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Safety Aspects of Individual Design
Elements and Their Interactions on
Two-Lane Highways: International

Perspective

ELiAs M. CHOUEIRI, RUEDIGER LAMM, JUERGEN H. KLOECKNER, AND

THEODOR MAILAENDER

The results of an extensive literature review of the safety perform-
ances of low- and intermediate-traffic-volume, two-lane rural high-
ways are presented. The effects on traffic safety, as measured by ac-
cident rates, of pavement width, radius of curve/degree of curve,
gradient, sight distance, traffic volume, and design speed on curved
sections of two-lane rural highways are covered. The following are
some of the main findings. There is a distinct tendency for accidents
to decrease with increasing pavement width up to about 7.5 m (25 ft).
There exists a negative relationship between radius of curve and ac-
cident rate. The sharper the radius of curve, the higher the number of
run-off-the-road accidents. Curves that dictate a significant change in
operating speeds and that cause nonhomogeneity in road character-
istics are especially dangerous. The most successful parameter in ex-
plaining the variability in accident rates was degree of curve (United
States) or curvature change rate (Europe). Gradients of up to about 6
percent have a relatively small effect on the accident rate. A sharp
increase in the accident rate was noted on grades of more than 6
percent. There exists a negative relationship between available sight
distance and accident risk. However, other influencing parameters,
such as wide pavements and gentle radii of curve, might also play a
part in the observed positive effect of sufficient sight distances on the
accident situation. For narrow road sections, an increase in sight dis-
tance could favorably affect traffic safety. A negative relationship be-
tween traffic volume and road traffic accidents was established. Run-
off-the-road accidents were found to decrease with increasing average
annual daily traffic up to 10,000 vehicles per day. Recent investiga-
tions reported a U-shaped distribution between accident rate and traf-
fic volume. An accident rate of 2.0 accidents per 10° vehicle km (3.2
accidents per 10° vehicle mi) was proposed as a breakpoint between
levels of safety and unsafety. This breakpoint was derived from re-
lationships between single design parameters and accident rate as well
as from the superimposition of the design parameters. Limiting values
for a number of design parameters are also proposed. If these limiting
values were exceeded, the proposed breakpoint, in relation to the ac-
cident rate, would be exceeded.

““Two-lane rural highway safety is an issue of pressing national
concern. It has been identified as the highest priority research néed
by the Transportation Research Board’s Committee on Geometric
Design (A2A02)"* (1).
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The approximately 5.0 million km (3.1 million mi) of two-lane
rural highways in the United States represents 97 percent of rural
mileage and 80 percent of all U.S. highway miles. Two-lane rural
highway travel constitutes an estimated 66 percent of rural high-
way travel and 30 percent of all U.S. highway travel. Two-lane
rural highways have (2)

® Higher accident rates than all other kinds of rural highways
except four-lane undivided roads.

® Higher percentages of head-on collisions than any other kind
of rural highways and also higher percentages of single-vehicle
accidents.

The probability of an accident on two-lane rural highways is high-
est at horizontal curves, intersections, and bridges (2).

Many factors may exhibit a measurable influence on driving
behavior and traffic safety on two-lane rural highways. These in-
clude, but are not limited to,

1. Human factors, such as improper judgment of the road ahead
and traffic, speeding, driving under the influence of alcohol or
drugs, driving inexperience (young people), handicaps (especially
for the older segment of the driving population), and sex (3,4).

2. Physical features of the site, such as horizontal and vertical
alignments, and cross section combined with the degree of road-
side development and access control.

3. Presence and action of traffic, such as traffic volume, traffic
mix, and seasonal and daily variations.

4. Legal issues, such as overall mandatory federal and state
laws, type of traffic control devices at the sites, and degree of
enforcement.

5. Environmental factors, such as weather and pavement
conditions.

6. Vehicle deficiencies, such as tires, brakes, and vehicle age.

All of the above therefore constitute a complex mix of various
causes of traffic accidents, of which the road itself represents only
one factor, but a very important one.

To show to what extent safety in traffic is influenced by the

" road itself, the first step would be to select those elements that

may well characterize the latter. These include, most important,
the design parameters, the cross section, and traffic volume, since
they can easily be evaluated in terms of size and number. How-
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ever, these parameters affect the accident situation collectively

rather than independently. Therefore, if conclusions were to be

made about the design and traffic conditions of the road with
regard to traffic safety, it is necessary to consider these interde-
pendencies. Investigations into the relationship between one or a
combination of design and traffic volume parameters and the ac-
cident situation may give valuable results, as long as it is under-
stood that these parameters are among a variety of influencing
factors that are related.

Numerous quantitative and qualitative analyses, appraisals, and
discussions of traffic safety have appeared in the literature of high-
way and traffic engineering to provide a better understanding of
accident risk characteristics. In the planning, design, and operation
of a highway transportation system, knowledge of such charac-
teristics is imperative if sound engineering decisions are to be
made (5-8).

In this paper an extensive international literature review, cou-
pled with the results of research studies by the authors, was con-
ducted to provide current information on the safety performance
of two-lane rural highways. The study covered the effects on traf-
fic safety, as measured by accident rates, of pavement width, ra-
dius of curve/degree of curve, gradient, sight distance, traffic vol-
ume, and design speed on two-lane rural highways. These
geometric design parameters were chosen for analysis because

1. It was anticipated that they would exhibit a measurable
influence,

2. They can easily be measured, and

3. Accident research studies found statistically measurable im-
pacts of these parameters on traffic safety.

It should be noted that this review may not be totally compre-
hensive and complete. For instance, the authors would have liked
to learn more about the sample sizes and statistical techniques
used in the various research studies to give some valuable com-
ments on the papers investigated or to evaluate the worth of the
reviewed studies. Unfortunately this information was not available
or was incomplete in many publications. It appears that until the
1970s there was a tendency to report only the results of research
studies without sufficiently describing the data bases or the anal-
ysis techniques used. Today, a research paper that does not give
information on exact sample sizes and the analysis techniques
used is not likely to be accepted by the research community. For
these reasons, the reader should understand that the aim of the
paper is, to a certain extent, informative rather than critical.

BACKGROUND

By and large, most geometric design guidelines are based on driv-
ing dynamic considerations. For example, some European guide-
lines (9-12) regard design speed as a driving dynamic safety pa-
rameter and attempt to tune design speed with actual operating
speed as an indirect safety criterion to provide safe and gentle
curvilinear alignments.

Geometric design guidelines have long been the subject of dis-
pute. Some argue that the guidelines do not present a clear mea-
sure for evaluating the safety level of roadways. For instance, in
their discussion of the German design guidelines, Feuchtinger and
Christoffers (13) stated, ‘““When a road goes into operation, the
accident experience afterwards is the only indicator of the safety
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performance of the road. During the planning stage, there is no
way to tell what level there is for traffic safety.”” Similarly, Bitzl
(14) stated, “‘Unlike other engineering fields, in road design it is
almost impossible to determine the safety level of a road. In other
words, the guidelines provide no basic values to describe the
safety level of a road, in relation to design parameters and traffic
conditions; whereas in other engineering fields, such as structural,
there exist safety values for constructing, for example, bridges or
buildings.”” Similar statements about safety levels in highway
geometric design guldehnes were made by Auberlen (I5) and
Krebs (16).

In a discussion of the German design guidelines (9), Krebs and
Kloeckner (8) said,

® If the guidelines guarantee the safety of a road, then ‘‘no’”” or
‘‘only few’’ accidents should occur on that road. When accidents
happen, drivers are always the ones who take the blame for the
mishap.

® Accidents are not uniformly distributed on the road network.
High accident locations are clear indication that, besides driver’s er-
ror, there exist other influencing parameters which are characterized
by the road itself. (8)

Along the same line, Mackenrot stated the following in a previous
publication (17):

® No one is in a position to state whether a driver’s discipline was
in order before a high accident location, but then failed at that lo-
cation. When a driver fails at a high accident location, it is often said
that it was his way of driving which caused the accident.

® When a driver fails a number of times at certain locations, then
it becomes obvious that the problem lies, not with the driver, but
mainly with the geometry of the road itself. (17)

The above statements indicate that no one is in a position to
state whether a road section of considerable length is safe or not,
nor can anyone guarantee that a road section will provide a min-
imum level of safety or a maximum level of endangerment, that
is, unsafety.

INFLUENCE OF SINGLE DESIGN PARAMETERS
Pavement Width

Figure 1(a) depicts the relationship between accident rate and
pavement width as derived from the results of several research
studies.

Research studies have generally shown that adequate pavement
widths are necessary for safe driving operation. The necessary
widths are generally the result of the dimension of design vehicles
and lateral clearances for transportation and safety maneuvers. If
these widths are not sufficiently designed, impairment of traffic
safety can originate. Therefore, it can be expected that there exists
a certain correlation between pavement width and traffic safety.

Baldwin (18) investigated accidents on rural two-lane highways
in the United States. He indicated that the accident rate decreases
as pavement width increases. On the basis of his study, it appears
that

1. Pavement widths of less than 5.5 m (18 ft) create unfavorable
conditions for traffic safety.

2. The gain in safety is relatively small for pavement widths
greater than 7 m (23 ft).
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FIGURE 1 Examples illustrating the relationship between
accident rate [number of accidents per 10° vehicle kilometers
(Acc./MVkm)] and (a) pavement width and (b) radius of curve.

Cope (19) studied the effect of lane widening on accident rates
on two-lane roadways in Illinois. He investigated 22 sections with
an overall length of about 395 km (246 mi) whose pavements
were widened from 5.5 m (18 ft) to 6.7 m (22 ft). The results of
investigations done before and after the widening showed that the
increase in pavement width reduced the accident rate from 1.4 to
0.9 accidents per 10° vehicle km (2.3 to 1.4 accidents per 10°
vehicle mi). He also reported that the largest decrease in accident
rate was on sections that had a high accident rate in the investi-
gation done before the widening.

Bitzl (20) found a marked negative relationship between acci-
dent rate and pavement width in the Federal Republic of Germany
(FRG). In several of his later investigations, Bitzl confirmed this
result. For instance, in 1967 he stated the following: ‘‘Such a
relationship is understandable since,. if wider lane widths were
available, overtaking or passing maneuvers could be accomplished
with greater ease and smaller degree of danger’” (21).

An investigation done by Winch (22) in Canada indicated that
an increase in lane width leads to a decrease in accident frequency
on two-lane rural roads. Similar conclusions were reported by
Balogh (23) for Hungarian roads.

A comprehensive evaluation of international results by Silyanov
in the former USSR (24) revealed that the accident rate decreases
as pavement width increases for pavement widths of between 4
m (13 ft) and 9 m (30 ft). On wide pavements, he indicated that
the accident rate decreases at a much slower pace than on nar-
TOWEr pavements.
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- A study cited by Pignataro (25) showed that the total accident
rate per 10° vehicle mile decreased from 5.5 to 2.4 as the pave-
ment width increased from 5 m (16 ft) to 7.5 m (25 ft). Another
study, also cited by Pignataro (25), covering about 385 km (240
mi) of highways that had been widened from 5.5 m (18 ft) to 6.7
m (22 ft), indicated that the accident rate reduction ranged from
21.5 percent for low-volume roads to 46.6 percent for high-
volume roads.

Kunze (26) studied the relationship between accident rate and
pavement width classes in the FRG. He established a clear ten-
dency for the accident rate to decrease with increasing pavement
width classes for all accidents: run-off-the-road accidents, acci-
dents at intersections, and head-on and rear-end accidents. Krebs
and Kloeckner (8) established a negative linear relationship be-
tween pavement width and accident risk on two-lane rural high-
ways. Zegeer et al. (27) reported that the accident rate in the
United States decreases as pavement width increases up to about
7.25 m (24 ft). '

A study by McCarthy et al. (28) on the effects of widening of
lanes at 17 sites, in which the lanes were widened from 2.7 and
3.0 m (9 and 10 ft) to 3.4 and 3.7 m (11 and 12 ft), showed that
a lane width increase reduced the injury-fatality accident rate sig-
nificantly (22 percent) and caused a decrease in the total accident
rate. '

In addition to pavement width, Cirillo and Council (29) re-
ported the following about shoulder width in the United States:
‘“Most studies agree that shoulders up to 1.8 m (6 ft) wide on
facilities with greater than 1000 ADT provide a safety benefit.
The effect beyond 1.8 m (6 ft) is not clear.”’

Choueiri (5) and Lamm and Choueiri (6,7), who studied the
joint impact of several parameters—degree of curve, length of
curve, superelevation rate, gradient up to S percent, sight distance,
lane width, shoulder width, and average annual daily traffic
(AADT)—on accident rates on 261 two-lane curved sections in
New York State, established a marginal negative relationship be-
tween pavement width and accident rate. The pavement widths
considered in their study were 6.1 m (20 ft), 6.7 m (22 ft), and
7.3 m (24 ft). Shoulder width did not have a significant effect on
the accident rate.

Statistical analyses by Zegeer et al. (30) of accident relation-
ships based on an analysis of 10,900 horizontal curves on two-
lane rural highways in Washington State with corresponding ac-
cident (12,123 accidents), geometric, traffic, and roadway data
variables determined a 21 percent accident rate reduction for 1.2
m (4 ft) of lane widening.

The research studies reported above have generally shown that
accident rates decrease with an increase in pavement width of up
to about 7.5 m (25 ft) on two-lane rural roads. This increase in
traffic safety was evident for all classes of radii of curves, gradi-
ents, and traffic volumes.

An extensive before-and-after investigation (31) covering 3
years of accident experience (1,428 accidents) on 28 sections with
a section length of about 90 km (55 mi) redesigned according to
the German design guidelines (9) established the results given in
Figure 2 between the accident rate-accident cost rate and the pave-
ment width. The regression curves in Figure 2 are based on the
vehicle mileage calculated for every pavement width class. The
relationship between accident rate and pavement width is in agree-
ment with prior research; that is, the risk of being involved in an
accident decreases as pavement width increases.
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FIGURE 2 Accident rate (AR, in number of accidents per 10°
vehicle kilometers) and accident cost rate (ACR, in
Deutschmarks per 10? vehicle kilometers, where 1 DM = $0.60,
in 1994) versus pavement width.

Contrary to the opinions of many experts, Figure 2 shows that
the accident cost rate, an indicator of accident severity, increases
as pavement width increases, even though the investigated road
sections were designed according to the German design guide-
lines. This result may be because wide pavements are usually
assigned high design speed levels. With high design speeds, op-
erating speeds are usually high. Consequently, as operating speeds
increase, the severity of an accident, as measured by the accident
cost rate, increases too.

Radius of Curve and Degree of Curve

Figure 1(b) shows the relationship between accident rate and the
radius of the curve as derived from the results of several research
studies.

The safe and efficient movement of traffic is greatly influenced
by the geometric features of the highway. A review of accident
spot maps normally shows that accidents tend to cluster on curves,
particularly on very sharp curves. Even though the design engineer
possesses detailed information—derived from driving dynamic
formulas and standard values—on driving through a curve, ac-
cident frequency and severity often do not appear to coincide with
the actual driving behavior. Recently, there have been attempts
during the design stages to consider the expected operating speeds
on curves. This is suggested by a number of researchers—such
as Lamm (32), Leisch and Leisch (33), Koeppel and Bock (34),
and Hayward et al. (35)—and is required in the German design
guidelines (9) and the Swiss design standard (11).

The horizontal alignment of the road may not be characterized
by radius of curve only. The same radius of curve in a sequence
of similarly tuned radii of curve can have effects on the accident
situation other than those in a nontuned sequence of different radii
of curve, as is usually the case on most old alignments.
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The general opinion today is that the accident risk decreases as
the radius of the curve increases or as the degree of the curve
decreases. However, different opinions exist regarding the extent
of this influence on the accident situation. An investigation by
Baldwin (I8) of U.S. roads with traffic volumes of less than 5,000
vehicles per day indicated that the accident rate decreases as the
radius of curve increases. Pfundt (36) studied accidents on low-
and high-volume roads in the FRG. He indicated that sharp, low-
volume roads had high accident frequencies. He also indicated
that drivers tended to drive faster on low-volume roads than on
high-volume roads. Baldwin (18) concluded that the accident rate
decreases as curve frequency [radius of less than 600 m (1,970
ft)] increases. On the basis of his investigation, a single curve
with a small radius should be regarded as more unfavorable than
the same curve within a section with a sequence of curves with
similar radii. )

An investigation of injury accidents by Coburn (37) in the
United Kingdom indicated that the accident rate was especially
high on curves with radii of less than 175 m (580 ft). For curves
with larger radii, he indicated that the increase in traffic safety
was relatively small. In a later publication, Coburn (38) stated that
the accident rate on sharp curves was higher than that on gentle
curves.

Balogh (23) in Hungary, Raff (39) in the United States, Bitzl
(40) in the FRG, and Vasilev (41) and Babkov (42) in the former
USSR also indicated that the accident rate decreases as the radius
of the curve increases.

Knoflacher (43) indicated that in the FRG, for radii of up to
800 m (2,625 ft), the percentage of skidding accidents on wet
pavements was higher than that on dry pavements; for radii of
less than 250 m (820 ft), he found the difference to be statistically
significant.

Wilson (44) reported that the accident rate on curves with radii
of less than 170 m (560 ft) was about five times that on curves
with radii of greater than 910 m (2,990 ft). He pointed out the
danger that a single curve after a long tangent poses. The dangers
that single isolated curves pose was also mentioned by Babkov
(45) in the former USSR. Because of speed differences before and
within the curve, Babkov (45) spoke of

® “‘Safe curves,”” when the change in speeds was less than 20
percent; :

® “‘Relatively safe curves,
between 20 and 40 percent;

® ‘‘Dangerous curves,”” when the change in speeds was be-
tween 40 and 60 percent; and

® ““Very dangerous curves,”” when the change in speeds was
greater than 60 percent.
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when the change in speeds was

Pfundt (36) indicated that nearly two-thirds of run-off-the-road
accidents in the FRG occur in curves or near curved sites. For
road sections with different road characteristics, he indicated that
the risk of undergoing run-off-the-road accidents increases with
the increasing complexity of the alignment. He also indicated that
road sections with few curves are more dangerous than sections
with many curves. '
From the accident data bases of a number of countries, Silyanov
(24) in the former USSR established a distinct tendency for the
accident rate to decrease with an increasing radius of curve. In a
study of accidents in Great Britain, O’Flaherty (46) also concluded
that the accident rate decreases as the radius of curve increases.
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Krebs and Kloeckner (8) in the FRG determined the following:

1. Accident risk decreases with an increasing radius of curve.

2. Road sections with radii of less than 200 m (660 ft) have
accident rates that are twice as high as those on sections with radii
of greater than 400 m (1,300 ft).

3. A radius of 400 m provides a cross-point in safety.

4. For radii greater than 400 m, the gain in safety is relatively
small.

5. For road sections with radii of between 500 m (1,600 ft) and
800 m (2,600 ft), a slight increase in accident risk is sometimes
shown.

Lamm (32) explained Item S in the following manner:

Large radii are often associated with low design speeds, such as 80
km/h (50 mph), for which corresponding superelevation rates are be-
tween 2 and 3 percent. However, actual 85th percentile speeds on
these curves require superelevation rates of at least 5.5 percent. Such
a discrepancy between design speed and actual operating speed could
influence the accident situation unfavorably. (32)

Rumar (47) analyzed 14,000 accidents on 9000 km (5,595 mi)
of two-lane roads in Sweden. His results showed a reduction in
accident rates with increasing radii of horizontal curves.

Statistical analyses by Zegeer et al. (30) revealed

1. Significantly higher numbers of accidents on sharper curves,
and

2. Accident reductions of up to 80 percent depending on the
central angle and the amount of curve flattening.

The research studies reported above have generally shown that
there exists a negative relationship between the radius of curve
and the accident rate. A considerable increase in accident risk
exists in particular on curves with sharp radii, where run-off-the-
road accidents most frequently occur, especially after long tan-
gents. In addition to the size of the radius of curve, the road
characteristics play an important role. Curves that dictate a sig-
nificant change in operating speeds and cause inconsistencies in
road characteristics are especially dangerous (1,48,49). Further-
more, the pavement width influences to a certain extent the mag-
nitude of the accident rate. Curves that are combined with wide
pavements do not affect the accident risk as unfavorably as those
curves that are combined with narrow pavements.

Research by the authors (1,5-7,48,49) demonstrated the
following:

1. The most successful parameter in explaining the variability
in accident rates was degree of curve.
2. For all lanes combined,
a. Gentle curvilinear horizontal alignments consisting of tan-
gents or transition curves combined with curves of up to
5 degrees showed the lowest average accident risk;
b. Accident risk on sections with a change in curve of be-
tween 5 and 10 degrees was at least twice as high as that
on sections with a change in curve of between 1 and S
degrees; ‘
c. Accident risk on sections with a change in curve of
between 10 and 15 degrees was about four times that
on sections with a change in curve of between 1 and 5
degrees;
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d. For changes in curve of greater than 15 degrees, the av-
erage accident rate was even higher.

3. For individual lane widths, the differences in accident rates
between lanes of 3.7 m (12 ft) and 3.4 m (11 ft) were more or
less more pronounced than those between lanes of 3.4 m (11 ft)
and 3.1 m (10 ft).

Typical relationships between degree of curve and accident
rates are shown in Figure 3 for the United States and Germany
(western) (49).

Gradient

The operating speed of a vehicle is influenced by the character-
istics of the vertical alignment. Trucks and buses suffer the most
on grades, especially on upgrades, where a speed reduction may
become significant [Rotach (50)]. On downgrades, trucks and
buses are often driven at crawl speeds to maintain control for the
effect of providing longer braking distances. On longer downgrade

‘'sections, with high longitudinal grades, brakes may not adequately

slow down a heavy vehicle traveling at high speed and bring it
to a stop. For passenger cars, longitudinal grades also lead to a
variation in operating speeds, but not in a manner that is as pro-
nounced as that for trucks. It may be concluded that, with increas-
ing longitudinal grades, an increase in the nonhomogeneity of
traffic flow could increase the risk of an accident.

A number of studies concerning the relationship between ver-
tical alignment and accident risk have been done.
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An investigation by Bitzl, which is cited by Pucher (51), for
German two-lane rural roads established a positive relationship
between gradient and accident rate. In other words, the accident
rate increases as the gradient increases. In another study related
to German expressways, Bitzl (52) found a marked relationship
between grade and accident rate. He indicated that steep grades
of 6 to 8 percent produce over four times the number of accidents
as gradients of less than 2 percent.

Vasilev (41) determined in the former USSR that accident rates
were especially high on steep grades. In a study that evaluated
data bases from Germany, Great Britain, and the former USSR,
Silyanov, (24) indicated that the accident rate increased as the
gradient increased. Similar results were reported by Babkov (42)
in the former USSR.

Studies cited by Pignataro (25) did show that steeper grades
increase the accident rates and skidding accidents on two-lane
rural curved sections.

Krebs and Kloeckner (8) analyzed accident data for two-lane
rural roads in the FRG. They indicated that the accident rate
showed a slight increase up to grades of about 6 percent. For
grades of more than 6 percent, a sharp increase in the accident
rates was noted. Studies by the authors (5—7) indicated that grades
of up to 5 percent did not have any particular effect on the acci-
dent rate.

For two-lane rural highways, the research studies reported
above have generally shown that

1. Grades of less than 6 percent have relatively little effect on
the accident rate.

2. A sharp increase in accident rate was noted on grades of
greater than 6 percent.

Figure 4 illustrates the relationship between the accident rate and
accident cost rate and the gradient (31) for new designs and re-
designs made according to the German design guidelines (9}
From Figure 4 it can be seen that
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FIGURE 4 Accident rate and accident cost rate versus grade.
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1. Longitudinal grades of between 0 and %2 percent show the
most favorable results. With increasing upgrades, the accident rate
gradually increases, whereas with increasing downgrades, the risk
of being involved in an accident increases exponentially.

2. Between upgrades of +7 percent and downgrades of —7
percent, the accident cost rate gradually increases; this is under-
standable, since operating speeds are highest on steep downgrades.

Sight Distance

Sight distance, which is dependent on both horizontal and vertical
alignments, is of great importance to traffic safety. Hiersche (53),
in the FRG, pointed out that sight distance is the most important
criterion in the design of highway alignments. Krebs and Kloeck-
ner (8) did not fully agree with that statement, but said that in-
sufficient sight distances are the cause of many accidents. Meyer
et al. (54) stated that about one-quarter of all rural accidents orig-
inate from overtaking maneuvers for which passing sight distances
were not sufficient. Similar results were reported by Netzer (55)
in the FRG, who determined that passing maneuvers accounted
for about 21 percent of all traffic accidents.

An analysis of accidents on U.S. roads by Young (56) showed
that the accident rate correlated negatively with sight distance. For
a sight distance of less than 240 m (790 ft), the accident rate was
twice as high as that for a sight distance of more than 750 m
(2,450 ft).

In a German investigation, Bitzl and Stenzel (57) reported that
the frequency of accidents related to improper passing maneuvers
sharply increased for sight distances of less than 400 to 600 m
(about 1,300 to 2,000 ft).

Sparks (58) established a negative relationship between stop-
ping sight distance and accident rate in the United States. Similar
results were reported by Silyanov (24) in the former USSR and
Kunze (26) in the FRG.

Another study of accidents on two-lane rural roads in Germany
by Krebs and Kloeckner (8) determined the following:

1. As sight distance increases, the accident risk decreases.

2. High accident rates were associated with sight distances of
less than 100 m (330 ft).

3. With sight distances of between 100 m (330 ft) and 200 m
(660 ft), accident rates were about 25 percent lower than those
associated with sight distances of less than 100 m (330 ft).

4. For sight distances of more than 200 m (660 ft), no major
improvements in accident rates were noted.

Studies by the authors (5—7) determined that sight distances of
more than 150 m (490 ft) did not have any particular effect on
accident rates.

A study of accidents on two-lane rural roads in Texas by Ur-
banik et al. (59) indicated that limited sight distances, especially
on crest vertical curves, could cause a marked increase in accident
rates. An example would be a sharp horizontal curve hidden by a
crest vertical curve.

The research studies reported above have established a negative
relationship between available sight distance and accident risk.
However, it can be hypothesized that other influencing parameters,
such as wide pavements and gentle radii of curve, might also play
a part in the observed positive effect of greater sight distances on
the accident situation. For narrow road sections, an increase in
sight distances could favorably affect traffic safety.
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Traffic Volume

When analyzing the relationship between AADT and accident
rate, one must keep in mind that road sections with high traffic
volumes normally have good designs (i.e., wide pavements, gentle
curvilinear alignments, low gradients, etc.). This fact alone plays
an important role in the investigation of the relationship between
traffic volume and the accident situation.

Goldberg (60) investigated accidents on rural two-lane high-
ways in France. For traffic volumes of up to 20,000 vehicles per
day, he established a U-shaped distribution between accident rate
and traffic volume.

Paisley, in a report by Wilson (44, p. 36), studied the effect of
traffic volume on accident severity in Great Britain. For fatal ac-
cidents, he indicated that accident rate decreased as traffic volume
increased. However for accidents with injuries that the accident
rate increases as the traffic volume increases. Paisley’s study was
based on traffic volumes of up to 10,000 vehicles per day.

Roosmark and Fraeki (61) analyzed accident types on roads in
Sweden with traffic volumes of up to 11,000 vehicles per day.
They established the following results:

1. For single-vehicle accidents, the accident rate decreased as
the traffic volume increased.

2. For multiple-vehicle accidents, the accident rate increased as
the traffic volume increased.

An investigation of accidents on two-lane rural roads in Austria
by Knoflacher (62) established a U-shaped distribution between
accident rate and traffic volume. Accident rate was at a minimum
for traffic volumes of between 6,000 and 6,500 vehicles per day.
(For traffic volumes of less than 6,000 to 6,500 vehicles per day,
single-vehicle accidents dominated. For traffic volumes of more
than 6,000 to 6,500 vehicles per day, multiple-vehicle accidents
prevailed).

For traffic volumes of up to 10,000 vehicles per day, Lamm
and Kloeckner (63) in the FRG reported that the accident rate
decreased as the traffic volume increased. They indicated that the
level of design correlated highly with traffic volume, a result that
could explain the favorable trends in accident rates on high-
volume roads. Krebs and Kloeckner (8) found .a negative linear
relationship between accident rate and traffic volume of up to
16,000 vehicles per day in the FRG. Research studies by the au-
thors (5—7) established a nonsignificant negative relationship be-
tween accident rate and traffic volume of up to 5,000 vehicles per
day.

In conclusion, although some of the research studies reported
above have shown that the accident rate decreases as the traffic
volume increases, other investigations established a U-shaped dis-
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tribution between accident rate and traffic volume. The U-shaped
distribution was shown to be valid for multilane highways by
Pfundt (36), Gwynn (64), and Leutzbach et al. (65). Leutzbach et
al. (66) said that the U-shaped distribution between accident rate
and traffic volume was also valid for two-lane rural highways.

Design Speed

In addition to the effect of pavement width, radius of curve/degree
of curve, gradient, sight distance, and AADT on accident rate,
Hiersche et al. (31) studied the effect of design speed on accident
rate and accident cost rate. Table 1 gives an overview of their
results for new alignments designed according to the German de-
sign guidelines (9). An examination reveals that the accident rate
decreases as design speed increases from 60 to 80 km/hr (35 to
50 mph). For design speeds of greater than 80 km/hr (50 mph),
the accident rate did not experience an improvement. The accident
cost rate, on the other hand, increased as the design speed
increased.

These findings are interesting, but further research, including
large data bases, is clearly needed on this subject.

SUPERIMPOSITION OF DESIGN PARAMETERS
AND DETERMINATION OF BREAKPOINT
IN SAFETY

A number of researchers have used regression analysis to obtain
quantitative estimates of the effects produced by design and traffic
volume parameters on accident rates (40, 67—74). However, their
findings did not provide any practical applications and did not
yield any clue to the level of design parameters, such as degree
of curve, above which improvements in traffic safety become par-
ticularly important.

Research by the authors (5—7), which analyzed the joint effects
of several parameters—degree of curve, length of curve, super-
elevation rate, gradient of up to 5 percent, sight distance, lane
width, shoulder width, and AADT—on operating speeds and ac-
cident rates, determined that the degree of curve explained most
of the variation in the expected operating speeds and accident rates
on curved sections of two-lane rural highways. On the basis of
previous research (5—7), recommendations for good, fair, and
poor designs were developed. Readers who are interested in de-
tailed discussions of these recommendations should consult sev-
eral previously published reports (49, 75-79).

Studies conducted at the Institute of Highway and Railroad
Engineering at the University of Karlsruhe, Karlsruhe, FRG
(8,17,32), yielded the results shown in Figures 5 to 8. The data

TABLE 1 Effect of Design Speed oh Accident Rate and Accident Cost Rate

Vehicle Accident Accident
Mileage Vehicle Rate Cost Rate
Design (Absolute) Mileage (no. of accidents/10° (DM/10?
Speed (km/hr) (10° vehicle km) (%) vehicle km) vehicle km)
60 52.3 14.6 212 3.62
70 18.0 52 1.78 3.85
80 234.5 65.7 115 4.21

100 520 145 111 521
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base covered 4 years of accident experience (14,200 accidents) on
1162 km (722 mi) of two-lane roadways in western FRG. Figures
5 and 6 show that there is a definite correlation between accident
rate and curvature change rate, radius of curve, lane width, gra-
dient, and sight distance. However, the results in Figures 5 and 6
do not yield a clue to the level of design parameters above which
improvements in traffic safety become particularly important. In
other words, the results do not present a minimum level of safety
or a maximum level of unsafety (17). [Curvature change rate is
the absolute sum of the angular changes per section length of
roadway with similar road characteristics. It has been used in the
German design guidelines since 1973 (9).] For single curves, the
curvature change rate formula reduces to just the degree of curve
formula (77-79) (Table 2).

A number of studies conducted in Europe and the United States
(32,34,49,77,80) have shown that curvature change rate correlates
highly with operating speeds and accident rates. As shown in Fig-
ure 7, an increase in curvature change rate leads to a decrease in
operating speeds. Furthermore, for new designs—designed ac-
cording to the German design guidelines (9)—Lamm (I7) indi-
cated that curvature change rates greater than or equal to 250 gon/
km (350 degrees/mi) produced relatively high accident rates. It
should be noted that for new designs and redesigns in Germany,
curvature change rates of greater than 250 gon/km (350 degrees/
mi) are used in very few cases (Figure 7).

Lamm (I7) concluded, ‘‘If curvature change rate of 350 degrees
per mile is the highest acceptable level of curvature in modemn
geometric design guidelines, then the accident rate corresponding
to this curvature change rate should be regarded as the break-point
between levels of safety and un-safety.”” On the basis of the data
in Figure 5 and Table 2 an accident rate of 2.0 accidents per 10°
vehicle km (3.2 accidents per 10° vehicle mi) corresponds to a
curvature change rate of 250 gon/km (350 degrees/mi) and a ra-
dius of curve of 350 m (1,150 ft) or a degree of curve of about
5 degrees. Furthermore, Lamm suggested that design parameters,
such as radius of curve, lane width, and gradient, should be laid
out during the design stages (for new designs or redesigns) in
such a way that when the road is in full operation the accident
rate should not be allowed to exceed 2.0 accidents per 10° vehicle
km (3.2 accidents per 10° vehicle mi); this corresponds to a level
of safety/unsafety of 1 — (2 X 107 = 0.999998, or a 99.9998
percent chance that an accident will not occur.

Despite this high percentage, Lamm indicated that decisive en-
dangerments could still be expected. To illustrate this point, he
gave the following example:

For a safety level of 100% . .. ADT of 10,000 vehicles per day . . .,
it can be estimated that 3,650,000 (365 X 10,000) vehicles per year
would pass a section-kilometer without being involved in accidents.
However, according to the proposed level of safety/un-safety
(99.9998%), only 3,649,993 vehicles would pass safely; that means,
7 vehicles would be involved in collisions on the observed section-
kilometer. (17)

From Figures 5 and 6, an accident rate of 2.0 accidents per 10°
vehicle km (3.2 accidents per 10° vehicle mi) corresponds to

® Radius of curve of about 350 m (1,150 ft),
® Lane width of about 3.3 m (11 ft),

@ Grade of about 6.5 percent, and

® Sight distance of about 100 m (350 ft).
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Falling short of or exceeding the above values could result in
an accident rate of greater than 2.0 accidents per 10° vehicle km
(3.2 accidents per 10° vehicle mi). It should be noted that AASHTO’s
design guidelines appear to meet the minimum requirements when
they recommend lane widths of 3.3 m (11 ft) and 3.6 m (12 ft),
maximum grades of 6 to 7 percent—for design speeds of between
80 km/hr (50 mph) and 95 km/hr (60 mph) in mountainous to-
pography, and a stopping sight distance of about 100 m (350 ft)
for a design speed of 80 km/hr (50 mph). The German design
guidelines show similar results.

For future designs, the use of radii of curve of less than 350 m
(1,150 ft) should be carefully considered. For safety reasons, cur-
vature change rates of greater than [350 degrees/mi (5 degrees of

Radius of Curve

o s ¢ e ¢ R | ¢ ——

curve)], pavement widths of less than 3.3 m (11 ft), gradients of
more than 6.5 percent, and sight distances of less than 100 m (350
ft) should be avoided. For responsible agencies, policy makers,
and so on, the question here becomes, Which is more important
—safety, economics, or the environment? This decision must be
made on a case-by-case basis. '

Up to now, the risk of an accident, as measured by the accident
rate, was regarded as a function of single design parameters. Since
the accident situation cannot be described by just one design pa-
rameter, as noted previously, Krebs and Kloeckner (8) studied the
joint impacts of several design parameters, including radius of
curve, lane width, gradient, sight distance, and traffic volume on
accident rate. Sight distance was later removed from the analyses
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FIGURE 8 Nomogram for determining accident rate as a function
of lane width, radius of curve, and grade on two-lane roads.
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TABLE 2 Relationship Between U.S. Design Parameter Degree of Curve and German Design
Parameter Curvature Change Rate for Curves Without Transition Curves

"Degree of curve'" DC

"Curvature Change Rate" CCR

Definition
360° Degree
DC,, =
ft " 2w R 100 ft]

5729,6 [ Degree
R 100 ft

DC radius of curve [ft]

e
-1

in gon / 100 m

6370 [_gon
DC, =
m R | 100 m

R = radius of curve [m]

with gon / km

63700 gon
D = =
Cn R [ km
R = radius of curve [m]

Definition
(gon related to 400°)

CCR = 1wl gorn
C [km

Y; = change of angle
{angular change)

L = length of road section
(km]

for one circular curve
without transition curves

L
;’ x 63,7 gon
CCR =
L [ km ]
L,:t = length of circular
curve [m] '
R = radius of curve [m]

- with L = L”/lOOO [km]

63700 [ gon
ccr = 22120 (g98
R Km

R = radius of curve [m]

. . Degree on
Relationship DCy, [T'(Jg_fz] x 36,5 = CCR [%
36,5 [-] = conversion factor between DCq, (Imperial

System) into CCR

(Metric System)

because it correlated highly with radius of curve. The same was
true for curvature change rate. Traffic volume was also excluded
because it did not affect the accident rate significantly. As a result
of the study, Figure 8 was developed. Examination of Figure 8
leads to the following interesting results:

@ Use of the design parameters recommended above results in
an accident rate of 2.0 accidents per 10° vehicle km (3.2 accidents
per 10° vehicle mi).

® Use of minimum design standards, such as German design
guidelines, results in an accident rate twice as high as that
recommended.

Once again, the proposed breakpoint in safety, as related to the
accident rate, was obtained even when several design parameters
were superimposed.

It should be noted that one unfavorable design parameter should
not be superimposed on others. By correctly applying Figure 8, a

high accident rate resulting from one unfavorable design param-
eter could be taken care of, at least partially, by proper selection
of the other design parameters.

CONCLUSION

As a result of the present review, the following important conclu-
sions can be drawn.

Influence of Pavement Width

® A distinct tendency for accident rates to decrease with
increasing pavement width up to about 7.5 m (25 ft) was
established.



Influence of Radius of Curve/Degree of Curve

® A negative relationship between radius of curve and accident
rate was established.

® The same radius of curve in a sequence of similarly tuned
radii can have effects on the accident situation other than those
in a nontuned sequence of different radii, as is usually the case
on most old alignments.

® For radii of less than 200 m (660 ft), the accident rate is at
least twice as high as that on a radius of 400 m (1,300 ft). For
radii of greater than about 400 to 500 m (1,650 ft), an increase
in radius leads to a low-level safety gain.

® The most successful parameter in explaining the variability
in accident rates was the degree of curve or curvature change rate.
[On the basis of this parameter, recommendations for good, fair,
and poor designs that were based on operating speeds and accident
rates were made for the United States and Germany (5—7,49,75—
78).1

Influence of Gradient

® Gradients of less than 6 percent have a low impact on the
accident situation. For gradients of more than 6 percent, a sharp
increase in the accident rate was noted.

Influence of Sight Distance

® A significant, positive relationship between sight distance and
radius of curve was established.

Influence of AADT

® A negative relationship between traffic volume and road traf-
fic accidents was established. Run-off-the-road accidents were
found to decrease with increasing AADT up to 10,000 vehicles
per day. Newer investigations report a U-shaped distribution be-
tween accident rate and traffic volume.

Superimposition of Design Parameters/BreakPoint
in Safety

® Strong correlations between a number of design parameters
and accident rates were established.

® A breakpoint in safety, or an accident rate of 2.0 accidents
per 10° vehicle km (3.2 accidents per 10° vehicle mi), was pro-
posed. Also proposed were limiting values for design parameters
corresponding to this breakpoint in saféty. Falling short of or ex-
ceeding those limiting values could mean that the breakpoint in
safety is exceeded. This breakpoint in safety should be considered
the borderline between levels of safety and unsafety.

It is not the intention of the authors to give the impression that
the limiting values proposed in this paper are generally valid,
since the study was mainty related to the influence of the road
itself on traffic safety. As noted earlier, there are many factors that
may exhibit a measurable influence on driving behavior and traffic
safety on two-lane rural highways. These include, but are not lim-
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ited to, human factors, physical features of sites, the presence and .
the action of traffic, legal issues, environmental factors, and ve-
hicle deficiencies. All of these therefore constitute a complex mix
of various causes of traffic accidents, of which the road itself
represents only one factor, but a very important one.

Because accident cost rate, an indicator of accident severity,
was shown in the present study to increase with increasing design
speed and pavement width and decreasing grade, the authors pro-
pose that further studies with large data bases be conducted in this
field.

REFERENCES

1. Lamm, R., and E. M. Choueiri. Investigations about Driver Behavior
and Accident Experiences at Curved Sites (Including Black Spots) of
Two-Lane Rural Highways in the U.S.A. Proc., Roads and Traffic
2000, International Road and Traffic Conference, Berlin, Sept. 6-9,
1988, pp. 153-158. ’

2. Brinkman, C. P, and S. A. Smith. Two-Lane Rural Highway Safety.
Public Roads, Vol. 48, No. 2, Sept. 1984, pp. 48-53.

3. Choueiri, E. M., R. Lamm, and T. Mailaender. Statistical Evaluation
Procedure for Comparing Fatality Trends with Special Emphasis on
High Risk Target Groups—U.S.A. vs. Western Europe, 1970—-1987.
Proc., the Second International Conference on New Ways for Im-
proved Road Safety and Quality of Life, Tel Aviv, Israel, Oct. 1991,
pp- 132-138.

4. Lamm, R., and E. M. Choueiri. Traffic Safety on Two Continents—
A Ten Year Analysis of Human and Vehicular Involvements. Proc.,
Strategic Highway Research Program (SHRP) and Traffic Safety on
Two Continents, Gothenburg, Sweden, VTIrapport 372A, Part 1.
Swedish Road and Traffic Research Institute, Linkoeping, Sweden,
1991, pp. 121-136.

5. Choueiri, E. M. Statistical Analysis of Operating Speeds and Accident
Rates on Two-Lane Rural Highways. Ph.D. dissertation. Department
of Civil Engineering, Clarkson University, Potsdam, N.Y., 1987.

6. Lamm, R., and E. M. Choueiri. Rural Roads Speed Inconsistencies
Design Methods (contract RF320-PN72350. Final Report to the State
University of New York Research Foundation, Albany, Part I, Part II,
1987.

7. Lamm, R., and E. M. Choueiri. A Design Procedure to Determine
Critical Dissimilarities in Horizontal Alignment and Enhance Traffic
Safety by Appropriate Low-Cost or High-Cost Projects (grant ECE-
8414755). Report to the National Science Foundation, Washington,
D.C., 1987.

8. Krebs, H. G., and J. H. Kloeckner. Investigation of the Effects of
Highway and Traffic Conditions Outside Built-Up Areas on Accident
Rates. Technical Journal: Forschung Strassenbau und Strassenver-
kehrstechnik, Vol. 223, 1977.

9. Guidelines for the Design of Rural Roads (RAS-L-1). Committee 2.3,
German Road and Transportation Research Association, Geometric
Design Standards 1973 and 1984.

10. Commentary to the Guidelines for the Design of Rural Roads (RAL-
L-1). Committee 2.3, German Road and Transportation Research As-
sociation, Geometric Design Standards, 1979.

11. Swiss Norm SN 640080a, Highway Design, Fundamentals, Speed as
a Design Element. Swiss Association of Road Specialists, 1981.

12. Standard Specifications for Geometric Design of Rural Roads. Na-
tional Swedish Road Administration, 1982.

13. Feuchtinger, M. E., and C. Christoffers. Driving Dynamic Investiga-
tions as Measure of Road-Traffic-Safety. Journal for Traffic Safety,
Vol. 1, 1953.

14. Bitzl, F. Influence of Road Features on Traffic Safety. German Road
and Transportation Research Association, Planning Meeting, Kirsch-
baum Publishers, Bad Godesberg, Federal Republic of Germany, July
1, 1965.

15. Auberlen, R. Controlled Force-Combinations or Pattern. Road and
Interstate 20, Vol. 4, 5, 6, 1969.

16. Krebs, H. G. Driving Dynamics and Safety. Road and Interstate 21,
Vol. 2, 1970.




Choueiri et al.

17.

18.

19.

20.

21.
22.
23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.

39.
40.
41.
42.

43.

Lamm, R. Safety Evaluation of Highway Design Parameters. Inter-
national Journal: Strassen und Tiefbau (Road and Construction), Vol.
10, Oct. 1980, pp. 14-22.

Baldwin, D. M. The Relation of Highway Design to Traffic Accident
Experience. Convention Group Meetings, AASHTO, 1946, pp. 103—
109.

Cope, A. J. Traffic Accident Experience— Before and After Pavement
Widening. Traffic Engineering, 1955, pp. 114-115.

Bitzl, F. Investigations about Accident Causes—Influence of Differ-
ent Factors. Strassenbau und Strassenverkehrstechnik, Vol. 15, 1961,
pp. 106—-108.

Bitzl, F. The Influence of Road-Characteristics on Traffic Safety.
Strassenbau und-Strassenverkehrstechnik, Vol. 55, 1967.

Winch, D. M. The Economics of Highway Planning. Canadian Studies
in Economics, Toronto, Ontario, Canada, 1963.

Balogh, T. Effect of Design Parameters, of Public Highways on Traffic
Safety. Kozlekedestudomanyi, Vol. 17, 1967, pp. 394—403.

Silyanov, V. V. Comparison of the Pattern of Accident Rates on Roads
of Different Countries. Traffic Engineering and Control, Vol. 14,
1973, pp. 432-435. .

Pignataro, L. J. Traffic Engineering, Theory and Practice. Prentice-
Hall, Inc., Englewood Cliffs, N.J., 1973.

Kunze, U. Sight Distance and Cross Section as Influence Parameters
of the Accident Situation. Graduate study. Institute of Highway and
Railroad Design and Construction, University of Karlsruhe, Karlsruhe,
Federal Republic of Germany, 1976.

Zegeer, C. V,, R. C. Deen, and J. G. Mayes. Transportation Research
Circular 806: The Effect of Lane and Shoulder Widths on Accident
Reductions on Rural, Two-Lane Roads. TRB, National Research
Council, Washington, D.C. 1981.

McCarthy, J., J. C. Scruggs, and D. B. Brown. Estimating the Safety
Benefits for Alternative Highway and/or Operational Improvements,
Report FHWA/RD-81/179. FHWA, Washington, D.C., 1981.

Cirillo, J. A., and F. M. Council. Transportation Research Circular
1068: Highway Safety: Twenty Years Later. TRB, National Research
Council, Washington, D.C., 1986, pp. 90-95.

Zegeer, C. V., J. R. Stewart, F. M. Council, and D. W. Reinfurt. Safety
Effects of Geometric Improvements on Horizontal Curves. Presented
at 71st Annual Meeting of the Transportation Research Board, Wash-
ington, D.C., 1992.

Hiersche, E. U., R. Lamm, K. Dieterle, and A. Nikpour. Effects of
Highway Improvements Designed in Conformity with the RAL-L on
Traffic Safety of Two-Lane Rural Highways. Technical Journal: For-
schung Strassenbau und Strassenverkehrstechnik, Vol. 431, 1984.
Lamm, R. Driving Dynamics and Design Characteristics— A Contri-
bution for Highway Design under Special Consideration of Operating
Speeds, Vol. 11. Publications of the Institute of Highway and Railroad
Design and Construction, University of Karlsruhe, Karlsruhe, Federal
Republic of Germany, 1973.

Leisch, J. E., and J. P. Leisch. New Concepts in Design Speed Ap-
plication. In Transportation Research Record 631, TRB, National Re-
search Council, Washington, D.C. 1977.

Koeppel, G., and H. Bock. Operating Speed as a Function of Cur-
vature Change Rate. Technical Journal: Forschung Strassenbau und
Strassenverkehrstechnik, Vol. 269, 1979.

Hayward, J., R. Lamm, and A. Lyng. Survey of Current Geometric -

and Pavement Design Practices in Europe. Part: Geometric Design.
International Road Federation, July 1985.

Pfundt, K. Comparative Accident Investigations on Rural Roads.
Strassenbau und Strassenverkehrstechnik, Vol. 82, 1969.

Coburn, T. M. Accident, Speed and Layout Data on Rural Roads in
Buckinghamshire, Road Research Laboratory, 1952.

Coburn, T. M. The Relation between Accidents and Layout on Rural
Roads, International Road Safety and Traffic Review, Vol. 10, 1962,
pp- 15-20.

Raff, M. S. Interstate Highway-Accident Study. Bulletin 74, HRB, Na-
tional Research Council, Washington, D.C., 1953, pp. 18-43.

Bitzl, F. The Safety Level of Roads. Strassenbau und Strassenver-
kehrstechnik, Vol. 28, 1964.

Vasilev, A. Road Conditions and Traffic Safety. Mir Publishers, Mos-
cow, 1975.

Babkov, V. F. Road Conditions and Traffic Safety. Mir Publishers,
Moscow, 1975.

Knoflacher, H. Results and Experiences of Accident Analyses. In
Road-Skid Resistance, Traffic Safety on Wet Pavements. Institute for

44.
45.
46.

47.

48.

49.

50.
51

52.

53.

54.

S5.

56.

57.

58.

59.

60.

61.

62.

63.

64.

45

Road-and Traffic-Engineering, Technical University, Berlin, Vol. 2,
1968, pp. 151-156.

Wilson, T. D. Road Safety by Design, The Journal of the Institute of
Highway Engineers, Vol. 15, May 1968, pp. 23-33.

Babkov, V. F. Road Design and Traffic Safety, Traffic Engineering and
Control, Vol. 9, 1968, pp. 236—239.

O’Flaherty, C. A. Highways, Vol. 1, Edward Arnold Publishers Ltd.,
London, 1974.

Rumar K. Safety Problems and Countermeasure Effects in the Nordic
Countries. Proc., International Meeting on the Evaluation of Local
Traffic Safety Measures, Paris, May 1985.

Lamm, R., E. M. Choueiri, and T. Mailaender. Accidént Rates on
Curves as Influenced by Highway Design Elements—An Interna-
tional Review and an In-Depth Study. Proc., Road Safety in Europe,
Gothenburg, Sweden, VTIrapport 344A. Swedish Road and Traffic
Research Institute, Linkoeping, Sweden, 1989, pp. 33-54.

Lamm, R., H. Steffen, A. K. Guenther, and E. M. Choueiri. Safety
Module for Highway Design: Applied Manually or Using CAD. Pre-
sented at 71st Annual Meeting of the Transportation Research Board,
Washington, D.C., 1992.

Rotach, M. C. Trucks on Gradients. Strasse und Verkehr, Vol. 46,
1960, pp. 444-446.

Pucher, R. Methods to Increase Safety in Traffic. Forschungsarbeiten
aus dem Strassenwesen, Neue Folge, Vol. 56, 1963.

Bitzl, F. W. Accident Rates on German Expressways in Relation to
Traffic Volumes and Geometric Design. Roads and Road Construc-
tion, 1957.

Hiersche, E.-U. The Significance and Determination of Sight Dis-
tances on Roads. Strassenbau und Strassenverkehrstechnik, Vol. 67,
1968.

Meyer, E., E. Jacobi, and E. Stiefel. Typical Accident Causes in Road
Traffic, Bd. III. Kuratorium, Wir und die Strasse, Munich, 1961.
Netzer, M. The Passing Maneuver on Rural Roads with Regard to
Traffic Safety. Strassenbau und Strassenverkehrstechnik, Vol. 50,
1966.

Young, J. C. Can Safety Be Built into Our Highways? Contractors
and Engineers Monthly, 1951.

Bitzl, F. and J. Stenzel. The Influence of Non-Sufficient Sight Dis-
tances on Traffic Safety. Zeitschrift fiir Verkehrsrecht, Vol. 11, 1966,
pp. 233-238.

Sparks, J. W. The Influence of Highway Characteristics on Accident
Rates. Public Works, Vol. 99, No. 3, 1968.

Urbanik, T., W. Hinshaw, and D. Fambro. Safety Effects of Limited
Sight Distance on Crest Vertical Curves. In Transportation Research
Record 1208, TRB, National Research Council, Washington, D.C.,
1989, pp. 23-35.

Goldberg, S. Detailed Investigation of Accidents on National Roads
in France. International Road Safety and Traffic Review, Vol. 10,
1962, pp. 23-31.

Roosmark, P., and R. Fraeki. Studies of Effects Produced by Road
Environment and Traffic Characteristics on Traffic Accidents. Proc.,
Symposium on the Use of Statistical Methods in the Analysis of Road
Accidents, Organization for Economic Cooperation and Development,
Paris, 1970.

Knoflacher, H. Interrelation Between Road Construction and Traffic
Safety. Strasse und Verkehr, Vol. 61, 1975, pp. 414-420.

Lamm, R., and J. H. Kloeckner. Identifying and Evaluation of Dan-
gerous Road Sections. Strassen und Tiefbau, Vol. 30, 1976, pp. 31—
36.

Gwynn, D. W. Relationship of Accident Rates and Accident Involve-

" ments with Hourly Volumes. Traffic Quarterly, Vol. 29, 1967, pp.

65.

66.

67.

407-418.

Leutzbach, W., R. Wiedemann, and W. Siegener. About the Relation-
ship Between Traffic Accidents and Traffic Volume on 2 German In-
terstate Section. Accident Analysis and Prevention, Vol. 2, 1970, pp.
92-103.

Leutzbach, W., et al. Relationship Between Traffic Accidents and Traf-
fic Conditions on Two-Lane Rural Roads. Research Reports FA 3.123,
1983; FA 3.021, 1976; and FA 3.607. For the Minister of Transpor-
tation, Federal Republic of Germany.

Schoppert, D. W. Predicting Traffic Accidents from Roadway Ele-
ments of Rural Two-Lane Highways with Gravel Shoulders. Bulletin
158, HRB, National Research Council, Washington, D.C., 1957, pp.
4-26.




46

68.
69.

70.

71.

72.

73.
- Alternate Model. In Transportation Research Record 486, TRB, Na-

74.

75.

Flagstad, G. Trafikksikkerhet og Vegutforming. Norsk Vegtidsskrift,
Vol. 43, 1967, pp. 81-87.

Dart, O. K., and L. Mann. Relationship of Rural Highway Geometry
to Accident Rates in Louisiana. In Highway Research Record 312,
HRB, National Research Council, Washington, D.C., 1970, pp. 1-16.
Head, J. A. Predicting Traffic Accidents from Roadway Elements on
Urban Extensions of State Highways. Bulletin 208, HRB, National
Research Council, Washington, D.C., 1959, pp. 45-63.

Versace, J. Factor ‘Analysis of Roadway and Accident Data. Bulletin

240, HRB, National Research Council, Washington, D.C., 1960, pp. .

24-32.

Mulinazzi, T. E., and H. L. Michael. Correlation of Design Charac-
teristics and Operational Controls with Accident Rates on Urban Ar-
terials. Joint Highway Research Project Report 35. Purdue University,
Lafayette, Ind., 1967.

Snyder, J. C. Environmental Determinants of Traffic Accidents— An

tional Research Council, Washington, D.C., 1974, pp. 11-18.
Wright, P. H,, and K. K. Mak. Single Vehicle Accident Relationship.
Traffic Engineering, Vol. 46, 1976, pp. 16—21.

Lamm, R., E. M. Choueiri, J. C. Hayward, and A. Paluri. Possible
Design Procedure to Promote Design Consistency in Highway Geo-
metric Design on Two-Lane Rural Roads. In Transportation Research

76.

77.

78.

79.

80.

TRANSPORTATION RESEARCH RECORD 1445

Record 1195, TRB, National Research Council, Washington, D.C.,
1988, pp. 111-122.

Lamm, R, E. M. Choueiri, and J. C. Hayward. Tangent as an Inde-
pendent Design Element. In Transportation Research Record 1195,
TRB, National Research Council, Washington, D.C., 1988, pp. 123—
131.

Lamm, R., and E. M. Choueiri. Recommendations for Evaluating Hor-
izontal Design Consistency, Based on Investigations in the State of
New York. In Transportation Research Record 1122, TRB, National
Research Council, Washington, D.C., 1987, pp. 68—78.

Lamm, R., T. Mailaender, and E. M. Choueiri. New Ideas for the
Design of Two-Lane Rural Roads in the U.S.A. International Tech-
nical Journal: Strassen und Tiefbau (Road and Construction), Vol. 5,
June 1989, pp. 18-25, Vol. 6, pp. 13-18.

Lamm, R., T. Mailaender, E. M. Choueiri, and H. Steffen. Side Fric-
tion in International Road Design and Possible Impacts on Traffic
Safety. International Technical Journal: Strassen und Tiefbau (Road
and Construction), Vol. 5, May 1992, pp. 6-25.

Trapp, K. H. Investigations about the Traffic Flow on Two-Lane Rural
Roads. Technical Journal: Forschungsberichte, Strassenbau und
Strassenverkehrstechnik, Vol. 113, 1971.

Publication of this pape} sponsored by Committee on Geometric Design.



