated deter-
ministically and the parameters used are drawn from
that end of the probability distribution that accom-

modates poorer performance and results in greater
STD values.

This paper is organized into three sections. A
study of the effects of ASD on safety is summarized
first. Next the three STD elements--initial vehicle
speed (V), PRT, and BD--are discussed. The effects
of grade and horizontal curvature on BD are con-
sidered. The studies concerned with ASD elements,
eye and object height and road geometry, are de-
scribed in the last section. The effects of vertical
curvature on ASD for passenger cars and trucks and
the sensitivity of ASD to the location of the object
and eye in the lane on both horizontal and vertical
curves are treated. Night effects on ASD are also
considered.

SAFETY STUDIES

It is accepted that SSD has impacts on highway
safety but the relationship has not been identified
or recently quantified with enough accuracy to be
used in evaluation studies. A review of the several
studies of the relationship between SSD and safety
is included in NCHRP Report 270 (1).

The problem with most of these studies is that it
is difficult to separate sight distance effects from
other roadway design elements and to maintain proper
controls, A limited study of the effects of ASD on
safety on tangent sections was carried out as a part
of the research.

The number of accidents over a 6-year period was
compared at 10 pairs of two-lane rural road segments
in close proximity. The sites are located in Oak-
land and Washtenaw counties in southeastern Michi-
gan. They were matched for traffic characteristics,



14

road design factors, roadside features, traffic con-
trol, and abutting land use. The two segments were
within 1 mi of each other on the same road with no
major intersections between them. One segment was on
4 Vvercticdl curve and nad dll AdDU THAT was less than
the 1965 AASHTO policy value, the current minimum
value (2), whereas the other had an ASD exceeding
this value. Each limited-ASD (LSD) site had a stan-
dard warning sign with a speed advisory plate. Table
1 presents a description of the sites and a summary
of the accident data.

TABLE 1 Summary of Safety Study

Advisory
Speed Speed at
Site  Site Length Limit LSD Site ASD No. of
Pair Type (mi) (mph) (mph) (ft) Accidents
1 LSD 0.50 45 40 118 11
Control 0.50 45 >700 3
2 LSD 0.23 50 40 276 1
Control 0.23 50 536 0
3 LSD 0.40 50 25 188 2
Control 0.40 50 >700 2
4 LSD 0.25 45 30 174 i
Control 0.25 45 >700 6
5 LSD 0.22 45 30 118 11
Control 0.22 45 >700 3
6 LSD 0.25 45 30 25¢ 17
Control 0.25 45 >700 26
7 LSD 0.24 45 35 262 24%
Control  0.24 45 >700 132
8 LSD 0.15 50 40 308 5
Control 0.15 50 >700
9 LSD 0.17 50 40 280 2
Control 0.17 50 >700 1
10 LSD 0.20 25 - 223 0
Control 0.20 25 >700 0
Total LSD 80
Control 56

Note: LSD = limited sight distance,
20nly 1 yr of accident datn were available.

There was a total of 136 accidents for 30.28
mi-years of exposure. Of these, 80 accidents oc-
curred on the LSD sites and 56 occurred on their
matched control sections. At seven of the site pairs
there were fewer accidents on the control section;
in two cages there was a tie; and at only one sgite
were there more accidents on the section with
greater ASD., No accident-type differences were ap-
parent.

The group totals were analyzed by standard con-
tingency table techniques. The hypothesis of no sig-
nificant difference in accident frequency between
the LSD sites and the control sites was rejected at
the 0.05 level. Hence, it was concluded that the ap-
proximately 40 percent more accidents at the LSD
sites were not due to chance. It is believed that a
larger study of this type should be conducted to
confirm and develop a more reliable quantification
of the effect of vertical-curve ASD on safety.
Studies should also be made on horizontal-curve
pairs with only STD varying.

STD ELEMENTS

In this section studies of the three parameters of
the STD equation--initial gspeed (V), perception-re-
sponse time (PRT), and braking distance (BD)=--are
summarized. In addition, sensitivity analysis and
some interactions with geometric design elements are

evplored, Recommended changes in AASHTO peliciss are

presented and discussed.
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Initial Speed

It was once assumed that motorists travel at a
slower speed, the operating speed, on wet pavements
than tney Qo on dry roaas. ‘rne 1Yo> AASHIU pollcy
(2) used the design speed for dry pavements and the
operating speed was assumed for wet pavements for V
in STD calculations. Since 1971 the policy (3) has
been to use the same speed (the design speed) for
both wet and dry conditions. A study of motorist
speed behavior was conducted to test the current
validity of this policy. Speed distributions were
analyzed from 106 rural sites with 55-mph speed
limits in five states. The data had been recently
collected for the national speed-limit monitoring
program (4) for rural Interstates, principal and
minor arterials, and major collectors.

Statistical tests of a 10 percent sample of the
available 900 daylight hourly distributions indi-
cated that they could be treated as normally dis-
tributed at the 0.05 level of confidence. Visual
inspection of cumulative plots of the remaining data
confirmed thig conclusion. "This supported the find-
ing that speeds on rural highway facilities are
often normally distributed and in this case per-
mitted the use of statistical techniques based on
the assumption of normality.

The daylight speed distributions recorded at a
set of 25 permanent Illinois speed-monitoring sta-
tions for which reliable weather information was
also available were compared under wet and dry pave-
ment conditions. Speed data were obtained for up to
3 days per site on days on which it was known to
have rained for the whole day and for adjacent days
when there had been no rain. An analysis of variance
of the hourly speeds revealed no difference in the
average and accordingly they were aggregated to pro-
vide a daylight total.

The daily cumulative speeds at a site were then
compared for rainy and dry days. Generally, the dif-
ferences between wet and dry pavements were not sta-
tistically significant and were never practically
important. Figure 1 shows the distribution of the
differences in 85th- and 95th-percentile speeds for
wet and dry conditions at 25 sites. At these impor-
tant higher speeds, those of most concern in the
determination of STD, the wet and dry pavement
speeds are practically indistinguishable. This con-
firmed the validity of the AASHTO policy not to
treat wet and dry pavements differently.

Driver PRT

SSD PRT covers four steps. The driver must detect an
obstacle, identify it as a =significant hazard,
decide to stop, and begin the stop. The case of par-
ticular interest in the STD context is the surprise
situation in which the motorist is not aware of the
presence of an object on the road ahead. In the pri-
mary PRT study, subjects drove an instrumented
vehicle for several miles for familiarization. They
then crested a sharp vertical curve on a tangent
section and encountered a surprise in the form of a
low-contrast obstacle shaped like a short railroad
tie centered in the lane of travel on the reverse
slope of the crest. Time and distance measurements
were made from when the obstacle first became vis-
ible to when the subject removed his foot from the
accelerator (perception time) and then from the ac-
celerator release to brake pedal contact (response
time) . After the surprise encounter the test was
repeated several Limes on the same subjects under
"alerted"” conditions. These trials required only
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FIGURE 1 Speed differences under dry and wet conditions at the 85th and 95th

speed percentiles.

that the subject tap the brake pedal. Finally, in a
different driving environment, the subjects released
the accelerator and tapped the brake pedal in
response to the lighting of a red lamp mounted on
the hood of the test car (brake trials).

A total of 64 subjects, 49 younger than 40 years
of age and 15 older than 60, was studied. The data
for the younger drivers from this study are pre-
sented in Figure 2 on a cumulative normal probabil-
ity scale. The most relevant finding is that for the
surprise condition, the 5th- and 95th-percentile
values of the PRT were 0.85 and 1.6 sec, respec-
tively. The PRT for the older drivers was substan-
tially the same.

The subjects used in this study, however, were
not fully representative of the normal driving popu-
lation. Their driving times before the tests were
short, they knew that they were involved in an ex-
periment of some kind, and they did not appear fa-
tigued or under the influence of alcohol or drugs.
Such conditions would be expected to affect the PRT.
Studies of the effects of drugs and alcohol indicate
that a 50 percent increase in PRT is reasonable (5).
Such a correction leads to a 95th-percentile value
of 2.4 sec. This is a reasonable percentile for de-
sign and is so close to the current 2.5-sec AASHTO
policy value that it was concluded that the current
value should be retained.

An important factor not considered quantitatively
here is the object contrast. The foregoing data are
based on a relatively low-contrast condition. How-
ever, worse values are possible and this would cause

a further increase in the required PRT. There is no
information on the distribution of contrasts €for
real obstacles encountered in actual driving situa-
tions, and hence no estimate of the magnitude of
this additional correction was made. However, a
limited field study of the response time to some obh-
ject characteristics was made. Seven widely varying
conditions with different obstacle height, width,
and contrast were evaluated by using 26 observers.
The difference in response time among the seven con-
ditions had a range generally of about 0.2 sec, ex-
cept that for the 95th-percentile observers the
range was 0.4 sec and the 98th-percentile subjects
had a range of about 0.5 sec. Where there was a
great contrast between the obstacle and the back-
ground the response time was shorter. It was also
observed that a high narrow object that was in poor
contrast to the natural background foliage found at
this study site required a longer response time.

BD

BD was viewed in the research as being made up of
three parts--the basic capabllity of the tire-road
interface to decelerate the vehicle, a measure of
the efficiency of the vehicle's braking system under
varying loads, and a driver control strategy, which
may not use all of the available braking capability,
depending both on driver skill as well as on choice.
In stops from high speeds the contribution to the
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FIGURE 2 Perception-response times for younger drivers.

braking distance from aerodynamic drag also becomes
important.

AASHTO policies view the driver as applying the
brakes sufficiently hard to lock the wheels; the de-
celeration then depends only on the condition of the
pavement and tires. The road condition is measured
by the skid number, a function of the velocity and
the pavement texture depth. The condition of the
tires is measured by the depth of the treads. In a
locked-wheel stop it is assumed that all the avail-
able friction is utilized for deceleration.

However, it has been found that drivers generally
do not decelerate by locking the wheels but modulate
their braking effort in an attempt to minimize BD
and maintain directional control and stability. This
appears to be particularly true at high speeds on
wet pavements. The guection then becomes one of
determining how deceleration depends on the capabil-
ity of the vehicle brake system tc utilize the fric-
tion available at the interface among vehicle, tire,
and pavement and the ability of the driver to modu-
late braking control.

The maximum friction available at the tire-pave-
ment interface in controlled deceleration is greater
than that available in the locked-wheel situation,
but vehicle braking systems are not capable of uti-
lizing all of the available friction., The term brak-
ing efficiency (BE) is used to express the per-
centage of tire-pavement friction that a perfect
driver could achieve and yet maintain control over
the vehicle. The braking capability of passenger
vehicles has improved significantly over the last
decade. The average BE of a 1982 model passenger car
is 0.91 (6). The BE of heavy trucks is not as great
as that attained by passenger cars. Because truck BE

depends on the vehicle geometry, weight, and load
distribution, it is best determined separately for
each truck configuration.

The ability of a driver to bring the vehicle to a
controlled stop is measured by the control effi-
ciency (CE). Analysis of experimental data collected
(7) shows that the CE for passenger car drivers de-
creases with increasing initial speed. In addition a
limited set of experiments performed in this re-
search indicates that professional drivers of heavy
trucks do not achieve a CE of more than 0.62.

The relationships developed to calculate the
instantaneous coefficient of friction (u) between
the road and tires for locked-wheel and controlled
decelerations for passenger cars and trucks are
given as follows. (The aerodynamic drag decelera-
tion component, which is not shown, is a function of
the vehicle velocity and its frontal area and
weight.) For a locked-wheel stop, the coefficient
for passenger cars is

W = 0.012 A SNy (2)

For trucks it is

W = 0.0084 A SNy (3)
where
SNy = SNgq exp[-0.0016 (MD~0-47) (v - 40)1,

=
V = velocity (mph),

MD = mean pavement texture depth (in.) (sandpatch
method) , and

A =1+ (5.08MD - 0.008045V)[1 - (x/12)1/2

= _ s et 4 __3 S_—av 2 -
where x is Lire tread depth in 1/32 in.

2
cept for tread depths > 12/32 in., x = 12

oz s
ax
)

-
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For a controlled stop, the coefficient for passenger
cars is

W = (0.2 + 0.01344SNy) A BE.yy CEgayr (4)

For trucks it is

u = 0,01218 SNV A BEtruck CEtruck (5)
where
BEcar = 0.91,
BE,yck = BE (truck geometry, weight, load dis-

tribution) determined for each truck
configuration,

CEyar = 0.267 + (0.0808 + 0.00543SNVI)AVI,
Vi = initial velocity,
AVI = value of A evaluated at Vis and
CEtruck = 0.62.

The calculation of BD requires integration of the

deceleration function over the appropriate range of
velocity. The results of this integration can be
satisfactorily approximated by using an appropriate
average deceleration to solve for the BD. This
average deceleration, f in Equation 1, is related to
the coefficient of friction and aerodynamic drag by
the following formula:
f = u(0.707Vy) + Caapo(0.5) (V1)? (6)
where Cgyaro for passenger cars is 1075, The
instantaneous aerodynamic drag is approximately
eqguivalent to a deceleration of only 0.004 g at 20
mph but increases to about 0.064 g at 80 mph. These
relationships were used to estimate BD (1) and dif-
fer greatly from those in the recently published
BASHTO policy (8).

A poor, wet road with a grade change of 15 per-
cent (SNjg = 28) was selected for use in illus-
trating braking performance for both controlled and
locked-wheel stops. Figure 3 shows the BD curves

17

for this road for various initial speeds for new
tires and for tires that are barely legal, with a
2/32=-in, tread depth, It also shows the current
AASHTO policy values (8), which can be seen to be
very close to those for a locked-wheel stop with
barely legal tires. New tires reduce BD by up to 100
ft, whereas controlled stops take up to twice as far
as locked-wheel stops. These results make it clear
that the current BD values should be increased from
275 to 360 ft at 40 mph and from 625 to 1,200 ft at
70 mph if passenger cars with worn tires are to make
controlled stops on wet roads with a 15 percent
grade change.

It is believed that the findings of the BD analy-
sis are of the greatest significance among the find-
ings of this research because they affect the STD so
significantly. One alternative to lengthening the
ASD to the required STD at critical locations is to
improve the surface skid capability. For example,
increasing the SNy; from 28 to 35 (approximately
equivalent to a road with a 39 percent grade change)
would yield a controlled-stop BD of 414 ft at a
speed of 60 mph on a wet road with average partially
worn tires (8/32-in. tread), a value consistent with
current ARSHTO policies. For such tires SNy
values from 32 to 37 would achieve desirable AASHTO
STD values over the full range of important speeds
used in highway design.

ROAD ELEMENTS AND STD

Grades, vertical curves, and horizontal curves all
affect BD.
Grades

There are two effects of constant grades (G) on BD.
Lengths are based on plane surveying practices that
ignore gradients; the actual road extent is greater.
On constant grades the additional distance per sta-

0 2/32 TREAD, CONTROLLED STOP

NEW TIRES, CONTROLLED STOP

2/32 TREAD, LOCKED WHEEL STOF
AASHTO POLICY

NEW TIRES, LOCKED WHEEL STOP

Y
S 7
I
=

) 50
SPEED (MPH)

-~
o
oL
(=]

FIGURE 3 Passenger car braking distance on wet, poor road.
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tion available with grades of 5 percent is only 0.1
ft/station, whereas for G = 10 percent the value is
only 0.5 ft/station. This is clearly of no practical
consequence. The second effect comes from the change
in resistance to MmMOVEmMent as tne venicle Cl1mbs Or
descends a constant grade. This effect can be impor-
tant when grades exceed 3 percent, and when the in-
crease in BD recommended earlier is taken into
account, it should be incorporated into the calcula-
tions.

Vertical Curves

Vertical curves affect BD in three ways. In this re-
search it was shown that the true length of a ver-
tical curve (L) is greater than its horizontal pro-
jection by a factor of

(1 + a/100)1/2 (7)

where A is the absolute value of the algebraic dif-
ference of grades expressed as a percentage. This
value is about A/2 percent and therefore gives an
increase in effective curve length; hence there is
an ASD of about 3 percent for A = 6 percent and 5
percent for A = 10 percent.

A vehicle stopping on a vertical curve faces a
continuously varying grade, and this can be taken
into account in determining BD. The effect on BD can
be substantial and lies between that of the two
grades separately. A relation is provided in an
NCHRP report (5) that makes a calculation of this
value possible.

Finally a vehicle on a vertical curve experiences
a centrifugal force that reduces its effective
weight on crest curves and increases it on sags.
This directly affects the BD because the effective
weight affects the braking force, which in turn af-
fects the deceleration and hence the BD. It is shown
in an NCHRP report (5) that when a vehicle moves
along a parabolic vertical curve, it follows a
nearly circular path with a radius approximately
equal to 100K, where K is the widely used number of
feet along the curve for a 1 percent change in
grade. This effect changes BD less than 1 percent
for speeds of 50 mph or greater and only 2 percent
at speeds of 30 mph. This small effect can be ig-
nored in most applications.

Horizontal Curves

It is well known that the lateral acceleration ex-
perienced on a horizontal curve (fo) decreases the
available deceleration for stopping (f). The avail-
able total friction (fy) is related approximately
to the others, and by using the force equilibrium
relationship for horizontal curves and the BD rela-
tionship, one obtains

£2 = f: - [V2/(15R) - e]2 (8)

where e is the superelevation of the curve with ra-
dius R. At high speeds this effect can be signifi-
cant on curves with minimum radius designs, as has
been recently documented by Neuman (9).

Discussion

The recommended STD distances can be compared with
those associated with decision sight distance (DSD)
{18 . This ressarch

closer together and may lead policymakers to use DSD
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in preference to STD in certain high-speed applica-
tions where alternatives to stopping are clearly
available.

ASD ELEMENTS

In this section the geometric relationships devel-
oped for the engineer concerned with ASD are con-
sidered, with particular emphasis on crest vertical
curves and the needed clearances for obstacles to
the line of sight on horizontal curves.

Driver Eye Height

A study was made of the distribution of driver eye
height for the near-term population of drivers and
vehicles from which a desired percentile value could
be selected to serve as a possible replacement for
the current AASHTO policy of 42 in., (8). Driver eye
height clearly varies with several factors, includ-
ing the vehicle type, seat characteristics, and the
size, position, and posture of the driver.

Experimental measurements were beyond the scope
of this research and an approach based on recommen-
dations of D, Hammond of the Ford Motor Company was
used. This approach uses the Society of Automotive
Engineers (SAE) eyellipse data, which provide ver-
tical distances from the vehicle seating reference
point (SgRP) to various population percentiles of
eye height. In order to determine the driver eye
height, SgRP-to-eyellipse distance must be added to
the SgRP-to-ground distance, a vehicle-specific
characteristic.

Ground-to-SgRP distances were determined for
almost all domestic and foreign passenger vehicle
models sold in the United States in 1981. Because
the two distributions are approximately normal and
it is assumed that driver and vehicle distributions
are independent, the two distributions were added as
shown in Figure 4.

Estimates of 1990 fleet sales by weight, as
developed by NHTSA (1l1) with the assumption that the
same weight vehicle would have the same SgRP-to-
ground height as the 1981 vehicle did, were then
used. The results were close enough to the 1981
values that no change was made. Accordingly, a
change in the eye height value from 42 in., which is
too high for 25 percent of the vehicles, to a value
of 40 in,, which will accommodate more than 95 per-
cent of the passenger cars, is recommended.

Object Height

No original research was accomplished on object
height. However, a good recent summary of qground
clearance data for small cars has been provided by
Woods (12). These data indicate that 30 percent of
such vehicles would not clear a 6-in. obstacle. A
4-in. obstacle height is required to provide clear-
ance for all these small vehicles. The research
report shows the effects of such a value on vertical
curve design.

Vertical Curves

S8D affects vertical alignment on tangent roadways
on both crest and sag vertical curves. During the
day the line of sight from the eye of the driver to
the obstacle is broken by the road surface for the
crest curve and by an overhead structure for the sag
cuive. After dark, beadlamp illumination affects ASD
on both types of curves. In this section the crest

iI1
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vertical-curve geometry and the results of an analy-
sis of crest and sag vertical curves are given along
with certain important truck and night vision ele-
ments.

Figure 5 shows the basic ASD elements for crest
vertical curves. The ASD is divided into two compo-
nents. S, is the distance from the eye of the ob-
server to the tangent point of the line of sight on
the curve, and Sy is the distance from the tangent
point to the top of the object. The difference in
grades, a = 0.01A, is here defined as 10.01G; -
0.01Gyl. The symmetry assumption shown in Figure
5 does not affect the final algebraic relationships
developed.

In the general case the total sight distance can
be expressed and simplified as follows, called the
general sight distance formula:

ASD = L/2 + 100{hgL/(Ax) + hgL/{A(L - x)1} (9)
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FIGURE 5 Basic elements of sight distance on crest vertical
curves.
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where
he = eye height (ft),
hy = object height (ft),
A = absolute value of the algebraic difference in

grades (%),

L = curve length (ft), and

x = point of tangency of the line of sight mea-
sured from the point of vertical curvature
(VEC) .

Solutions for all cases can be obtained by using
Equation 9 with the results given in Table 2.

With these relationships SD graphs for crest
vertical curves can be generated and plotted by com-
puter. Figure 6 shows an example of such an SD graph
[see also the paper by Neuman and Glennon (13)].
Such graphs can be used to evaluate the variation in
ASD and to compare the STD with the ASD, the time a
driver spends on the curve with minimum ASD avail-
able, and the locations on the crest vertical curve
where the minimum ASD occurs. Computer programs were
prepared to generate the data and plot these SD
graphs.

Night Visibility

The ASD in the case of a sag vertical curve has been
defined by BASHTO as the distance from the eye of
the driver to the point on the road where a headlamp
beam with an upward divergence of 1 degree from the
vehicle axis strikes the road surface (2). The study
showed that this model is useful only when the ob-
ject to be seen has retroreflective properties, be-
cause the headlamp illumination above the vehicle's
axis is too weak for the driver to see any other ob-
ject at these distances.

The problem of night visibility on crest vertical
curves was also considered. An object beyond a crest
vertical curve that would be visible under daytime
conditions is shadowed by the road crest at night.
The effect of a typical headlamp mounting height on
ASD at night was analyzed. Data on the visibility of
small, low-contrast objects under headlamp illumina-
tion with high beams were used. This effect was con-
cluded to be important only for speeds of 30 mph or
less.

Trucks

Experiments were conducted in which the performance
of professional truck drivers in stopping their
vehicles on wet pavements under various load condi-
tions was studied. For locked-wheel stops on poor,
wet roads, trucks require from 1.20 to 1.22 the STD
of passenger cars for speeds from 40 to 70 mph. For
controlled stops the ratio is from 1.39 to 1.47.
With typical values of eye heights for conventional
truck and passenger cars of 93 and 40 in., respec-
tively, and a 6-in. object height, calculations show
that the required truck STD should be less than 1.35
times that for cars if trucks are to be able to stop
within the ASD on crest vertical curves designed for
cars. It can be concluded that the greater ASD for
trucks compensates fully for the disadvantage in STD
in locked-wheel stops. However, trucks require about
a 7 percent greater ASD than do passenger cars for
controlled stops.

Horizontal Curves

The ASD on horizontal curves is concerned with lines
of sight across the inside of such curves as well as
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TABLE 2 Formulas for Crest Vertical Curves

Location of Point of
Case Observer/Object Tangency (x)
S<L Grade/curve 0<x< Xy
Curve/curve X <x< X,
Curve/grade X, <x<L
S>L Grade/curve 0<x<X,
Sp <L  Grade/grade X, < x< Xy
Curve/grade X; <x<L
S > L  Grade/grade 0<x<L

Sight Distance Formula?

S =h,L/(ax) + x/2 +(2hyL/a)"

S=(2h,L/a)" +(2hg Lfa)%

8= (2h,L/a)* +(L - x){2 + o L/[a(L - x)]

S =heL/(ax) + x/2 + (2hgL/a)*

S=heL/(ax) + x/2 + (L - x)/2 + hgL{[a(L - x)]
S =(2heL/a)* + (L - x)/2 + hy L/[a{L - x)]

S =heL/(ax) + x/2 + (L - x)/2 + hoL/[a(L - x)]

2%, = (2heL/a)”* and X, = L - (2hoL/a) "
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FICURE 6 SD graph for crest vertical curve.

the location of the eye and object. Of particular
importance is the location of the critical obstacle
to vision, expressed typically as the clearance {(m)
along a radial direction from the path of the
driver's eye as shown in Figures 7 and 8. Where this
clearance is a maximum, which occurs when the STD is
less than the length of the curve, M is used in the
formulas. Elements that were considered include the
changing values of m near the end of the curve as
well as the effect of designs using spiral transi-
tion curves linking the tangents with the circular
portion of the curve.

AASHTO presents clearance requirements for sight
obstructions inside horizontal curves only for the
case when STD < L and both observer and object are
on the curve (2). The other cases all require less
clearance for a given STD. This is of particular im-
portance if the longer STD values recommended in
this research are used in place ot current AASHIO
policy values.

Table 3 gives chord approximation relationships
for determining the maximum needed clearance M. The
chord approximation has less than 0.5 ft error in M
for radii of 400 ft or more and is easier to use
than the trigonometric relationship commonly en-
countered.

The case when STD > L has not been treated
analytically or summarized in current AASHTO publi-
cations. It was found that this value of m can be
expressed as a simple function of M for the case
when STD < L. The results are shown in Figure 9.

Figure 10 was prepared as a design aid to relate
ASD to m when STD > L. It can be used to determine
the critical value of any parameter--m, R, I, or
ASD--when the other three are given.

When the observer is on the tangent within a dis-
tance STD or less from the point of curvature (PC),
there is also a required clearance {(mj on the tan=-
gent section. It varies approximately as a quadratic



FIGURE 7 Observer and object in the horizontal curve.

S, Se

Sy

R=R-m
FIGURE 8 Observer on tangent and object in the horizontal curve.

TABLE 3 Horizontal Curve Clearance M (STD < L)

Case Exact Solution Chord Approximation
ASD< L M=R([1 -cos(I*/2)] M = (STD)?/(8R)
ASD=L M= R{1 - cos(I*/2)] M =L2/(8R)

ASD> L M = Rsin(I/2)tan[(I* - T)/2] M =L(2STD - L)/(8R)

Note: 1= central angle of horizontal curve; I* = central angle subtended by STD.
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from zero at a point STD in advance of the PC to the 5. P.L. Olson, D.E. Cleveland, P.S. Fancher, L.W.

full M required on the curve when the observer
reaches the PC. Examples of this effect for STD
values found in this research and AASHTO recommenda-
tions for a 1,200-ft curve with a design speed of 60
mph are shown in Figure 11,

Spiral Transition Curve

A spiral transition curve reduces the needed m while
the driver is on the tangent and on the spiral. The
magnitude of this effect was studied for typical
spirals and it was found that this decrease in the
needed m-value would range from about 1 to 4 ft as
design speeds increase from 50 to 80 mph.

Position of Eye and Object

Current design practice places the eye and object on
the centerline of the critical lane of travel. A
sensitivity analysis showed that other reasonable
positions of eye and object have no important effect
on ASD.
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Geometric Design of Exclusive Truck Facilities

JOHN M. MASON, Jr., and ROBERT C. BRIGGS

ABSTRACT

Past truck research is studied to determine the applicability of AASHTO geomet-
ric design policies to exclusive truck facilities. The policies addressed in-
clude those with respect to vehicle characteristics, sight distance, horizontal
alignment, vertical alignment, and cross-section elements. Each existing AASHTO
design policy is described, the applicability of the policy to exclusive truck
facilities is discussed, and alternative design criteria are recommended where

past research warrants possible changes.

Rapid traffic growth has prompted the Texas State
Department of Highways and Puhlic Transportation
(SDHPT) to examine various techniques to handle the
corresponding increase in truck traffic demands. The
SDHPT sponsored a study to evaluate the needs of a
special truck lane along the I-35 corridor between
Dallas and San Antonio., The objectlves were to iden-
tify areas with a high volume of trucks, establish

operaticnal and desicn rrocedures to deal sith truck
operaticnal and design procedures to deal with truck

traffic, and evaluate the effects of the proposed
recommendations.

One specific alternative of interest was the fea-
sibility of using existing median areas to accommo-
date exclusive truck facilities (ETFs). These lanes
would be located on intercity corridors where high
volumes of truck traffic existed or were projected.
The I-35 corridor was selected as the initial seg-
ment for evaluation. Findings of this initial study
will be used to establish procedures for evaluating
other high-volume truck corridors in the state.

The analysis procedure involved two distinct
phases. The first documented the physical problems
associated with placing ETFs in the existing right-
of-way. The second phase consisted of the review of
current geometric design policy to determine its
applicability to ETFs. Major elements of the study
included geometrics, right-of-way availability, op-
erations, safety, pavement requirements, and costs
of the potential improvements.

Roadway geometry was a primary consideration in
the analysis. Geometric design was addressed initi-
ally because it affects right-of-way limits, opera-
tional efficiency, safety, and construction costs.
Current roadway design policies largely reflect
those outlined in AASHTO's Green Book (1l). However,
these policies are based on the assumption that the
majority of the deoign traffic will be automobiles,
with a relatively small percentage of large trucks.

No publication exists that provides specific
guidelines for the geometric design of ETFs. A de-
tailed literature review of truck-related informa=-
tion was conducted to determine the feasibility of
applying the findings to the design of ETFs. This
paper summarizes the review of the pertinent design
elements and identifies areas where additional de-
sign criteria are necessary. The following elements
were examined: vehicle characteristics, sight dis-
tance, horizontal alignment, vertical alignment, and
cross-section elements. Further research is needed
to satisfactorily address the design requirements of
ETFs.

VEHICLE CHARACTERISTICS

There are numerous publications dealing with vehicle
characteristics and theilr effect on roadway design.

The literature generally provides guidance on geo-
metric requirements £for several specific vehiole
characteristics.

AASHTO (1) policy addresses two distinct classes
of vehicles--passenger cars and trucks. Passenger
car characteristics should be excluded in the design
of ETFs. The BAASHTO truck class is categorized by
single-unit trucks, buses, truck tractor-semitrailer
combinations, and trucks or truck-tractors with
semitrailers in combination with full trailers. Cur-
rent vehicle dimensions are shown in Table 1. Truck
characteristics can be further divided into two
categories--size and performance. The size category

TABLE 1 AASHTO Design Vehicle Dimensions (1)

Vehicle Dimensions (ft)

Design Vehicle Type Height Width Length

Single-unit truck (SU) 13,5 8.5 30
Intermediate semitrailer (WB-40) 13.5 8.5 50
Large semitrailer (WB-50) 13.5 8.5 55
Double-bottom semitrailer with full

trailer (WB-60) 13.5 8.5 65

includes vehicle height, width, and 1length and
driver eye height. The performance category includes
weight-to~horsepower ratios, braking abllity, accel-
eration, and deceleration, A summary of truck char-
acteristics and the geometric features that they
affect is shown in Table 2 (2).

Vehicle height is generally 13.5 ft because of
clearance restrictions on U.S. highways. Truck oper-
ators and manufacturers have expressed little inter-~
est in raising limits of vehicle height because of
existing loading-dock dimensions, stacking limit=-
tions of most commodities, and vehicle instability
on sharp curves in high wind situations (3). No
change in AASHTO policy for design vehicle height
appears necessary for the design of truck facilities.

AASHTO recommends a design vehicle width of 102
in, The Surface Transportation Assistance Act of
1982 requires states to allow the operation of 102-
in.-wide trucks on the Interstate system regardless
of the maximum-vehicle-width laws in the individual
states. The 102-in. width should represent a minimum
design vehicle width. Larger widths could be used,
depending on the amount of oversize permits issued
along the particular corridor. Increased vehicle
widths directly affect pavement costs because of
lane-width requirements. ‘l'herefore increasing de-
sign vehicle width may require cost/benefit analyses
on an individual-corridor basis.
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TABLE 2 Geometric Features and Related Vehicle

Characteristics (2)

Geometric Feature

Related Vehicle
Characteristic

Sight distance

Stopping sight distance

Passing sight distance
Horizontal alignment

Superelevation

Degree of curve

Widths of turning roadways

Pavement widening on curves
Vertical alignment

Maximum grade

Critical length of grade

Climbing lanes

Vertical curves

Vertical clearance
Cross-section elements

Lane widths

Shoulder widths

Traffic barriers

Side slopes

Braking distance, eye height
Vehicle length, acceleration

Vehicle height (C.G.)
Vehicle height (C.G.)
Vehicle length, width
Vehicle length, width

Weight-to-horsepower ratio
Weight-to-horsepower ratio
Weight-to-horsepower ratio
Eye and headlight heights
Vehicle height

Vehicle width
Vehicle width
Vehicle mass and C.G.
Vehicle height (C.G.)

Note: C.G. = center of gravity,

AASHTO design vehicle length varies according to
the vehicle type. The longest design vehicle is a
WB-60, which is 65 ft. Since the 1982 Surface Trans-
portation Assistance Act, vehicles up to 65 ft long
are permitted access to the Interstate system. Sev-
eral states have allowed combinations of greater
than 65 ft to operate on their roadways for a number
of years (4). Walton and Burke (5) have assembled a
series of configurations for various truck types of
differing size and weight that represent feasible
maximum vehicle lengths. The longest vehicle config-
uration presented is a triple combination that is
105 ft long. This configuration is legal in some
states at this time. Because this vehicle type is
already in service, it is recommended as the minimum
design vehicle configuration for ETFs.

A study of truck driver eye height yielded values
of 94 in. for cab-over and 101 in. for cab-behind-
engine truck configurations (6). These heights were
determined for an individual of average height
seated in each type of truck. Six trucks from three
manufacturers were used in this study. However, Mid-
dleton et al. (7) reported a different relationship
for truck driver eye height: 107 in. for a cab-over
truck, 93 in. for a cab-behind configuration, and 91
in, for a low-cab-over configuration. This study was
based on an average of eye heights provided by five
different truck manufacturers. The difference in
these findings demonstrates the need to determine
the range of truck driver eye height. Once an appro-
priate range has been established, a sensitivity
analysis should be performed to determine the sig-
nificance of the variations.

Current AASHTO policy (1) uses a weight-to-horse-
power ratio of 300 1lb/hp to represent the character-
istics of heavy vehicles operating on grades. Previ-
ous versions of the policy (8,9) used a 400:1 ratio.
Figure 1 shows the changes in the average weight-to-
horsepower ratio for vehicles operating on U.S.
highways between 1949 and 1973. Walton and Gericke
(10) state that today's trucks perform better than
national representative trucks of the past because
of superior engines and transmissions.

AASHTO policy argues that 300-1b/hp trucks have
operating characteristics that are acceptable to the
highway user, that carrier operators are voluntarily
using this wvalue in the determination of maximum
truck loading, and that the manufacturers of trucks
find this value acceptable for the design of the
vehicle. However, a 1984 study (11) found a larger
portion of multiple combination trucks operating in
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FIGURE 1 Trend in weight-to-horsepower ratios
from 1949 to 1973 (1).

the range of 0 to 100 1lb/hp (see Figure 2). The 300-
1b/hp value, nonetheless, appears appropriate for
the design of ETFs.

Heavy-vehicle braking performance depends primar-
ily on tire type and condition, weight of the vehi-
cle, road surface characteristics, number of axles,
and number of tires per axle. Several researchers
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FIGURE 2 Distribution of weight-to-horsepower
ratios for combinations operating in the United
States (11).

have measured heavy-vehicle braking distance. How-
ever, because pavement friction, driver selection,
vehicle condition, and test procedures varied among
researchers, caution must be exercised in interpret-
ing the results of previous vehicle braking studies.

Peterson and Gull (12) conducted braking tests in
Utah to determine the braking performance of single,
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double, and triple combination trucks. The tests
were performed on both wet and dry pavement sur-
faces. The wet and dry coefficients of friction were
0.64 and 0.92, respectively. They noted that the
FHWA Motor Carrier Safety Regulations specify decel-
eration rates of 21 ft/(sec)? for passenger cars
and 14 ft/(sec)? for truck combinations on dry
pavements. Federal regulations also require that a
truck stop within a distance of 40 ft from an ini-
tial velocity of 20 mph. On the basis of the 40-ft
stopping distance requirement and the 14-ft/(sec)?
deceleration rate, the relationship of required
braking distance versus initial speed is plotted in
Figure 3. Also shown are the passenger car stopping
distances predicted by using the AASHTO braking-
distance equation. The FHWA truck stopping-distance
curve illustrates the longer braking-distance re-
guirements. For example, a truck traveling 30 mph on
dry pavement requires approximately 50 ft more brak-
ing distance than does a passenger car traveling at
the same speed on the same pavement. It will be nec-
essary to develop braking-distance criteria for ETFs
to reflect truck braking characteristics.
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FIGURE 3 Braking distances of various combinations
compared with AASHTO and FHWA stopping distance
values (12).

Truck performance on grades has been routinely
investigated. Many studies have been conducted to
describe truck deceleration on upgrades and acceler-
ation on downgrades. This information is used to
determine maximum permissible grades, critical
lengths of grades, and climbing-lane design. Decel-
eration curves are shown from the 1965 AASHTD Rlue
Book (Figure 4 (9)], from the state of Texas in 1976
[Figure 5 (10)]1, from 1979 California studies ([Fig-
ure 6 (13)], and from the AASHTO Green Book [Figure
7 (1)]. The improved performance indicated in these
curves 1is attributable to decreasing weight-to-
horsepower ratios. Increased performance of trucks
on grades allows shorter, less frequent auxiliary
truck lanes on uphill sections and greater permissi-
ble grades throughout the system. In short, a higher
performance design vehicle results in lower con-
struction costs because of minimized cut-and-fill
operations and a reduced need for climbing lanes.
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the greater sight distance of the truck drivers be-
cause of higher eye heights. Studies indicate that
this may not always be the case, especially where
heavily loaded trucks are concerned (7,14).

A study of truck sight distance regquirements
(14), for example, concluded that heavily loaded
trucks require stopping distances of such magnitude
as to eliminate any sight distance advantages over
current AASHTO criteria. Sight distance advantages
of trucks on crest vertical curves were calculated
reiative to sight distances provided tor passenger
cars. Braking distances were then calculated by us-
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Green Book (1).

ing data from on-the-road vehicle braking tests con-
ducted by the Bureau of Motor Carrier Safety. It was
found that the upper range of truck braking dis-
tances obtained in the study was large enough to
negate the advantages of the commanding view af-
forded truck drivers.

The foregoing study also addressed the sight dis-
tance requirements for truck passing 2zones. Trucks
generally enjoy a 17 to 27 percent increase in sight
distance relative to that of passenger cars on crest
vertical curves., In current practice, passenger car
operating characteristics are used in the determina-
tion of passing zones for cars passing cars on two-
lane highways. However, passing-zone requirements
for cars passing trucks are 1.25 to 2 times the dis-
tance required for cars passing cars. Trucks passing
trucks unfortunately require even greater distances.
It is therefore necessary to revise passing-zone
design to reflect the truck-passing-truck situation.

The horizontal sight distance criteria on curves
used by AASHTO may also need to be reformulated (2).
AASHTO assumes that on vertical curves, the increase
in truck driver eye height relative to that in pas-
senger cars compensates for the increased braking
requirements of heavy trucks. However, the sight
distance requirement on a horizontal curve is not a
function of driver eye height alone. It is primarily
a function of the distance of an obstruction from
the center of the inside travel lane. Thus, the di-
rect application of a safe stopping sight distance
based on passenger car driver eye height cannot be
used for ETFs.

Specific eye height criteria will have to be es-
tablished for ETFs. The selected criteria will be
reflected in the design of vertical curves, passing-
zone markings, and horizontal curves.

HORIZONTAL ALIGNMENT

AASHTO uses the minimum-radius equation for the de-
sign of horizontal curves:

e + £ = V2/15R (1)
where
v vehicle design speed (mph),

e superelevation rate,
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f = limiting side friction factor, and
R = radius of curvature (ft).
The side friction factor (f) was established

based on comfort of the driver while negotiating a
turn. One weakness of this method has been identi-
fied by Weinberg and Tharp (15), who state that f
fails to take into account the tendency of the vehi-
cle to overturn on a curve. A side friction factor
that has not exceeded the driver comfort range may
be of sufficient magnitude to cause a heavily loaded
vehicle with a high center of gravity to overturn
while it is negotiating a curve (3).

The determination of the distribution of the ac-
tual centers of gravity of commercial vehicles is
necessary to properly evaluate the sensitivity of
on-the-road variations. Certain computer programs
that model heavy-vehicle responses to various inputs
could possibly be used to redefine the f-value in
terms of overturning moments of a variety of vehicle
confiqurations.

The maximum values of superelevation used in
practice are primarily limited by climatic condi-
tions, terrain characteristics, and rural or urban
design considerations rather than by vehicle charac-
teristics. For ETFs, the rate of superelevation may
need to be revised to reflect the limiting f-values
associated with rollover thresholds (16). Prelimi-
nary review indicates that the critical value of f
may be near 0.25 for low-speed turning maneuvers,
Superelevation on turning roadways at intersections
and interchanges may need to be increased relative
to current practice so that excessive friction re-
quirements associated with these maneuvers do not
result in vehicle turnovers.

VERTICAL ALIGNMENT

In 1969, Glennon and Joyner (17) reevaluated the
AASHTO design criteria that related truck operating
characteristics on grades to the implementation of
truck climbing lanes. They found that the 400-1b/hp
ratio used for truck speed-distance curves repre-
sented a reasonable lower boundary for trucks oper-
ating on the roadway at that time. They recommended
that the AASHTO 15-mph speed reduction criterion be
reduced to 10 mph. In addition, they recommended
that the downhill portion of the auxiliary truck
lanes be extended to allow reentry speeds closer to
average running speeds. The current AASHTO design
policy (1) has adopted the 10-mph speed reduction
and a 300-1lb/hp ratio for critical length-of-grade
determination. These criteria can be reasonably ap-
plied to ETF design.

Middleton et al. (7) studied the relationship be-
tween available stopping sight distance of heavy
trucks and the required braking distance on crest
vertical curves. They concluded that on such curves
where there were large differences in tangent
grades, drivers of heavy trucks would not always
have the required sight distance needed to stop in
time to avoid hitting a 6-in. obstacle on the road.
The same was true for a 15-in. obstacle, which was
chosen to represent the taillights of a passenger
car. Vertical-curve design policy will need to con-
sider critical combinations of tangent grades to
avoid sight distance deficiencies on ETFs.

Gordon (14) found that because visibility on sag
curves is a function of headlight heights and beam
angles, trucks would experience no sight distance
deficiencies on sag curves designed according to
AASHTO policy.
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CROSS-SECTION ELEMENTS
Lane Widths

Welnberg and 'rharp (Ll5) state that lane widths on
tangent and comparatively flat curves have been de-
termined by the summation of safe lateral clearance
between opposing vehicles, the clearance between the
vehicle and pavement edge, and the width of the ve-
hicle. On turning roadways, offtracking and front
and rear overhang characteristics are added to the
foreqoing variables to obtain needed lane widths. In
short, adequate pavement widths are a function of
budy and edye clearances for meeting and passing ve-
hicles.

The Red Book (8), Blue Book (9), and Green Book
(1) state that lanes 12 ft wide are preferred for
high-type multilane facilities and two-lane high-
ways. For freeways, the assumption is made that
traffic conditions that dictate the use of a multi-
lane configuration also dictate the use of 12-ft
lane widths. For two-lane highways, a 1l2-ft lane
width is considered essential in maintaining ade-
quate clearance between commercial vehicles. For
ETFs a 13-ft lane width may be desirable, especially
if large volumes of oversize vehicles are to use the
facilities. Walton and Gericke (10) state that the
need for adequate clearance between vehicles neces-
sitates providing 12-ft lanes for the operating of
102-in.-wide trucks.

In 1945, Taragin (18) studied the relationship
between lane widths and vehicle operation. He col-
lected data on lateral placement of passenger cars
and trucks on various types of two-lane highways.
The roadway widths of these highways varied from 18
to 24 ft and shoulder width varied from 2 to 10 ft.
Lateral placement data were collected for cars and
trucks traveling freely, encountering opposing vehi-
cles, and passing vehicles traveling in the same di-
rection. Saag and Leisch (2) utilized these data to
determine the desired left and right lateral clear-
ance for cars and trucks on rural highways. They
concluded that truck drivers desire 2.5 ft of clear-
ance between the left side of the truck and the left
edge of the traffic lane when they are meeting or
passing other trucks. In addition, for the same
maneuver, the driver desires a clearance of 2 ft
from the right side of the truck to the right edge
of the traffic lane. They further concluded that
with a truck width of 8 £t or more, trucks on 12-ft-
wide pavements did not bave enough lateral pavement
width to achieve these clearances. Saag and Leisch
presented an equation to determine desirable pave-
ment lane widths as a function of vehicle width:

L = 4.5 + Wy (2)
where
Wv = vehicle width (ft),
L = lane width (ft), and
4.5 = sum of desired right and left clearances

(ft).

Thus for an 8.5~ft-wide truck, the desired 1lane
width is 8.5 + 4.5, or 13 ft.

Taragin assumed that drivers were satisfied with
lane widths when the lateral position of the vehicle
within the traveled way remained constant for free-
moving, opposing, and passing maneuvers. In addi-
tion, he assumed that drivers positioned their vehi-
cles near the center of the traveled lane when they
were satisfied with the lane widths provided. On the
basis of these assumptions, certain studies indicate
that truck drivers are not satisfied with lanes 12
ft wide.
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For example, a study was conducted by Canner and
Hale (19) to determine vehicle encroachment on bitu-
minous shoulders and lateral placement of vehicles
within the right-hand 1lane of four-lane divided
highways. ''he vehicles studied were trucks with dual
tires on the back axle, tractor-trailer combina-
tions, and buses. The highway sections were edge
striped so that the effective lane width was 12 ft.
However, the pavement extended 3 ft outside the
right-edge stripe in some sections. At these sec-
tions, heavy vehicles moved toward or crossed over
the right-edge stripe more often than on sections
where the edge stripe was located at the edge of the
pavement.

Lee (20) conducted studies of lateral placement
of trucks on four-lane divided highways with 12-ft
traffic lanes. His data indicate that the largest
percentage of observations of wheel placement were
within 2 ft or less from the right pavement edge. As
the size of the truck increased, the percentage of
observations within the 2-ft distance increased.
Also, the frequency of placement within the 2-ft
distance increased on curved sections of roadway.

The foregoing two studies support the statement
by Saag and Leisch that truck drivers are not satis-
fied with 12-ft lane widths. Thus, as a consequence,
lane widths of 13 ft or greater are recommended for
exclusive truck operations.

Width of Shoulders

AASHTO (1) defines highway shoulders as a portion of
the roadway for the accommodation of stopped vehi-
cles, emergency use, and lateral support of surfaces
and base courses of the roadway. Shoulders are rec-
ommended to be of sufficient width to provide 2 ft
of clearance between the edge of the traffic lane
and the stopped vehicle.

Right shoulders are commonly 10 ft wide on free-
ways and other high-type facilities; in areas with a
high volume of truck traffic, 1l2-ft right shoulders
are recommended. For sections with many through
lanes, 10-ft-wide 1left shoulders are recommended.
Shoulders should be continuous and full width across
all structures.

AASHTO policy (1) distinguishes between graded
and usable shoulders. The graded shoulder width is
the distance from the edge of the travelled way to
the intersection of the shoulder slope and the front
slope of the roadside. The usable shoulder width is
that which can be used when a driver makes an emer-
gency or parking stop. A distance of 2 ft from the
outer edge of the usable shoulder to roadside
barriers, walls, or other vertical elements is
recommended. Adequate shoulder widths reduce the
potential for collisions with fixed obstacles, over-
turning of vehicles, running off the roadway, and
pedestrian accidents.

Authorization of 102-in.-wide trucks on roadways
should not affect AASHTO's current policy on shoul-
der widths because a 102-in. vehicle width is as-
sumed in its design vehicle. For special-use truck
facilities with high percentages of oversize trucks,
it may be necessary to reevaluate shoulder width
criteria.

Seguin et al. (21) mention shoulder characteris-
tics as a source of potential truck problems on
urban freeways. Right shoulder widths averaged 8 to
10 ft; more than 85 percent of right shoulders were
6 ft or wider. Left shoulders averaged 3 to 5 ft in
width, and over 50 percent were narrower than 6 ft.
In most cases, left shoulders were not adequate to
handle trucks making emergency stops. The inadequate
widths did not allow trucks to clear the throuah
lanes without running into the median areas. Prob-
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lems with narrow shoulder widths were often com-
pounded by narrow median widths, which eliminated
the possibility of shoulder widening. As more 102-
in.-wide trucks use the urban Interstates, these
problems will probably worsen. To avoid these types
of problems, shoulders of adequate width should be
provided on truck facilities. No change in AASHTO
policy is considered necessary at this time; never-
theless, attention should be given to oversize-
vehicle operation, which may warrant increases in
shoulder width.

Guardrails

The Green Book (1) states that guardrails should be
used where vehicles 1leaving the roadway would be
subject to hazard, but only if the roadside hazard
constitutes a greater threat to safety than striking
the guardrail itself. Guardrails are designed to
redirect the impacting vehicle, reduce its velocity,
and guide it along the rail while it decelerates.
Current design standards for guardrails assume a
design vehicle of 4,500 1b traveling 60 mph and
striking the rail at a 25-degree angle (22). No pro-
visions for heavy vehicles are made in the design of
most guardrails. As a conseguence, most of the road-
side hardware in existence today is proving to be
inadequate for heavy vehicles such as trucks and
buses (23). Facilities designed exclusively for
heavy vehicles will require the redesign of roadside
hardware.

Several types of guardrails and bridge rails are
in use today that will successfully redirect heavy
vehicles with minimal property damage. The most com-
mon is the concrete median barrier, or safety shape.
Full-scale impact testing with heavy vehicles re-
sulted in the successful restraining and redirection
of a vehicle at speeds of up to 45 mph at a 15-
degree impact angle (24). Concrete bridge rails have
also been developed for redirection of errant trucks
on elevated structures (25). However, because these
rails are somewhat expensive ($41 per foot in 1980),
research is needed to develop less costly barriers
for heavy vehicles.

Drainage Channels and Side Slopes

Drainage channels, while performing the vital task
of directing water away from the highway, should not
pose a serious safety hazard to errant vehicles.
Extensive studies have been performed to determine
optimum ditch designs for highways using passenger
cars as test vehicles (26). Because of obvious cost
problems, few, if any, studies have been performed
on the effects of ditches on the recovery of errant
heavy vehicles,

Roadway side slopes are a similar matter. In most
cases, vehicle testing on side slopes has been per-
formed with passenger cars as test vehicles. Pub-
lished data are lacking concerning the controllabil-
ity of heavy vehicles on roadside slopes. Current
criteria provide a starting point in the determina-
tion of safe roadside cross sections for heavy vehi-
cles.

CONCLUSIONS AND RECOMMENDATIONS

On the basis of a literature review of truck stud-
ies, the following additions to current highway de-
sign policy should be considered in the development

of criteria for the design of ETFs:

1. Vehicle characteristics
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a. A 105-ft double or triple combination de-
sign vehicle should be incorporated into
design policy.

b. Ranges of truck driver eye heights for
different truck classes are necessary.

c. Standardized brake testing of vehicles is
needed to produce accurate braking dis-
tance requirements for different truck
classes.

2. Sight distance

a. A design driver eye height representing a
worst-case scenario should be considered
in predicting sight distance requirements
for cab-under-truck confiqurations,

b. 8Sight distance requirements on horizontal
curves should be calculated and increased
stopping distance requirements of heavy
vehicles should be accounted for.

3. Horizontal alignment

a. The side friction factor (f) may warrant
modification in consideration of truck
overturning moments.

b. Superelevation rates on turning roadways
may need to be increased at low speeds to
compensate for vehicle rollover.

4, Vertical alignment

a. Provisions for auxiliary truck climbing
lanes should reflect the 10-mph speed re-
duction criterion recommended in the re-
vised AASHTO policy.

b. Crest vertical curve 1length criteria
should be examined for the stopping dis-
tance requirements of heavily 1loaded
trucks.

c. Passing-zone design on ETFs must consider
truck performance limitations.

5. Cross-section elements

a. A design vehicle representing a heavily
loaded vehicle with a high center of
gravity is needed for designing barriers
for ETFs.

b. Little information is available to pre-
dict behavior of errant heavy vehicles on
varying roadside slopes. Research into
this area is needed in order to develop
criteria for a safe roadside énvironment
on truck facilities.

These recommendations provide a starting point in
developing geometric criteria for ETFs. They do not
represent an opposing viewpoint to current AASHTO
policy; rather, they identify areas of concern in
the design and construction of unique truck roadways.
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Operational and Safety Effectiveness of Passing Lanes on

Two-Lane Highways

DOUGLAS W. HARWOOD, ANDREW D. St. JOHN, and DAVEY L. WARREN

ABSTRACT

Passing lanes and short four-lane sections are installed to provide increased
opportunities for passing slow-moving vehicles on two-lane highways. An opera-
tional and safety evaluation of these treatments was performed by using traffic
operational field data collected at 15 sites and traffic accident data for 76
sites. It was found that passing lanes decrease the percentage of vehicles pla-
tooned on two-lane highways and that the magnitude of this benefit varies with

passing-lane length, traffic volume,

and the level of platooning upstream of

the passing lanes. Passing lanes increase the rate of passing maneuvers on two-
lane highways but have only a small effect on mean travel speeds. Passing lanes
and short four-lane sections do not increase accident rates above the levels
found on comparable untreated two-lane highways; in fact they probably improve

safety.

An operational and safety evaluation (1) is pre-
sented of two closely related treatments used to im-
prove traffic service on two-lane highways: passing
lanes and short four-lane sections.

A passing lane is defined as an added third lane
in one direction of a normally two-lane highway to
provide opportunities for passing slow-moving
vehicles where passing opportunities would otherwise
be limited by sight distance and opposing traffic. A
passing lane may be used either alone or as part of
a series of passing lanes in alternating directions.
Where sight distance is adequate, some agencies per-
mit passing by vehicles traveling in the opposing
direction to that of a passing lane, whereas other
agencies prohibit all passing maneuvers by vehicles
in the opposing direction.

Passing lanes in level or rolling terrain are a
primary focus of this paper because they have not
been evaluated extensively in the United States.
However, added lanes of this type are also used ex-
tensively on steep grades in hilly or mountainous
terrain, where they are generally known as truck
climbing lanes. Climbing lanes located on grades
long and steep enough to reduce trucks to crawl
speeds have been evaluated more thoroughly than
passing lanes in previous research and are therefore
not addressed in this paper.

A short four-lane section is part of a four-lane
highway, generally less than 3 mi long and bounded

Passing Prohibited in
Opposing Direction

by two-lane sections at both ends. A short four-lane
section on a normally two-lane highway could repre-
sent the ultimate design for a particular site or
could represent the first step in staged construc-
tion of a four-lane highway. Whatever the purpose
for which a short four-lane section was constructed,
it provides additional passing opportunities and

operates essentially as two passing lanes in op-
posite directions at the same location. A short
four-lane section requires greater pavement and

right-of-way width than a passing lane, but has the
potential advantage that there is no need to permit
vehicles traveling in either direction to cross the
marked centerline in order to pass. Short four-lane
sections are usually either undivided or divided
with a narrow, flush median, although four-lane
divided sections with a raised or unpaved median
could operate in a similar manner.

Figure 1 shows a typical passing lane with pass-
ing prohibited in the opposing direction, a passing
lane with passing permitted in the opposing direc-
tion, and a short four-lane section.

STUDY SITES
Passing 1lanes and short four-lane sections were

evaluated by using data collected at selected sites
in 12 states that participated in the study: Arkan-

Passing Permitted in
Opposing Direction

e e ——

Passing Lanes

Short Four-Lane Section

FIGURE 1 Typical passing lane and short four-lane sections.
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sas, California, Kentucky, Michigan, Mississippi,
Nevada, New York, Oklahoma, Oregon, Pennsylvania,
Utah, and Washington. A traffic operational evalua-
tion was based on field data collected at 12 pass-
ing-lane and 3 short four-lane sites. A safetv eval-
uation was based on 1 to 5 years of accident data
for each of 66 passing-lane and 10 short four-lane
sites.

OPERATIONAL EVALUATION

An operational evaluation was performed for 12 pass-
ing lanes and 3 short four-lane sites by using traf-
fic performance data collected in the field. The
objectives of this evaluation were to determine the
effectiveness of these treatments in improving traf-
fic operations on two-lane highways and to determine
the influence of traffic volume, geometrics, and
treatment length on the operational effectiveness of
the treatments.

Data Collection

The field data collection plan for passing lanes
used automatic traffic data recorders (TDRs) at six
locations and three manual observers. The TDRs were
used to record traffic volumes, vehicle mix, speeds,
accelerations, headways, and platooning characteris-
tics. The manual observers counted passing maneuvers
in both directions in the treated section, counted
traffic conflicts or erratic maneuvers in the lane-
drop transition area, and performed part of the
vehicle classification by entering a code for each
recreational vehicle into one of the TDRs. Figure 2
shows a typical data collection setup for a passing
lane, including the location of TDR traps and the
observers.

The data collection plan was structured to deter-
mine the effectiveness of passing lanes by a com-
parison of traffic operational conditions at three
key locations: Location 1 (upstream of the passing
lane); Location 3 (in the middle portion of the
passing lane); and Location 5 (downstream). In addi-
tion, comparisons between Locations 5 and 6 (approx-
imately 1 mile downstream from the passing lane)
were intended to determine the rate at which opera-
tional benefits of the passing lane are lost
downstream. The operational data collected at short
four-lane sections were essentially equivalent to
those collected at passing lanes, except that they
were collected in four lanes rather than in three in
the middle of the treated section.

Measures of Effectiveness

Three primary measures of effectiveness were used in
this study to assess the operational benefits of

Treatment Area
Location No. 3

Lane Addition
Location No. 2

Approach
Location No. 1
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passing lanes and short four-lane sections on two-
lane highways. These measures were

* Traffic speed,
Percentaae of vehicles platooned. and
* Passing rate.

The mean speed and various percentiles of the
speed distribution were used as measures of effec-
tiveness. Speed descriptors were obtained separately
for passenger cars, trucks and buses, recreational
vehicles (RVs), unimpeded vehicles (free vehicles
and platoon leaders) and the traffic stream as a
whole.

A key measure of effectiveness in this study is
the percentage of traffic traveling in platoons. Re-~
search by Messer (2) has found vehicle platooning to
be more sensitive to traffic flow rate than mean
speed, and the percentage of time spent following in
platoons has been proposed as the primary criterion
for defining level of service on two-lane highways
in the current revision of the Highway Capacity Man-
ual (HCM) (3).

Each vehicle recorded at a TDR trap was classi-
fied as a free vehicle, a platoon leader, or a
platoon member. Each vehicle with a time headway of
4 sec or less was classified as a platoon member.
The choice of the 4-sec headway criterion to define
platooning was made after careful consideration of
the criteria used by other researchers. The revised
HCM procedures recommend a platoon definition based
on a 5-sec headway (2). Morrall (4), a Canadian con-
tributor to the revised HCM procedures, used a pla-
toon definition based on a 6-sec headway. Hoban (5),
who has conducted extensive operational research on
two-lane highways and passing lanes in Australia,
has recently recommended a 4-sec headway criterion.
In this study, it was considered critical to avoid
classifying a vehicle as platooned unless this was
clearly the case. For this reason, the shortest of
the criteria frequently cited in the literature, 4
sec, was selected.

The final measure of effectiveness used for the
evaluation of passing lanes and short four-lane sec-
tions was the passing rate, defined as the number of
completed passes per hour per mile in one direction
of travel. The passing rate is an appropriate mea-
sure of effectiveness because passing lanes are in-
tended to increase the passing rate above that which
would occur on a normal two-lane highway.

Operational Analysis Results

A combined operational analysis of passing-lane and
short four-lane sections was conducted. Each direc-
tion of travel in the short four-lane sections was
treated as a separate passing lane, so the combined
data for the operational analysis represent, in ef-
fect, 18 passing lanes.

Downstream
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FIGURE 2 Locations of TDR traps and observers for data collection at passing lanes.
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Up to 6 hr of operational data were collected at
each study site. The traffic flow rates observed at
the passing lane and short four-lane sites ranged
from 26 to 710 vehicles per hour (vph) in the
treated direction. However, the results reported in
the following are not necessarily valid for flow
rates above 400 vph because very little data at flow
rates above that level were obtained. All the con-
clusions presented are statistically significant at
the 95 percent confidence level unless otherwise
stated.

Percentage of Vehicles Platooned

Passing lanes were found to reduce the percentage of
vehicles that are members of platoons. Table 1 re-
veals the effect of passing lanes on vehicle pla-
tooning. The percentage of vehicles platooned
decreased, on the average, from 35.1 percent immedi-
ately upstream of a passing lane to 20.7 percent
within the passing lane. Immediately downstream of
the passing lane, the percentage of vehicles pla-
tooned had increased to 29.2 percent, on the aver-
age, which is still 5.9 percent lower than the up-
stream level. This decrease in the percentage of
vehicles platooned represents a major improvement in
traffic service within a passing lane and a small
improvement in traffic service downstream of a pass-
ing lane.

Table 1 also shows that the operational benefits
from the introduction of a passing lane can vary
greatly from site to site. These variations are even
greater than those shown in the table when each hour
of data from each site is examined separately. The
prediction of these variations as a function of geo-
metric and traffic operational variables will be
addressed later.

An issue of interest to the evaluation of passing
lanes is how far downstream the operational benefits
of the added lane persist. It is expected, for ex-
ample, that any reduction in platooning produced by
a passing lane would gradually disappear downstream
as faster vehicles overtake slower vehicles and are
unable to find passing opportunities. Data were col-
lected in the field approximately 1 mi downstream
from each passing lane to determine the persistence
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of the reduction in platooning provided by a passing
lane. Table 1 shows that on the average the percent-
age of vehicles platooned 1 mi downstream of a pass-
ing lane is still 3.5 percent lower than that up-
stream of a passing lane (31.6 versus 35,1 percent).
However, the results obtained from the analysis of
these data were inconclusive; the persistence of
operational benefits from a passing lane appears to
be highly dependent on the geometrics and traffic
flow conditions in the downstream area.

The previous discussion has emphasized that this
effectiveness of passing lanes varies over a range
of values. Several predictive models were developed
by using multiple regression analysis to investigate
these variations in effectiveness as a function of
geometric and traffic variables. A model was devel-
oped to predict the change in platooning from the
upstream percentage of vehicles platooned and the
passing-lane length, This model is

tPL = 3,81 + 0.10UPL + 3,99LEN )
where

APL

difference in percentage of vehicles pla-
tooned upstream and downstream of passing
lane,

UPL = percentage of vehicles platooned upstream
of passing lane, and
LEN = length of passing lane (mi).

This model explains 33 percent of the variation in
the dependent variable (i.e., R? = 0.33). A posi-
tive value of A4PL represents a reduction in pla-
tooning.

The percentage of vehicles platooned upstream of
a passing lane (UPL) has the strongest correlation
with APL of any of the independent variables con-
sidered. UPL represents the combined influence of
traffic volume, vehicle mix, and upstream geometrics
on the traffic entering the passing lane. The use of
UPL as a predictor of passing-lane effectiveness is
quite appropriate because by using the revised HCM
procedures for two-lane highways, UPL can be inter-
preted directly as the upstream level of service.
The positive sign on the regression coefficient of
UPL in Eguation 1 indicates that the effectiveness

TABLE 1 Effect of Passing Lane on Percentage of Vehicles Platooned

Percentage of Vehicles Platooned®

Avg Within Upstream-Down-
Flow Rate Immediately Passing Immediately Downstream stream Reduction
Site (vph) Upstream Lane? Downstream 1 mi (APL)
1 140 27.4 14.6 18.7 23.0 8.7
2 560 61.9 44.6 STl 515 4.8
3 120 28.0 11.0 21.7 21.3 6.3
4 120 43.4 33.3 40.7 41.8 2.7
S 80 11.7 11.0 8.0 10.7 R7
6 150 26.7 13.4 25.5 25.0 1.2
7 300 41.2 344 36.7 40.9 4.5
8(NB)® 410 51.4 31.1 45.8 453 5.6
8(SB)° 415 46.1 28.7 42.6 - 3.5
9 130 342 18.5 31.4 25.0 2.8
10 150 24.1 15.4 22.0 21.6 2.1
11 35 9.2 2.8 8.0 10.7 1.2
12 300 49.1 22.2 37.3 41.6 11.8
13 305 390 21.6 44.1 472 =5.1
14(NB)¢ 280 41.7 24.1 - - -
14(SB)* 330 43.6 24.2 35.4 36.9 8.2
15(NB)° 340 50.9 22.8 38.4 - 12.5
15(SB)* 250 36.4 19.6 23.0 309 13.4
Avg! 35.1 20.7 29.2 316 5.9

4combined data for right and left lanes in treated direction near center of passing-lane section.
bPlatooned vehicles include following vehicles that are members of platoons but not platoon leaders.

CShort fourdane section; remainder of sections are passing lanes.

d Average of hour-by-hour data rather than site-by-site data tabulated above.
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of a passing lane increases as the traffic entering
the passing lane becomes more congested.

The model presented in Equation 1 also demon-
strates that the effectiveness of a passing lane in
reducing platooning also increases with passing-lane
length. The influence of passing-lane 1length has
been represented in Equation 1 as a linear term;
however, it is expected conceptually that passing-
lane length will have a nonlinear relationship to
the effectiveness of a passing lane in reducing pla-
tooning, with shorter lanes being more effective per
unit length than longer ones. The data currently
available are not sufficient to model this nonlinear
aspect of passing-lane length, but it merits further
investigation.

Figure 3 shows the predictive model represented
by Equation 1 and the variation of the reduction in
the percentage of vehicles platooned as a function
of the upstream percentage of vehicles platooned and
the passing-lane length. For example, it can be seen
that a Ll-m1 passing lane with 4U percent ot the
entering traffic platooned would be expected to re-
duce platooning by 11.8 percent.

Several additional models were used in an effort
to find a model that explained more of the variance
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in APL than Equation 1. It was found that when
flow rate was added to the model presented in Equa-
tion 1, the resulting model explained 55 percent of
the variance in A4PL (i.e., R? = 0.55). This
model is

APL = 7.64 - 0.04FLOW + 0.45UPL + 4.82LEN
for FLOW < 400 vph (2)

where FLOW is the flow rate in the treated direction
in vehicles per hour and the remaining variables are
as previously defined.

A conceptual drawback of Equation 2 is that the
neyatlve slyn vf the regression coefficient for flow
rate implies an inverse relationship between flow
rate and APL, which seems counterintuitive; how-
ever, it should be noted that such an inverse rela-
tionship applies only if UPL and LEN are held
constant. The unexpected negative sign for the coef-
ficient of the flow rate term results because flow
rate and UPL are strongly correlated with one
another (r = 0.89, p < 0.0001). When two variables
are so strongly correlated, it is best to use only
one of them in a regression model. In this case, UPL
is the better predictor of APL and therefore Equa-
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FIGURE 3 Relationship to predict reduction in percentage of vehicles platooned
as a function of upstream percentage of vehicles platooned and passing-lane length.
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tion 1 is recommended as the best predictive model
for APL.

Traffic Speed

An analysis of traffic speed was based on compari-
sons among the mean speed immediately upstream of
the passing lane, within the passing lane, and im-
mediately downstream of the passing lane. Mean
speeds were found to be affected, on the average,
only slightly by the presence of the passing lane.
Mean speeds were approximately 2.2 mph higher within
a passing lane than upstream of the lane and 0.9 mph
higher downstream of a passing lane than upstream of
it. These results indicate a small operational bene-
fit in increased speeds because of the passing lane,
although as suggested in the revised HCM, it appears
that vehicle platooning is a more sensitive measure
of traffic service than is mean speed.

The effect of a passing lane on traffic speed was
found to vary widely from site to site. The varia-
tions in mean speed upstream and downstream of a
passing lane can range from an increase of 8.3 mph
to a decrease of 6.7 mph. This wide range of speed
differences between upstream and downstream suggests
that vehicle speeds are influenced more strongly by
local geometrics at the upstream and downstream mea-
surement sites than by the presence of a passing
lane. Spot speeds are more sensitive to local geo-
metrics than platooning measures because drivers can
quickly adjust their speed in response to an ex-
ternal influence, whereas vehicle platoons require
time to develop.

Several attempts were made to model the effect of
passing lanes on mean speed, in a manner similar to
Equations 1 and 2 for vehicle platooning. However,
the relationships obtained from these analyses were
considered to be unreliable for predicting the ef-
fectiveness of passing lanes, because the underlying
data are influenced so strongly by local geometrics.

Passing Rate

The rate of completed passes per hour per mile was
determined for all or a selected portion of each
passing lane and short four-lane section. The fol-
lowing analysis is based on the assumption that
where passing maneuvers were observed for only a
portion of an added lane, the portion of the 1lane
studied is representative of the lane as a whole.

Treated Direction

The passing rates in the treated direction were
found to range from 0 to 219.3 passes per hour per
mile. The passing rate was found to have a strong
relationship to flow rate, represented by the fol-
lowing regression model:

PR = 13.0 + 0.223FLOW for 50 vph < FLOW < 400 vph (3)

where PR is the passing rate in the treated direc-
tion in completed passes per hour per mile. This
model explains 47 percent of the variance in the
dependent variable (i.e., R?® = 0.47).

Figure 4 compares the passing rate predicted by
Equation 3 for passing lanes with a corresponding
relationship for one direction of a conventional
two-lane highway adapted from a relationship pre-
sented in the 1950 HCM (6). Although the latter re-
lationship is of questionable value and was omitted
from the 1965 HCM (7), the comparison serves to il-
lustrate that passing lanes provide much higher
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passing rates than would be possible on a conven-
tional two-lane highway.

An improved regression model for predicting the
passing rate in the treated direction was obtained
by adding two independent variables--passing-lane
length and upstream percentage of vehicles pla-
tooned--to the model. The revised model for passing
rate in the treated direction is
PR = 0.127FLOW - 9.64LEN + 1.35UPL for 50 vph
< FLOW < 400 vph (4)

This model explains 83 percent of the variance in
the dependent variable (R* = 0.83).

The model presented in Equation 4 shows that the
passing rate increases with increasing flow rate and
with increasing upstream percentage of vehicles pla-
tooned. The model also shows that the passing rate
decreases with increasing passing-lane length. This
finding tends to confirm the hypothesis that the
passing rate is highest near the beginning of a
passing lane and decreases to a lower, steady-state
level at some distance into the lane.

Untreated Direction

Passing rates in the untreated direction were also
studied for the 12 passing-lane sites. Passing by
opposing-direction vehicles is permitted at 6 of the
12 passing-lane sites and prohibited at the remain-
ing 6.

The passing rate on passing lanes where passing
is permitted in the untreated direction varied from
0 to 50.0 passes per hour per mile. At these sites,
there is a strong linear relationship between the
passing rate and the flow rate in the untreated di-
rection, The regression model for this relationship
is

OPR = -6.97 + 0.130FLOW for 50 vph < OFLOW
< 400 vph (5)

where OPR is the passing rate in the opposing direc-
tion in passes per hour per mile and OFLOW is the
flow rate in the untreated direction in vehicles per
hour. This model explains 71 percent of the varia-
tion in the dependent variable (i.e., R? = 0.71).

Figure 4 shows that the passing rate in the un-
treated direction of a passing lane is substantially
less than that in the treated direction but is
higher than that for a conventional two-lane high-
way. Apparently more passes occur in the opposing
direction of a passing lane than on a conventional
two-lane highway because there are more passing op-
portunities available when the oncoming traffic can
use two lanes rather than one.

The prohibition of passing in the opposing direc-
tion of a passing lane places that direction of
travel at a distinct operational disadvantage. De-
spite the prohibition, a 1limited number of passing
maneuvers do occur. The passing rates in the oppos-
ing direction ranged from 0 to 18.5 passes per hour
per mile. No statistically significant relationship
was found between opposing direction passing rate
and flow rate for passing lanes where opposing-di-
rection passing is prohibited.

SAFETY EVALUATION

A safety evaluation of the effectiveness of passing
lanes and short four-lane sections was also per-
formed. The purpose of this evaluation was to quan-
tify the safety performance of these treatments in
relation to comparable untreated sections and to
detect any accident patterns or other safety prob-
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FIGURE 4 Passing rates in treated and untreated directions of passing lanes
compared with conventional two-lane highways.

lems that might limit use of these treatments. Sepa-
rate safety evaluations were performed for passing-
lane and short four-lane sections.

Passing Lanes

Accident data were obtained from the participating
states for a period of 1 to 5 years for each pass-
ing-lane site. The average length of the accident
study period for the 66 passing-lane sites was 3.59
years. The results obtained from the analysis of
these data are presented in the following paragraphs.

Comparisons Between Treated and Untreated Sites

Table 2 compares the mean accident rates for the
treated and untreated directions of passing lanes
and for comparable sections of untreated two-lane
highway. The data presented indicate that the acci-
dent rates in passing lanes are slightly higher in
the treated than in the untreated direction and that
passing lanes have slightly lower accident rates
than untreated two-lane highways. However, none of
the differences between the means shown in Table 2
are statistically significant.

A matched-pair comparison was performed between
13 passing-lane sites and 13 corresponding untreated
sites. The untreated sites were matched to the
treated sites by the states that participated in the
study. In all but two cases, the treated sites had a
lower accident rate than the comparable untreated
sites. The total accident rate of the passing-lane
sites was, on the average, 38 percent liess than that
for comparable untreated sites and the fatal and in-
jury accident rate was 29 percent less than that for
comparable untreated sites. The observed difference
in total accident rates was statistically signifi-
cant at the 95 percent confidence 1level, but the
difference in fatal and injury accident rates was
not statistically significant.

Lane-Addition and Lane-Drop Transition Areas

A separate investigation was made of accidents in
the lane-addition and lane-drop taper areas of pass-
ing lanes to determine whether there are any par-
ticular safety problems in those areas. Of the 305
accidents that occurred in the treated direction of
passing lanes, 48 were found to occur in the first
800 ft of the passing lane and 51 in the final BO0O
ft. Figure 5 shows the distribution of accidents be-

Lo
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TABLE 2 Comparison of Accident Rates for Passing Lanes and Untreated Two-Lane

Highways
Mean Accident Rate®
No. of Accidents (accidents/MVM)
No. of Fatal and Exposure Fatal and
Type of Location Sites Total Injury (MVM) Total Injury
Passing lane
Treated direction® 66 305 133 271.0 1.13 0.49
Untreated direction 66 227 95 242.5 0.94 0.39
Both directions combined 66 532 228 5135 1.04° 0.44b
Untreated two-lane highway
(both directions combined) 13 430 226 273.5 1.57 0.83

Note: MVM = million vehicle miles.
aIm:luding lane-addition and lane-drop transition areas.

bBased on average of accident rates for treated and untreated directions.
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% of Total Passing 13.6% 72.7% 13.6% 100.0%
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FIGURE 5 Distribution of accidents along a passing-lane section.

tween different areas of a typical passing 1lane.
There is no indication that accidents are more
likely in one transition area than in another. A
slightly greater proportion of accidents occur in
the transition areas than would be expected from
their relative length alone, but the differences are
not large. Thus, there is no indication of any
marked safety problem in the lane-addition and lane-
drop transition areas of passing lanes.

Studies of traffic conflicts and erratic maneu-
vers performed in the lane-drop transition areas of
10 passing-lane sites found no indication of safety
problems associated with the transition area.

Although there is no evidence of a safety problem
in lane-drop transition areas on the basis of the
studies on accidents, traffic conflicts, and erratic
maneuvers presented here, it is obvious that such

transition areas should be carefully designed to
prevent safety problems from developing. Many agen-
cies that use alternating passing lanes either over-
lap them in the opposite direction or provide buffer
areas between them to avoid a direct taper transi-
tion between passing lanes in opposite directions.

Cross-Centerline Accidents

Some agencies have been reluctant to install passing
lanes on two-lane highways because of concern that
such lanes might increase the likelihood of acci-
dents between vehicles traveling in opposite direc-
tions, which are generally quite severe. In Table 3
the accident rates for cross-centerline accidents
are compared for passing lanes with opposing passing
prohibited, passing lanes with opposing passing per-

TABLE 3 Comparison of Cross-Centerline Accident Rates for Passing Lanes and Comparable Untreated Sections

Passing-Lane Sections, Opposing

Passing-Lane Sections, Opposing

Passing Prohibited Passing Permitted Comparable Untreated Sections

Accident
Severity No. of Exposure Accident No. of Exposure  Accident No. of Exposure  Accident
Level Accidents (MVM) Rate/MVM Accidents (MVM) Rate/MVM Accidents (MVM) Rate/MVM
Fatal 6 234.7 0.026 S5 278.8 0.018 7 273.5 0.026
Injury 15 234.7 0.064 12 278.8 0.043 39 273.5 0.143
Property damage

only 10 234.7 0.043 14 278.8 0.050 28 273.5 0.102
Total 31 234.7 0.133 31 278.8 0.111 74 2735 0.271

Note: MVM = million vehicle miles,
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mitted, and comparable untreated sections. Cross-
centerline accidents are defined here as all acci=-
dents that involve vehicles traveling in opposite
directions; such accidents are predominantly head-on
and opposina-direction sideswipe collisions. No sub-
stantial differences in accident rate were found at
any severity level between passing-lane sections
with opposing passing permitted and those with op-
posing passing prohibited, but both types of pass-
ing-lane sections have lower accident rates than do
untreated two-lane highways. Thus, the provision for
passing by vehicles traveling in the opposing
direction to that of a passing lane does not appear
to lead to any safety problems at the types of sites
and the flow rate levels (up to 400 vph) where it
has been permitted by the participating states.

Left-Turning Accidents

Accidents involving 1left-turning vehicles are a
potential safety problem on passing-lane sections. A
vehicle turning left into an intersection or drive-
way from the treated direction of a passing-lane
section is in an exposed position if it must slow or
stop in the left lane, which is normally the higher-
speed lane, and yield to opposing traffic before
completing a turn. However, it was found that only 8
accidents on the 66 passing-lane sections involved
vehicles turning left from the treated direction.
These accidents were not verv severe: nhone were
fatal, two were injury accidents, and six were prop-
erty-damage-oniy accidents. Two of the eight acci-
dents involved intersections and the remaining six
were presumably driveway-related. On the other hand,
the sample of untreated two-lane highways experi-
enced 29 left-turn accidents of which none were
fatal, 18 were injury accidents, and 18 were proper-~
ty-damage-only accidents. The untreated sections
experienced virtually the same total travel as the
treated direction of the passing-lane sections
(273.5 and 271.0 million vehicle-mi of travel,
respectively), so the two types of overall exposure
data are comparable. Unfortunately, no complete data
on left-turn volumes or the number of driveways and
intersections are available to permit more precirse
exposure measures to be used. However, on the basis
of the available data, there does not appear to be a
safety problem associated with left-turn accidents
in passing-lane sections.
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Short Four-Lane Sections

The safety evaluation of short four-lane sections
was based on accident data collected for nine short
four=lane sentions in threa states——New Vork. Ore-
gon, and Washington. Accident data were also avail-
able for six untreated two-lane highway sections
located near all but one of the nine treated sec-
tions.

Compar ison Between Treated and Untreated Sites

In Table 4 the overall accident experience for the
treated and untreated sites is compared., The tntal
accident rate for short four-lane sections is ap-
proximately 34 percent less than that for the un-
treated sections and the fatal and injury accident
rate is 43 percent less, although these differences
are not statistically significant. The accident
rates for short four-lane sections and untreated
sections presented in Table 4 are of comparable mag-
nitude; the accident rates for passing lanes and
untreated sections, respectively, are presented in
Table 2.

A matched-pair comparison of accident rates for
six short four-lane sections and six comparable un-
treated sections was also performed. In all but one
case, the short four-lane sections had lower acci-
dent rates than the corresponding untreated sec-
tions. The total accident rate of the treated sites
was 53 percent lower than that of the comparable
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untreated sites and the fatal and injur accigenc
rate was 52 percent lower. Because of the small
number of sites available, the mean difference in
accident rates, although substantial, is not sta-
tistically significant for either total accidents or
fatal and injury accidents.

Cross—Centerline Accidents

Table 5 shows that the rates for cross-centerline
accidents on short four-lane sections are generally
less than half of the rates for the same type of ac-
cidents on the comparable untreated sections.

CONCLUSIONS

Passing lanes and short four-lane sections were
found to provide substantial operational benefits

TABLE 4 Comparison of Accident Rates for Short Four-Lane Sections and Comparable

Two-Lane Highways

Nao of A

No, of Fatal and Exposure Fatal and
Type of Location Sites Total injury (MVM) Total Injury
Short four-lane section 9 106 69 89.6 1.18 0.77
Comparable two-lane highway 6 250 189 1394 1.79 1.36

TABLE 5 Comparison of Cross-Centerline Accident Rates for Short Four-Lane and

Comparable Untreated Sections

Short Four-Lane Sections

Comparable Untreated Sections

No. of Exposure Accident No. of Exposure  Accident
Accident Severity Level Accidents (MVM) Rate/MVM  Accidents (MVYM) Rate/MVM
Fatal 3 89.6 0.033 1 1394 0.007
Injury 10 89.6 0.112 45 139.4 0.323
Property damage only 4 89.6 0.045 10 139.4 0.072
Total 17 89.6 0.190 56 1394 0.402




Harwood et al.

when used as an operational treatment on two-lane
highways. Both types of added lanes increase the
passing rate in the treated direction to several
times the passing rate that would occur on a conven=-
tional two-lane highway. By using Equation 4, pass-~
ing rates in passing lanes and short four-lane sec-
tions can be predicted as a function of flow rate,
length of treated section, and upstream percentage
of vehicles platooned.

The percentage of vehicles platooned is reduced
by nearly half (from 35.1 to 20.7 percent of
vehicles following in platoons) within a passing
lane. The percentage of vehicles platooned immedi-
ately downstream of a passing lane is 6 percent less
than the upstream value (29.2 versus 35.1 percent);
the persistence of these downstream benefits is
variable and highly dependent on the characteristics
of particular sites. These results imply that at 250
vph (a typical flow rate for a passing lane on a
two-lane highway) if 90 vehicles are following in
platoons upstream of a passing lane during a given
hour, only 50 vehicles will be following in platoons
within the passing lane and only 75 vehicles will be
following in platoons immediately downstream of the
passing lane. The operational benefits of passing
lanes can persist for several miles downstream from
the treated section.

The reduction in platooning from upstream to
downstream of a passing lane can be predicted as a
function of the upstream percentage of vehicles pla-
tooned and the length of the added lane by using
Equation 1. Further research is being conducted
through computer simulation of traffic operations on
two~lane highways with and without passing lanes.
This research will address questions of fundamental
importance to designers, including the optimal
length and frequency of passing lanes under differ-
ent conditions of traffic flow and terrain.

A safety evaluation found that the installation
of a passing lane on a two-lane highway does not
increase the accident rate and in fact probably
reduces it. No unusual safety problems were found to
be associated with either lane~addition or lane-drop
transition areas. The rate of accidents involving
vehicles traveling in opposite directions was found
to be the same or lower on passing-lane sections
than on untreated two-lane highways at all severity
levels, even for passing lanes where passing by op-
posing-direction vehicles is permitted. No safety
problems associated with vehicles making left turns
from the treated direction of a passing lane were
found.

A substantially lower accident rate was found for
short four-lane sections than for comparable un-
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treated two-lane highways. The accident rates in-
volving vehicles traveling in opposite directions on
short four-lane sections were generally 1less than
half of the rates found on comparable untreated sec-
tions. Because of the small sample size available
for short four-lane sections, the statistical sig-
nificance of these conclusions could not be demon-
strated.
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Benefit-Cost Evaluation of Left-Turn Lanes on

Uncontrolled Approaches ot Rural Intersections

PATRICK T. McCOY, WELDON J. HOPPE, and DENNIS V. DVORAK

ABSTRACT

Left-turn lanes are provided on uncontrolled approaches of rural intersections
to improve the safety and efficiency of traffic operations on these approaches.
Although the safety and operational effects of left-turn lanes are well recog-
nized, there are no generally accepted guidelines that define the circumstances
under which the costs or these lanes are justified by the benefits that they
provide. The objectives of this research were (a) to evaluate the benefits and
costs of left-turn lanes on the uncontrolled approaches of intersections on
rural two-lane highways and (b) to determine the traffic volumes that warrant
these lanes in Nebraska. The road-user cost savings associated with the reduc-
tions in accidents, stops, delay, and fuel consumption provided by left-turn
lanes were evaluated over a range of traffic volumes and compared with the
costs of left-turn lanes over the same range. The safety effectiveness of the
lanes was based on accident experience on rural two-lane highways in Nebraska.
The NETSIM traffic simulation model was used to determine their cperaticnal
effectiveness. Volumes for which the road-user cost savings exceeded the lane
costs were determined to warrant left-turn lanes. The warrants developed in
this research are limited to prevailing conditions typical of those on rural
two-lane highways in Nebraska. However, the procedure used to develop these
warrants is applicable to other locations.

Left-turn lanes are provided on uncontrolled ap-
proaches of rural intersections to improve the safety
and efficiency of traffic operatlons on these ap-
proaches. The primary function of these lanes is to
remove the deceleration and storage of left-turning
vehicles from the through traffic lanes and thereby
enable through vehicles to pass by without conflict
and delay. Thus, the benefits derived from the pro-
vision of these left-turn lanes are reductions in
accidents, stops, and delay.

Although the safety and operational effects of
left-turn lanes are well recognized by highway engi-
neers, there are no dgenerally accepted guidelines
that define the circumstances under which the costs
of constructing and maintaining left-turn lanes are
inatified hyv the bhenefits that thev provide. Inter-
section design guides (1-4) currently used by high-
way engineers contain criteria for the geometric
design of the elements of left-turn lanes, such as
taper lengths, storage lengths, and lane widths. But
these design guides do not contain warrants for
left-turn lanes. Without acceptable warrants, the
only means highway engineers have to determine the
need for left-turn lanes are experience and judg-
ment, which vary considerably among individuals.
Acceptable left~turn lane warrants would not only
improve the consistency of decisions to construct
such lanes, but on the basis of a benefit-cost eval-
uation would also provide for their cost-effective
use. Thus, left-turn lane warrants based on a bene-
fit-cost evaluation would enable the determination
of the need for left-turn lanes at specific loca-
tions and would promote the most cost-effective
allocation of available funds among competing high-
way projects.

PREVIOUS RESEARCH

Several studies (5-9) have reported the safety cf-
fects of left-turn lanes on the uncontrolled ap-
proaches of rural intersections. However, few studies
have quantified the operational effects of left-turn
lanes at these locations. In addition, a review of
the literature revealed only three studies that were
designed to develop warrants for left-turn lanes on
the basis of a benefit-cost analysis (10-12), but
the limited scope of these studies made their find-
ings inapplicable for the purposes of this research.

OBJECTIVES

The objectives of the research reported in this
paper were (a) to evaluate the benefits and costs of
left-turn lanes on the uncontrolled approaches of
intersections on rural two-lane highways and (b) to
determine the traffic volumes that warrant the con-
struction and maintenance of these lanes in Nebraska.
This paper presents the procedure, findings, and
conclusions of this research.

PROCEDURE

The benefits provided by left-turn lanes are reduc-
tions in accidents, stops, and delay. The road-user
cost savings associated with these benefits were
evaluated over a range of traffic volumes and com-
pared with the costs of constructing and maintaining
left-turn lanes over the same range. Volumes for
which the road-user cost savings were greater than



McCoy et al.

the left-turn lane costs were determined to be those
volumes that warrant left-turn lanes. A description
of the procedure used to evaluate each component of
the road-user cost savings and the left-turn lane
costs follows.

Accident Cost Savings

An analysis of accidents occurring at rural inter-
sections in Nebraska was conducted to determine the
effectiveness of left-turn lanes in reducing acci-
dents on the uncontrolled approaches of intersec-
tions on rural two-lane highways. Intersection acci-
dent data were obtained from the Nebraska Department
of Roads for the 3-year period from January 1, 1977,
to December 31, 1979. From these data, the numbers
and types of accidents that occurred on each of the
intersection approaches were determined. Previous
research (6-9) indicated that the primary safety
effects of left-turn lanes on rural intersection
approaches were reductions in the numbers of rear-
end and left-turn accidents. Therefore, rear-end and
left-turn accident rates were computed for each
approach. Mean rear-end and left-turn accident rates
were then computed for each approach category. These
mean rates are shown in Table 1. T-tests conducted
at the 5 percent level of significance within each
shoulder category indicated that there were no sta-
tistically significant differences in rear-end and
left-turn accident rates between approaches with
left-turn lanes and those without left-turn lanes.

TABLE 1 Mean Accident Rates

No Paved Shoulder Paved Shoulder

Accident No LT No LT

Type Lane LT Lane  Lane LT Lane
Rear-end 0.44 0.19 0.31 0.28
Left-turn 0.03 0.26 0.000 0.10

Note: Accident rates are expressed as accidents per million entering
vehicles. LT = left-turn.

Despite the fact that no statistically signifi-
cant safety effects of left-turn lanes were found,
an accident reduction factor was computed for each
accident type from the difference between the mean
accident rates with and without left-turn lanes
within each shoulder category. The accident reduc-
tion factors computed are shown in Table 2 along

TABLE 2 Accident Reduction Factors

Accident Type

Rear-End Left-Turn

Source (%) (%)
Nebraska

Without shoulder? 60 -770%

With shoulder® 10 — oo
NCHRP (6) 20 o
FHWA (7) 80 50
Hammer (8) 85 37

aAppmaches without paved shoulders,
Approaches with paved shoulders.
Increase in mean left-turn accident rate was 770 percent.

dUndefined percentage of increase in mean accident rate
because approaches without left-turn lanes had a zero
mean left-turn accident rate,
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with accident reduction factors found in the litera-
ture (6-8).

The accident reduction factors computed for rear-
end accidents indicated that left-turn lanes were
more effective in reducing rear-end accidents on
approaches without paved shoulders than on approaches
with paved shoulders. The rear-end accident reduc-
tion factor computed for approaches without paved
shoulders was within the range of the rear-end acci-
dent reduction factors found in the 1literature,
whereas the rear-end accident reduction factor com-
puted for approaches with paved shoulders was lower
than those found in the literature. However, it was
not apparent from the literature that the effects of
paved shoulders had been considered in the previous
research. Therefore, the rear-end accident reduction
factors computed from the Nebraska data were used
for the purposes of this research,

The accident reduction factors computed for left-
turn accidents indicated that left-turn lanes were
not effective in reducing left-turn accidents but
were associated with increases in left-turn acci-
dents. In the Nebraska data, a left-turn accident
was defined as a collision between a left-turning
vehicle and an opposing vehicle. Consequently, these
findings suggested that perhaps sight-distance prob-
lems between left-turning and opposing vehicles were
created by the provision of left-turn lanes or that
the intersection approaches with left-turn lanes had
more left-turn accidents merely because they had
higher left-turn volumes. However, as shown in Table
2, these findings were contrary to those reported by
previous research (7,8), but the definition of left-
turn accidents used in these studies may have in-
cluded collisions between left-turning vehicles and
other vehicles than opposing ones. For this reason,
and because properly designed left-turn lanes would
not be expected to create sight-distance problems
between left-turning and opposing vehicles, it was
assumed that left-turn lanes provided no reductions
in left-turn accidents on approaches with and with-
out paved shoulders.

Therefore, accident reduction benefits of left-
turn lanes used in this research were reductions in
rear-end accidents only. The accident cost savings
provided by left-turn lanes were computed by using
the rear-end accident rates and the rear-end acci-
dent reduction factors shown in Tables 1 and 2 for
uncontrolled approaches at intersections of rural
two-lane highways in Nebraska.

Operational Cost Savings

The benefits of reduction in stops and delay pro-
vided by left-turn lanes result in operational cost
savings to the road users. The operational cost
savings are composed of reductions in motor vehicle
operating costs and time costs because of fewer
stops and less delay. Previous studies (10-14) have
found the reductions in stops and delay provided by
left-turn lanes to be functions of approach volume,
opposing volume, left-turn volume, approach speed,
and percentage of trucks. However, none of these
studies formulated an expression for the total oper-
ational cost savings resulting from these reductions.

In order to determine the effectiveness of left-
turn lanes in reducing stops and delay on the un-
controlled approaches of intersections on rural
two-lane highways, a series of computer runs was
conducted over a range of approach conditions using
the NETSIM traffic simulation model (15). One set of
runs was made with left-turn lanes on the approaches
and a second set without left-turn lanes on the ap-
proaches. Both sets of runs were made over the same
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range of volumes, approach speeds, and truck percent-
ages, The effects of left-turn lanes on stops and
delay were then determined by a pairwise comparison
of the NETSIM stops and delay output from the two
sets of runs for identical combinations of volumes,
approach speeds, and truck percentages. Because the
NETSIM output included fuel consumption, the effect
of left-turn lanes on fuel consumption was also
determined in this manner. Thus, for every combina-
tion of volume, approach speed, and truck percentage,
the effects of left-turn lanes on stops, delay, and
fuel consumption were computed as the differences
between the respective outputs of the twoc runs for
the approaching tratfic. Hy using a modified response
surface experimental design (16,17), more than 2,500
pairs of simulation runs were made. The details of
these runs are documented elsewhere (18).

A multiple-regression analysis of the results of
the simulation runs was conducted to determine the
relationships between the benefits of 1left-turn
lanes and the approach conditions. As a result of
this analysis, three regression equations were de-
termined for the prediction of the reductions in
stops, delay, and fuel consumption provided by left-
turn lanes, which were used to compute the opera-
tional cost savings.

The operational cost savings were computed by
using (a) unit vehicle operating costs determined by
Claffey (19) for passenger cars and updated to the
year 1Y83 on the basis of changes in the national
consumer price index (CPT) [private transportation:
tires (new, tubeless), motor oil, and automobile
repairs and maintenance (20,21)], (b) the unit value
of time established by AASHTO (22) for the year 1975
and updated to the year 1983 on the basis of the
change in the CPI (20,21), and (c) the fuel economy
of the weighted 1971 composite vehicle in the NETSIM
model (23) corrected for the increased fuel economy
of the 1983 vehicle fleet in accordance with the
fuel economy adjustment factors obtained by Apostolos
(24) . The annual operational cost savings were com-
puted for the average vehicle mix, average vehicle
occupancy, and average hourly distribution of daily
traffic that existed on rural two-lane highways in
Nebraska during 1983 (25).

Left-Turn-Lane Costs

The costs of a left-turn lane were computed to be
the additional costs required to construct and main-
tain a painted left-turn lane on an uncontrolled
intersection approach within the existing right-of-
way on rural two-lane highways in Nebraska. Based on
a review of left-turn-lane bproiects constructed in
1983, the Nebraska Department of Roads estimated the
additional costs of a left-turn lane to be $6 per
square foot of additional pavement required. This
unit cost included construction cost items of earth-
work, asphaltic-concrete pavement, and drainage, and
maintenance cost items of pavement markings and snow
removal over the life of the project. Thus, the
construction and maintenance costs of a left-turn
lane were computed by multiplying the additional
square feet of pavement area reguired by the left-
turn lane times the unit cost of $6 per square foot.
The construction and maintenance costs were then
annualized by multiplying them by the capital re-
covery factor (0.11746) for a 10 percent interest
rate, 20-year service life, and zero salvage value.
The dimensions of the left-turn lane configuration
used to compute the additional pavement area required
were determined as a function of approach speed and
left-turn volume in accordance with Nebraska design
standards (26).
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CONCLUSIONS

On the basis of the results of the benefit-cost
evaluation conducted in this research, the following
conclusions were reached in regard to the provision
of left-turns on the uncontrolled approaches of
four-leg intersections of rural two-lane highways in
Nebraska:

1. The approach volumes at which left-turn lanes
were warranted were dependent on the prevailing
approach conditions, 1in particular the 1left-turn
percentage, opposing volume, approach speed, and
shoulder condition.

2. The approach volumes required to warrant
left-turn lanes were considerably higher on ap-
proaches with, rather than without, paved shoulders,
because of the lower rear-end accident rates and the
reduced effectiveness of left-turn lanes in reducing
rear-end accidents on such approaches,

3. Under nu circumstances on approaches without
paved shoulders were left—turn lanes warranted at an
approach annual average daily traffic (AADT) of less
than 2,500 vehicles per day (vpd). On approaches
with paved shoulders, left-turn lanes were never
warranted at approach AADTs of less than 4,500 vpd.

It must be remembered that the benefit-cost eval-
uation conducted in this research was based on acci-
dent experience, traffic conditions, road-user unit
costs, and left-turn lane costs that were intended
to be representative of intersections on rural two-
lane highways in Nebraska during 1983. Consequently,
on approaches with higher than average accident rates
or truck percentages or both, left-turn lanes may be
warranted at volumes lower than the warranting vol-
umes found in this study. In addition, the use of
different unit road-user costs and left-turn lane
costs would also alter the findings of this study.
Higher unit road-user costs and lower left-turn lane
costs would reduce the warranting volumes. Converse-
ly, lower unit road-user costs and higher leflL=turn
lane costs would increase the warranting volumes.
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ABSTRACT

Survey data on roadway superelevation,

curvature,

and grade collected at the

sites of fatal rollover accidents and at comparison sites in New Mexico and
Georgia were analyzed to determine the effect of grade on superelevation after
adjustment for curvature, These adjusted data were then used to determine the

effect of superelevation on accidents.

After adjustment for curvature,

it was

found that in comparison with flat roadway sections (grade +2.5 to -2.5 per-

cent) sections with grade

less superelevation.

(greater than +2.5 or less than -2.5 percent)
After adjustments for both curvature and grade,

had
fatal

rollover accident sections were found to have less superelevation than com-

parison sections.
eliminated from the roadway system.

Inadequate superelevation presents a risk that should be
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The influence on accidents of superelevation rates--
the vertical cross-slope or banking of the pavement
on curved roadways--is a feature of highway design
Chat~tiagtnicl-been—exaningd~in-dotail, In-s.correla-
tional analysis of rural highway geometry and acci-
dents in Louisiana, it was reported that roadways
with relatively flat cross-slopes have higher acci-
dent rates than those with greater cross-slope (1l).
However, this analysis did not account for the road-
way curvature or vehicle speeds. A study of rural
isolated curves using surrogate measures for acci-
dent experience found the degree of curve and super-
elevation daeficiency to he the hest predictors (R? =
0.68) of the accident rate for vehicles running off
the road (2). Engineering surveys of sites of sin-
gle-vehicle accidents all found that, on the aver-
age, the superelevation rates at these sites were
higher than those at the comparison sites, but this
result was most likely because of higher frequency

also noted that the superelevation rates at the
sites of fixed-object accidents tended to be greater
than those at the sites of rollover accidents.

The results of investigations on two distinct but
related questions are reported. First, after adjust-
ment for curvature, what is the relation between
superelevation and grade? Second, after adjustments
for both curvature and grade, what is the effect of
superelevation on fatal single-vehicle rollover
accidents? (A more detailed report of the statistical
analysis and results is available from the authors
at the Insurance Institute for Highway Safety.)

METHODS

Engineering survey data from rural primary roads
(principal arterials and Interstates) and secondary
roads (minor arterials and collectors) in Georgia
and New Mexico were analyzed. Surveys were made at
locations centered on a reference point where a
fatal single-vehicle rollover accident had occurred,
at comparison locations 1 mi upstream from the acci-
dent location, and at a stratified random sample of
300 sites representing the rural roadway system of
each of the states in terms of average daily traffic.

At each accident and comparison location, 10
curvature and superelevation and 11 gradient mea-
surements were obtained along a 100-ft roadway sec-
tion centered on the accident or comparison location.
At random sites, measurements of curvature, super-
elevation, and grade were taken 50 £t before and
after the reference points. The methods for obtain-
ing these measurements are given in detail elsewhere
(5,6).

The basic units for statistical analysis were
roadway sections 100 £t long, which were described
by one measurement of superelevation rate and cur-
vature and two measurements of vertical alignment.
The grade of a section was taken to be the average
value of the grade at its beginning and at its end.
Sections that were straight, had excessive curva-
ture, or had large increases in curvature relative
to adjacent sections (e.g., curve transition sec-
tions) were eliminated from the analyses. Sections
were classified as downhill, flat, or uphill accord-
ing to whether the average grade was below =2.5
percent, between -2.5 percent and +2.5 percent, or
above 2.5 percent, respectively. Sections were also
classified as accident sections (upstream from the
actual accident); downstream sections (just past the
actual accident); or comparison sections (including
sections 1 mi away from the accident site, and those
randomly selected).

The effects of grade and section type on the
linear relationship between superelevation rate and
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curvature was studied by using regression analysis
[SAS general linear model procedure (7)]. In these
analyses the superelevation rate was assigned a
negative sign when the edge of the traveled lane was
below the center of the traveled roadway (typical
for right curves) and a positive sign when it was
above the center of the roadway (typical for left
curves) . Curves turning left were assigned a nega-
tive sign and curves turning right were assigned a
positive sign.

Eguation 1 represents the model for studying the
effect of grade:

Superelevationgy = Agg + Ay curvatureg)

+ errorgy (1)
where
s = 1 for crash sections,
s = 2 for downstream sections,
s = 3 for comparison sections, and
k =1,..., Kg corresponds to the different

sections.

The model for studying the effect of section type
was similar except that s = 1 if the section had a
downhill grade, s = 2 if it was flat, and s = 3 if
it had an uphill grade. Both of these models were
estimated separately for all combinations of param—
eters, including state (New Mexico or Georgia) and
type of roadway (Interstates and principal arterials
or minor arterials and collectors).

The regression coefficients in Equation 1 were
estimated and the regression lines corresponding to
the effect studied (e.g., grade or section type)
were compared. To assess the effect of wvertical
alignment on superelevation, the estimated excess
superelevation was calculated for both uphill and
downhill sections by using the flat sections as the
standard, that is, by subtracting the estimate for
the flat section from the estimate for the graded
section. Similarly, to assess the effect of super-
elevation on accidents, the estimated excess super-
elevation at accident sections was calculated by
using the comparison sections as the standard
reference. Thus, negative excess resulting from a
comparison of a specific section with a standard
section indicates deficient superelevation.

RESULTS

The regression coefficient of superelevation on
curvature, Ajg in Equation 1, was predictably
negative and statistically significant for all com-
binations of state, roadway class, vertical align-

-t - wn e
ment, and section type.

The superelevation deficiency estimates for all
uphill and all downhill comparison sections (upstream
and random) are plotted in Figure 1 by state and
road class. Sections with substantial curvature and
grade had deficient superelevation except for primary
roads in New Mexico. This was true regardless of the
direction of turn. In all four cases, the intercepts
of the regression lines describing superelevation as
a function of curvature were found to vary signifi-
cantly by grade. The regression coefficients of
curvature were significantly different by grade for
all cases where deficient superelevation was found
(i.e., except for primary roads in New Mexico). It
should be noted that for sections with positive
vertical alignment the results display a somewhat
erratic pattern for primary roads; this is probably
because of the small sample sizes (N = 25 in New
Mexico and N = 22 in Georgia).

For accident sections, the regression lines did
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FIGURE 1 Excess of superelevation for roadway sections with uphill or downhill grades
versus flat sections based on regression estimates for comparison sites by state, road class,

and vertical alignment.

not vary significantly by grade. For downstream
sections, there was significant variation in the
slopes of the regressions by grade for primary roads
in Georgia, and superelevation deficiencies were
observed for sections with higher curvature values.

The excess in superelevation for accident sections
relative to that of comparison sections is plotted
for flat sections in Figure 2 by state and road
class., A consistent pattern of deficiency is indi-
cated with the single exception of right-curving
sections on secondary roads in New Mexico. In all
the other comparisons by state and road class, the
regression coefficient of curvature varied signifi-
cantly by section type.

For sections with grade, the regression coef-
ficients for curvature varied significantly by sec-
tion type only for primary roads in Georgia. Overall,
the results indicated a deficiency for sections with
downhill vertical alignment. For sections with uphill

vertical alignment the sample size was small (N =
22), and the results showed superelevation excess.

The proportion of accident sections among flat
accident and comparison sections was modeled as a
function of curvature, grade, and superelevation
excess by using the method of logistic regression
(8). The results are given by direction of curve,
road class, and state in Table 1. As an illustration,
among left curves on secondary roads the estimated
proportion (p) of crash sections in New Mexico is p =
1/(1 + e %) where x = -0.78 - 0.31c - 0.12g - 0.26s
(c = curvature, g = grade, and s = superelevation ex-
cess). Note that this proportion of accident sections
increases for sharper left curves, steeper down-
grades, and increasing superelevation deficiency.

As the chi-square results in Table 1 show, the
model accounted for a significant amount of the
variation in the proportion of accident sections in
all eight analyses. The rank correlations between
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TABLE 1 Determinants of Accident Sites: Comparison of Accident and
Comparison Sections with Flat Vertical Alignment by State, Road Class, and
Direction of Curve

Interstates and Minor Arterlals and
Principal Artetials Collectors

of Curve Parameter New Mexico Georgia New Mexico Georgia

Left Intercept 1.0i® -1.2i®>  -i.o0® -0.782
Curvature -0.08 -0.38%  -0.09 -0.31°
Grade 0.67° -0.42 -0.53° -0.12
Excess superelevation 0.21 -0.22 -0.22° -0.26°
Chi-square (3 DF) 15,70 17.6° 18.0° 36.6°
Concordant pairs 0.74 0.70 0.71 0.71
Rank correlation 0.49 0.41 0.44 0.42
N (accident) 78 58 Sl 117
N (comparison) 31 79 74 93

Right Intercept =121 -0.75°¢ -1,53° -0.76%
Curvature 0.54 0.633 0.442 0.212
Grade ~0.65° 0.13 -0.73¢ 0.01
Excess superelevation -0,34¢ 0.01 1.20° -0.19°
Chi-square (3 DF) 20.7° 15.22 39.7° 17.9°
Concordant pairs 0.75 0.66 0.86 0.69
Rank correlation 0.50 0.35 0.73 0.40
N (accident) 45 66 34 72
N (comparison) 59 52 42 83

Note: Dependent variable y = 1 for accident sites and y = 0 for comparison sites. DF = degrees of freedom.
aSignlﬁcam at 0.01 level.

bSigniﬂcam at 0.001 level,

Csigniflcant at 0.05 level.
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predicted probability and observed response varied
between 0.35 and 0.73. The proportion of accident
sections increased for sharper curves in all eight
analyses, and this effect was statistically signifi-
cant in five analyses. Although in these analyses of
flat sections grade was limited to the range from
-2.5 percent to +2.5 percent, the proportion of
accident sections increased for steeper downgrades
in five of eight analyses and in three of four anal-
yses where the effect was significant. The proportion
of accident sections also increased with increased
superelevation deficiency in five of the eight
analyses and in four of the five analyses when the
effect was statistically significant. (The one
anomalous result appears to be statistically un-
stable.) The adverse effects of sharp curves, down-
hill grades, and superelevation deficiency are most
clearly present on secondary roads.

DISCUSSION AND CONCLUSIONS

The relationship between superelevation and grade
was examined for roadways in New Mexico and Georgia.
Compared with rates for flat road sections, the
rates of superelevation were found deficient on both
uphill (grade greater than +2.5 percent) and down-
hill (grade less than =-2.5 percent) sections. Because
these results were based on comparisons between the
linear regression estimates of superelevation rates
as functions of curvature, the deficiency in super-
elevation cannot be due to curvature differences
between flat road sections and those with grade.
This finding holds true for many of the parameters
examined, including state, road class, and section
type, although the strength of the relation d4id not
reach statistical significance in all comparisons.
However, in all cases with statistically significant
differences the sections with uphill or downhill
grades were deficient in superelevation.

Superelevation is intended to counter the outward
forces generated when the direction of the vehicle's
motion changes along curved paths of travel. Because
speeds on downhill grades tend to be higher than on
otherwise similar flat grades and the outward forces
increase with speed, the superelevation rates on
such grades should not be less than those at compar-
able flat curves. If downhill grades were designed
for realistic travel speeds, the rate of supereleva-
tion would be higher at curves with downhill grades
than that at comparable flat curves because of the
higher average speeds of vehicles traveling downhill.
Although AASHTO only partially endorses a policy of
using increased banking to adjust the design speed
on downhill curves to allow for the higher speeds of
travel on such curves (9,p.194), the prevalence of
reduced superelevation rates at such locations is
clearly dangerous. In computer simulation analyses
with the highway-vehicle-object simulation model
(HVOSM) it was found that the most critical param-
eter in assessing friction demands on curves was the
vehicle speed (10). Increasing the operating speed
of the vehicle 12 mph increased tire versus pavement
friction needs by at least 50 percent, which was
often significantly above AASHTO design values.

The superelevation rates at accident sections
were found to be deficient compared with those at
comparison sections. Because these analyses were
also adjusted for curvature, this deficiency cannot
be due to curvature differences. Although statistical
significance was reached mostly for flat road seg-
ments (-2.5 percent to +2.5 percent grade), this
finding is also generally valid regardless of state,
road class, and grade. Moreover, a majority of the
logistic regression analyses for separating accident
sections from comparison sections in terms of grade
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and curvature were significantly improved when a
measure for superelevation deficiency was added to
the other alignment measures.

Other roadway characteristics that may be statis-
tically associated with the occurrence of single-
vehicle rollover accidents (e.g., pavement condi-
tion, maximum superelevation rate, and design speed)
were not considered in this paper. Although the
effects of these characteristics on accidents, if
any, were partly controlled for in that approximately
three-quarters of the comparison sections were lo-
cated on the same roads (1 mi upstream from the
accident site) as the accident sections, these re-
sults should not be construed to mean that the three
roadway alignment components are the only important
environmental factors playing a role in single-vehi-
cle accidents.

A possible explanation for the observed deficiency
of superelevation at curves on grades is that cur-
rent design practices were not successfully applied.
In general, this does not appear to be the case.
However, because many of the roads investigated have
been in use over a considerable time, their super-
elevation deficiencies may be the result of out-of-
date design, construction, or maintenance practices.
The possibility of the settling of road foundations
cannot be excluded. However, the analysis indicated
that accident sections had significantly lower
superelevation rates (particularly for flat curves)
than nearby downstream sections. Alternatively, it
is possible that in many instances the design speed
is simply set too low, so that the superelevation is
nominally adequate but not in line with actual travel
speeds,

Regardless of the historical causes, the wide-
spread deficiencies found in the rates of superele-
vation at locations where challenging road geometry
tests both driving skills and vehicle handling pre-
sent a clearly defined added risk that should be
systematically monitored and gradually eliminated
from the roadway system.

Discussion
Timothy R. Neuman*

The authors of this paper are to be commended for
addressing a subject that receives too little atten-
tion. Appropriate design of highway curvature must
include consideration of superelevation. Much recent
research, including other studies published by these
same authors, strongly demonstrates the importance
of highway curvature in safe operation of high-speed
highways. It is also noted that studies of this
nature that address minutely varying design elements
are extremely difficult to conduct. It is remarkable
that any sensitivities were uncovered at all, given
the narrow range of superelevation variance and the
many other factors that play a role.

In general, the findings reported here appear
reasonable. However, certain important gquestions
need addressing before full acceptance of the re-
search is possible. These questions relate to cer-
tain unmentioned but important variables and apparent
assumptions that may be imprecise.

*Jack E. Leisch and Associates, 1603 Orrington,

Evanston, Illinois.
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First, the research focuses exclusively on the
deficiencies in superelevation at curve sites. It is
noted that, among other factors, pavement friction
Dlave a role in vehicle stability. Clearlv. available
pavement friction and its relationship to vehicle
dynamics as well as its distribution at accident
versus comparison sites should be considered. As-
sumed friction factors for design purposes are
nominally equivalent to superelevation, as shown by
the standard curve formula

e + £ = V¥/15R

where
e = superelevation (ft/ft),
f = friction,
V = design speed (mph), and
R = radius of curve (ft).

Identically designed curves (in terms of super-
elevation and radius) would have distinctly different
safety and operating characteristics given actual
differences in pavement friction. This, in fact, is
shown by previous research, including detailed stud-
ies of highway curves recently completed by Jack E.
Leisch and Associates (JEL) for FHWA. In those stud-
ies, available pavement friction was found to be a
small but significant wvariable in prediction of
high-accident curve sites. The fact that comparison
sites were closely downstream from the curves in the
data base does not totally control for pavement
friction variances. Pavement wear is variable, with
curves (particularly sharper ones) wearing faster
than tangent sections.

An additional variable of extreme importance is
that of the method of developing superelevation and
its effects on dynamics and safety. Analysis of
vehicle behavior on approaches to curves shows the
transition area (150 ft each side of the PC) to be
the most critical part of the curve. Again, identi-
cally designed curves in terms of radius and maximum
superelevation would operate differently under var-
ious methods of developing the superelevation. (It
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is noteworthy that the JEL curve studies uncovered a
slight but statistically significant contribution of
amount of superelevation at the PC to high-accident
location prediction.)

The statistical analysis itself is predicted on a
simplification of the relationship between curvature
(defined in terms of degree of curve) and maximum
superelevation. The simplification, that the two are
linearly related, causes potential problems given
that the true relationship is nonlinear. Figure 3,
the design curves of superelevation for enax ©Of
0.10, demonstrates the true nonlinear relationship.
(It is asoumed here that curves in the study sample
were designed to a nonlinear policy similar or iden-
tical to the relationship shown in Figure 3. This is
undoubtedly the case, because design practice in
this area has remained essentially unchanged for
many vears.) If the sample of accident sites is even
slightly overrepresented by curves of greater than 5
or & degrees. a different linear madel wonld he
exXpected than one created by comparison sites. In
other words, differences between the two models may
be explained more by the underlying sample distribu-
tions of curvature within the accident and comparison
sites than by differences in design of supereleva-
tion. This point is important given that differences
that were observed were very slight (which would be
expected given the narrow design range of superele-
vation) .

A far more important guestion, and one that ap-
pears to be at the heart of the authors' findings,
is the subject of design speed. In attempting to
explain the reasons for accident occurrence, the
authors focus on superelevation deficiency. It is
more likely, and entirely within reason given the
type and age of roads in the study sample, that
design speéd explains the results. Many of the curves
are undoubtedly designed for a speed much too low
for prevailing operating conditions., Such curves
could be characterized as deficient in terms of
superelevation. More likely, and more to the point
in terms of design, the deficiency is in the cur-~
vature itself.
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FIGURE 4 Relationship of vehicle path curvature to highway

curvature (11).

Glennon et al. demonstrated, in a recently pub-
lished study of operations on highway curves (11),
that the combination of entering speed and curvature
is by far the most critical factor in vehicle con-
trol. Figure 4 shows the results of vehicle tracking
behavior, which is strongly related to roadway cur-

vature. To summarize, drivers tend to "overdrive"
curves, that is, to track transient paths sharper
than the curvature of the roadway. Furthermore,

drivers' approach speeds are influenced very little
by the impending curve, whether it 1is wvisible,
signed, or not evident. Drivers also tend not to
adjust their speed completely until they are well
within the curve. Curves that are too sharp for the
prevailing speeds of a given highway are thus prime
candidates for the types of overturn and run-off-
the-road accidents discussed here. And, in general,
such curves tend to be so underdesigned (i.e., have
nominal design speeds much lower than the operating
speed) that marginal improvements to superelevation
would be of little or no help.

To conclude, I agree that proper superelevation
design 1is critical to safe operations on curves.
However, more fundamental guestions that appear to
be addressed here are what the relationship is be-
tween curvature and design speed and what factors
determine a safe and reasonable design speed for a
curve.

Authors’ Closure

We agree with Neuman that design speeds should be in
line with the prevailing operating conditions. Slow
design speeds are compatible with sharp curves, and
a series of studies (3-6) sponsored by the Insurance
Institute for Highway Safety over the last decade,
including the study on which this paper is based,
have demonstrated that the 1likelihood of single-
vehicle crashes is greatly increased on curves of
greater than 6 degrees, even where these curves are
adequately superelevated. The new findings in this
study were that inadequate superelevation poses
additional hazard to drivers and that superelevation
tends to be inadequate on roadways with grades. The
first of these two findings was apparently also

confirmed in the JEL curve studies referred to by
Neuman.

We also agree with Neuman that the choice of
proper curves to match operating conditions and the
choice of proper superelevations for these curves
are fundamental to safe road design. If these choices
are not correct, the curve will be underdesigned
both in terms of its curvature and its supereleva-
tion. This, as Neuman points out, could be especially
hazardous for drivers whose actual travel path is
even sharper than that of the curve.

In his discussion of the statistical methods,
Neuman notes that if the sample of accident sites
contains more curves of greater than 5 or 6 degrees
than does the sample of comparison sites, the re-
ported superelevation deficiency at the accident
sites may have been caused by incorrectly modeling
the concave superelevation-curvature relationship by
linear regressions (Figure 3). This observation is
correct in theory, but it does not apply to most of
the data analyzed in the paper (see Table 2). For
the four matched comparisons between left and right
curves in the two states that involved accident and
comparison sites on flat (between -2.5 percent and
+2.5 percent grade) primary roads, it can be seen
from Table 2 that the 95th percentiles of curvature
for the comparison sample always exceed those for
the accident sample. Also, all four of the latter
were below 5 degrees, which is well within the range
over which the design superelevation-curvature func-
tion is linear.

For secondary roads, the situation is less clear-
cut because all eight 95th percentiles of curvature
exceeded 6 degrees and the 95th percentile of cur-
vature for the accident sample was below the 95th
percentile of the comparison sample only for right
curves in New Mexico. It should be noted, however,
that the operating speeds and the design speeds of
these roads would most likely be lower than those on
primary roads, and consequently the relationship
between curvature and superelevation would remain
linear over a larger range (Figure 3). In any case,
most of the linear models fit the data quite well
and explained about 60 percent of the variability in
the superelevation rate.

Commenting on the study design, Neuman noted that
it did not totally control for possible differences
in pavement friction between the accident and com-
parison sites. This is true; however, some measure-
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TABLE 2 Summary of 95th Percentiles of Curvature and Superelevation Rate Distributions for Flat Curves by

State, Road Class, Section Type, and Direction of Turn

Accident Site

Downstream Site

Comparison Site

Type of Superelevation Superelevation Superelevation
Road Class Curve Curvature Rate Curvature Rate Curvature Rate
New Mexico
Primary Left 4.8 72 55 5.6 4.8 8.4
Right 2.9 4.8 2.3 5.8 6.6 7.2
Secondary Left 14.7 113 9.4 8.2 9.4 77
Right 7.0 6.4 Tl 5.6 10.0 8.0
Geargia
Primary Left 4.5 9.1 4.5 8.4 5:8 8.8
Right 2.6 4.6 8.8 8.2 2.8 6.3
Secondary Left 12.0 8.0 0.5 T 6.3 8.9
Right 12.8 12.6 0.0 6.6 7.4 8.2

Note: Primary road class = Interstates and principal arterials; secondary = minor arterials and collectors. Vertical alignment was defined as follows:
down = grade < -2.5 percent, flat = -2.5 to +2.5 percent grade, and up = grade > 2.5 percent.

ments of friction were made in New Mexico and these
indicated that no substantial differences in fric-~
tion existed at matched accident and comparison
sites (5). Moreover, even if such differences did
exist, it could be argued that inadequate superele-
vation would tend to result in harder braking in the
curve and therefore the superelevation inadequacy
itself was the cause of the lowered fricilion.

It should be noted that the method of developing
superelevation may be important for vehicle dynamics,
but it is likely that this method was typically the
same at accident and comparison sites that were only
1 mi apart. Because most of the comparison data in
this study were collected at these matched sites,
the effect on the results of such differences should
be minimal. More generally, the matching technique
used in these studies controlled for the effects of
most other design-related differences as well.

The main findings are as follows:

1. After adjustment for curvature, it was found
that in comparison with flat roadway sections (grade
+2.5 to =-2.5 percent) sections with grade (greater
than +2.5 or less than -2.5 percent) had less super-
elevation.

2, After adjustments for both curvature and
grade, sections with fatal rollover accidents were
found to have less superelevation than comparison
sections.

As stated in the paper, it is not yet known why
these differences in superelevation exist. Possible
explanations are beina researched. bhut the 1lack of
explanation for the differences does not diminish
their importance. In addition, the adequacy of the
key geometric design features (e.g., design speed,
curvature, gradient, and superelevation) should be
carefully assessed when roadway maintenance and
rehabilitation are undertaken, and deficiencies
should be corrected regardless of their source.
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Design and Safety on Moderate-Volume Two-Lane Roads

DONALD E. CLEVELAND, LIDIA P. KOSTYNIUK, and KUO-LIANG TING

ABSTRACT

The effects of geometric design and traffic characteristics on accidents on
two-lane rural roads with a moderate average daily traffic (ADT) between 400
and 3,000 vehicles per day were studied for two data sets. Geometric design
elements were aggregated into "bundles," or groups frequently found together in
the field as a result of design policies. Advanced multivariate analysis tech-
niques were used to explore their relationships with accident experience. It
was found that accidents interact in such a complex way with ADT that the rate
of accidents per mile-year is superior to the conventional rate of accidents
per vehicle-mile for models developed from typical accident data files. Models
using almost 20 geometric and traffic variables exolained abhout 70 percent of
the variance in accident frequency on several hundred road sections. Of this,
ADT accounted for 30 percent and intersection and driveway frequency, about 25
percent more. Models using only ADT, access density, and geometric bundles made
up of up to 5 design variables performed as well as did the 20-variable models.
Simple categorical models using only the bundles explained approximately 50
percent of the variance in accident density in both data sets. Illustrative
mathematical models were also developed. Off-road accidents increase with ADT
exponentiated to .5 to .9; the exponent increases as bundle characteristics
become worse. Comparison of sections with the best and worst accident records
showed the strong influence of the geometric design bundles on accident experi-
ence. Results of the research indicate that treating geometric and roadside
elements as clusters rather than individually is a worthwhile approach for
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safety improvement programs.

Safety on moderate-volume rural highways is an im-
portant issue. Two-lane roads with an average daily
traffic (ADT) between 400 and 3,000 vehicles per day
(vpd) constitute approximately 90 percent of the
paved rural collector and arterial highway systems
in the United States (1) . On these roads accident
rates are high; fatal and injury vehicle-mile expo-
sure accident rates (VMER) are up to 3.5 times as
great as those on Interstate highways (2). Their
vast mileage and relatively low use present a prob-
lem to highway agencies concerned with safety im-
provement priorities.

Geometric design, traffic use, intersectional,
and access characteristics on these routes vary
widely and hence choices among the many possible im-
provements are particularly difficult. The under-
standing of the effects of geometric elements on
safety has not been adequate to predict the accident
response to individual geometric design element
changes with reasonable accuracy.

The objective of this research was to explore the
interactive effects of geometric design elements and
traffic characteristics on accidents on these roads
and to identify some promising prediction models
useful in engineering decisions. Groups of design
elements frequently used together at the same time
as a result of design policies or construction prac-
tices, called bundles in this research, were formwed
and explored as an alternative to the study of indi-
vidual geometric design elements.

PREVIOUS STUDIES

Accidents on two-lane rural roads with an ADT less
than 3,000 vpd have been examined as part of studies
concerned with broader ranges of ADT (3) and in
studies concerned specifically with moderate ADT
levels (4-6). The findings from these studies about
the effects of geometric design elements on safety
are mixed and conflicting (5,7,8). For example, no

clear and consistent effects of shoulder and pave-
ment width emerge for this volume range (9). Al-
though access points (driveways and intersections)
have been found to influence accident rates (10,11),
they have also been reported not to have much effect
on accident occurrence at lower ADT levels (5,12).

The effect of ADT on accidents is understood best
and it is generally accepted that there is a posi-
tive relationship between VMER and ADT. When acci-
dent measures other than VMER are used, such as ac-
cidents per mile-year (MYER), the effects of traffic
volume are even stronger (9-11,13).

The effect of a single geometric element is dif-
ficult to identify with typical data sets because of
the confounding of geometric and operating elements
in actual highway installations (8,14). The inter-
acting effects of the individual elements were
clearly shown in a 1960 study (10). Factor analysis
showed strong correlations among the various road
elements, forming four factors, the first of which
captured horizontal and vertical alignment effects,
the second the conflict effect of ADT and access
density, the third the cross-sectional elements, and
the fourth the roadside elements. Together these
factors explained 70 percent of the accident vari-
ance. However, no categorical or mathematical model
summarizing this capability was presented.

The model fit of the relatively few reported
mathematical models relating accident occurrence to
any of the flow characteristics or geometric design
elements in the moderate-volume ADT range (15,pp.
103-109; 16-20) has generally been poor. An excep-
tion to this is a model constructed by Cleveland and
Kitamura (21), which predicted off-road accidents.
Because of large interactions between ADT and the
geometric elements the model was stratified for
three ranges of ADT below 3,500 vpd. The explanatory
variables included ADT and percentage of passing-
sight distance restricted. A roadside obstacle mea-
sure was added for the highest ADT category. A
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validity check performed on an independent data set
found the model performance satisfactory.

Roy Jorgensen and Associates (19) analyzed rela-
tionships for such highways. The model was also
atratified for three rangec of ADT: <1, 000 «pd

r
1,000 to 2,500 vpd, and 2,500 to 5,000 vpd. The vari-
ables included in their noninteractive regression
analysis were lane width, shoulder width, shoulder
surface type, and curvature for VMER models. ADT and
section length were added for total accident predic-
tor models. The regression models explained 1little
of the accident data variance, generally less than 8
percent. This is seen as confirmation of the need to
take into account interactions among design elements.

METHODOLOGY

The two original data sets that were used in the
study of high-volume highway safety (3) were ana-
lyzed--the FIWA skid file (16} and the file of off-
road accidents along Michigsh State highways (21).
AASHTO policies (22,23) consider rural routes with
design hourly volumes up to 400 vph as moderate-
volume rural roads that would be equivalent to an
ADT of 2,500 to 3,000 vpd. Accordingly, this analy-
sis is extended to routes with an ADT of up to 3,000
vpd.

As in the high-volume safety study, urban-type
seqmente wera eliminated from the FHWA ckid file. To
minimize the correlation between accidents and seg-
ment length (24), only those sites between 3 and 12
mi long were retained for this study. The final sam-
ple in the file contained the l-year accident his-
tory and descriptions of the geometric elements for
109 rural two-lane segments from 11 states. In the
file there is a total of 1,302 accidents with an
average of 11.9 accidents per vear per road segment
and an average MYER of 1.80 accidents per mile per
year on about 724 mi of road.

The second data set, referred to as the Michigan
State route set, contains a gample of 164 rural
paved 2-mi sites with a 4-year accident experience
of more than 610 off-road accidents. Besides acci-
dent frequency, the data include ANT and intersec-
tion information, geometric characteristics, and
some data on roadside obstacles.

A sequence of models was built for each data set
by reducing the number of independent variables as
much as possible and keeping the power of the model
as measured by accident variance explanation as high
as possible. The following analysis methodology was
used:

1. Statistical examination of data to identify
the variables that contribute most to the explana-
tion of variation of accident occurrence by using
Automatic Interaction Detection (AID) (25),

2, 1Identification of reasonable groups of corre-
lated variables by using factor analysis,

3, Grouping of interrelated roadside and geo-
metric design elements into reasonable "bundles,”

4. Determination of the ability of the bundles
to explain accident variance and comparison of that
with the variation explanation of several individual
geometric design elements,

5. Exploration of the characteristics of the
segments with the best and worst accident experi-
ence, and

6. Development of a promising illustrative cate-
gorical or mathematical model.

The smallest AID split used in this research has
a minimum of five segments in a group. Differences
in means are statistically significant at the 90
percent confidence level. In the figures presented

Transportation Research Record 1026

in this paper only differences in average accident
experience of at least 30 percent are illustrated.

Analysis Of Mlcnigan—pFHWA SK1d Flle

Table 1 lists the variables used and summarizes the
results of 12 AID analyses. The first step in the
analysis was the selection of the accident exposure
figure of merit from vehicle miles traveled (VMER),
annual length exposure (MYER), and total annual ac-
cidents per section per year (SYER). Previous model-
ing in broader ranges of AaDT (3,9,11,17,26) has
shown that VMER usually requires adjustment tor ADY.
This was confirmed for this data set (Model 1 in
Table 1l). An important split occurred on ADT at a
level of 2,500 vpd, indicating that the differential
effect of ADT was still very important, even after
being included as a part of the dependent variable.
This model captured 65.1 percent of the variance. An
AID analysis of S5YER (Model 2 in Table 1) with all
19 possible individual elements as variables ex-
plained 73.2 percent of the variance but still
showed segment length to be an important AID de-
scriptor.

The analysis of the third candidate measure,
MYER, as the dependent variable (Model 3 in Table 1)
explained 74.4 percent of the variation, and segment
length did not appear in any of the important AID
splits, as shown in Figure 1. Tests of the indepen-
dence of MYER accident density and segment length
showed that segments with lengths between 3 and 12
mi had no significant bias, whereas the longer sec-
tions had lower MYER values.

Pactor analysis was then conducted to explore
which variables tended to vary together. Five fac-
tors with reasonable physical interpretations were
identified, The first factor showed that 85th-per-
centile speed, shoulder width, percentage of length
with guardrail, and percentage of length on curves
are related to the state in which the site is lo-
cated. This is a resull of stale design and operat-
ing policies and terrain. The second factor captured
horizontal alignment variables. Mean skid number at
the 85th-percentile speed was the only variable in
the third factor, indicating that the skid number is
reasonably independent of the other road features.
The fourth factor was composed of access-point den-
sity variables and vertical alignment. The fifth
factor captured flow characteristics and had impor-
tant contributions from ADT--85th-percentile speed
and pavement width. Results of this analysis were
used to help in AID interpretations and in the ini-
tial bundle definitions.

An AID MYER run usinaga onlv ADT (Model 4) ex-
plained 32.0 percent of the variance. When only ADT
and intersection density were used (Model 5), 40.5
percent of the variance was explained. When ADT,
intersection density, and driveway density were con-
sidered (Model 6), 55.0 percent of the variance was
explained, an increase of 14.5 percent. The remain-
ing explained variance of 19 percent is attributable
to the other 16 variables of Model 3, 8 of which
appear in significant splits.

For the initial AID analysis using MYER (Model 3,
Figure 1) the first major splits were on the loca-
tion of the segment (state) for ADT less than 2,500
and number of curves per mile for segments with an
ADT between 2,500 and 3,000, Because factor analysis
had indicated that the state of location was highly
correlated with cross-section and operating descrip-
tors, it was eliminated from further consideration,
resulting in a decrease in the variance explanation
of only 2.3 percent (Model 7). Of the 18 candidate
independent variables, 10 were significant and 72.1
percent of the variance was explained. These in-



TABLE 1 AID Summary: Michigan-FHWA Skid Accident File

Model

Variable Name Symbol 1 2 32 4 5 6 7 8 9 10? 11° 12
Dependent variable

VMER (accidents/million vehicle-miles) - °

SYER (accidents/section/yr) - o

MYER (accidents/mile/yr) - ° ° ° o ° ® ° [} ° °
Flow and location

State State L] o L]

Length Len o L] L] o

ADT ADT L] ° L] L] [ ° ] ® ° ® ® ®

Overall intersection density (0}1)] o [e] o ° o

Overall access-point density AccDen @ o ° ° ° [} ° ° ° °

85th-percentile speed 85% Sp (] o o (] ° L]

Mean skid number at 85th-percentile speed Skid # o o o L]

Time = (] °o e} ®
Cross section

Pavement type Pv Typ o ] o o]

Pavement width Pv Wid o] o ° ° ° ]

Shoulder treatment Sh Tr ] [¢] o o

Percentage of length with shoulder narrower than 6 ft %Sh<6' ® L] L] ° ° o
Alignment

Percentage of no-passing zone in both directions PSR o ] o ° ° ]

No. of curves per mile NC L] ® ° ° ® °

Percentage of length on curves PCL L] [e] ® ° °

No. of sag curves per mile NSC [ ] l¢] [o) fo)

Percentage of length on significant grades PSG [ o L] o
Roadside hazard

No. of obstacles within 10 ft OB 10 [ ° ° o

Percentage of guardrail in both directions PGR o o [¢] o
Bundles

Cross-section Xs Bun °

Alignment Al Bun °

Geometric Geo Bun e °
Variation explained (%) - 65.1 73,2 74.4 32.0 40.5 55.0 72.1 66.8 70.0 62.1 654 66.2
No. of final groups - 16 18 18 8 13 16 18 16 18 16 17 18
Note: © = variable did not appear in significant split; ® = variable appeared in significant split.
BAID branch diagrams shown in Figures 1-4.

700 - 2500 2500 - 3000

ME, MS .MD.
FL.LA.SC

212

1.83
6

XXX no. aceidents /mi-yr
N no. of sections

VARIATION EXPLAINED =74.4%
(model 3 inTable 1)

FIGURE 1 Michigan-FHWA skid AID branch diagram using all variables.
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VARIATION EXPLAINED=721%

(model 7 in Table 1)

FIGURE. 2 Michigan-FHWA skid ATD branch diagram using all variahles excent state.

cluded ADT, speed, access-point density, skid num-
ber, two cross-section design elements, and three
longitudinal alignment elements. The roadside hazard
measures made no significant contribution to ex-
plaining these results,

As shown in Fiqure 2 for the sections with 700 to
2,500 vpd, those segments with more length wit
shoulder wider than 6 ft had about one-half t ;
cident experience of the other sections. Among these
wider shoulder segments those with lower 85th-per-
centile speeds again had half the MYER of those sec-
tions with higher speed. Another large difference in
MYER was found for the higher-speed segments with
better shoulders where the passing restriction in
the segment was less for sections with higher acci-
dent experience. In all the AID analysis in this re-
search this was the only result in which better
geometrics were associated with higher accident
experience. Further analysis of this subgroup showed
the confounding effects of horizontal curves, which
were overrepresented in sections with passing-sight
distances.

Simplifying the model further, an AID analysis
was next run with six of the most significant ex-
planatory variables (Model 8), including ADT, ac-
cess-point density, two alignment variables, curve
frequency, and passing-sight distance restriction,
and two cross-sectional variables, pavement and
shonlder width, The variation explained by these six
variables was 66.8 percent, only 5.3 percent less
than that of Model 7 with its 10 significant vari-
ables.

In Model 9 the 85th-percentile speed and percent-
age of rcad with curves, other important variahlesg
from Model 7, were added. The results gave only a
small variance improvement to 70.0 percent.

The four Model 8 geometric variables with their
total of 36 significant levels were then grouped
into six cross-sectional and five alignment bundles
as defined in Tables 2 and 3. Of the 30 possible
combinations, 24 of them existed in this data set.
The bundles were loosely ordered and numbered from
best to worst. An AID analysis using only four vari-
ables--ADT, access density, and the cross-sectional
and alignment bundles (Model 10)--explained 62.1
percent of the variation. The AID branch diagram is
presented in Fiqure 3, which shows the same first
split on ADT at 2,500 vpd. For sections with 2,500
to 3,000 vpd, those segments with alignment bundles
characterized by more than three curves per mile had
the highest MYER. Segments in the same ADT category
but with no more than two curves per mile experi-

TABLE 2 Cross-Section Bundles for Michigan-FHWA
Skid Accident File

Length with

Bundle Shoulder Lane Width No. of
Designation <6 ft (%) (ft) Sections
Xs-1 <55 =12 24

Xs-2 56-85 =12 12

Xs-3 86-100 =12 15

Xs-4 <55 10-12 29

Xs-5 56-85 10-12 10

Xs-6 86-100 10-12 19

TABLE 3 Alignment Bundles for Michigan FHWA
Skid Accident File

No. of

Bundle No-Passing Curves per No. of
Designation Zone (%) Mile Sections
Al-l 0-15 0-2 22

Al2 16-40 0-2 36

Al3 >40 0-2 18

Al4 0-40 =3 13

AlS >40 23 20

enced fewer accidents. BAmong these segments those
with cross-sectional bundles characterized by wider
shoulders had  lowei  acclident expeiience. In  the
category of 700 to 2,500 vpd, the first split in

MVER oaccurred an +ha ~srasc—scantianal s AT Aama hoAama
...... CCCRIISC O Tiag¢ CICES—S¢CIilnasl SJundiesS; wnlésce

12 segments with the worst designs had the highest
MYER. Differences in access density were also im-
portant.

The next step was to determine whether further
reduction in the number of variables by combining
the cross-sectional and alignment elements into one
overall geometric bundle would affect the explana-
tory power of the model. An overall geometric bundle
with five categories was created and the definitions
are given in Table 4. Figure 4 shows the results of
the AID analysis using only ADT, access density, and
the overall geometric bundle (Model 11). The vari-
ation explained was 65.4 percent, better than the
alignment and cross-section bundles, nearly as good
as the individual elements themselves, and less than
7 percent weaker than Model 7, which used 10 vari-
ables rather than 3. When the 85th-percentile speed
was considered along with the geometric bundle
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1.80 |
1
700 - 250}01/ 095___ 2500 - 3000

—

- ADT T
142
86
~ 1'
~__ 6
275
12
X
ALY XS
% 1.4.5 Bun~, °?
5 |[ 200 | 317
L
= 1,43
>15/mi |
G 2.00

VARIATION EXPLAINED = 62.1%
(model 10 in Table 1)

FIGURE 3 Michigan-FHWA skid AID branch diagram using six cross-section and five
alignment bundles.

TABLE 4 Definition of Geometric Bundles for Michigan-
FHWA Skid Accident File

Length with No. of

Bundle Shoulder Lane Curves No. of
Designation <6 ft (%) Width (ft) per Mile  Sections
Geo-1 All >12 0-2 43
Geo-2 0-85 10-12 02 25
Geo-3 All >12 >3 8
Geo-4 0-85 10-12 >3 14
Geo-5 85-100 10-12 All 19

700 - 2500 T—__2500- 3000

ADT
GEO BUN ™
2.4 1
094 134
34 35
A <15/mi/pco\>15/mi AGe
<12/mi/ DEN \>12/mi / DEN\  <#mi/ DEN \ >7/mi VARIATION EXPLAINED:654%
0.73 133 124 |[ 183 || 1.86 300 (model 11 in Table 1)
22 12 29 6 7 10

FIGURE 4 Michigan-FHWA skid AID branch diagram using overall geometric bundle and ADT

and access density.

(Model 12), a small improvement to 66.2 percent was * More traffic (2,500 versus 1,600 vpd),
det:cted. " e i . * More length with narrower shoulders (75 ver-
comparison of the sections with the worst sus 39 percent),

accident experience (MYER of 4 to 7, more than twice
the average of 1.80) against the 13 sections with no
accidents was made. The worst accident sections had
the following significant (a = 0.05) relative * More length with significant grades (12 ver-
characteristics: sus 6 percent),

* More curves (8.2 per mile versus 5.0 per
mile),
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* More length with guardrails (14 versus 9 per-
cent), and
* Lower skid number (37.5 versus 45.1).

Mha waviahlTam ammamiatbad s1ibh adAaniFfiqant avradas anAd
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guardrails were not important in the AID analyses.
The factor analysis showed that both of these were
in the first factor, which was associated with state
operating policies and terrain effects. Other vari-
ables from this factor that were highly correlated
with these variables appeared in significant AID
splits and made a greater contribution to the ex-
plained variance. Other variables not showing great
explanatory power in this extreme value analysis AiA
appear as strong predictors in the AID models. In
formulating bundles, the lane width and the percent-
age of length with passing~sight restrictions were
added.

The strong relationship between accident experi-
ence and the geometric characteristics of road sec-
tinong reflected in the geometrir hundles is revealed

as follows:

Section

Classification Geometric Bundle

(MYER) 1l 2-3 4. -5 Total
Best (0) 3 5 5 0 13
Worst (4-7) 1 1 3 6 11

The 13 hest sections with no accident and the 11
worst sections with more than twice the average ac-
cident experience were classified into bundles. It
is noted that all the best sections belonged to the
best or near-best geometric bundles, whereas more
than half of the worst sections belonged to the
worst geometric bundle and very few were associated
with good geometric characteristics. The results are
statistically significant (a = 0.05).

Table 5 presents a geometric-bundle-based cross-
classification model of MYER accident occurrence.
The results of the AID analyses were used to define
the divisions for the categories of ADT and access-
point density used in this model. The simple cate-
gorical model thus obtained explained 52.2 percent
of the variance in this data set.

An illustrative mathematical model for Geo-1l, the
bundle with the best geometric features, was devel-
oped in which the MYER rate was expressed approxi-
mately as shown in Figure 5. Actual data are shown
along with the model contours.
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TABLE 5 Cross-Classification Model for Michigan-FHWA Skid
Accident File

Access- No. of Accidents per Mile-Year by

- oo i ket Thanss A1

Density
ADT (vpd) (points/mi)  Geo-1 Geo2 Geo-3 Geo4 Geo-5
700-1,500 0-12 0.57 0.57 =] 0.57 2.20

»12 .00 1.00 b 100 220
1,500-2,000 All 1.46 0.90 =b 205 2.25
2,000-2,500 0-8 1.40 0.60 1.80 0.60 1.80

>8 1.40 1.20 2.80 1.20 2.80
2,500-3,000 All 2.27 2.27 4.08 4.08 4.08

:See Table 4 for geometric elements appearing in bundle.

Dash indicates no data.

Analysis of Michigan State Route Off-Road Accidents

The analysis conducted on this data set involved the
total number of off-road accidents. Table 6 presents
the salient results for the eight AID runs. The
first off-road accident model (Model 13), which used
only ADT as the explanatory variable, explained 30.2
percent of the variance. When the number of inter-
sections was added (Model 14), the variance explana-
tion increased to 42.8 percent.

Figure 6 presents the AID that used all 17 vari-
ables (Model 15) 1listed in Table 6. The variance
exnlanation was increased ta 6.0 percent, and 13 of
the 17 variables appearing in a total of 27 classes
were significant. Roadside obstacle clearance vari-
ables appeared in 6 of the 12 important splits shown
in Figure 6. Curvature-related variables were found
in two of the splits and ADT in 3 of the most impor-
tant splits. The first split was at an ADT of 1,300.
Above that, roadside obstacle effects dominated. At
lower ADT values alignment was the most meaningful
descriptor, although another ADT split appeared at
600 to 700 vpd. Two roadside hazard variables were
important for the better alignment sections at the
low ADT levels.

Five variables that were not significant in Model
15 or were viewed as redundant were eliminated, and
Model 16 was run with 12 candidate variables. Ten of
these were significant and the variance explanation
was reduced by only 1.5 percent. Three more vari-
ables were eliminated in Model 17, leaving nine can-
didates. Eight of them were significant, and again
64.5 percent of the variation was explained.

25
1.5 2.0 2.5 3.0 accidents/mi=yr

1.0 \_ X \
,;20_ \i-- - 3 -—._\:.\._._ — 3 11
t\ i\‘ ® \ ® o N\ >, ¢ |- Domain of bundle 1
£ i v'e % i
e ! \ v \\ v :
5 15— i
a ¢v \ \\ \ .\ i
a 08 = N o Ve, v
S ! \ see Ny v ‘\ )
o le} . INe} ® !
~ 10~ 4 v b5 i

v

|

uz_, [ N \ vl O = 0 accidents
e ' \ \ v !F v -1
8 S L e e e o e B \_._._._\_. *.—2
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FIGURE 5 Accident prediction model for Michigan-FHWA skid file bundle Geo-1.
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TABLE 6 AID Summary: Michigan State Route Data

57

Model

Variable Name Symbol 14 152 16 17 18 192 207 21
Dependent variable (total no. of accidents/8 mi-yr) - ° [ L] L] L] [ [ °
Flow and intersections

ADT ADT ° ° ] o ° [} ° [}

No. of intersections on curves Int Cu o

No. of intersections on tangents Int Ta o

Total no. of intersections Int Tot L] ® e ° °
Cross section

Pavement width (ft) Pv Wid ° o [}

Shoulder width (ft) Sh Wid ° L L]

Shoulder treatment ShTr o

Ditch offset (ft) Dit Off ° o ° °

Ditch condition Dit Con L] o L]
Alignment

Percentage of passing-sight distance restriction PSR L] ® ® °

No. of curves in segment NC L] °

Percentage of segment curved PCL [ ° [} °
Roadside hazard (cumulative % of exposure length)

With obstacles within 6 ft of surface OBJ6 o

With obstacles within 10 ft of surface OBJI10 L] L

With obstacles within 14 ft of surface OBJ14 L ] ° L]

With obstacles within 20 ft of surface OBJ20 ®

With obstacles within 30 ft of surface OBJ30 ® °
Bundles

Roadside Rs Bun L4

Alignment Al Bun °

Overall geometric Geo Bun ® °
Variation explained (%) - 42.8 66.0 64.5 64.5 63,9 63.7 62.4 62.3
No. of final groups — 18 27 16 16 24 27 21 23

Note: © = variable did not appear in significant split; ® = variable appeared in significant split.

3AID branch diagrams shown in Figures 6-8.

200-1300

1300 - 3000

oBJ14 <3
2.00 3.88 589
10 18

12

YYY | no. of accidents/8mi-yr
N no of sections

VARIATION EXPLAINED = 66.0%
(mode! 15 in Table 6 )

FIGURE 6 Michigan State route total off-road accident AID branch diagram using all variables.

Six factors were retained in the factor analysis.
The first and second factors contained only roadside
features. The third factor was an access-point den-
sity factor. Horizontal alignment was captured in
the fourth factor. ADT was the only significant con-
tributor to the fifth factor. The sixth factor was a
cross-sectional design factor. The analysis showed
large communalities that reflect the high power of
the factors.

Tables 7 and 8 present the levels of the four
variables selected for the bundles. Model 18, which

used these four variables, explained 63.9 percent of
the variance in 24 classes. This was a decrease of
only 0.6 percent resulting from the elimination of
four variables. Eight alignment bundles and eight
roadside-element bundles were then formed, as shown
in Tables 7 and 8. Again the bundles were numbered
by generally decreasing geometric quality. Figure 7
presents the AID analysis using. only ADT and the
alignment and roadside-element bundles as variables
(Model 19). It resulted in an explained variance of
63.7 percent. At volumes less than 1,500 wvpd the
alignment bundle was more important, whereas the
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TABLE 7 Definition of Roadside Bundles for Michigan
State Route Off-Road Accidents

Bundle Ditch No. of
2 T, U GO Ly NADTY A (0N NNCC. 1 (2N o 14
Designation CDli4 (00 Cifsct (Y Scolicie
Rs-1 0 >18 19
Rs-2 0 16-18 20
Rs-3 0 8-15 15
Rs-4 >0 >18 21
Rs-5 1-5 16-18 22
Rs-6 1-5 8-15 26
Rs-7 >5 16-18 14
Rs-8 >5 8-15 27

TABLE 8 Definition of Alignment Bundles for
Michigan State Route Off-Road Accidents

Percentage Percentage

Bundle of Segment No. of
MNnnlaandlne s mrn A

Designation Curved

Al-1 0 0 19
Al-2 1-30 0 12
Al-3 0 1-30 21
Al-4 1-30 1-30 3%
Al-5 0-30 >30 22
Al-6 >30 0 8
Al-7 >30 1-30 26
Al-8 >30 >30 19

roadside-element bundle was more important at the
higher volumes. However, both bundles appeared in
all 13 final groupings formed by this model. In the
first split for each type of bundle, accident expe-
rience generally increased with decreasing bundle
quality.

B single geometric bundle variable was then de-
fined. Table 9 presents the nine categories of this
bundle. Only Geo-9 is clearly made up of the worst
levels of the four qgeometric elements. The AID anal-
ysis (Model 20) explained 62.4 percent of the vari-
ance., Figure 8 presents the AID using the nine geo-
metric bundles and ADT. Again, larger bundle numbers

200 -1500
b

58
3,45 >
7

1.2,3,4.5,
&, / \\
AL BUN
e ~y 8
2,08 500
88 10
200- 750 - 200- 750 - 1500
750/ ADT \_ 1500 750/ 5 T
121 274 660
38 50 5
AL
BUNNG.5 [BUNNG S 7
217
12
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47 1%

1500- /ApT
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were rank associated with worse accident experience.
Including the number of intersections in a further
analysis (Model 21) did not improve the variance
explanation.

T:Ic 23 -:-N:\—'LJ..UIIB WJ‘.L;I :LUIII s ll-ko' 18 GUUJ.-\:EIILb’ mure
than twice the average of 3,74, were compared with
the 25 segments with no accidents. The worst acci-
dent sections had the following significant (a =
0.05) relative characteristics:

* Higher ADT (2,010 versus 800 vpd),

®* More intersections (2.5 versus 1.7),

* Narrower pavement (21 versus 22 ft).,

* Mora length with pacsing restriotions (31 versus
15 percent),

* Worst ditch cross-section design,

¢ More 1length with roadside hazards within 14
ft of the road (15 versus 8 percent), and

* More length with roadside hazards within 20
ft of the road (30 versus 20 percent).

Of these variables, pavement width was not signifi-
cant in the main AID variable analysis (Model 17)
and was not included in the bundles because factor
analysis showed that it was highly correlated with
shoulder width, which was included in the bundling.

The classification of the extreme accident sec-
tions by the geometric bundles formulated previously
is shown as follows:

Section

Classification

(no. of acci- Geometric Bundle
dents/section) 1-3 4-6 7-8 9 Total
Best (0) 12 10 3 0 25
Worst (8-18) 4 4 7 8 23

There is a clear pattern that the best sections with
no accidents were highly associated with the better
bundles. The worst sections with more than twice the
average accident experience were more likely to he
associated with worse bundles than with better bun-
dles. This confirms the fact that, even without con-
sidering the effect of ADT or traffic conflicts,
geometric characteristics have a very strong effect

250°
3000

VARIATION EXPLAINED = 63.7%
(model 19 in Table 6)

FIGURE 7 Michigan State route total off-road accident AID branch diagram using eight roadside-

element and eight alignment bundles and ADT.
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TABLE 9 Definition of Geometric Bundles for Michigan State
Route Off-Road Accidents

Ditch  Percentage Percentage
Bundle OBJ14 Offset of Segment  of Sight No. of
Designation (%) (ft) Curved Restriction  Sections
Geo-1 0 All 0-30 0-30 43
>0 >18 0-30 0
Geo-2 1-5 16-18 030 0 15
>0 >18 0-30 >0
0 All 0-30 >30
Geo-3 0 All >30 All 14
0 >18 >30 >30
Geo-4 >5 8-18 0-30 0-30 21
1-5 8-15 0-30 0
Geo-5 1-5 8-15 0-30 >0 14
Geo-6 >0 >18 >30 >0 10
Geo-7 1-5 16-18 >30 0-30 11
1-5 16-18 0-30 1-30
Geo-8 >5 8-18 0-30 >30 21
1-5 8-15 >30 0-30
1-5 16-18 >30 >30
Geo-9 »5 8-18 >30 >0 15
1-5 8-15 >30 >30

on off-road accident experience; more of the better-
designed sections have no accidents and more of the
worse-designed sections have more accidents.

A simple cross-classification model for total
off-road accidents is presented in Table 10 that
uses three levels of ADT and the nine geometric bun-
dles grouped into four levels, resulting in a vari-
ance explanation of 51.4 percent., Mathematical func-
tion accident prediction models based on ADT were
then developed for the nine geometric bundles
grouped into the same four levels as those in the
cross-classification model. These results are given
in Table 11. Off-road accidents increased with ADT;
the exponent increased from 0.5 to 0.9 as the bundle
quality declined. These models are shown in Figure
9, which reveals that the increase in off-road acci-
dents with ADT is more severe for sections with
worse geometrics than for sections in which the geo-
metrics were better. The off-road accident experi-
ence of the worst bundle, 9, was much worse than
that of the others at lower levels of ADT,

SUMMARY AND CONCLUSIONS

In this research a national data set of total acci-
dent experience and a statewide data set of off-road

200-500
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TABLE 10 Cross-Classification Model for
Michigan State Route Off-Road Accidents

No. of Accidents per Mile-Year by Model
and Geometric Bundle?

A B C D
ADT (vpd)  Geo-1-3 Geo-4-6  Geo-7-8  Geo-9
<750 0.19 0.12 0.12 0.50
750-1,500 0.22 0.30 0.84 0.84
1,500-3,000 0.51 0.66 0.95 1.32

43ee Table 9 for geometric elements appearing in bundie.

TABLE 11 Mathematical Model for Michigan State
Route Off-Road Accidents

Geometric Regression Equation
Model Bundle (no. of accidents/mi-yr) R? N
A 1-3 0.11(ADT)04? 024 72
B 46 0.074(ADT)?:72 0.51 45
C 7-8 0.061(ADT)%3 062 32
D 9 0.16" (ADT)*76 0.26 15

Note: ADT is in hundreds of vehicles (2 < ADT < 30).
INot significant (alpha = 0.05).

accidents on two-lane rural roads were analyzed by
using advanced multivariate techniques. Results of
this research on different accident types support
previous findings (11) that traffic volume is the
most important single factor in the frequency of ac-
cidents for two-lane rural roads with flows below
3,000 vpd. In AID analysis ADT alone predicted acci-
dents per mile-year with variance explanations of 32
and 30 percent in the two data sets, respectively.

In both data sets access-point density had an ef-
fect in predicting total accidents second only in
importance to ADT. Including intersection density
increased the variance explanation from 32 to 41
percent in the Michigan-FHWA skid data and from 30
to 43 percent in the Michigan off-road data. Includ-
ing driveway densities increased the variance expla-
nation to 55 percent in the Michigan-FHWA skid data.
This variable was not available in the second data
set. The interactive effect of ADT and access den~
sity was also important. Further, the effect of geo-
metric characteristics was important in combination
with access density.

2250-3000

4.7

(] (] (] [¥]

VARIATION EXPLAINED= 6247
(model 20 in Table 6)

FIGURE 8 Michigan State route total off-road accident AID branch diagram using nine geometric

bundles and ADT.
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Including geometric effects by five bundles ex-
plained an additional 10 percent of the variance in
the Michigan-FHWA skid data, a total of 65.4 per-
cent. Use of all 18 variables originally explained
72.1 percent. For off-road accidents in the Michigan
state route data set, nine geometric bundles in-
creased variance explanation to 62.4 percent. Use of
17 original variables explained 66 percent of the
variation.

Comparing the results of this study with those of
a study that similarly examined ADT values ranging
up to 13,000 vpd (3) shows that the importance of
both ADT and access-point density is somewhat less
for the lower ADT range. The groups of geometric
elements and the variables associated with operating
policies such as 85th-percentile speed contribute
more to the explanation of accident variation in the
moderate ADT range than they do in the higher volume
range.

Simple categorical models explain 52.2 percent of
the variation in total accident density in the Mich-
1gan—FHWA skid data and 51.4 percent of the off-road

Lha Mishimam ob tn Apta

soeident varisticon in ihe Michigan gtate
set.
Tllugtrative cont innous-function mathematical

models were also developed. For the Michigan-FHWA
skid data file a regression model for the bundle
with the best gecmetric features included the ef-
fects of ADT and access density and explained 35
percent of the remaining variance in this group.
Regression models developed for groups of geometric
bundles from the off-road accident data file in-
cluded only the effect of ADT. In these models up to
62 percent of the group variance was explained. The
effects of the geometric elements were included in
the stratification of the bundles. The different
models for the various bundle groups show that the
effects of the geometric elements are not constant
over the various ranges of traffic volume but are
very interactive with it.

_The most important findings from this research
are viewed as follows:

1. Accidents interact in such a complex way with

traffic volume that using the VMER, in which ADT
enters into the exposure, requires particular care
in specifying a mathematical model structure. 1In
statistical studies of most data sets, this blunts
the effects of this most important variable. This
study has again shown that use of an annual section
length exposure measure, accidents per mile-year,
permits ADT to be treated as a classification or an
independent regression variable, and one can predict
acoident occurrence morce cffectively for a given
data set with this measure.

2. Groups of geometric and roadside design ele-
ment values, found together in clusters because of
design policies and traffic use, form bundles to
which accident occurrence is as responsive as it is
to the individual elements of road design them-
selves. The safety ranking of the various bundles
also gives some insight into the relative importance
of individual gcometric design clcmenta.

3., Clasgifying gections with the best and worst
accident records by their geomelric bundles revealed
a clear pattern. The best bundles were associated

with the sectlons that had ilhe lowest accident irec=

ords and the worst bundles were associated with the
sections that had the highest acecident records in
both data sets. This confirms the strong effects of
geometric characteristics on accident experience
even without taking ADT or traffic conflicts into

consideration.

4. Comparisons of the sections with the best and
worst accident records identified the variables with
the greatest explanatory powers found in the models.
In consideration of other findings, it is of partic-
ular interest that there is an absence of a strong
independent safety effect of pavement or shoulder
width for rural two-lane highways carrying fewer
than 3,000 vpd.

Results of this research indicate that treating
geometric and roadside elements in clusters rather
than individually is worthy of consideration in the
planning of safety improvements on two-lane rural
roads with moderate traffic volumes.
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Offtracking of the Larger Combination

Commercial Vehicles

DAVID S. MILLAR and C. MICHAEL WALTON

ABSTRACT

Recent legislative enactments at all government levels have resulted in in-
creases in trucks and tractor-trailer combinations. Section 138/415 of the Sur-
face Transportation Assistance Act of 1982 called for a feasibility study of a
national intercity truck route network for commercial vehicles up to 110 ft
long. Naturally these changes in overall vehicle size will have an impact on
highways and their operations, especially on foads with restrictive yeometrics.
To assess the ability of a vehicle to operate, one characteristic, its off-
tracking, must be evaluated. Several studies involving offtracking are reviewed
and it is noted that there is a need for additional study of the problems asso-
ciated with very long combination vehicles. The offtracking characteristics of
very long vehicles, as well as those of less extreme vehicles, are described.
Two methods of measuring offtracking are used, mathematical formulation and an
adjustable scale model, Curves that illustrate vehicle offtracking paths were

produced with the model. The formula was used to compute and compare the maxi-
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templates provided.

Because of the interest in large trucks, mostly gen-
erated by federal legislation and some state legis-—
lation that calls for the elimination or reduction
of size restrictions, there is a need for some docu-
mentation of the turning characteristics of these
vehicles., Some work has already been done by agen-
cies such as the Western Highway Institute (WHI),
the California Department of Transportation, and the
Society of Automotive Engineers on offtracking char-
acteristics; however, 1little effort has been di-
rected at the offtracking characteristics of the new
larger combination truck units with very great over-
all lengths (approximately 118 ft).

Insight is provided, through offtracking curves
and computed maximum offtracking, as to the charac-
teristics of these supertrucks in comparison with
shorter, more conventional vehicles. A review of
previous offtracking work is presented along with
methods of drawing the curves and calculating maxi-
mum offtracking.

Offtracking is defined in many ways, but all mean
the same thing; that is, offtracking is the differ-
ence in paths of the frontmost inside wheel avnd
rearmost inside wheel of a vehicle as it negotiates
a turn. Actually, whether the distance is measured
between the front and rear inside wheels, outside
wheels, or the center of the axles is of no conse-
quence; it will be the same. A similar term is
"trackwidth,™ which is the total width of the path a
vehicle makes as it traverses a corner and which is
measured from the frontmost outside tire path to the
rearmost inside tire path. This gives an indication
of the minimum pavement width necessary toc accommo-
date the vehicle around a corner.

It will be shown that the most important factors
in offtracking are the radius and degree of turn and
the 1length and configuration of the vehicle. Of
course, many factors affect the offtracking of vehi-

cles and they cannot all be accounted for in any
predictable manner. Although vehicle length and con-
figuration and turn radius are the main determining
factors, speed and superelevation of the turn can
have significant effects. Indeed, if a truck combi-
nation is going fast enough, centripetal effects may
reduce offtracking to zero and may produce an over-
all negative offtrack effect. Likewise, a slow-mov-
ing trailer on a highly superelevated curve will
experience more severe offtracking than expected.
Btill other factors include driver expertise, condi-
tion of the truck and its loads, wind and weather,
and the condition of tires and road surface. Only by
recording the paths of actual vebicles can all fac-
tors be taken into account. The modeling and mathe-
matical methods of simulating offtracking cannot

account for any of these extraneous yet real influ-
ences. All this should be taken into consideration
when the results presented here are viewed.

Several methods may be used to determine the
cunt of cfftracking f£oi a given vehicle ai a Given

turning radius. They are

Q

1. Observation of actual vehicles,
2, Mathematical formulation, and
3. Simulation with models.

Observing real truck combinations would be the most
accurate method and would include all the minor fac-
tors affecting offtracking. Unfortunately, few agen-—
cies can afford the time and expense of acquiring
all the needed vehicles and driving them through
countless possible turn situations.

Finding a vehicle's maximum offtracking for a
given turn radius is most easily accomplished by
using a mathematical formulation. Although the exact
equation is awkward to work with, nearly perfect
approximations can be used with great ease and are
well suited for making comparisons of different ve-
hicles or turns. Unfortunately, the formulation
gives no indication of the shape of the curves or
where along the curve the maximum offtracking will
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occur. Also, in cases where the vehicle's rear axle
passes to the inside of the turn radius center or
where the vehicle does not maintain a given turn
radius long enough to achieve maximum offtracking,
the equations cannot be used.

Simulation with models requires considerably more
(but not excessive) work than the equations and pro-
duces a much more complete representation of a vehi-
cle offtracking pattern. It can be used for any
vehicle at any turn radius (or even combination of
turns), and offtracking can be measured anywhere
along the curve. More detailed discussion of mathe-
matical formulas and models will be presented after
a discussion of some previous offtracking studies.

PREVIOUS WORK

Studies that use the methods just mentioned have
been made on this topic for some time. Several stud-
ies that were used as a basis for this report are
discussed.

On the basis of observations of actual vehicles
in simulated turning situations, Leisch (1) produced
a set of offtracking templates that have been used
by many state highway departments. The origin and
use of the templates, which consist of offtracking
curves of five vehicles at various turning radii,
were documented in an HRB paper (2).

The Society of Automotive Engineers (SAE) has, in
its publications, provided mathematical formulations
to describe offtracking (3). The general formula for
a single-unit vehicle is

or = {WB% + [(TR? - wWB?)}1/2 _ yp)2}1/2
- (TR? - wB?)1/2 4 mr

where

oT

offtracking [maximum for given turning ra-
dius (TR)],

WB = wheelbase, and

HT = front wheel trackwidth divided by 2.

Similar formulas for articulated vehicles are
even more complex and unwieldy. Fortunately, WHI
developed an equation that accurately approximates
the SAE equation and that is uniform regardless of
vehicle configuration (4). The much simpler formula,
which is also discussed in an AASHTO report entitled
Offtracking Considerations for Truck Tractor-Trailer

Combinations (5), is

MOT = R - (R?Z - [r?)1/2

where
MOT = maximum offtracking,
R = turn radius, and
J12 = sum of the squares of axle spacings.

WHI also describes and compares other methods of
measuring offtracking, including the use of this
formula, models, actual equipment, and graphics. Two
methods, the mathematical formula and models, are
used to address some turn problems, including urban
street intersections.

Unfortunately, WHI did not address larger vehi-
cles such as large doubles with two 48-ft trailers.
Generally, though, the WHI publication remains very
informative and was useful throughout this study.

VEHICLE OFFTRACKING STUDY

Proposals fostered by the Surface Transportation
Assistance Act (STAA) of 1982 spurred several legis-
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lative initiatives in many states throughout the
United States, which resulted in allowing a range of
trucks, tractor-semitrailer combinations, and other
combinations to operate at increased lengths and
widths. In Texas, House Bill 1601 removed overall
length restrictions on vehicles using semitrailer
combinations while placing 1limits on individual
trailers and semitrailers of 57 ft. However, because
of other state and federal limitations, the more
common trailer lengths will be 28 (and 28.5) ft and
48 ft. House Bill 1602 increased allowable widths
from 96 in. to 102 in.

The work presented in this study was done at two
different times. 1Initially templates were con-
structed for the use of the Texas State DNepartment
of Highways and Public Transportation (SDHPT) fol-
lowing a specific request. Later this work was ex-
panded to include additional vehicles and different
template forms.

As a result there are two sets of vehicles and
two types of curves. The first set, as stipulated by
the SDHPT, involves several tractor-semitrailer com-
binations with 48- or 57-ft semitrailers and double
combinations with 28.5- or 48-ft trailers. These
vehicles were used in making templates that follow
the pattern established by Leisch and include turn
radii of 45, 60, and 75 ft.

Given the new laws governing vehicle size limita-
tions, the second set of vehicles consists of those
believed to be a good representation of probable
combinations. It includes tractor-semitrailers,
doubles, triples, a truck-trailer combination, and
buses, with wheelbases ranging from 30 ft for a bus
to 108 ft for a double with 48-ft trailers. Only
right-angle turns with a radius of 25 or 30 ft, such
as might be encountered in an urban intersection,
are included in the templates.

METHODS

Two methods are used in this paper to evaluate off-
tracking--mathematical formulas and models. An equa-
tion was used to estimate the maximum offtracking of
the vehicles and the models were used to produce
curves that show the shape of the vehicle's path.

Mathematical Formulation

As a means of comparing the effects on offtracking
of different vehicle configurations and different
turn radii, the mathematical formula developed by
WHI is utilized. Its accuracy and ease of use make
this method of evaluation a worthy tool for anyone.

Tractrix Integrator

A main element of this paper is to provide curves
that reveal the effects of 1longer truck combina-
tions. The instrument used to produce these curves
is called a Tractrix Integrator, which is a model
used to simulate actual vehicle offtracking charac-
teristics.

It is a device that has a scaled bar supported at
one end by a pointer and steadying frame. Attached
at the other end below the bar is an inked wheel
that makes a trail of ink as the bar is moved.

To use the Tractrix Integrator, the distance be-
tween the pointer and wheel is adjusted to a desired
scale. The pointer is moved carefully over some
fixed path representing the path followed by the
front axle of a vehicle. As the Tractrix Integrator
is moved, the rear wheel is marking the path of the
rear axle of the vehicle. To model combination vehi-
cles, the path of the tractor is modeled; then the
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FIGURE 1 Sample offtracking template.

Tractrix Integrator is adjusted to the scale of the
trailer. The pointer is pulled along the path of the
rear tractor axle so that the trailer rear axle path
is produced. Successive passes of the Tractrix Inte-
grator may be made to represent any vehicle configu-
ration.

The resulting curves closely replicate the ex-
pected paths and track widths of the outside front
wheel and inside rear wheel. The advantage of this
type of representation is that the maximum offtrack-
ing can be measured for any degree of turn and turn
radius, as well as the amount of offtracking any-
where along the curve. Also, these curves can be
used in a case where the path of the rear axle
tracks inside the center of radius of curvature, a
case where mathematical formulas are unusable. It
should be noted that these curves are only approxi-
mations of actual vehicle paths. Some simplification
is done concerning vehicle configuration; for in-
stance, kingpin placement is always assumed to be
directly over the rear axle set of the tractor. Ef-
fects of such simplification are small, however, and
are not of concern in this paper.

RESULTS

The primary objective of this project was the pro-
duction of offtracking templates that could be used
to aid in the design or evaluation of roadway geo-
metrics. The result is a set of 18 templates cover-
ing 14 vehicles with combinations of vehicle type
and turn type that total 74. These templates (Fiqure

1) and descriptions of the vehicles are available
from the Center for Transportation Research, Univer-
sity of Texas at Austin. Presented in Tables 1 and 2
is a summary of some offtracking measurements taken
from those templates.

Also performed was an evaluation of maximum off-
tracking by using the WHI formula. This computation
is easy to perform for any specilic vehicle; conse=
quently, tabulated results are not presented here.
Figure 2 is included, however, to illustrate track-
width characteristics of several relevant vehicles.

The tiend iowaid €ACESsive, and in Some Cases
unacceptable, offtracking for 1large twin-trailer
vehicles is evident. Poor offtrackina characteris—

orrrrackin a eharacteris

tics will detract from whatever benefits are offered
by those vehicles. Alternatively, triple-trailer
vehicles, although offering many of the same advan-
tages as large doubles of similar overall length, do
so without the detrimental excessive offtracking.

TABLE 1 Measured Offtracking: Set 1

Offtracking (ft) by Turn Radius (ft) and Degree

Vehicle 45 60 75
Configu- —

No. ration 90° 180°  90° 180°  90° 180°
1 382 186 279 148 207 131 147
2 382 21,7 353 185 257 157 197
3 382 233 365+ 199 285 17.1 217
4 38122 109 141 9.1 103 7.5 7.6
5 3824 - - - 355 205

27.3
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TABLE 2 Measured Offiracking:

Set 2
Offtracking (ft) by
Turn Radius (ft)
and Degree
Vehicle
No. Configuration 25,90°  30,90°
6 SU-30 - 12.2
7 8U-35 - 15.2
8 32 - 14.5
9 281 12.7 -
10 2-S1-2 19.0 -
11 2-81-2-2 24.1 -
12 3-82 215 -
13 3-S2-2 27.0 -
14 2-82-4 334 -

50

40

30

20

Maximum Track Width

0 " " 3
50 100 150 200

Radius
FIGURE 2 Vehicle trackwidth characteristics.

CONCLUSION

The information developed and presented in this
paper is intended to further the discussion and ap-
preciation of selected characterizations of the
longer "super" combination commercial vehicles in-
troduced in Section 138/415 of the STAA of 1982,
These units and their inherent features must be as-
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sessed in order for the highway engineer to consider
appropriate modifications to currently accepted
highway geometric design policies and procedures.
The highway engineering profession must remain
abreast of emerging trends such as these vehicle
units and their effects in order to provide effec-
tive guidance to elected or administrative officials
as well as dialogue with the motor carrier industry.
In this manner, they are better able to provide con-
structive judgments surrounding the benefits and
costs to a national asset--the collective national
highway infrastructure.
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ABSTRACT

To help master the complexity involved in the evaluation of highway improvement
projects, this study was intended to develop a procedural framework for identi-
fying a general set of significant impact measures and to further suggest a
quick-response technique for assessing potential impacts of project alterna-
tives. The impact identification procedure is in three stages: search, screen-
ing, and consolidation. The project impacts are assessed by consideration of
the level, scope, and number of potential impacts and are rated on & numerical
scale employing a linear utility function. Although many highway impact evalu-
ation methods have been developed in the past, this study has suggested a quick
and inexpensive tool for preliminary project evaluation that requires little
detailed data and reasonable staff time yet should provide adequate estimates
of whether further planning and development of a project or projects are worth-

while.

Effective evaluation of urban highway projects de-
mands that the impacts of improvement projects on
the entire community, as well as on the system
users, be fully considered and analyzed. However,
this is not a simple task because of the multiplic-
ity of impacts and the difficulty in measuring their
levels. In order to cope with the complexity, effec-—
tive tools for the systematic identification and
assessment of significant impact measures are needed
to set priorities for alternative highway projects.

Impact measures serve to help indicate to what
degree given highway projects satisfy community and
areawide goals and objectives. The selection cri-
teria for impact measurec are many; directness, ade-
quacy, simplicity, sensitivity, and so on, all have
a significant bearing on their choice for project
evaluation. Thus, the complexity of the problem
stems not only from its magnitude, but also from the
diversity of its parts. The assessment of impact
measures is also a difficult task because it can
take a considerable amount of time and manpower.
cause of the financial limitations placed on local
highway agencies today, it has become necessary for
many Of them Lo look closely at yuick-response tech-
niques. Many past studies have dealt with highway
planning methods for cost-henefit analyais and far
alternatives analysis. However, these methods have
usually been too complex and data-intensive to be
used for actual application. In the sketch planning,
only rough estimates are required to determine the
relative project feasibility. Therefore, research is
needed to develop a technical, yet practical, tool
for use in the preliminary evaluation and priority
ranking of highway projects.

The main purpose of this study was to develop a
quick, efficient, and inexpensive approach for high-
way project evaluation and decision making in a typ-
ical urban environment. The approach was developed
with the following specific objectives in mind:

Ra—
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1. To formulate a systematic procedure by which
impact measures can be identified and

2, To develop a useful concept to easily define,
assess, and rate the potential effects of alterna-
tive projects.

The quick-response technique developed is ex-
pected to be useful to highway agencies that are
asked to do "quick and dirty" project feasibility
studies that consider the interests of all parties
involved.

FRAMEWORK FOR IMPACT IDENTIFICATION

The selection of impact measures has been the object
of numerous past studies, but the processes sug-
gested are arbitrary. A step-by-step procedure is
needed to formalize the selection process.

Figure 1 shows the conceptual framework suggested
for the development of the impact measures for high-
way project evaluation. As shown, there are basi-
cally three stages in the procedure: search, screen-
ing, and consolidation. In brief, the process
involves establishing a broad preliminary 1list of
impact measures through the quantification of goals
and objectives and the evaluation of typical system
effects by projects. Next, unnecessary impact mea-
sures are eliminated from the list through the use
Of a set uf objective screening criteria. The re-
maining impact measures are consolidated so that

there is 2 managezble number of measures for evalu-

ating alternative projects.

Stage One: Search

As indicated earlier, impact measures can be defined
as explicit terms used in determining to what degree
goals and objectives are satisfied. They serve as
the basis for comparing projects for obtaining maxi-
mum benefits from the highway investment. With these
definitions, prospective impacts are searched
through a systematic process involving two elements.
The first element involves a so-called "top-down"
process., The broad, implicit goals are identified,
then more explicit objectives are stated, and fi-
nally impact measures are selected to reflect the
extent to which goals are achieved. These goals can
be achieved by a wide variety of highway improvement
options. For each goal a number of objectives can be
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Determination of
Major Impact Measures

FIGURE 1 Conceptual framework for determining major impact measures.

developed that provide a more quantifiable measure
of goal attainment. From these objectives, candidate
impact measures are established by developing work-
ing or operational definitions in order to test or
indicate the degree to which the objectives are at-
tained. The second element is to examine the poten-
tial projects and attempt to assess what impacts
would occur if the projects were implemented. These
impacts are then translated into impact measures by
establishing guidelines for the measurement of the
magnitude of the project impact.

Stage Two: Screening

The screening procedure involves eliminating any po-
tential impact measures that are not appropriate for
evaluative purposes. The general criteria used to
screen the measures include the following:

1. The measures should have a clear and specific
relationship to community goals and objectives,

2. Measuring an effect that is adequately mea-
sured by other impacts should be avoided,

3. The measures should be sensitive to real
changes in objective attainment,

4. The measures should be formulated at the ap-
propriate level of detail for the analysis, and

5. The measures should be understandable and
simple in interpretation from the view of citizens
and nontechnical decision makers.

If any potential impact measure does not meet the
preceding requirements, it is eliminated from con-

sideration. The result of this stage is a set of se-
lected impact measures that are feasible and desir-
able for the evaluation of alternative projects.

Stage Three: Consolidation

Stage 3 is devised to consolidate numerous candidate
impact measures identified 1n Stage 2, so that a
manageable number of measures can be obtained. The
approach is to consider the level of importance com-
bined with the level of data collection effort re-
quired for analyzing individual impacts. The level
of importance of an impact measure indicates its
degree of usefulness or even necessity in the analy-
sis procedure. Some measures are absolutely neces-
sary because they alone measure the attainment of a
particular objective. Others are not so important
because other more descriptive measures are avail-
able. The level of data collection effort required
in the assessment of an impact defines the potential
time and manpower involved in field measurement or
estimation. Even if an impact is considered impor-
tant, there may be situations in which the prohibi-
tive cost of obtaining the impact data will prevent
their use.

By addressing these two considerations, the set
of previously selected impact measures are reevalu-
ated and recombined to form a final set of represen-
tative measures. Only measures considered highly im-
portant and requiring minimal data-collection effort
are desirable for project evaluation. These consid-
erations are necessary because many transportation
agencies are often restricted by finances, manpower,
and time constraints.
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DEFINITIONS OF IMPACT MEASURES

The major impact measures for the evaluation of
highway projects generally include bhenefit/cost
ratin. analitv of highwav service. enerav conserva-
tion, and public safety, economic, environmental,
social, financial, and land use impacts. These mea-
sures are selected through the use of the three-
stage process discussed and reflect those considered
significant for use in typical urban areas.

The selection of highway improvement projects is
a process involving objective as well as subjective
factors in an effort to provide the community with a
plan having the qreatest overall net benefit. For
the trade-off analysis it is necessary to categorize
project impact measures as objective and subjective.

Objective Impact Measures

The objective impact measures include project costs
and benefits that are measurable in dollar terms.
The costs should be considered over the life span of
the entire project, whereas the benefits are those
measurable savings received directly by the user.
Typical user benefits are savings in travel time and
vehicle operating and maintenance costs. The reason
for considering only user's benefits as the objec-
tive impacts is that highway bprojects are usually
initiated for the purpose of improving travel ser-
vice.

Highway project costs typically consist of cap-
ital, maintenance, operating, and administrative
costs., The capital costs of a project include land
acquisition, engineering, construction, traffic con-
trol devices, grading and drainage, aesthetic treat-
ments, temporary measures for traffic rerouting, and
special requirements unique to the project. Costs
will vary with the type of facility required, the
scope of the project, and the specific characteris-~
tics of the local area through which the facility is
constructed. Maintenance costs include those associ-
ated with routine periodic upkeep and repairs to the
physical project facilities. Operating costs include
those that are necessary for the operation of the
system facility. Administrative costs are those as-
sociated with the management of the affairs con-
nected with the project.

In most highway benefit-cost analyses, the costs
and benefits are expressed on an annual basis.
Therefore, the benefit/cost ratio is the egquivalent
uniform annual benefits divided by the eguivalent
uniform annual costs. The method of benefit-cost
analysis is well documented in the 1literature and
has been widely used by highway engineers and plan-
ners.

Subjective Impact Measures

Many project impacts must be evaluated primarily in
a subjective manner and in terms of the overall com-
munity values and goals. Although some subjective
impacts can be gquantified, they cannot be expressed
directly in monetary terms. They are the general
class of indirect effects and consequences induced
by or resulting from a highway improvement project.
However, they cannot be called secondary conse-
quences because they are a primary result of the
project implementation.

Subjective impacts affect the whole community
where a highway project is being considered. The
following are typical subjective impacts used in
evaluating alternative highway projects:

Transportation Research Record 1026

1. Quality of highway service: impacts to the
highway user, such as travel comfort and conve-
nience, service to the disadvantaged, and respon-
siveness to transportation needs;

2 Enszgy-gonsorvation: tho offacts nf coneprv=
ing fuel resources as part of the community desire
to satisfy the local, regional, or national energy
goals and policies;

3. Economic impacts: direct impacts on the econ-
omy of the area affected by the project implementa-
tion, such as the number of business relocations,
the number of employment opportunities, the impact
on employee productivity, and changes to the tax
base;

4., Environmental impacts: effects on air qual-
ity, noise 1levels, aesthetics, and on environmen-
tally sensitive areas;

5. Social impacts: displacement of residences
and community facilities, changes in neighborhood
stability and cohesion, and impacts on recreational,
educational, and other facilities:

6. Financial impacts: impacts on budget and
equity of financial burden; and

7. Land use impacts: effects on land accessi-
bility, intensity of land use, and changes in land
use patterns.

A TECHNIQUE FOR IMPACT ASSESSMENT

In providing a quick-response technique, a rating
scheme is suggested to reflect the magnitude of var-
ious impacts resulting from alternative highway
projects under a given situation. A scale of -3, -2,
-1, 0, +1, +2, and +3 may be used to indicate the
estimated magnitude of alternative effects. The neg-
ative and positive values of the scale reflect the
unfavorable and favorable impacts, respectively. The
absolute values of 0, 1, 2, and 3 indicate the level
of impact produced, that is, negligible, small, me-
dium, and large. In this case, a linear utility
function is assumed to simplify the problem of im-
pact assessment because the actual impact patterns
are difficult and expensive to determine. The rating
relies on the ability of technical staff in estimat-
ing the potential effects produced by one project
compared with other projects under consideration.
The scaled value only represents the relative magni-
tude of impacts rather than their absolute value and
thus can readily be derived from professional judg-
ment and experience without extensive data collec-
tion and analysis effort. Therefore, a substantial
amount of time and manpower can be saved.

For practical purposes, it is necessary to define
the magnitudes of individual impacts to better guide
the highway agency in its evaluation effort and to
provide some degree of consistency in impact assess-
ment. The definitions of impacts broken down to the
subimpact level are derived and are given in Table
l. It should be pointed out that these definitions
are only guidelines and not a strict mandatory set
of measures. The reason for this is obvious; impacts
that are characteristically difficult to measure and
assess objectively are involved. However, the sug-
gested guidelines represent a framework to establish
some concrete appralsal of impact for highway proj-
ect evaluation.

The approach utilized in the rating scheme in-
volves considering three critical aspects of the
project impact: first, the scope of the impact, that
is, the percentage of community population affected
by the project; second, the level of the individual
subimpacts that constitute the entire impact class;
and third, the total number of significantly favor-
able and/or unfavorable subimpacts for a given im-
pact class.

inn
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Definition
Impact Subimpact Significantly Favorable Significantly Unfavorable
Objective: benefit/cost ratio None Not applicable Not applicable

Subjective
Quality of service Passenger comfort and
convenience

Reliability

Service to disadvantaged
Service to disadvantaged

Responsiveness to trans-
portation needs

Energy reduction area-
wide

Energy conservation

Community desire to
conserve energy

Public safety Accident behavior

Personal security

Economic Business relocation

Dollar sales

Employment

Employment produc-
tivity
Tourism revenue

Changes in tax base

Environmental Aesthetics

Vehicle emissions

Noise levels

Impacts on natural his-
toric and/or archaeo-
logical site

Social Residences displaced

Effect on neighborhood
stability and cohesion

Responsiveness to com-
munity needs (such as
impacts on religion,
health, education, rec-
reational, emergency,
and other services)

Impact on budget

Equity of financial
burden

Financial
Land Use Accessibility
Intensity of land use

Changes in land use pat-
tern

Outstanding level of comfort and conve-
nience offered

Project characteristics indicate a high poten-
tial for greater service dependability than
that for existing systems

Outstanding level of service provided

Major increase in number of disadvantaged
served (at least 5 percent)

High flexibility for meeting future require-
ments

Substantial reduction in energy consump-
tion (at least 5 percent reduction area-
wide)

Significant contribution toward attainment
of such goals

Any considerable decrease in accident fre-
quency, rate, and/or severity (50 percent
or more)

Any significant decrease in crime rate (50
percent or more)

Some business relocation into the area

More than 15 percent greater than the
last 3-yr average

Employment increase rate more than pop-
ulation growth rate or unemployment
rate decrease

Sale/cost ratio 10 percent greater than
last 3-yr average

More than 10 percent greater than last
3-yr average -

Significant increase in tax revenues

Results in enhancement of natural sur-
roundings

Any reduction in pollutant level

Any reduction in noise level

Project enhances site attractiveness

No residences displaced

Project provides significant help in rein-
forcing community
Project promotes use of these services

Minimal effect on budget allocation
Fair and balanced distribution of proj-
ect benefits and costs

Project provides high level of accessibil-
ity to desired land areas

Project promotes intensification of se-
lected land areas

Project actively encourages desired changes
in land use patterns

Comfort and convenience totally lacking

Project exhibits relatively poor service depend-
ability characteristics

No service to disadvantaged

Any decrease in number of disadvantaged due to
the project

Rigid project plan

Minimal reduction in energy consumption area-
wide

Counter to achievement of such goals

Any increase in accident frequency rate and/or
severity

Any increase in crime rate

Any number of business relocations out of the
area

Less than 5 percent smaller than the last 3-yr
average

Employment increase rate less than population
growth rate or unemployment rate increase

Less than 5 percent less than last 3-yr average
Less than 5 percent less than last 3-yr average

Any tax loss related to project

Project aesthetics considered detrimental to
community

Exceeding allowable vehicle emission standards

Exceeding allowable noise standards

Any detrimental effect on these sites

Greater than 10 percent of residences displaced
in proximity of project
Project is major disruptive force in community

Displacement of any service facilities or discour-
agement in use of these facilities

Causes an unbalanced budget allocation

Uneven distribution of benefits and costs result-
ing in an unfair burden for one sector of popu-
lation

Project minimizes or hampers accessibility to de-
sired land areas

Project obstructs intensification of selected land
areas

Project prevents desired changes in land use pat-
terns

Suggested standards for impact rating are pre-
sented in Table 2. An impact assigned a high (+3)
rating would (a) affect a large proportion of the
total given population, (b) encompass individual
subimpacts categorized as significantly favorable,
and (¢) include a preponderance of favorable subim-
pacts. On the opposite end of the spectrum, an im-
pact assigned a -3 rating would (a) affect a rela-
tively large percentage of the population, (b)
encompass some individual subimpacts of signifi-
cantly unfavorable magnitude, and (c¢) include a ma-
jority of unfavorable subimpacts. In the middle of
the spectrum, that is, a rating of 0, a very small
portion of the population would be affected, the
magnitude of the subimpacts would be generally in-
significant, and/or either most of the subimpacts
would be insignificant or there would be a balance

between significantly favorable and unfavorable sub-
impacts. These three concepts are shown in Figure 2.

The procedure suggested for use in the rating as-
signment is as follows:

1. For each impact class, by using Table 1, de-
termine whether each of its subimpacts falls in the
categories defined as either a significantly favor-
able or unfavorable subimpact. Total the number of
such significant subimpacts for the impact class.

2. Estimate the scope of the impact, that is,
the proportion of the population (given 2s a per-
centage) affected by the project impacts.

3. Given the number of significantly favorable
or unfavorable subimpacts and the scope of the im-
pact, use Table 2 to determine the corresponding im-
pact rating.
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TABLE 2 Impact Rating Levels
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Impact
Impact Rating Description of Rating Scope of Subimpact
Objective: benefit/cost ratio 43 Ratio value in high range of all projects con- A major portion of population (at least 25 percent)
sidered, ratio greater than 1
+2 Ratio value in middle range of all projects con- A moderate percentage of population (at least 15 per-
sidered, ratio greater than 1 cent)
+1 Ratio value in low range of all projects con- A minor portion of population (at least 5 percent)
sidered; ratio greater than 1
(] Ratio value equal to 1 Negligible portion of population {less than 5 percent)
-1 Nut applicable because pruject is nol geo- Nul uppllcable
-2 nomically feasible
-3
Subjective?
Energy conservation +3 All of the subimpacts are favorable A major portion of population (at least 25 percent)
Public safety +2 Same as above A moderate percentage of population (at least 15 per-
Financial (two subimpacts) cent)
#1 Most of subimpacts are favorable with none A minor portion of population (at least 5 percent)
unfavorable (at least 1 favorable, 0 unfavor-
able)
0 No significant subimpacts or a balanced num- Negligible proportion of population (less than 5 per-
ber of favorable and unfavorable subimpacts cent)
-1 Most of subimpacts are unfavorable (at least 1 A minor portion of population (at least 5 percent)
unfavorable, 0 favorable)
-2 All of subimpacts are unfavorable with none A moderate percentage of population (at least 15 per-
favorable (2 unfavorable, O favorable) cent)
-3 Same as above A major portlon of populatlon (at least 25 percent)
Ouslity sf'semico 42 Majority of subimpacts arc favorable with none A major portion of population {at least 25 peicent)
Economic (five subimpacts) unfavorable (at least 4 favorable, 0 unfavor-
able)
42 Many of subimpacts are favorable with none A moderate percentage of population (at least 15 per-
unfavorable (at least 2 favorable, 0 unfavor- cent)
able)
+1 Favorable subimpacts outnumber unfavorable A minor portion of population (at least 5 percent)
ones
0 No significant subimpacts or a balanced number Negligible portion of population (less than 5 percent)
of favorable and unfavorable subimpacts
-1 Unfavorable subimpacts outnumber favorable A minor portion of population (at least 5 percent)
ones
-2 Many of subimpacts are unfavorable with none A moderate percentage of population (at least 15 per-
favorable (at least 2 unfavorable, 0 favorable) cent)
-3 Majority of subimpacts are unfavorable with A major portion of population (at least 25 percent)
none favorable (at least 4 unfavorable, 0
favorable)
Environmental (four subimpacts) +3 Majority of the subimpacts are favorable with A major portion of population (at least 25 percent)
none unfavorable (at least 3 favorable, 0 un-
favorable)
+2 At least half of subimpacts are favorable with A moderate percentage of population (at least 15 per-
none unfavorable (at least 2 favorable, 0 un- cent)
favorable)
+1 Favorable subimpacts outnumber unfavorable A minor portion of population (at least 5 percent)
subimpacts
0 No significant subimpacts or a balanced num- Negligible proportion of population (less than 5 per-
ber of favorable and unfavorable subimpacts cent)
-1 Unfavorable subimpacts outnumber favorable A minor portion of population (at least 5 percent)
subimpacts
-2 At least half of subimpacts are unfavorable A moderate percentage of population (at least 15 per-
with none favorable (at least 2 unfavorable, cent)
0 favorable)
-3 Majority of subimpacts are unfavorable with A major portion of population (at least 25 percent)
none favorahle (at least 3 unfavorable, 0
favorable)
Social +3 All subimpacts are favorable with none un- A major portion of population (at least 25 percent)
Land use (three subimpacts) favorable (3 favorable, 0 unfavorable)
+2 Majority of subimpacts are favorable with A moderate percentage of population (at least 15 per-
none unfavorable (at least 2 favorable, 0 cent)
unfavorable)
+1 Favorable subimpacts outnumber unfavorable A minor portion of population (at least 5 percent)
subimpacts
0 No significant subimpacts or a balanced num- Negligible portion of population (less than 5 percent)
ber of favorable and unfavorable subimpacts
-1 Unfavorable subimpacts outnumber favorable A minor portion of population (at least 5 percent)
subimpacts
-2 Majority of subimpacts are unfavorable with A moderate percentage of population (at least 15 per-
none favorable (at least 2 unfavorable, 0 cent)
favorable)
-3 All subimpacts are unfavorable with none A major portion of population (at least 25 percent)

favorable (3 unfavorable, 0 favorable)

No. of significant subimpacts.
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FIGURE 2 Concepts of the rating scheme for subimpacts.

For the situation in which the impact rating cor-
responds to the scope of impact, the rating with the
lowest absolute value would be assigned to the im-
pact. For example, if the impact rating is +3 based
on the number of subimpacts and the rating is +1
based on the scope, an overall impact rating of +1
would be assigned. Conversely, if the two ratings
were -2 and -1, the assigned impact rating would be
that of the lowest absolute value, or -1. The reason
for this rule is that the minimum of rating ele-
ments, number of significant subimpacts, and scope
takes on the extent of the entire impact. For ex-
ample, if an impact is significantly unfavorable yet
affects only a very small percentage of the popula-
tion, it is logical that the rating is relatively
small (-1 or 0) because the scope of the negative
impact is so insignificant. Also, if an impact is
balanced in terms of favorable and unfavorable im-
pacts and affects a large segment of the population,
again the overall rating for the impact would be low
(zero). A neutral impact affecting a significant
number of people would still be considered neutral
in its overall effect.

If a given community elected to add a greater
number of subimpacts than those shown in Table 2,
Table 3 may be applied in which the number of sig-
nificant subimpacts is in terms of percentage of the
number of subimpacts rather than in absolute numbers.

71

TABLE 3 Generalized Impact Rating Levels

Impact

Rating No. of Significant Subimpacts Scope of Subimpact

+3 Majority of subimpacts are A major portion of population
favorable (80 percent of (e.g., at least 25 percent)
subimpacts)

+2 Many of subimpacts are A moderate percentage of popu-
favorable (70 percent of lation (at least 15 percent)
subimpacts)

+1 Some subimpacts are favor- A minor portion of population
able (60 percent of sub- (at least 5 percent)
impacts)

0 No significant subimpacts Negligible portion of popula-
or a balanced number of tion (less than 5 percent)
favorable and unfavorable
subimpacts

-1 Some subimpacts are un- A minor portion of population
favorable (60 percent sub- (at least 5 percent)
impacts)

-2 Many subimpacts are un- A moderate percentage of pop-
favorable (70 percent of ulation (at least 15 percent)
subimpacts)

-3 Majority of subimpacts are A major portion of population

unfavorable (80 percent (e.g., at least 25 percent)

of subimpacts)

Note: This table is to be used for six or more subimpacts per impact class.

A DECISION-MAKING MECHANISM

One of the main difficulties of highway project
planning is that planners cannot usually make simul-
taneous gains on all goals and objectives. Different
interests often compete directly with one another--
improvements on one objective often reguire reduc-
tions on others. In order to decide what constitutes
the best mix of benefits and losses to the various
goals and objectives, the trade-off analysis is
needed to arrive at a judgment of the overall worth
of alternative plans. Therefore, a systematic evalu-
ation procedure is necessary to help planners think
through and document these types of trade-offs.

After the magnitude of all project impacts, ob-
jective and subjective, has been rated based on the
standard rating scheme discussed previously, it is
then imperative to determine the relative importance
of these impacts in order to reach an overall deter-
mination of a project's worth. The weighing tech-
nigue employed to establish a priori preference has
been widely adopted in the public decision process.
The technique is a method of attaching weights to
the different impacts considered. It 1is expected
that the value judgment of a decision-making body
should accurately reflect the priority of citizens'
concerns., A simple yet satisfactory approach for
preliminary ranking of alternative projects is to
calculate for each the sum of the values correspond-
ing to ratings multiplied by the weights for the re-
spective impacts. All projects can then be ranked in
accordance with their total scores, with higher num-
bers indicating more attractive alternatives (1,2).

In order to aid highway agencies in ranking al-
ternative improvement projects, a further step is
necessary to have an effective and practical mecha-
nism for their decision making. The scoring tech-
nique for project evaluation and decision making has
been the subject of numerous past studies. For ex-
ample, Thomas and Schofer (3) suggested a cost-
effectiveness approach where the effectiveness is
some measure of objective attainment. Hill (4) pro-
posed a goal-achievement analysis where the alterna-
tive plans are examined in terms of the entire set
of objectives. Goals are defined operationally and
goal achievement is measured in units that are rel-
evant to the particular objectives. The relative
effectiveness of alternative plans in advancing the
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set of desired objectives is determined by applying
a weighting system to the objectives and to the sub-
groups, sectors, locations, and activities affected.
Schimpeler and Grecco (5) devised an effectiveness
matrix 1n wnicn the evaluatlon OI alternatlve Sys-—
tems is based on a comprehensive, weighted hierarchy
of community development criteria. The basic deci-
sion model relates to the evaluation of alternative
design concepts by a single group of professional
planners on the basis of a single set of weighted
community decision criteria. Schlager (6) developed
a rank-based expected value method of plan evalua-
tion. Yu and Pang (7;8) bhave recently developed a
cumputer-based coust-effectlveness wodel capable of
incorporating both tangible and intangible impacts
into a single mathematical function to produce the
composite measure of effectiveness value for prior-
ity ranking of plans.

CONCLUSIONS

This study has suggested a procedural framework that
identifies a general set of impact measures for the
evaluation of highway improvement projects. Further,
a simplified approach was developed to make "quick
and dirty" impact assessment of project alterna-
tives. Highway project evaluation is a challenging
task because various projects have many impact com-

ponents and the pro
acceptance of major impacts all bear on project
ranking and decisions. The complexity of the problem
stems not only from its magnitude but from the di-
versity of its parts. Detailed impact studies often
require high cost and manpower and are time consum-
ing as well. The suggested technique for impact as-
sessment entails only the relative extent of poten-
tial impacts of highway improvement alternatives
instead of the absolute impact wvalue. Therefore,
this technique can efficiently assist the vlanner in
highway sketch planning to determine whether further
planning and development efforts are worthwhile for
any given project.
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