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ABSTRACT

The complex relationships among several
geometric design elements and accidents on
two-lane rural roads were studied. Two data
sets were used in modeling effects of traf-
fic volume greater than 2,000 vehicles per
day, driveway and intersectional conflict
frequency, roadside obstacle characteristics
and geometric design elements on total acci-
dent occurrence for a national data set, and
off-road accident frequency and severity for
a Michigan route data set. Geometric design
elements were aggregated into bundles or
groups that are actually found in the field
as a result of design policies. Advanced
multivariate techniques were used to study
these interactions. It was found that acci-
dents interact in such a complex way with
traffic volume that use of the conventional
vehicle mile exposure rate in modeling is
less fruitful than treating average daily
traffic (ADT) as an independent variable.
For the prediction of accidents, the effects
of ADT were found to be most important fol-
lowed by driveway and intersection density
and the geometric elements. The interactive
effect of access point density with volume
was also important, as was the interactive
effect of access point density and geometric
characteristics. Longitudinal alignment
elements were found to dominate in off-road
accident prediction for rural two-lane roads
at ADT values of 4,000 vehicles per day or
less, whereas roadside elements were of more
importance at higher ADT values. No signifi-
cant independent effects of cross-sectional
elements were found in the total accident
prediction., Off-road injury accident predic-
tion on rural two-lane highways was more
sensitive to roadside obstacle location and
characteristics than total accident predic-
tion. Simple categorical models developed
from this research explained 63 percent of
the total accident variance in the national
data set and 54 percent of the off-road
accident variance in the other.

Two-lane rural highway safety is an issue of press-
ing national concern. It has been identified as the
highest priority research need in the area of re-
sponsibility of the TRB Committee on Geometric De-
sign (1l). These roads constitute approximately 4
million km or 63 percent of the highways in the
United States and are the locations of about 50
percent of all highway fatalities (2). They have the
highest accident rate of any class of rural highway,
with fatal and injury vehicle mile exposure accident
rates (VMER) consistently being 4 to 7 times higher
than those on rural Interstate highways (3).

The geometric design elements of two-lane rural
roads vary widely, just as do their use, frequency
and character of intersectional and access conflict

points, and physical condition. The cost of bringing
them all up to current design standards is prohibi-
tive, and the highway engineer must make choices
from among many possible improvements and locations
to achieve the greatest safety benefit from invest-
ments in highway modernization.

Despite many studies, the understanding of the
effects of geometric design on safety has not been
adequate to predict effectively the traffic accident
response to individual geometric design element
changes. The effects of a few dominant elements such
as horizontal curvature have been identified. How-
ever, the obviously complex interactions among geo-
metric elements are neither well known nor ade-
quately understood.

The objectives of this research were to explore
the interactive effects of geometric design elements
on the occurrence and severity of accidents on two-
lane rural roads and to identify some promising
prediction models useful in engineering decisions.
Attention is limited to highways with average daily
traffic (ADT) values of 2,000 vehicles per day or
greater. Groups of design elements frequently used
together at the same time as a result of design
policies, called bundles 1in this research, were
formed and explored as alternatives to the individ-
ual elements.

PREVIOUS STUDIES

The relationships between geometric design elements
and accidents have often been studied. Horizontal
alignment particularly has been shown to be strongly
related to accident experience by many researchers
(4-8). Other single elements such as intersection
and driveway density have also showed a safety rela-
tionship (5). On the other hand, the effects of lane
and shoulder width have been found to differ (8,9).
It has also been observed that combinations of ele-
ments are related to accident experience (5,9-11).
For example, Kihlberg and Tharp (5) found that road
segments with combinations of less-desirable values
of curvature, grades, intersections, and roadside
structures generated VMER as high as 6 times the
rates on road segments with the best designs.

The effect of a single geometric element is dif-
ficult to identify because of the mixing or con-
founding of these elements in actual highway instal-
lations (8,12). This probably results in overstating
the positive effect of better individual geometric
improvements because higher-quality alignments are
found more frequently with better cross-section
geometric elements on high ADT facilities. Zegeer et
al. (13) found lower VMER at higher volumes and
noted that normally the higher-volume roads are much
better built and are not as accident prone.

The interacting effects of the individual ele-
ments and the high correlations among these elements
were clearly shown in Versace's early study (14), in
which he used factor analysis (15) on the charac-
teristics of approximately 1,400, l-mile road seg-
ments in Oregon, 1,110 of which had an ADT of less
than 3,000. A strong correlation among the various
individual elements describing road segments was
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clear. Although he 1labeled them differently, his
first factor captured horizontal and vertical align-
ment effects, the second factor captured the con-
flict effect of traffic volume and access point
density, the third captured the cross-sectional
elements, and the fourth was made up of the roadside
elements.

The effect of traffic volume on accidents on
these roads is somewhat better understood. On tan-
gent sections of road, VMER has been reported not to
increase with ADT (16). However, it was also been
reported that there is a relationship between VMER
and ADT (5,17). In one study the VMER of single-
vehicle accidents decreased as volume increased,
whereas the multivehicle VMER was unaffected by
changes in traffic volume (18). When accident mea-
sures different than VMER are used, strong traffic
volume effects are found. Among these, accidents per
mile per year (MYER) has been occasionally used as
an independent variable (11,14,18-21). Zegeer and
Mayes (18), in a large study on two-lane highways in
Kentucky, found that the MYER increased with ADT
from 250 to 8,000. The VMER of single-vehicle acci-
dents decreased as volume increased, whereas multi-
vehicle VMERs were unaffected by changes in traffic
volume.

Mathematical models relating accidents to geo-
metric design elements have been constructed by
several researchers (10,22-24). The best recorded
fit was attained by a multiple 1linear interactive
model developed by Dart and Mann (10) that explained
46 percent of the variation and considered the fol-
lowing variables: lane width, horizontal alignment,
shoulder width, pavement cross slope, vertical
alignment, percentage of continuous roadside ob-
structions, marginal obstruction per mile, traffic
access points per mile, percentage of trucks, and
traffic volume ratio at intersections.

Gupta and Jain (22) also developed a linear-re-
gression model for VMER using the variables lane
width and horizontal alignment as well as vertical
clearance and sight-distance restriction. They found
no significant effect for these geometric variables,
and the regression equations obtained were not sta-
tistically significant with variance explanations of
lees than 5 percent. Snyder (23) reported that ADT,
number of intersections, and driveway access density
were the main VMER explanatory variables. He found
no interaction among these variables in his additive
model.

Roy Jorgensen Associates (24) analyzed relation-
ships for rural two-lane highways. The variables
included in their regression analysis, in addition
to lane width, horizontal alignment, and shoulder
width, were surface type, ADT, terrain, and section
length. The regression models explained little of
the variance of the data, generally less than 8
percent.

In a recent NCHRP study of clear roadside re-
covery areas, Graham and Harwood (9) identified
three roadside design policice involving mixes of
side slopes and roadside obstruction clearances.
They accounted for differences in ADT and shoulder
width and found a statistically significant rela-
tionship between design policy and the off-road
accident VMER.

In Blackburn's analysis of the FHWA anti-skid
resurfacing program data (25, no correlation was
found between wet-pavement VMER and several geo-
metric factors. An analysis of the same data set by
advanced multivariate technigues by the authors of
this paper (11) found that the effects of the geo-
metric elements on MYER accident occurrence were
highly interactive with ADT and that the patterns of
interaction of these geometric elements varied over
the range of ADT values.
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METHODOLOGY

Two data sets containing information on traffic,
geometric and environmental conditions, and accident
experience on two-lane rural roads were analyzed.
The first data set was developed from a file origi-
nally prepared and analyzed for the FHWA in a study
that examined the safety effects of resurfacing
rural highways (25). The file contained the accident
history for a l-year period and descriptive road
information for a national sample of 428 before
sites, which included test segments that were to be
resurfaced and control sections that remained un-
changed, and 378 test and control after sites. 1In
this study this file is referred to as the FHWA Skid
file.

The second source of data contains information on
a set of selected 2-mile sections along Michigan
two-lane rural state highways (20) . The frequency
and severity of off-road accidents covering a 4-year
period are included in the file.

Both data files were filtered for this research.
Because there is evidence that lower-volume two-lane
rural roads exhibit accident experience quite dif-~
ferent from that found on higher-volume roads (4.5,
11,20), cases with ADT lower than 2,000 vehicles per
day were removed. The lower ADT sections are ana-
lyzed in a separate paper (26) .

Segments in the FHWA Skid file with four lanes,
speed limits 1less than 45 mph, density of access
points exceeding 25 per mile, or with curbs were
eliminated. Only segments with constant lane widths
and shoulder treatment over their entire length were

rotainad
rectained.

The lengths of the sections in the FHWA Skid file
ranged from 1 to 25 miles. It has been shown that
typical methods of selecting homogeneous segments
for safety studies result in data sets in which
accidents are correlated with segment length with
high VMER found on short segments and lower VMER on
long segments (5). After a study of these data, only
those sites with a length between 3 and 9 miles were
retained (11).

The final sample in the file, hence referred to
as the Michigan-FHWA Skid Data file, contained the
l-year accident history and descriptions of the
geometric features of 152 rural two-lane road seg-
ments with lengths varying from 3 to 9 miles and ADT
volumes in the range of 2,000 to 10,000 vehicles per
day in 14 states. In the file there is a total of
3,224 accidents, with an average of 21.2 accidents
per year per road segment and a MYFR of 4.0 on about
800 miles of road.

The second data set, referred to as the Michigan
State Route Data set, after filtering, contains a
sample of 137, 2-mile sites with a 4-year accident
experience of more than 1,300 off-road accidents,
514 of which involved injuries. Besides accident
frequency and severity, the data include ADT and
intersection information, geometric characteristics,
and some data on roadside obstacles., A 1list of
variables for each data set appears in the model
summary tables (see Tables 1 and 6 presented later
in this paper).

The driving theme in modeling complex phenomena
is to simplify the model as much as possible while
keeping the quality of prediction high. This was
followed in this study by reducing the number of
independent variables as much as possible while
still retaining the effectiveness of the model as
measured by variance explanation. The following
analysis methodology was used.

1. There was a statistical examination of data
to identify the variables that contribute most to




Cleveland et al.

the explanation of variation of accident occurrence
by using automatic interaction detection (AID) 27 .

2. Factor analysis (15) was used to identify
reasonable groups of correlated variables.

3. Interrelated roadside and geometric elements
were grouped into reasonable bundles. The aaggqrega-
tion of geometric and roadside design element char-
acteristics has been called a bundle in this re-
search. This is a term adopted from economics, which
signifies interrelated elements that are best
treated as a group.

4. The ability of the bundles to explain the
variation in accidents was determined and it was
compared with the variation explanation of individ-
ual geometric design elements

5. The characteristics of the segments with the
best and the worst accident experience were explored.

6. A promising illustrative categorical model
was developed.

Highway accident data sets, like most large data
sets of observations of complex real-world phenom-
ena, are characterized by the absence of many com-
binations of factors in reality and the lack of a
balanced experimental design in building the data
file. Furthermore, the descriptive variables (pre-
dictors) are usually correlated, and some are cate-
gorical. Although some standard statistical analysis
techniques are legitimate and helpful, many make use
of the restrictive and unrealistic assumptions of
linearity and additivity. Joint effects or interac-
tions can be treated in multiple regression, but
this process becomes extremely cumbersome if many
higher-order interactions for all predictors are
considered. Furthermore, interaction effects, as
well as main effects, may be important only for
certain subgroups. In regression and in the analysis
of variance, the variance in the dependent variables
accounted for by each predictor and each interaction
effect is measured on the entire data set. Thus it
is assumed that the same relationship holds over the
entire range of variables, something that often is
not true.

The primary statistical method selected for this
study is AID (27), a convenient way of examining
categorical data. The basis of the AID algorithm is
an interactive scheme that searches for that dichot-
omous split level for an independent variable that
gives the maximum improvement in the ability to
predict values of the dependent variable through
unexplained variance reduction. AID divides the data
into mutually exclusive subgroups through a series
of such splits, stopping when subgroups become too
small or selected confidence 1limits are exceeded.
Each observation becomes a member of one of these
subgroups. The resulting subgroups have simple sta-
tistics (mean, variance) and can be mapped onto an
AID branch diagram for study and presentation.

The smallest AID split used in this research has
a minimum number of five segments in a group. Dif-
ferences in accident means are statistically sig-
nificant at the 90 percent confidence limit. In the
fiqures presented in this paper, only differences in
means of at least 30 percent are illustrated.

The first step in the study was to use the AID
analysis to identify the main and interactive ef-
fects and to select variables that had little ap-
parent effect on the variation of the MYER accident
frequency.

Related bundles of design policies were then
defined. An example of design bundling is found in a
Michigan state highway data sample (20), in which
shoulder width had two classes, ditch invert offset
had three classes, ditch condition had three
classes, percentage of section with horizontal cur-
vature had three classes, and percentage of section

with roadside obstacles closer than 14 ft from the
edge of the road also had three classes. If all
combinations of these five descriptors existed,
there would be 162 different types of roads. The
data set drawn to represent all possible combina-
tions actually found in the state had only 58 dif-
ferent classes, and 14 of these groupings had more
than half of the sections. This occurs because de-
sign policies at any time fix a set of standards
that make up a bundle.

Factor analysis (15) was then used to identify
groups of correlated variables. A physical interpre-
tation of the results from the factor analysis was
used in the AID analyses to complete the bundle
definition process. A comparison of variation expla-
nation by AID analyses was then made by using
bundles in one case and the original variables that
made up the bundles in the second.

The last step in the methodology was to use the
AID branch diagrams to identify the most important
variables and to examine the patterns of interac-
tions. Main effects were easily identified, and the
patterns of interactions were exposed. The sections
with the most and the least accident experience were
also studied to reveal the pattern of variable in-
teractions within each group of accident experience.
The patterns of variable interactions were then
incorporated into a single categorical model.

ANALYSIS OF MICHIGAN-FHWA SKID DATA FILE

The variables and the results of the AID runs on the
Michigan-FHWA Skid Data file are given in Table 1.
The variables that make significant contributions to
each model are identified and the variance explained
is also presented. The first step in the analysis of
this data set was the selection of the accident
exposure figure of merit. Candidates were accident
rate based on VMER [and vehicle miles of travel
(VMT) ]1; total annual accidents per segment (SYER),
regardless of segment length; and accident frequency
based on annual length exposure (MYER).

Previous studies by the authors and others (5,11,
8,21) have shown that VMER, the most widely used
exposure measure, usually requires further adjust-
ment for ADT. This was confirmed for this data set
by an AID analysis that used VMER as the dependent
variable (model 1 in Table 1). Although 73.6 percent
of the variation was explained by this AID, the
first splits involved ADT (early splits are the most
important in variance explanation), which indicated
that the effect of ADT was still important even
after being included in the dependent variable. If
values of the VMER had adequately eliminated the
effects of volume on accident experience, such as
split would not have occurred.

The second exposure candidate for consideration
was the total number of accidents per segment per
year (SYER). An AID analysis (model 2 in Table 1)
that used all the possible explanatory variables
explained 81.9 percent of the variance but still
showed length as one of the important variables in
the AID splitting process.

The third candidate measure was MYER, accidents
per mile per year. An AID analysis that used all the
possible explanatory variables, including segment
length with MYER as the dependent variable (model 3
in Table 1) and ADT in 26 categories, explained 72.9
percent of the variation, and the segment length did
not appear in any of the major variance-explaining
splits. Although the variance explanation was the
highest for SYER, it is less appropriate for model-
ing and prediction purposes, and MYER was selected
as the figure of merit for further analysis and
modeling efforts. Tests of independence between
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TABLE 1 Michigan-FHWA Skid AID Summary
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Model
Variable Name Symbol 1 2 3 4 5 6 6A ™ 8 9b 10 11°
Dependent variable
Accidents per million vehicle miles VMER .
Accidents per section per year SYER °
Accidents per mile per year MYER ° . ° . ° . . . - °
Flow and location
State - ® . ° °
Length Len ® ° .
ADT ADT ° . ° ° - . “ . 0 ® ° °
Overall intersection density [S11D) ° o) ° ° . fo)
Overall access density Acc Den ° . ° ° . ° ® ® . ®
Legal speed limit Sp Lim o] e} [¢] o [o}
85th percentile speed 85% Sp . . o) o] o
Mean skid number at 85th percentile speed Skid # . o . ® =
Time o ° [e] o] o]
Cross section
Pavement type Pv Typ o] o o o] o]
Pavement width Py Wid ° o] ¢} 0 le] (o}
Shoulder treatment Sh Tr o ] ] o o
Percent length with shoulder narrower than %Sh <6 [¢] o o fe] . e °
6 ft
Alignment
Percent nc passing zone in both directicns PSR e e e ° ° - ™
No. of curves per mile NC o ° o] o °
Percent length on curves PCL ° 3 o o) ° - °
No. of sag curves per mile NSC [¢] o o o o]
Percent length on significant grades PSG o) ° ] (e} e}
Roadside hazard
No. of obstacles within 10 ft OB10 o o) o o] o o)
Percent guardrail in both directions PGR o] ° o . o °
Bundles
Cross section Xs Bun °
Alignment Al Bun °
Geometric Geo Bun .
72.9 73.0 48.2 66.8 54.0 71.8 70.8 729 70.7- 171.1

Variation explained (%) 73.6 81.9

Note: O =varlable did not appear in significant split, and ® = variable did appear in significant split.

!Alﬁ branch diagram shown in Figure 1.
l:lAlD branch diagram shown in Figure 2.

€AID branch diagram shown in Figure 3.

accident density and segment length by the standard
chi-square and Kullback statistic tests (28) indi-
cated that the segments with lengths between 3 and 9
miles did not exhibit a significant section length
bias at the 0.05 1level, and hence this section
length was selected.

AID analyses were then made. The first AID in
this series (model 4) was carried out by using the
19 possible explanatory independent variables given
in Table 1. The variation explained was 73.0 per-
cent, and seven variables appeared in the signifi-
cant splits. No cross-section variables were sig-
nificant.

An AID MYER run that used only the 26 ADT classes
(model 5) explained 48.2 percent of the variance.
When only ADT and intersection density were used in
an AID model, 54.0 percent of the variance was ex-
plained (model 6A). When both ADT and all access
point density were considered (model 6), 66.8 per-
cent of the variance was explained, and the impor-
tant effect of driveway density in explaining total
accident occurrence was revealed. The remaining ex-
plained variance of 6.2 percent of model 4 is at-
tributable to the other four significant variables,

Factor analysis indicated that the state in which
the segment was located--one of the four significant
variables--was highly correlated with some design
variables. Removing this variable decreased the
variance explanation by only 1.2 percent (model 7).
Figure 1 shows the AID branch diagram for this anal-
ysis. The first major splits occur at ADT levels of
4,500 and 8,000 vehicles per day. The next major
contribution to variance explanation is from splits
based on the percentage of length of the segment
with no passing permitted (PSR). In the 4,500 to
8,000 vehicle per day category, segments where there
was no passing for more than 65 percent of the
length averaged 9.2 accidents per mile per year,

whereas those with more passing opportunities had a
MYER of 5.4. In the 2,000 to 4,5000 ADT category the
split was at a PSR of 60 percent, and averages of
4.7 and 2.1, respectively, were recorded.

The further appearances of splits on ADT and
access point density in the 2,000 to 4,500 vehicle
per day group indicate the highly nonlinear and
interactive effect of these variables on accident
experience. MAccess density is important at both
levels of ADT. No cross-section variables appear in
the 13 groups formed. An AID analysis was run with
eight explanatory variables (model 8), including
ADT, access point density, and several alignment and
cross-sectional variables identified by the factor
analysis. The variation explained by the six sig-
nificant variables was 70.8 percent, a small 1loss
from model 7.

It was then decided to explore differences be-
tween the cross-section and longitudinal alignment
design variable groups. The four significant geo-
metric variables were than grouped into five classes
in a cross-sectional bundle and six in an alignment
bundle, as defined in Tables 2 and 3. At least 10
segments were included in each bundles class. The
bundles were loosely ordered and numbered from best
to worst in terms of combinations of the individual
geometric elements. An AID analysis that used only
four variables--ADT, access point density, the
cross-sectional bundle, and the alignment bundle
(model 9)--explained 72.9 percent of the variation,
as good a performance as any previous MYER AID. The
AID branch diagram is shown in Figure 2. These 13
categories gave a more than tenfold range in acci-
dent MYER. The worst segments, averaging 10.0 acci-
dents per mile per year, were those six segments
with an ADT of 8,000 or more vehicles per day. The
lowest accident density, 0.9 accidents per mile per
year, was found in the 11 sections with ADT in the

1il
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Variation Explained = 71.8%
(Model #7 in Table 1)

£3/mi

XXX avg acc/mi-yr
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FIGURE 1 Michigan-FHWA Skid AID branch diagram using all variables except state.

TABLE 2 Definition of Cross-Section Bundles for Michigan- TABLE 3 Definition of Alignment Bundles for Michigan-
FHWA Skid Accident File FHWA Skid Accident File
Bundle Shoulder Lane Width Guardrail No. of Bundle Nonpassing Curve Length
Designation < 6 ft (%) (ft) (%) Sections Designation (%) (%) No. of Sections
Xs-1 <50 ~a 0 16 Al-1 0-20 =25 30
Xs-2 <50 -2 >0 61 Al-2 0-20 25 20
Xs-3 >50 =12 0 23 Al-3 21-45 025 29
Xs-4 >50 =12 >0 23 Al-4 21-45 25 21
Xs-5 >50 10-12 i 29 Al-5 >45 0-25 10
Al-6 >45 225 42
TAIL

20004ADTL4500 8000SADT< 10000

varilation Explained = 72.9%
(Model #9 in Table 1)

FIGURE 2 Michigan-FHWA Skid AID branch diagram using five cross-section and six alignment bundles.
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range of 2,000 to 4,000 vehicles per day, with in-
frequent access points and alignments characterized
by few curves and no passing restrictions.

Access density effects were important at all
levels of ADT. For alignment bundles, only the best
design had the lowest accident experience. For the
cross—-section variable, bundle sections with gquard-
rail were worst, and there was a mixed effect of the
shoulder width variable. The sections characterized
by wider shoulders had a greater accident frequency
in the higher ADT categories than at the lower ADT
categories. This is an example of the dominating
effect of ADT. Because wider shoulders are more
often found on high-volume roads, the contribution
of shoulder width to the variance explanation in
accident frequency is believed to be actually
another ADT effect that was not captured in the
earlier split on ADT.

The next step was to combine the cross-sectional
and alignment elements into one overall geometric
bundle. An overall geometric bundle with six cate-
gories was created. The variables in the bundle are
given in Table 4. The variables used were selected

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

Bundle Nonpassing ~ Curve Shoulder

Designation (%) Length (%) < 6 [t (%) No. of Sections
Geo-1 0-20 025 =8 30

Geo—2 0-20 >2§ =2 20

Geo-3 21-45 . <50 31

Geo-4 21-45 =8 >350 19

Geo-5 >45 =4 <50 30

Geo-6 >45 = >50 22

2AlL

with the aid of the factor and AID analysis and
include passing-restricted and horizontal curvature
alignment variables and shoulder width from the
cross-section elements.

An AID using just these three variables along
with access density and ADT explained 70.7 percent
of the variation (model 10). The AID for the geo-
metric bundle (model 11) was then run. The variation
explained is 71.1 percent, and the results are shown

2000 SADT<L4500

2.49
28

élO/m'/ﬁc. Den?

4500£ADT< 8000
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in Figure 3. The main divisions on ADT are the same
as those seen in the earlier branch diagrams. In the
4,500 to 8,000 vehicle per day ADT category, those
segments with access densities between 12 and 25 per
mile with segments with no passing for more than 45
percent of the length and shoulders wider than 6 ft
for more than 50 percent of the length averaged 9.6
accidents per mile per year. Those segments with an
ADT from 2,000 to 4,000 vehicles per day, with ac-
cess densities less than 10 per mile and geometric
bundles characterized by better alignment, averaged
0.9 accidents per mile per vyear. Throughout the
branch diagram, geometric bundle 2 (sections with
more than 25 percent of the length on curves with
few restrictions on passing) and geometric bundle 4
(sections with no passing on 21 to 45 percent of the
length and more than half of the length with should-
ers narrower than 6 ft) were associated with the
higher accident experience in every category of ADT
and access density.

A comparison of 51 sections with the most and
least accident experience was then made: 17 sections
with MYER of 8 or more against 34 sections with MYER
of 1 or less. The sections with the worst accident
record had the following statistically significant
relative characteristics: higher ADT, more intersec-
tions and access points, more passing restrictions,
more length with guardrails, higher 85th percentile
speed, narrower lane width, and more roadside ob-
stacles within 10 ft of the pavement edge.

Although there was no difference in the number of
curves on the segments with highest and lowest acci-
dent experience, the segments with the highest acci-
dent experience had much shorter curves and more
passing-restricted length.

The variables associated with speed, pavement
width, and roadside obstacles did not appear in the
significant splits in the AID analyses. Their ef-
fects are clearly dominated by other variables that
did not show great explanatory power in this extreme
value analysis, but did appear as strong predictors
in the ATD models. Tn formulating bundles. the per-
cent length with shoulders narrower than 6 ft and
percent length of curvature were added.

An illustrative categorical model developed from
the Michigan-FHWA Skid Data file is given in Table
5. The results of the AID analyses and the six cate-
gories of geometric bundle were used to define the

B000SADT<10000

Variation Explained=71.1%
(Model 411 in Table 1)

FIGURE 3 Michigan-FHWA Skid AID branch diagram using six geometric bundles.

men
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TABLE 5 Cross-Classification Model for Michigan-FHWA Skid Accident File

Access No. of Accidents per Mile per Year by Geometric Bundle?
Density -
ADT (per mile) Geo-1 Geo-2 Geo-3 Geo-4 Geo-5 Geo-6
2,000- 2,500 =85 0.86 1.38 0.86 0.86 1.38 0.86
6-10 0.86 1.38 0.86 0.86 1.38 0.86
11-16 1.29 2.34 1.29 1.29 2.34 1.29
>16 1.29 2.34 1.29 129 2.34 1.29
2,500-4,000 <5 1.18 1.18 1.18 1.18 1.18 1.18
6-10 1.70 1.70 1.70 1.70 1.70 1.70
11-16 3.30 7.50 3.30 7.50 3.43 7.50
>16 2.38 2.83 2.38 2.83 3.43 2.83
4,000-7,000 <5 5.89 5.89 5.89 5.89 5.89 5.89
6-10 3.45 3.45 3.45 3.45 3.45 3.45
11-16 6.60 6.53 6.53 6.60 6.60 8.60
>16 5.00 6.53 6.53 5.00 5.00 8.60
7,000-8,000 - 6.80 71 9.00 6.80 6.80 9.00
8,000-10,000 - 10.00 10.00 10.00 10.00 10.00 10.00
#See Table 4 for geometric elements appearing in bundle.
divisions for the categories. This simple categori- set, and the salient results for the 11 AID runs

cal model explains 63 percent of the variance in
this data set.

MICHIGAN STATE ROUTE ACCIDENT DATA ANALYSIS

Two types of analysis were conducted on the Michigan
State Route accident data set, the first being the
total number of off-road accidents and the other the
number of off-road injury accidents. The analysis
procedure used was the same as for the national data

TABLE 6 AID Summary, Michigan State Route Data

made in the Michigan State Route data set (7 for
total accidents, 4 for injury accidents) are given
in Table 6.

Total Off-Road Accidents

The first total accident model (model 12) tested
used only ADT as the explanatory variable for off-
road accident frequency. It explained 39.7 percent
of the variance. When the number of intersections

Model
Variable Name Symbol 12 13 142 15 16° 17 18¢ 19¢ 20 i 22
Dependent variable
Total accidents per segment per year TMYER L] e . ° . . °
Injury accidents per segment per year IMYER ° . ° °
Flow and location "
Region within state Region . .
Terrain Ter O °
ADT ADT . ® e ° ° . - . - ° °
No. of intersections on curves Int Cu o) .
No. of intersections on tangents Int Ta ° e}
Total no. of intersections Int Tot ° ° °
Cross section
Pavement width (ft) Pv Wid o . [e}
Shoulder width (ft) Sh Wid . ° °
Shoulder treatment Sh Tr e} (o}
Ditch offset (ft) Dit Off ° ° ° °
Ditch condition Dit Con ] e} o o o}
Alignment
Percent passing sight-distance restriction PSR ° . . ° e}
No. of curves in segment NC . ° °
Percent of segment curved PCL . ° ° ° °
Roadside hazard
Cumulative percent of exposure length with OBJ6 [e} o]
obstacles within 6 ft of surface
Cumulative percent of exposure length with OBIJ10 ° o)
obstacles within 10 ft of surface
Cumulative percent of exposure length with OBJ14 . o) . . -
obstacles within 14 ft of surface
Cumulative percent of exposure length with OBJ20 e} o}
obstacles within 20 ft of surface
Cumulative percent of exposure length with OBJ30 . °
obstacles within 30 ft of surface
Bundles
Cross section Xs Bun ®
Alignment Al Bun °
Overall geometric Geo Bun ° -
Variation explained (%) 39.7 43.8 70.7 66.3 60.5 60.3 57.1 62.3 52.8 550 58.6

Note: O =variable did not appear in significant split, and ® = variable did appear in significant split,

2AID branch diagram shown in Figure 4.
bAID branch diagram shown in Figure 5.
CAID branch diagram shown in Figure 6.
dAID branch diagram shown in Figure 7.

€AID branch diagram shown in Figure B.
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(Model #14 in Table 6)

FIGURE 4 Michigan State Route total off-road accidents AID branch diagram using all variables.

TARLE 7 Definition of Cross-Section Rundles for Michigan State Ronte Data:

Total Off-Road Accidents

Bundle Pavement Shoulder Ditch Ditch No. of
Designation Width (ft) Width (ft) Offset (ft) Condition Sections
Xs-1 24 9-10Q =15 Excellent and good 11

Xs-2 20-22 9-10 =¥ & 10
Xs-3 22-24 7-8 «A Excellent and good 62

Xs-4 20 7-8 >15 -3 20

Xs-§ 22-24 7-8 <18 Bad 18

Xs~6 20 7-8 <15 Good and bad 16

Al

was added (model 13), the variance explanation in-
creased only to 43.8 percent.

Figure 4 presents the AID for all 19 variables
(model 14) in the list given in Table 6. The vari-
ance explanation was 70.7 percent, and 12 of the
variables were significant. Following a split at
4,250 vehicles per day, ADT appeared only once in
the next 13 most important splits. Alignment vari-
ables appeared in six of the splits and are more
important than the roadside obstacle clearance vari-
able. Virtually every final group had at least one
alignment and one roadside obstacle clearance vari-

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

Curve Sight

Bundie Lenglh Restriction No. of
Designation OBI14 (%) (%) (%) Sections
Al-1 0 0-30 N 23

Al-2 0 >30 -2 23

Al-3 >0 0 = 26

Al-4 >0 1-30 0 4

Al-5 >0 1-30 >0 14

Al-6 >0 1-30 0-20 24

Al-7 >0 >30 >20 23

Aall

able. Only the highest accident group had no repre-~
sentation of roadside variables.

The variables in the six cross-section element
bundles and the seven alignment element bundles,
which were formed after factor analysis, are given
in Tables 7 and 8. Again, the bundles are numbered
by generally decreasing geometric quality. Figure 5
presents an AID analysis using only ADT and the
alignment and cross-section bundles as variables
(model 16). It gave an explained variance of 60.5
percent. At volumes less than 4,250 vehicles per day
the alignment bundle was more important, whereas the
cross-section bundle was more important at the
higher volumes. In the first split for each type of
bundle, accident experience increases with decreas-
ing bundle quality.

The AID results for cells with at least 15 sec-
tions were used to create a categorical model for
the alignment bundles with splits of ADT at 3,500
and 4,500 vehicles per day. The results are given in
Table 9, and the effect of unsatisfactory alignments
on off-road accidents is clear.

A combined geometric bundle variable was then
created. The four geometric bundles used to explain
total off-road accident variation are given in Table
10. Only bundle 4 is clearly made up of the worst
levels of the three geometric elements selected. The
AID explained 60.3 percent of the variance for the
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Variation Explained = 60.5%
{(Model #16 in Table 6)

FIGURE 5 Michigan State Route total off-road accidents AID branch diagram using six cross-section and seven
alignment bundles and ADT.

TABLE 9 Average Number of Total Off-Road Accidents for
Michigan State Route Data

No. of Accidents per Mile per Year by Alignment Bundle®

ADT Al-1 Al-2 Al-3 Al-4 Al-5 Al-6 Al-7

2,000-3,500 0.64 0.89 0.64 0.89 0.89 0.64 0.89
3,500-4,500 0.64 1.38 0.64 1.38 1..38 0.64 1.38
4,500-13,000 1.34 1.34 1.34 1.34 1.34 2i21 2.21

2See Table 8 for definitions.

three variables used in the geometric bundle (model
17) . Figure 6 presents the AID that used only the
four geometric bundles and ADT (model 18). The vari-
ance explained by this simple model was 57.1 per-
cent. Again, larger bundle numbers were associated
with worse accident experience. Eleven classes give
a range from 4.0 to 19,1 off-road accidents per
section.

2000-4250

ADT
00- /2800~
2800 3500
5458
12

TABLE 10 Definition of Geometric Bundles for Michigan State
Route Data: Total Off-Road Accidenis

Sight
Bundle Curve Restriction Ditch No. of
Designation Length (%) (%) Condition Sections
Geo-1 0 1-20 - 26
Geo-2 = 0 - 42
Geo-3 >0 >0 Excellent 44

and good

Geo-4 >0 >0 Bad 25
NS

The 9 sections with the highest number of total
accidents and the 24 with the fewest accidents were
then compared. The worst accident sections had the
following relative characteristics: higher ADT, more
passing restriction length, more curves and length
of curvature, narrower pavement width, narrower

4250-13000

Variation Explained=57.1%
(Model #18 in Table 6)

FIGURE 6 Michigan State Route total off-road accidents AID branch diagram using four geometric

bundles and ADT.
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shoulder width, and more roadside objects,
particularly within 14 ft of the pavement edge.

All of these variables were significant in the
AID analyses. The data in Table 11 present a cate-
gorical model for total off-road accidents developed
from this data set by using only four geometric
bundles and four levels of ADT. The variance expla-
nation of this simple model is 53.8 percent.

TABLE 11 Cross-Classification Model for Michigan
State Route Data: Total Off-Road Accidents

No. of Accidents per Mile per Year by
Geometric Bundle®

ADT Geo-1 Geo-2 Geo-3 Geo-4
2,000-2,800 0.51 1.01 0.88 0.51
2,800-4,250 0.68 0.68 1.10 1.58
4,250 7,000 1.47 1.16 1.17 2.20
7,000-13,000 1.38 1.38 2.57 257

33ee Table 10 for geometric elements appearing in bundle.

Off-Road Injury Accidents

Figure 7 presents the AID for injury accident fre-
quency for all 19 variables (model 19). The variance
explained was 62.3 percent, and 13 variables were
significant. In addition to ADT, the most signifi-
cant predictors were roadside elements.

The data in Table 12 define the six bundles based
on two roadside variable and one alignment variable
identified to study injury accident variation. An
AID run that used these three wvariables {model 20)
explained 52.8 percent of the variance. As shown in
Figure 8, the AID run for the six geometric bundles
(model 21) used in injury accident prediction ex-
plained 55.0 percent of the variance. Again, as the
bundle characteristics became worse, more injury
accidents were recorded.

An ATD (model 22) in which ADT was stratified at

2000-4000
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TABLE 12 Definition of Geometric Bundles for Michigan State
Route Data: Off-Road Injury Accidents

Bundle Curve Ditch No. of

Designation Length (%) OBJ14 (%) Condition Sections

Geo-1 0 0-5 -2 41

Geo-2 1-30 >0 Excellent 9
and good

Geo-3 1-30 >0 Bad 9

Geo-4 >0 0 = 31

Geo-5 >30 >0 Excellent 28
and good

Geo-6 >30 >0 Bad 19

2a1.

four levels and in which ditch offset, objects with-
in 14 ft, and number of curves were used as vari-
ables explained 58.6 percent of the variance. A
categorical model for groups of cix or more eections
with meaningful differences is given in Table 13,
The offset to the ditch was a better accident pre-
dictor than the 14-ft roadside object offset vari-
able. The large effect of horizontal curves at lower
volumes is also clear.

To further identify dominating variables, the 19
locations with the most injury accidents (eight or
more) and the 33 segments with at most one injury
accident were studied. As might be expected, those
sections with the largest number of injury accidents
had higher ADT, more passing restrictions, more and
longer curves, narrower lanes and shoulder widths,
closer ditch offsets, worse ditch conditions, and
more obstacles closer to the road.

Pavement width and ditch condition did not appear
in the AID analyses, their effect being better cap-
tured by other variables.

SUMMARY AND CONCLUSIONS

A national data set of two-lane rural total accident
experience from 14 states involving 152 segments

4000-13000

ADT \
0.67| [1.67 1.87 3.08
12 9 15 26

1.00
| 5 |

Variation Explained=62.3%

a
(Model #19 in Table 6)

X.XX — avg.injury acc/8 mi-yr
N - no. of segments

FIGURE 7. Michigan State Route off-road injury accidents AID branch diagram using all variables.
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FIGURE 8 Michigan State Route off-road injury accidents AID branch diagram using six geometric

bundles and ADT.

TABLE 13 Average Number of Off-Road Injury Accidents per
Mile per Year for Michigan State Routes

No. of Accidents per Mile per Year by
Ditch Offset

No. of
ADT Curves per Mile > 19 ft 18 ft 16-17 ft <15ft
2,000-3,000 0 0.10 0.10 0.10 0.10
=0.5 0.25 0.25 0.25 0.48
3,000-5,000 0 0.28 0.28 0.28 0.28
=0.5 0.41 0.66 0.66 0.66
5,000-7,000 0 0.44 0.71 0.71 0.71
=0.5 0.44 0.71 0.71 0.71
7,000-13,000 0 0.54 0.54 0.98 0.98
=0.5 0.54 0.54 0.98 0.98

totaling 800 miles in length and recording 3,224
accidents in a year was studied. In addition, 137,
2-mile sections of state highway in Michigan with
1,300 off-road accidents, 514 of which were injury-
producing accidents, were analyzed by using advanced
multivariate techniques.

The results of this research support previous
findings that traffic volume is the most important
single factor in the frequency of accidents for two-
lane rural roads with ADT values from 2,000 to 13,000
vehicles per day. In AID analysis ADT alone pre-
dicted accidents per mile per year with explanations
of 48 percent for all accidents in the Michigan-FHWA
Skid data and 40 percent for off-road accidents in
the Michigan State Route data.

In the Michigan-FHWA Skid data, access point and
intersection frequency had an effect second only in
importance to ADT. 1Including these elements in-
creased the variance explanation from 48 to 67 per-
cent., On the other hand, intersections were not
found to be of much additional importance for the
Micﬁigan State Route off-road accident set, most of
which are single-vehicle accidents. Intersection
frequency improved variance explanation only
slightly, from 40 to 44 percent. Including access
and intersection density increased the variance
explanation to 67 percent. The addition of seven
significant geometric variables to the flow and
intersection variables explained 72 percent of the
variation in the skid data set, an increase of only
5 percent. The addition of eight significant geo-
metric elements increased the variance explanation
in the Michigan State Route data to 71 percent.

Groups of geometric and roadside design element

values, found together in clusters because of design
policies and traffic demand, form bundles to which
accident occurrence is as responsive as it is to the
individual elements of road design, and bundles of
geometric elements showed as much variance explana-
tory ability as did the individual elements. Replac-
ing the geometric elements by six bundles developed
with the aid of factor analyses also explained 72
percent of the variance in the Michigan-FHWA Skid
data. For off-road accidents, ADT and four geometric
bundles explained 57 percent of the variance. In the
case of off-road injury accidents, a geometric
bundle variable and ADT explained 55 percent of the
variance, whereas 12 significant variables explained
62 percent.

Accidents interact in such a complex way with
traffic volume that using the conventional vehicle
mile exposure rate, in which ADT enters into the
exposure, requires particular care in specifying a
mathematical model structure. In statistical studies
this blunts the effect of this most important vari-
ables. This was particularly evident in the predic-
tion of off-road accidents. Once the road segment
groups were divided at an ADT of approximately 4,000
vehicles per day, the further effect of ADT on acci-
dent prediction was negligible. This study has again
demonstrated that use of an annual section length
exposure measure, such as accidents per mile per
year, permits ADT to be treated as a classification
or an independent regression variable,

Longitudinal alignment elements dominate in off-
road accident prediction for rural two-lane roads at
ADT values of 4,000 vehicles per day or less, where-
as roadside elements are of more importance at
higher ADT values. Nevertheless, the best predictive
models at all ADT levels had representation from
both types of variables. In total accident occur-
rence, the effect of a longitudinal alignment bundle
was much stronger than the independent effect of the
horizontal alignment elements. The cross-sectional
elements were found to be highly correlated with
state of location and ADT, and their effects could
only be noted if the state variable was removed,
which indicates that they are strongly related to
the operating policy of the state.

Off-road injury accident prediction on rural
two-lane highways is sensitive to horizontal curva-
ture at ADT values less than 4,250. It is also more
sensitive to roadside obstacle location and charac-
teristics than is total off-road accident prediction.
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Comparisons of the sections with the best and the
worst accident records also identified several of
the variables with the greatest explanatory power
revealed by the other analyses. However, this simple
comparison also signaled other differences as sig-
nificant that have been shown to be not as important
in explaining variation as other variables. Of par-
ticular interest is the absence of a strong indepen-
dent safety effect of pavement or shoulder width.
The independent effects of the pavement and shoulder
width are clearly dominated by other factors such as
state operating policy and traffic volume.

The categorical models that were developed ex-
plained 63 percent of the variation in total acci-
dent density in the Michigan-FHWA Skid data and 54
percent of the off-road accident variance in the
Michigan State Route data set. This is much better
than has been done hy nther madels that have been
reviewed. Furthermore, because the models are based
on relatively unbiased data sets, they are not only
descriptive of the particular data set but capture
some cof the underlying causal structure and can be
used for prediction after further verification.

This research has confirmed the existence of
strong interactive effects among the road and traf-
fic descriptors used in accident prediction. This
necessitates the use of many combinations of vari-
ables in effective modeling. Creating geometric
design bundles is a promising way of limiting and
organizing the number of such combinations. These
data sets illustrate the danger in basing decisions
to improve a given element on simple comparisons
when it really is the joint effect of the differ-
ences in several such elements that is responsible
for observed accident differences. It is also recom-
mended that engineers making decisions on safety
improvements study the safety of the geometric ele-
ment bundles that have been installed in their ju-
risdictions as an aid in determining the location
and magnitude of safety improvements.

As high-quality data files with many more acei-
dents become available, it is recommended that this
study be repeated to test and refine the conclusions
that were found in this research.
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Driving Dynamic Considerations: A Comparison of
German and American Friction Coefficients for

Highway Design
RUEDIGER LAMM

ABSTRACT

One of the main safety goals in developing
new German Guidelines for the Design of
Rural Highways was to overcome previous
driving dynamic deficiencies and to enhance
traffic safety by increasing friction supply
wherever possible. The objectives of this
paper are to discuss the German approach in
determining new tangential and side friction
factors with respect to design speed and to
compare these values with those currently in
use in the United States. The comparison
showed that for design speeds greater than
80 km/h (50 mph), the maximum allowable
tangential and side friction factors used in
the United States are definitely higher than
the German values. Accordingly, the computa-
tions for minimum stopping-sight distances
and minimum radii of curve showed for all

investigated cases and driving dynamic
models smaller values in the United States
than in Germany. Therefore, there is no

doubt that, on the one hand, the American
rural highway design is more economic but,
on the other hand, the German values provide
higher friction supply in critical driving
situations. Finally, a preliminary study
between road sections conducted according to
the new German design guidelines and those
with old horizontal and vertical alignment
showed, on average, a 1.67 times lower acci-
dent rate for the redesigned road sections.
This result is confirmed by a new research

report for the Minister of Transportation of
the Federal Republic of Germany, which will
soon be published.

In the 1960s and the early 1970s the number of fatal
traffic accidents and the number of heavy injuries
increased in an unconscionable way in the Federal
Republic of Germany. Many of these fatal accidents
occurred on two-lane rural roads when the original
design speed was exceeded by a substantial amount.
Therefore, the demand for developing and introducing
new guidelines, especially for two-lane rural high-
ways, became more urgent. The main objective for the
responsible Committee for Highway Design of the
German Research Association for Road Engineering was
to enhance traffic safety wherever possible.

The following driving dynamic considerations
represent one main safety goal of the German Guide-
lines for the Design of Rural Highways (1,2). Other
goals, which are directed to achieve operational
consistency and to improve driving safety and com-
fort through a more uniform and balanced design of
highway alignment, will be addressed in another
publication.

Oone of the cardinal rules in horizontal alignment
design is that friction supply should be greater
than friction demand. With the revision of the Ger-
man Guidelines for the Design of Rural Highways in
the early 1970s, one of the main objectives was to
check the conditions of friction between wheels and
road. For example, a comparison between the guide-
lines used in the United States, the Federal Repub-
lic of Germany, and other countries had shown that
there were enormous differences' between the selec-
tion of allowable side friction factors and, result-





