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AR2 = the accident reduction factor of the second im
provement, 

AR3 = the accident reduction factor of the third improve
ment, and so on. 

In this example involving lane widening plus widening paved 
shoulder, with individual AR factors of 12 percent and 15 
percent, respectively, the overall AR would be computed as 

AR = 1 - (1 - .12)(1 - .15) = 1 - (.88)(.85) 

= 0.25 

that is, an expected 25 percent reduction in accidents. 

Spiral Improvement 

On the basis of the statistical analysis and modeling efforts 
described earlier, the presence of spiral transitions was found 
to have a significant effect on curve accidents (it is noted that 
for curves without spirals, the Washington policy was to attain 
two-thirds of the desired superelevation on the tangent, and 
the remaining one-third on the beginning of the curve). The 
magnitude of this effect was studied from the selected Pre
dictive Model 8 as well as from other analyses. Depending 
on the degree of curve and central angle, the effect of having 
a spiral was found to range from about 2 to 9 percent, based 
on the predictive model. The influence of central angle and 
degree of curve was generally a function of the form of the 
model. 

An overall reduction of 5 percent was determined to be the 
most representative effect of spiral transitions in view of the 
predictive model and other related analyses. One might ex
pect that spiral transitions are more beneficial on sharp curves 
than mild curves, but such a differential effect was not ade
quately supported from the analysis. 

Superelevation Improvements 

As noted earlier, the effect of superelevation deficiency or 
"deviation" was determined through a separate modeling ef
fort. Superelevation data were collected for 732 of the curves 
in the data base. A superelevation deviation variable was 
defined as optimal superelevation minus actual superelevation 
where optimal superelevation was determined from the 
AASHTO design guide as a function of degree of curve and 
terrain type (11). 

The final accident prediction model chosen that included 
an effect for superelevation deviation was again a weighted 
linear model, but this time included fixed effects for spirals 
and width that were based on the results of modeling for the 
full data set. Part of the problem experienced in developing 
a model that contains effects for width, spiral, and super
elevation stems from the correlations between the three vari
ables. Thus, some of the effects that are attributed to width 
and spiral might be due to superelevation. (Again, refer to 
the work by Zegeer et al. (3) for details of the analysis.) 

However, given these caveats, the modeling did indicate 
that inadequate superelevation will result in increased curve 
accidents. Correcting this superelevation deficiency (or su-
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perelevation deviation) will most likely result in a significant 
reduction in curve accidents. The precise magnitude of the 
effect was difficult to quantify due to the interaction of su
perelevation with other roadway features. However, using the 
final model form, the typical accident reduction that may 
result from correcting a superelevation deviation of .02 was 
approximately 10 to 11 percent. For superelevation deviations 
of greater than .02, even higher accident reductions may be 
possible. Having more superelevation than AASHTO criteria 
was not found to be associated with increased accidents on 
curves. A separate analysis of the FHW A four-state curve 
data base also revealed that further benefits may result from 
more gradual transition of superelevation beginning prior to 
the beginning of the curve. 

The correction of superelevation deviation during a routine 
3R project would involve providing sufficient additional as
phalt and engineering design to upgrade the superelevation 
to the AASHTO and state specifications. While the cost of 
correcting superelevation may be a substantial increase in the 
cost of a routine pavement overlay on the curve, the relative 
cost would generally be much less than the cost of curve 
flattening or curve widening. Thus, because of the potential 
accident reduction, it is desirable to upgrade superelevation 
deviations on curves as a routine measure when roadways are 
repaved. 

SUMMARY AND CONCLUSIONS 

The goals of this study were to quantify the relationship be
tween horizontal curve features and the level of safety, and 
to quantify the effects on accidents resulting from curve flat
tening, curve widening, adding a spiral, improving deficient 
superelevation, and clearing the roadside. A merged data base 
of variables from 10,900 Washington State curves was ana
lyzed to determine the effects of these various countermea
sures on curve crashes 

The following are the key study results: 

1. Statistical modeling analyses revealed significantly higher 
curve accidents for sharper curves, narrower curve width, lack 
of spiral transitions, and increased superelevation deficiency. 
All else being equal, higher traffic volume and longer curves 
were also associated with significantly higher curve accidents. 

2. Based on the predictive models, the effects of several 
curve improvements on accidents were determined as follows: 

-Curve flattening reduces crash frequency by as much 
as 80 percenl, Jepemling on lhe central angle anti amount 
of flattening. For example, for a central angle of 40 degrees, 
flattening a 30-degree curve to 10 degrees will reduce total 
curve accidents by 66 percent for an isolated curve, and by 
62 percent for a nonisolated curve. Flattening a 10-degree 
curve to 5 degrees for a 30-degree central angle will reduce 
accidents by 48 and 32 percent for isolated and nonisolated 
curves, respectively. 

- Widening lanes on horizontal curves is expected to re
duce accidents by up to 21 percent for 4 ft of lane widening 
(i.e., 8 ft of total widening). 

- Widening paved shoulders can reduce accidents by as 
much as 33 percent for 10 ft of widening (each direction). 
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-Adding unpaved shoulders is expected to reduce ac
cidents by up to 29 percent for 10 ft of widening. 

-Adding a spiral to a new or existing curve will reduce 
total curve accidents by approximately 5 percent. 

-Improving superelevation can significantly reduce curve 
accidents where there is a superelevation deficiency (i.e., 
where the actual superelevation is less than the optimal 
superelevation as recommended by AASHTO). An im
provement of .02 in superelevation (e.g., increasing super
elevation from .03 to .05 to meet AASHTO design guide
lines) would be expected to yield an accident reduction of 
10 to 11 percent. However, no specific accident increases 
were found for the small sample of curves with a super
elevation greater than the AASHTO guidelines. Thus, no 
support can be given to the assumption of increased acci
dent risk on curves with slightly higher superelevation than 
currently recommended by AASHTO (10). 

3. During routine roadway repaving, deficiencies in super
elevation should always be improved. Spiral transitions were 
also recommended, particularly for curves with moderate to 
sharp curvature. Improvements of specific roadside obstacles 
should be strongly considered, and their feasibility should be 
determined for the specific curve situation on the basis of 
expected accident reductions and project costs. As a part of 
routine 3R improvements, horizontal curves should be re
viewed in terms of their crash experience to determine whether 
geometric improvements may be needed. In such cases, the 
accident reduction factors developed in this study should be 
considered along with expected costs to determine whether 
such improvements are cost effective. An informational guide 
has been developed to assist with the design of horizontal 
curves on new highway sections and with the reconstruc
tion and upgrading of existing curves on two-lane rural 
roads. The guide also gives a step-by-step procedure for 
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computing expected benefits and costs for a variety of curve 
improvements (11). 
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